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Abstract
Sensory neurons innervating the skin can release neuropeptides that are believed to modulate
cellular proliferation, wound healing, pigmentation, and keratinocyte innate immune responses.
While the ability of neuropeptides to stimulate keratinocyte production of inflammatory mediators
has been demonstrated, there is no information concerning the mechanism(s) by which
neuropeptide activation of keratinocyte cell surface receptors ultimately leads to the up-regulation
of mediator production. In this study we used a keratinocyte cell line to identify the presence of
substance P (SP) and calcitonin gene-related peptide (CGRP) receptors on keratinocytes and
examined the effects of SP and CGRP stimulation on keratinocyte neuropeptide signaling, cell
proliferation, and interleukin-1β (IL-1), interleukin-6 (IL-6), tumor necrosis factor α (TNF), and
nerve growth factor (NGF) expression. Neuropeptide stimulation caused an up-regulation of
neuropeptide receptor expression in keratinocytes and a dramatic increase in keratinocyte
secretion of SP and CGRP, suggesting possible autocrine or paracrine stimulatory effects and
amplification of neuropeptide signaling. Both SP and CGRP concentration-dependently stimulated
cellular proliferation and the expression and secretion of inflammatory cytokines and NGF in
keratinocytes. SP also activated all 3 families of mitogen activated protein kinases (MAPK) and
nuclear factor κB (NFκB) in keratinocytes, while CGRP only activated p38 and extracellular
signal related kinases1/2 (ERK1/2) MAPK. Neuropeptide stimulated inflammatory mediatory
production in keratinocytes was reversed by ERK1/2 and JNK inhibitors. The current study is the
first to observe; 1) that CGRP stimulates keratinocyte expression of CGRP and its receptor
complex, 2) that SP and CGRP stimulate of IL-6 and TNF secretion in keratinocytes, 3) that SP
activated all three MAPK families and the NFκB transcriptional signaling pathway in
keratinocytes, and 4) that SP and CGRP stimulated inflammatory mediator production in
keratinocytes is dependent on ERK1/2 and JNK activation. These studies provide evidence
suggesting that disruption of ERK1/2 and JNK signaling may potentially be an effective therapy
for inflammatory skin diseases and pain syndromes mediated by exaggerated sensory neuron-
keratinocyte signaling.
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1. Introduction
Skin is densely innervated by sensory neurons that express and release neuropeptides such
as substance P (SP) and calcitonin gene-related peptide (CGRP), thereby modulating cellular
proliferation, wound healing, and pigmentation in the skin[1, 2]. Substance P and CGRP
signaling can also stimulate keratinocytes to produce inflammatory mediators such as
interleukin-1β (IL-1) and nerve growth factor (NGF) [3-5], and it has been proposed that up-
regulated keratinocyte expression of inflammatory mediators such as IL-1, interleukin-6
(IL-6), tumor necrosis factor α (TNF), and NGF contribute to the development of psoriasis,
atopic dermatitis, contact dematitis, post-incisional pain, and complex regional pain
syndrome (CRPS) [2, 6-9]. Furthermore, these conditions are associated with the
proliferation of cutaneous neuropeptide containing sensory neurons and neuropetide
receptors, as well as exaggerated neurogenic inflammatory signaling in the affected skin,
data suggesting that dysregulated neurocutaneous signaling could cause over-stimulation of
the keratinocyte innate immune responses mediating these disease processes [2, 10, 11].

While the ability of neuropeptides to stimulate keratinocyte production of inflammatory
mediators has been demonstrated, there is no information concerning the mechanism(s) by
which neuropeptide activation of keratinocyte cell surface receptors ultimately leads to the
up-regulation of mediator production. In other cell types SP can induce the phosphorylation
of members of the mitogen activated protein kinases (MAPK) family (the extracellular
signal related kinases (ERK1/2) and p38) and activate NF-κB. These MAPKs are activated
by extracellular stimuli triggering a phosphorylation cascade resulting in nuclear
transcription factor activation and inflammatory protein expression. Specific inhibitors of
the MAPK signaling pathways have been reported to inhibit SP induced NF-κB activation
and chemokine production in macrophages [12], inhibit SP induced IL-6 production in
astrocytoma cells [13] and dental pulp cells [14], block SP induced TNF expression in mast
cells [15], and prevent SP induced TNF production in human skin slices [16]. NF-κB is a
“rapid-acting” transcription factor that is normally sequestered in an inactive state in the cell
cytoplasm, but when stimulated the p50-p65 NF-κB heterodimer is rapidly translocated
from the cytoplasm to the nucleus where the p65 NF-κB subunit induces the expression of
specific genes involved in inflammation and innate immunity, cell proliferation, response to
stress, and apoptosis. Inhibition of NF-κB activation has been reported to block SP induced
TNF and IL6 production in mast cells [17]. Furthermore, CGRP has been reported to
activate MAPK signaling in keratinocytes [18]. Collectively, these results suggest that the
MAPK and NF-κB pathways could be involved in the transcriptional regulation of cytokine
and NGF over-expression in SP and CGRP stimulated keratinocytes.

In the present study we first attempted to determine whether the neuropeptides SP and
CGRP, could amplify their own neurocutaneous signal by up-regulating expression of their
receptors or even by stimulating keratinocyte expression of these neuropeptides. We also
evaluated the stimulatory effects of SP and CGRP signaling on keratinocyte proliferation,
and the expression and secretion of proinflammatory cytokines and NGF. We went on to
evaluate the roles of the MAPK and NF-κB signaling pathways in supporting neuropeptide
stimulated inflammatory mediator responses.
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2. Materials and Methods
2.1 Cell Culture

The rat epidermal keratinocyte cell line [19-23] was generously provided by Dr. Howard
Baden (Massachussetts General Hospital, Boston, MA) and cultured as we have previously
described [5]. In brief, cells were plated at 1X104 cells per 60mm dish and were cultured in
Dulbecco's modified Eagle's medium (DMEM, Invitrogen), supplemented with 10% fetal
bovine serum (FBS), 1% penicillin-streptomycin, 0.4 ug/mL hydrocortisone, and 0.75 mM
aminoguanidine. On reaching approximately 80% confluence, the cells were starved with
the above culture medium supplemented with only 1% FBS overnight. Cells were then
washed twice with fresh DMEM before the addition of SP or CGRP (Sigma) and various
cell-permeable intracellular signaling inhibitors (SN50, which blocks NFkB nuclear
translocation; PD98059, a selective upstream inhibitor of ERK1/2 MAPK phosphorylation;
SB203580, a selective inhibitor of p38 MAPK phosphorylation; and SP600125, a selective
inhibitor of c-Jun N-terminal kinases (JNK) phosphorylation (all inhibitors from Sigma)). In
other experiments the SP NK1 receptor antagonist LY303870 (Lilly) or the CGRP receptor
antagonist CCRP8-37 (Sigma) were added with their respective agonists.

2.2 Keratinocyte proliferation assay
Proliferation of the cultured cells was assessed by 5-bromo-2’-deoxy-uridine (BrdU)
labeling. The keratinocytes were plated in 96 well microplates at a density of 3000 cells per
well and cultured overnight. Cells were washed twice with phosphate-buffered saline and
the medium was replaced with DMEM containing 1% bovine serum albumin (Sigma)
supplemented with SP or CGRP in various concentrations. The cells were then incubated for
24 h and 100μM of BrdU was added to the culture medium 4 h prior to performing the BrdU
assay. Incorporation of BrdU was determined using a cell proliferating ELISA kit (Roche)
according to the manufacturer's instructions. All results were confirmed by repeating the
experiment 3 times.

2.3 Immunofluorescence confocal microscopy
For antibody staining, cells cultured on cover slips were washed in phosphate-buffered
saline (PBS), fixed in 4% paraformaldehyde for 20 minutes at room temperature and then
permeabilized with ice-cold ethanol for 5 minutes. The keratinocytes were incubated with
5% FBS plus 1% bovine serum albumin at room temperature for 1h to reduce background
staining, then treated with primary antibodies against the mouse SP neurokinin 1 receptor
(NK1, 1:50, SC14115, Santa Cruz Biotechnology) and the CGRP receptor dimer complex of
the calcitonin receptor-like receptor (CRLR, 1:50, SC31569, Santa Cruz Biotechnology) and
the receptor activity-modifying protein (RAMP1, 1:50, SC11379, Santa Cruz
Biotechnology) for overnight at 4°C. Cells were then treated with the Cy3-conjugated
secondary antibodies (Jackson ImmunoResearch Laboratories) in 1:450 dilution for 1h at
room temperature. Control slides were stained with just the secondary antibody alone.
Immunostained cells were visualized with a Zeiss LSM 510 META laser scanning confocal
microscope and the confocal software was used for acquisition of the data and merging of
the digital images.

2.4 Quantitative real time PCR
Three hours after neuropeptide treatment the total RNA from keratinocytes grown in 60mm
culture dishes was extracted, the cDNA was synthesized, and real time PCR reactions were
conducted as we have previously described [5]. The primer sequences used in these
experiments are listed in Table 1. The data from real time PCR experiments were analyzed
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by the comparative CT method as described in the manufacturer's manual. All results were
confirmed by repeating the experiment 3 times.

2.5 Cytokine and NGF levels
At 24 hours after adding neuropeptide to the culture medium the inflammatory mediators
secreted by the keratinocytes were assayed from the conditioned cell culture medium in
duplicate using TNF, IL-1 and IL-6 ELISA kits (R&D Systems) and a ChemiKine NGF
ELISA kit (Millipore) according to the manufacturer's instructions. All results were
confirmed by repeating the experiment 3-4 times.

2.6 SP and CGRP levels
At 3 hours after adding neuropeptide to the culture medium the medium was removed and
the keratinocytes were washed 3 times with fresh medium, then the cells were placed in
fresh cell culture medium for another 21 hours. After 21 hours the neuropeptides secreted by
the keratinocytes were assayed from the cell culture medium in duplicate using SP and
CGRP ELISA kits (Cayman Chemical) according to the manufacturer's instructions. All
results were confirmed by repeating the experiment 3-4 times.

2.7 Western blot
Western blot analysis was performed as previously described[5]. At 24 hours after
neuropeptide treatment the keratinocytes were harvested and homogenized. Equal amounts
of cell protein were size fractionated by sodium dodecyl sulfate/polyacrylamide (SDS-
PAGE) gel electrophoresis and transferred onto a polyvinylidene difluorided membrane. The
blot was blocked for overnight in 5% non-fat dry milk in Tris-buffered saline with 0.5%
Tween-20 (TBST), and incubated at 4°C for 24h with primary antibody for detecting
NK1(1:500), CRLR(1:5000) (Santa Cruz Biotechnology), RAMP1(1:5000) (Novus
Biologicals), total p38 (1:1000), phosphorylated p38 (1:1000) (Cell Signaling Technology),
total ERK1/2 (1:10000), phosphorylated ERK1/2 (1:200), total JNK(1:200) (Santa Cruz
Biotechnology), phosphorylated JNK(1:500) (Cell Signaling Technology), or mouse NF-κB
p65 (1:200) (Santa Cruz Biotechnology). For western blot analysis of NF-κB p65, the
nuclear extract was prepared as we have previously described[24]. After washing in TBST,
the blots were incubated in horseradish peroxidase conjugated anti-rabbit or anti-mouse
antibody (1:5000)(Santa Cruz Biotechnology) for 1h at room temperature. The membrane
was then washed again and exposed to film following chemiluminescence reagent treatment
with the ECL plus western blotting reagents (Amersham). Bands were quantified using
densitometry of digitalized images. Each blot was then stripped and re-probed with anti-β-
actin antibodies, thus allowing normalization of expression between samples. The results of
all assays were confirmed by repeating the experiment 3-4 times.

2.8 Statistical analysis
Statistical analysis was done using Prism 4.02 (GraphPad Software). All data was evaluated
using an analysis of variance (ANOVA) followed by Bonferroni post hoc testing. Data are
presented as the mean ± standard error of the mean (SEM) and P< 0.05 was considered
statistically significant.

3. Results
3.1 Exaggerated neuropeptide signaling in keratinocytes exposed to neuropeptides

The stimulatory effects of SP and CGRP on neuropeptide signaling were tested in an
epidermal keratinocyte cell line. Figure 1A illustrates that SP NK1 receptors are expressed
on both the cell membrane and to a degree in the cytoplasm. Furthermore, SP treatment
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stimulated keratinocyte NK1 receptor expression at both the mRNA (TACR1 gene, Fig. 1B)
and protein level, as measured by western immunoblot assay (Fig. 1C). Evidence that SP
stimulation of NK1 receptor expression was mediated by MAPK ERK1/2 phosphorylation
was obtained using the selective ERK1/2 antagonist PD98059, which concentration-
dependently inhibited SP (10−8M) stimulation of TACR1 mRNA in keratinocytes (complete
inhibition at 30 uM, data not shown). Substance P treatment also induced SP TAC1 gene up-
regulation in cultured keratinocytes (Fig. 1D) and evoked a dramatic increase in keratinocyte
SP secretion into the culture media (Fig. 1E). Adding SP to the keratinocyte culture media
for 3 hours increased the secretion of SP 15-fold over the ensuing 21 hours, compared to the
low basal levels of SP observed prior to stimulation. Substance P treatment also increased
keratinocyte CGRP gene expression (CALCA and CALCB, Figs. 1 E,F), but had no effect
on CGRP protein secretion into culture media (Fig. 1H). These data suggest that SP
stimulated keratinocytes could secrete significant levels of SP capable of inducing further
autocrine or paracrine keratinocyte activation with subsequent pro-inflammatory effects in
the skin.

The CGRP receptor CRLR and its receptor activity-modifying protein RAMP1 were co-
expressed on the keratinocyte cell membrane (Fig. 2A-C). CGRP treatment stimulated
keratinocyte CLRL gene expression (Fig. 2D, CALCRL), but had no effect on CLRL
protein levels (Fig. 2F). CGRP treatment did not stimulate keratinocyte RAMP1 gene
expression (Fig. 2E), but did increase RAMP1 protein levels (Fig. 2F). The addition of
CGRP to keratinocyte cell cultures did not increase SP expression at the mRNA level
(TAC1, Fig. 2G) or protein level (Fig. 2H). In sensory nerves there are actually two different
calcitonin gene-related peptides, the αCGRP peptide, which is generated by alternative
splicing of the calcitonin gene CALCA, and βCGRP, which is derived from a separate gene,
termed CALCB. The sequence homology between αCGRP and βCGRP is over 90% and
they both activate the same CGRP receptor complex. CGRP did stimulate expression of the
CALCA gene, but not the CALCB gene (Fig. 2I,J). Three hours of CGRP treatment caused a
44-fold increase in keratinocyte CGRP secretion over the ensuing 21 hours, relative to the
low basal levels of CGRP observed without stimulation (Fig. 2K). These results support the
hypothesis that CGRP stimulated keratinocytes release additional CGRP that acts in an
autocrine or paracrine fashion, causes further keratinocyte activation with subsequent
cutaneous inflammation.

3.2 Neuropeptide stimulation of keratinocyte proliferation and inflammatory mediator
expression

Using BrdU incorporation as an index of keratinocyte cell growth, both SP and CGRP
concentration-dependently stimulated BrdU incorporation into keratinocytes (Fig. 3).
Furthermore, both neuropeptides concentration-dependently stimulated TNF, IL-1, IL-6 and
NGF inflammatory mediator expression in keratinocytes at the gene and protein levels (Figs.
4,5). LY303870, a selective SP NK1 receptor antagonist [25, 26], potently and
concentration-dependently reduced SP (10−8M)-stimulated inflammatory mediator
production, evidence that NK1 receptor activation accounts for the SP pro-inflammatory
effects (Fig. 6A-D). CGRP8-37, a selective CGRP receptor antagonist, also concentration-
dependently inhibited CGRP induced TNF, IL-1, IL-6 gene expression in keratinocytes, but
had no effect on CGRP stimulated NGF gene expression, indicating that CGRP receptor
activation is required for CGRP (10-8M) stimulatory effects on keratinocyte cytokine
production (Fig. 6E-H).

3.3 Neuropeptide activation of keratinocyte inflammatory mediator transcription pathways
Next we focused on intracellular signaling pathways potentially linking SP induced NK-1
receptor activation to cytokine and NGF production. Figure 7A illustrates that SP (10−8M)
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caused rapid NF-κB p65 activation and nuclear translocation in keratinocytes. Under the
same conditions, however, the addition of the NF-κB inhibitor SN50 had relatively little
effect on SP stimulation of cytokine or NGF production (Fig. 8A-D). The same
concentration of SN50 (50 ug/ml) that was ineffective in blocking SP stimulation of
cytokine and NGF expression completely blocked SP stimulated NF-κB p65 nuclear
translocation (data not shown), suggesting that other transcription pathways are responsible
for SP induced inflammatory mediator expression. Possible pro-inflammatory roles for
components of the MAPK signaling systems were also investigated. SP rapidly, but
transiently caused the phosphorylation of p38 MAPK in keratinocytes (Fig. 7C). The
selective p38 inhibitor SB203580 failed to reduce SP-induced cytokine and NGF
production, suggesting the involvement of other protein kinases or even signaling pathways
were involved in SP pro-inflammatory effects (Fig. 9A-D). SP also caused rapid and
prolonged phosphorylation of the ERK kinases in keratinocytes (Fig.7E). Moreover, co-
incubation of keratinocyte cell cultures with SP and the selective ERK inhibitor PD989059
concentration-dependently reversed SP-induced cytokine and NGF up-regulation (Fig. 10A-
D). At the highest dose of inhibitor (30uM), SP (10−8M) stimulatory effects on TNF, IL-1,
and NGF expression were completely blocked and stimulation of IL-6 was reduced by 41%.
SP also induced moderate and prolonged phosphorylation of the JNK MAPK (Fig. 7G), and
the JNK inhibitor SP600125 completely reversed SP-induced cytokine and NGF production
in keratinocytes (Fig. 11).

We also attempted to identify the intracellular signaling pathways in mediating CGRP-
induced cytokine and NGF production in keratinocytes. CRGP failed to induce NF-kB
activation or nuclear translocation (Fig. 7B). There was a modest and transient CGRP
phosphorylation effect on p38 MAPK (Fig. 7D), but the selective p38 inhibitor SB203580
failed to significantly reduce CGRP-induced cytokine or NGF production, except for IL-6
expression, which was completely inhibited (Fig. 9E-H). CGRP also induced moderate and
prolonged phosphorylation the ERK kinases in keratinocytes (Fig.7F) and co-incubation of
keratinocyte cell cultures with CGRP and the selective ERK inhibitor PD989059 reversed
CGRP-induced cytokine and NGF up-regulation, except for IL-1 (Fig. 10E-H). PD98059
treatment only partially reversed CGRP stimulatory effects on IL-6 expression (Fig. 10G).
CGRP treatment had no effect on JNK MAPK phosphorylation in keratinocytes (Fig. 7H).

4. Discussion
Figures 1 and 2 illustrate that under normal culture conditions keratinocytes synthesized and
secreted low levels of the neurotransmitters SP and CGRP and expressed their cognate
receptors. Furthermore, physiologic concentrations these neuropeptides stimulated
keratinocyte expression of the SP and CGRP receptors, and dramatically increase
keratinocyte secretion of SP and CGRP. Keratinocyte secreted neuropeptides could have
autocrine or paracrine stimulatory effects, potentially amplifying neuropeptide-keratinocyte
signaling and innate immune responses in the skin. These findings are supported by previous
reports that SP (10−8M), and much less potently CGRP (10−8M), can stimulate SP
expression and secretion in human keratinocytes [27]. In addition, it has been reported that
keratinocytes express the SP NK1 receptor and that exposure to SP can increase the
expression of NK1 receptors [28], although another group of investigators failed to observe
this effect [29]. A recent study also observed CGRP expression in keratinocytes, both in
vivo and in vitro, with increased keratinocyte CGRP expression in various rodent pain
models and in postherpetic neuralgia and CRPS patient skin [30]. These investigators also
identified mRNA for the CGRP receptor complex in keratinocyte cell cultures. The current
study is the first to observe that CGRP dramatically stimulates keratinocyte expression and
secretion of CGRP (Fig. 2I, J, K). We also observed that CGRP treatment modestly
stimulated protein expression of the RAMP1 component of the CGRP receptor complex in
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keratinocytes (Fig. 2F), despite the lack of CGRP effect on keratinocyte RAMP1 mRNA
levels (Fig. 2E). These results are in agreement with another recent study that failed to
observe any CGRP stimulatory effects on mRNA levels for RAMP1 in keratinocytes [29].

Another finding of the current study was that both SP and CGRP concentration-dependently
increased keratinocyte proliferation (Fig. 3), confirming previous reports that SP and CGRP
stimulated cell proliferation in human and mouse keratinocyte cell lines [18, 29, 31, 32].
Furthermore, we observed that both SP and CGRP concentration-dependently stimulated
keratinocyte IL-1, IL-6, TNF, and NGF expression and secretion (Figs. 4, 5). The bell
shaped concentration-response curves observed for inflammatory mediator protein
expression after treatment with the highest neuropeptide concentrations tested (10−7M, Fig.
5, and 10−6M, data not shown) may be attributable to receptor desensitization,
internalization, uncoupling, or depletion of second messenger [33]. Maximal stimulatory
effects on inflammatory mediator expression occurred at neuropeptide concentrations of
10−9 to 10−8M, similar to the SP (3.5 × 10−9M) and CGRP (1.0 × 10−8M) concentrations we
observed in rat hindpaw skin using EIA assays (data not shown). The stimulatory effects of
SP and CGRP on inflammatory mediator expression in keratinocytes were blocked by the
selective NK1 receptor antagonist LY303870 and the selective CGRP receptor antagonist
CGRP8-37, respectively (Fig. 6), indicating that neuropeptide induction of innate immune
responses in keratinocytes required cell surface receptor activation. The results of the current
study are novel with regards to SP and CGRP stimulation of IL-6 and TNF secretion in
keratinocytes, and the IL-1 and NGF findings are consistent with previous reports from both
our lab and from other groups that physiologic concentrations of SP and CGRP can
stimulate IL-1 and NGF expression and secretion in human and rat keratinocytes [3-5].

One concern about the current study is that these experiments examined neuropeptide
stimulation of a homogenous population of keratinocytes in a similar state of differentiation,
as opposed to in vivo conditions in which there is a heterogeneous keratinocyte population
distributed in the various layers of the epidermis. Our current in vitro results are in
agreement with our previous in vivo findings that intradermal SP injection induced up-
regulated epidermal keratinocyte expression of IL-1, IL-6, TNF, and NGF inflammatory
proteins [34]. We have also previously demonstrated that post-traumatic up-regulated
keratinocyte NGF expression stimulated sensory neurons to express and release SP and
CGRP into the skin, further stimulating keratinocyte inflammatory mediator expression [8,
35-37]. Dysregulated neuropeptide-keratinocyte signaling caused by exaggerated
keratinocyte neuropeptide and NGF expression could contribute to the development of
inflammatory skin diseases and pain syndromes, thus it is physiologically important to
maintain homeostasis in neural control of skin function. Amplified neuropeptide-
keratinocyte signaling may be negatively regulated by the peripheral release of sensory
neuropeptides such as vasoactive intestinal peptide (VIP), pituitary adenylate cyclase-
activating peptide (PACAP), and somatostatin, all of which exhibit anti-inflammatory
effects in various types of immune cells [2].

The MAPK signaling system has been implicated in promoting IL-1, IL-6, and TNF
cytokine production in many tissues, including sunburned skin [38-40]. Strong evidence also
links inflammatory activation of the NF-κB system to cytokine production in various types
of cells [41, 42]. While no prior studies have looked at SP activation of MAPK or NFκB
transcription pathways in keratinocytes, CGRP activation of the three principle MAPK
families in keratinocytes has been previously reported [18]. The current study demonstrates
that SP stimulation of keratinocytes activated all three MAPK families and the NFκB
transcriptional signaling pathway, both novel findings (Fig. 7). CGRP had a much weaker
stimulatory effect on P38 and ERK1/2 activation in keratinocytes, and no effect on JNK
phosphorylation or NF-κB nuclear translocation (Fig. 7). SP stimulated keratinocyte
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inflammatory mediator production was blocked by a selective ERK1/2 inhibitor (Fig. 10)
and by a selective JNK inhibitor (Fig. 11), but not by a p38 MAPK (Fig. 9) or NFκB
inhibitor (Fig. 8). CGRP stimulated TNF, IL-1, and NGF expression in keratinocytes was
blocked or reduced by a selective ERK1/2 inhibitor (Fig. 10), and only CGRP-induced IL-6
expression was blocked by a p38 inhibitor (Fig. 9). These results indicate that the
predominant MAPK transcription pathways for neuropeptide induced innate immunity
responses in keratinocytes are the ERK1/2 and JNK signaling pathways for SP and the
ERK1/2 pathway for CGRP, which are novel findings.

The results of the current study are schematically summarized in Figure 12. There is a large
body of clinical and translational data indicating that up-regulated neuropeptide signaling
and keratinocyte inflammatory mediator expression contribute to chronic inflammatory skin
diseases such as psoriasis, atopic dermatitis, and contact dermatitis, and can contribute to the
development of post-incisional pain and CRPS. These chronic neuro-inflammatory changes
in the skin result from the disruption of the normally sustained and tightly regulated
communication network between two different cell types; specifically SP and CGRP
releasing peptidergic sensory afferent neurons and keratinocytes. This paper demonstrates
that neuropeptide stimulated keratinocytes express neuropeptide receptors and synthesize
and release large quantities of SP and CGRP, which can act in an autocrine or paracrine
fashion to further stimulate keratinocytes. Both SP and CGRP signaling initiated
keratinocyte proliferation and inflammatory mediator secretion via cell-surface receptor
activation. After neuropeptide receptor activation on the keratinocyte cell surface,
intracellular transcription factors shuttle information to the cell nucleus to initiate
inflammatory mediator expression and secretion. Collectively, the results presented in this
study indicate that both the ERK1/2 and JNK MAPK signal transduction pathways are
crucial mediators of neuropeptide evoked inflammatory responses in keratinocytes and
identifies these signaling pathways as a potential molecular targets for controlling
inflammatory skin diseases, post-incisional pain, and CRPS.
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Highlights

• Neuropeptides stimulate keratinocytes to secrete SP and CGRP.

• SP and CGRP stimulate keratinocytes to secrete inflammatory cytokines and
NGF.

• SP activates p38, ERK1/2, and JNK MAPKs and NFκB in keratinocytes.

• CGRP activates p38 and ERK1/2 MAPKs in keratinocytes.

• ERK1/2 and JNK signaling mediate keratinocyte inflammatory responses.
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Figure 1. Substance P (SP) treatment increased keratinocyte NK1 receptor expression and
secretion of SP
The substance P (SP) receptor NK1 was expressed in keratinocytes in vitro, and this
expression was up-regulated after SP treatment. SP treatment also increased the gene and
protein expression of SP and the gene expression of calcitonin gene-related peptide (CGRP)
keratinocytes. Immunostaining demonstrated NK1 protein (red fluorescence) present in the
cytoplasm and on the membrane of keratinocytes (A). SP concentration-dependently
increased expression of its NK1 receptor gene (TACR1) in keratinocytes at 3 h after
treatment, as measured by real time PCR (B). Western blot demonstrates that SP (10−8M)
treatment increased NK1 protein levels in keratinocytes at 24 h after treatment (C). SP
treatment also concentration-dependently increased the expression of the SP TAC1 gene in
keratinocytes at 3h, as measured by real time PCR (D). When keratinocytes were treated
with various concentrations of SP for 3h, then washed 3 times in fresh medium, and then
incubated in fresh medium for 21h, there was a 15-fold increase in medium SP levels, as
measured by EIA (E). SP treatment also increased expression of the CGRP genes CALCA
(F) and CALCB (G) in keratinocytes at 3 h. When keratinocytes were treated with various
concentrations of SP for 3h, then washed 3 times in medium, and then incubated in fresh
medium for 21h, there was no increase in medium levels of CGRP, as measured by EIA (H).
Values are means ± SE. * P<0.05, ** P<0.01, and *** P<0.001 vs vehicle treated control
cells. All experiments were repeated 3-4 times.
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Figure 2. CGRP treatment increased keratinocyte RAMP1 expression and secretion of CGRP
The CGRP receptor components calcitonin receptor-like receptor (CRLR) and receptor
activity-modifying protein 1 (RAMP1) are expressed in keratinocytes in vitro and this
expression is up-regulated by CGRP treatment. CGRP treatment had no effect on SP gene or
protein levels but did stimulate CGRP gene expression and protein secretion in
keratinocytes. Immunostaining demonstrated CRLR protein (red) and RAMP1 protein
(green) co-expressing in the cytoplasm and on the membrane of keratinocytes (A-C). CGRP
treatment increased expression of its CRLR receptor gene (CALCRL) but not its RAMP1
receptor gene (RAMP1) at 3 h after treatment, as measured by real time PCR (D, E).
Western blot demonstrates that CGRP (10−8M) increased RAMP1 protein level in
keratinocytes at 24 h after treatment (F). CGRP treatment did not change the expression of
the SP TAC1 gene at 3h, as measured by real time PCR (G). When keratinocytes were
treated with various concentrations of CGRP for 3h, then washed 3 times in fresh medium,
and then incubated in fresh medium for 21h, there was no increase in medium SP levels, as
measured by EIA (H). CGRP treatment increased the expression of the CGRP gene CALCA
(I), but not CALCB (J) at 3 h. When keratinocytes were treated with various concentrations
of CGRP for 3h, then washed 3 times in fresh medium, and then incubated in fresh medium
for 21h, there was a 44-fold increase in medium CGRP levels, as measured by EIA (K).
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Values are means ± SE. * P<0.05, ** P<0.01, and *** P<0.001 vs vehicle treated control
cells. All experiments were repeated 3-4 times.
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Figure 3. SP and CGRP stimulated keratinocyte cellular proliferation
SP (A) and CGRP (B) concentration-dependently stimulated cell proliferation in
keratinocytes in vitro, as measured by BrdU incorporation over a 24 hour period. Values are
means ± SE. * P<0.05, ** P<0.01 and *** P<0.001 and vs vehicle treated control cells.
These experiments were repeated 3 times.
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Figure 4. SP treatment stimulated keratinocyte expression of inflammatory mediators
SP concentration-dependently up-regulated tumor necrosis factor α (TNF-α), interleukin 1
(IL-1), interleukin 6 (IL-6), and nerve growth factor (NGF) gene expression in keratinocytes
at 3 h, as measured by real time PCR (A-D) and similarly increased cytokine and NGF
protein secretion into the media over 24 hours after SP treatment, as measured by EIA (E-
H). Values are means ± SE. * P<0.05, ** P<0.01, and *** P<0.001 vs vehicle treated
control cells. These experiments were repeated 3-4 times.
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Figure 5. CGRP stimulated keratinocyte expression of inflammatory mediators
CGRP concentration-dependently up-regulated TNF-α, IL-1, IL-6, and NGF gene
expression in keratinocytes at 3 h, as measured by real time PCR (A-D) and similarly
increased cytokine and NGF protein secretion into the media over 24 hours after SP
treatment, by EIA (E-H). Values are means ± SE. * P<0.05, ** P<0.01, and *** P<0.001 vs
vehicle treated control cells. These experiments were repeated 3-4 times.
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Figure 6. Inflammatory mediator expression in keratinocytes required neuropeptide receptor
activation
SP (10−8M) induced up-regulation of cytokine and NGF gene expression in keratinocytes
was concentration-dependently inhibited by the SP NK1 receptor antagonist LY303870, as
measured by real time PCR at 3 h after SP treatment (A-D). Similarly, CGRP (10−8M)
evoked up-regulation of cytokine gene expression in keratinocytes was concentration-
dependently inhibited by the CGRP receptor antagonist CGRP8-37, as measured by real time
PCR at 3 h after CGRP treatment (E-G). CGRP8-37 treatment had no significant effect on
CGRP stimulated NGF gene expression in keratinocytes (H). Values are means ± SE. *
P<0.05, ** P<0.01, and *** P<0.001 vs vehicle treated control cells. #P<0.05, ## P<0.01
and ### P<0.001 vs SP or CGRP treated cells. These experiments were repeated 3-4 times.
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Figure 7. Neuropeptides induced NF-κB and MAPK activation in keratinocytes
Western blot was used to evaluate the stimulatory effects of SP and CGRP treatment on
various transcriptional pathways in keratinocytes. SP (10−8M) induced NF-κB p65 nuclear
translocation in keratinocytes at 30 min after treatment (A), but CGRP (10−8M) had no
effect on NF-κB nuclear translocation (B). Both SP (C) and CGRP (D) caused the rapid
phosphorylation of p38 mitogen activated protein kinase (MAPK) at 5 min, but CGRP had a
less robust effect. Similarly, Both SP (E) and CGRP (F) caused the rapid phosphorylation of
extracellular signal related kinases 1/2 (ERK1/2) MAPK at 5 and 30 min, but again CGRP
had a less robust effect. SP (G) treatment induced moderate phosphorylation of c-Jun N-
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terminal kinases (JNK) MAPK at 5 and 30 min after treatment, but CGRP (H) had no effect.
These experiments were repeated 3-4 times.
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Figure 8. NF-κB activation was not required for SP stimulation of keratinocyte inflammatory
mediator expression
The NF-kB inhibitor SN50 (50 ug/ml) did not inhibit SP (10−8M) stimulated TNF (A), IL-1
(B), IL-6 (C), and NGF (D) gene expression in keratinocytes at 3 h, measured by real time
PCR. The same concentration of SN50 (50 ug/ml) that was ineffective in blocking SP
stimulation of cytokine and NGF expression completely blocked SP stimulated NF-κB p65
nuclear translocation (data not shown), suggesting that other transcription pathways are
responsible for SP induced inflammatory mediator expression. There were no significant
differences between the SP and SP + SN50 groups (black bars) for any inflammatory
mediator. CGRP treatment did not induce NF-κB nuclear translocation (Fig. 7), thus CGRP
was not tested against SN50. Values are means ± SE. * P<0.05, ** P<0.01, and *** P<0.001
vs vehicle treated control cells.
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Figure 9. Neuropeptide stimulation of keratinocyte inflammatory mediator expression does not
require p38 MAPK activation
The p38 MAPK inhibitor SB203580 was used to demonstrate that SP and CGRP induced
cytokine and NGF expression in keratinocytes does not require p38 activation. SB203580
had no effect on SP (10−8M, black bars) stimulation of TNF (A), IL-1 (B), IL-6 (C), and
NGF (D) gene expression in keratinocytes at 3 h, measured by real time PCR. Similarly,
SB203580 had no effect on CGRP (10−8M, black bars) stimulation of TNF (E), IL-1 (F),
and NGF (H) gene expression in keratinocytes at 3 h, measured by real time PCR.
SB203580 did inhibit CGRP stimulation of IL-6 (G) expression, suggesting that the p38
kinase activation may contribute to CGRP stimulation of IL-6 expression in keratinocytes.
Values are means ± SE. * P<0.05, ** P<0.01, and *** P<0.001vs vehicle treated control
cells. # P<0.05, ## P<0.01, and ### P<0.001 vs SP or CGRP treated cells. These
experiments were repeated 3-4 times.
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Figure 10. Neuropeptide stimulation of keratinocyte inflammatory mediator expression requires
ERK MAPK activation
The ERK1/2 MAPK inhibitor PD98059 was used to demonstrate that SP and CGRP induced
cytokine and NGF expression in keratinocytes required ERK1/2 activation. PD98059
concentration-dependently inhibited SP (10−8M, black bars) stimulation of TNF (A), IL-1
(B), IL-6 (C), and NGF (D) gene expression in keratinocytes at 3 h, measured by real time
PCR. Similarly, PD98059 concentration-dependently inhibited CGRP (10−8M, black bars)
stimulation of TNF (E), IL-6 (G), and NGF (H) gene expression in keratinocytes at 3 h,
measured by real time PCR. There was no PD98059 inhibition of CGRP stimulation of IL-1
(F) expression, suggesting that other protein kinases or signaling pathways may mediate
CGRP stimulation of IL-1 expression in keratinocytes. Values are means ±SE. * P<0.05, **
P<0.01, and *** P<0.001 vs vehicle treated control cells. # P<0.05, ## P<0.01, and ###
P<0.001 vs SP or CGRP treated cells. These experiments were repeated 3-4 times.
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Figure 11. SP stimulation of keratinocyte inflammatory mediator expression requires ERK
MAPK activation
The JNK MAPK inhibitor SP600125 was used to demonstrate that SP induced cytokine and
NGF expression in keratinocytes required JNK activation. SP600125 completely blocked SP
(10−8M, black bars) stimulation of TNF (A), IL-1 (B), IL-6 (C), and NGF (D) gene
expression in keratinocytes at 3 h, measured by real time PCR. CGRP treatment did not
induce JNK activation (Fig. 7), thus CGRP was not tested against a SP600125. Values are
means ± SE. * P<0.05, ** P<0.01, and *** P<0.001 vs vehicle treated control cells. #
P<0.05, ## P<0.01, and ### P<0.001 vs SP treated cells. These experiments were repeated
3-4 times.
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Figure 12. This schematic summarizes the results of these experiments
Cutaneous primary sensory afferents release SP and CGRP in the epidermis. These
neuropeptides then diffuse through the interstitial space to bind and activate their cognate
receptors on the keratinocyte cell surface, the SP NK1 receptor and the CGRP receptor
dimer complex of CRLR and RAMP1. Keratinocyte NK1 receptor activation stimulates
cellular proliferation, SP expression and secretion, NK1 receptor expression, and the
phosphorylation and activation of ERK 1/2 and JNK MAPK intracellular transcription
factors that stimulate TNFα, IL-1β, IL-6, and NGF expression and secretion. Similarly,
activation of the keratinocyte CGRP receptor dimer complex stimulates keratinocyte
proliferation, CGRP expression and secretion, RAMP1 receptor expression, and the
phosphorylation and activation of ERK 1/2 MAPK, an intracellular transcription factor that
up-regulates TNFα, IL-6, and NGF expression and secretion. Keratinocyte secreted
inflammatory cytokines and NGF can directly activate their cognate receptors expressed on
cutaneous sensory afferent neurons, with subsequent pain sensitization. Keratinocyte
secreted inflammatory mediators also can activate various cellular components of the innate
and adaptive immune systems, thus supporting the development of inflammatory skin
diseases and nociceptive sensitization. CGRP, calcitonin gene-related peptide; SP, substance
P; NK1-R, neurokinin 1 receptor; CRL-R, calcitonin receptor –like receptor; RAMP1
receptor activity-modifying protein; MAPK, mitogen activated protein kinases; ERK1/2;
extracellular signal related kinases 1/2; JNK, c-Jun N-terminal kinases; IL, interleukin; TNF
α, tumor necrosis factor α; NGF, nerve growth factor.
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Table 1

Primers used in these studies

Gene GenBank Accession # Forward primer Reverse primer Product Size(bp)

TAC1 NM_012666 tttgcagaggaaatcggtgccaac ggcattgcctccttgatttggtca 83

TACR-1 NM_012667 ctggaaagaggagccttgtg ctgagacggaaaggaacagc 205

CALCA NM_017338 agaagagatcctgcaacactgcca ggcacaaagttgtccttcaccaca 94

CALCB NM_138513 cccagaagagatcctgcaac agttcctcagacccgaaggt 158

CALCRL NM_012717 tcattgtggtggctgtgttt aatgggaccatggatgatgt 176

RAMP1 NM_031645 ggcaaacaagattggctgtt aatggggagcacaatgaaag 154

TNF-α NM_012675 ctcccagaaaagcaagcaac cgagcaggaatgagaagagg 210

IL-1β NM_031512 agtctgcacagttccccaac agacctgacttggcagagga 230

IL-6 NM_012589 ccggagaggagacttcacag acagtgcatcatcgctgttc 161

NGF XM_227525 acctcttcggacactctgga gtccgtggctgtggtcttat 168

18S X01117 cgcggttctattttgttggt agtcggcatcgtttatggtc 219
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