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Reduced intraepidermal nerve fibre density, glial
activation, and sensory changes in HIV type-1 Tat-
expressing female mice: involvement of Tat during
early stages of HIV-associated painful
sensory neuropathy
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Abstract
Introduction:HIV infection is associatedwithchronicpain states, includingsensoryneuropathy,whichaffectsgreater than40%ofpatients.
Objectives and Methods: To determine the impact of HIV-Tat induction on nociceptive behaviour in female mice conditionally
expressing HIV Tat1-86 protein through a doxycycline (DOX)-driven glial fibrillary acidic protein promoter, intraepidermal nerve fibre
density and immune cell activation in the dorsal root ganglion (DRG) and spinal cord were assessed by immunohistochemistry. Mice
were assessed for mechanical and thermal sensitivity for 9 weeks using von-Frey and Hargreaves tests.
Results: Intraepidermal nerve fibre density was significantly reduced after 6 weeks of Tat induction, similar to sensory neuropathy
seen in clinical HIV infection. Tat induction through DOX caused a significant reduction in paw withdrawal thresholds in a time-
dependent manner starting the 4th week after Tat induction. No changes in paw withdrawal latencies were seen in Tat(2) control
mice lacking the tat transgene. Although reductions in paw withdrawal thresholds increased throughout the study, no significant
change in spontaneous motor activity was observed. Spinal cord (cervical and lumbar), DRG, and hind paw skin were collected at 8
days and 6weeks after Tat induction. HIV-TatmRNA expressionwas significantly increased in lumbar DRGand skin samples 8 days
after DOX treatment. Tat induced a significant increase in the number of Iba-1 positive cells at 6 weeks, but not after 8 days, of
exposure. No differences in glial fibrillary acidic protein immunoreactivity were observed.
Conclusion: These results suggest that Tat protein contributes to painful HIV-related sensory neuropathy during the initial stages of
the pathogenesis.
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1. Introduction

With a prevalence of 40% to 50%, HIV-associated sensory
neuropathy (HIV-SN)—a distal symmetrical, sensory polyneur-
opathy, characterised by a “dying back” pattern of axonal
degeneration—is one of the most frequent neurological

complications in people living with HIV.17,64 Neuropathic pain

and resulting comorbidities are common in HIV-SN and

significantly contribute to the disease state of patients with

HIV.54,55 HIV-SN can originate from 2 clinically indistinguishable

neuropathies, an antiretroviral toxic neuropathy and/or a distal
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sensory polyneuropathy.33 Initially, exposure to neurotoxic
dideoxynucleoside reverse transcriptase inhibitors was believed
to be the main underlying cause of HIV-SN12,29; however, after
cessation in dideoxynucleoside reverse transcriptase inhibitor
use, the prevalence of HIV-SN remains high, even in patients who
have not been exposed to antiretroviral drugs of known
neurotoxicity.17,33,64 This suggests a more prominent role of the
virus itself in HIV-SN pathogenesis.

Given that neurons are not directly targeted by the virus,75

infectedmacrophages andglia (primarilymicroglia and, to a lesser
extent, astrocytes) are likely involved in the HIV-SN etiology.
Indeed, viral proteins produced by infected cells can exhibit
neurotoxic properties in uninfected neurons. Neurotoxicity has
been described for 5 of the 9 major HIV proteins, but with respect
to HIV-SN and concomitant neuropathic pain, research has
focused primarily on the envelope glycoprotein 120 (gp120),
which mediates neurotoxicity directly and indirectly, through
activation of immune/glial cells resulting in the release of
inflammatory mediators.4,33,49,70,71

A viral protein that could equally contribute to the pathogen-
esis of HIV-SN is HIV-1 transactivator of transcription (Tat),
which has been extensively studied regarding another HIV-
related neurological complication—HIV-associated neurocog-
nitive disorders. In vitro, Tat is reportedly directly neurotoxic by
binding of the lipoprotein receptor-related protein, which results
in an exaggerated, excitotoxic response of N-methyl-D-aspar-
tate receptors to glutamate.25,57 Tat-induced hyperexcitability
of neurons may be further facilitated through decreased
glutamate uptake by astrocytes82 and through activation of
immune and glial cells and consequential release of inflamma-
tory cytokines.16,43,62,66,80 Neuronal damage and glial cell

activation have also been demonstrated in vivo in Tat-expressing
transgenic mice.8,24,36,46

Tat expression has largely been validated in the central nervous
system (CNS) of Tat-overexpressing mice and patients with
HIV.19,24,74,76 However, Tat can also be measured in the
cerebrospinal fluid and in the peripheral blood samples of
patients.3,6,47,79 The importance of Tat outside the CNS in HIV
pathogenesis is highlighted by an inverse correlation of plasma
Tat antibody levels with disease progression.6,58 High antibody
levels may sequester/neutralise Tat function and therefore
protect against its toxic properties. Notably, the presence of Tat
is not attenuated by reduced viral load, even in HIV patients with
good viral control receiving antiretroviral treatment.32,47 There-
fore, persistent Tat secretion in chronic HIV infection may
contribute to the axonal degeneration in HIV-SN.

We hypothesize that HIV-Tat is an important factor in HIV-SN
pathogenesis and investigatedwhether epidermal nerve fibre loss
and changes in sensory thresholds, both characteristics of
clinical painful HIV-SN, were present in a transgenic mouse
model of inducible HIV-1 Tat expression.

2. Methods

2.1. Ethical statement

All in vivo procedures in the United States were preapproved by
the Institutional Animal Care and Use Committee at Virginia
Commonwealth University, and experiments were conducted in
accordance with ethical guidelines defined by the National
Institutes of Health (NIH Publication No. 85-23). Studies were
conducted based on Good Laboratory Practice guidelines44,60

(Table 1).

Table 1

Major good laboratory practice domains.

United States United Kingdom

Sample size calculation Simple sample size calculation was performed to
determine the group size of animals10

Sample size calculations for the primary outcome
(epidermal nerve fibre density) were performed after
the initial immunohistochemical studies to inform
the ongoing study. An n 5 13 was required to be
adequately powered (difference in mean 5 3.7,
SD 5 2.75, group 5 4, b 5 0.8, a 5 0.05).

Inclusion/exclusion criteria No animals were excluded. No inclusion/exclusion criteria were applied.

Randomisation Animals were allocated to test experimental pain
behaviour randomly at the outset of the experiment.

Immunohistochemical studies were not
randomised.

Allocation concealment Allocation concealment was not applicable to the
behavioural and PCR studies.

Allocation concealment was not applicable to the
immunohistochemical studies.

Blinding All behavioural testing on animals and PCR studies
were performed in a blinded manner.

For immunohistochemical studies, an excel sheet
with the allocation to treatment/experimental
groups was saved. The investigator performing
experiments, data acquisition, and assessment of
outcome was only aware of the animal ID
throughout the study. Codes were broken at the end
of analysis.

Animals excluded from analysis No animals were excluded for the analysis. Damaged tissue sections from animals were
excluded if analysis was not possible. As the
required antibody for epidermal nerve fibre was no
longer available, tissue received after the initial
immunohistochemical studies was not tested for
PGP9.5. All exclusions are reported in Supplement
1 (http://links.lww.com/PR9/A17).

Conflicts of interest This study was funded by NIDA (K99 DA039791 to
J.J.P.; K02 DA027374 to K.F.H.; and R01
DA034231 to P.E.K. and K.F.H.)

This study was funded by the NIAA-BJA/RCoA and
the JRC Chelsea and Westminster NHS Trust
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2.2. Animals and environmental conditions

For all experiments, femalemice (8–10weeks; 25–30g at the start of
the experiment) were used. Mice were housed in groups of 3 in
a 21˚C, humidity-controlled, Association for Assessment and
Accreditation of Laboratory Animal Care (AALAC)-accredited animal
care facility. Animal rooms were on a 12-hour light/dark cycle (lights
on at 7:00 AM), and food and water were freely available.

2.2.1. HIV Tat1-86 transgenic mice

HIV Tat1-86 expression was induced through a tetracycline (tet)
“on” system in mice on a C3H3C57BL/6J background.8 Briefly,
a reverse tet transactivator (rtTA), under control of a glial fibrillary
acidic protein (GFAP) promotor, was activated in the presence of
doxycycline (DOX; 6 g/kg in chow; Harlan, IN). Tat(1) mice
expressed GFAP-driven Tat1-86, whereas Tat(2) mice only
expressed the rtTA transcription factor. To account for potential
nonspecific effects of DOX treatment, both Tat(1) and Tat(2)
mice were maintained on a DOX chow diet. Details of the mice
used in the experiments are provided (Supplemental Table 1,
available at http://links.lww.com/PR9/A17).

2.3. Behavioural testing

All behavioural experiments were performed during the light cycle
and with the observer unaware of the genotype of the animals.

2.3.1. Mechanical hypersensitivity

Mechanical withdrawal thresholds were determined, with slight
modifications, as previously described.11 Mice were placed in
a Plexiglas cage on ameshmetal flooring and allowed to acclimatise
for 30minutes before testing.Withdrawal thresholdsweremeasured
by applying a series of calibrated von-Frey filaments (Stoelting,Wood
Dale, IL; logarithmically incremental force from 2.83 to 5.88
expressed in dsLog 10 of [10 pound force in milligram]) to the hind
paw. Using a modified up-down method,5 in the absence of a paw
withdrawal response (paw withdrawn, licking, or shaking) to the
initially selected filament, a thicker filament corresponding to
a stronger stimulus was presented. Once a paw withdrawal
occurred, the next weaker stimulus was chosen. Each hair was
presented vertically against the paw, with sufficient force to cause
slight bending, and held for 2 to 3 seconds. A stimulation of the same
intensity was applied 3 times at intervals of a few seconds. The
mechanical withdrawal threshold was expressed as Log10 of (10
pound force in milligram).

2.3.2. Thermal hypersensitivity

Thermal withdrawal latencies were measured using the Hargreaves
test as previously described.5 For this, mice were placed in clear
plastic chambers (7 3 9 3 10 cm) on an elevated surface and
allowed toacclimatise to their environmentbefore testing. The radiant
heat sourcewas aimed at the plantar surface of each hind paw in the
area immediately proximal to the toes. The paw withdrawal latency
(PWL) was defined as the time from the onset of radiant heat until
a withdrawal of the hind paw occurred. A 20-second cutoff timewas
used to avoid tissue injury and sensitisation. Threemeasures of PWL
were taken and averaged for each hind paw.

2.3.3. Locomotor performance

Locomotor activity was measured by placing mice into individual
Omnitech (Columbus, OH) photocell activity cages (283 16.5 cm).

Interruptions of the photocell beams (2 banks of 8 cells each) were
recorded for 30 minutes. Data were expressed as the number of
photocell interruptions.

2.4. Tissue collection

Tat mRNA levels were analysed in tissue obtained from Tat(1)
and Tat(2) mice after 8 days of Tat induction. For tissue used to
quantify Tat mRNA levels, mice were anaesthetised with 4%
isoflurane through inhalation before killing by dislocation of the
neck. Spinal cord (cervical and lumbar), dorsal root ganglion
(DRG), and skin sampleswere dissected and snap-frozen in liquid
nitrogen. Samples were then stored at 280˚C until further use.

Histological analyses were performed on tissue obtained from
Tat(1) and Tat(2) mice after 8 days or 6 weeks of Tat induction.
For tissue used for immunohistochemical studies, mice were
anaesthetised with 4% isoflurane through inhalation and thor-
acotomised before transcardiac perfusion with 4% paraformal-
dehyde. Skin (dorsal hind paw) and spinal columns (including
spinal cords and DRG) were collected and postfixed overnight in
4% paraformaldehyde before transfer to phosphate-buffered
saline (PBS). Samples were then shipped in PBS to the United
Kingdom and stored at 4˚C until further processing.

2.5. Detection and quantification of Tat mRNA

2.5.1. Quantitative real-time PCR

Total RNA was isolated from tissue samples of DRG and
lumbosacral spinal cord using the miRNeasy Mini Kit (Qiagen,
Germantown, MD). After DNase treatment of RNA, reverse
transcription was conducted using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA).
Real-time PCR reactionswere performed in a total volumeof 20mL
containing SensiMixTM SYBR qPCR reagents (Bioline USA,
Taunton, MA) using a Corbett Rotor-Gene 6000 real-time PCR
system (Qiagen) and previously described primers.19 PCR
conditions consisted of an initial hold step at 95˚C for 10 minutes
followed by 40 amplification cycles of 95˚C for 5 seconds, 58˚C for
10 seconds, and 72˚C for 15 seconds. Real-time data were
collected during the extension step of each cycle. Melting curve
analyses were performed at the end of the reaction between 62˚C
and 95˚C to assess the quality of final PCR products. Three
independent quantitative real-time PCR experiments were per-
formed for each sample. Quantitative real-time PCR data were
calculated as relative expression levels by normalisation against
b-actin mRNA using the 22DDCt method.

2.5.2. Digital PCR

Total RNA was extracted from skin tissue samples, DNase I was
used to removeDNA contamination, and RNA reverse-transcribed
to generate cDNAs as previously reported.19 Digital PCR (dPCR)
assays were performed using a QX200TM Droplet DigitalTM PCR
System (Bio-Rad, Hercules, CA) following the manufacturer’s
instruction. Briefly, the dPCR reaction mixture was prepared in
a final volume of 20 mL, composed of 11 mL of QX200 ddPCR
EvaGreen Supermix (Bio-Rad), 4.4mL of cDNA template (or 4.4mL
of nuclease-free water for nontemplate controls), 0.2 mL each of
forward and reverse primer (final concentration of 100 nM), and 4.2
mL of nuclease-free water. The cDNA templates used in the
reaction for b-actin (reference control) and Tat mRNA amplification
were diluted 100-fold and 5-fold, respectively. The primers were
designed to specifically detect Tat mRNA sequences within our

3 (2018) e654 www.painreportsonline.com 3

http://links.lww.com/PR9/A17
www.painreportsonline.com


transgenic mice as previously reported.19 The 20 mL reaction
mixture was loaded into each sample well of an 8-channel
disposable cartridge and 60 mL of droplet generation oil was used
in each channel of the QX200 droplet generator. Water-in-oil
droplets were generated and transferred to 96-well PCR plates.
The plates were heat sealed with foil and placed in a T100 PCR
cycler (Bio-Rad). After an initial denaturation step (95˚C, 5minutes),
the reaction underwent 40 amplification cycles (95˚C for 30
seconds and 60˚C for 1 minute). After cycling, each sample was
incubated at 90˚C for 5 minutes, cooled to 4˚C, and the droplets in
each well were analysed using a QX200 droplet reader (Bio-Rad).
Data acquisition and analysis were performed using QuantaSoft
analysis software (Bio-Rad). Positive droplets, containing amplifi-
cation products, were discriminated from negative droplets
(lacking amplification products) by applying a fluorescence ampli-
tude threshold. The concentration of the template was calculated
based on the number of template copies in the reaction. HIV-1 Tat
mRNA-relative expression levels were calculated using the 22DDCt

method as previously reported14 and normalized against b-actin.

2.6. Immunohistochemistry

For immunohistochemical studies, spinal columns were dissected
and the lumbar part of the spinal cord and DRG from the same level
were collected. Neuronal tissue and skin samples were cryopro-
tected by placing them into a 15% sucrose solution in 0.1 M
phosphate buffer (15% wt/vol sucrose [BDH, London, United
Kingdom], 3.12 g/L NaH2PO4·2H2O [Sigma, Welwyn Garden City,
United Kingdom], and 28.65 g/L Na2HPO4·12H2O [Sigma]) for 24
hours at 4˚C. Samples were then transferred to a 30% sucrose
solution in 0.1Mphosphatebuffer for a further 24hoursbefore tissue
was embedded in optimal cutting temperature compound. Fourteen
micrometer (skin and spinal cord) and 7 mm (DRG) sections were
sectioned on a cryostat and thaw mounted onto glass slides.

For immunohistochemistry, slide-mounted tissue sectionswere
blocked with 10% goat serum (Millipore, Hertfordshire, United
Kingdom) in PBS containing 0.2% Triton-X (Sigma) and 0.1%
sodium azide (Sigma) (PBS-X). Slides were then incubated
overnight at room temperature with primary antibody in PBS-X
followed by the appropriate secondary antibody for 2 hours
(Table 2). At the end of the protocol, slides were coverslipped with
mounting medium (VectaShield, Peterborough, United Kingdom).

2.7. Visualisation and quantification of immunoreactivity

Slides were visualised under a Leica DMR microscope (Leica,
Milton Keynes, United Kingdom), and analysis was performed
using ImageJ software (National Institute of Health). Visualisation
and analysis was performed blinded to genotype and/or
treatment group.

For assessment of epidermal nerve fibres, pictures were taken
from 4 to 5 sections per animal (340 objective) that were picked
at random. EFNS guidelines to diagnose peripheral neuropathy

using skin biopsies in humans were followed, only counting single
fibres crossing the dermal–epidermal junction without counting
secondary branching.40,42 Epidermal nerve fibre density was
presented as fibres per millimeter of skin. For assessment of
immunoreactivity in the DRG and spinal cord, pictures were taken
from 3 to 4 sections per animals (320 objective). Only sections
from lumbar region L4 to L6 were chosen. Positive immunore-
activity for Iba-1 and GFAP was established by setting the
minimum threshold above background values. Background
staining was determined by immunoreactivity (arbitrary unit)
within neuronal cells that were identified through their clear
morphology. Data were represented as percentage of positively
stained area across the entire section.

2.8. Study design

The primary outcome of the study was to measure the effect of
short-term and long-term Tat expression on epidermal nerve fibre
density in female mice. Although we are aware of the pre-
dominant use of male animals in preclinical studies, we opted for
female subjects, as about 52% of people who are currently living
with HIV are women.1 Furthermore, demographics in clinical
studies show no significant difference between HIV patients with
and without HIV-SN in terms of sex.54,64

Epidermal nerve fibre density was measured in Tat(1) and
Tat(2) mice exposed to DOX for 8 days and 6 weeks to induce
short-term and long-term Tat expression (n5 10–11/group). The
secondary outcomewas to identify the effect of Tat expression on
neuronal and glial cells in these animals. In a separate group of
animals, the effect of Tat expression on sensory thresholds and
locomotor activity was assessed. For this, baseline responses
were measured for Tat(1) and Tat(2) mice before the animals
were put on a DOX diet. Mechanical withdrawal thresholds were
then measured weekly and thermal withdrawal thresholds were
measured every 2weeks over a period of 9weeks (n5 10/group).
In addition, animal weight was assessed every week and
locomotor activity wasmeasured after 9 weeks of DOX exposure.

2.9. Statistics

For Tat mRNA studies and histological studies, data are
presented as dot and box plots. Diamonds represent single
animal values, whereas the box plot shows mean, median,
interquartile range, and SD. Data were analysed by Student
independent t-tests (comparison of 2 groups) or 1-way analysis of
variance (comparison of multiple groups) followed by Bonferroni
post hoc analysis. The nonparametric Mann–Whitney and
Kruskal–Wallis tests were used where appropriate (SigmaStat
3.5; SysTat Software Inc, Erkrath, Germany). For behavioural
studies, data were analysed using GraphPad software, version
6.0 (GraphPad Software, Inc, La Jolla, CA) and are expressed as
the mean 6 SEM. Statistical analyses were conducted using 2-
way repeated-measures analysis of variance, followed by the

Table 2

Antibodies.

Antibody Supplier Concentration

Primary antibody Rabbit anti-protein gene product 9.5 (PGP9.5)—RA95101 Ultraclone Ltd, United Kingdom 1/500
Rabbit anti-ionized calcium-binding adaptor molecule 1
(Iba-1)—019-19741

Wako, Germany 1/1000

Rabbit anti-glial fibrillary acidic protein (GFAP)—ab33922 Abcam, United Kingdom 1/1000

Secondary antibody Goat anti-rabbit IgG, Alexa-Fluor 488-conjugated Life Technologies, United Kingdom 1/400
Goat anti-rabbit IgG, Alexa-Fluor 564-conjugated Life Technologies, United Kingdom 1/400
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Sidak post-hoc test to determine group differences. Student
independent t-tests were used was used for simple 2-group
comparisons. Level of significance was set at P , 0.05.

3. Results

3.1. Tat mRNA expression in Tat(1) mice

Tat expression increased 11.3-fold in the lumbar spinal cord of
Tat(1) mice, a level that approached, but was not, significant (P5
0.052) (Fig. 1A). By contrast, HIV-1 Tat mRNA expression was
significantly increased in lumbar DRG and skin of the hind leg 8
days after DOX treatment in Tat(1) mice as compared to Tat(2)
mice (P 5 0.008 and P 5 0.03 for DRG and skin, respectively)
(Fig. 1B, C).

3.2. Loss of epidermal nerve fibres in Tat(1) mice

There was no reduction in nerve fibre density observed 8 days
after DOX treatment (Fig. 2). By contrast, epidermal nerve fibre
density was significantly reduced in Tat(1) as compared to Tat(2)
mice after 6 weeks of DOX treatment (P 5 0.04) (Fig. 2).

3.3. No macrophage and satellite cell activation in the dorsal
root ganglia of Tat(1) mice

There was no significant difference between Tat(1) and Tat(2)
mice after 8 days or 6weeks of DOX treatment inmacrophage cell
number (P 5 0.06; Fig. 3A, B) or GFAP immunoreactivity (P 5
0.67; Fig. 3A, C).

3.4. Microglial activation, but no astroglial activation, in the
spinal cord of Tat(1) mice

A significant increase in the number of microglial profiles was
measured in Tat(1) mice as compared to Tat(2) mice after both 8
days (P , 0.001) and 6 weeks (P 5 0.007; Fig. 4A, B) of DOX
treatment. By contrast, no difference in immunoreactivity for
astrocytes was present between control and Tat-expressing
mice (P 5 0.24; Fig. 4A, C).

3.5. Tat(1) mice display mechanical, but not
thermal, hypersensitivity

Mechanical and thermal withdrawal thresholds were comparable
between Tat(1) and Tat(2) mice before DOX diet exposure (P .
0.05; Fig. 5A, B). Over the duration of the study, no significant
difference in body weight gain between genotypes was detected
(genotype [F(1, 9)5 0.38; P. 0.05]; time [F(9, 81)5 67.95; P,
0.001]; genotype 3 time interaction [F(9, 81) 5 1.67; P . 0.05];
Fig. 5C). Mechanical paw withdrawal thresholds showed
significant main effects of genotype (F(1, 9) 5 8.85; P , 0.05),
time (F(9, 81)5 2.35; P, 0.05), and genotype3 time interaction
(F(9, 81) 5 4.37; P , 0.001). Significantly reduced mechanical
paw withdrawal thresholds were present after 4 weeks of DOX
exposure and continued progressively until the end of study (P,
0.05; Fig. 5A). By contrast, thermal withdrawal latencies (PWLs)
showed no significantmain effect of genotype (F(1, 9)5 1.01;P.
0.05) and time (F(4, 36) 5 4.38; P . 0.05). Although an overall
significant genotype 3 time interaction was present (F(4, 36) 5
6.95; P, 0.001), differences in PWLs between Tat(1) and Tat(2)
mice never reached significance at any of the time points
measured (P . 0.05; Fig. 5B). No significant difference in

Figure 1. Relative HIV-1 Tat mRNA expression in skin, DRG, and spinal cord of
Tat(2) andTat(1)mice. (A)Relative level ofHIV-1TatmRNA in the lumbarspinal cord.
(B) Relative level of HIV-1 Tat mRNA in lumbar DRG. (C) Relative level of HIV-1 Tat
mRNA in skin. Data are shown as box and dot plots. The box represents the
interquartile range,with the line representing themedian and the square representing
the mean. Whiskers show the SD. Diamonds represent individual values for each
animal. Data were analysed by a Mann–Whitney test. The P value in the upper left
corner represents the overall group difference. DRG, dorsal root ganglion.
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spontaneous motor activity was measured between Tat(1) and
Tat(2) mice (P . 0.05; Fig. 5D).

4. Discussion

Here, we investigated the potential role of the viral protein Tat in
HIV-SNpathogenesis.Wedemonstrated reducedepidermal nerve
fibre density, a marker for neuropathy, in Tat(1) mice. Tat(1)
animals also displayed a progressive mechanical hypersensitivity
after long-term Tat exposure.

To the best of our knowledge, this is the first time that the effect
of Tat on epidermal nerve fibre density has been shown.
Quantification of intraepidermal nerve fibres is a commonly used,
validated, diagnostic tool for small fibre neuropathies.40,41 Impor-
tantly, loss of epidermal nerve fibres has been shown in patients
with HIV-SN56 and simian immunodeficiency virus (SIV)-infected
macaques.39 TatmRNA is detectablewithin the peripheral nervous
system including the lumbar DRG and skin since satellite cells and
Schwann cells can express GFAP.30,48 There is also evidence that
Tat is expressed by enteric glia in Tat(1) mice.52 We showed
significant tat mRNA expression in the lumbar DRG and skin at 8
days of DOX exposure, and, although not significant, a trend (P5
0.052) towards an increase in the lumbar spinal cord. Relatively
slow onset of tat expression in the spinal cord vs other CNS regions
has been shown previously,19 and may depend on spatial and
temporal differences in Tat expression, regulated by regional and
ontogenetic changes in GFAP-dependent rtTA promoter expres-
sion. Interestingly, Tat mRNA levels were significantly increased
after 8 days of Tat expression, whereas the effect on epidermal
nerve fibres was only measurable after 6 weeks. This suggests that
the length of Tat exposure is an important factor for Tat-induced
neurotoxicity. It has been suggested that gp120, the viral protein
primarily studied in relation toHIV-SN, plays an important role in the
early stages of HIV-SN.61 In rodent models of gp120-induced
neuropathy, nerve fibre loss is measurable after 14 days of gp120
exposure.70,71 The delayed loss of epidermal nerve fibres shown
here might indicate a role of Tat in the maintenance of HIV-SN at
later stages of the HIV infection. Interestingly, secretion of Tat is
unaffected by antiretroviral treatment.47 Soluble Tat, sustained by

a small Tat reservoir in infected cells, can be present throughout
chronic HIV infection, despite low viral loads, which could
contribute to the high prevalence of HIV-SN in the cART era.47

As activation of immunecells has been shown in primatemodels
of HIV infection and in gp120-induced rodent models of HIV-
SN23,37,70,71,81 and has been linked to Tat-induced neurotoxicity in
vitro16,43,62,66,80 and in vivo,8,24,36,46 we assessed immune cells in
the DRGand spinal cord. Nomacrophage or satellite cell activation
was measured in Tat-expressing mice. The lack of immune cell
activation in the DRG further supports the difference between
gp120- and Tat-induced neuropathy. In particular, macrophage
infiltration and satellite glial cell activation has been shown in rats
exposed to gp120.70,71 Macrophage activation has also been
shown in the DRG in SIV-infected macaques.9,37,39 The SIV
models reporting macrophage activation are predominantly fast-
progressing models, characterised by high viral loads, and
therefore only inform about DRG pathogenesis at early stages of
untreated infection. It may also be that macrophage activation
occurs at a time point not investigated here. A temporal study
would be therefore crucial for future experiments. In contrast to the
discrepancy in DRG pathogenesis, spinal microgliosis observed in
Tat(1) mice is also present in gp120-induced neuropathy.70,71

Activation of spinal microglia has been described in other
neuropathy models characterised by epidermal nerve fibre loss
including nerve injury–induced and diabetic neuropathy and is
believed to play an important role in the maintenance of neuro-
logical complications such as neuropathic pain.13,22,77 Here, spinal
astrocyte activation was not shown in spinal cords of Tat(1) mice.
This is in contrast to a previously reported Tat transgenic model
with a higher transgene copy number (3–10 copies) that generally
results in a more severe neuropathology with an earlier onset.36 By
contrast, themice used in this study only express only a single copy
of the tat gene.8

We also demonstrated the development of mechanical
hypersensitivity in Tat(1) mice. Notably, mechanical hypersensi-
tivity was measureable after 4 weeks of DOX exposure,
suggesting that the length of Tat exposure is a key factor in
Tat-induced SN. Mechanical hypersensitivity without thermal
hypersensitivity has also been shown in gp120-induced

Figure 2. Reduced epidermal nerve fibre density in Tat(1) mice. (A) Intraepidermal nerve fibre density in Tat(2) and Tat(1) mice. Data are shown as box and dot
plots with diamonds representing individual animal values. The box represents the interquartile range, with the line representing the median and the square
representing the mean. Whiskers show the SD. Data were analysed by a 1-way ANOVA (the Bonferroni post-hoc test). The P value in the upper left corner
represents the overall group difference. (B) Immunoreactivity to PGP9.5 in Tat(2) and Tat(1) mice. Arrowheads in B indicate individual fibres. ANOVA, analysis of
variance; IENF, intraepidermal nerve fibre.
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neuropathy.70,71 Interestingly, mechanical hypersensitivity devel-
ops after days of gp120 exposure,70,71 whereas HIV Tat results in
mechanical hypersensitivity weeks after exposure.Whether this is
indicative of a role of gp120 in the early phases of HIV infection
and of HIV Tat in the maintenance of HIV-SN has still to be
determined. It may be that the difference in the time courses is
due to methodological discrepancies. Although gp120 was
directly applied to the sciatic nerve, expression of Tat in the
transgenic mouse causes a more generalized distribution
because of production by astroglia and possibly by peripheral
satellite and Schwann cells. It is noteworthy that hypersensitivity
is not a common clinical sign reported by patients with HIV-SN;
indeed, sensory loss is much more prominent.50,54 This
phenomenon has also been reported in diabetic neuropathy
and chemotherapy-induced neuropathy in animal models,
whereas patients commonly suffer from sensory

loss.45,51,63,67,68,77 However, the data presented here are in line
with the gp120 literature.29,70,72 The argument is that the animal
models are probably looking at the initial pathogenic phase where
sensory gain may well be the phenotype, whereas the clinical
studies generally look at patients with well-established neurop-
athies. The discrepancy between clinical data and experimental
findings in animals may be due to differences in the time point
when sensory losses are assessed.59 Animal studies investigate
mainly the early stages of neuropathy, whereas clinical studies look
at patientswith longstandingHIV infections, although a recent study
showed HIV peripheral neuropathy only months after infection.73

Sensory lossmight be demonstrated if animal models were profiled
for extended periods, as was shown in a model of diabetic
neuropathy.10 It also has been suggested that damage to nerve
fibre endings can trigger hyperexcitable nociceptive fibres resulting
in spontaneous nerve firing and hypersensitivity.15 Reporting biases

Figure 3.Nomeasurablemacrophage and satellite cell activation in the DRGof Tat(1) mice. (A) Immunoreactivity to Iba-1 andGFAP in DRG sections of Tat(2) and
Tat(1) mice 8 days and 6 weeks after DOX treatment. Arrows in A indicate Iba-1 or GFAP immunoreactive cells and/or their processes. (B) Number of
macrophages per mm2 in Tat(2) and Tat(1) mice. Data are shown as box and dot plots with diamonds representing single animal values. The box represents the
interquartile range, with the line representing themedian and the square representing themean.Whiskers show the SD. Data were analysed by 1-way ANOVA (not
significant). TheP value in the upper left corner represents the overall group difference. (C) Percent of area with positive immunoreactivity to GFAP in Tat(2) and Tat
(1) mice. Data are shown as box and dot plots with diamonds representing single animal values. The box represents the interquartile range, with the line
representing the median and the square representing themean. Whiskers show the SD. Data were analysed by a 1-way ANOVA (NS). The P value in the upper left
corner represents the overall group difference. ANOVA, analysis of variance; DOX, doxycycline; DRG, dorsal root ganglion; GFAP, glial fibrillary acidic protein.
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in preclinical trials that exclude animals not showing hypersen-
sitivity might mask the detection of sensory losses in animal
models.28 Importantly, no mice were excluded from behavioural
testing in our studies. It is also noteworthy that Tat expression in
these studies had no effect on locomotor activity, suggesting
that motor function is not affected by Tat at this length of
exposure, which is also in contrast to the Kim et al.36 model.
Motor behavior in the present model does develop by 3 months
of DOX exposure.24 Notably, patients with HIV often report
chronic pain states and comorbid complications.34,54 In animals
exposed to gp120, a reduction of spontaneous exploratory
behaviour in the open-field paradigm, an ethological behaviour
believed to measure more complex comorbidities of neuro-
pathic pain has been shown.70,71 Another exploratory behaviour
recently discussed as a useful tool to investigate neuropathic

pain is the burrowing paradigm.78 It would be of interest to
further investigate the effect of Tat expression on these more
complex, nonevoked behaviours.

Neither the number of macrophages or GFAP-
immunoreactive cells in the DRG, nor the number of astrocytes
in the dorsal spinal cord, seemed to correlate with the
hypersensitivity behaviours. However, increases in the number
of microglia in the dorsal spinal cord did coincide with
heightened pain sensitivity. It is possible that Tat expression
is directly excitotoxic causing epidermal nerve fibre loss25,57

and perhaps, in subsequent hypersensitivity. It is also possible
that peripheral nerve damage can activate glia within the spinal
cord, trigger the release of proinflammatory cytokines, and
increase the firing rate of neurons responsible for hypersen-
sitivity, as has been proposed in other model systems.31

Figure 4.Microglial, but not astroglial, activation in the dorsal spinal cord of Tat(1) mice. (A) Immunoreactivity to Iba-1 and GFAP in spinal cord sections of Tat(2)
and Tat(1) mice at 8 days and 6 weeks after DOX treatment. Arrows in A indicate Iba-1 or GFAP immunoreactive cells and/or their processes. (B) Number of
microglial profiles per mm2 in Tat(2) and Tat(1) mice. Data are shown as box and dot plots with diamonds representing single animal values. The box represents
the interquartile range, with the line representing themedian and the square representing themean.Whiskers show the SD. Data were analysed by 1-way ANOVA
(the Bonferroni post hoc test). The P value in the upper left corner represents the overall group difference. (C) Percentage of area with positive immunoreactivity to
GFAP in Tat(2) and Tat(1) mice. Data are shown as box and dot plots with diamonds representing single animal values. The box represents the interquartile range,
with the line representing the median and the square representing the mean. Whiskers show the SD. Data were analysed by 1-way ANOVA (not significant). The P
value in the upper left corner represents the overall group difference. ANOVA, analysis of variance; DOX, doxycycline; GFAP, glial fibrillary acidic protein.
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Future experiments would be crucial to further characterise
this model.

Although the identity of the cells expressing Tat was not shown,
qRT-PCR or dPCR demonstrated expression in all expected
tissues. It is likely that Tat is expressed centrally in subsets of
astrocytes, and also peripherally in subsets of Schwann cells and
satellite cells. Identifying the cellular sites of Tat expression would
be an important next step.

Another notable point is the use of female animals in this study,
whereas rodent studies investigating gp120-induced neuropathy
were predominantly performed in male rats.70,71 As previously
mentioned, 52% of people who are currently living with HIV are
women1 and no significant difference between HIV patients with
and without HIV-SN in terms of sex has been shown.54,64

However, it has been recently suggested that microglia are
involved in the development ofmechanical pain hypersensitivity in
male, but not in female mice.65 Therefore, further studies in male
Tat(1) mice are warranted to verify whether Tat expression elicits
similar differences in immune cell responsiveness across sexes.
To further differentiate mechanisms linked to Tat as compared to
gp120, additional immunostaining for markers that are upregu-
lated in gp120-induced neuropathy might be of interest.71 It may
also be important tomeasure proinflammatory cytokines in Tat(1)
mice. HIV-1 Tat acts to recruit monocyte-derived cells and
promotes chemokine and/or cytokine expression,2,38 partly
through NF-kB activation.27 Moreover, Tat interacts with opiates,
frequently used for pain syndromes, to activate macrophages/
microglia and potentiate cytokine expression in vitro.7,8,16,18,20 In
support, the phosphodiesterase inhibitor, ibudilast, quiets human
and murine microglia in vitro and attenuates Tat-facilitated
proinflammatory cascades.35 The extent to which anti-
inflammatory adjunctive therapies may ameliorate peripheral
neuropathic pain in this model is not known; however, COX-1/
COX-2 inhibition attenuates affective behavioural deficits asso-
ciated with cortical microglial activation in transgenic Tat mice.53

Indeed, single-nucleotide polymorphisms in genes-encoding
purinergic receptors (P2X7R and P2X4R) and TNF-a haplotypes
predicted HIV-SN in African populations.21,26,69 Future inves-
tigations may aim to ameliorate Tat-associated peripheral
neuropathy, in part, through pursuit of anti-inflammatory
therapeutics.

A crucial future step would be to provide a link between
experimental work and the clinic. In mice, overexpression of Tat
results in CNS damage and cognitive deficits.24,36 In patients, it
has been shown that high levels of Tat antibodies in the cerebral
spinal fluid inversely correlate with dementia severity, suggesting
that high antibody levels protect against Tat toxicity by
sequestering Tat function.3 However, the presence of antibodies
against Tat only serves as a proxy estimate.3,6,58 Although direct
assessments of Tat have occasionally been made,32 routine
measurements would be extremely useful to more accurately
assess the role of Tat in the neuropathogenesis of HIV-SN.

Overall, we demonstrated epidermal nerve fibre loss in Tat(1)
mice, a marker of HIV-SN. We also showed mechanical
hypersensitivity after long-term Tat expression. Importantly, the
data suggest an underlying mechanism distinguishable from
gp120-induced neuropathy. This emphasises the potential
importance of the murine model described here to better
understand the underlying mechanisms of HIV-SN pathogenesis
and ultimately improve patient care.
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Society JTF of the EF of NSPN. European federation of neurological
societies/peripheral nerve society guideline on the use of skin biopsy in
the diagnosis of small fiber neuropathy. Report of a joint task force of the
European federation of neurological societies and the peripheral ner.
J Peripher Nerv Syst 2010;15:79–92.

[43] Li JC, Lee DC, Cheung BK, Lau AS. Mechanisms for HIV Tat upregulation
of IL-10 and other cytokine expression: kinase signaling and PKR-
mediated immune response. FEBS Lett 2005;579:3055–62.

[44] Macleod MR, Fisher M, O’Collins V, Sena ES, Dirnagl U, Bath PM,
Buchan A, van der Worp HB, Traystman R, Minematsu K, Donnan GA,
Howells DW. Good laboratory practice: preventing introduction of bias at
the bench. Stroke 2009;40:e50–2.

[45] Maier C, Baron R, Tolle TR, Binder A, Birbaumer N, Birklein F,
Gierthmuhlen J, Flor H, Geber C, Huge V, Krumova EK,
Landwehrmeyer GB, Magerl W, Maihofner C, Richter H, Rolke R,
Scherens A, Schwarz A, Sommer C, Tronnier V, Uceyler N, Valet M,
Wasner G, Treede RD. Quantitative sensory testing in the German
Research Network on Neuropathic Pain (DFNS): somatosensory
abnormalities in 1236 patients with different neuropathic pain
syndromes. PAIN 2010;150:439–50.

[46] Marks WD, Paris JJ, Schier CJ, Denton MD, Fitting S, McQuiston AR,
Knapp PE, Hauser KF. HIV-1 Tat causes cognitive deficits and selective
loss of parvalbumin, somatostatin, and neuronal nitric oxide synthase
expressing hippocampal CA1 interneuron subpopulations. J Neurovirol
2016;22:747–62.

[47] Mediouni S, Darque A, Baillat G, Ravaux I, Dhiver C, Tissot-Dupont H,
Mokhtari M, Moreau H, Tamalet C, Brunet C, Paul P, Dignat-George F,
Stein A, Brouqui P, Spector SA, Campbell GR, Loret EP. Antiretroviral
therapy does not block the secretion of the human immunodeficiency
virus tat protein. Infect Disord Drug Targets 2012;12:81–6.

[48] Morrison SJ, Perez SE, Qiao Z, Verdi JM, Hicks C, Weinmaster G,
Anderson DJ. Transient Notch activation initiates an irreversible switch
from neurogenesis to gliogenesis by neural crest stem cells. Cell 2000;
101:499–510.

[49] Moss PJ, Huang W, Dawes J, Okuse K, McMahon SB, Rice AS.
Macrophage-sensory neuronal interaction in HIV-1 gp120-induced
neurotoxicity. Br J Anaesth 2014;114:499–508.

[50] Mullin S, Temu A, Kalluvya S, Grant A, Manji H. High prevalence of distal
sensory polyneuropathy in antiretroviral-treated and untreated people
with HIV in Tanzania. Trop Med Int Health 2011;16:1291–6.

[51] Mythili A, Kumar KD, Subrahmanyam KA, Venkateswarlu K, Butchi RG. A
Comparative study of examination scores and quantitative sensory
testing in diagnosis of diabetic polyneuropathy. Int J Diabetes Dev Ctries
2010;30:43–8.

[52] Ngwainmbi J, De DD, Smith TH, El-Hage N, Fitting S, Kang M, Dewey
WL, Hauser KF, Akbarali HI. Effects of HIV-1 Tat on enteric
neuropathogenesis. J Neurosci 2014;34:14243–51.

[53] Paris JJ, Singh HD, Carey AN, McLaughlin JP. Exposure to HIV-1 Tat in
brain impairs sensorimotor gating and activates microglia in limbic and
extralimbic brain regions of male mice. Behav Brain Res 2015;291:
209–18.

[54] Phillips TJ, BrownM, Ramirez JD, Perkins J,Woldeamanuel YW,Williams
AC, Orengo C, Bennett DL, Bodi I, Cox S, Maier C, Krumova EK, Rice AS.
Sensory, psychological, and metabolic dysfunction in HIV-associated
peripheral neuropathy: a cross-sectional deep profiling study. PAIN 2014;
155:1846–60.

[55] Phillips TJ, Cherry CL, Moss PJ, Rice ASC. Painful HIV-associated
sensory neuropathy. Washington, DC: IASP Press, 2010:18.

[56] Polydefkis M, Yiannoutsos CT, Cohen BA, Hollander H, Schifitto G, Clifford
DB, Simpson DM, Katzenstein D, Shriver S, Hauer P, Brown A, Haidich AB,
Moo L, McArthur JC. Reduced intraepidermal nerve fiber density in HIV-
associated sensory neuropathy. Neurology 2002;58:115–19.

[57] Prendergast MA, Rogers DT, Mulholland PJ, Littleton JM, Wilkins LH Jr,
Self RL, Nath A. Neurotoxic effects of the human immunodeficiency virus
type-1 transcription factor Tat require function of a polyamine sensitive-
site on the N-methyl-D-aspartate receptor. Brain Res 2002;954:300–7.

[58] Rezza G, Fiorelli V, Dorrucci M, Ciccozzi M, Tripiciano A, Scoglio A,
Collacchi B, Ruiz-Alvarez M, Giannetto C, Caputo A, Tomasoni L, Castelli
F, SciandraM, Sinicco A, Ensoli F, Butto S, Ensoli B. The presence of anti-
Tat antibodies is predictive of long-term nonprogression to AIDS or severe
immunodeficiency: findings in a cohort of HIV-1 seroconverters. J Infect
Dis 2005;191:1321–4.

[59] Rice ASC, FinnerupNB, KempHI, Currie GL, Baron R. Sensory profiling in
animal models of neuropathic pain: a call for back-translation. PAIN 2018;
159:819–24.

[60] Rice ASC, Morland R, Huang W, Currie GL, Sena ES, Macleod MR.
Transparency in the reporting of in vivo pre-clinical pain research: the
relevance and implications of the ARRIVE (Animal Research: reporting in
vivo experiments) guidelines. Scand J Pain 2013;4:58–62.

[61] Rychert J, Strick D, Bazner S, Robinson J, Rosenberg E. Detection of HIV
gp120 in plasma during early HIV infection is associated with increased
proinflammatory and immunoregulatory cytokines. AIDS Res Hum
Retroviruses 2010;26:1139–45.

[62] Sheng WS, Hu S, Hegg CC, Thayer SA, Peterson PK. Activation of
human microglial cells by HIV-1 gp41 and Tat proteins. Clin Immunol
2000;96:243–51.

[63] Siau C, Xiao W, Bennett GJ. Paclitaxel- and vincristine-evoked painful
peripheral neuropathies: loss of epidermal innervation and activation of
Langerhans cells. Exp Neurol 2006;201:507–14.

[64] Smyth K, Affandi JS,McArthur JC, Bowtell-Harris C,Mijch AM,Watson K,
Costello K, Woolley IJ, Price P, Wesselingh SL, Cherry CL. Prevalence of
and risk factors for HIV-associated neuropathy in Melbourne, Australia
1993–2006. HIV Med 2007;8:367–73.

[65] Sorge RE, Mapplebeck JC, Rosen S, Beggs S, Taves S, Alexander JK,
Martin LJ, Austin JS, Sotocinal SG, Chen D, Yang M, Shi XQ, Huang H,
Pillon NJ, Bilan PJ, Tu Y, Klip A, Ji RR, Zhang J, Salter MW, Mogil JS.
Different immune cells mediate mechanical pain hypersensitivity in male
and female mice. Nat Neurosci 2015;18:1081–3.

[66] Sorrell ME, Hauser KF. Ligand-gated purinergic receptors regulate HIV-1
Tat and morphine related neurotoxicity in primary mouse striatal neuron-
glia co-cultures. J Neuroimmune Pharmacol 2014;9:233–44.

[67] Themistocleous AC, Ramirez JD, Shillo PR, Lees JG, Selvarajah D,
Orengo C, Tesfaye S, Rice ASC, Bennett DLH. The Pain in Neuropathy
Study (PiNS): a cross-sectional observational study determining the
somatosensory phenotype of painful and painless diabetic neuropathy.
PAIN 2016;157:1132–45.

[68] Ventzel L, Madsen CS, Karlsson P, Tankisi H, Isak B, Fuglsang-
Frederiksen A, Jensen AB, Jensen AR, Jensen TS, Finnerup NB.
Chronic pain and neuropathy following Adjuvant chemotherapy. Pain
Med 2017. doi:10.1093/pm/pnx231 [e-pub ahead of print].

[69] Wadley AL, Hendry LM, Kamerman PR, Chew CS, Price P, Cherry CL,
Lombard Z. Role of TNF block genetic variants in HIV-associated
sensory neuropathy in black Southern Africans. Eur J HumGenet 2015;
23:363–8.

[70] Wallace VC, Blackbeard J, Pheby T, Segerdahl AR, Davies M, Hasnie
F, Hall S, McMahon SB, Rice AS. Pharmacological, behavioural and
mechanistic analysis of HIV-1 gp120 induced painful neuropathy.
PAIN 2007;133:47–63.

[71] Wallace VC, Blackbeard J, Segerdahl AR, Hasnie F, Pheby T,
McMahon SB, Rice AS. Characterization of rodent models of HIV-
gp120 and anti-retroviral-associated neuropathic pain. Brain 2007;
130:2688–702.

[72] Wallace VC, Segerdahl AR, Blackbeard J, Pheby T, Rice AS. Anxiety-like
behaviour is attenuated by gabapentin, morphine and diazepam in
a rodent model of HIV anti-retroviral-associated neuropathic pain.
Neurosci Lett 2008;448:153–6.

[73] Wang SXY, Ho EL, Grill M, Lee E, Peterson J, Robertson K, Fuchs D,
Sinclair E, Price RW, Spudich S. Peripheral neuropathy in primary HIV
infection associates with systemic and central nervous system immune
activation. J Acquir Immune Defic Syndr 2014;66:303–10.

[74] Wesselingh SL, Power C, Glass JD, Tyor WR, McArthur JC, Farber
JM, Griffin JW, Griffin DE. Intracerebral cytokine messenger RNA
expression in acquired immunodeficiency syndrome dementia. Ann
Neurol 1993;33:576–82.

[75] Wilen CB, Tilton JC, Doms RW. HIV: cell binding and entry. Cold Spring
Harb Perspect Med 2012;2:1–13.

[76] Wiley CA, Baldwin M, Achim CL. Expression of HIV regulatory and
structural mRNA in the central nervous system. AIDS 1996;10:843–7.

[77] Wodarski R, Clark AK, Grist J, Marchand F, Malcangio M. Gabapentin
reverses microglial activation in the spinal cord of streptozotocin-induced
diabetic rats. Eur J Pain 2009;13:807–11.

[78] Wodarski R, Delaney A, Ultenius C, Morland R, Andrews N, Baastrup C,
Bryden LA, Caspani O, Christoph T, Gardiner NJ, HuangW, Kennedy JD,
Koyama S, Li D, Ligocki M, Lindsten A, Machin I, Pekcec A, Robens A,
Rotariu SM, Vo S, Segerdahl M, Stenfors C, Svensson CI, Treede RD, Uto
K, Yamamoto K, Rutten K, Rice ASC. Cross-centre replication of
suppressed burrowing behaviour as an ethologically relevant pain
outcome measure in the rat: a prospective multicentre study. PAIN
2016;157:2350–65.

3 (2018) e654 www.painreportsonline.com 11

www.painreportsonline.com


[79] Xiao H, Neuveut C, Tiffany HL, Benkirane M, Rich EA, Murphy PM, Jeang
KT. Selective CXCR4 antagonism by Tat: implications for in vivo
expansion of coreceptor use by HIV-1. Proc Natl Acad Sci U S A 2000;
97:11466–71.

[80] Yang Y, Wu J, Lu Y. Mechanism of HIV-1-TAT induction of interleukin-
1beta from human monocytes: involvement of the phospholipase
C/protein kinase C signaling cascade. J Med Virol 2010;82:735–46.

[81] Yuan SB, Shi Y, Chen J, Zhou X, Li G, Gelman BB, Lisinicchia JG, Carlton
SM, FergusonMR, Tan A, Sarna SK, Tang SJ. Gp120 in the pathogenesis
of human immunodeficiency virus-associated pain. Ann Neurol 2014;75:
837–50.

[82] Zhou BY, Liu Y, Kim B, Xiao Y, He JJ. Astrocyte activation and
dysfunction and neuron death by HIV-1 Tat expression in astrocytes. Mol
Cell Neurosci 2004;27:296–305.

12 R. Wodarski et al.·3 (2018) e654 PAIN Reports®


