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This study examined whether the sensory neuropeptide calcitonin gene-related peptide (CGRP) inhibits
release of chemokines by dermal microvascular endothelial cells. Dermal blood vessels are associated
with nerves containing CGRP, suggesting that CGRP-containing nerves may regulate cutaneous inflam-
mation through effects on vessels. We examined CGRP effects on stimulated chemokine production by
a human dermal microvascular endothelial cell line (HMEC-1) and primary human dermal microvascular
endothelial cells (pHDMECs). HMEC-1 cells and pHDMECs expressed mRNA for components of the CGRP
and adrenomedullin receptors and CGRP inhibited LPS-induced production of the chemokines CXCL8,
CCL2, and CXCL1 by both HMEC-1 cells and pHDMECs. The receptor activity-modifying protein
(RAMP)1/calcitonin receptor-like receptor (CL)-specific antagonists CGRP8–37 and BIBN4096BS, blocked
this effect of CGRP in a dose-dependent manner. CGRP prevented LPS-induced IjBa degradation and
NF-jB binding to the promoters of CXCL1, CXCL8 and CCL2 in HMEC-1 cells and Bay 11-7085, an inhibitor
of NF-jB activation, suppressed LPS-induced production of CXCL1, CXCL8 and CCL2. Thus, the NF-jB
pathway appears to be involved in CGRP-mediated suppression of chemokine production. Accordingly,
CGRP treatment of LPS-stimulated HMEC-1 cells inhibited their ability to chemoattract human neutro-
phils and mononuclear cells. Elucidation of this pathway may suggest new avenues for therapeutic
manipulation of cutaneous inflammation.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Dermal microvascular endothelial cells contribute to cutaneous
inflammation through many mechanisms. Amongst these is the
capacity to release chemokines that play a role in recruiting
inflammatory cells (Goebeler et al., 1997; Bender et al., 2008).
Hence, as endothelial-derived chemokines play a crucial role in
inflammation and disease, regulation of their expression presents
an approach to the management of inflammatory skin disease.

Calcitonin gene-related peptide (CGRP) is a 37-amino acid neu-
ropeptide generated by tissue-specific alternative processing of the
calcitonin gene (Amara et al., 1982; Rosenfeld et al., 1983). It is
widely distributed in organs of the immune system as well as
the central and peripheral nervous systems and is generally co-ex-
pressed with either somatostatin or substance P in sensory neu-
rons (Brain and Williams, 1988; Zaidi et al., 1990; Brain, 1997).
CGRP attenuates various immune responses including inhibition
of the production of Th1-type cytokines, attenuation of interleukin
ll rights reserved.
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(IL)-1b induced reactive oxygen species in alveolar epithelial type
II cells (Li et al., 2006), inhibition of mitogen-stimulated T lympho-
cyte and thymocyte proliferation (Umeda et al., 1988; Bulloch
et al., 1991, 1998), and suppression of the production of IL-2 and
other cytokines by CD4+ Th1 cell clones (Wang et al., 1992). CGRP
can also function as a mediator of inflammation; it is a potent
endogenous vasodilator and is involved in the accumulation of
inflammatory cells in areas of inflammation (Li and Wang, 2006;
Hartung and Toyka, 1989; Merhi et al., 1998; Benrath et al.,
1995). In accord with these observations, CGRP enhances adhesion
of neutrophils to endothelium in vitro (Zimmerman et al., 1992).
However, in other experiments CGRP was found to inhibit inflam-
mation not associated with adaptive immunity. For example, CGRP
inhibits edema-promoting actions of inflammatory mediators (his-
tamine, leukotrine B4, 5-hydroxytryptamine) in vivo in the ham-
ster cheek pouch, human skin, and rat paw (Raud et al., 1991).
Additionally, systemic treatment of mice with CGRP reduced blood
neutrophilia induced by systemic administration of LPS and also
protected against a lethal dose of LPS (Gomes et al., 2005).

With regard to adaptive immunity, CGRP-containing epidermal
nerves are intimately associated with Langerhans cells (LC) in the
skin and CGRP inhibits antigen presentation by LC in vitro (Hosoi
et al., 1993). After intradermal administration, CGRP inhibits the
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induction of contact hypersensitivity at the injected site in mice
(Asahina et al., 1995; Niizeki et al., 1997).

Given these findings and the knowledge that dermal blood ves-
sels are associated with CGRP-containing nerves (Garcia-Caballero
et al.,1989), we wished to examine whether CGRP regulates che-
mokine expression by dermal microvascular endothelial cells. In
the present study, we investigated the effect of CGRP on the
expression of the chemokines CXCL8 (interleukin-8), CCL2 (mono-
cyte chemotactic protein-1), and CXCL1 (growth related oncogene-
alpha) by activated HMEC-1 cells [a transformed human dermal
microvascular endothelial cell (HDMEC) line] and pHDMECs and
explored possible mechanisms of this effect. We have also shown
directly that CGRP inhibits the ability of stimulated HMEC-1 cells
or supernatants conditioned by these cells to chemoattract neutro-
phils or mononuclear cells. We have chosen these chemokines for
study as previous work has demonstrated that stimulated HDMECs
produce them (Bender et al., 2008; Seiffert et al., 2006) and they
are known to play significant roles in cutaneous inflammation,
wound healing and other cutaneous pathologies (Zaja-Milatovic
and Richmond, 2008; Britschgi and Pichler, 2002; Dearman et al.,
2004; Yamamoto, 2003).

This study has identified a novel mechanism by which CGRP
may participate in the attenuation of inflammatory responses.
There has been much attention to a putative role for stress-induced
neurologic mediators playing a role in stress-induced exacerbation
of inflammatory skin disorders (Pavlovic et al., 2008; Amano et al.,
2008; Seiffert et al., 2006) and a possible role for stress reduction
and avoidance behavior in ameliorating such disorders (Farber
and Nall, 1993; Arndt et al., 2008). These findings may suggest a
mechanism by which the nervous system can limit inflammation.
They also may suggest new therapeutic approaches to the treat-
ment of inflammatory skin disease.
2. Materials and methods

2.1. Reagents and peptides

aCGRP and CGRP8–37 were purchased from Peninsula Laborato-
ries (Bachem America, Torrance, CA). The CGRP antagonist
BIBN4096BS was a kind gift from Dr. Henri Doods (Biological Re-
search, Boehringer Ingelheim Pharma KG, Ingelheim, Germany);
LPS (E. coli 0111:B4), 8-bromoadenosine-30,50-cyclic monophosp-
horothioate (Rp-8-Br-cAMPS), bisindolylmaleimide VIII acetate
(Ro 31-7549) and Bay 11-7085 were purchased from Sigma–Al-
drich, St. Louis, MO, USA; human CXCL8, CXCL1 and CCL2 ELISA
kits, and Parameter™ cAMP assay kits were purchased from R&D
Systems, Minneapolis, MN, USA. Rabbit polyclonal anti-mouse
IjBa was purchased from Cell Signaling Technology; anti-p50
and anti-p65 rabbit polyclonal antisera were purchased from Santa
Cruz Biotechnology, Santa Cruz, CA, USA.
2.2. Media and cells

HMEC-1 cells were the kind gift of T.J. Lawley (Emory Univer-
sity, Atlanta, GA, USA). HMEC-1 cells were cultured in endothelial
cell basal medium (Lonza, Walkersville, VA, USA) containing 10%
fetal bovine serum (FBS, Gemini Bio-Products, West Sacramento,
CA, USA), 10 ng/ml epidermal growth factor (BD Biosciences, San
Jose, CA, USA), 1 lg/ml hydrocortisone (Sigma–Aldrich), and
100 U/ml penicillin/100 mg/ml streptomycin (Mediatech, Manas-
sas, VA, USA). For all experiments using HMEC-1 cells other than
examination of mRNA expression for components of CGRP and
AM receptors, the cells were kept in endothelial cell basal medium
supplemented only with 2% FBS and penicillin/streptomycin (de-
pleted medium) without epidermal growth factor or
hydrocortisone overnight and during the experimental procedures.
Primary cultures of neonatal foreskin-derived HDMEC were ob-
tained commercially (Lonza). pHDMECs were cultured in endothe-
lial cell EBM-2 basal medium (Lonza) supplemented with 5% FBS,
hydrocortisone, hFGF-B, VEGF, R3-IGF-1, ascorbic acid, HEGF, gen-
tamicin, and amphotericin B (EGM-2 MV Bulletkit, Lonza). For all
experiments other than examination of mRNA expression for com-
ponents of CGRP and AM receptors, pHDMECs were kept in de-
pleted medium (EBM-2 basal medium with 5% FBS) for 6 h prior
to and during the experimental procedures.

The decision to use the transformed human dermal microvascu-
lar EC line HMEC-1 (immortalized by simian virus 40 transforma-
tion) as a surrogate for HDMEC was based on its relatively
flexible growth requirements, homogeneity (Ades et al., 1992;
Pruckler et al., 1993) and its retention of the properties of HDMEC
including cell adhesion molecule expression and cytokine produc-
tion (Xu et al., 1994), providing us with a reliable source of endo-
thelial cells.

2.3. RNA isolation and RT-PCR

Total RNA was extracted from HMEC-1 cells and pHDMECs
using a total RNA extraction kit as per the manufacturer’s instruc-
tions (Qiagen, Valencia, CA, USA). A genomic DNA eliminator spin
column was used to remove DNA from the samples. Total RNA
treated with RNase-free DNase (Qiagen) (500 ng per 20 ll reaction)
was reverse-transcribed into cDNA using Superscript™ II reverse
transcriptase (Invitrogen, Carisbad, CA), following the manufac-
turer’s instructions. Specific primers were constructed for the hu-
man calcitonin receptor-like receptor (CL), CGRP-receptor
component protein (CRCP), and receptor activity-modifying pro-
teins (RAMPs) 1–3 on the basis of sequences published in
GenBank: CL, 50-TCAAGAGCCTAAGTTGCCAAA-30 (sense) and 50-
AATCAGCACAAATTCAATGCC-30 (anti-sense); CRCP, 50-AACT-
GATCTGAAAGAGCAGCG-30 (sense) and 50-TCTTCTTCTGCTCAGC
CTCTG-30 (anti-sense); human RAMP1, 50-GAGACGCTGTGGTGTG-
ACTG-30 (sense) and 50-TCGGCTACTCTGGACTCCTG-30 (anti-sense)
(Swerlick and Lawley, 1993); RAMP2, 50-GGGGGACGGTGAAGAAC-
TAT-30 (sense) and 50-GTTGGCAAAGTGGATCTGGT-30 (anti-sense)
(Gupta et al., 2006) and RAMP3, 50-TCGTGGGCTGCTACTGG-30

(sense) and 50-CTCACAGCAGCGTGTCG-30 (anti-sense) (Nikitenko
et al., 2001). PCR was performed by transferring 2 ll of cDNA to
a PCR mixture containing 200 nM of each specific primer and
platinum PCR Supermix (Invitrogen, Carlsbad, CA, USA) for a
total volume of 25 ll, using a thermal cycler (Gene AMP PCR
System 9700; Perkin–Elmer, Waltham, MA, USA). PCR products
were resolved on a 1.5% agarose gel and visualized by ethidium
bromide.

2.4. DNA sequencing

PCR products were gel isolated and DNA was extracted using a
QIAquick Gel Extraction kit as per the manufacturer’s instructions
(Qiagen). DNA was sequenced by the Cornell University Life Sci-
ences Core Laboratories Center.

2.5. Chemokine determinations

To measure CXCL8, CCL2 and CXCL1 secretion by HMEC-1 cells
and pHDMECs, cells were plated at a concentration of
0.25 � 106 cells/well in twelve-well plates in triplicate in 2 ml of
depleted medium. After overnight incubation for HMEC-1 cells or
6-h incubation for pHDMECs, cells were treated with or without
1 lg/ml LPS in the presence or absence of CGRP with CGRP added
1 h prior to LPS. Supernatants were harvested at the indicated
times. CXCL8, CCL2 and CXCL1 production was quantified by
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sandwich ELISA following the manufacturer’s instructions. In
experiments examining the effects of inhibitors of the CGRP1

receptor, the inhibitor was added to cells 5 min prior to addition
of CGRP and, in these experiments, LPS was added immediately fol-
lowing addition of CGRP.
2.6. RNA extraction and Northern blot analysis

HMEC-1 cells were cultured at a concentration of 1.5 � 106 cells
per 100 mm tissue culture dish in 10 ml of depleted medium and
stimulated with or without LPS (1 lg/ml) in the presence or ab-
sence of CGRP (10 nM) for up to 12 h. CGRP was added 1 h prior
to addition of LPS. Cells were collected and total cellular RNA ex-
tracted by TRIzol (Invitrogen) according to the manufacturer’s pro-
tocol. Briefly, HMEC-1 cells were lysed in TRIzol, followed by
extraction with chloroform and precipitation with isopropanol.
The RNA was resuspended in diethylpyrocarbonate-treated water
and quantitated spectrophotometrically at 260/280 nm. Fifteen
micrograms of total RNA from each sample were electrophoresed
on a 1.5% agarose-formadehyde gel, transferred in 20 � saline so-
dium citrate (SSC) onto a Hybond-N + membrane (Amersham, GE
Healthcare, Piscataway, NJ, USA) and cross-linked to the mem-
brane using UV light.

Probes for human CXCL8, CCL2 and CXCL1 were generated by
RT-PCR using specific primers for CCL2, 50-ATGAAAGTCTCTGCC
GCC-30 (sense) and 50-TTGCTTGTCCAGGTGGTC-30 (anti-sense);
CXCL1, 50-ATGGCCCGCGCTGCTCTCTCC-30 (sense) and 50-GTTGGA
TTTGTCACTGTTCAG-30 (anti-sense) and CXCL8, 50-TTGGCAGC
CTTCCTGATTTC-30 (sense) and reverse 50-AACTTCTCCACAA
CCCTCTGCA-30 (anti-sense). Oligonucleotides were end-labeled
with 32P-dCTP (Perkin–Elmer) by using Klenow kinase (Invitrogen).
The RNA-containing membranes were pre-hybridized for 24 h at
42 �C and hybridized for 24 h at 42 �C with labeled probes
[106 cpm] in Hybrisol�-1 buffer (Millipore, Billerica, MA). The
membranes were washed twice in 2 � SSC containing 0.1% SDS
(20 min; 25 �C) and once with 0.1% SSC containing 0.1% SDS
(10 min; 55 �C). The membranes were then exposed to X-ray film
(Kodak, Rochester, NY, USA). The intensity of the transcript was
digitized and quantified using a phosphor imaging system
(Typhoon Trio+, GE Healthcare) and then normalized to the inten-
sity of b-actin mRNA with results expressed as fold-increase
compared with the level obtained with medium alone.
2.7. Detection of IjBa

IjBa was detected by Western blotting with antibodies specific
to IjBa. Five hundred thousand HMEC-1 cells per well in a six-well
plate were cultured in depleted EBM medium for 24 h, they were
then stimulated with or without LPS in the absence or presence
of 10 nM of CGRP, for indicated time. The cells in each well were
lysed by adding 250 ll of cell lysis buffer (20 mM Tris–HCl, pH
7.5; 150 mM NaCl; 1 mM Na2EDTA; 1 mM EGTA; 1% Triton;
2.5 mM sodium pyrophosphate; 1 mM glycerophosphate; 1 mM
NaVO4; 1 lg/ml leupeptin, 1 mM phenylmethylsulfonylfluoride).
Cells were then sonicated for 15 s and microcentrifuged for
5 min. The protein concentration in each sample was quantitative
by the bicinchoninic acid assay. Twenty-five micrograms of cell ly-
sates were separated on a 7.5% SDS–PAGE gel and then electro-
transferred to a nitrocellulose membrane. The membrane was
blocked with 5% nonfat dry milk in Tris-buffered saline buffer with
0.1% Tween-20 for 1 h and then incubated with 1:1000 diluted of
rabbit polyclonal anti-mouse IjBa antibodies (Cell Signaling Tech-
nology, Boston, MA, USA) overnight at 4 �C. The membrane was
washed three times and incubated with horseradish peroxidase-
conjugated goat anti-rabbit IgG (1:2000 dilution) for 1 h, and
proteins were detected by a chemiluminescence detection system
(Amersham, GE Healthcare).

2.8. Preparation of nuclear extracts

HMEC-1 cells were plated at a density of 1.5 � 106 cells/plate in
25 cm2 tissue culture dishes and cultured in depleted EBM medium
for 24 h. Cells were then cultured for 1 h in the presence or absence
of CGRP followed by stimulation with or without LPS in the contin-
ued presence or absence of CGRP for 4 h. Cells were then washed
twice with ice-cold PBS and pelleted. Cell pellets were homoge-
nized with 400 ll of cell lysis buffer (10 mM HEPES, PH 7.9,
10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.5 mM dithiothreitol,
0.5 mM phenylmethylsulfonyl fluoride, 10 lg/ml aprotinin,
10 lg/ml leupeptin, 10 lg/ml pepstatin, 5 mM NaF, 1 mM Na3VO4,
and 1 mM NaN3). After a 10 min ice bath, Nonidet P-40 was added
to a final concentration of 0.5% and nuclei were isolated by centri-
fugation at 10,000g for 1 min. Pelleted nuclei were lysed by incuba-
tion for 30 min on ice in 50 ll of nuclear lysis buffer (20 mM
HEPES, pH 7.9, 420 mM NaCl, 0.2 mM EDTA, 0.2 mM EGTA,
1.5 mM MgCl2. 40 mM KCl, 25% glycerol, 1 mM dithiothreitol,
0.5 mM phenylmethylsulfonyl and 1 lg/ml lepeptin) with agita-
tion. Supernatants containing nuclear protein were harvested by
centrifugation for 15 min at 12,000g at 4 �C and the protein con-
centration was determined. Aliquots were stored at –80 �C.

2.9. Electrophoretic mobility shift assay (EMSA)

Double-stranded oligonucleotides corresponding to the NF-jB
sites of murine CXCL8 (AAATC GTGGAATTTCCTCTGACAT), CCL2
(CTCATGGAAGATCCCTCCTCCT) and CXCL1 (GAACTCCGGGAATTT
CCCTGGCCC) promoters were end-labeled with 32P-ATP to a spe-
cific activity of 0.3–1.0 � 106 cpm/ng. Five micrograms of nuclear
extracts from each test were incubated with the labeled oligonu-
cleotide probe (2–4 � 104 cpm) in 15 ll of reaction mixture
containing 20 mM HEPES (pH 7.9), 1 mM EDTA, 60 mM KCL, 12%
glycerol, 1 mM dithiothreitol, 2 lg poly(dI-dC) at room tempera-
ture for 20 min. The samples were loaded onto 4.8% nondenaturing
polyacrylamide gel and electrophoresed in TBE buffer (45 mM
Tris–HCl, PH 8.4, 1 mM EDTA, 45 mM boric acid) at 4 �C, followed
by drying of the gel and autoradiography. In competition and anti-
body supershift experiments, nuclear extracts were incubated for
15 min at room temperature with 1 lg of anti-rabbit polyclonal
anti-p50 and 1 lg of anti-rabbit polyclonal anti-p65 (Santa Cruz
Biotechnology) before the addition of the labeled probe.

2.10. Neutrophil and mononuclear cell isolation

Blood was drawn from healthy donors using a protocol ap-
proved by the Weill Cornell Medical College Institutional Review
Board. Neutrophils were isolated from heparinized human blood
using Percoll Plus (GE Healthcare, Piscataway, NJ). Fifteen ml of a
1.088 density was prepared by mixing 9.5 ml of Percoll Plus with
1.5 ml of 10X Hanks balanced salt solution and 4 ml of H2O in a
50 ml conical centrifuge tube. Thirty milliliters of blood diluted
1:3 with PBS was overlayed onto the 15 ml of Percoll Plus in each
of several tubes. Tubes were then centrifuged at 400g for 30 min at
20 �C. Neutrophils were collected from the layer directly above the
red blood cells. Red blood cells in the neutrophil preparation were
lysed by hypotonic lysis buffer followed by washing 3 times with
PBS containing 10 mM Hepes and 0.1% bovine serum albumin.
Mononuclear cells were isolated using Ficoll-Paque Plus (GE
Healthcare, Piscataway, NJ). Fifteen ml of Ficoll-Paque Plus was
overlayed with 30 ml of diluted blood in each of several centrifuge
tubes as above and centrifuged at 400g for 30 min. The white cell
layer was then collected and red blood cells lysed as above.
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2.11. Chemotaxis assays

Human neutrophil and mononuclear migration in response to
LPS-stimulated HMEC-1 cells and supernatants conditioned by
LPS-stimulated HMEC-1 cells was evaluated using 24-well Trans-
well plates (Corning Life Sciences, Lowell, MA). In brief, sets of 3
wells (lower chambers), each containing 1.25 � 105 HMEC-1 cells
were stimulated with 1 lg/ml of LPS in the presence or absence
of CGRP (10 nM or 100 nM), CGRP alone or medium alone for
24 h. Then, 200 ll of depleted EBM containing 2 � 105 neutrophils
or mononuclear cells was placed in the upper chambers of Trans-
well inserts (6.5 mm diameter, 5.0 lM pore-size polycarbonate
membrane). Transwell inserts were then placed into the plate
wells and plates then incubated at 37 �C in 5% CO2 for 90 min.
The inserts were removed and cells that migrated through the
upper chamber’s filter to the lower chamber were determined by
quantifying cells in the medium by light microscopy.

In other experiments, supernatants conditioned by HMEC-1
cells treated with LPS, LPS plus CGRP, CGRP alone or medium alone
in an identical manner for 24 h were transferred to wells of the
Transwell plates and examined for chemotatic ability as above.
As controls, a parallel experiment was set-up with fresh depleted
EBM added to the wells of Transwell plates followed by addition
of 2 � 105 neutrophils or mononuclear cells in 200 ll of condition
medium conditioned by LPS in the presence or absence of CGRP,
CGRP alone or medium alone to Transwell inserts (in triplicate) fol-
lowed by placement in wells. After incubation for 90 min, the in-
serts were removed and cells that migrated through the upper
chamber’s filter to the lower chamber were quantified by light
microscopy.
2.12. Statistical analyses

For experiments examining the effects of time of exposure and
concentration of LPS on CGRP-inhibition of chemokine release
(Fig. 1A and B), multiple linear regression was used to examine
the interaction between LPS and CGRP. Student’s t-test was then
used to compare the biomarker levels between cells treated with
and without CGRP at various timepoints or concentrations of LPS.
p-Values were adjusted for multiple comparisons by controlling
the false discovery rate (FDR). For all other experiments, ANOVA
was carried out to examine the difference in average biomarker
levels across different groups. Multiple comparisons of means were
carried out by using simultaneous tests for general linear hypoth-
Fig. 1. HMEC-1 cells (A) and pHMDECs (B) express mRNA for components of the AM an
from unstimulated HMEC-1 cells and subjected to RT-PCR with primers specific for RAMP
450 bp for RAMP1; 227 bp for RAMP2; 212 bp for RAMP3; 560 bp for CL and 344 bp for
eses (Hothorn et al., 2008). p-Values were adjusted for multiple
comparisons by controlling the FDR.
3. Results

3.1. HMEC-1 cells and pHDMECs express mRNA for components of
both CGRP and AM receptors

RT-PCR was employed to identify the components of the CGRP
receptor expressed in HMEC-1 cells. We found that HMEC-1 cells
(Fig. 1A) and pHDMECs (Fig. 1B) expressed mRNA for the calcitonin
receptor-like receptor (CL) and for the G-protein coupling protein
CRCP. HMEC-1 cells also expressed the accessory protein compo-
nents RAMP1, RAMP2 and RAMP3, with both RT-PCR and real-time
RT-PCR (not shown) demonstrating lower expression of RAMP3
relative to the other two RAMPs. The identities of all PCR products
were verified via cDNA sequencing. HMEC-1 cells expressed the
components of both functional CGRP and adrenomedulin (AM)
receptors.
3.2. CGRP inhibited LPS-induced CXCL8, CCL2 and CXCL1 production by
HMEC-1 cells and pHDMECs

We investigated the effect of CGRP on CXCL8, CCL2 and CXCL1
production in LPS-stimulated HMEC-1 cells and pHDMECs
(Fig. 2). HMEC-1 cells were stimulated with different concentra-
tions of LPS in the presence or absence of graded doses of CGRP.
The concentrations of CXCL8, CCL2 and CXCL1 in culture superna-
tants were assayed by ELISA at 12, 24, 48, and 72 h. Trypan blue
staining confirmed that chemokine inhibition was not the result
of cell death, as CGRP did not affect the viability of stimulated
HMEC-1 cells or pHDMECs after 72 h in culture (data not shown).
We found that LPS induced the production of CXCL8, CCL2 and
CXCL1 within 12 h, and that chemokine production was signifi-
cantly inhibited by CGRP as early as 12 h (Fig. 2A). This inhibition
was maintained throughout a 72 h incubation period, indicating
that CGRP attenuated rather than delayed chemokine production
(Fig. 2A); CGRP inhibited CXCL8, CCL2 and CXCL1 production at
all concentrations of LPS tested (0.01–1000 ng/ml) (Fig. 2B);
dose-dependent inhibition of CXCL8, CCL2 and CXCL1 production
by HMEC-1 was observed over the concentration range 0.1–
100 nM of CGRP (Fig. 2C). Furthermore, CGRP also inhibited CXCL8,
CCL2 and CXCL1 production by pHDMECs cells dose-dependently
over the CGRP concentration range 0.1–100 nM (Fig. 3).
d CGRP receptors (RAMP1/CL, RAMP2/CL and RAMP3/CL). Total RNA was extracted
1, RAMP2, RAMP3, CL and CRCP. The expected sizes for the amplified fragments are
CRCP.



Fig. 2. CGRP inhibits LPS-induced CXCL8, CCL2, and CXCL1 production by HMEC-1 cells. (A) Time-dependent chemokine inhibition by CGRP. HMEC-1 cells (0.25 � 106 cells/
ml) were exposed to LPS in the presence or absence of CGRP, and supernatants were collected at different time points and assayed for CXCL8, CCL2, and CXCL1 content. (B)
CGRP inhibited chemokine production over a range of LPS concentrations (0.001–1 lg/ml). HMEC-1 cells were stimulated with increasing concentrations of LPS in the
presence or absence of CGRP (10 nM). Supernatants were collected 72 h after LPS stimulation and assayed for chemokine content. (C) Dose-dependent chemokine inhibition
by CGRP. HMEC-1 cells were cultured with various concentrations of CGRP (0.1–100 nM) and stimulated with LPS for 72 h. Chemokine contents in culture supernatants were
determined. Each result is the mean ± SD of 3 separate replicates (each with duplicate wells) performed at the same time. Each experiment was performed at least 3 times
with the same result except the time-dependent determination of CXCL1 in which the result illustrated was seen in 4 of 6 experiments. (⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001).
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3.3. CGRP reduced LPS-induced CXCL8, CCL2 and CXCL1 mRNA
expression

Having demonstrated that CGRP inhibits LPS-induced CXCL8,
CCL2 and CXCL1 production, we explored the possibility that the
inhibition occurred at a transcriptional level. HMEC-1 cells were
stimulated with LPS in the presence or absence of 10 nM CGRP. To-
tal RNA was prepared from 12 h cultures and subjected to North-
ern blot analysis. Although CCL2, CXCL8, and CXCL1 mRNA were
not detected in non-stimulated cells, high expression of CCL2,
CXCL8 and CXCL1 mRNA was present in cells cultured with LPS
alone. Cells preincubated with 10 nM of CGRP had reduced mRNA
expression for all three chemokines (Fig. 4). These results indicate
that CGRP inhibited HMEC-1 cell production of CCL2, CXCL8 or
CXCL1 at the transcriptional level.

3.4. CGRP inhibited CXCL8, CCL2 and CXCL1 production via the CGRP1

receptor

Given that RAMPS 1, 2, and 3 were all detected by RT-PCR, we
endeavored to determine whether the effects of CGRP that we ob-
served were receptor-mediated. CGRP8–37 is a competitive



Fig. 3. CGRP inhibits LPS-induced CXCL8, CCL2, and CXCL1 production by pHDMECs. pHDMECs (0.25 � 106 cells/ml) were cultured with various concentrations of CGRP (0.1–
100 nM) and stimulated with 1 lg/ml of LPS. Supernatants were collected 24 h later and chemokine concentrations were determined. Each result is the mean ± SD of three
separate replicates (each with duplicate wells) performed at the same time. This experiment was performed 3 times and the result illustrated by this figure was seen 3 times
(⁄p < 0.05, ⁄⁄⁄p < 0.001).
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inhibitor of the CGRP1 receptor but has, reportedly, only weak
antagonist activity at the CGRP2 receptor (Hay et al., 2003; Hinson
et al., 2000). HMEC-1 cells were treated for 1 h with increasing
concentrations of CGRP8–37 (0.1–1000 nM) followed immediately
by addition of 10 nM CGRP and 1 lg/ml of LPS. The concentrations
of chemokines in supernatants were quantified by ELISA. The
inhibitory effect of CGRP on CXCL8, CCL2 and CXCL1 production
was suppressed by CGRP8–37 in a dose-dependent manner
(Fig. 5A), with complete loss of the CGRP effect at an antagonist
concentration at 1000 nM.

To further confirm that the CGRP effect is mediated via the
CGRP1 receptor, we also employed the non-peptide CGRP antago-
nist BIBN4096BS, which acts selectively upon the CGRP1 receptor
subtype (RAMP1/CL) (Doods et al., 2000), whereas RAMP2 and
RAMP3 are insensitive to its effects (Hay et al., 2003). HMEC-1 cells
were treated with increasing concentrations of BIBN4096BS (0.1–
1000 nM) followed by addition of CGRP to 10 nM and stimulation
with 1 lg/ml of LPS. As with CGRP8–37, the effect of CGRP was
inhibited by BIBN4096BS in a dose-dependent manner (Fig. 5B).
These results indicate that CGRP exerts its effects primarily
through the CGRP1 receptor, namely the RAMP1/CL complex.

3.5. CGRP prevented LPS-induced IjB degradation and NF-jB binding
to promoters of CXCL1, CXCL8 and CCL2

To test the hypothesis that the inhibitory effect of CGRP on che-
mokine production by endothelial cells occurs through inhibition
of NF-jB activation, we examined the effects of CGRP on LPS-stim-



Fig. 4. CGRP inhibits the expression of LPS-induced chemokines at the mRNA level. HMEC-1 cells (1.5 � 106 cells) were stimulated with LPS (1 lg/ml) in the presence or
absence of CGRP (10 nM) for 12 h. Total RNA was extracted and transferred onto nylon membranes. The expression of CXCL8, CCL2, and CXCL1 mRNA in HMEC-1 cells was
analyzed by Northern blotting. This experiment was performed 4 times and the result illustrated by this figure was seen in all 4 experiments.
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ulated NF-jB activation using an electrophoretic mobility shift as-
say (EMSA). HMEC-1 cells were cultured in the presence or absence
of CGRP for 1 h, followed by LPS addition to certain cultures for 4 h
to activate NF-jB. LPS caused a significant increase in NF-jB acti-
vation (Fig. 6A, lane 1 vs. 2). This band was accordingly shifted by
incubation with antibody to p50 or p65 (Fig. 6A, lane 3 and lane 4),
as shown by the marked reduction in intensity of the NF-jB band,
indicating that the NF-jB-binding complex is composed primarily
of p50/p65 heterodimers. Addition of CGRP before LPS stimulation
reduced in intensity the NF-jB band (Fig. 6A, lane 5). A similar re-
sult was seen with pHDMECs treated the same way (data not
shown). Our results suggest that CGRP inhibits LPS-induced NF-
jB binding to NF-jB binding sites on promoters of CXCL1, CXCL8
and CCL2. NF-jB activation is mediated by the phosphorylation
and subsequent degradation of IjB (Viatour et al., 2005). To study
whether CGRP alters IjB degradation, we treated HMEC-1 cells
with 1 lg/ml LPS in the presence or absence of CGRP and the cyto-
plasmic IjBa levels were measured by Western blot. When LPS
was introduced to HMEC-1 cells, IjBa degraded as expected over
the time range of 5–60 min (Fig. 6B). However, when HMEC-1 cells
were exposed to 10 nM CGRP prior to and during the period of LPS
stimulation, LPS-induced IjBa degradation was suppressed
(Fig. 6B). IKKb was measured to ensure equivalent loading of pro-
teins. To further confirm that the NF-jB pathway is indeed
involved in the regulation of CXCL1, CXCL8 and CCL2, we examined
the ability of an inhibitor of NF-jB activation, Bay 11–7085 (Pierce
et al., 1997; Mabuchi et al., 2004) to affect LPS-induced chemokine
release from HMEC-1 cells. We found that Bay 11-7085 inhibited
LPS-induced CXCL1, CXCL8 and CCL2 production in a dose-depen-
dent manner (Fig. 6C). It also significantly inhibited background re-
lease of CXCL8 and CCL2 by unstimulated cells (Fig. 6C).

3.6. CGRP inhibits chemotaxis of neutrophils and peripheral blood
mononuclear cells towards LPS stimulated HMEC-1 cells

To examine directly whether CGRP can inhibit the ability of
LPS-activated endothelial cells to chemoattract neutrophils or
mononuclear cells, we performed chemotaxis assays using Trans-
well inserts. HMEC-1 cells were plated in the wells of 24-well Fal-
con plates and stimulated for 24 h with LPS in the presence or
absence of CGRP. Control wells were treated with medium in the
presence or absence of CGRP without LPS. Then, Transwell inserts
containing either human peripheral blood neutrophils or human
peripheral blood mononuclear cells were placed into the wells.



Fig. 5. CGRP8–37 and BIBN4096BS prevent CGRP-induced suppression of CXCL8, CCL2, and CXCL1 expression. (A) CGRP8–37. HMEC-1 cells were stimulated with 10 nM of CGRP
in the presence or absence of various concentrations (0–1000 nM) of the CGRP antagonist CGRP8–37 followed by the addition of 1 lg/ml of LPS. Supernatants were collected
48 h later and assayed for chemokine content. (B) BIBN4096BS. This experiment was performed in the same manner except BIBN4096BS (0–1000 nM) was substituted for
CGRP8–37. Each result is the mean ± SD of three separate replicates (each with duplicate wells) performed at the same time. This experiment was performed 3 times and the
result illustrated by this figure was seen 3 times (⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001).
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Ninety min later, Transwell inserts were removed and migrated
cells enumerated by light microscopy in the medium. As shown
in Fig. 7A, CGRP significantly inhibited the migration of both neu-
trophils and mononuclear cells. The addition of LPS or LPS plus
CGRP to Transwell inserts instead of to Falcon wells did not result
in a statistically significant change in migration of neutrophils or
mononuclear cells to the lower chamber.

To examine directly whether the effect of CGRP observed can
be related to the inhibition of release of chemotactic substances,
HMEC-1 cells were treated with LPS, LPS plus CGRP, CGRP alone,
or medium alone for 24 h. Conditioned supernatants were re-
moved and transferred to Falcon plates followed by placement
of Transwell inserts containing neutrophils or mononuclear cells.
Supernatants conditioned by LPS alone induced significant
migration of cells out of the upper chamber. However, this effect
was lost when supernatants were conditioned by HMEC-1 cells
treated with both LPS and CGRP, as shown in Fig. 7B.
4. Discussion

Dermal blood vessels are innervated and it has long been
known that CGRP-containing nerves surround them (Garcia-Cabal-
lero et al., 1989). The findings presented within this paper strongly
suggest that CGRP-containing nerves play a role in the regulation
of cutaneous inflammation through effects on dermal vessel endo-
thelial cells.

CGRP mediates its activities through the 7-transmembrane cal-
citonin-receptor-like-receptor (CL), a G protein-coupled receptor
linked to the cellular signal transduction pathway by the accessory
protein, CRCP (Evans et al., 2000; Prado et al., 2002). However, var-
ious CGRP receptor subtypes have been identified, which, depend-
ing on the expression of RAMPs, differ in their affinities for CGRP
and for homologous peptides such as AM (Kitamura et al., 1993;
Eguchi et al., 1994; Ishizaka et al., 1994; Shimekake et al., 1995;
Fernandes et al., 2009). Studies on RAMPs demonstrate that they



Fig. 6. CGRP prevents NF-jB binding to the promoters of CXCL1, CXCL8 and CCL2 and LPS-induced IjBa degradation in HMEC-1 cells. (A) CGRP inhibits NF-jB DNA binding to
promoters. Nuclear extracts were prepared from HMEC-1 cells stimulated for 4 h with LPS (1 lg/ml) in the presence or absence of CGRP with CGRP added to cultures 1 h
before LPS. NF-jB binding was assayed by EMSA. Nuclear extracts were incubated with antisera against p50, p65 or IgG control for 15 min before adding the radiolabeled
probe. Similar results were observed in 3 independent experiments. (B) CGRP prevents LPS-induced IjBa degradation HMEC-1 cells were stimulated with LPS in the presence
or absence of CGRP as in (A). Cytosolic amounts of IjBa at different time points were determined by Western blot. One representative experiment of 3 is shown. (C) Bay11-
7085 blocked LPS-induced CXCL8, CCL2 and CXCL1 production by HMEC-1 cells. HMEC-1 cells were stimulated with LPS (1 lg/ml) in the presence or absence of graded
concentrations of Bay11-7085. Supernatants were collected 24 h after LPS stimulation and chemokine content assayed. Each result is the mean ± SD of three separate
replicates (each with duplicate wells) performed at the same time. This result is representative of 2 such experiments (⁄⁄⁄p < 0.001 vs. LPS, no Bay11-7085; ⁄p < 0.05,
⁄⁄p < 0.01, ⁄⁄⁄p < 0.001 vs. no LPS, no Bay11-7085).
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behave essentially as chaperones that are required for terminal
glycosylation and correct cell surface targeting of the CGRP recep-
tor, essentially conferring function and ligand specificity to the or-
phan CL receptor (Conner et al., 2004). Receptor subtypes are
characterized by their RAMP-mediated sensitivity to the CGRP
antagonist, CGRP8–37, with CGRP1 (RAMP1/CL) types having high
affinity and CGRP2 (RAMP2/CL and RAMP3/CL) types having low
affinity (Poyner, 1995). Of the three RAMPs that have been studied,
the RAMP1/CL complex demonstrates the highest affinity for CGRP,
while both RAMP2 and RAMP3 complexed receptors serve as func-
tional AM receptors with RAMP3 having limited affinity for CGRP
(McLatchie et al., 1998; Kamitani et al., 1999; Nikitenko et al.,
2006). Hence, it seems likely that the cellular effects observed with
CGRP treatment may arise through the RAMP1/CL receptor com-
plex rather than the other subtypes with relatively lower CGRP
sensitivity.
We have demonstrated that HMEC-1 cells and the population of
pHDMECs that we utilized express the CGRP orphan receptor CL,
the receptor component protein CRCP, and the accessory proteins
RAMP1, RAMP2 and RAMP3. The presence of RAMP1 in HMEC-1
cells is consistent with past studies which have concluded that
the RAMP1/CL is pharmacologically identical to the CGRP1 receptor
subtype (Prado et al., 2002) which has the highest affinity for both
CGRP, the antagonist CGRP8–37, and the RAMP1-selective antago-
nist, BIBN4096BS. Furthermore, HMEC-1 cell expression of acces-
sory proteins such as CRCP, an intracellular peripheral membrane
protein shown to couple CL/RAMP complexes to downstream effec-
tors (Evans et al., 2000), provides a plausible mechanism by which
the CGRP receptor is linked to G proteins and downstream signal-
ing pathways. The experiments reported herein showing that
CGRP1 inhibitors block the suppressive effect of CGRP on inhibition
of chemokine release demonstrate that stimulation of the CGRP1 is



Fig. 7. Exposure of HMEC-1 cells to CGRP during stimulation inhibits chemotaxis of neutrophils and monocunclear cells towards LPS-stimulated HMEC-1 cells or
supernatants conditioned by LPS-stimulated HMEC-1 cells. (A) Inhibition of chemotaxis towards stimulated cells. HMEC-1 cells were treated with 1 lg/ml LPS in the presence
or absence of CGRP, CGRP alone or medium alone in the lower chambers of the Transwell apparatus for 24 h. Neutrophils or mononuclear cells were then placed in the upper
chambers and after 90 min cells that migrated into the lower chambers were enumerated by light microscopy. (B) Inhibition of chemotaxis towards conditioned
supernatants. HMEC-1 cells were stimulated with LPS in the presence or absence of CGRP, CGRP alone or medium alone. Supernatants were harvested after 24 h and placed in
the lower chambers of the Transwell apparatus. Neutrophils or mononuclear cells were then placed in the upper chambers and after 90 min cells that migrated into the lower
chambers were enumerated by light microscopy. The experiment shown is representative of three experiments with similar results (⁄⁄⁄p < 0.001 vs. LPS, no CGRP).
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necessary for the effect, although they do not prove that it is
sufficient.

It is also of interest that, as shown in Fig. 5, the CCL2 level re-
leased by cultured cells stimulated by LPS is higher (p < 0.001) in
the presence of 1000 nM CGRP8–37 than with LPS alone. This was
not seen with the BIBN4096BS inhibitor nor was it seen with the
other chemokines examined. This observation raises the possibility
that CCL2 is so sensitive to CGRP that release of small amounts of
CGRP by cells in the culture wells are inhibiting CCL2 release. In
this regard, some non-nervous system cells have been reported
to express CGRP. For example, human monocytes and macro-
phage-activated human adipocytes reportedly express CGRP
(Linscheid et al., 2004; Bracci-Laudiero et al., 2005) as do rat lym-
phocytes (Xing et al., 1998) and human Langerhans cells within
psoriatic lesions (He et al., 2000). CGRP is also expressed in the thy-
mus of several species including humans and mice (Silva et al.,
2006). However, the failure of BIBN4096BS to have this effect ar-
gues against this possibility. A detailed examination of this
observation is beyond the scope of this paper but it is an interest-
ing question.

The promoters of most CXC and CC chemokines contain various
transcription factor binding sites where NF-jB may act to regulate
the expression of these and other inflammatory mediators (Sieben-
list et al., 1994; Freter et al., 1996; Ohmori et al., 1995; Ueda et al.,
1997; Mauviel et al., 1992; Anisowicz et al., 1991; Lim and Garzi-
no-Demo, 2000). For example, induction of chemokine expression
in endothelial cells by Borrelia burgdorferi (Ebnet et al., 1997)
was blocked by NF-jB inhibitors and magnesium deficiency pro-
motes chemokine release by endothelial cells via NF-jB activation
(Ferrè et al., 2010), suggesting that NF-jB activation is important
for chemokine production in these cells. Thus, we also investigated
whether the inhibitory effect of CGRP on endothelial cell chemo-
kine release results from effects on the NF-jB signal pathway.

As a major regulator of inflammation, NF-jB modulates the
expression of various chemokines and cytokines (Bierhaus and
Nawroth, 2003); hence, it is plausible that CGRP may affect the
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NF-jB pathway as a way of inhibiting CXCL1, CXCL8 and CCL2 pro-
duction. The results described above strongly support this hypoth-
esis. CGRP suppressed the degradation of IjBa, thus inhibiting
activation of NF-jB and its subsequent binding to the promoters
of CXCL1, CXCl8 and CCL2. We also employed the pharmacologic
inhibitor of NF-jB activation, Bay 11-7085 [which acts by inhibit-
ing IjB kinase (IKK)], to determine its ability to inhibit production
of CXCL1, CXCL8 and CCL2 (Pierce et al., 1997; Mabuchi et al.,
2004). We found that Bay 11-7085 inhibited LPS-induced CXCL1,
CXCL8 and CCL2 production by HMEC-1 cells. Without P-IKKa/b,
the NF-jB dimer is not released and is unable to translocate into
the nucleus to induce gene expression. Thus, this pharmacologic
NF-jB inhibitor strikingly mimics the effects of CGRP in this sys-
tem, supporting the idea that the inhibitory effect of CGRP on che-
mokine production may be mediated at least partly through
inhibition of the NF-jB activation pathway.

These results show that LPS-induced chemokine production by
HMEC-1 cells is transcriptionally suppressed by CGRP in a dose-
and time-dependent manner in the nanomolar concentration
range. While the concentration of CGRP in the vicinity of a nerve
ending after release is not known, we chose to study this dose
range as nervous tissue contains CGRP as high as 1197 pg/mg
(Xu et al., 1989). While we chose LPS-induced chemokine release
as our model to study, similar suppressive effects of CGRP were ob-
served on CXCL1, CXCL8 and CCL2 release from HMEC-1 cells stim-
ulated with IL-1b or TNFa (data not shown).

A question that, of course, arises in a study of this type is
whether it has in vivo relevance. Fortunately, others have per-
formed experiments yielding findings that bear directly on this
question. As discussed in the introduction, systemic administra-
tion of CGRP to mice was found to inhibit the accumulation of
neutrophils in the peritoneal cavity after subsequent injection
with LPS (Gomes et al., 2005). It also prevented death from
lethal endotoxemia in mice given a fatal dose of LPS intraperito-
neally and this effect was lost with co-administration of CGRP8–

37 (Gomes et al., 2005). Subplantar injection of CGRP into the rat
paw inhibited paw swelling induced by subsequent injection
with 5-hydroxytryptamine (Raud et al., 1991). Of particular
interest, topical application of CGRP inhibited ear inflammation
induced by topical treatment with croton oil, arachidonic acid
or tetradecanoylphorbol acetate (O’Kane et al., 2006; Clementi
et al., 1994, 1995). Although not proven, these observations are
consistent with an inhibitory effect of CGRP on endothelial cells.
The chemotaxis experiments described in the results section,
however, directly support the concept that the CGRP-induced
inhibition seen in these types of experiments results from a di-
rect effect on endothelial cells inhibiting their release of chemo-
tactic factors. Indeed, the chemotaxis experiments directly link
the suppression of release of chemokines by endothelial cells
with a functional (inhibition of chemotaxis of neutrophils and
mononuclear cells) result.

The observation that a product of nerves surrounding dermal
blood vessels (CGRP) can alter release of chemotactic factors by
endothelial cells has several implications. First, as mentioned
above, it provides a potential mechanism by which the nervous
system can regulate inflammation in the skin. Second, it suggests
the possibility that therapeutic agents might be developed that
could exploit CGRP receptor signaling to inhibit chemokine re-
lease by dermal endothelial cells. Third, if release or non-release
of CGRP by nerves surrounding dermal blood vessels is regulated
by stress, these finding might help to explain why certain skin
disorders (such as rosacea, psoriasis and atopic dermatitis) may
worsen with stress. The possible role of nerve-derived sub-
stances such as substance P and adenosine triphosphate in
enhancement of cutaneous inflammation during stress has been
explored experimentally (Pavlovic et al., 2008; Amano et al.,
2008; Seiffert et al., 2006). Interestingly, a possible role for stress
reduction and avoidance behavior in ameliorating inflammatory
skin disorders such as atopic dermatitis and psoriasis has been
suggested (Farber and Nall, 1993; Arndt et al., 2008). These find-
ings may suggest a mechanism by which CGRP may play a role
in stress modulation of skin inflammation. Indeed, cutaneous
nerve fiber expression of CGRP was shown to be reduced 24 h
after experimental acute social stress (Kleyn et al., 2008). An
important area of future research will be to determine the con-
ditions by which neuropeptides are released by dermal nerves.
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