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Human immunodeficiency virus (HIV)-associated sensory neuropathy (SN) is the most common neurological complication of HIV
infection in the current highly active antiretroviral therapy era. The painful sensory neuropathy is associated with the use of
dideoxynucleoside antiretrovirals, and its development limits the choice of antiretroviral drugs in affected patients. There are presently
no effective therapies for HIV-SN, and moreover there has been no robust animal model of HIV-SN in which candidate therapeutic agents
can be tested. In this paper, we show that we have established a rodent model of HIV-SN by oral administration of a dideoxynucleoside
drug, didanosine, to transgenic mice expressing the HIV coat protein gp120 under a GFAP promoter. The neuropathy in these rodents is
characterized by distal degeneration of unmyelinated sensory axons, similar to the “dying back” pattern of C-fiber loss seen in patients
with HIV-SN. This model will be useful in examining mechanisms of distal axonal degeneration and testing potential neuroprotective
compounds that may prevent development of the sensory neuropathy.
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Introduction
Human immunodeficiency virus (HIV)-associated sensory neu-
ropathy (SN) is the most common neurological complication of
HIV infection, symptomatically affecting over one third of pa-
tients with HIV (for review, see Keswani et al., 2002; Höke and
Cornblath, 2005). The symptoms of HIV-SN are dominated by
neuropathic pain, which is often excruciating. The pain is usually
most severe on the soles of the feet, making walking difficult.
HIV-SN is characterized pathologically by distal degeneration of
long axons, in a pattern termed “dying back,” because of the
observation that the distal regions of the fibers degenerate first,
with centripetal progression (Mah et al., 1988; Miller et al., 1988).
Characteristically, there is prominent involvement of unmyeli-
nated C fibers, as shown by reduced intraepidermal nerve fiber
densities on punch skin biopsies of the distal leg in patients with
HIV-SN. Of interest, the degree of intraepidermal nerve fiber
(IENF) loss correlates with the severity of neuropathic pain in
patients with HIV-SN (Polydefkis et al., 2002). There are pres-
ently no effective therapies for HIV-SN, and moreover there has
been no robust animal model of HIV-SN in which candidate
therapeutic agents could be tested. This study aimed to develop
such a model of HIV-SN.

Histopathological studies of HIV-SN have revealed, in addi-
tion to a “dying back” sensory axonopathy, the presence of acti-
vated HIV-infected macrophages in the dorsal root ganglia

(DRG) and peripheral nerve. Akin to the situation in HIV de-
mentia, neuronal infection by HIV occurs rarely, if at all, in the
DRG of patients with HIV-SN (Pardo et al., 2001). It is thus
hypothesized that the sensory axonopathy seen in HIV-SN results
from neurotoxicity by soluble mediators released by infiltrating
HIV-infected macrophages. These mediators include secreted vi-
ral proteins such as the HIV-1 envelope glycoprotein gp120,
which has been shown to be a potent neurotoxin, capable of
causing axonal degeneration and, at higher doses, neuronal death
(Apostolski et al., 1993; Dawson et al., 1993). Transgenic mice
expressing secretable gp120 in astrocytes (under the control of a
modified GFAP gene) have neuropathological abnormalities in
their brains that are similar to those found in patients with HIV
dementia (Toggas et al., 1994). These abnormalities include
widespread degeneration of dendrites, loss of presynaptic termi-
nals, reactive astrocytosis, and microglial nodules. In addition,
these mice display reduced hippocampal long-term potentiation
and age-dependent behavioral deficits suggestive of cognitive
impairment.

A major risk factor for the development of HIV-SN is the use
of dideoxynucleoside (DDX) reverse transcriptase inhibitors.
These agents, which include zalcitabine (DDC), didanosine
(DDI), and stavudine (d4T), are known to cause neuronal mito-
chondrial dysfunction and axonal degeneration in primary dor-
sal root ganglion cultures (Keswani et al., 2003a). It has, however,
been difficult to establish an animal model of DDX-induced pe-
ripheral neuropathy, despite using high doses of DDX agents
(J. C. McArthur, personal communication; A. Höke unpublished
observation), raising the hypothesis that pre-existing injury to
sensory axons or cell bodies of DRG neurons by HIV viral pro-
teins such as gp120, results in vulnerability to DDX-induced neu-
rotoxicity (“double-hit hypothesis”). In this study, we aimed to
establish an animal model of HIV-SN by administering DDI
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orally to gp120 transgenic mice. Expression of gp120 in these
mice is under the control of GFAP promoter. As astrocytes and
Schwann cells are the main cells expressing GFAP, gp120 is thus
expressed and released by astrocytes in the CNS and Schwann
cells in the peripheral nervous system (PNS). We show that DDI
exposure to such mice results in distal axonal degeneration affect-
ing small, unmyelinated fibers, similar to the neuropathology
noted in HIV-SN. This small rodent model may be used to eval-
uate potential therapeutic strategies for HIV-SN.

Materials and Methods
All experiments involving animals were conducted under the protocols
approved by the Johns Hopkins University Animal Care and Use
Committee according to guidelines established by National Institutes
of Health and American Association for the Accreditation of Labora-
tory Animal Care. Breeding pairs of the transgenic mice expressing
gp120 under the GFAP promoter (line A45) were kindly provided by
Dr. Lennart Mucke.

Genotyping, RT-PCR and Western, blotting. The presence of gp120
transgene was confirmed using methods according to the reports pub-
lished previously (Mucke et al., 1995). The total RNA was isolated from
the sciatic nerve, spinal cord, and brain using the Trizol method and
reverse transcription (RT)-PCR for gp120 mRNA was done using stan-
dard protocols with the following primers: 5�-gcgggagaatgataatggag-3�
(forward) and 5�-tatgggaattggctcaaagg-3� (backward). Confirmation of
expression of gp120 in the sciatic nerve and spinal cord was done with
Western blotting of tissue extracts using anti-gp120 antibody (Abcam,
Cambridge, MA; catalog number ab20262).

Animal studies. Littermates of gp120 transgenic mice, aged 2 months,
received either DDI dissolved in drinking water or vehicle control (PBS)
for a duration of 4 weeks. The concentration of DDI in the water was 5
mg/ml. Total daily consumption of water was carefully measured and
total daily dose per mouse was calculated for the duration of the study;
the average daily dose per mouse was 25 mg/d. The water bottle contain-
ing DDI was replenished once a week. In control experiments, mice of the
same background (B6/SJL) and age were purchased and treated similarly
with either DDI-containing water or vehicle control. The number of
animals in each group was 8 –10.

Behavioral and electrophysiological testing was done at baseline before
the start of the study and repeated at the end of 4 weeks. Sensory testing
for thermal sensation was done on the left hindpaw using a hot plate
analgesia meter (IITC Life Sciences, Woodland Hills, CA) as described
previously (Levy et al., 1999). Motor-strength testing was done in the
hindpaw using a Stoelting (Wood Dale, IL) grip strength meter according
to established protocols (McKeown et al., 1975). Coordinated motor
testing was done using a rotorod apparatus (Rotamex; Columbus Instru-
ments, Columbus, OH) according to standard protocols (Hymson and
Hynes, 1982). Sensory nerve conduction studies were done under inha-
lation anesthesia according to standard methods as described previously
(Levy et al., 2000). Briefly, sensory nerve action potentials (SNAPs) were
recorded at the base of the tail after stimulation at 5 cm distal to the
recording site. Responses to 20 supramaximal stimulations were aver-
aged and recorded using PowerLab 8/SP hardware and the integrated
Chart software (AD Instruments, Colorado Springs, CO) in an iMac
computer (Apple Computers, Cupertino, CA). SNAP amplitude and on-
set latency were measured individually for each animal and the sensory
conduction velocities were calculated. Similarly, the motor nerve con-
duction studies were done using the same setup. Subdermal recording
electrodes were placed in the intrinsic foot muscles of the hindlimb and
the stimulating electrodes were placed at the sciatic notch. Compound
motor action potentials (CMAPs) and onset latencies were recorded for
each animal individually and the maximum CMAP response was used in
the calculations.

Histological evaluation. At the end of 4 weeks, the animals were deeply
anesthetized by inhalation anesthesia and plantar pads were harvested by
punch biopsy for evaluation of IENF density according to standard pro-
tocols (McCarthy et al., 1995; Polydefkis et al., 2002). Briefly, the skins
were placed in periodate-lysine-paraformaldehyde fixative for 18 h,

transferred to cryoprotectant (20% glycerin), sectioned in a freezing mi-
crotome at 50-�m-thick sections, and stained with a pan-axonal marker
anti-protein gene product (PGP) 9.5 antibody (Biogenesis, Kingston,
NH). The number of intraepidermal unmyelinated axons was counted in
a blinded manner and the density of IENFs per millimeter of skin was
determined.

After the punch biopsies, animals were perfused with 4% paraformal-
dehyde and tissues were harvested for ultrastructural analysis. The sciatic
nerves at the mid-thigh level, whole feet with distal plantar nerves, and
the whole spinal column with intact dorsal root ganglia, cauda equina,
and spinal cord were postfixed in 4% paraformaldehyde/3% glutaralde-
hyde for 3 d. The tissues were transferred to Sorenson’s buffer and kept at
4°C until further processing. The spinal columns and feet were decalci-
fied and then together with the sciatic nerves, processed for plastic em-
bedding according to standard protocols as described previously (Höke
et al., 2003). Toluidine blue-stained 1-�m-thick sections were used to
evaluate the large myelinated fibers using stereological methods and thin
sections were prepared for electron microscopic evaluation of unmyeli-
nated axons. The numbers of unmyelinated axons per Remak Schwann
cell were counted using unbiased sampling methods as described previ-
ously (Höke et al., 2003). ANOVA with correction for multiple compar-
isons was used for statistical analysis.

Results
gp120 expression in the peripheral nerve, spinal cord, and brain of
GFAP-gp120 transgenic mice
Consistent with the previous literature, we noted that the gp120
protein and mRNA were present in the CNS and PNS of GFAP-
gp120 transgenic mice (and absent in wild-type littermate con-

Figure 1. Oral administration of the antiretroviral drug DDI to gp120 transgenic mice in-
duces cutaneous denervation. DDI administration to gp120 transgenic mice resulted in a de-
creased IENF density ( p � 0.05) in the plantar footpads of gp120 transgenic mice. A, Repre-
sentative PGP 9.5-stained skin biopsies from the plantar footpads of gp120 transgenic mice
with and without DDI exposure. The black arrows show individual IENFs, and the yellow dots
highlight the dermal– epidermal junction. B, Quantitation of plantar footpad IENF densities for
wild-type and gp120 transgenic mice � DDI exposure. Note that in contrast to gp120 trans-
genic mice, DDI exposure to age-matched wild-type controls did not reduce IENF density. In
addition, there was no significant difference in IENF density between wild-type controls and
gp120 transgenics not exposed to DDI. n � 8 animals per group; p � 0.05 compared with
other groups.

10300 • J. Neurosci., October 4, 2006 • 26(40):10299 –10304 Keswani et al. • Model of HIV Neuropathy



trols). This was determined using RT-PCR analysis for gp120
mRNA and Western blot analysis for Gp120 protein in harvested
sciatic nerve, spinal cord, and brain (data not shown).

Oral administration of the antiretroviral drug DDI to
GFAP-gp120 transgenic mice results in reduced
intraepidermal nerve fiber density
Intraepidermal nerve fibers, which represent the terminals of C
(nociceptive) fibers, are known to degenerate in patients with
HIV-SN (Polydefkis et al., 2002). Measurement of IENF density
in PGP 9.5-stained punch skin biopsies is a useful way to evaluate
the integrity of these distal unmyelinated axons in both rodents
and humans, and is increasingly being used as an outcome mea-
sure in clinical trials of neuroprotective agents in HIV-SN. There
was no significant difference in IENF density in the plantar foot-
pad between 2-month-old gp120 transgenic mice and age-
matched wild-type controls (Fig. 1). Oral administration of DDI
for 1 month to wild-type mice did not significantly alter IENF
density. In contrast, similar DDI exposure in gp120 transgenic
mice resulted in a significant reduction of IENF density in the
plantar footpad ( p � 0.05).

Oral administration of DDI to GFAP-gp120 transgenic mice
induces loss of unmyelinated axons in distal plantar nerves
Rodent mixed peripheral nerves normally have a characteristic
architecture of myelinated and unmyelinated axons. Myelinated
axons have a one-to-one relationship with their Schwann cells,
and within the basal lamina of a Schwann cell there is only one
myelinated axon. In contrast, multiple unmyelinated axons are
ensheathed within a single basal lamina of a Schwann cell and this

structure is called a Remak bundle. Elec-
tron microscopy showed normal Remak
bundles in the distal plantar nerves of
gp120 transgenic mice. This can be seen in
Figure 2A (left); a Remak Schwann cell en-
sheathes several unmyelinated axons, all
surrounded by one continuous basal lam-
ina. In contrast, in DDI-treated gp120
transgenic mice, denervated Schwann cells
with empty pockets of collagen within the
basal lamina were seen in the distal plantar
nerves (Fig. 2A, right), indicative of loss of
unmyelinated axons. To quantify these ob-
servations, we counted the number of un-
myelinated axons within each complete
Remak Schwann cell basal lamina. As
shown in Figure 2B, Remak bundles
tended to contain fewer unmyelinated ax-
ons in DDI-treated animals (i.e., histo-
gram shifted to the left) and there was a
significant reduction in the mean number
of unmyelinated axons per Remak bundle.
In gp120 transgenic mice, there were 4.3
(�0.3) unmyelinated axons per Remak
Schwann cell, but in DDI-treated gp120
transgenic mice, the mean number of un-
myelinated axons per Remak bundle was
2.6 (�0.2) ( p � 0.05).

DDI administration does not induce axonal
degeneration in the proximal sciatic nerve
of gp120 transgenic mice
Patients with HIV-SN have evidence of dy-
ing back sensory axonal degeneration, with
the most distal portions of long fibers be-

ing affected first. Plastic sections of proximal sciatic nerve from
wild-type and gp120 transgenic mice with and without exposure
to DDI revealed no evidence of Wallerian-like degeneration and
normal morphology of myelinated axons (Fig. 3). Evaluation of
the unmyelinated axons was done using electron microscopy and
the number of unmyelinated axons per Remak Schwann cell was
quantified using an unbiased sampling method as described in
Materials and Methods. There was no significant difference in the
normal distribution of the unmyelinated axons among groups.

Behavioral and electrophysiological observations in gp120
transgenic mice treated with DDI
Behavioral testing of thermal sensation and motor function was
done at baseline and after 4 weeks of oral DDI treatment. As seen
in Figure 4A, the only group that developed mild thermal hyper-
algesia was gp120 transgenic mice treated with DDI. All of the
other groups had similar paw-withdrawal latency at baseline and
after 4 weeks of DDI. There was no difference among groups in
motor strength as evaluated by forearm grip strength measure-
ments at baseline and after 4 weeks of DDI (Fig. 4B). Similarly,
none of the animals developed weakness or coordination difficul-
ties and all remained on the rotor-rod for �3 min at both time
points (data not shown).

Electrophysiological function was evaluated with motor and
sensory nerve conduction studies (Table 1). There was no differ-
ence in compound motor action potential amplitude and motor
distal latency among all four groups. In sensory testing there was
a trend for a reduction in sensory nerve action potential ampli-

Figure 2. Administration of DDI to gp120 transgenic mice induces loss of unmyelinated axons in distal plantar nerves. A,
Representative electron micrographs of Remak bundles from the distal plantar nerves from gp120 transgenic mice � DDI
exposure are shown. Normal Remak bundles containing unmyelinated axons are seen in mice not given DDI (small arrow). In
DDI-treated mice, “empty” Remak bundles (i.e., Schwann cells devoid of unmyelinated axons) (large arrow) are seen. B, In mice
given DDI, Remak bundles contain fewer unmyelinated axons (i.e., the histogram is shifted to the left). p � 0.05; n � 8 animals
per group.
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tude in DDI-treated gp120 transgenic
mice, but this did not reach statistical
significance.

Discussion
HIV-SN includes two clinically identical
neuropathies: distal sensory polyneurop-
athy (DSP), associated with advanced HIV
infection per se, and antiretroviral toxic
neuropathy, precipitated by the use of an-
tiretroviral DDX drugs in patients at vary-
ing stages of HIV infection. In previous
work, we established in vitro models of
HIV-SN, showing that both gp120 and
DDX drugs induce axonal degeneration in
primary DRG neuronal cultures, albeit by
different mechanisms of neurotoxicity
(Keswani et al., 2003a,b, 2004). However,
there has been no established in vivo ro-
dent model of HIV-SN. This has hindered
the development of therapeutic strategies
for HIV-SN, which presently has no effec-
tive therapies. Here, we report the develop-
ment of a rodent model of HIV-SN with
distal sensory axonal degeneration as seen
in HIV patients with early stages of HIV-SN.

Although 2-month-old GFAP-gp120
transgenic mice have been reported to have
CNS neuropathology similar to that seen
in HIV dementia, we did not detect evi-
dence of peripheral neuropathy in these
mice at that age. However, in preliminary
longitudinal studies of these mice, we have
seen evidence of distal axonal degeneration
(a decrease in IENF density in the hind
paws) beginning at 12–15 months of age
(data not shown). Of interest, this finding
does correlate with a published study
showing evidence of cognitive impairment
in GFAP-gp120 transgenic mice at 12
months of age, but not at 3 months
(D’Hooge et al., 1999). It is tempting to
speculate that the late-onset neuropathy
that we observe in GFAP-gp120 transgenic
mice is analogous to the development of
DSP in patients with advanced HIV infec-
tion. However, waiting 12 to 15 months for
the development of neuropathy makes this
animal model not a practical one, with
respect to the screening of candidate
therapeutics.

Despite the demonstration by in vitro studies that DDX agents
induce neuronal mitochondrial dysfunction and axonal degener-
ation, it has been difficult to establish an animal model of DDX-
induced peripheral neuropathy. Although a model of DDC neu-
rotoxicity in New Zealand white (NZW) rabbits has been
reported, this neuropathy was described as being predominantly
demyelinating with prominent involvement of motor fibers, in
contrast to the sensory axonal pathology seen in HIV-infected
individuals (Feldman et al., 1992; Anderson et al., 1994). Further-
more, another group failed to reproduce this neuropathy in
NZW rabbits despite using high doses of DDI and d4T for 24

weeks (Warner et al., 1995). We have been unable to establish a
rodent model of DDX-induced neuropathy. Despite daily intra-
peritoneal administration for 8 months of up to 100 mg/kg of
DDC to rats, no effect on unmyelinated nerve fibers in the foot-
pad was observed (J. C. McArthur, unpublished observation).
Furthermore, in a prelicensing study, primates receiving high
doses of d4T for 1 year did not develop neuropathy. These diffi-
culties in establishing an animal model of DDX-induced periph-
eral neuropathy may reflect the concomitant need for HIV infec-
tion for manifestation of DDX-induced neurotoxicity. In this
double-hit hypothesis, DRG neurons/sensory axons are first
damaged or sensitized by viral proteins, including gp120, released

Figure 3. DDI administration does not induce axonal degeneration in the proximal sciatic nerve. A, Plastic sections of proximal
sciatic nerve from wild-type and gp120 transgenic mice with and without exposure to DDI revealed no abnormalities. In partic-
ular, no evidence of Wallerian-like degeneration was observed, with similar staining patterns for myelinated axons. B, Histo-
grams of unmyelinated axons showed similar patterns, suggesting that there was no significant unmyelinated axonal loss
proximally. C, Mean number of unmyelinated axons per Remak bundle are shown (n � 4 – 6 animals per group). WT, Wild-type.
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from infiltrating HIV-infected macrophages, and are then fur-
ther compromised by DDX-induced mitochondrial toxicity.

Consistent with this hypothesis, we show that oral adminis-
tration for 1 month of DDI to 2-month-old GFAP-gp120 trans-
genic mice, but not wild-type mice, resulted in distal degenera-
tion of unmyelinated sensory fibers. This was reflected by

reduced IENF densities in the plantar footpad, and reduced num-
bers of unmyelinated axons per Remak bundle in distal plantar
nerves. In contrast, we saw no evidence of axonal degeneration in
the proximal sciatic nerve of these animals. This reflects the his-
topathology observed in patients with HIV-SN (i.e., a dying back
pattern of sensory axonal degeneration with prominent involve-
ment of unmyelinated fibers). These histopathological observa-
tions correlated with electrophysiological and behavioral testing
in these mice. There was no significant effect on the motor nerve
function as measured by grip strength measurements and motor
nerve conduction studies. Sensory testing for thermal sensation
showed that only the gp120 transgenic mice treated with DDI
developed mild thermal hyperalgesia, and although there was a
trend for a reduction in tail sensory nerve action potential ampli-
tudes, this was a not a statistically significant finding. These ob-
servations correlate with clinical findings in HIV patients with
early sensory neuropathy. Often the patients present with painful
dysesthesias but electrophysiological studies are within normal
limits and the only objective abnormality is reduction in IENF
density (Polydefkis et al., 2002), suggesting that early HV-SN is
limited to the distal axons of unmyelinated sensory nerves.

Difficulty in establishing a pure DDX-induced neuropathy
may have multiple causes. The DDX drugs are actually prodrugs
that need to be converted intracellularly into the 5�-triphosphate
form to be active (Waqar et al., 1984; Furman et al., 1986). It is
possible that conversion from a prodrug in rodent cells, especially
in neurons, may be limited. There are differences in the conver-
sion rate among different cell types within a species and probably
among species (Waqar et al., 1984; Cooney et al., 1986; Furman et
al., 1986; Starnes and Cheng, 1987). In our study, we had to use a
much higher dose (25 mg/d per mouse) than that used clinically
in HIV patients (400 –500 mg/d). However, we do not have an
independent biomarker of the intracellular effects of DDX drugs
in this study to confidently state that this oral dose is equivalent to
the oral dose in humans. Other researchers have looked for bi-
omarkers for use of DDX drugs and development of neurological
complications in humans. For example, Cherry et al. (2002) re-
ported that DDX drug use correlated with reduction in mito-
chondrial DNA content in subcutaneous fat tissue in HIV pa-
tients, but there was no correlation with development of
neuropathy in these patients. This observation further supports
the hypothesis that DDX neurotoxicity may not be directly re-
lated to the ability of DDX drugs inhibiting the mitochondrial
DNA polymerase-� (for review, see Höke and Cornblath, 2005).

In summary, we have established a rodent model of HIV-SN
that is readily amenable to screening strategies for potential ther-
apeutic agents. It is hoped that this model will allow the develop-
ment of effective therapies for HIV-SN, which are currently
sorely needed. Furthermore, a more detailed examination of the
cellular changes in this animal model may allow development of
biomarkers and better understanding of the pathophysiology of
HIV-SN.
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