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HIV-associated sensory neuropathy remains the most common neurological complication of HIV infection and
is characterized by dorsal root ganglion (DRG) inflammation and intraepidermal nerve fiber density (IENFD)
loss. Chronic peripheral immune cell activation and accumulation may cause damage to the DRG, but has not
been fully investigated yet. By using an SIV-infected, CD8-lymphocyteedepleted rhesus macaque model, we
defined immune cells surrounding DRG neurons and their role in DRG pathology, measured cell traffic from the
bone marrow to the DRGs using 5-bromo-2-deoxyuridine (BrdU) pulse, and serially measured IENFD. We found
an increase in CD68þ and CD163þ macrophages in DRGs of SIV-infected animals. MAC387þ recently recruited
monocytes/macrophages were increased, along with BrdUþ cells, in the DRGs of SIV-infected macaques. We
demonstrated that 78.1% of all BrdUþ cells in DRGs were also MAC387þ. The number of BrdUþ monocytes
correlated with severe DRG histopathology, which included neuronophagia, neuronal loss, and Nageotte
nodules. These data demonstrate that newly recruitedMAC387þBrdUþmacrophagesmayplay a significant role
in DRG pathogenesis. IENFD decreased early (day 21), consistent with the development of sensory neuropathy
in SIV-infected macaques. Decreased IENFD was associated with elevated BrdUþ cells in the DRG. These data
suggest that increased recruitment of macrophages to DRG is associated with severe DRG histopathology and
IENFD loss. (Am J Pathol 2015, 185: 1912e1923; http://dx.doi.org/10.1016/j.ajpath.2015.03.007)
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Peripheral neuropathy (PN) is the most common neurological
complication of HIV and continues to negatively affect pa-
tient quality of life.1,2 Distal sensory polyneuropathy (DSP) is
a common type of HIV-PN that persists despite the decreased
use of neurotoxic antiretroviral drugs.1e4 HIV-DSP is iden-
tical to antiretroviral toxic neuropathy clinically; both result in
pain, numbness, and hypersensitivity in the lower legs and
feet, as well as sometimes in the hands.1,5 Despite the clinical
similarities, the underlying pathophysiological mechanisms
of HIV-DSP and antiretroviral toxic neuropathy are unique.

HIV-DSP is sensory nerve fiber axonal degeneration in
the extremities.5 It is unclear if this axonal degeneration is a
result of HIV’s direct damage to nerve fibers or indirect
damage by activated macrophages and glial cells in the
dorsal root ganglion (DRG).6 Histopathology of the DRG
during HIV infection consists of an increased number of
stigative Pathology.

.

macrophages, decreased lymphocytes, fewer neurons, and
increased Nageotte nodules.5

The study of the pathology of PN in HIV-infected human
subjects is confounded by the use of antiretroviral drugs,
including nucleotide reverse transcriptase inhibitors and pro-
tease inhibitors, which may cause antiretroviral toxic neu-
ropathy. HIV-PN pathology can be confounded by increased
alcohol consumption7 and vitaminB12 deficiency.8Diagnosis
of PN in humans relies on a combination of autonomic testing
results, nerve biopsy specimens, and skin biopsy specimens.9
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Figure 1 Intraepidermal nerve fiber density (IENFD) decreases after
infection. A: Preinfection biopsy of animal A11 has several long contiguous
IENFs terminating in the basement layer of the stratum corneum (arrows). B:
Biopsy specimen of animal A11 taken at necropsy on AIDS has few
segmented IENFs (arrows). C: IENFD was serially measured, and the IENFD
per animal at each time point is graphed. D: The percentage change in IENFD
at the individual times from preinfection was calculated using the animal’s
own preinfection value as a reference. Open symbols indicate cohort of SIV-
infected animals (A09 to A12) in which biopsy specimens were taken at days
0, 8, 21, 42, and 63 after infection and necropsy; closed symbols, cohort of
SIV-infected animals (A13 to A16) in which biopsy specimens were taken at
days 0, 21, 42, and 63 after infection and necropsy.

Monocyte Traffic in DRG
However, examining intraepidermal nerve fiber densities
(IENFDs) via skin biopsy specimens is an objective patho-
logical measure of PN pathogenesis.

Animal models lend themselves to the study of viral patho-
genesis and immune response.10 Transgenic mice expressing
gp120 have failed to develop PN after 2 months.11 However, in
a murine immunodeficiency virus model12 and after perineural
application of gp120 to the sciatic nerve in rats,13 peripheral
nerve damage has been shown. Feline immunodeficiency virus
recapitulatesPNdamagewithHIV infection, but thevirus uses a
different coreceptor (CD134).14,15 SIV is particularly attractive
given the similarities between humans and nonhuman primates,
with SIVbeing closely related toHIVgenomically, structurally,
and clinically.10,16 Both viruses target the CD4þ lymphocytes,
monocytes, and macrophages through CD4 and CCR5, result-
ing in immune suppression and neuropathology that includes a
decline in IENFDs and similar pathology in the DRG.10

By using a neurovirulent clone and immunosuppressive
SIV swarm in pigtailed macaques, Mankowski and col-
leagues demonstrated that the SIVþ cells in the DRG were
CD68þ macrophages and that damage to the DRG precedes
loss of nerve fibers in the skin.17e19 We have previously
demonstrated that CD8þ lymphocyte-depleted, SIV-infected
rhesus macaques rapidly develop AIDS and histopathology
that reproduces the hallmarks of human HIV infection pre-
antiretroviral therapy, including SIV encephalitis, lymph
damage, the depletion of gut T cells, and PN.20e22

Because HIV and SIV are unable to productively infect
neurons, damage at the DRG is thought to be due to infected
and activated macrophages and glial cells, which can secrete
neurotoxic products.23 Whether inflammation or recruited
monocytes/macrophages play a role in damage has yet to be
defined in an experimental SIV model. Factors involved in
immune cell trafficking to the DRG during HIV/SIV
infection are poorly understood. Previous studies have used
CD68 or ionized calcium binding adaptor protein 1 (Iba-1)
as monocyte/macrophage markers in the DRG.17,20,24

However, these markers do not differentiate between circu-
lating and infiltrating monocytes/macrophages and resident
macrophages. It is likely that resident macrophages (CD68þ

and CD163þ) and infiltrating macrophages (MAC387þ) play
different roles during HIV-associated DRG damage,25 as do
M1 versus M2 cells at the DRG.

Materials and Methods

Ethical Statement

All animals used in this study were handled in strict accor-
dance with American Association for Accreditation of Lab-
oratory Animal Care, the Harvard University’s (Cambridge,
MA) Institutional Animal Care and Use Committee (protocol
04785), or Tulane University’s (New Orleans, LA) Institu-
tional Animal Care and Use Committee (protocols P0066 and
P0263), and these committees approved all animal work.
This work was also approved by Boston College’s (Chestnut
The American Journal of Pathology - ajp.amjpathol.org
Hill, MA) Institutional Animal Care and Use Committee
(protocol 2013-002). All possible measures are taken to
minimize discomfort of the animals. All procedures were
performed using chemical restraint to ensure the safety of
both staff and animals, and the choice of anesthetic included
10 to 20 mg/kg ketamine, 4 to 10 mg/kg telazol, and/or 7.5 to
15 mg/kg dexdomitor (all i.m.), depending on the procedure.
Animals, Viral Infection, and CD8 Lymphocyte
Depletion

Sixteen rhesus macaques (Macaca mulatta) were used in
this study. Animals were randomly assigned to experimental
groups. Four uninfected control animals were used in this
study, two of which were CD8 lymphocyte depleted by
treatment with mouse-rhesus chimeric anti-CD8a antibody
cM-T807 administered only once at 50 mg/kg i.v. Twelve
animals were inoculated i.v. with SIVmac251 (a generous
gift from Dr. Ronald Desrosiers, University of Miami, Coral
Gables, FL). Infected animals were administered 10 mg/kg
of anti-CD8 antibody s.c. at day 6 after infection, and 5 mg/
kg i.v. at days 8 and 12 after infection, to achieve rapid
AIDS with a high incidence of SIV encephalitis (SIV-
infected CD8 lymphocyte depleted). The human anti-CD8
antibody was provided by the NIH Non-Human Primate
Reagent Resource (grants RR016001 and AI040101).26e31

All animals were anesthetized with ketamine-hydrochloride,
euthanizedbyan i.v. pentobarbital overdose, and exsanguinated.
1913
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Table 1 Animals Used in the Study

Animal groups
Animal
no.

Primate
center

Survival,
days

Terminal plasma
viral load, log 10

Brain
pathology DRG pathology*

Uninfected A01 NEPRC NA NA Normal Normal
A02 NEPRC NA NA Normal Normal
A03 TNPRC NA NA Normal Normal
A04 TNPRC NA NA Normal Normal

SIV-infected CD8
lymphocyte depleted

A05 NEPRC 77 8.69 SIVE Severe
A06 NEPRC 131 8.15 SIVE Mod-severe
A07 TNPRC 91 7.04 SIVE Mod-severe
A08 NEPRC 56 7.86 SIVE Moderate
A09 TNPRC 89 7.71 SIVE Mild (T), mod-severe (L, S)
A10 TNPRC 55 7.83 SIVE Mild (T), mild-mod (L, S)
A11 TNPRC 174 7.28 AIDS no E Severe (T, L, S)
A12 TNPRC 146 7.67 AIDS no E Moderate (T), severe (L, S)
A13 NEPRC 77 8.54 SIVE Moderate (T), mod-severe (L, S)
A14 NEPRC 77 7.23 SIVE Moderate (T, L, S)
A15 NEPRC 168 6.79 AIDS no E Mild (L, S)
A16 NEPRC 97 7.79 SIVE Mild (L, S)

*Sections of DRGs from animals A01 through A08 contained multiple DRGs per block, but specific anatomical location was not specified so they may have
included thoracic, lumbar, and/or sacral DRGs.
AIDS no E, AIDS without SIVE; DRG, dorsal root ganglion; L, lumbar DRG; mod, moderate pathology; NA, not applicable; NEPRC, New England Primate

Research Center; S, sacral DRG; SIVE, SIV encephalitis; T, thoracic DRG; TNPRC, Tulane National Primate Research Center.

Lakritz et al
Animals were sacrificed on the basis of the following guide-
lines for euthanasia of SIV-infected rhesusmacaques: i) weight
loss>15% in 2 weeks, 30% body weight in 2 months, or 25%
overall, ii) documented opportunistic infection, iii) persistent
anorexia >3 to 5 days without explicable cause, iv) severe
intractable diarrhea (ie, nonresponsive to standard treatment
and results in dehydration and debilitation of the animal), v)
progressive neurological signs (ie, instability on the perch bar,
depression, head tilt, nystagmus, ataxia, stupor, or depression),
vi) significant cardiac and/or pulmonary signs (ie, dyspnea,
open-mouthed breathing, or severe, previously unrecognized,
cardiac murmur, especially if resulting in pulmonary edema),
vii) persistent leukopenia, viii) progressive or persistent ane-
mia, ix) signs of progressive immunosuppressive disease, x)
body condition score>1.5/5 with weight loss, or xi) any other
serious illness.

All SIV-infected animals developed simian AIDS-defining
lesions, as determined postmortem by the presence of the
following: Pneumocystis cariniieassociated interstitial
pneumonia, Mycobacterium aviumeassociated granuloma-
tous enteritis, hepatitis, lymphadenitis, and/or adenovirus
infection of surface enterocytes in both small and large in-
testines. Animals were housed at either the New England
Primate Research Center (Southborough, MA) or Tulane
University’s National Primate Research Center (Covington,
LA), in strict accordance with standards of the American
Association for Accreditation of Laboratory Animal Care.

BrdU Administration

A 30 mg/mL stock of solution was prepared by adding
5-bromo-2-deoxyuridine (BrdU; Sigma-Aldrich, St. Louis,
MO) to 1� phosphate-buffered saline (without Ca2þ and
1914
Mg2þ) and heated to 60�C in a water bath, as previously
described.21 BrdU was administered as a slow bolus i.v.
injection at a dose of 60 mg BrdU/kg body weight.
BrdU was administered at days 8, 21, 42, and 62, and 24
hours before necropsy in animals A05 to A12 and days
42 and 62, and 24 hours before necropsy in animals A13
to A16.

Necropsy and Histopathology

Animals underwent necropsy immediately after death, and
representative sections of all major organs were collected,
fixed in 10% neutral-buffered formalin, embedded in paraffin,
divided into sections (5 mm thick), and stained using hema-
toxylin and eosin. After deparaffinization in xylene, the tissues
were hydrated in graded alcohols, counterstained with Harris
Hematoxylin Solution (Sigma-Aldrich) for 2 minutes, and
rinsed with running water. The slides were then dipped
sequentially in acid alcohol (90% methanol, 5% sulfuric acid,
and 5% acetic acid; Sigma-Aldrich) and ammonia water
(750 mL ammonium hydroxide in 250 mL water; Sigma-
Aldrich), rinsing with running water after each, followed by
80% alcohol for 2 minutes, and eosin (Sigma-Aldrich) for 2
minutes. Tissue sections were then rinsed in graded alcohols,
dehydrated with xylene, and mounted with VectaMount
(Vector Labs, Burlingame, CA).

Histopathological Analysis of DRG Morphology

Hematoxylin and eosinestained sections of DRG were
evaluated blindly for histopathological lesions by a board-
certified veterinary anatomical pathologist (A.D.M.) and
scored on the basis of the presence and severity of infiltrating
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Productive viral replication in the macrophage in the dorsal nerve root and dorsal root ganglion (DRG) of SIV-infected macaques. A: Dorsal nerve
root of animal A11 with abundant SIVp28 (brown) immunoreactivity and multinucleated giant cells (MNGCs) in SIV-infected rhesus macaque. B: DRG of animal
A06 with abundant SIVp28 (brown) immunoreactivity and a MNGC. C: DRG of animal A05 with in situ hybridization identifying SIV RNAþ cells (blue).

Monocyte Traffic in DRG
mononuclear cells, neuronophagia, and neuronal loss/
degeneration, as previously described.20 Ganglionitis was
scored via the following criteria: i) mild to mild-moderate
(mild), scattered infiltrating mononuclear cells with rare evi-
dence of neuronophagia and/or neuronal loss (grade of 1 or
1.5); ii) moderate to moderate-severe (moderate), increased
numbers of infiltrating mononuclear cells with occasional
neuronophagia and/or neuronal loss (grade of 2 or 2.5); and
iii) severe (severe), abundant infiltrating mononuclear cells,
frequent neuronophagia, and neuronal loss were all present
(grade of 3).18,20

Immunohistochemistry

DRG sections were deparaffinized with xylene, hydrated in a
series of graded alcohols, and stained with anti-SIV protein
p28 (Fitzgerald, Acton, MA), the pan-macrophage marker
anti-CD68 (clone KP1; Dako, Carpinteria, CA), the scav-
enger receptor anti-CD163 (clone MCA1853; Serotec,
Raleigh, NC), the early inflammatory marker anti-MAC387
(cloneM0747;Dako), anti-BrdU (cloneM0744;Dako), or the
T-lymphocyte marker anti-CD3 (clone A0452; Dako). Sec-
tions were counterstained with hematoxylin, dehydrated,
mounted using VectaMount permanent mounting medium
(Vector Labs), visualized, and imaged using a Zeiss Axio
Imager M1 microscope (Carl Zeiss MicroImaging, Inc.,
Thornwood, NY) using Plan-Apochromat�20/0.8 and�40/
0.95 Korr objectives.

Quantitation of Monocytes/Macrophages in DRGs

For quantitation of monocyte/macrophage populations by
immunohistochemical analyses, eight nonoverlapping fields
at�200magnification were quantitated per DRG tissue. Data
were expressed asmeans� SEM. The percentage of immune-
positive cells was calculated as follows: number of positively
stained cells (diaminobenzidene-positive brown cells)/the
total number of satellite cells [total hematoxylin (blue
nuclei)epositive cells] surrounding the DRGs, multiplied by
100. The absolute number of cells was calculated by dividing
the number of positively stained cells (diaminobenzidene-
positive brown cells) by the area of tissue examined (cells/
The American Journal of Pathology - ajp.amjpathol.org
mm2). Each nonoverlapping field at�200 magnification was
0.147 mm2.

Immunofluorescence

Dual-immunofluorescence staining was performed on paraf-
finized DRG tissue sections, as previously described.25 DRG
slides were stained with anti-BrdU (clone M0744; Dako),
anti-MAC387 (clone MCA874G; Serotec, Raleigh, NC), or
anti-CD68 (clone KP1; Thermo Fisher Scientific, Waltham,
MA). MAC387 and CD68 antibodies were biotinylated with
DSB-X Biotin Protein Labeling Kit (Life Technologies,
Carlsbad, CA), according to the manufacturer’s instructions.
Endogenous biotin was blocked using Avidin/Biotin Block-
ing Kit (Vector Labs), according to the manufacturer’s in-
structions. The secondary antibodies used were goat anti-
mouse IgG1-AlexaFluor488 (Molecular Probes, Eugene,
OR) and Streptavidin-AlexaFluor568 (Molecular Probes),
both at a 1:500 dilution. After immunofluorescence labeling,
tissue sections were treated with 50 mmol/L Cu3SO4

ammonium buffer for 45 minutes at room temperature to
quench autofluorescence. Single-color controls and double-
negative control slides were used to determine potential
spectral overlap of fluorophores. Slides were mounted with
Vectashield mounting media containing DAPI (Vector Labs)
and visualized under a microscope (Zeiss Axio Imager.M1;
Carl Zeiss Microimaging, Thornwood, NY). Blue, red, and
green color channels were collected simultaneously and
analyzed using computer software (AxioVision version 4.6.3;
Carl Zeiss, Thornwood, NY).

Quantitation of Double-Labeled BrdUþMAC387þ and
BrdUþCD68þ Cells

For quantitation of double-labeled BrdUþMAC387þ or
BrdUþCD68þ cells, 8 to 11 nonoverlapping fields at �200
magnification were examined per DRG tissue. Alexa568þ

or Alexa488þ cells only and overlapping Alexa568þ and
Alexa488þ cells were quantified. The percentage of double-
positive cells was calculated by dividing the number of
double-positive cells by the number of total positive cells
(total of single and double positive), multiplied by 100. Data
1915
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Table 2 Percentage of Cell Populations Surrounding DRG Neurons and Absolute Number of Inflammatory Cells in DRGs

Animal
no. DRG

SIVp28 CD68 CD163

% Cells/mm2 % Cells/mm2 % Cells/mm2

A01 M NA NA 13.8 � 0.7 491.5 � 20.9 3.2 � 0.3 130.9 � 12.2
A02 M NA NA 12.7 � 0.6 683.2 � 74.1 2.4 � 0.5 70.9 � 15.8
A03 M NA NA 15.3 � 0.8 528.9 � 107.2 11.7 � 1.1 524.0 � 37.5
A04 M NA NA 11.8 � 1.2 420.6 � 64.1 5.8 � 0.7 299.7 � 34.8
A05 M 8.2 � 1.4 317.4 � 51.6 28.1 � 1.9 1342.0 � 146.9 45.5 � 3.4 1540.6 � 77.6
A06 M 5.0 � 0.7 216.1 � 36.7 26.1 � 1.8 1338.3 � 72.0 16.6 � 0.8 566.7 � 34.4
A07 M 1.5 � 0.2 66.8 � 11.5 25.3 � 0.7 1292.0 � 50.8 22.0 � 4.0 898.5 � 95.9
A08 M 1.2 � 0.3 60.1 � 15.8 19.1 � 1.1 814.5 � 72.0 12.0 � 3.1 466.4 � 124.1
A09 T 0.1 � 0.05 6.1 � 0.1 35.4 � 2.1 1237 � 131.9 26.5 � 1.9 1125.1 � 132.0

L 1.1 � 0.4 64.3 � 16.3 29.7 � 1.8 1328.9 � 89.4 26.3 � 1.7 1271.6 � 71.4
S 0.1 � 0.05 28.7 � 7.3 41.4 � 1.7 1853 � 82.6 15.1 � 1.5 604.3 � 99.0

A10 T 0.0 � 0.0 0.0 � 0.0 32.1 � 5.2 1596.8 � 217.9 28.4 � 4.1 1120.1 � 103.6
L 0.2 � 0.1 20.5 � 5.7 28.0 � 2.4 1468.3 � 171.7 36.8 � 2.8 1781.7 � 174.1
S 0.1 � 0.05 6.8 � 1.1 27.4 � 1.1 1420.0 � 257.1 18.2 � 1.2 688.9 � 104.8

A11 T 5.6 � 2.8 332.7 � 171.4 35.1 � 2.8 1812.1 � 601.8 22.0 � 2.4 1490.8 � 265.2
L 0.9 � 0.2 63.1 � 11.1 47.5 � 1.4 1945.5 � 84.4 36.3 � 1.6 1309.0 � 79.4
S 1.1 � 0.2 35.1 � 8.2 48.7 � 2.0 1605.2 � 112.2 37.5 � 2.6 1475.0 � 144.3

A12 T 0.8 � 0.2 32.8 � 8.1 30.2 � 3.0 1266.1 � 12.2 16.4 � 1.4 622.6 � 8.0
L 1.2 � 0.3 51.3 � 10.4 32.5 � 1.7 1481.7 � 6.0 23.2 � 1.9 876.9 � 7.2
S 2.1 � 0.4 90.0 � 16.7 30.4 � 2.6 1357.4 � 12.7 20.1 � 1.8 765.0 � 6.7

A13 T 1.2 � 0.4 50.6 � 10.3 20.6 � 1.7 1136.3 � 94.2 37.0 � 0.9 2056.8 � 75.8
L 1.0 � 0.2 47.4 � 7.0 14.9 � 1.5 844.0 � 81.5 24.5 � 2.0 1193.6 � 142.3
S 1.2 � 0.2 40.0 � 6.3 24.7 � 2.6 943.1 � 101.6 28.6 � 1.4 1195.7 � 88.0

A14 T 1.0 � 0.2 40.6 � 7.6 17.6 � 0.9 821.9 � 38.5 36.8 � 2.0 1973.1 � 149.2
L 0.7 � 0.1 28.8 � 6.1 15.4 � 1.7 712.2 � 96.2 22.8 � 2.6 950.3 � 97.3
S 1.5 � 0.3 57.6 � 9.3 18.9 � 1.1 805.4 � 63.8 20.8 � 0.6 971.9 � 40.1

A15 L 0.2 � 0.1 14.5 � 3.2 10.9 � 0.8 753.4 � 81.1 6.3 � 0.9 423.0 � 69.5
S 0.4 � 0.1 26.1 � 4.8 13.8 � 1.9 667.3 � 125.7 4.5 � 0.6 274.4 � 36.0

A16 L 1.1 � 0.7 46.8 � 24.7 19.4 � 1.7 1073.2 � 98.6 39.6 � 1.2 2067.8 � 74.2
S 1.3 � 0.2 38.5 � 6.1 21.9 � 2.3 1022.2 � 92.9 39.7 � 1.4 1915.6 � 117.0

(table continues)

Means � SEM are shown. The percentage of positive cells was calculated as the number of positively stained cells divided by total satellite cells (total
hematoxylin-positive cells) surrounding the DRGs, multiplied by 100. Eight �20 fields were used for each measurement. The absolute number of cells was
calculated as the cells/mm2 in eight separate 0.147-mm2

fields by dividing the number of positive cells in the field by the size of the field examined (for a
�20 field, it was 0.147 mm2).

DRG, dorsal root ganglion; L, lumbar DRG; M, multiple DRGs per block, specific anatomical location was not specified, may include thoracic, lumbar,
and/or sacral DRG; NA, not applicable; S, sacral DRG; T, thoracic DRG.

Lakritz et al
were expressed as means � SEM. The averages shown are
weighted averages and the SEM (pooled variance).

In Situ Hybridization

In situ hybridization for SIV RNA was performed using
digoxigenin-labeled antisense riboprobes (Lofstrand Labs,
Gaithersburg, MD), as previously described.32e34 The probes
were synthesized from five DNA templates that spanned 90%
of the SIV genome.

Skin Punch and IENFD Measurement

Skin punch biopsy specimens with IENF were performed in
8 of the 12 SIV-infected animals (A09 to A16). Skin
punches (3 mm) were taken serially near the sural inner-
vation site just distal to the lateral malleolus. Biopsy
1916
specimens were taken for each animal at preinfection and
every 2 weeks starting at 8 days after infection to necropsy,
24 hours after BrdU injection. Biopsy specimens were fixed
in Zambonis fixative and processed for dividing into sec-
tions. Sections (50 mm thick) of serial punch skin biopsy
specimens were stained with anti-PGP 9.5, a panaxonal
marker (1:10,000 dilution; ABD Serotec, Oxford, UK).
Intraepidermal nerve fibers are conventionally counted by

manual inspection and expressed as the number of fibers per
linear length of epidermis (fibers/mm). Because the epidermis
can be densely innervated in macaque skin compared with
human,manual counting is difficult.17,35,36 To address this, the
samples in this study were quantified using an unbiased ste-
reology protocol that has been developed at the JohnsHopkins
(Baltimore, MD) Cutaneous Nerve Laboratory.17,35,36 This
approach requires that a technician define the boundaries of the
structure that is counted. In this case, the boundaries are the
ajp.amjpathol.org - The American Journal of Pathology
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MAC387 BrdU CD3

% Cells/mm2 % Cells/mm2 % Cell/mm2

1.1 � 0.2 45.2 � 10.3 0.8 � 0.1 40.5 � 4.4 2.6 � 0.7 101.1 � 24.0
0.9 � 0.1 25.5 � 4.0 0.9 � 0.2 39.5 � 7.8 6.4 � 0.7 191.2 � 21.1
0.7 � 0.1 24.2 � 3.6 NA NA 7.0 � 0.5 293.5 � 26.6
3.1 � 0.3 146.6 � 19.6 NA NA 8.2 � 0.8 345.4 � 27.8
11.1 � 0.9 545.9 � 44.3 4.7 � 0.7 207.5 � 28.3 7.6 � 1.4 252.6 � 36.0
3.9 � 0.3 171.1 � 11.2 2.0 � 0.1 91.0 � 7.0 3.6 � 0.4 134.4 � 15.4
1.7 � 0.2 88.7 � 9.0 3.8 � 0.3 195.2 � 8.3 3.1 � 0.4 122.6 � 8.9
3.5 � 0.5 136.2 � 17.6 1.4 � 0.2 54.0 � 7.8 1.7 � 0.5 96.3 � 23.3
2.6 � 0.5 129.6 � 30.7 2.4 � 0.3 102.5 � 10.2 6.0 � 3.0 221.3 � 116.4
5.3 � 076 229.1 � 33.0 2.6 � 0.5 124.6 � 22.8 6.0 � 0.9 284.3 � 46.5
3.9 � 0.5 152.0 � 21.4 2.2 � 0.5 100.6 � 19.8 7.0 � 1.1 263.2 � 40.4
3.4 � 0.9 131.4 � 30.6 2.4 � 0.7 79.0 � 20.4 4.0 � 1.1 143.9 � 51.9
2.5 � 0.3 121.0 � 14.8 3.3 � 0.4 162.9 � 19.8 3.3 � 0.4 125.6 � 18.9
2.9 � 0.3 115.9 � 14.5 2.7 � 0.3 117.6 � 16.4 4.2 � 1.4 128.4 � 43.1
10.9 � 5.3 415.0 � 115.3 16.3 � 2.0 693.6 � 112.3 32.8 � 3.0 1100.2 � 173.5
4.7 � 0.4 213.1 � 20.2 2.0 � 0.4 75.5 � 17.3 14.5 � 2.3 543.0 � 80.0
4.3 � 0.4 148.2 � 10.7 2.9 � 0.6 90.1 � 20.1 9.0 � 1.1 345.9 � 42.5
5.3 � 1.0 183.0 � 7.1 3.8 � 2.7 165.0 � 12.7 14.3 � 1.9 476.8 � 6.3
9.1 � 2.2 337.6 � 18.0 9.0 � 1.5 311.0 � 9.5 14.8 � 1.5 507.2 � 5.9
4.3 � 0.7 179.7 � 4.8 5.1 � 0.6 228.4 � 4.7 11.1 � 2.4 405.0 � 8.0
3.6 � 0.7 182.7 � 33.3 1.7 � 0.3 97.8 � 17.6 1.9 � 0.4 91.1 � 14.1
2.3 � 0.3 144.1 � 12.0 1.9 � 0.2 96.5 � 8.9 1.7 � 0.3 88.8 � 13.3
2.0 � 0.3 79.3 � 12.1 2.9 � 0.3 116.8 � 11.9 2.4 � 0.3 96.7 � 13.2
5.6 � 1.5 286.1 � 78.5 1.7 � 0.2 91.8 � 9.2 4.2 � 0.7 217.2 � 34.8
3.3 � 0.5 136.1 � 18.7 2.0 � 0.3 95.8 � 15.6 3.5 � 0.4 152.2 � 16.4
3.3 � 0.5 126.6 � 17.6 1.7 � 0.2 84.5 � 13.7 3.8 � 0.6 174.3 � 30.0
2.5 � 0.2 156.7 � 14.5 1.3 � 0.2 95.6 � 16.8 1.2 � 0.3 87.4 � 24.3
3.9 � 0.7 170.5 � 26.0 1.7 � 0.3 87.4 � 10.9 3.1 � 0.5 175.5 � 33.6
3.5 � 0.4 140.7 � 14.3 0.6 � 0.1 28.7 � 5.0 1.4 � 0.2 67.5 � 11.6
4.2 � 0.5 159.3 � 20.4 0.9 � 0.2 36.6 � 6.4 4.4 � 0.2 184.8 � 5.8

Table 2 (continued)

Monocyte Traffic in DRG
skin surface and the dermal/epidermal junction. A spherical
probe of different sizes is then delivered at random by the
stereo-investigator program (Space balls program; Micro-
brightfield Bioscience, Williston, VT) within this three-
dimensional region, and a technician determines whether the
probe intersects with a nerve fiber. After several hundred
samplings, the program delivers a measure of nerve fiber
length/volume epidermis (IENFD). This approach is statisti-
cally valid37 and provides an objective, unbiased approach to
measuring the complex structures. The same approach has
been used to quantify axonswithin the central nervous system.

Statistical Analysis

Prism software version 5.0f (GraphPad Software, Inc., San
Diego, CA) was used for statistical analyses. Student’s t-tests
were used to detect variation cell number between uninfected
The American Journal of Pathology - ajp.amjpathol.org
and infected rhesus macaques. Analysis of variance was used
to measure variation among cell populations in animals with
different degrees ofDRGpathology.P< 0.05was considered
significant. If the analysis of variance was significant, then
post hoc t-tests were performed. Nonparametric Spearman
correlation was used, where P < 0.05 was considered
significant.

Results

IENF Decrease with SIV Infection

Serial skin biopsy specimens of the central footpad were
obtained in 8 of the 12 SIV-infected rhesus macaques used in
this study at preinfection and days 8, 21, 42, 63, and nec-
ropsy, and IENFDs were evaluated. The preinfection biopsy
specimens had several long contiguous fibers terminating in
1917
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Figure 3 Elevated numbers of CD68þ macrophages are associated with
SIV infection and severity of dorsal root ganglion (DRG) pathology. A: DRG of
uninfected animal A01 with scant CD68 immunoreactivity (brown). B: DRG of
animal A08, a SIV-infected rhesus macaque with marked increase in CD68
immunoreactivity (brown). C: The box plot shows the absolute number of
CD68þ cells per mm2 in SIV� and SIVþ DRGs. The absolute number of CD68þ

cells per mm2 significantly increases in the SIV-infected DRGs. D: The box
plot shows the absolute number of CD68þ cells per mm2 in mild, moderate,
and severe DRGs. Elevated numbers of CD68þ macrophages are associated
with severity of DRG pathology. Analysis of variance (P < 0.01) was per-
formed, followed by post hoc t-tests. Data are given as means � SEM (C and
D). nZ 4 (C, SIV� DRGs); nZ 26 (C, SIVþ DRGs); nZ 8 (D, mild DRGs); nZ
12 (D, moderate DRGs); n Z 6 (D, severe DRGs). *P < 0.05, ***P < 0.001.

Lakritz et al
the basement layer of the stratum corneum (Figure 1A),
whereas the biopsy specimens taken at necropsy had few
segmented fibers (Figure 1B). There was a decreased IENFD
after SIV infection in all animals (Figure 1C). These data
were standardized, where the percentage change in fiber
density from preinfection was compared between the animals
over time (Figure 1D). IENFD loss appeared to occur early in
infection (by 8 to 21 days after infection), with an average
loss of 45.2% (SEM, 7.4%) with AIDS (range, 18.4% to
82.5%) (Figure 1D).

DRG Pathology

All 12 SIV-infected CD8-depleted animals had some degree
of DRG pathology (mild to severe). In 8 of the 12 animals,
multiple levels of DRGs were examined, including DRGs
from the thoracic, lumbar, and sacral regions. DRGs from
mixed unspecified regions were examined in the remaining
four infected animals. In these animals, we consistently
detected more severe pathology in the lumbar and sacral
DRGs compared with thoracic DRGs (Table 1). DRGs from
all four uninfected animals had normal histology. There was
a trend for animals that had severe DRG pathology in their
lumbar and sacral DRGs to have greater loss of IENFD
(data not shown). These data point to a potential association
between IENFD loss and severe DRG pathology.

Active Viral Replication in DRG Satellite Cells

Viral infection in macrophages in the dorsal nerve root
(Figure 2A) and the DRG (Figure 2, B and C) was seen in
SIV-infected, CD8-depleted macaques. Multinucleated giant
cells were seen in DRGs of two CD8-depleted, SIV-infected
animals. The percentage and absolute number of SIV virally
infected cells in the DRG ranged from 0 to 317 infected cells/
mm2, and 0% to 8.2% of the total cells surrounding the DRG
neurons were productively infected (Table 2). Even in DRGs
with low levels of productive viral infection, there was still
notable pathology, including infiltrating mononuclear cells,
neuronophagia, and neuronal loss. Therefore, active viral
infection is not necessary for DRG damage and loss of
neurons. Plasma viral load from all animals peaked early and
remained elevated through the study. There was no signifi-
cant difference between plasma viral loads between animals
(data not shown).

Resident Cell Activation in the DRG with SIV Infection

Consistent with data previously reported,20 the percentage
and absolute number of CD68þ cells surrounding DRG
neurons were significantly increased in SIV-infected ani-
mals compared with uninfected controls [P < 0.01: mean,
13.3% (SEM, 0.8%) versus 26.7% (SEM, 1.9%); and
P < 0.001: mean, 531.1 (SEM, 55.5) versus 1228.0 (SEM,
72.0) cells/mm2, respectively] (Figure 3, AeC). DRGs were
then divided into groups on the basis of the severity of
1918
pathology: mild, moderate, and severe (as described in
Materials and Methods). There was a statistically significant
difference in the amount of CD68þ macrophages/mm2 of
DRGs among the three groups (P < 0.01) (Figure 3D).
There were more activated resident CD68þ macrophages in
the DRGs with severe pathology compared with those with
both mild (P < 0.05) and moderate (P < 0.05) pathology
(Figure 3D).
To further phenotype the cells surrounding the DRG

neurons, we examined the percentage of CD163þ M2-like
macrophages (Table 2) and the absolute number of these
cells in DRGs. The CD163þ macrophages made up an
average of 5.8% (SEM, 2.1%; range, 2.4% to 11.7%) of all
cells surrounding normal uninfected DRGs (Table 2). This
percentage was increased to an average of 27.4% (SEM,
1.8%; range, 4.5% to 45.5%) in all DRGs from infected
animals (Table 2). The absolute number of CD163þ cells
surrounding the DRG neurons was significantly increased in
SIV-infected animals compared with uninfected controls
[P < 0.01: mean, 262.3 (SEM, 106.7) versus 1200.0 (SEM,
105.1) cells/mm2] (Figure 4, AeC). There was no signifi-
cant difference in the amount of CD163þ cells in the DRGs
with mild, moderate, or severe pathology (Figure 4D).
We have previously shown that absolute number of CD3þ

and CD8þ cells was not different between SIV-infected and
uninfected DRGs.20 CD4 immunohistochemistry is not reli-
able in rhesus paraffin-embedded tissue sections because of
low antigenicity. To confirm the extent of T lymphocytes in
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Cell traffic from the bone marrow to the dorsal root ganglion
(DRG) measured by increased 5-bromo-2-deoxyuridine (BrdUþ) cells with
SIV infection. Animals were serially injected with BrdU to label recently
divided monocytes in the bone marrow and then traffic to DRG. A: DRG of
uninfected animal A02 with scant BrdU immunoreactivity (brown). B: DRG
of SIV-infected animal A06 with marked increase in BrdU immunoreactivity
(brown). C: The box plot shows the absolute number of BrdUþ cells per mm2

in SIV� and SIVþ DRGs. The absolute number of BrdUþ cells per mm2 of DRG
tissue was calculated. D: The box plot shows the absolute number of BrdUþ

cells per mm2 in mild, moderate, and severe DRGs. Higher numbers of
BrdUþ cells correlate with the severity of DRG pathology. Analysis of
variance (P < 0.01) was performed, followed by post hoc t-tests. E: The
average number of BrdUþ cells in the DRGs per animal was calculated.
Increased numbers of BrdUþ cells in the DRG correlate with percentage loss
of intraepidermal nerve fiber density (IENFD) at necropsy. Spearman cor-
relation was used. Data are given as means � SEM (C and D). n Z 4 (C,
SIV� DRGs); n Z 26 (C, SIVþ DRGs); n Z 8 (D, mild DRGs); n Z 12 (D,
moderate DRGs); n Z 6 (D, severe DRGs). *P < 0.05 (r Z 0.064).

Figure 4 Elevated numbers of CD163þ macrophages are associated with
SIV infection. A: Dorsal root ganglion (DRG) of uninfected animal A02 with
scant CD163 immunoreactivity (brown). B: DRG of SIV-infected animal A05
with marked increase in CD163 immunoreactivity (brown). C: The box plot
shows the absolute number of CD163þ cells per mm2 in SIV� and SIVþ

DRGs. The absolute number of CD163þ cells per mm2 significantly increases
in the SIV-infected group. D: The box plot shows the absolute number of
CD163þ cells per mm2 in mild, moderate, and severe DRGs. Elevated
numbers of CD163þ macrophages were not associated with severity of DRG
pathology. Data are given as means � SEM (C and D). n Z 4 (C, SIV�

DRGs); nZ 26 (C, SIVþ DRGs); nZ 8 (D, mild DRGs); nZ 12 (D, moderate
DRGs); n Z 6 (D, severe DRGs). **P < 0.01.

Monocyte Traffic in DRG
DRG tissues, we used the pan T-cell marker CD3 to quan-
titate percentage and absolute number of T cells in the DRG.
The mean absolute number of CD3þ T lymphocytes in DRG
tissue was not significantly different between uninfected and
SIV-infected animals [mean, 232.8 (SEM, 54.3) versus 249.5
(SEM, 43.3) cells/mm2] (Table 2).

Immune Cell Traffic in DRGs

To identify monocytes that recently emigrated from bone
marrow, we used BrdU labeling in SIV-infected, CD8þ

T-lymphocyteedepleted macaques. Newly migrated mono-
cytes/macrophages were identified within the DRG using
both anti-BrdU and anti-MAC387 antibodies. BrdUþ cells in
DRGs were quantified in uninfected compared with SIV-
infected macaques (Figure 5, AeC). There were <1% of
BrdUþ cells in the DRGs of uninfected animals, representing
a basal level of cell turnover in the DRGs (Table 2). The
absolute number of BrdUþ cells trafficking to the DRG
tissue trended toward an increase with SIV infection [mean,
40.0 (SEM, 0.5) versus 148.5 (SEM, 26.6) cells/mm2]
(Figure 5C). When DRGs were divided by severity of pa-
thology, BrdUþ cells were significantly different among
groups (analysis of variance P < 0.01) (Figure 5D). BrdUþ

cells were significantly elevated in the severe group
compared with the mild (P < 0.05) and moderate (P < 0.05)
groups (Figure 5D). Thus, trafficking of BrdUþ cells from the
bone marrow to the DRG correlates with severity of DRG
pathology. We also found that the average number of BrdUþ
The American Journal of Pathology - ajp.amjpathol.org
cells in the DRG positively and significantly correlated with
the percentage loss of IENFD at necropsy (P < 0.05,
r Z 0.64) (Figure 5E). The number of CD68þ and CD163þ

macrophages, MAC387þ recently recruited cells, and CD3þ

T cells in the DRG did not correlate with IENFD loss (data
not shown). These data suggest an association between
monocyte recruitment from the bone marrow to DRG his-
topathology and IENFD loss.

MAC387þ cells are early inflammatory cells that represent
recent recruits to tissues on inflammation and are considered
to have an M1-like phenotype.25,38,39 We found few
MAC387þ cells in uninflamed tissues, and in the uninfected
DRGs, they accounted for an average of 1.5% (SEM, 0.6%;
range, 0.7% to 3.1%) of cells surrounding DRG neurons
(Table 2). The percentage ofMAC387þ cells surrounding the
DRG neurons during SIV was increased to an average of
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Figure 6 Elevated numbers of MAC387þ macrophages are associated
with SIV infection and severity of dorsal root ganglion (DRG) pathology. A:
DRG of uninfected animal A01 with scant MAC387 immunoreactivity
(brown). B: DRG of SIV-infected animal A05 with marked increase in
MAC387 immunoreactivity (brown). C: The box plot shows the absolute
number of MAC387þ cells per mm2 in SIV� and SIVþ DRGs. The absolute
number of MAC387þ cells per mm2 significantly increases in the SIV-
infected group. D: The box plot shows the absolute number of MAC387þ

cells per mm2 in mild, moderate, and severe DRGs. Elevated number of
MAC387þ macrophages is associated with severity of DRG pathology.
Analysis of variance (P < 0.01) was performed, followed by post hoc
t-tests. Data are given as means � SEM (C and D). n Z 4 (C, SIV� DRGs);
nZ 26 (C, SIVþ DRGs); nZ 8 (D, mild DRGs); nZ 12 (D, moderate DRGs);
n Z 6 (D, severe DRGs). *P < 0.05, **P < 0.01.

Lakritz et al
4.3% (SEM, 0.5%). The absolute number of MAC387þ cells
in the DRG tissue significantly increased in SIV-infected
animals compared with uninfected controls [P < 0.05:
mean, 60.4 (SEM, 29.1) versus 187.7 (SEM, 20.4) cells/
mm2] (Figure 6, AeC). When animals were separated by
severity of DRG pathology (mild, moderate, and severe), the
absolute numbers of MAC387þ cells were different among
groups (analysis of variance P < 0.01) (Figure 5D).
MAC387þ cells were most abundant in the severe group
compared with the mild (P < 0.01) and moderate (P < 0.01)
groups (Figure 6D). Thus, the accumulation of MAC387þ

cells correlated with severity of DRG pathology.
Table 3 Most BrdUþ Cells Surrounding the DRG Neurons Are MAC387þ

Type of BrdUþ cells A05 A10

BrdUþMac387þ cells vs all BrdUþ cellsy 51.4 � 10.8 91.1 �
BrdUþCD68þ cells vs all BrdUþ cellsz 5.4 � 3.1 12.2 �
BrdUþMac387þ cells vs all Mac387þ cellsx 35.2 � 8.7 75.7 �
BrdUþCD68þ cells vs all CD68þ cells{ 2.1 � 1.4 2.4 �
*The averages shown are the weighted averages � SEM (pooled variance).
yMeans � SEM of the percentage of BrdUþ cells expressing Mac387 surrounding

total number of BrdUþ cells) � 100.
zMeans� SEM of the percentage of BrdUþ cells expressing CD68 were calculated a
xMeans� SEMof thepercentageofMac387þ cells expressingBrdUwerecalculatedas
{Means� SEM of the percentage of CD68þ cells expressing BrdU were calculated a
BrdU, 5-bromo-2-deoxyuridine; DRG, dorsal root ganglion.
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To further characterize the BrdUþ cells that have
recently emigrated to the tissue, we performed double-
immunofluorescence staining on DRG tissues for BrdU
and MAC387 and BrdU and CD68. We found that an
average of 78.1% (SEM, 3.5%; range, 51.4% to 98.9%) of
total BrdUþ cells were also MAC387þ, whereas only an
average of 6.9% (SEM, 1.1%; range, 3.4% to 12.2%) of all
BrdUþ cells were also CD68þ (Table 3), which corroborates
with our previously published data examining cell traffic to
the brain, where we demonstrated that 90% of all BrdUþ

cells in SIV encephalitic lesions were also MAC387þ.21,25

These data demonstrated that most of the BrdUþ cells are
also MAC387þ, and these cells were the main cell popu-
lation trafficking to the DRG during SIV infection.

Discussion

HIV-induced DSP continues to negatively affect patient
quality of life. Treatment for HIV-DSP currently focuses on
treating the symptomatic pain because the underlying cause
is poorly understood.2 Thus, there exists a need to under-
stand the pathophysiological mechanisms of HIV-DSP.
Herein, we characterized the immune response in the
DRGs and correlated it with histopathology and IENFD loss
in the peripheral nerves. The DRG has long been implicated
in pathogenesis of HIV-DSP, but the mechanisms have not
yet been fully characterized.5 Previous research suggested
that macrophages may traffic to the DRG and inflict damage
during HIV and SIV infection,17,20,24 but this has not been
investigated systematically within an appropriate animal
model.
This study was the first to study cell trafficking from the

bone marrow to the DRG during SIV infection. Dividing cells
were labeled using i.v. BrdU pulse.21 BrdU is a thymidine
analogue that incorporates into all newly synthesized DNA.
Monocytes undergo their last cell division in the bonemarrow;
therefore, BrdU labels while they are in the bone marrow.40

We found an increased number of BrdUþ macrophages in
the DRGs with SIV infection. The amount of BrdUþ cells
increased with more severe DRG histopathology, suggesting a
potential role in DRG pathology.
A11 A12 A14
Weighted
average*

3.9 98.9 � 1.1 87.3 � 8.9 75.7 � 5.7 78.1 � 3.5
2.8 3.4 � 2.0 5.9 � 1.2 6.2 � 2.4 6.9 � 1.1
3.7 90.6 � 2.6 96.0 � 1.7 82.1 � 2.9 74.5 � 2.2
0.8 1.9 � 0.9 1.4 � 0.3 2.4 � 1.3 2.1 � 0.5

DRG neurons were calculated as follows: (number of BrdUþMac387þ cells/

s follows: (number of BrdUþCD68þ cells/total number of BrdUþ cells)� 100.
follows: (number of BrdUþMac387þ cells/totalnumber ofMac387þ cells)�100.
s follows: (number of BrdUþCD68þ cells/total number of CD68þ cells)� 100.
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Monocyte Traffic in DRG
Our previous data demonstrated that 90% of BrdUþ mac-
rophages in the SIV encephalitic lesions were alsoMAC387þ

(a marker of recently recruited monocytes, M1-type macro-
phage), but few were CD68þ or CD163þ.25 Herein, we have
demonstrated that most (78.1%) of the BrdUþ cells in DRGs
were also MAC387þ and few (6.9%) were CD68þ. Although
there have been recent articles suggesting that macrophages
undergo division in situ,41,42 we believe that these BrdUþ

MAC387þ cells represent cells coming from the bonemarrow,
supported by the fact thatBrdU is incorporated inmonocytes in
the bone marrow and that blood monocytes are MAC387þ

cells. In addition,MAC387 is a marker of monocytes that have
recently infiltrated tissues and is perhaps the earliest marker
expressed on such cells as they enter tissues.25 We found
significantly increased numbers ofMAC387þmacrophages in
DRGs of SIV-infected animals compared with uninfected
controls and, as expected, increased numbers of MAC387þ

cells also correlated with severity of DRG pathology. These
data together suggest that newly recruited BrdUþMAC387þ

monocytes may play significant roles in severity of DRG
pathogenesis during SIV infection. Our findings regarding cell
traffic and the correlation toDRGpathology are consistentwith
previously published data that demonstrated a correlation be-
tween monocyte traffic and severity of SIV encephalitic brain
lesions in the same model system.21

Previous studies of SIV-PN examined CD68þ or Iba-1
macrophages in the DRG.17,18,20 Herein, CD68 was used
as a marker for resident macrophages, and CD163þ cells
represented M2-like perivascular macrophages. CD163 is a
scavenger receptor expressed on activated mononuclear cells
and is shed in its soluble form.43e45 Elevated soluble CD163
in plasma has been shown to be a biomarker of SIV and HIV
infection and correlates with severity of neurological disease
associated with HIV.21,44,46,47 These two markers are not
expressed on exclusive cell populations. Most of the CD163þ

cells coexpress CD68 (data not shown).25 Both absolute
numbers of CD68þ and CD163þ macrophages increased
with SIV infection. Interestingly, only greater numbers of
CD68þ, but not CD163þ, macrophages correlated with
severity of DRG pathology. It is possible that CD163þ

macrophages may be exerting a protective M2-like effect.
Macrophages are often classified as being either M1 or

M2 polarized. However, M1 and M2 classifications are not
rigid in that macrophages can switch phenotypes. HIV-1
proteins cause a phenotypic switch from M2 to M1 by
preferentially activating M2 macrophages.48 CD163þ cells
are typically considered to be M2-polarized macrophages
that are associated with tissue repair, tumor progression, and
production of anti-inflammatory cytokines.49,50 In contrast,
MAC387þ macrophages are thought to be M1 polarized,
which produce proinflammatory cytokines and contribute to
host protection from pathogens.49,50

Wehave previously shown that the absolute number ofCD3þ

and CD8þ T lymphocytes was not different between SIV-
infected and uninfected DRGs and have confirmed those data
herein.20 CD4 immunohistochemistry was not performed,
The American Journal of Pathology - ajp.amjpathol.org
because it is not reliable in rhesusparaffin tissue sections because
of low antigenicity. This suggests that macrophages, but not
T cells, are either inflicting or exacerbating damage in the DRG.

Skin biopsy specimens are a valuable tool for clinical
diagnosis of small-fiber neuropathies and have largely
replaced sural nerve biopsy specimens for assessment of un-
myelinated nerve fibers in conditions such as diabetic neu-
ropathy and HIV-associated sensory neuropathy. A recent
report6 indicates that rhesus macaques (inoculated with both
the neurovirulent molecular SIV clone SIV/17E-Fr and the
immunosuppressive strain SIV/DeltaB670) do not develop a
significant decline in IENFDs.6 In contrast, herein, we show
that SIVmac251-infected, CD8-depleted rhesus macaques
show a significant decrease in IENFDs and that this decrease
occurs early after infection. These differences may be due to
the different viral swarms used in themodels. The early loss of
IENFD demonstrates that the animals developed signs of
SIV-PN, early in infection, before AIDS-induced diarrhea
could have caused a nutritional deficiency, resulting in
metabolic neuropathy before sacrifice. Loss of IENF sensory
fibers and pathology of the sensory nerve cell bodies that
reside in the DRG are hallmarks of HIV/SIV pathogenesis.
We do not see robust evidence of axonal degeneration along
the course of the nerve, but there is subtle damage to the IENF
in the skin. This may indicate concurrent damage to the IENF
and the DRG, possibly by different mechanisms. Alterna-
tively, enough time may not have passed to develop promi-
nent lesions within the course of the nerve.

The continued high prevalence of DSP among HIV-
infected patients calls for more research to understand the
mechanisms of pathogenesis. Epidemiological data suggest
that even with antiretroviral therapy, there is still a high
prevalence of DSP, suggesting viral load does not solely
control pathogenesis.1 In addition, studies should examine
the effect of controlling viral load with antiretroviral therapy
in the SIV model and its effect on immune cell traffic and
activation. Additional areas of research should investigate
anti-inflammatory drugs that could stop traffic to DRGs and
potentially alleviate pathology.
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