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Abstract
To characterize the regenerative pattern of cutaneous nerves in SIV-infected and uninfected
macaques, excisional axotomies were performed in non-glabrous skin at 14-day intervals. Samples
were examined after immunostaining for the pan-axonal marker PGP 9.5 and the Schwann cell
marker p75 nerve growth factor receptor. Collateral sprouting of axons from adjacent uninjured
superficial dermal nerve bundles was the initial response to axotomy. Both horizontal collateral
sprouts and dense vertical regeneration of axons from the deeper dermis led to complete, rapid
reinnervation of the epidermis at the axotomy site. In contrast to the slower, incomplete
reinnervation previously noted in humans after this technique, in both SIV-infected and uninfected
macaques, epidermal reinnervation was rapid and completed by 56 days post-axotomy. p75 was
densely expressed on the Schwann cells of uninjured nerve bundles along the excision line and on
epidermal Schwann cell processes. In both SIV-infected and uninfected macaques, Schwann cell
process density was highest at the earliest time points post-axotomy and then declined at a similar
rate. However, SIV-infection delayed epidermal nerve fiber regeneration and remodeling of new
sprouts at every time point post-axotomy, and SIV-infected animals consistently had lower mean
epidermal Schwann cell densities suggesting that Schwann cell guidance and support of epidermal
nerve fiber regeneration may account for altered nerve regeneration. The relatively rapid
regeneration time and the completeness of epidermal reinnervation in this macaque model
provides a useful platform for assessing the efficacy of neurotrophic or regenerative drugs for
sensory neuropathies including those caused by HIV, diabetes mellitus, medications, and toxins.
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INTRODUCTION
Injury to the peripheral nervous system represents a major and growing source of disability
(Dyck et al., 1993; Kar and Job, 2005; McArthur et al., 2005; Ownby and Dune, 2007;
Ziegler et al., 1992). Human immunodeficiency virus -associated sensory neuropathy (HIV-
SN) remains one of the most common neurologic complications of HIV infection with up to
35% of HIV-infected adults developing signs of HIV-associated sensory neuropathy (HIV-
SN) (Cornblath and McArthur, 1988; Lichtenstein et al., 2005; So et al., 1988) with
associated epidermal nerve fiber degeneration (Herrmann et al., 2004; Herrmann et al.,
2006; Zhou et al., 2007). Because intraepidermal nerve fiber (IENF) evaluation in punch
skin biopsies can detect subtle changes in epidermal innervation, IENF density measurement
is an ideal surrogate marker of both nerve degeneration and regeneration including nerve
damage caused by HIV infection (Gibbons et al., 2006; Hirai et al., 2000; Lauria et al.,
2003; McArthur and Griffin, 2005; Polydefkis et al., 2004; Polydefkis et al., 2006;
Polydefkis et al., 2002).

The SIV/pigtailed macaque model has proven to be an excellent animal model to investigate
the pathogenic mechanisms of HIV infection including both HIV-induced CNS disease and
damage to peripheral nervous system somatosensory ganglia (Clements et al., 2002;
Haigwood, 2004; Laast et al., 2007; Mankowski et al., 2002a; Mankowski et al., 2004;
Mankowski et al., 2002b; Van Rompay et al., 2006; Zink et al., 2001; Zink et al., 2006). In
this model, pigtailed macaques are simultaneously inoculated with the neurovirulent
recombinant SIV clone SIV/17E-Fr and the immunosuppressive swarm SIV/DeltaB670. In
this report, we used this well-described SIV/macaque model to determine whether SIV
infection altered cutaneous nerve regeneration following intracutaneous axotomy to further
our understanding of the pathogenesis of lentiviral-induced sensory neuropathy.

Despite considerable research in the past decade, many questions in the field of peripheral
nerve injury remain unanswered, particularly on how best to model nerve injury and probe
the effects of drugs that may stimulate nerve repair. The mechanisms by which peripheral
nerves reinnervate the skin have been studied in humans with two distinct patterns of
reinnervation described: 1) regeneration of the injured nerve itself and 2) collateral sprouting
from intact neighboring nerves. These patterns were observed in humans using an excision
model that created a denervated area in the epidermis by removal of a cylindrical piece of
skin. In healthy controls, complete reinnervation was not achieved in this excision model
even after 23 months (Rajan et al., 2003).

In this study we used excision skin biopsies to accomplish two related goals: first, to
characterize the intraepidermal reinnervation pattern after intracutaneous axotomy in a
primate model to permit direct comparison with our previous parallel studies in humans and
second, to determine whether SIV infection altered the course of intraepidermal nerve fiber
repair in SIV-infected pig-tailed macaques.

MATERIALS AND METHODS
Animal studies

Six uninfected and five SIV-infected juvenile pig-tailed macaques (Macaca nemestrina)
were used in this study. SIV-infected macaques were inoculated intravenously
simultaneously with the neurovirulent clone SIV/17E-Fr and the immunosuppressive swarm
SIV/DeltaB670 as previously described (Laast et al., 2007; Mankowski et al., 2002a;
Mankowski et al., 2004; Mankowski et al., 2002b). Beginning 2 weeks post-SIV
inoculation, 3 mm diameter cutaneous axotomies were performed at two-week intervals on
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the dorsal interscapular skin of the back, 2 cm lateral to the spinous processes between T4
and T10. At each time point, a single incision was made using a 3 mm circular skin punch
(Acuderm, Ft Lauderdale, FL) transecting epidermis and dermis to a depth of approximately
4 mm extending into the subcutaneous layer (Fig 1A). The chief purpose of these serial
circular incisions was to uniformly transect epidermal axons to allow evaluation of
epidermal nerve fiber re-growth back into the healing region of skin post-transection. Each
incision was located 1 cm caudal to the previous site at the same distance from the dorsal
midline. Excisional sites were allowed to heal without sutures or other interventions (Fig.
1B). On the 70th day after the initial incision, a 5 mm circular biopsy punch, overlapping the
previous excision punch, was used to harvest all of the previous 3 mm punch sites, thereby
yielding samples containing excision sites that were 14, 28, 42, 56 and 70 days post-
axotomy (Fig. 1B; Fig. 2A). A separate 5 mm diameter control sample was obtained from
normal skin remote from previous excisional axotomy sites to quantify normal Schwann cell
density in each animal. To perform these procedures, macaques were anesthetized with 15
mg/kg ketamine administered intramuscularly. For euthanasia, pentobarbital was
administered intravenously to effect. The animal procedures in this study were reviewed and
approved by the institutional animal care and use committee in accordance with Animal
Welfare Act regulations and the USPHS Policy on humane care and use of Laboratory
Animals.

Immunohistochemistry and immunofluorescence
Tissue samples were fixed in 2% paraformaldehyde/lysine/periodate (PLP) for 24 hours and
processed for sectioning according to previously described techniques (Holland et al., 1997;
McCarthy et al., 1995). The biopsies were sectioned with a sliding microtome into 50 µM
thick frozen vertical free-floating sections. The primary antibody used to detect nerve fibers
was a rabbit anti-PGP 9.5 antibody (Chemicon, Temecula, CA; 1:2000 dilution). This
antibody was generated using recombinant human ubiquitin C-terminal hydrolase (UCH-L1)
as immunogen. This antibody recognizes a single 24 kDa band on Western blot of macaque
nerve and the immunostaining pattern of epidermal nerve fibers in macaques is consistent
with previous reports (McCarthy et al., 1995; Rajan et al., 2003; Wendelschafer-Crabb et al.,
2006; Wilkinson et al., 1989). To label Schwann cells, antibody directed against the nerve
growth factor- receptor p75 was used. This antibody was generated using the human
melanoma cell line WM245 as immunogen. This antibody detects a single 75 kDa band on
western blot of macaque nerve tissue and the immunostaining pattern obtained using this
antibody in macaque tissue is consistent with other studies (Rajan et al., 2003; Ross et al.,
1984). An antibody directed against the S-100 β-subunit generated by using purified bovine
s100b as immunogen (Clone SH-B4; Sigma, St. Louis, MO; 1:500 dilution) was also used to
detect Schwann cells. This antibody recognizes a single band of approximately 10 kDa on
Western blot of macaque nerve and the immunostaining pattern obtained using this antibody
in macaque tissue is consistent with other studies (Baudier and Gerard, 1986; Donato, 2001).
Table 1 contains additional specific details of these antibodies.

Nonspecific binding of secondary antibodies was blocked with 4% normal goat serum
(NGS, 1.0% Triton X-100, 0.5% nonfat powdered milk in Tris-buffered saline (TBS), pH
7.4. Sections were rinsed in TBS, pH 7.4, and transferred to secondary antibodies.
Secondary antibodies included goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA)
and goat anti-mouse IgG (Vector Laboratories, Burlingame, CA) that were used at 1:100
dilutions.

The sections were incubated with Avidin-Biotin Complex solution (Vector Laboratories,
Burlingame, CA) and color was developed with chromogens. PGP 9.5 stained sections were
developed with blue/gray (SG) chromophore and the p75 and s100 stained sections with
diaminobenzidine (DAB). 1% Eosin and Mayer’s hematoxylin were used as counterstains.
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Primary antibodies were omitted and normal rabbit serum (1:2000; Vector Laboratories,
Burlingame, CA), and mouse IgG (1:500; Vector Laboratories, Burlingame, CA) were used
as negative controls for immunohistochemistry.

For studies using immunofluorescence, the secondary antibody Cy3 goat anti-rabbit IgG
(Jackson Immuno Research Laboratories, Inc, West Grove, PA) was used at 1:150 dilution
and Alexa-Fluor goat anti-mouse IgG (Invitrogen, Carlsbad, CA) at 1:500 dilution. After
rinsing in TBS, the fluorescence-labeled sections were mounted in Mowiol 4–88
(Calbiochem, San Diego, CA) to prevent fluorescent quenching. DRAQ5 (Biostaus Ltd, San
Diego, CA) was used for nuclear staining. Fluorescent samples were analyzed using a Zeiss
LSM510 confocal imaging system. The images were collected in 1 µm optical Z-series
sections and reconstructed into a single image, as has been described previously for skin
biopsies (Kennedy and Wendelschafer-Crabb, 1993; Rice and Rasmusson, 2000). Using
Adobe Photoshop CS v. 8.0 Software (Adobe System, San Jose, CA) the photomicrographs
were only adjusted for contrast and brightness levels for optimal quality and positioned into
the montages.

Morphometry
Epidermal nerve fiber length of 10 sprouting collateral epidermal fibers that extended into
the excisional site from the edge of the axotomy site and 10 epidermal nerve fibers in the
epidermis outside the axotomy site (Fig. 2B and Fig. 5A) were measured and documented
using Bioquant 2.50.4 (Bioquant Life Sciences) under 400x magnification. The sprouting
epidermal fibers (termed sprouts = S) reflected reinnervation into the excisional site
denervated by the axotomy. The epidermal fibers outside the initial axotomy zone, (termed
normal = N) represented normal epidermal fibers. By measuring both sprout and normal
fiber lengths in each individual animal, we were able to determine the ratio of sprout length
to normal fiber length for each animal, thereby controlling for variation in normal fiber
length between animals. For measuring fiber lengths, epidermal nerve fiber length was
defined as the length of the nerve fiber from basement membrane from entry point in the
epidermis to the free terminal ending. Because the innervation in macaques is extremely
dense, no technique has previously been validated in macaques to quantify epidermal nerve
fiber density, in contradistinction to humans (Stocks et al., 1996).

To measure intra-epidermal Schwann cell process density, the number of p75-positive
Schwann cell cytoplasmic processes that extended into the epidermis were counted in 5 mm
diameter samples overlapping 3 mm excision sites as well as in the control skin (Fig 2.F).
The length of the epidermis along the upper margin of the stratum corneum was measured
with Bioquant software (R&M Biometrics, Nashville, TN). The Schwann cell process
density was derived and expressed as the number of Schwann cell processes per millimeter
of epidermal length (cells/mm) using the same counting rule as previously described for
intraepidermal axons (Ebenezer et al., 2007a;Kennedy et al., 2005;Lauria et al.,
2005;McArthur et al., 1998;Stocks et al., 1996).

Statistical Analysis
Descriptive statistics for the ratio of sprouts:normal fibers (S:N ratio) and Schwann cell
density in epidermis were calculated as mean and standard deviation for each group (i.e.,
uninfected and infected) at each observed day post-axotomy. Analysis of the change in fiber
ratio and Schwann cell density over time utilized a linear regression model which yielded a
mean rate of change over time, represented by the slope for each group, as well as the test
statistics and p-value for the difference, if any, between the two rates. Since all data were not
independent (i.e., each animal contributed multiple measurements over time) the regression
model required use of repeated measures methodology which accounted for the correlation
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inherent between measurements on the same subjects observed separately over time, thus
producing appropriately adjusted standard error estimates.

RESULTS
Axonal regrowth

No epidermal or dermal axons were identifiable with PGP 9.5 immunostaining in the post-
axotomy excision site at Day 14 (Fig. 2A). Subsequently, epidermal reinnervation occurred
predominantly as a result of collateral sprouting. At the excision margin, at 28 days post-
axotomy, the axons had sprouted from uninjured dermal nerve bundles and entered and
elongated vertically within the supra-basal layers of epidermis. These axons were aligned in
a slanting pattern within the epidermis (Fig. 2B). In addition to elongation of these axons in
epidermis, collateral sprouts ensheathed by Schwann cells (Fig.3 B2 and B3) formed thin
nerve bundles that grew along the dermal-epidermal junction close to the basement
membrane and reached the center of the denervated zone (Fig. 2B and D). These bundles
coursing along the dermal- epidermal junction gave rise to numerous vertically oriented
branches to produce intraepidermal axons that extended to the stratum corneum of the
epidermis (Fig. 2C, Fig. 3A and B1). Throughout the course of regeneration, the collateral
epidermal fibers at the excision margin tended to orient towards the center of the denervated
zone. By 56 days post-axotomy, these inward-leaning sprouts appeared to retract, straighten
(Fig. 2D), and then reach the height of the surrounding, uninjured epidermal axons. In the
central denervated zone, by 42– 56 days post-axotomy, the regenerating axons from the
dermal plexus grew through the dermal collagen, vertically entered the epidermis, and
completed the reinnervation process (Fig. 2C and D).

Schwann cell regrowth
At Day 14 post-axotomy, p75-immunopositive transected Schwann cell bands were present
in the dermis at the base of the excision site, lying flat and oriented parallel to the surface of
the epidermis (Fig. 2E). By 28 days post-axotomy, p75 was densely expressed at the
excision line along the uninjured nerve bundles (Fig. 3A). Schwann cell processes with
collateral sprouting axons formed thin nerve bundles (Fig. 2F, Fig. 3B3) that extended
horizontally towards the midline of the excision site along the dermal-epidermal junction,
close to the basement membrane.

After reaching the central denervated zone of the dermis, the Schwann cell bands turned
vertically towards the epidermis (perpendicular to the epidermal surface; Fig. 2G) and
numerous Schwann cell cytoplasmic processes extended into the epidermis, reaching the
stratum corneum by 42 days post-axotomy (Fig. 2F, Fig. 3B2 and B3). Schwann cell nuclei
were located in the dermis and not identified within the epidermis. By 72 days post-
axotomy, intra-epidermal Schwann cell processes had retracted with few remaining within
epidermis. However, nerve bundles containing Schwann cells remained at the dermal-
epidermal junction (Fig.2H). Both during collateral and vertical regenerative phases, p75
was expressed at the growing terminals of the axons ensheathed by Schwann cells (Fig. 3A,
Fig. 3 B2 and B3). Within the epidermis, p75 was densely expressed on the Schwann cells
co-localized on unmyelinated axons stained with PGP 9.5 (Fig.3 B1, B2, B3).

Thus, in summary, the epidermis was ultimately reinnervated by regenerating axons that
entered the epidermis first as collateral sprouts at the excision margin or as branches of
axons extending from the collateral sprouts at the dermal-epidermal junction, and then as
vertically-oriented regenerating fibers extending from the dermis into the epidermis. In both
patterns of reinnervation, axons entering the epidermis were ensheathed by p75+ Schwann
cell processes. The expression of s100, another Schwann cell marker, was seen on the
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dermal Schwann cells and Langerhans cells within the epidermis but not on the epidermal
Schwann cell processes (Fig. 4).

Measurement of intra-epidermal nerve fibers
The collateral sprouting epidermal nerve fibers (termed sprouts = S) reflected reinnervation
into the excisional site that had been denervated by excisional axotomy. In uninfected
animals, the longest collateral sprouts were present at Day 14 post-axotomy with a mean
axonal length of sprouts was 108.2µm (SD 43.4µm). In contrast, collateral sprout length at
Day 70 post-axotomy was shorter at 45.5 µm (SD 9.2µm). The mean length of collateral
sprouts across all time points was 72.3 µm (SD 22.7µm; Fig. 5). The epidermal nerve fibers
lying outside the initial axotomy zone, (termed normal = N) were measured as they were
representative of normal fiber length independent of axotomy. Mean normal fiber length was
46.6 µm (SD 2.3µm).

Effects of SIV infection on epidermal nerve fiber length post-axotomy
Similar to uninfected macaques, the longest collateral sprouts in SIV-infected animals were
present at Day 14 post-axotomy but these sprouts had a shorter mean sprouting axonal
length of 102.6 µm (SD 24.02µm) versus control animals (108.2µm). Collateral sprout
length at day 70 post-axotomy was shorter at 57.1 µm (SD 13.32µm). The mean length of
collateral sprouts across all time points was 81.2 µm (SD 17.14µm) and outside the excision
line at the edge of the sample the length of uninjured axons was 48.9 µm (SD 4.3µm).

To compare epidermal fiber lengths of both collateral sprouts and normal nerve fibers in
control versus SIV-infected macaques given the large variation in fiber length between
individual animals, we calculated the ratio of collateral sprout length to normal fiber length
(S:N ratio) for each uninfected and SIV-infected animal at all time points post-axotomy
(Fig. 5). In uninfected animals, the mean S:N ratio at Day 14 post-axotomy was 2.3, while
the SIV infected group had a Day 14 post-axotomy mean of 1.9, indicating that sprout length
was shorter in SIV-infected animals in the early time points after axotomy.

At ensuing time points post-axotomy, the uninfected group’s change in S:N ratio over time
was significantly greater than the rate of change for the SIV-infected group (p = 0.015,
repeated measures regression). Specifically, the group of uninfected macaques had a 0.27
unit decrease in S:N ratio every 2 weeks while the SIV-infected group’s S:N ratio declined,
on average, 0.14 units per 14 days (Fig. 5).

Effects of SIV infection on intra-epidermal Schwann cell density post-axotomy
Given our observation that Schwann cells appear to play a critical role in cutaneous nerve
regeneration in macaques following axotomy, we measured and compared the epidermal
density of Schwann cell processes in uninfected and SIV-infected animals to determine
whether SIV infection altered Schwann cell process migration (Fig. 2F). The group of SIV-
infected macaques had lower mean intraepidermal Schwann cell density measurements than
the group of uninfected animals at all time points examined post-axotomy, from 14 to 70
days post-transection, however, the difference between groups was not significant at any of
these time points post-axotomy (p > 0.05, t-test ; Fig. 6). In both SIV-infected and
uninfected control animals, Schwann cell density was highest immediately after axotomy;
the subsequent rate of decline in Schwann cell density over time did not differ significantly
between the two groups (p = 0.178 ; repeat measures regression).

Ebenezer et al. Page 6

J Comp Neurol. Author manuscript; available in PMC 2010 May 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DISCUSSION
This study describes the epidermal reinnervation pattern in control and SIV-infected
macaques using an excisional axotomy injury model. The dermal plexuses were transected
via an excisional punch and subsequent axonal regrowth and reinnervation of epidermis
were examined to determine 1) the normal course of nerve fiber repair in macaques and 2)
whether SIV infection altered the pattern and/or kinetics of epidermal nerve fiber repair.

Altered epidermal nerve regeneration in SIV-infected macaques
By measuring and comparing the ratio of collateral sprout length to normal fiber length
(designated as S:N ratio) for uninfected and SIV-infected animal at progressive 14-day
intervals post-axotomy, we found that sprout length was shorter in SIV-infected animals
than uninfected control macaques in the early time points after axotomy. Furthermore, at
ensuing time points post-axotomy, the uninfected group’s change in S:N ratio over time was
significantly greater than the SIV-infected group (p = 0.015, repeated measures regression).
Together, these differences in epidermal nerve regeneration between control and SIV-
infected animals demonstrate that SIV-infection alters the kinetics of epidermal nerve fiber
regeneration following axotomy. It will be important to confirm whether HIV causes a
similar change in epidermal fiber regeneration in infected individuals since this finding
would direct future therapeutic approaches.

As Schwann cell migration into the denervated epidermis may play a crucial role in guiding
axonal regrowth, we also measured epidermal Schwann cell density in SIV-infected versus
control animals to determine whether SIV infection altered Schwann cell migration patterns
post-axotomy. In this study, we found a trend towards slower migration of Schwann cells
into the denervated epidermis following axotomy in SIV-infected animal versus control
macaques. At every time point evaluated post-axotomy, there were fewer epidermal
Schwann cells in SIV-infected animals versus uninfected macaques, suggesting that
Schwann cell guidance and support of epidermal nerve fiber regeneration may account for
the altered nerve regeneration seen in SIV-infected animals. Given the heterogeneity within
the SIV and uninfected groups, increasing the group size would aid in defining the role of
Schwann cells during regeneration.

Together, these findings illustrate the value of the SIV/macaque model for investigating the
mechanisms underlying HIV-induced alterations in cutaneous nerve regeneration. Neuronal
loss due to macrophage infiltration occurs in somatosensory ganglia of SIV-infected
macaques (Laast et al., 2007). In vitro modeling using rat dorsal root ganglia cultures has
suggested that Schwann cells play an important role in mediating HIV-1 gp120 toxicity by
producing the chemokine RANTES that causes both neuritic degeneration and TNF-a-
mediated neuronal apoptosis (Keswani et al., 2003). Impaired reinnervation has also been
observed in the distal leg of HIV-infected individuals, (Hahn et al., 2007). Additional studies
in SIV-infected macaques may help to define the specific Schwann cell-axon interactions
relevant to the pathogenesis of HIV–associated sensory neuropathies.

Differences in axonal regeneration between juvenile macaques and human adults
In macaques, rapid and complete reinnervation of the epidermis occurred in both uninfected
and SIV-infected macaques after intracutaneous axotomy. The relatively rapid rate of
reinnervation in macaques contrasted with the slower rate reported in healthy humans. All
examined monkeys had complete reinnervation of the epidermis by the 56th day after
axotomy. In contrast, in healthy humans, we previously showed that reinnervation of
epidermis was incomplete even 23 months after axotomy (Rajan et al., 2003). Although this
difference may represent enhanced, or perhaps more efficient, regenerative regrowth in the
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macaque, we examined juvenile macaques in this study whereas the human studies
evaluated only adults over the age of 30 years. The rate of epidermal reinnervation following
damage may therefore be an age-dependent process in primates. Alternately, there may be
species-specific differences in the rates of regeneration after axotomy.

We also noted morphologic differences in the patterns of reinnervation post-axotomy
between humans and macaques. In the human excision model, collateral nerve sprouts
originated from the epidermal axons at the margin of the axotomy excision line but
regenerating axons did not enter the epidermis through the underlying dermis. In contrast, in
macaques, collateral sprouting of axons from the adjacent uninjured superficial dermal nerve
bundles was the initial regenerative response following axotomy and contributed to the
initial phase of reinnervation in the epidermis. The axons directly entered the epidermis,
extending from p75+ Schwann cell-rich uninjured nerve bundles at the excision margin. The
axonal elongation was particularly rapid during the first two weeks of the regeneration
period. Axons also sprouted from the nerve bundles that migrated along the basement
membrane and subsequently numerous branches entered vertically to produce the intra-
epidermal axons. Later, dense vertical regeneration of axons growing through the dermis
completed the epidermal reinnervation of the central excision zone. This pattern was not
noted in humans, and suggests that regenerative regrowth may be more efficient in the
juvenile macaques than mature humans. In fact, the regeneration patterns observed in the
macaques are similar to regeneration in experimental rats where, after injury, both axonal
regeneration and collateral sprouting contribute towards the reinnervation of the skin
(Diamond et al., 1992; Jackson and Diamond, 1984; Jancso and Kiraly, 1983; Verdu and
Navarro, 1997). Additional studies that address the influence of subject age on reinnervation
are needed to clarify whether the observed differences are attributable to age-dependent or
species-specific changes in post-axotomy regeneration patterns. Exploring the barriers to
regenerative regrowth in humans might have obvious therapeutic relevance.

Schwann cell migration in macaques
Within the epidermis at the excision site, there was rapid inwards migration of p75 positive
Schwann cell processes leading to increased Schwann cell density in comparison to normal
skin. Enhanced expression of p75 on the persisting Schwann cell bands, the growing edge of
the axonal sprouts, and the realignment of the Schwann cell bands towards the epidermis
were noted. In contrast, in a human excision model, the Schwann cells at the denervated
zone of the dermis remained flattened and did not re-orient towards the epidermis until fully
23 months after axotomy (Rajan et al., 2003). Other studies also have shown that p75+ nerve
fibers are infrequent in normal epidermis (Liang and Johansson, 1998; Liang et al., 1999;
Taniguchi et al., 2007).

A number of studies have indicated that Schwann cells play a vital role in the regeneration
of axons after injury (Albers and Davis, 2007a; Anton et al., 1994; Bentley and Lee, 2000;
Griffin et al., 1996; Griffin et al., 2006 ; Song et al., 2006; Taniguchi et al., 2007; Terenghi,
1999). In humans as well as in rodents, experimental studies suggest that nerves adjacent to
atrophic Schwann cells have impaired nerve regeneration and compromised myelin
production (Ebenezer et al., 2007b; Fu and Gordon, 1995; 1997; Furey et al., 2007; Heine et
al., 2004; Hoke et al., 2002; Midha et al., 2005; Ohnishi and Dyck, 1981; Sulaiman et al.,
2002; Tomita et al., 2007). Studies also have shown that Schwann cells produce
extracellular matrix (ECM) components that may be organized to form basal lamina.
Schwann cells can interact with different basement membrane components including
laminin isoforms, collagen IV, and fibronectin (Chen et al., 2005; Chernousov et al., 2001;
Donzelli et al., 2006; McKee et al., 2007) and also have been shown to be rich sources of
nerve growth factor (NGF) (Ard et al., 1987; Bunge et al., 1987; Bunge et al., 1986; Carey et
al., 1983; Cornbrooks et al., 1983). Neurotrophins are essential for axonal guidance,
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migration, and elongation in the peripheral nervous system (Ahmed et al., 1999; Bentley and
Lee, 2000; Boyd and Gordon, 2003; Diamond et al., 1992; Fields et al., 1989; Hall, 2005;
Hoke, 2006; Liang and Johansson, 1998).

Neurotrophic growth factors support diverse population of sensory axons. Unmyelinated C
and small, thinly myelinated Aδ fiber types are supported by NGF (Albers and Davis,
2007b; Lopez et al., 1998; Murinson et al., 2005b; Rice et al., 1998). In the present study,
the finding of Schwann cell process extension into the epidermis with high expression of
p75 at 14 days post-axotomy may provide a permissive environment favorable for axonal
regrowth in the epidermis. (Bentley and Lee, 2000; Griffin and Thompson, 2008; Johnson,
1988; Murinson et al., 2005a; Taniuchi et al., 1988; Tomita et al., 2007; Yamashita et al.,
1999; You et al., 1997).

In vitro studies indicate that proliferating keratinocytes are a major source of NGF, thus it is
possible that keratinocyte production of NGF may decrease post-proliferation (i.e with
keratinocyte maturation) thereby providing less support for intra-epidermal Schwann cells
(Albers and Davis, 2007a; Marconi et al., 2003; Pincelli and Marconi, 2000; Pincelli et al.,
1994). The Schwann cell ensheathment at the leading edge of the regenerating axons
supports the finding that the Schwann cells are guiding the pathway for the axons to reach
the target (Bunge et al., 1987; Guenard et al., 1992; Thompson and Buettner, 2006).

In contrast to nerve repair in the human excision model, extracellular matrix and epidermal
keratinocytes may provide a more favorable environment for promoting Schwann cell and
axonal re-growth in macaques. Schwann cells may respond to the basement membrane as a
supportive substrate that encourages their migration to the mid-axotomy zone. Species-
specific differences in the ECM or components of the dermal-epidermal junction may
account for the variability in the migration patterns of Schwann cell processes into epidermis
between macaques and man. In mice, it has been demonstrated that in a normal
neuromuscular junction, Schwann cells can ensheath motor axons, except at the post-
synaptic basement membrane. Laminin 11, a heterotrimeric glycoprotein (Yang et al.,
2005)neuromuscular junction (Cho et al., 1998; Patton et al., 1998). In contrast, in primates,
laminin 2 has shown neurite–promoting and cell attachment activities (Wallquist et al.,
2005; Yang et al., 2005). In addition, a unique epithelial basement membrane antigen KF-1
demonstrates specific binding to the lamina densa of the basement membrane of stratified
squamous epithelia (Breathnach et al., 1983; Fine et al., 1987). More studies are needed to
establish the relationship between Schwann cell interaction with ECM and other components
at the dermal epidermal junction in both human and animal skin. Decreased s100
immunoreactivity along epidermal Schwann cells is consistent with heterogeneity within
nonmyelinating Schwann cell populations and suggests that Schwann cells may be
supporting regeneration in a phenotype-specific manner with respect to levels of both p75
and s100 (Bentley and Lee, 2000; Hoke et al., 2006; Scherer et al., 1994; You et al., 1997).

In conclusion, this study identified that SIV infection alters epidermal nerve repair including
both the kinetics of axonal regrowth and Schwann cell migration into epidermis. A
difference in the pattern of epidermal reinnervation of macaques after intracutaneous
axotomy compared to humans was also identified. Our animal excision model suggests that
nerve regeneration patterns may be related to the species-specific patterns of migration of
Schwann cells. However, the impact of age on these repair processes remains to be
established. In addition, these studies were performed on skin from the back and additional
study will be needed to determine whether cutaneous reinnervation differs in skin of the
hands and feet where clinical manifestations of sensory neuropathies are most evident. The
shorter time required for regeneration and the accelerated nerve regeneration time-course in
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juvenile macaques provides a useful model for studying neurotrophic and regenerative drugs
for translational research and human clinical trials of neuropathies.
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Figure 1. An Intracutaneous Excisional Axotomy Model in Macaques
Circular cutaneous axotomies were performed at 2-week intervals on the dorsal interscapular
skin using a three mm skin punch to transect epidermal axons (Fig. 1A). The central core
containing epidermis and dermis was then removed (arrow) yielding an excisional axotomy.
On the 70th day after the initial axotomy, a five mm circular biopsy punch (*) was used to
harvest all of the previous three mm punch sites, providing samples containing axotomy
sites that were 14, 28, 42, 56 and 70 days post-axotomy (Fig. 1A). By 42 days post-
axotomy, collateral sprouts (arrows) and regenerating axons (arrowheads) had re-innervated
the epidermis (Fig. 1B)
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Figure 2.
A–D: Axonal regeneration in post- axotomy sections immunostained for the axonal
marker PGP 9.5.
At day 14 post-axotomy, the central denervated zone in both epidermis and dermis was
devoid of axons. Arrows indicate excisional margin (A). By 28 days post-axotomy, along
the excisional margin, intense immunoreactivity for PGP 9.5 was seen on the uninjured
nerve bundles (arrow). Axons sprouted (hatched arrow) from these uninjured bundles and
directly entered the denervated epidermis. Note that the supra-basal axons were elongated
and leaned (hatched arrow) towards the denervated zone. Axons also formed thin nerve
bundles (arrowhead) that extended horizontally along the dermal-epidermal junction toward
the central denervated zone (B). Regenerating axons (hatched arrow) grew through the
dermal collagen and entered the epidermis with a vertical orientation (arrows) that
completed the epidermal reinnervation by Day 42 to 56 (C). Within the epidermis, the
leaning collateral sprouts along the excision margin (dotted line) then retracted and
straightened (arrow) resulting in epidermal nerve fibers within denervated sites that matched
the orientation of uninjured axons in normal epidermis outside the excision site (hatched
arrow; D). Scale bars= 200 µm in A, 50 µm in B–D.
E–H: Schwann cells in post- axotomy sections immunostained for p75.
At Day 14, in the center of the excision site p75 + Schwann cell bands (arrows) were
oriented horizontally to the epidermal surface. The dotted line indicates excisional margin
(E). From the excisional margin, the Schwann cells with collateral sprouts extended
horizontally towards the middle of the excision site along the dermal-epidermal junction
(hatched arrow). Schwann cell cytoplasmic processes (arrows) entered the denervated
epidermis by 28 days and extended to the stratum corneum (the outermost keratinized
epidermal layer; F). By 42 days, Schwann cell bands in the central denervated zone of the
dermis were re-oriented perpendicular to the epidermal surface, parallel to each other
(arrows) and also migrated from the papillary dermis into the epidermis (G, DAB stained
section highlighted with nickel solution). In contrast, rare p75 + Schwann cell processes
(arrows) remained within the epidermis at Day 56 (H). Scale bars= 100 µm in E, 50 µm in
F–H.
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Figure 3. Confocal microscopy montage of a 50µm section 28 days post axotomy, triple stained
with the Schwann cell marker p75 (green), the axonal marker PGP9.5 (red) and the nuclear
marker DraQ 5 (blue) to examine the relationship between axons and p75 expression
In the dermis, p75 was densely expressed at the excision line (arrow), in close association
with PGP9.5 immunopositive nerve fibers in uninjured nerve bundles. Axons also sprouted
and formed thin nerve bundles (hatched arrow, red) that extended along the dermal-
epidermal junction adjacent to the basement membrane (A). Axons (red) branched from
these bundles and entered the epidermis (arrow; B1). In the epidermis, p75 positive
Schwann cell processes (green: B2) co-localized (yellow; arrow, B3) with sprouting axons.
Scale bar = 20µm in A, 10 µm in B1,B2,B3.
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Figure 4. Light microscopic findings of Schwann cells in post-axotomy sections immunostained
for s100
At Day 28 post-axotomy, prominent s100 immunopositive dermal Schwann cells (hatched
arrow) and Langerhans cells in epidermis (arrow) were detected but cells morphologically
consistent with epidermal Schwann cells that expressed s100 were not observed.
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Figure 5. SIV infection alters epidermal nerve fiber length post-axotomy
In contrast with uninfected macaques (circles, solid line), SIV-infected macaques (triangles,
dashed line) had lower mean ratios of collateral sprout length (S) to normal nerve fiber
length (N) at 14 day post-axotomy. Over time, the change in S: N ratio in SIV-infected
macaques was significantly less than the S: N ratio in control macaques (p = 0.015, repeated
measures regression) indicating that SIV-infection delayed epidermal fiber regeneration
following axotomy.
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Figure 6. SIV infection alters epidermal Schwann cell density post-axotomy
At every time point post-axotomy, the group of SIV-infected macaques (triangles, dashed
line) consistently had lower mean Schwann cell density measurements in the epidermis than
uninfected macaques (circles, solid line) however these differences were not statistically
significant (p > 0.05, t-test). In both infected and control animal groups, Schwann cell
process density was highest at the earliest time points post-axotomy and then declined at a
similar rate for both groups over time (p = 0.18; repeated measures regression).
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