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In humans, lesions of contact eczema or atopic derma-
titis can exhibit increases in epidermal nerves, but the
mechanism resulting in such nerve elongation are not
fully understood. We found that contact hypersensitiv-
ity reactions to oxazolone in mice were associated with
significant increases in the length of nerves in the epi-
dermis and dermis. Using genetically mast cell-deficient
c-kit mutant mice selectively repaired of their dermal
mast cell deficiency with either wild-type or tumor ne-
crosis factor (TNF)-deficient mast cells, we found that
mast cells, and mast cell-derived TNF, significantly
contributed to the elongation of epidermal and der-
mal PGP 9.5% nerves and dermal CGRP* nerves, as
well as to the inflammation observed at sites of con-
tact hypersensitivity in response to oxazolone. More-
over, the percentage of mast cells in close proximity
to dermal PGP 9.5% nerve fibers was significantly
higher in wild-type mice and in c-kit mutant mice re-
paired of their dermal mast cell deficiency by the adop-
tive transfer of wild-type mast cells than in TNF-defi-
cient mice or in TNF~/~ mast cell-engrafted c-kit mutant
mice. These observations show that mast cells, and
mast cell-derived TNF, can promote the elongation of
cutaneous nerve fibers during contact hypersensitivity
in the mouse. (4m J Pathol 2006, 169:1713-1721; DOIL:
10.2353/ajpath.2006.060602)

Several lines of evidence indicate that sensory nerves
can both be affected by and contribute to inflammatory
responses, including those in the skin," the respiratory
tract,? and the gastrointestinal system.>® In the skin,
cutaneous nerves are thought to participate importantly

in the pathophysiology of a diverse spectrum of disor-
ders, such as urticaria, contact hypersensitivity (CHS),
atopic dermatitis (AD), and psoriasis.” For example, the
expression of certain CHS responses can be diminished
in mice that have been depleted of cutaneous capsaicin-
sensitive neurons.® In addition, it has recently been re-
ported that increases in sensory nerve fibers occur in
both the epidermis and the dermis in a model of CHS in
mice.” Moreover, in humans, the length of epidermal
nerve fibers can be significantly increased in patients
with contact eczema® or AD,° and increases in both
dermal and epidermal nerve fibers have been reported in
other dermatological conditions as well, such as prurigo
nodularis'® and notalgia paraesthetica.”

One resident cell of the dermis that may functionally
interact with cutaneous nerves is the mast cell, and a
number of findings suggest that interactions between
mast cells and nerves may occur during certain skin
disorders. For example, an increased number of in-
stances of close proximity between sensory nerves and
mast cells has been described in inflammatory skin le-
sions from patients with psoriasis'® or AD."® In addition,
dermal mast cells can be increased in number in several
inflammatory dermatoses, including psoriasis and AD.'*

In part because of their close anatomical association, it
has been proposed that cutaneous sensory nerves and
mast cells can represent a functional unit whereby stim-
ulated nerve fibers may activate local mast cells, which in
turn can control local nerve function.™'® For example,
neuropeptides that can be released by cutaneous
nerves, such as calcitonin gene-related peptide (CGRP),
substance P, vasoactive intestinal peptide, and soma-
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tostatin can induce mast cells to release histamine, tumor
necrosis factor (TNF), and other inflammatory media-
tors.’6~21 Afferent nerves express specific receptors for
neuropeptides,®® prostaglandins,®® histamine,®* pro-
teases,”® neurotrophins,®® and cytokines,?”?® and
mast cells can also respond to many of these prod-
ucts.#15:29:30 Moreover, certain adhesion molecules,
such as N-cadherin®' and spermatogenic Ig superfamily/
synaptic cell adhesion molecule,®? have been shown to
be important in mediating interactions between nerves
and mast cells.

These findings, and other evidence, suggest that po-
tentially significant interactions may occur between mast
cells and cutaneous nerves during a variety of skin dis-
orders. Remarkably, however, relatively few studies have
assessed to what extent such potential mast cell-nerve
interactions actually are important in influencing specific
features of individual cutaneous responses or defined
mechanisms that might account for significant interac-
tions between these two cell types. Therefore, we inves-
tigated whether a CHS reaction that has been shown in
the mouse to be partly mast cell-dependent can be as-
sociated with significant changes in the length of epider-
mal or dermal nerve fibers and, if so, whether mast cells,
and mast cell-derived TNF, can promote nerve fiber elon-
gation in that setting.

There are several reasons why we chose this approach
to test the hypothesis that mast cells, and mast cell-
derived TNF, might contribute to elongation of dermal
nerves during inflammatory responses. First, as noted
above, the length of epidermal nerve fibers can be sig-
nificantly increased in patients with contact eczema® or
AD,® disorders in which mast cells have been implicated.
Second, mast cells also are required for optimal expres-
sion of certain models of CHS in mice.**3* Third, mast
cells have been identified as an important potential
source of TNF,%>3¢ and mast cell-derived TNF can con-
tribute to the expression of certain specific features of
CHS responses in mice, including tissue swelling and
infiltration of polymorphonuclear leukocytes (PMNs).2738
Finally, even though the effects of TNF on nerve cell
biology are complex,®°~*3 TNF has been reported to
have some effects that could contribute to elongation or
functional properties of peripheral nerves.®44

Using genetically mast cell-deficient c-kit mutant mice
repaired of their dermal mast cell deficiency by the adop-
tive transfer of either wild-type or TNF-deficient mast
cells, we found that a model of oxazolone (OX)-induced
CHS in the mouse was indeed associated with an elon-
gation of cutaneous nerves at the sites of hapten chal-
lenge and that mast cells, and mast cell-derived TNF,
were required for optimal nerve elongation in this setting.

Materials and Methods
Mice

C57BL/6-TNF~/~ mice were originally generated using
C57BL/6J ES cells as described elsewhere.*®> Mast cell-
deficient Kit"Vs""W=sh mjice on the C57BL/6 background

were generously provided by Dr. Peter Besmer (Memorial
Sloan-Kettering Cancer Center, New York, NY).*®
C57BL/6J mice were obtained from The Jackson Labo-
ratories (Bar Harbor, ME). Female 6- to 8-week-old mice
were used for all experiments. All mice were housed at
the Animal Care Facilities at Stanford University Medical
Center (Stanford, CA); were kept under standard temper-
ature, humidity, and timed lighting conditions; and were
provided mouse chow and water ad libitum. All experi-
ments were performed in compliance with the Guide for
the Care and Use of Laboratory Animals prepared by the
Institute of Laboratory Animal Resources, National Re-
search Council, and published by the National Academy
Press (revised 1996) and with the approval of the Stan-
ford University Committee on Animal Welfare.

OX-Induced CHS

Mice were sensitized with 100 ul of 2% 4-ethoxymethyl-
ene-2-phenyl-2-oxazolin-5-one (oxazolone; OX) (Sigma,
St. Louis, MO) in ethanol to the shaved abdomen. Five
days after sensitization with OX, mice were challenged
with a total of 20 ul of vehicle (ethanol) alone to the right
ear (10 ul to each side) and 1% OX in ethanol to the left
ear (10 wl to each side). Ear thickness was measured
before and at multiple intervals after OX challenge with an
engineer’'s microcaliper (Ozaki Mfg. Co., Ltd., Itabashi,
Tokyo, Japan) at the time points indicated. Mice were
sacrificed by CO, inhalation 48 hours after OX challenge
for immunohistological analysis of their ears to quantify
numbers of mast cells and neutrophils (polymorphonu-
clear leukocytes, PMNs) (in 4-um-thick sections) and
length of nerve fibers (in 14-um-thick sections) in ear
skin.

Preparation of Bone Marrow-Derived, Cultured
Mast Cells and Local Mast Cell Engraftment of
Mast Cell-Deficient Mice

Bone marrow-derived, cultured mast cells (BMCMCs)
were obtained by culturing bone marrow cells of
C57BL/6J mice in WEHI-3 conditioned medium (contain-
ing interleukin-3) for 4 to 6 weeks, at which time >98% of
the cells were identified as mast cells by Toluidine blue
staining and by flow cytometry analysis for c-Kit and
FceRIl. For mast cell engraftment studies, BMCMCs
(1.0 X 10° cells in 20 ul/ear) were injected intradermally
into the dorsal surface of the center of the pinnae of
7-week-old KitVs""-s" mice. Nine to 10 weeks after in-
jection, the mice were used for CHS experiments, and the
numbers and distribution of mast cells in the ear skin
were assessed in Toluidine blue-stained sections ob-
tained at 48 hours after vehicle or OX challenge. The
suitability of such mast cell-engrafted Kit""s""-s" mice
for studies of mast cell development and function has
been described in detail.*”



Immunohistochemistry and Measurement of
Nerve Fiber Length

Immediately after sacrificing the mice as described
above, naive, OX-sensitized and challenged, or OX-sen-
sitized and vehicle-challenged mice were fixed by intra-
cardiac perfusion with a mixture of 4% paraformaldehyde
and 14% saturated picric acid. Then, the ear skin was
harvested and embedded in OCT compound as de-
scribed elsewhere.*® For visualization of nerve fibers,
cryostat sections (14 um) were incubated with polyclonal
rabbit anti-protein gene product 9.5 (PGP 9.5) IgG (Bio-
genesis, Poole, UK) or rabbit anti-calcitonin gene-related
peptide (CGRP) IgG (Chemicon, Temcula, CA), or, as a
control, rabbit IgG (Jackson ImmunoResearch, West
Grove, PA) at room temperature overnight and then in-
cubated with tetramethyl-rhodamine isothiocyanate
(TRITC)-conjugated goat anti-rabbit IgG F(ab’)2 frag-
ments (Jackson ImmunoResearch) as described else-
where.*® For mast cell detection, sections then were
incubated with the fluorescein isothiocyanate (FITC)-la-
beled avidin (Vector Laboratories, Burlingame, CA) in
phosphate-buffered saline (PBS) for 1 hour at room
temperature.

To detect and quantify close proximity between mast
cells and nerve fibers, sections were incubated with a
mixture of the FITC- and TRITC-labeled avidins. Sections
were rinsed in PBS and mounted in fluorescent mounting
medium (DAKO, Carpinteria, CA). This approach is use-
ful for analyzing the proximity between nerve fibers and
mast cells because PGP 9.5 or CGRP™ nerve fibers are
labeled with TRITC, and mast cells are identified with a
mixture of FITC- and TRITC-labeled avidins, permitting
the visualization of mast cells in two colors. This method
takes advantage of the fact that avidin binds strongly to
the highly charged glycosaminoglycans, and perhaps
other constituents, of mast cell granules.*® FITC is used
to identify mast cells alone because only mast cells are
FITC-labeled, and then TRITC is used to visualize the
proximity of these mast cells to TRITC-labeled nerve fi-
bers in the same section.

The sections were assessed at X400 magnification
under an Olympus fluorescence microscope (Tokyo, Ja-
pan). Using NIH Image 1.63 software (Bethesda, MD),
the length of profiles of single nerve fibers was measured
in central areas of the ear pinna sections. The areas of
ear pinna skin, dermis, and epidermis (mean * SEM)
analyzed in the various groups were as follows: naive
mice = 0.222 = 0.012 mm? of skin (consisting of 0.177 =
0.010 mm? of dermis and 0.042 + 0.002 mm? of epider-
mis); OX-sensitized, OX-challenged mice = 0.275 *+
0.013 mm? of skin (consisting of 0.230 + 0.012 mm? of
dermis and 0.049 + 0.008 mm? of epidermis); and OX-
sensitized, vehicle-challenged mice = 0.254 = 0.009
mm? of skin (consisting of 0.212 + 0.009 mm? of dermis
and 0.042 + 0.002 mm? of epidermis). The results are
expressed as length of nerve fibers per mm of cartilage in
the ear skin sections. The numbers of mast cells (and in
some sections, PMNs) were also counted in the same
areas of dermis, and the numbers of mast cells in close
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proximity to nerve fibers (defined as <2 um) were re-
corded separately.

Statistics

The Student’s t-test (two-tailed) or, for analysis of groups
of data that were not normally distributed, the Mann-
Whitney U-test (two-tailed), were used for statistical eval-
uation of the results. Unless otherwise specified, all re-
sults are presented as mean + SEM.

Results

OX-Induced CHS Is Associated with Elongation
of Cutaneous Nerves

CHS is a classic model of immune-mediated dermatitis in
the mouse.®© For this study, we used a model of OX-
induced CHS in which we and colleagues have demon-
strated that mast cells are required for optimal expression
of the response.®* Mice were sensitized with 2% OX in
ethanol and then challenged with 1% OX in ethanol or
vehicle alone. As shown in Figure 1A, OX challenge of
OX-sensitized mice resulted in a marked increase in ear
swelling, with the peak of the response at 24 hours after
challenge with OX; by contrast, no significant increase in
ear swelling was observed after challenge with vehicle
alone in OX-sensitized mice. Substantial infiltration of
PMNs also could be detected in the OX-challenged skin
of OX-sensitized mice, even though the 48-hour time
point was probably past the peak of that component of
the response, but PMN infiltration was not observed in the
vehicle-treated skin of such mice (data not shown).

In the skin lesions of patients with AD, the length of
sensory nerve fibers can increase, with some of them
extending from the dermis into the epidermis.® Similar
findings recently have been reported in a model of con-
tact allergy in mice.” We therefore assessed the length of
nerve fibers in the skin during OX-induced CHS re-
sponses. To detect nerve fibers, ear skin sections from
OX- or vehicle-challenged OX-sensitized mice were
stained with anti-PGP 9.5 Ab®" or with anti-CGRP Ab (to
detect cutaneous nerve fibers that contain the neuropep-
tide, CGRP®?) (Figure 1B). As has been reported by
others,®®** we found that the immunohistochemical
staining of cutaneous CGRP-immunoreactive nerves re-
vealed areas of variable staining intensity of individual
CGRP™ nerve fibers (eg, see Figure 1B, inset of CGRP™"
fibers in vehicle-challenged skin).

The length of both PGP 9.5 and CGRP™ nerve fibers
was significantly increased in both the epidermis and
dermis in the OX-challenged skin at 48 hours after chal-
lenge compared with corresponding values in the vehi-
cle-challenged skin (Figure 1C). These results show that
this model of CHS in the mouse is associated with a
significant increase in the length of nerve fibers both in
the dermis, and, even more strikingly, in the epidermis.
As has been reported by others based on analyses of
human skin®' or mouse skin,>* we found that the length of
nerves that stained with the antibody for the pan-neuronal
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Figure 1. A: Tissue-swelling responses to vehicle (open squares) or OX
(closed squares) in C57BL/6 wild-type mice that had been sensitized to
express CHS responses. B: Immunohistochemical staining with rabbit anti-
PGP 9.5 IgG (PGP 9.5), rabbit anti-CGRP IgG (CGRP), or control IgG (rabbit
IgG) in vehicle-treated ear skin (vehicle) or in OX-challenged ear skin (OX)
of OX-sensitized mice at 48 hours after challenge. Large arrows in four of
the panels indicate the areas that are shown at higher magnification in the
insets; arrowheads and small arrows indicate profiles of dermal and
epidermal nerve fibers, respectively, stained with antibodies against PGP 9.5
or CGRP. C: The length of PGP 9.5-positive or CGRP-positive nerve fibers in
epidermis or dermis, respectively, in vehicle-treated ears (open columns) or
OX-challenged ears (closed columns) of OX-sensitized mice 48 hours after
challenge. In A and C, data are the pooled results from three independent
experiments, which gave similar results (vehicle: 7 = 5, OX; n = 13). In A,
+++, ++++ = P < 0.001, P < 0.0001 versus corresponding values for
vehicle-treated ears; In C, ++, +++ = P < 0.01, P < 0.001 versus corre-
sponding values for vehicle-treated ears (Student’s #test, two-tailed). Origi-
nal magnifications, X400.

marker, PGP 9.5 was greater than that for nerves that
stained with the antibody for CGRP, which identifies only
a subset of sensory nerves in the skin.

Mast Cells and Mast Cell-Derived TNF Are
Required for Optimal Expression of
OX-Induced CHS

Microscopic examination indicated that the numbers
(Figure 2B) and distribution of mast cells in the central
portion of the ear pinna dermis of wild-type or TNF~/~
mice, or in wild-type- or TNF~/~ BMCMC-engrafted
Kit"V-shW=sh mice, were similar whereas the Kit"V/s"W-sh
mice remained devoid of dermal mast cells at sites of OX
or vehicle challenge. Moreover, in confirmation of previ-
ously published data from our experiments with Kit"""Vv
mice on the WBxB6F, background,®* we found that mast
cells were required for optimal expression of the hapten-
induced tissue swelling (Figure 2A) and PMN infiltration
(Figure 2C) in this model of CHS, as assessed by com-
paring the responses of C57BL/6J wild-type mice, genet-
ically mast cell-deficient C57BL/6J-Kit"V"s""V"s" mice, and
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Figure 2. A: Tissue swelling responses to vehicle or OX in OX-sensitized
C57BL/6 wild-type mice (12 = 8), TNE ™/~ mice (n = 12), mast cell-deficient
Kit"W="V=P mice (n = 10), and Kit""”""=" mice that had been selectively
repaired of their mast cell deficiency by the intradermal injection of wild-type
(n=10) or TNF~/~ (1= 10) BMCMCs. +, ++, +++, ++++ = P< 0.05,
P < 0.01, P < 0.001, P < 0.0001 versus corresponding values for vehicle-
treated ears; *, ** #* = p<().05, P<0.01, P<0.001, P< 0.0001 for the
comparisons indicated by brackets. NS, not significant (£ > 0.05). B and C:
Numbers of mast cells (B) and PMNs (C) in ear pinna dermis from vehicle-
treated or OX-challenged ears (48 hours). In B, C57BL/6 wild-type mice
(vehicle, n = 5; OX, n = 14), TNF~/~ mice (vehicle, n = 5; OX, n = 10),
mast cell-deficient Kit"*”""=* mice (vehicle, n = 5; OX, n = 10), and
Kit"W=""V=" mice that had been selectively repaired of their mast cell defi-
ciency by the intradermal injection of wild-type (vehicle, n = 5; OX, n = 10)
or TNF™/~ (vehicle, n = 5; OX, n = 10) BMCMCs. *, *** *** = P < (.05, P<
0.001, P< 0.0001 versus values for corresponding vehicle- or OX-treated ears
in Kit"W=""=" mice. In C, C57BL/6 wild-type mice (vehicle, n = 5; OX, n =
9), TNF~/~ mice (vehicle, n = 5; OX, n = 10), mast cell-deficient Kit" " W=>
mice (vehicle, n = 5; OX, n = 8), and Kit"*”V*" mice that had been
selectively repaired of their mast cell deficiency by the intradermal injection
of wild-type (vehicle, n = 5; OX, n = 9) or TNF~/~ (vehicle, n = 5; OX, n =
10) BMCMCs. + = P < 0.05 versus corresponding values for vehicle-treated
ears; *, ¥ oEw = p < (.05, P < 0.001, P < 0.0001 for the comparisons
indicated by brackets. Data in A—C are the pooled results from two or three
independent experiments, which gave similar results. A, B: Student’s #test
(two-tailed); C: Mann-Whitney {rtest (two-tailed).

C57BL/BJ-Kit"-s""V-s" mice that had been engrafted with
in vitro-derived mast cells of C57BL/6J wild-type origin.
However, the tissue swelling and PMN infiltration as-
sociated with such CHS responses were reduced in
C57BL/6J-TNF~/~ mice or in C57BL/6J-Kit"- "= mice
that had been engrafted with in vitro-derived mast cells of
C57BL/6J-TNF '~ origin, compared with the responses
in wild-type mice or in C57BL/6J-Kit" """ mice that
had been engrafted with in vitro-derived mast cells of
C57BL/6J wild-type origin (Figure 2, A and C). The dif-
ferences in the CHS responses of C57BL/6J-Kit"V-s""W-sh
mice that had been engrafted with in vitro-derived mast
cells of C57BL/6J-TNF/~ or C57BL/6J-wild-type origin
could not be attributed to differences in the numbers of
mast cells that had successfully engrafted in the dermis
of these mice because the numbers of mast cells/mm? of
dermis in the two groups was nearly identical (Figure 2B).
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Figure 3. A-F: Immunohistochemical staining of ear pinna from a naive
C57BL/6 wild-type mouse (A) and from the OX-challenged ears (B-F) (48
hours after challenge) of individual OX- sensmzed C57BL/6 wild-ty, pe (B)
mast cell-deficient Kir"V=""W=" (C) TNF (D), wild-type BMC
grafted Kit"="""=* (E), and TNF~/~ BMCMCs-engrafted Kit""’ [¢)
mice. These mice are from the same groups shown in Figure 2. Nerve fibers
were stained with rabbit anti-PGP 9.5 IgG and rhodamine anti-rabbit IgG,
and mast cells were stained with FITC-conjugated avidin. Large arrows in A,
B, and F indicate the areas that are depicted at higher magnification in the
insets. In the inset in A, the arrow indicates a nerve profile near the
dermal-epidermal junction, and the two arrowheads indicate two mast cells
in close proximity to a dermal nerve. In the inset in B the two arrows
indicate a nerve profile within the epidermis, and the two arrowheads
indicate nerve profiles within the underlying dermis. In the inset in F, the
arrow indicates a profile of a nerve fiber within the epidermis, and the two
arrowheads indicate profiles of dermal nerves to the left and right of a mast
cell (unlabeled).

Likewise, C57BL/6J-TNF~/~ mice exhibited relatively
weak CHS responses (Figure 2, A and C), even though
the dermis of these mice contained slightly (although not
significantly) higher numbers of mast cells/mm? of dermis
than did the dermis of the corresponding wild-type mice
(Figure 2B). Our results thus confirm, in a different model
of CHS, the findings of Biedermann and colleagues®’
and Suto and colleagues,® indicating that mast cell-
derived TNF can contribute to PMN recruitment during
CHS in the mouse.

Mast Cells and Mast Cell-Derived TNF
Contribute to Nerve Fiber Elongation
in CHS Responses

Next, we assessed the roles of mast cells, and mast
cell-derived TNF, in the elongation of nerve fibers that
occurred during these OX-induced CHS responses. Sec-
tions of ear skin of naive mice, or of ear skin obtained 48
hours after challenge with OX or vehicle, were stained
with both avidin (FITC), to identify mast cells,®® and anti-
PGP 9.5 (rhodamine) antibody or anti-CGRP (rhodamine)

Mast Cell TNF Promotes Nerve Elongation 1717
AJP November 2006, Vol. 169, No. 5

W wr KitW-sh/W-sh . WT BMCMCs
A TNF-  ER KitW-sh/W-sh + TNF”- BMCMCs

[] KitW-sh/W-sh

*x
A 1 B

057 Epidermis +'+_' 0.037

0.4
0.02 T “V
0.3

Epidermis

°
o
s
£
©
o
k] - %
e 02 0.01 T <
E _ 0.1 T
Ew 0-
E®
= +
8§ .
E g 1.5 Dermis LvweLr 087 Dermis LR
riad wx 1
£ 104 L%
2 SR
s a [
1
£ 0.5 19
® &
s s
5 K
0- A
Vehicle [0):¢ Vehicle [0):4
PGP 9.5 CGRP

Figure 4. A and B: The length of PGP 9.5-positive (A) or CGRP-positive (B)
nerve fibers in ears examined 48 hours after hapten cha]lcn% in OX-
sensitized C57BL/6 wild-type (vehicle, n = 5; OX, n = 10), TNF~/~ mice
(vehicle, n = 5; OX, n = 10), mast cell- deficient Kit™="""=" mice (vehicle,
n=75; OX, n = 10), and Kit"**""=" mice that had been selectively repaired
of their mast cell deficiency by the intradermal injection of wild-type or
TNF~/~ BMCMCs (vehicle, n = 5; OX, n = 9 in each group). These mice are
from the same groups shown in Figure 2. Data show the length of nerve
fibers at 48 hours after OX or vehicle challenge in OX-sensitized mice. +, ++
= P <0.05, P<0.01 versus corresponding values for vehicle-treated ears; *,
e = P <0.05, P < 0.01, P < 0.001, P < 0.0001 for the comparisons
indicated by brackets (Student’s rtest, two-tailed).

antibody, to identify CGRP-containing nerves®'->2 (Figure

3, and data not shown), and the lengths of the PGP 9.5
or CGRP™ nerve fibers in the epidermis and dermis were
quantified (Figure 4).

Consistent with our observations about the levels of
ear swelling and neutrophil infiltration in this model of
CHS, we found that the elongation of PGP 9.5% nerve
fibers in the epidermis and dermis that was detectable
at 48 hours after OX challenge in this model of CHS
was significantly decreased in mast cell-deficient Kit"
shw-sh mice and in TNF™/~ mice, compared with the
corresponding values in wild-type mice (Figure 4A).
Values for nerve length at sites of CHS in Kijt"V-shV-sh
mice that had been engrafted with wild-type mast cells,
but not with TNF~/~ mast cells, were significantly
higher than those in the corresponding sites in
mast cell-deficient Kit"Vs""V"s" mice; in the case of the
dermis, levels in wild-type mast cell-engrafted
KitV-sh"W=sh mice were even higher than those in the
wild-type mice (Figure 4A). Similar results were ob-
tained when we quantified CGRP* nerves, although
the differences achieved statistical significance only in
the case of dermal nerves (Figure 4B). These results
indicate that mast cells and mast cell-derived TNF can
contribute significantly to the elongation of nerve fibers
in both the epidermis and the dermis during such
OX-induced CHS responses.
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Figure 5. A: Immunohistochemical staining of PGP 9.5% nerves and mast
cells in the ear pinna dermis 48 hours after hapten challenge in an OX-
sensitized C57BL/6 wild-type mouse. Arrows indicate nerves, and arrow-
heads indicate mast cells. B: Percentage of mast cells in close proximity (<2
um) to nerve fibers in ear pinna dermis 48 hours after hapten or vehicle
challenge in OX-sensitized C57BL/6 wild-type mice (vehicle, n = 5; OX, n =
13), TNF /™ mice (vehicle, n = 5; OX, n = 9), and Kit""*"""* mice (vehicle,
n=5;0X, n=7),and in Kit"""V-" mice that had been selectively repaired
of their mast cell deficiency by the intradermal injection of wild-type or
TNF~/~ BMCMCs (vehicle, n = 5; OX, n = 7 in each group). These mice are
from the same groups shown in Figure 2. Nerve fibers were stained with
rabbit anti-PGP 9.5 IgG and rhodamine anti-rabbit IgG, and mast cells were
stained with rhodamine- and FITC-conjugated avidin. Data in B are the
pooled results from three independent experiments, which gave similar
results. +, ++ = P < 0.05, P < 0.01 versus corresponding values for
vehicle-treated ears; *, **, ** = P < 0.05, P < 0.01 or P < 0.001 for the
comparisons indicated by brackets (Mann-Whitney (-test, two-tailed).

CHS Is Associated with an Increased Frequency
of Close Associations Between Mast Cells and
Nerves

As shown in Figure 5A, we observed close associations
between nerve fibers and mast cells in the dermis at sites
of CHS in wild-type mice. When expressed as the per-
centage of dermal mast cells that occurred within <2 um
of the nearest nerve fiber, we found that the percentage
of mast cells in close proximity with PGP 9.5 and/or
CGRP™ nerve fibers at 48 hours after OX or vehicle
challenge was significantly increased in OX-challenged
wild-type ear skin compared with vehicle-treated wild-
type ear skin (Figure 5B). Notably, Kit"V"s""W=sh mice en-
grafted with wild-type BMCMCs, but not with TNF~/~
BMCMCs, also exhibited a significantly increased fre-
guency of close associations of PGP 9.5" and CGRP*
nerves and mast cells after OX challenge (Figure 5B).
This was true even though the numbers of mast cells/
mm? of dermis were statistically indistinguishable in
the assessed areas of dermis in the wild-type BMCMC-

versus TNF/~ BMCMC-engrafted Kit"” """ mice
(Figure 2B).

Discussion

We have shown that elongation of cutaneous nerves oc-
curs during CHS reactions to OX in mice and that mast
cells, and mast cell-derived TNF, are required for optimal
development of this newly recognized feature of the CHS
response to OX. The effects of mast cells, and mast
cell-derived TNF, in CHS-associated skin nerve elonga-
tion achieved statistical significance for both PGP 9.5*
and CGRP™ nerves in the dermis and for PGP 9.5
nerves in the epidermis. PGP 9.5 reactivity identifies all
cutaneous nerves,®"%¢ whereas only a fraction of such
nerves produce CGRP.5#5¢

Notably, the neuropeptide CGRP can induce degran-
ulation of certain mast cell populations,'® 92 including
dermal mast cells in both humans'® and mice."® Accord-
ingly, CHS in response to OX represents a setting in
which mast cells contribute to the elongation of nerves
that can, in turn, produce a neuropeptide with the capac-
ity to induce functional responses in dermal mast cells.
Together with the evidence that nerve elongation in this
model of CHS is associated with an increased proportion
of dermal mast cells that occur in close proximity to
cutaneous nerves, our findings support the hypothesis
that functional interactions between nerves and mast
cells can contribute to the pathophysiology of some of the
other skin changes associated with CHS. However, ver-
ifying this hypothesis will require studies that can identify
and characterize the effects of functional interactions
between nerves and mast cells in such responses.

To our knowledge, this represents the first evidence
derived from studies of genetically mast cell-deficient
and mast cell-engrafted c-kit mutant mice showing that
mast cells can contribute to nerve elongation in any tis-
sue or disease model. Likewise, our observations are the
first indicating that TNF is required for optimal nerve
elongation in any setting in vivo.

However, it should be noted that the full extent of the
c-kit-dependent differences between wild-type mice
(C57BL/6-Kit™*) and c-kit mutant C57BL/6-Kit"V-sW-sh
mice is not yet completely understood, and some of these
differences may influence nerve development and/or
function. For example, it has been reported that the KIT
ligand, stem cell factor, can induce outgrowth of KIT-
positive neurites and can support the survival of KIT-
positive neurons in the dorsal root ganglia of mouse
embryos.®” Accordingly, it is possible that there are c-kit-
dependent differences between the nerves of wild-type
and C57BL/6-Kit"Vs""s" mjce that are unrelated to the
profound mast cell deficiency of the C57BL/6-Kit"Vs»VW-sh
mice. Nevertheless, our mast cell engraftment studies
show that the abnormalities in nerve elongation observed
during this model of CHS in C57BL/6-Kit"V"S""Vs" mice
can be largely corrected based on the contributions of
adoptively transferred populations of wild-type, but not
TNF-deficient, mast cells.



The mechanism(s) that promotes mast cell TNF pro-
duction in CHS, and which links such mast cell TNF
production with nerve elongation, remains to be fully
defined. However, in speculating about the potential
roles of TNF in this response, it is important to emphasize
that prior work on the effects of TNF on nerve cell biology
has identified apparently paradoxical effects of this cyto-
kine. For example, there is evidence that TNF can either
promote protection or induce death in particular nerve
cells in various physiological and pathological condi-
tions.*3%8 Thus, TNF can enhance, through TNFR1 sig-
naling, the nerve cell apoptosis induced by nerve growth
factor (NGF) deprivation in vitro.*" Yet TNF also can pro-
mote proliferation of nerve cells such as oligodendro-
cytes through TNFR2-dependent, but not TNFR1-depen-
dent, mechanisms,®® as well as protect against nerve cell
apoptosis in vivo.*? Because both TNFR1 and TNFR2 are
expressed on peripheral nerve cells,® it is possible that
mast cell-derived TNF has direct effects on nerves that
can promote their elongation during CHS responses.

On the other hand, TNF also can induce NGF production
by fibroblasts,®® suggesting an indirect mechanism that
may contribute to mast cell- and TNF-dependent nerve
elongation in CHS. We assessed additional potential mech-
anisms by which TNF might enhance NGF production but
found no evidence by ELISA of NGF secretion by naive,
IgE-sensitized, or IgE™ antigen-stimulated mouse BMCMCs
that had been maintained in vitro in the presence of various
concentrations of (rm)TNF for 24 hours (Supplemental Fig-
ure 1A, see http://ajp.amjpathol.org)®® or 48 hours (data not
shown). Moreover, bNGF mRNA was hardly detectable
by RT-PCR in any of the BMCMCs tested (data not
shown). As expected, we detected interleukin-6 produc-
tion by the IgE/antigen-stimulated BMCMCs; however,
the level of interleukin-6 secretion by BMCMCs was not
influenced significantly by rmTNF. These results indicate
that, at least under the in vitro conditions tested, exposure
to TNF does not enhance NGF production by mouse mast
cells. Quite different results were obtained when we
tested keratinocytes derived from mouse ear skin. In
keratinocytes incubated in vitro without TNF, NGF mRNA
expression was below the detection limit by RT-PCR. By
contrast, NGF mRNA expression was markedly in-
creased in keratinocytes after TNF stimulation (Supple-
mental Figure 1B, see http://ajp.amjpathol.org). Based on
these results, we speculate that mast cell-derived TNF
might enhance NGF production by keratinocytes (our in
vitro data), as well as by fibroblasts,®' during CHS re-
sponses and that keratinocyte- and/or fibroblast-derived
NGF may in turn contribute to the nerve elongation ob-
served in this setting.

We found that the frequency of close associations
between nerves and mast cells increased in the dermis of
normal mice or wild-type BMCMC-engrafted C57BL/6-
Kit"V-s""W-sh mice. Studies by others have shown that the
frequency of close associations between mast cells and
nerves can be significantly increased in inflammatory
skin lesions from patients with psoriasis® or palmoplan-
tar pustulosis,®3 as well as in the lesions in atherosclerotic
coronary arteries.®* Whether mast cells can contribute to
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nerve elongation in these conditions, as well as in CHS in
mice, remains to be determined.

However, in these settings, as well as in the CHS
responses to OX analyzed in our study, it is difficult to
exclude the possibility that the increased frequency of
close associations between mast cells and nerve fibers
reflects, at least in part, the increased numbers of nerve
profiles and/or mast cells that can occur in such condi-
tions. We made a similar point in a previous analysis of
the close association of mast cells and nerves that can be
observed in various anatomical sites in the rat: if two
elements (eg, nerves and mast cells) occur together in a
relatively small area, this by itself will favor, by chance
alone, close associations between these two elements.®
For this reason, one should avoid drawing any conclu-
sions about biological significance based on increased
proximity of two elements in the absence of additional
studies that can assess the functional significance of
such increased proximity or that attempt to explain the
association of the two cell types in mechanistic terms.

On the other hand, in wild-type mice, the frequency of
close associations between mast cells and CGRP™
nerves in the dermis at sites of CHS was approximately
fivefold that at the corresponding vehicle-challenged
sites, whereas the ratio of nerve lengths in the same
specimens was ~2:1 (Figures 5B and 4B, respectively).
Because numbers of dermal mast cells increased only
slightly in the CHS reactions in wild-type mice versus the
corresponding values for the vehicle-challenged sites
(Figure 2B), these findings suggest that the CHS-associ-
ated increase in percentage of mast cells in close prox-
imity to CGRP™ nerves in the dermis of wild-type mice
was greater than would have been expected by chance
alone. However, in the case of wild-type BMCMC-en-
grafted C57BL/6-Kit"s""s" mice, the CHS-associated
increase in the percentage of mast cells in close proxim-
ity to CGRP™ nerves in the dermis was approximately in
proportion to the increased length of such nerves asso-
ciated with the CHS responses. Whether the differences
in the findings obtained for dermal mast cell/dermal
CGRP™ nerve associations in the wild-type mice versus
the wild-type BMCMC-engrafted C57BL/6-Kit"V-s""Wsh
mice are biologically significant is not clear.
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