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Abstract
The neuropeptide substance P (SP) is a known inflammatory mediator released from cutaneous
peripheral nerve terminals. SP effects on cellular composition in the cutaneous response to injury
remain unclear. Based on our previous observations about SP effects on wound repair, we
hypothesized that topical SP increases inflammatory cell density infiltration early after injury. A
full thickness 1.5×1.5 cm-square wound was created on the dorsum of 8–9 wk old C57BL/6J-m
+Leprdb mice (db/db). Wounds were treated daily with 300μl of either normal saline (0.9% NaCl)
or 10−9M SP for seven days. Three wounds from each group were harvested at 2,3,7,14, and 28
days. Samples underwent enzymatic digestion and were incubated with fluorescent-labeled
antibodies. Using flow cytometry, cellular content and density for each sample was derived.
Masson Trichrome stained histology specimens were prepared to confirm results. Cell density in
the SP-treated wounds (11.3×107 cells/gram tissue, SD +/−1.5×107) was greater than in NaCl-
treated wounds (7×107 cells/gram tissue, SD +/−2.3×107, p<.05) at day 7 post-wounding.
Substance P significantly increased the density of leukocytes (2.1×107, SD +/−3.6×106 vs.
1.8×107, SD+/−4.9×105, p<.02) 3 days after wounding and the density of macrophages (2.9 ×107,
SD+/−7.5×106 vs. 1.3×107, SD+/−1.4×106, p<.05) 7 days after wounding. There were no
significant differences in endothelial cell, leukocyte or macrophage density at later time points.
Topical SP treatment increases early inflammatory density in the healing wounds of db/db mice.
These data support a role for nerve-mediated inflammation in cutaneous wound repair.
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Introduction
Extensive data suggest that neuropeptides may be involved in normal wound repair
responses. SP is released by unmyelinated cutaneous sensory nerves after noxious
stimuli(1). We have previously localized nerve fibers containing SP in human skin and burn
wounds, particularly near blood vessels and sweat glands(2). Efferent nerve stimulation and
SP release produces local vasodilatation with plasma extravasation in peripheral skin(3,4).
SP induces vascular permeability via nitric oxide production(5) and induces endothelial cell
production of cytokines(6). SP stimulates angiogenesis(7), mast cell release of
histamine(8,9), mitogenesis and migration of keratinocytes, macrophages, T cells, smooth
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muscle cells and fibroblasts(10–12). Further, it recruits macrophages and neutrophils in
vitro(13–15). However, the definitive role of SP in cellular response to injury in the healing
wound remains undefined.

Diabetic wounds remain a profound clinical problem, likely affected by complex factors,
including vascular, immune, neural and biochemical pathways(16). Recently peripheral
neurosensory pathways responsible for wound healing dysfunction have been suggested (6).
Wound healing in diabetic tissues may be negatively affected by diminished
proinflammatory neuropeptides such as substance P (SP). Diabetic skin has been noted to
have decreased nerve numbers (17) and elevated neutral endopeptidase (NEP) activity,
which is known to degrade SP(18). The diabetic murine excisional wound model has been
validated by several investigators as a useful model for studying perturbation of the wound
environment(19,20). We have shown that like human skin, diabetic murine skin has fewer
epidermal nerves than that of non-diabetic littermates, and have correspondingly longer
wound healing times in diabetic mice versus non-diabetic littermates(21). We have also
reported that topical SP(21) and NEP inhibition(22) improve wound repair kinetics in
diabetic mice. However, the specific effects of SP on the cellular composition of healing
wounds are not clear. The role of inflammation in healing diabetic wounds has been
controversial. Whereas some studies report that early inflammation is delayed in murine
diabetic wounds, others report abnormally increased inflammatory responses. Based on our
previous data that inflammation at 72 hours is reduced in diabetic murine wounds(22), we
hypothesized that topical SP increases inflammatory cell infiltration early after injury.

Methods and Materials
All animal work was in accordance with IACUC guidelines and approved by the Animal
Care Committee of the University of Washington, Seattle, WA. Genetically diabetic male
C57BL/KsJ-m+/+ Leprdb mice were purchased (Jackson Laboratories; Bar Harbor, ME) and
acclimated to vivarium conditions for two weeks. Wounding was performed as previously
described(21,23). Mice (8–9wk old) were anesthetized with intraperitoneal injection of
ketamine (150 mg/kg, Phoenix Pharmaceuticals, Inc., St. Joseph, MO) and xylazine (10mg/
kg; Phoenix Pharmaceuticals, Inc., St. Joseph, MO). Dorsal hair was shaved and a depilatory
agent (Nair, Carter Wallace, Inc., NY) was applied for 30 seconds. The skin was cleaned
using 70% alcohol. A full-thickness, dorsal, 1.5×1.5 cm square dorsal full thickness
excisional wound was created using a scalpel through the panniculous carnosus muscle.
Wounds were tattooed 2 mm from each of four corners to mark the original wound margins
and covered with a semi-occlusive dressing (Tegaderm, 3M, MN), adhered to the skin with
use of a liquid adhesive spray (Mastisol, Ferndale Laboratories, MI). Mice were randomly
assigned to treatment with 300 microliters of either 0.9% normal saline (NaCl) or 10−9M SP
daily for seven days (day 0–6). Treatment was performed using a 30 gauge needle injection
through the dressing, so as to prevent dressing changes. Following euthanasia, wounds from
three mice in each group were harvested at 2,3,7,14 and 28 days. Wounds were harvested
sharply with a 5mm margin around the wound bed dissecting down to the deep fascia.

In order to quantify cellular response to injury at the wound site, we used tissue dispersion
followed by flow cytometry, which has been validated as a reliable cell quantification
technique by comparison with immunohistochemical results (23). Briefly, tissue samples
were weighed and minced to 2mm2 sections at 4°C. Following overnight incubation at 4°C
in dispase solution [5mL/g tissue; HBSS containing 1mg/mL dispase I (Roche Molecular
Biochemicals, Indianapolis, IN), 3% heat-inactivated fetal calf serum, 1:100 penicillin/
streptomycin solution (Sigma, St. Louis, MO)], the tissue was further minced to smaller
sections and placed in hyaluronidase solution [20mL/g tissue; RPMI containing
hyaluronidase I (1mg/mL, Sigma, St. Louis, MO), collagenase D (1mg/mL, Roche
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Molecular Biochemicals, Indianapolis, IN), DNAase (150μ/mL, New England Biolabs,
Beverly, MA), 1:100 penicillin/streptomycin solution (Sigma)] in a shaking water bath at
37°C for 2 hours. The dispersed tissue was agitated vigorously with a pipette and passed
through a 70-μm nylon cell strainer (Sigma, St. Louis, MO) along with the dispase solutions.
Samples were centrifuged at 900xg for 10 minutes at 4°C. Cells were re-suspended in 2mL
buffer (PBS with 2% heat-inactivated fetal calf serum, 0.1% sodium azide) and a manual
cell count, using trypan blue, was performed on each sample to exclude nonviable cells.
Cells (106 cells/μL) were incubated with rat anti-mouse CD16 antibody (BD Biosciences,
San Jose, CA) at 4°C for 30 minutes to minimize nonspecific staining of leukocyte Fc
receptors.

Aliquots of 106 cells were incubated with 2bl FITC-labeled antibodies (F4/80 for
macrophages, CD45 for leukocytes; CD31 for endothelial cells and rabbit IgG for controls;
1 μg/106 cells; BD Biosciences) for one hour at 4°C. The cells were washed with 1 mL PBS,
fixed with 1% paraformaldehyde, and stored in the dark at 4°C until flow cytometry
analysis. FACScan (BD Biosciences) and WinMDI software version 2.8 were used for
analysis; excitation was at 488nm and fluorescence was detected at 530nm. Percent cellular
content and density for each sample was derived after subtraction of Ig control staining.

The data were standardized to tissue sample weight and reported as cells per gram of tissue.
Each sample was assayed in triplicate. The results were analyzed by one-way ANOVA and
probability values less than 0.05 were accepted as statistically significant. The standard
deviation was calculated for each comparison and indicated in the figures using error bars.

For confirmation, wounds harvested from db/db mice after treatment with SP or NaCl
according to the protocol described above were also prepared for histology to examine
inflammatory cell infiltrate. Wounds were fixed in neutral buffered formalin, embedded in
paraffin, and processed for conventional histology using Masson’s Trichrome stain. Given
the increased inflammatory cell density by flow cytometry at day 3, we selected wounds at
day 3 for histologic comparison.

Results
None of the 1.5 × 1.5 cm dorsal wounds had completely healed at day 28. Cell density in
SP-treated wounds (5.2 × 107 cells/gram tissue) was increased on day 3 compared to NaCl-
treated wounds (2.7 × 107 cells/gram tissue), but data only approached significance (p=.06).
By post wounding day 7, cell density in all wounds increased (Figure 1), but more so in SP-
treated wounds (11.3 × 107 cells/gram tissue, SD +/−1.5×107) than in NaCl-treated wounds
(7 × 107 cells/gram of tissue, SD +/−2.3×107, p<.05). This trend in cell density decreased
after day 7.

Substance P increased the density of leukocytes at all time points post-wounding (Figure 2)
compared to NaCl. The effect was greatest on post wounding day 3 when the leukocyte
count in SP-treated wounds (2.1 × 107 cells/gram tissue, SD +/−3.6×106) was statistically
greater than NaCl treated wounds (1.8×107, SD+/−4.9×105, p<.02). In the SP-treated
wounds, leukocyte number peaked at day 7 but remained elevated until day 28, when the
study ended.

The density of macrophages was also increased in SP-treated wounds at all time points
(Figure 3). This difference was statistically significant at day 7 in SP-treated wounds (2.9 ×
107 cells/gram tissue, SD+/−7.5×106) compared to NaCl treated wounds (1.3×107 cells/
gram tissue, SD+/−1.4×106, p<.05).
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Endothelial cell density increased to the highest levels in both groups at day 7 and 14, but
there was a lack of any significant difference between SP and NaCl-treated wounds (Figure
4) suggesting that endothelial density was not affected by topical SP therapy.

Histology specimens taken at post wounding day 3 showed a marked increased in
inflammatory cell infiltrate in SP treated wounds compared with NaCl treated wounds
(Figure 5a and 5b). These histology results support our flow cytometry observations.

Discussion
Genetically mutant diabetic (C57BL/KsJ-db/db) mice exhibit typical characteristics of type
2 diabetes, including obesity, insulin resistance, hyperglycemia, and peripheral
neuropathy(24). They have been reported to have a delayed inflammatory response to injury
compared to non-diabetic littermates(20). Sensory nerve and neuropeptide depletion in
diabetes mellitus is well documented(25,26). We have previously reported that topical SP
restores wound repair kinetics in diabetic C57BL/KsJ-db/db murine wounds(21). We now
demonstrate that topical substance P increases overall cell density in the diabetic healing
wound early after cutaneous injury. Temporally, this proinflammatory effect corresponds
with known sequences of inflammatory cell migration in healing wounds, with leukocytes
marginating into tissue first followed by macrophages. Since SP-induced migration of in
vitro inflammatory cells has been documented(13–15) and SP has been shown to up-regulate
IL-8 in several cell types(6), our data suggest that SP effects on wound healing kinetics may
relate to its ability to increase early inflammation. It is not clear whether SP-induced
inflammatory cell recruitment is due to its ability to increase capillary permeability(4) and
up-regulation of endothelial cell adhesion molecules(27) or to direct chemoattractant effect
on the inflammatory cells themselves. It is also possible that SP-induced effects are a result
of macrophage activation. Macrophage activation has been studied for decades as a known
mediator of inflammatory process(28,29). Further mechanistic evaluation of the role of
substance P in inflammatory cellular responses to injury is warranted.

Cell dispersion with flow cytometric analysis provides an opportunity to quantify specific
cells in wounds rather than counting cells in stained tissue sections. Wilson and colleagues
reported a cell loss rate of 9–11% with this technique raising the potential that cell loss may
be differential with some cell types dissociating more or less readily from the surrounding
matrix(23). Whereas, this could be a concern for quantifying absolute counts, the rate of cell
loss should be comparable between wounds from different treatment groups. However, we
agree that flow cytometry counts are best interpreted as relative rather than absolute, and
that further optimization of the protocol could be tailored to each individual cell type for
more accurate absolute cell counts. Furthermore, in their study the investigators correlated
the flow cytometry results with cell counts in immunostained tissue sections suggesting that
the flow cytometry results are reliable. Our results correspond well with known temporal
dynamics of leukocyte and macrophage migration(30,31). In order to verify our results, we
used histology to confirm the increase in inflammatory cells in SP and NaCl-treated diabetic
wounds on post-wounding day 3. As with the flow cytometry results, histology specimens
demonstrate increased inflammatory cell density in SP-treated wounds compared with NaCl
treated wounds at day 3. These results correlate with prior studies in which we found that
inhibition of the metallopeptidase neutral endopeptidase, a SP-degrading enzyme, had a
maximal effect on inflammation on post wounding day 3(22). Therefore, we propose that
tissue dispersion with flow cytometry provides excellent methodology for quantifying
cellular responses to cutaneous injury.

In designing studies of topically applied mediators to wound surfaces, a realistic aim should
be to restore physiologic concentrations to the site of injury. Our group has previously
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reported that uninjured human skin has 1698 picograms (pg) of SP per gram of tissue, and
that burned skin contains 958 pg SP per gram of tissue(32). Since the average weight of our
diabetic murine wounds was 0.3 grams we extrapolate that normal human skin of this size
would contain 509 pg of SP. Our group has previously demonstrated that topical
administration of 10−9 M SP improves wound healing kinetics in diabetic mice(21). In this
study we delivered approximately 405 pg of SP (300μl of 10−9 M SP) per day to each
wound. Thus, we have applied a low-physiologic daily concentration of SP to the wound
environs. Whether or not supra-physiologic concentrations of substance P would have more
dramatic effects on cell recruitment into the diabetic wound site has not been demonstrated.
As with all mediators, increasing SP concentration alone may not be sufficient to modulate
inflammatory effects. Our studies demonstrating increased cellular NEP activity in
endothelial cells with elevated glucose and fatty acid levels seen in type 2 diabetes(33) and
improved wound healing kinetics with NEP inhibition(22) suggest that neutral
endopeptidase inhibition may enhance exogenous SP modulation of in vivo cellular
responses to cutaneous injury.

Conclusion
Topical SP treatment increases early leukocyte and macrophage density in healing wounds
of db/db mice. These data support a role for neuroinflammatory responses to injury in
cutaneous wound repair. Manipulation of the neurogenic inflammatory axis to increase the
local cutaneous substance P concentration may have potential therapeutic benefits for
patients with diabetic neuropathic wounds.
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Figure 1.
Overall cell density (# cells/gram of wound tissue) is described in the y axis of the graph
below. This represents the number of cells quantified per gram of tissue harvested. Cell
density is compared in cutaneous wounds following treatment with substance P (10−9M) or
NaCl. Cell density is transiently increased on days 3 and 7 following injury compared to
normal saline treatment, with day 7 reaching statistical significance (p<0.05). “Day 0”
represents the skin harvested during the wounding, with neither SP nor NaCl treatment.
N=36 for this experiment. Error bars represent standard deviation.
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Figure 2.
Leukocyte density was increased at all time points in cutaneous wounds treated with
substance P (10−9M) compared to NaCl. A statistically significant difference was observed
at day 3 (p<0.05). N=36 for this experiment. Error bars represent standard deviation.
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Figure 3.
Macrophage density was higher in cutaneous wounds following treatment with substance P
(10−9M) compared to normal saline treated wounds at all time points. A statistically
significant difference was observed at day 7 (p<0.05). N=36 for this experiment. Error bars
represent standard deviation.
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Figure 4.
Endothelial cell density increased on day 7 and 14 in both substance P-treated and saline-
treated wounds. No statistically significant differences were identified at any time points.
N=36 for this experiment. Error bars represent standard deviation.
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Figure 5.
Figure 5a and 5b. Histology at day 3 in SP-treated wounds (5a) revealed a marked
inflammatory cell infiltrate when compared with NaCl treated wounds (5b), confirming the
flow cytometry results. Note that the magnification bar in the lower right is equal to 100
microns.
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