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Abstract

Calcitonin Gene-Related Peptide (CGRP) is a vasodilatory peptide that has been detected at high

levels in the skin, blood, and cerebral spinal fluid under a variety of inflammatory and chronic

pain conditions, presumably derived from peptidergic C and Aδ innervation. Herein, CGRP

immunolabeling (IL) was detected in epidermal keratinocytes at levels that were especially high

and widespread in the skin of humans from locations afflicted with postherpetic neuralgia (PHN)

and complex region pain syndrome type 1 (CRPS), of monkeys infected with simian

immunodeficiency virus, and of rats subjected to L5/L6 spinal nerve ligation, sciatic nerve chronic

constriction, and subcutaneous injection of Complete Freund’s Adjuvant. Increased CGRP-IL was

also detected in epidermal keratinocytes of transgenic mice with keratin-14 promoter driven

overexpression of noggin, an antagonist to BMP-4 signaling. Transcriptome microarray, qPCR,

and Western blot analyses using laser captured mouse epidermis from transgenics, monolayer

cultures of human and mouse keratinocytes, and multilayer human keratinocyte organotypic

cultures, revealed that keratinocytes express predominantly the beta isoform of CGRP. Cutaneous
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peptidergic innervation has been shown to express predominantly the alpha isoform of CGRP.

Keratinocytes also express the cognate CGRP receptor components, CRLR, RAMP1, and RCP,

consistent with known observations that CGRP promotes several functional changes in

keratinocytes, including proliferation and cytokine production. Our results indicate that

keratinocyte derived CGRPβ may modulate epidermal homeostasis through autocrine/paracrine

signaling and may contribute to chronic pain under pathological conditions.
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Introduction

Calcitonin Gene-related Peptide (CGRP) is a well-conserved neuropeptide implicated in

nociception, vasoregulation, inflammation, and epidermal homeostasis [5,9,25,34,45–

46,53,73,87,91–92,99,106,109,111]. Mammals express two CGRP isoforms, CGRPα and

CGRPβ, derived from separate genes, but which remain largely functionally

indistinguishable [97,109,111]. CGRP-immunolabeling (IL) is observed on subsets of C and

Aδ innervation (peptidergic) that terminate in different proportions in various skin

compartments, especially the epidermis and perivascular [4,88,119]. Peptidergic innervation

coexpresses a variety of combinations of receptors and ion channels, such as TrpV1 and

ASIC3, and is implicated in several sensory functions, including neurogenic inflammation

and nociception [3,19,33,61–62,68,76,85,94]. Although existing antibodies do not

distinguish between the two isoforms, mRNA assessments of dorsal root ganglion neurons

indicate that peptidergic cutaneous innervation predominately expresses the CGRPα isoform

with only limited CGRPβ expression [71,74]. Immunochemical assays have detected the

presence of CGRP in plasma, CSF and spinal cord [112], and increased levels of CGRP

have been documented in the skin, blood, and cerebral spinal fluid from a variety of human

and animal chronic pain conditions [5–7,13,17,20,46,51,72,103]. Therefore, CGRP has

become a leading target for chronic pain therapeutics [9,32]. The increased CGRP is

presumed to arise from excess release of CGRPα from sensory endings and central

terminations of peptidergic fibers contributing to nociceptive pathways [9,12,35–

36,52,58,90,109,116].

Like neurons, keratinocytes are derived from ectoderm and express a wide variety of

neurochemical properties [81,92,96,101,117]. Whereas neurons largely remain postmitotic

and terminally differentiated, keratinocytes are replaced through proliferation at the basal

layer and undergo phased differentiation as they are displaced superficially and shed [38–

39]. Until recently, the neurochemical properties of keratinocytes have been examined in the

context of epidermal barrier homeostasis and wound repair [26–28,92,101]. In this context,

CGRP has been shown to promote keratinocyte proliferation and cytokine expression, with

the source of the CGRP assumed to be from peptidergic sensory endings in the epidermis

[34–35,53,92,99,106]. Recent data have demonstrated that epidermal keratinocytes have a

dynamic, stratified neurochemical organization that may play a direct role in sensory

transduction and modulation of sensory ending function [64,88]. Moreover, pathologies of

the epidermal chemistry, particularly the de novo expression of voltage-gated sodium

channels, have been implicated in excessive keratinocyte-derived ATP release, likely

contributing to chronic pain [33,117]. We have consistently observed low levels of CGRP-

IL expressed heterogeneously among epidermal keratinocytes, with indications of increased

homogeneous expression under some chronic pain conditions.
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The purpose of this study was to determine whether CGRP-IL is consistently increased

among epidermal keratinocytes under chronic pain conditions and whether CGRP-IL in

keratinocytes is accompanied by mRNA expression for CGRPα and CGRPβ isoforms. Our

results indicate that CGRP-IL is increased in painful skin sites of humans with postherpetic

neuralgia and complex regional pain syndrome type1, of rats caused by L5/L6 spinal nerve

ligation, sciatic nerve chronic constriction injury, and by subcutaneous administration of

Complete Freund’s Adjuvant (CFA), and of monkeys infected with SIV. Surprisingly,

mRNA analyses indicate that the keratinocytes produce predominantly CGRPβ, which may

normally play an autocrine/paracrine role in epidermal homeostasis, but may contribute to

chronic pain under pathological conditions.

Methods

Animals

All animal experiments performed at each site were approved by the Institutional Animal

Care and Use Committees of Albany Medical College (SNL), Northwestern University

(transgenics), University of Maryland (CFA), University of Brescia (CCI), and Harvard

University’s New England Regional Primate Research Center (SIV), in accordance with

standards of the American Association for Accreditation of Laboratory Animal Care, and

conformed to the guidelines set forth by the Society for Neuroscience care and use of

laboratory animals, and the ethical standards set forth by the Committee for Research and

Ethical Issues of the IASP [118]. All animals were maintained in viral-free facilities on a 12

hr light/dark cycle with ad libitum food and water. Monkeys were housed individually

(SIV), rats were housed individually (SNL, CCI, RMI) or 2–3 per cage (CFA) and

transgenic mice were housed 4–6/cage.

Humans

Tissue obtained from human subjects (CRPS, PHN) was done utilizing protocols for study

design approved by the local Institutional Review Board (IRB) of the Rambam Medical

Center Ethic Committee (CRPS) and Albany Medical College (PHN, DN).

Human Pain Conditions

Post-herpetic Neuralgia—Five subjects with PHN and six controls subjects were

recruited whose demographics are summarized in Table 1. A concerted attempt was made to

match the ages, genders, and biopsy sites of the PHN and control subjects. Subjects were

rated “yes” or “no” for hypertension (HTN), elevated cholesterol (Chol) and hypothyroidism

(hypothyr). In all the figures, the data are labeled by the age and gender (e.g. 66F = 66 year-

old female). For control subjects, a single punch biopsy (3mm) was taken from symmetrical

left and right locations. For the PHN subjects, one biopsy was taken from the most painful

site that had been afflicted by a rash (ACTIVE), another site 1 cm apart (IPSI) and a mirror

image location in the contralateral dermatome (CONTRA). One PHN subject was

substantially younger (29 years old) than the four other PHN subjects and had a substantially

higher VAS score. He was only 22 years old at the time of his acute zoster attack and the

persistence and severity of his chronic pain was unusual for his age. He was grossly

overweight >350 pounds. For comparison, a 23 year old male control subject of comparable

weight was recruited.

Complex Regional Pain Syndrome (CRPS): Human CRPS type I tissue was obtained

from the surgically amputated upper limb (arm) and lower limb (leg) of separate patients.

Full patient clinical descriptions, tissue handling, and certain pathologic alterations of this

tissue have been published previously [3]. Changes of epidermal chemistry had been noted
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by the authors at the time of that publication (personal communication), but were too

undefined to include as part of that work.

Diabetic Peripheral Neuropathy: Five diabetic and five nondiabetic subjects were

recruited whose demographics are summarized in Supplementary Table 1. A concerted

attempt was made to match the ages and genders of the diabetic and nondiabetic subjects.

Subjects were rated “yes” or “no” for hypertension (HTN), elevated cholesterol (Chol) and

hypothyroidism (hypothyr). A single punch biopsy (3mm) was taken from the glabrous

lateral edge of the non-dominant foot from each subject about halfway between the base of

the 5th digit and the end of the heel. All 5 subjects had diagnosed diabetic peripheral

neuropathy (DPN) with chronic pain >2.0 VAS. In addition to the PHN patient data,

Supplementary Table 1 includes peroneal and sural nerve conduction velocities (PerCV and

SuralCV in meters/second) and sural nerve amplitudes.

Nerve injury

Spinal Nerve Ligation (SNL)—To determine the potential impact of nerve injury on

CGRP expression in epidermal keratinocytes, a unilateral tight spinal nerve ligation (SNL)

of the L5 and L6 spinal nerves was performed under isofluorane anesthesia on male

Sprague-Dawley rats (150–200 gr., Taconic Farms, Germantown, NY) following the

methods of Kim and Chung [59], with slight modifications (Fig. 1A). Briefly, a midline

incision was made over the lumbar vertebral ridge, and back musculature opened to reveal

the L6 transverse process. The process was removed and the L4, L5, and L6 spinal nerves

were exposed using a pulled glass pipet. The L5 and L6 spinal nerves were tightly ligated,

while the L4 nerve root was gently irritated by light rubbing and stretching. Animals were

closed and allowed to recover for 5–7 days. Neuropathic pain was monitored by measures of

mechanical allodynia using nylon fibers of differing thickness to impart mechanical

deflection of the rat hindpaw plantar surface (Von Frey filaments). Baseline testing was

performed prior to surgeries, and again on days 3–4, 10, 30, and 60 days post SNL. Results

were compared by repeated measures ANOVA with Tukey's post test. A total of 12 animals

were utilized (3 remained as control for the full 60 days, 3 underwent sham surgeries and

were tested out to 60 days, and 6 underwent SNL procedures). Sham surgeries involved all

but the nerve ligations and L4 manipulation. The 30 day SNL animals (n=3), and all

remaining animals following 60 day testing, were sacrificed by transcardial perfusion with

4% paraformaldehyde and the ipsilateral and contralateral hindpaws bluntly removed, post-

fixed for 4 hr in 4% PFA, transferred to fresh PBS with 0.1% NaN3 and stored at 4°C for

subsequent immunofluorescence evaluation.

Sciatic nerve loose ligature (CCI)—Loose ligature chronic constriction injury (CCI)

was also used as another animal model of chronic neuropathic pain. Ten Sprague-Dawley

rats were anesthetized by intraperitoneal injection of Zoletil (60 mg/kg; Virbac, France), and

the right sciatic nerve was exposed at the level of the mid-thigh by blunt dissection and

separated from the adhering tissue immediately proximal to its trifurcation. In 5 rats, four

ligatures were then loosely tied around the nerve at 1–2 mm distance using 4–0 chromic gut

suture material (Fig. 1A) [10]. The other 5 rats were sham-operated controls where the left

sciatic nerve was exposed at the same level, without ligature. Responses to thermal stimuli

of all animals were measured before and 3, 7, and 14 days after the CCI or sham surgical

procedure. Measurements were performed on both the ipsilateral and contralateral hind paws

of all rats by researchers who were blind to treatments. Thermal hyperalgesia was tested

according to the Hargreaves procedure [49] using a plantar test apparatus (Ugo Basile,

Comerio, Italy). Briefly, rats were placed in clear plexiglass cubicles and allowed to

acclimatize. A constant intensity radiant heat source (beam diameter 0.5 cm and intensity 40

I.R.) was aimed at the midplantar area of the hind paw. The average withdrawal latency
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time, in seconds (s), from initial heat source activation until paw withdrawal was determined

in four separate trials for each time point. Results were compared by repeated measures

ANOVA with Tukey's post test. Animals were sacrificed at 14 days by transcardial

perfusion with 4% paraformaldehyde and the ipsilateral and contralateral hindpaws bluntly

removed, post-fixed for 4 hr in 4% PFA, transferred to fresh PBS with 0.1% NaN3 and

stored at 4°C for subsequent immunofluorescence evaluation.

Inflammation Injury

Complete Freund’s Adjuvant (CFA)—To test directly the potential impact of tissue

inflammation on CGRP expression in epidermal keratinocytes, male Sprague-Dawley rats

(150–300 gr, Harlan, Indianapolis) were administered Complete Freund’s Adjuvant (CFA,

Sigma, St. Louis) suspended in an oil/saline (1:1) emulsion and injected (0.1 mg

mycobacterium sc) into a plantar hindpaw. The injection produces an intense tissue

inflammation characterized by erythema, edema, and hyperalgesia [8,23]. Control animals

(n=2), and plantar hindpaw vehicle-injected animals (n=2) were maintained for 14 days

without signs of discomfort or stress. Nine CFA injected animals (n=3/group) were utilized

for hindpaw immunochemistry evaluation at 2 hr, 3 day, and 14 day following CFA

injection. All animals were sacrificed by transcardial perfusion with 4% paraformaldehyde

(PFA) and the ipsilateral (injected) and contralateral hindpaws bluntly removed, post-fixed

for 4 hr in 4% PFA, transferred to fresh PBS with 0.1% NaN3 and stored at 4°C for

subsequent immunofluorescence evaluation.

Viral infection (SIV)—To investigate potential keratinocyte alterations associated with

viral-induced inflammation, skin samples were taken from monkeys utilized for modeling

simian immunodeficiency virus (SIV) encephalitis (Table 2). Rhesus monkeys were infected

with SIVmac251 (20 ng of SIV p27) by intravenous injection, provided by Ronald

Desrosiers (Harvard University’s New England Regional Primate Research Center). To

achieve rapid progression to AIDS with a high incidence of SIV encephalitis, monkeys were

CD8+ T-lymphocyte depleted, via treatment with a human anti-CD8 antibody, cM-T807,

administered s.c. (10mg/kg) at day 6, as well as i.v. (5mg/kg) at days 8 and 12 following

infection [18,95,110]. Antibodies were provided by the NIH Non-human Primate Reagent

Resource (RR016001, AI040101). CD8+ T-lymphocyte depletion was monitored by flow

cytometry prior to antibody treatment and weekly during the infection. Upon the

development and progression of AIDS, 4 animals were sacrificed by anesthetization with

ketamine-HCl, euthanized by an intravenous pentobarbital overdose and exsanguinated. For

these studies, glabrous palmar and plantar skin samples were removed, immersion-fixed for

4 hr in 4% PFA, transferred to fresh PBS with 0.1% NaN3 and stored at 4°C for subsequent

immunofluorescence evaluation. Control hypothenar skin samples were collected from a

normal, uninfected control animal, under general anesthetic, and identically processed. Skin

samples from other normal monkeys had been previously processed as part of prior studies

[77–79].

TGFβ Regulation

Transgenic mice—It has been previously shown that BMP family members, including

BMP-4, can induce CGRP expression in cultured neurons [1]. As well, our own studies have

demonstrated that CGRP-expressing DRG neurons and peptidergic CGRP skin innervation

were also impacted by relative amounts of BMP-4 and noggin over-expression in the

epidermis of transgenic mice [48]. Interestingly, during those studies, preliminary

assessments indicated that noggin anatagonism of BMP4 signaling appeared to increase

CGRP-IL in the epidermis. To confirm CGRP-IL expression in keratinocytes and to test

whether immunofluoresent intensity reflects CGRP expression, BMP4- and Noggin-

overexpressing transgenic mice were used for CGRP mRNA evaluations of epidermal
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keratinocytes. BMP4- and Noggin-overexpressing transgenic mice were generated in the

laboratory of Dr. John Kessler [48]. Mouse Noggin cDNA was PCR amplified from E19

whole brain RNA, and the sequence was verified and subcloned into p-Bluescript (pBKS-

Noggin). The noggin fragment was then subcloned into the K14-hGH poly(A) plasmid [23]

to make the K14-Noggin-hGH poly(A) plasmid, which contains the keratin-14 promoter and

the human growth hormone exon/intron and poly(A) sequences. The vector was digested,

and the K14-Noggin-poly(A) fragment was injected into one-cell FVB embryos to generate

Noggin-overexpressing mice. The BMP4 cDNA, also amplified from mouse RNA, was

similarly subcloned into the K14-hGH poly(A) plasmid and injected into CB6F1 one-cell

embryos to generate the BMP4-overexpression mice. The transgenic founders were

identified by Southern blot analysis, and further screening was performed by PCR with

transgene-specific primer pairs. Adult mice (6–8 wks) over-expressing noggin or BMP-4

(n=6/group) were sacrificed by transcardial perfusion with 4% paraformaldehyde (PFA) and

the hindpaws bluntly removed, post-fixed for 4 hr in 4% PFA, transferred to fresh PBS with

0.1% NaN3 and stored at 4°C for subsequent immunofluorescence evaluation. For laser

capture microdissection (LCM) and subsequent transcriptome array analyses and qPCR,

adult (6–8 wks) noggin and BMP4 transgenic mice (n=6/group) were killed by lethal

ketamine ip injection, hindpaws were rapidly removed, glabrous skin dissected free and

placed corium-side down onto a small sponge to retain a flat tissue shape, and snap frozen in

liquid N2. Tissue blocks were maintained at −80°C until subsequent processing for LCM/

qPCR.

Tissue Processing—Immersion and perfusion fixed glabrous tissue specimen (mouse,

rat, monkey, human) were cryoprotected by overnight infiltration with 30% sucrose/PBS,

embedded in Optimal Cutting Temperature (OCT) mounting media, snap frozen, and cut by

cryostat into 14 µm sections perpendicular to the skin surface and parallel to the long axis of

the sample. Sections were rotated across a series of at least 10 slides to allow

immunolabeling of alternating sections with various combinations of antibodies against

different target antigens. The sections were thaw mounted onto chrome-alum-gelatin-coated

slides, air-dried overnight, and processed for single or double immunolabeling. Flash-frozen

tissue for LCM/qPCR were similarly cut, but utilized standard precautions to prevent

contamination from RNAses, including complete cleaning of the cutting knife and all

surfaces of the cryostat with an RNAse eliminating detergent (RNaseZap). Sections were

quickly thaw-mounted onto RNAse-free superfrost plus glass slides, ~5/slide, well-spaced to

allow for laser etching, and maintained at −20°C until LCM.

Cultured epidermal keratinocytes

Human keratinocytes—Primary human epidermal keratinocytes from neonatal foreskin

(Lonza, Basel) were cultured with chemically defined keratinocyte growth media (KGM-

CD, Lonza) supplemented with 0.5% penicillin/streptomycin antibiotics and maintained at

37°C and 5% CO2. Primary human epidermal keratinocytes were plated on collagen coated

35mm dishes at a density of 3,500–10,500 cells/cm2 and grown until 95–100% confluent,

with media refreshed every 48–72 hrs. Total RNA was extracted from confluent

keratinocyte cultures that were maintained in basal, low calcium KGM, or from those that

were switched into high calcium media (2mM CaCl2) for 5 additional days to increase

differentiation in these submerged cultures, as previously described [50,115]. To fully

differentiate keratinocytes in vitro, normal human epidermal keratinocytes were grown at an

air-liquid interface for 12 days to generate organotypic raft cultures of human epidermis

[43]. Mature raft cultures were then processed for total mRNA and protein recovery and

subjected to qPCR and Western blot analysis, respectively.
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Mouse Keratinocytes—Isolation of epidermal keratinocytes from neonatal mice was

based on a published protocol [31]. The epidermis from a newborn mouse yields

approximately 5–10×106 cells. Cells are cultured in calcium-free Eagle's minimal essential

medium (EMEM), supplemented with 4% fetal bovine serum (FBS), 0.05mM CaCl2, 0.4ug/

ml hydrocortisone, 5ug/ml insulin, 10ng/ml epidermal growth factor (EGF), 2×10−9 M T3,

100 units/ml penicillin and 100ug/ml streptomycin, 2mM L-glutamine, and cholera toxin

(10−10M). Cells were kept at 33°C, 8% CO2 for five to seven days before use in

experiments. In addition, a mouse keratinocyte cell line (MK-116) was derived from wild-

type mouse keratinocytes, and conditionally immortalized with SV40 large T antigen [30].

MK116 cells were cultured in the identical media as primary mouse cultures, with the

exception of the cholera toxin, and the inclusion of 10 units/ml interferon-γ. MK116 cells

were kept at 33°C incubator with 8% CO2, and routinely split (1:5) when confluent to

maintain culture integrity.

Analytical Techniques

Immunofluorescence—Slides were processed for single or double label

immunofluorescence following published procedures [3,40,77]. Slides were preincubated in

1% bovine serum albumin and 0.3% Triton X-100 in PBS (PBS-TB) for 30 min and then

incubated with primary antibody diluted in PBS-TB overnight in a humid atmosphere at

4°C. Slides were then rinsed in excess PBS for 30 minutes and incubated for 2 hr at room

temperature with the appropriate Cy3-, or Alexa488-conjugated secondary antibodies

(Jackson ImmunoResearch, West Grove, PA; Molecular Probes, Eugene, OR) diluted in

PBS-TB (1:500). Following secondary antibody incubation, the sections were rinsed for 30

min in PBS and were either coverslipped under 90% glycerol in PBS or processed for a

second run of primary and secondary antibodies before being coverslipped. The primary

antibodies used are shown in Table 3. As shown in prior studies [3,41,77], anti-PGP labels

all known types of peripheral innervation, anti-200kD neurofilament protein (NF) labels Aβ
and likely Aδ fibers in normal mature skin, and anti-CGRP labels peptidergic subsets of C

fibers (NF-negative) and Aδ fibers (NF-positive).

For rat studies where control and experimental tissues were received at the same time,

control and experimental sections were immunolabeled at the same time. For the human

PHN studies, control and pain site biopsies from the same patient were processed at the

same time, but biopsies from different patients were received at widely different times and

were processed as they were received. For the patient with CRPS afflicting the leg, biopsies

from painful and nonpainful sites were received and processed at the same time. For the

patient with CRPS afflicting the arm, control specimens came from normal other subjects

and were processed the same way, albeit at different times but with the same lots of

antibodies. Likewise, monkey specimens and specimens for the human DPN study were

received and processed similarly at widely different times and, consequently, with two

different lots of CGRP antibody from the same supplier.

Image Analysis—Immunostained sections were analyzed with an Olympus Optical Provis

AX70 microscope equipped with conventional fluorescence filters (Cy3: 528–553 nm

excitation, 590–650 nm emission; Cy2/Alexa488: 460–500 nm excitation, 510–560 nm

emission). Fluorescent images were collected with a high-resolution camera (Sony, DKC-

ST5) interfaced with Northern Eclipse (Empix Imaging, Mississaugau, ON), Photoshop

(Adobe, San Jose, CA), and NeuroLucida (MicroBrightField, Colchester, VT) software.

Camera settings were kept identical between image captures to demonstrate differences in

immunolabeling intensities. For experiments assessing the relative immunofluorescent

labeling as a measure of expression levels of CGRP (CGRP-IL) within epidermal

keratinocytes (PHN, CRPS, SNL, CFA, SIV, DN), slides of tissue sections were blinded and
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relative levels of immunofluorescence in the epidermis across all the sections on each slide

were qualitatively rated by experienced investigators (QH, PJA, FLR). Photomicrographs

presented are representative of the tissue staining patterns most commonly observed across

all sections from any given specimen.

Laser capture microdissection (LCM)—LCM was performed on flash-frozen sections

using the Veritas machine (Arcturus Biosciences, Mountain View, CA). The sections were

stained by brief immersion in hematoxylin and eosin, followed by brief dehydration in

ethanol and xylene, loaded into the machine and quickly used to map the epidermis prior to

performing LCM. For each sample, LCM was performed on 8 to 10 skin sections and

isolated the whole epidermis from each section. The captured pieces of epidermis from the

same specimen were pooled in order to generate enough RNA for study.

RNA isolation, cDNA synthesis, Transcriptome Array and real time PCR—Total

RNA was isolated using the PicoPure RNA Isolation Kit (Arcturus Biosciences) from LCM

samples, and by Trizol (Invitrogen) from primary mouse, NHEK, calcium differentiated

NHEK, and human epidermal keratinocytes grown in organotypic raft cultures. The amount

of RNA isolated was on the order of 2 to 500 ng per sample. Total RNA from three

biological replicates was pooled and used as template for cDNA amplification using the

NuGEN pico amplification protocol and subsequently hybridized to Affymetrix Mouse

Gene ST 1.0 microarrays as per manufacturer (Center for Functional Genomics, SUNY

Albany). The raw data was quantile normalized using RMA, following which probe sets that

had signals in the bottom 20th percentile in all samples were excluded from further analysis.

This list of filtered transcripts was then subjected to a 1.5-fold filter to select those that

showed differential expression between the two conditions (noggin overexpression vs BMP4

overexpression). These results were then subjected to Student’s T-test to identify genes with

significant difference (P<0.5). Complementary DNA was synthesized by reverse

transcription (RT) of total isolated RNA (Superscript First Strand Synthesis, Invitrogen,

Carlsbad, CA). Real time PCR reactions were conducted in triplicates using the following

protocol: a single 3 minute step at 95°C followed by 40 cycles of 10 seconds at 95°C, 10

seconds at 55°C, and 30 seconds at 72°C. A Biorad CFX96 qPCR system was used with a

C1000 thermocycler and data was analyzed with CFX Manager V1.5. Target gene

expression was normalized to the housekeeping gene GAPDH. The primers were bought

from Qiagen. Data from real time PCR were analyzed with student t test or ANOVA

followed by Dunnett’s post hoc comparisons. p<0.05 was defined as significant.

Western Blot—Cultured primary mouse keratinocytes and fibroblasts, immortalized

mouse keratinocytes (MK116), and freshly isolated mouse trigeminal ganglia from adult

Swiss Webster mice were lysed (RIPA cell lysis buffer) and pelleted at 12000g for 15min.

Total protein from primary mouse keratinocytes (20, 40, or 60µg) and 1 or 10µg

commercially available synthesized human CGRPα (used as positive control, Santa Cruz

Biotechnology) were loaded and separated by 10–20% Tris/Tricine gel, and the resolved

proteins were electrotransferred to 2% Nitrocellulose membrane. The membrane was then

incubated with 5% non-fat milk in Tris buffer containing Tween 20 (TBS+T) for 1h and

then incubated in a rabbit polyclonal anti CGRP (1:2000, Chemicon) at 4°C overnight. The

membrane was subsequently washed twice with TBS+T and probed with a donkey anti-

rabbit IgG conjugated with horseradish peroxidase (HRP, 1:10,000) for 1h. The membrane

was then washed several times with TBS+T and visualized using and ECL

chemiluminescent detection kit (Santa Cruz Biotechnology). To determine if the protein

labeling was authentic, we utilized total protein from primary mouse fibroblast cultures (FB)

as a negative control, immortalized and undifferentiated mouse keratinocyte monolayer

cultures (MK116), and freshly dissociated and homogenized mouse trigeminal ganglia tissue
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(TG) as a positive control. To determine if CGRP protein was detectable in human

keratinocyte cultures, total protein samples from organotypic human keratinocytes (3D raft

cultures) were loaded (5 identical 20 µg/lane samples pooled from 3 independent raft

cultures), along with a CGRPα positive control lane, and subjected to identical Western

procedures, except that 4–12% Bis/Tris gels were used. Additionally, to test the specificity

of the anti-CGRP polyclonal antibody used to probe each Western membrane, CGRPα (1µg)

and total protein samples from mouse trigeminal ganglia (TG, positive control) and mouse

fibroblasts (FB, negative control) were loaded (20 µg/lane), in duplicate, subjected to

Western, and the membrane then separated. One half of the membrane (left) was probed

with anti-CGRP (Rb polyclonal, 1:2000; Chemicon Inc, Temecula, CA), while the other half

(right) was probed with the same anti-CGRP antibody mix, but which was pre-adsorbed by

incubation with excess CGRPα (1µg) and CGRPβ (1µg) for 30 min at RT. The mix was

centrifuged and the resultant supernatant used for membrane probing.

CGRP Release Assays—Commercially available CGRP enzyme immunoassay kits

(Cayman Chemical, Ann Arbor, MI) were used as per the manufacturer’s instructions to

assess whether thermal stimulation of mouse and human keratinocytes in monolayer cultures

released CGRP (supplementary data).

Results

Human pain conditions (PHN, CRPS), and direct nerve injury and inflammation animal
models, result in increased keratinocyte CGRP immunofluorescent labeling (CGRP-IL)

Human pain conditions: Post-Herpetic Neuralgia (PHN), Complex Regional
Pain Syndrome type I (CRPS I), and Diabetic Peripheral Neuropathy (DN)—In

CRPS subjects, an increase in CGRP levels has been observed in the blood and CSF,

attributed to neurogenic origins [13]. Following up on observations that were not explicitly

noted in some of our previous publications (e.g., Fig. 3K, Petersen et al., 2002), our current

evaluations of human PHN and CRPS afflicted skin revealed a unique and substantial

increase in keratinocyte CGRP-IL within the painful sites of PHN and CRPS subjects. In

control subjects, CGRP-IL was varied among epidermal keratinocytes, appearing typically

at low to moderate levels, and being largely distributed heterogeneously among midlevel

stratum spinosum keratinocytes (Fig. 1A,B; between arrows). As shown in supplementary

Figure S1, CGRP-IL was observed among keratinocytes throughout the full thickness of the

epidermis in lateral foot biopsies of both the diabetic and nondiabetic subjects. The

immunolabeling varied from subject to subject but was not consistently different between

the diabetic and non-diabetic biopsies.

In PHN patients, CGRP-IL was always more intensely expressed among keratinocytes in all

painful PHN skin compared to nonpainful contralateral mirror-image locations (Fig. 1,

compare C and D, E and F, G and H). Due to the increased levels of CGRP-IL, the

keratinocytes in the painful skin are individually more clearly discernable than in control

skin. The increased CGRP-IL in PHN skin was also very homogeneous among keratinocytes

across the full thickness of the epidermis, with the exception of stratum basalis where the

keratinocytes had moderate CGRP-IL. In the nonpainful contralateral skin of PHN subjects,

CGRP-IL ranged mostly from low to moderate intensity, mostly being heterogeneously

expressed among keratinocytes. However, the labeled keratinocytes were more widespread

through the thickness of the epidermis compared to control subjects (Fig. 1A,B). The images

presented in Figure 1 depict the most intense CGRP-IL among controls (A,B) observed,

whereas in those images comparing PHN and contralateral skin, the images depict the least

difference between the two sides observed among the PHN subjects.
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As shown in Figures 1E–G, keratinocyte labeling was far less intense with monoclonal anti-

human CGRPα (E,F) as compared with polyclonal anti-human CGRPα, even with a higher

camera sensitivity to capture the monoclonal images. At this higher camera sensitivity, the

innervation appears to be more intensely labeled with the monoclonal antibody, but the

innervation labeling is actually comparable for both antibodies at the same camera settings

(not shown). As is noted below, qPCR assays revealed that the human keratinocytes CGRP

appears to be ~90% CGRPβ and 10% CGRPα. An enzyme immunoassay of comparable

dilution series of synthesized human CGRPα and CGRPβ revealed that the monoclonal anti-

human CGRPα was less sensitive in detecting CGRPβ than CGRPα (supplementary data).

Thus, the more intense labeling of keratinocytes with the polyclonal anti-CGRP is likely due

to the detection of a mix of 90% CGRPβ and 10% CGRPα, as well as their prepeptides,

whereas the monoclonal CGRPα antibody may be preferentially labeling only the 10%

CGRPα (see Fig. 7 and supplementary data).

In CRPS skin from hypothenar or lateral foot, CGRP-IL was consistently much higher

compared with control (Fig. 1I–L). Additionally, note across each disorder, a decrease in

detectable CGRP-IL of upper dermal nerves, as indicated by arrowheads. Similar to other

published results [37,83], the PHN cohort had a consistent loss of PGP-IL epidermal endings

in both active rash and ipsilateral sites compared with contralateral mirror-image sites (Fig.

1N), whereas the healthy controls showed no lateral differences (Fig. 1M). Because both of

these disorders involve inflammatory activity, and CGRP has been implicated in neurogenic

inflammation processes, we hypothesize that keratinocyte-derived CGRPβ may contribute to

these severe chronic pain conditions.

Direct Nerve Injury: Spinal Nerve Ligation and Chronic Constriction—A

prominent role of CGRP in spinal cord dorsal horn and peripheral tissues following

experimental models of neuropathic pain has been hypothesized [67], however the

peripheral source was considered to be neurogenic. In order to determine if keratinocyte-

derived CGRP might also be playing a role in neuropathic pain conditions, two animal

models of direct nerve injury were utilized. CGRP-IL in epidermal keratinocytes was

increased following direct nerve injury in rats at times that corresponded with neuropathic

pain behaviors (Fig. 2A, B). Following SNL at 30 and 60 days, mechanical allodynia was

evident (Fig. 2A), and following CCI at 3, 7, and 14 days thermal hyperalgesia was observed

(Fig. 2B). Utilizing the SNL and CCI models of neuropathic pain, hindpaw skin was

processed for combinations of CGRP, NF, and/or PGP immunofluorescence. Control,

unoperated rats (Fig. 2C,D) show strong CGRP-IL among axons of dermal nerves and axon

terminals in the epidermis and around dermal blood vessels. In the epidermis, CGRP-IL was

faint and heterogeneously expressed among suprabasal keratinocytes of the volar pad crown

(Fig. 2C) and flat glabrous skin (Fig. 2D). By 30 days following SNL, a nearly complete

loss of neural innervation is observed, while epidermal keratinocyte CGRP-IL appears more

extensive throughout the pad crown (Fig. 2E) and flat (Fig. 2F) glabrous hindpaw skin. By

60 days following SNL, neural innervation has begun to return, but without a CGRP-IL

contingent, whereas the epidermal keratinocyte CGRP-IL remains elevated among pad

crown (Fig. 2G) and flat (Fig. 2H) glabrous hindpaw skin.

For CCI, naïve animals stood with normal posture to include full weight bearing on the

entire flattened glabrous hindpaw, and had normal ranged thermal response latencies. Sham

operated animals demonstrated no abnormalities in posture and had thermal withdrawal

latencies of ipsilateral and contralateral hindpaws similar to the naïve animals. The CCI

group showed significant decreases in withdrawal latency of the ipsilateral hindpaw

compared with the naïve or sham operated animals beginning at 3 days after the surgery up

to the end of the experiment (day 14; Fig. 2B). The posture of the CCI animals was

compromised, having the foot held in an “antalgic posture” where the glabrous sole of the
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ipsilateral hindpaw was not completely placed on the floor, nor was full weight bearing

apparent. Sham operated animals (ipsilateral), had relatively normal appearing epidermal

keratinocyte CGRP-IL, observed heterogeneously and low in level among suprabasal

keratinocytes, along with several CGRP-IL nerve fibers throughout the dermis and

epidermis (Fig. 2I). Similarly, robust PGP-IL among innervation of the dermis and

epidermis appeared normal (Fig. 2J). Double label analysis for CGRP/PGP demonstrated

normal appearing nerve bundles with numerous PGP axons (Fig. 2K, green plane), of which

~30% appeared with CGRP-IL (Fig. 2K, red plane), and double labeling for NF/PGP

demonstrated normal robust NF-IL among large caliber fibers within dermal nerves (Fig 2L,

red plane). Following CCI, an increase in keratinocyte CGRP-IL was observed (Fig. 2M),

with a concomitant decrease in CGRP-IL among innervation. Very similar keratinocyte

results can be seen upon inspection of the results from a similar nerve injury model

investigating skin innervation of lower lip, however the authors did not address keratinocyte

CGRP expression [47]. Similarly, a dramatic loss of PGP-IL innervation is evident among

the dermis and epidermis (Fig. 2N). Double labeling for CGRP/PGP demonstrates an

apparent increase in CGRP-IL within the dermal nerves (Fig. 2O, red plane; compare to Fig.

2K, red plane), but was mostly distributed among vacuolated cells affiliated with the larger

caliber axons. Concomitantly, NF-IL is severely depleted among the large caliber axons

within the deep nerves, indicating axons deterioration, and the likelihood that the vacuolated

cells may be reactive Schwann cells (P, red panel) [15]. Taken altogether, these findings

indicate that following proximal spinal nerve or more distal peripheral nerve injury,

increased CGRP-IL among epidermal keratinocytes is present concomitant with decreased

CGRP-IL of cutaneous innervation.

Inflammation Models: Complete Freund’s Adjuvant (CFA) and Simian
Immunodeficiency Virus (SIV)—CGRP is known to contribute to painful inflammatory

conditions, and the source is largely considered to be neural [9,17]. In order to determine if

keratinocyte-derived CGRP might also contribute to inflammatory pain, the CFA hindpaw

direct inflammation model was used. Following CFA injection into the hindpaw of rat,

CGRP-IL was increased among hindpaw epidermal keratinocytes by 3 days and remained

elevated at 14 days after injection, with a concomitant decrease of CGRP-IL axons among

the epidermis, dermal vasculature, and dermal nerves (Fig. 3A–D). Control uninjected rats

displayed strong CGRP-IL of axonal innervation among the epidermal endings and

subepidermal plexus, whereas epidermal keratinocyte CGRP-IL appears heterogeneous and

weak among the volar pad crown. Similarly, the innervation to dermal vasculature and axons

within dermal nerves appeared healthy and complete (Fig. 3A’, A”). However, as soon as 2

hr following direct CFA injection, increased CGRP-IL was apparent among epidermal

keratinocytes (Fig. 3B), with little change among the innervation of the epidermis,

subepidermal plexus, dermal vasculature or in the composition of dermal nerves (Fig. 3B’,

B”). Continuing at 3 days after CFA injection, epidermal CGRP-IL was increased among

superbasal keratinocytes (Fig. 3C), while neural innervation appeared depleted (i.e., lack of

CGRP-IL or PGP-IL axon staining) from the epidermis and subepidermal plexus.

Interestingly, among the dermal vasculature, a dramatic loss of CGRP-IL vascular

adventitial innervation was observed, although PGP-IL axons were still present, and dermal

nerves appeared distraught, with ragged PGP-IL and limited CGRP-IL axons present (Fig.

3C’, C”). At 14 days after CFA, epidermal CGRP-IL remained elevated among the

superbasal keratinocytes (Fig. 3D), while CGRP-IL axons were absent from the epidermis or

subepidermal plexus. Dermal vasculature remained without CGRP-IL innervation among

the vascular adventitial layers, although PGP-IL axons were still present, and dermal nerves

remained distraught in appearance with limited CGRP-IL axons (Fig. 3D’, D”). These

findings indicate that following local direct inflammatory injury, alterations of both
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epidermal immunochemistry and distal cutaneous innervation and are evident, including

specifically an increase in CGRP-IL among keratinocytes.

In order to determine if direct skin inflammation was essential for the elevated CGRP-IL

among keratinocytes, we used the CD8+ T-lymphocyte depletion SIV-infection rhesus

model of AIDS, which results in rapid disease progression with high systemic viral loads

and abundant inflammation. Rhesus macaques were infected with SIVmac251, monitored

for signs of disease progression, and sacrificed upon the development of AIDS. Euthanasia

was performed based on the following criteria; including extreme weight loss, documented

opportunistic infection, persistent anorexia, severe intractable diarrhea, progressive

neurologic sign or significant cardiac or pulmonary signs (Table 2). A single, uninfected

monkey was used to collect control hypothenar region skin samples for comparison, and

additional control tissue was also examined from normal monkeys analyzed in a prior study

of naturally-occurring type 2 diabetes [77]. As depicted in Fig. 4A–E, all infected animals

showed some degree of increased CGRP-IL among the hypothenar region epidermal

keratinocytes. Importantly, not all animals had the same degree of CGRP-IL, consistent with

the fact that they had different rates of disease progression with varying degrees of severity.

Additionally, note the presence of detectable epidermal CGRP-IL axons within the skin of

the animal with the least increase in epidermal keratinocytes CGRP-IL (Fig. 4D, arrows).

Together, these findings demonstrate that inflammation, both cutaneous and systemic, can

lead to an increase in CGRP-IL among epidermal keratinocytes.

Transgenic over-expression of noggin or BMP4 alters epidermal keratinocyte
CGRP-IL and mRNA levels in vivo—Continuing to question the potential functions of

CGRP in keratinocytes, we made use of a pair of previously investigated transgenic mice

lines, which over-produce noggin or BMP-4 driven off of the K14 promoter. The noggin/

BMP4 signaling system is essential for driving precursor cell lineages to either keratinocyte

or neuronal fates. By manipulating these systems, we hypothesized that we might alter the

CGRP-IL, and possible genetic regulating mechanisms, among epidermal keratinocytes.

Hindpaw skin from adult transgenic mice was removed and immunolabeled for CGRP.

Noggin over-expression resulted in high levels of CGRP-IL in epidermal keratinocytes

among the volar pad crown (Fig. 5A) and flat (Fig. 5B) glabrous hindpaw skin. This

keratinocyte CGRP-IL was more extensive and homogeneous throughout the superbasal

layers. In contrast, BMP4 over-expression resulted in low levels of CGRP-IL in epidermal

keratinocytes among the volar pad crown and flat glabrous hindpaw skin compared with the

noggin animals (Fig. 5C, D), a pattern which more closely resembles that observed in wild-

type strains (data not shown). As shown in a prior study, CGRP-IL on nerve fibers was

present in the skin of both noggin and BMP-4 overexpressing mice although differences

were detected among subtypes of CGRP-positive fibers [48]. These results demonstrate that

the expression of CGRP in epidermal keratinocytes can be manipulated with the BMP4

system, and that over-expression of the noggin gene might act to be “neuralizing” the

keratinocytes.

To confirm our CGRP-IL results, we then proceeded to use glabrous skin epidermis

obtained by laser capture microdissection from BMP4- or noggin- overexpression transgenic

mice. Total mRNA was obtained from a pool of 5–7 etched epidermis strips per sample, and

processed for transcriptome array analysis, and quantitative PCR with primers specific to

CGRPα, CGRPβ, BMP4, noggin, CRLR, RAMP1, and RCP (Invitrogen). The microarray

analysis demonstrated positive results for both isoforms of CGRP and for the CGRP

receptor system, CRLR, RAMP1, and RCP, and yielded 98 transcripts that were

differentially expressed between both conditions, with 51 being overexpressed in the BMP4

mice and 47 overexpressed in the noggin mice (Supplementary Table 2; Gene Expression

Omnibus GSE26231). In order to determine precise levels of mRNA for the CGRP
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isoforms, qPCR was performed. Normalized mRNA levels, relative to the reference gene

GAPDH, demonstrate a significant increase in both CGRPα and CGRPβ isoforms among

the Noggin-overexpressing epidermal keratinocytes compared with the BMP4 over-

expressing epidermal keratinocytes (Fig. 6A, asterisks). Additionally, dilution series analysis

was used to confirm primer efficiency equality between the CGRPα and CGRPβ primer sets.

Therefore, direct comparisons between CGRPα and CGRPβ expression from each

transgenic animal were performed, and demonstrate that in both animals, CGRPβ is the

significantly dominate isoform expressed, being ~3.5-fold more than the CGRPα isoform

among both lines of transgenic animals (Fig. 6A, pound signs). These results demonstrate

the existence of CGRP isoform mRNA in epidermal keratinocytes, and supports the validity

of increased CGRP-IL observed among keratinocytes from transgenic mice, nerve injured

rats, inflammatory-injured rats and monkeys, and in human clinical pain conditions.

Differentiation of keratinocytes in vitro alters CGRP and cognate receptor
component mRNA levels—Various CGRP effects on keratinocytes have been described

[60,100,104,106], however direct expression of CGRP among keratinocytes has not been

previously reported. We used normal human epidermal keratinocytes (NHEK) grown as

monolayer cultures and primary human keratinocytes grown as raft cultures at the air

interface, allowing for stratification and formation of an organotypic pseudoepidermis (3D

Raft), to further investigate the expression of CGRP in keratinocytes. Quantitative PCR

analysis demonstrated that the degree of keratinocyte differentiation significantly increased

the production of both CGRP mRNA isoforms compared with undifferentiated NHEK cells

(Fig. 6B, asterisk). Furthermore, the data demonstrates that the 3D Raft cultures contain ~4-

fold greater amounts of CGRP mRNA than CaCl2 differentiation or undifferentiated cells in

vitro, and importantly, that the CGRPβ isoform is expressed in undifferentiated NHEK

(10.4-fold increase), differentiated NHEK (8.0-fold increase), and 3D raft cultures (12.3

folds higher), to a greater degree than the CGRPα isoform (Fig. 6B, pound signs). The

receptor signaling system for the neuropeptide CGRP includes a promiscuous and specific

receptor pairing (CRLR, RAMP1, respectively) and an essential adaptor protein, RCP.

Results from qPCR analysis demonstrated variable expression for each of these components

without clean distinction between the various differentiated states, but with organotypic

cultures showing significant increases in both CRLR and RCP (Fig. 6C).

Keratinocytes in vitro express detectable CGRP pre-peptide—To further

demonstrate the presence of active CGRP peptide in keratinocytes, cultures were subjected

to Western Blot analysis. Using total protein samples from monolayer primary mouse

keratinocyte cultures, a low level detectable band was observed from all samples at the

predicted weight of CGRP precursor protein (Fig. 7A; 16kDa, arrows). The positive control

CGRPα was detected at the processed size (~3.7kD), however, among the in vitro cultures,

no mature peptide was detectable. Utilizing total protein from primary mouse fibroblast

cultures (FB) as a negative control, immortalized and undifferentiated mouse keratinocyte

monolayer cultures (MK116), and freshly dissociated and homogenized mouse trigeminal

ganglia tissue (TG) as a positive control, the MK116 and TG showed definitive bands at the

predicted weight of CGRP precursor protein, while no band was detectable in the FB lane

(Fig 7B; 16kDa, arrow). To determine if CGRP protein was detectable in human

keratinocyte cultures, total protein samples from organotypic human keratinocytes (3D raft

cultures) were utilized. A detectable band corresponding to the predicted molecular weight

of the CGRP precursor protein was observed in all lanes (Fig. 7C; 16kD, arrow). To test the

specificity of the anti-CGRP polyclonal antibody used to probe each Western membrane,

CGRPα (1µg) and total protein samples from mouse trigeminal ganglia (TG, positive

control) and mouse fibroblasts (FB, negative control) were run in duplicate, and the

membrane separated. One half of the membrane (left) was probed with anti-CGRP (Rb
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polyclonal, 1:2000; Chemicon Inc, Temecula, CA), while the other half (right) was probed

with a pre-adsorbed anti-CGRP antibody mix. Mature CGRP (~3.7kD) and CGRP precursor

protein (16kD; arrows) bands were detected on the left membrane lanes 1 and 2, but not 3.

However, no bands were detectible on the right membrane after specific primary antibody

pre-adsorption (Figure 7D, 16kDa, arrow), demonstrating evidence for the specificity of the

antibody.

Thermal stimulus release of CGRP from cultured keratinocytes—Prior studies

indicated that heating the skin causes a release of CGRP from peptidergic CGRP-positive

endings in the skin. We sought to determine whether thermal stimulation of keratinocytes

would also result in a release of CGRP. An initial assessment of thermally stimulated

MK-116 mouse keratinocytes using the available EIA kit plated with monoclonal anti-

human CGRPα indicated a release of CGRP with a 48°C stimulus (supplemental Fig. S2, top

graph). As well, following 48 °C thermal challenge, CGRP-IR was decreased, indicating a

potential release event (supplemental Fig. S2, bottom panels). However, subsequent

attempts utilizing human cells failed to replicate the EIA detectable release. Importantly, it

has been noted that manufacturer changes to the EIA kit during the interim between attempts

at replication documented loses in sensitivity, findings that were replicated in our

experiments based upon the detection limits of the generated standard curves (data not

shown). Additional EIA experimental results also indicated that the human anti-CGRPα is

less sensitive for detecting the CGRPβ isoform at concentrations below 500 pg/mL

(Supplemental Fig. S3).

Discussion

CGRP is a potent vasodilatory peptide whose signaling has been implicated in normal

cutaneous non-noxious and noxious thermal sensation, vasodilation and thermal regulation

[80], as well as in epidermal homeostasis, including keratinocyte proliferation and cytokine

expression, and the regulation of melanocytes and Langerhans cells

[25,34,45,53,87,92,99,106,109,111]. CGRP has also been implicated in pathologic

conditions including neurogenic inflammation, chronic pain associated with peripheral

neuropathies, migraine headaches, musculoskeletal pain associated with vasculature, and

painful puritic dermatopathies such as psoriasis, a condition associated with epidermal

keratinocyte dysfunction [5,9,46,55,73,86,91].

Various experimentally-induced and naturally occurring neuropathic conditions have been

shown to be associated with increases in CGRP levels in the skin, in blood and/or in CSF

[14,72]. These increases are attributed primarily to neurogenic CGRP release from central

terminals or sensory endings of peptidergic subsets of C and Aδ fibers that innervate tissues

throughout the body, especially epidermis and vasculature [3,16,40–41,77,89]. While CGRP

functions as a neurotransmitter for peptidergic fiber terminals in the CNS, antidromic

activity releases CGRP from peripheral sensory endings, resulting in neuro-effector impacts

such as vasodilation [13,52,90,116]. Under normal conditions, peptidergic fibers likely have

different sensory functions related to where their sensory endings terminate and to the

combination and proportions of various types of receptors and ion channels that they co-

express. Potentially, these same receptors and ion channels may directly mediate CGRP

release from sensory endings in response to local tissue interaction or interactions with other

types of sensory or autonomic innervation. For example, a large proportion of CGRP-IL

neurons express TrpV1 and innervate the epidermis and blood vessels [3–4,83,88]. TrpV1 is

activated by painfully high temperature, low pH, and extraneous capsaicin and can be

functionally modulated by intrinsic endocannabinoids [2,21–22,42,54,105]. Peptidergic

neurons also widely express acid sensing ion channels (ASICs), with subsets of vascular

peptidergic endings expressing the ASIC3 receptor which is preferentially activated by lactic
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acid and possibly mechanical stimulation [68,75,84,108]. At least some vascular CGRP

endings express adrenergic receptors that may be activated by noradrenergic release from

intermingled sympathetic terminals mediating vasoconstriction [56]. Other peptidergic

innervation expresses purinergic receptors responsive to ATP, and voltage-gated ion

channels such as NaV1.7 [33]. Moreover, peptidergic endings in the epidermis have been

shown to express μ-opioid receptors and GIRK channels that may inhibit their

depolarization [57] and peptidergic Aδ fibers express the histamine receptor 3 that may

block the release of CGRP [19]. Taken altogether, these data demonstrate that neurogenic

release of CGRP from sensory endings for normal functions is likely regulated by complex

local interactions. Under pathological conditions, alterations of any of these regulated

mechanisms may result in increased CGRP levels, thereby exacerbating inflammatory and

painful responses.

Herein, we document that keratinocytes also express CGRP-IL which is increased in painful

skin from humans with PHN (see also Fig. 2 in Petersen et al., 2002) and CRPS type 1, as

well as in animal models of inflammatory and nerve injury induced pain. Interestingly, such

an increase was not consistently evident among diabetics with painful neuropathy, perhaps

because of the relatively slow incipient nature of the disease. The presence of CGRP-IL

among keratinocytes, even in normal skin, adds to a long list of neurochemical properties

that are expressed by keratinocytes [11,44,65,102,113]. Keratinocytes are derived from the

same embryonic ectoderm layer that gives rise to nearly all the neurons of the peripheral and

central nervous system. During development, the ectoderm generates keratinocytes through

BMP4 signaling which is blocked by the release of noggin from the notochord to induce the

formation of neurons [66]. We previously demonstrated that BMP4/noggin interactions later

regulate the proportions of epidermal innervation by using lines of transgenic mice where a

K14 promoter sequence induced excess expression of BMP4 or noggin in basal

keratinocytes [48]. Herein, we document that noggin overexpression also increases CGRP

expression in keratinocytes, indicating that TGFβ interactions are likely regulators of

epidermal neurochemical properties.

Largely, the wide variety of neurochemical properties detected among keratinocytes have

been described in relation to epidermal barrier function, wound healing, and skin

homeostasis, particularly in regulating keratinocyte proliferation and differentiation, and

owing that keratinocytes are considered to be non-depolarizing cells. Consistent with

observations that CGRP has direct effects on keratinocytes, including proliferation, our

results confirm that keratinocytes express mRNA for the CGRP receptor complex proteins,

CRLR, RAMP1, and RCP. Thus, keratinocytes may be regulated by neurogenic release of

CGRP from peptidergic sensory endings in the epidermis. However, our results also indicate

that the keratinocytes themselves are a source of CGRP which may regulate autocrine/

paracrine interactions involved in normal epidermal homeostasis, and therefore also have the

potential to be altered under pathological conditions, for example psoriasis. Psoriasis is a

disease characterized by inflammation and hyperproliferation of keratinocytes in the skin.

Overexpression of CGRP in lesions of psoriasis patients has been noted [55], and studies

done by Yu et al. (2009) have suggested that these increases in keratinocyte proliferation are

due to the presence of CGRP [114].

Importantly, recent evidence is increasingly indicating that the neurochemical properties in

keratinocytes are directly involved in sensory transduction and the release of

neurotransmitters that can activate or modulate the function of sensory endings.

Traditionally, sensory transduction is thought to start from direct stimulation of peripheral

nerve terminals, but this is not necessarily the only, or even the principle, mechanism (for a

systemic review, refer to Dussor et al, 2009). Epidermal keratinocytes have been shown to

release β-endorphin, which ameliorates heat-pain hind paw withdrawal most likely by
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binding to μ-opioid receptors located on CGRP containing sensory endings in the epidermis

[57]. Voltage-gated sodium channels are expressed on keratinocytes, and are involved in

ATP release which may contribute to pain by activating purinergic receptors located

primarily on nonpeptidergic sensory endings [33,117]. In addition, TRPV3, a warm and heat

sensitive channel, is expressed on keratinocytes, but not on primary sensory neurons in mice

[24,82]. However, behavioral studies showed that both warm and heat sensations were

impaired in TRPV3 mutant mice [29,69]. Thus, this impairment may be due to a defect in

keratinocyte function rather than a defect in sensory ending transduction. Furthermore, we

have previously documented that CRPS type1 and PHN are accompanied by a dramatic

increase in NaV immunolabeling in epidermal keratinocytes, indicating that pathologies in

the epidermal chemistry may also be contributors to chronic pain [117]. Our results indicate

that an increase in CGRP in keratinocytes in these human diseases and in the experimental

rat models of induced pain may also be a contributor to neuropathic pain. Surprisingly, the

experimental nerve injury results indicate that the increase in keratinocyte CGRP-IL does

not require a local inflammatory cascade.

In some regions where both CGRPα and CGRPβ are expressed, such as the sensory

ganglion, CGRPα is the predominant form [74]. By contrast, our transcriptomic and qPCR

data indicate that the keratinocyte CGRP is predominantly the CGRPβ isoform. CGRP pre-

peptide and significant mRNA expression for both CGRPβ and CGRPα were consistently

detected in mouse and human keratinocyte cultures with greater levels in the more

differentiated multi-layer cultures than the monolayer cultures. CGRP-IL increased

dramatically and mRNA levels for CGRPβ and CGRPα increased significantly in the

epidermis of the noggin compared to BMP4 overexpressing mice. In all cases, mRNA

expression for CGRPβ was several fold higher than that for CGRPα, especially in

differentiated human keratinocyte raft cultures. The two isoforms in humans differ by three

amino acids in the 3, 22 and 25 positions [70,111] and are believed to largely function in a

similar manner. However, they are differentially expressed during development, and

locations expressing predominately a single isoform are known [71,74,109,111]. Although

the two isoforms of CGRP are believed to largely function in a similar manner, several

instances where biologic discriminations can be found have been demonstrated

[63,93,97,107]. Thus, the keratinocyte-derived CGRPβ may be a differential signal from

CGRPα released from nerve terminals. Importantly, these isoforms are derived from

separate genes, albeit on the same chromosome [97], indicating that CGRP isoforms may be

independently regulated for keratinocyte and neuron mediated functions under normal and

pathological conditions. Conceivably, CGRPβ produced by keratinocytes may contribute to

elevated levels of CGRP in the painful skin of humans with CRPS and of rats injected

subcutaneously with CFA or stimulated with capsaicin, but the assays used in those studies

did not distinguish between different isoforms [9,46,58,73,97–98].

In conclusion, our results suggest the presence of differential expression of the two isoforms

of CGRP, with CGRPβ dominating in keratinocytes and CGRPα dominating in sensory

neurons. The differential expression and regulation of the isoforms may be a detectable

signal involved in sensory transduction and modulation, as well as in regulating epidermal

homeostasis. The observed increases in CGRP-IL among epidermal keratinocytes from

human, monkey, and rat pain conditions, indicates that epidermally-derived CGRPβ may

contribute to chronic pain mechanisms. Given that the CGRPα and CGRPβ isoforms are

derived from separate genes and are differentially produced in keratinocytes and neurons

(demonstrating that that they are separately regulated), further indicates that the isoforms

may differentially contribute to both homeostatic maintenance and chronic pain conditions

such as PHN, CRPS, migraine headache and psoriasis. Importantly, these results also imply

that the CGRP isoforms may be specifically targeted for disease therapeutics.
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Summary

CGRP is a potent vasodilatory neuropeptide that contributes to a variety of normal

sensory, vasoregulatory, and epidermal functions, but which is also implicated in a

variety of chronic pain conditions where it is expressed at high levels in the skin, blood,

and CSF. The source of the increased CGRP has been attributed to peptidergic sensory

innervation which synthesizes and releases primarily the CGRPα isoform. Our results

reveal that much of the increase may be due to the CGRPβ isoform made by epidermal

keratinocytes which express high levels of CGRP immunoreactivity in a variety of

human and animal chronic pain conditions.
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Figure 1. Increased CGRP expression in keratinocytes from human painful conditions

A–H) Images from sections of thoracic back skin biopsies processed with polyclonal anti-

human CGRPα (A–F) captured at the same camera settings, and monoclonal anti-human

CGRPα (G,H) captured at a higher camera sensitivity. Keratinocyte labeling is shown

between arrows. Innervation labeling is shown with arrowheads. A, B) Examples of the

variations in CGRP-IL expression among keratinocytes as shown in images from the left and

right side respectively in a control subject (23-year old male) that had the most intense

expression encountered among six control subjects. The CGRP-IL is heterogenous among

keratinocytes mostly located in the middle third of the epidermis. C, D) Examples of CGRP-

IL labeling among keratinocytes in a subject (29-year-old male) that had the least difference

in labeling intensity between the PHN afflicted skin (D, VAS = 6.5) and the nonpainful

unafflicted mirror-image contralateral skin (C). E, F) Examples of CGRP-IL labeling in a

subject (48 year-old male, VAS = 5.0) that was representative of most of the PHN afflicted

skin (F) and nonpainful unafflicted mirror-image contralateral skin (E). As revealed with the

polyclonal antibody, nonpainful contralateral skin consistently had less intense and more

heterogenous labeling of keratinocytes, whereas PHN skin had more intense and more
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homogenous labeling. In both the afflicted and unafflicted skin of the PHN subjects, CGRP-

IL was expressed among keratinocytes spanning most of the thickness of the epidermis. In

the PHN skin, the stratum basalis was usually less intensely labeled than the more

superficial strata. CGRP positive innervation (arrowheads) appears to be less in PHN skin

than in contralateral skin or control skin. E–H) Comparison of polyclonal (E, F) versus

monoclonal (G, H) CGRP-IL in sections from the same biopsies from the same subject.

Monoclonal CGRP-IL of keratinocytes was far less intense and more heterogenous than

polyclonal labeling, but was still more intense and widespread among keratinocytes in the

PHN (H) versus the contralateral skin (G). Because of the higher camera sensitivity setting,

innervation labeled with the monoclonal antibody appears more intense than that with the

polyclonal antibody (arrowheads). I–L) Examples of polyclonal CGRP-IL among

keratinocytes from the hypothenar (I, J) and lateral foot (K, L) of control subjects (I, K) and

subjects with severe CRPS type 1 (J, L). CGRP-IL among keratinocytes has a very low

intensity in control skin and a moderate to high intensity among CRPS skin. In the CRPS

skin, there are fewer and more weakly CGRP-IL detectable axons and endings in the upper

dermis and epidermis than in control skin (arrowheads). Scale bar = 65µm in A–H, 50µm in

I–L. M, N) Similar to other published reports, PGP-IL of epidermal endings from healthy

controls (M) and the PHN patient cohort (N) reveals decreased epidermal nerve fiber density

among the active PHN and ipsilateral sites compared with a mirror-image contralateral site,

in 4 of the 5 PHN subjects, whereas healthy controls showed no lateral differences.
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Figure 2. Nerve injury models of neuropathic pain increase CGRP expression in epidermal
keratinocytes

Nocicieptive behaviors were induced in rats by SNL (A) or sciatic CCI (B), and following

SNL (C–H) or sciatic CCI (I–P), CGRP-IL increases are evident in hindpaw epidermal

keratinocytes (red chevrons), with a reduction in peptidergic cutaneous innervation

compared to control skin (yellow and red arrows). A) Graph depicting the extent of chronic

neuropathic mechanical allodynia (Von Frey filaments) following SNL, demonstrating

persistence out to at least 60 days, at a time corresponding to increased CGRP-IL among the

keratinocytes. B) Graph depicting the extent of chronic neuropathic thermal hyperalgesia

(Hargreaves test) following CCI, demonstrating persistence out to 14 days, at a time
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corresponding to increased CGRP-IL among the keratinocytes. C–P) Representative

photomicrographs of single or double (merged) label immunocytochemistry for calcitonin-

gene related peptide (CGRP, red) or 200kD neurofilament (NF, red) and protein gene

product 9.5 (PGP, green). Previous studies have shown that anti-PGP labels all types of

innervation, whereas 200kD NF immunolabeling is normally expressed in, and limited to,

thick caliber Aβ fibers and thin caliber Aδ fibers. C fibers normally lack NF-IL. CGRP-IL is

normally observed in subsets of C and Aδ fibers. C,D) Control, unoperated rats show intense

CGRP-IL of axonal innervation (PGP positive, double labeled structures) among the

epidermal endings, dermal vasculature endings, and subepidermal and dermal fibers (yellow

arrows). Epidermal keratinocyte CGRP-IL (red chevrons) is heterogeneous and moderate

among the volar pad crown (C) and flat (D) glabrous hindpaw skin, and remains largely

suprabasal. E,F) By 30 days following SNL, a near complete loss of neural innervation is

observed (i.e., no PGP nerve labeling; small green arrow in F shows a Langerhans cell,

which are known to express PGP), while epidermal keratinocyte CGRP expression appears

more extensive throughout suprabasal keratinocytes among the pad crown (E) and flat (F)

glabrous hindpaw skin (red chevrons). G, H) By 60 days following SNL, neural innervation

has begun to return (PGP axons, green arrows), but largely without a CGRP contingent,

whereas the epidermal keratinocyte expression of CGRP remains elevated among pad crown

(G) and flat (H) glabrous hindpaw skin (red chevrons). I–L) Sham-operated, non-CCI rats

have epidermal keratinocyte expression of CGRP that is heterogeneous and weak among the

volar pad crown (I, red chevrons), with intense CGRP immunolabeling of a subset of PGP-

positive axonal innervation (I, red arrows; J, PGP positive, red arrows) among the epidermal

endings (downward red arrows), and upper dermal fibers (upward red arrows), and within

dermal nerves (K, red panel). NF content within the dermal nerves was extensively

distributed among mostly the larger caliber axons and some small caliber axons (L, red

panel). M–P) CCI rats showed dramatically elevated expression of CGRP among the

suprabasal keratinocytes (M, red chevrons), coincident with depleted CGRP-IL epidermal

endings and dermal nerve fibers, among an overall depleted innervation (N, PGP positive,

red arrows). Interestingly, CGRP content appears to be increased within deep dermal nerves

(O, red panel), but was mostly distributed among vacuolated cells affiliated with the larger

caliber axons. NF-IL is severely depleted among the large caliber axons within the deep

nerves, indicating that these axons may be deteriorating and that the vacuolated cells may be

reactive Schwann cells (P, red panel). Magnification bar (D) =50µm for C–H, and I,J,M,N;

(K)=25µm for K,L,O,P.
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Figure 3. Hindpaw inflammation increases CGRP expression in epidermal keratinocytes

A–D) CFA hindpaw injection time course, depicting in each vertical panel, representative

double label (CGRP/PGP) results from glabrous pad crown (A–D), dermal vasculature (‘),

and dermal nerve (‘’), with each separate channel split below or to the left of the double

label image. A) Control uninjected rats depicting CGRP-IL of a subset of innervation (PGP-

IL, green) among the epidermal endings and subepidermal plexus (yellow arrows). The

separate channels are split below the double labeled images. Epidermal keratinocyte CGRP-

IL (red chevrons) appeared heterogeneous and weak among the volar pad crown. A’) Neural

innervation to dermal vasculature contained a mix of CGRP-IL-positive and CGRP-IL-

negative axons among the tunica media and advential layers. A”) Dermal nerves contained a

rich contingent of CGRP-IL axons. B) By 2 hrs after CFA injection, increased CGRP

expression is apparent among epidermal keratinocytes, with little change among the

innervation of the epidermis, subepidermal plexus, dermal vasculature (B’), or in the

composition of dermal nerves (B”). C) By 3 days after CFA injection, epidermal CGRP

expression is increased among suprabasal keratinocytes, while neural innervation appears

depleted (i.e., lack of CGRP or PGP axon staining) from the epidermis and subepidermal

plexus. C’) Interestingly, among the dermal vasculature, a dramatic loss of CGRP

immunopositive medial and adventitial innervation is observed, although PGP

immunopositive axons are still present. Dermal nerves appear distraught with ragged PGP

labeling and limited CGRP axons present (C”). D) By 14 days following CFA, epidermal

CGRP expression remains elevated among the most suprabasal keratinocytes, and

immunopositive axons are absent from the epidermis or subepidermal plexus. D’) Dermal

vasculature appeared without CGRP immunopositive innervation among the medial and
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adventitial layers, although PGP immunopositive axons were still present, and dermal nerves

remained distraught in appearance with limited CGRP axons (D”). Magnification bar (A)

=50µm for A–D, and =25µm for (‘) and (‘’). Anti-CGRP (guinea pig polyclonal, 1:800;

Peninsula Labs, San Carlos, CA) and anti-PGP (rabbit polyclonal, 1:1000; UltraClone,

Wellow, UK) were used.
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Figure 4. SIV infection in rhesus macaques results in an increase of CGRP-IL in epidermal
keratinocytes

A–E) CGRP-IL is increased among palmar glabrous skin keratinocytes from SIV-infected

animals compared with control epidermis. A) Control monkey epidermal primary ridge

depicting CGRP-IL among fine delicate innervation of the epidermis, and upper dermal

compartments (downward and upward arrows, respectively). B–E) Compared with the

control monkey, all monkeys infected with SIV had increased CGRP-IR, although the

intensity varied between monkeys. B) As seen in an aged monkey with AIDS and severe

SIV encephalitis (SIVE), moderate CGRP-IL is detected among the epidermal keratinocytes.

C) This young adult monkey had no AIDS defining illness, but did show abundant systemic

viral replication and had severe colitis at the time of sacrifice. Dramatic increases in CGRP-

IL of keratinocytes can be seen. D) This represents a similarly young adult monkey with

SIV infection, with the most subtle increase in epidermal keratinocyte CGRP-IL observed.

In this animal, CGRP-IL among keratinocytes was only slightly higher compared with the

control or other SIV animals, and CGRP-IL innervation was observed (arrows). E) This

represents another young adult SIV infected animal, demonstrating robust CGRP-IL of

epidermal keratinocytes, and CGRP-IL among upper dermal nerves (arrow). Magnification

bar (A) =50µm for A–E. Anti-CGRP (guinea pig polyclonal, 1:800; Peninsula Labs, San

Carlos, CA) was used.
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Figure 5. Epidermal keratinocyte CGRP-IL is effected by the noggin/BMP4 system

Utilizing transgenic mice which over-produce noggin or BMP4 driven off of the K14

promoter, hindpaw skin was removed and immunolabeled for CGRP. A,B) Noggin over-

expression results in intense CGRP-IL in keratinocytes among the volar pad crown (A) and

flat (B) glabrous hindpaw skin, appearing more extensive throughout suprabasal

keratinocytes. C,D) BMP4 over-expression results in little CGRP-IL in keratinocytes among

the volar pad crown (E) and flat (F) glabrous hindpaw skin. The BMP4 keratinocyte

expression appeared heterogeneous and similar to that observed in control rats (see Fig. 2C,

I). Note that CGRP immunolabeling on nerve fibers was present in the skin of both noggin

and BMP4 over-expressing mice, although a prior study detected differences among

subtypes of CGRP-positive fibers. Magnification bar =50µm. Anti-CGRP (rabbit polyclonal,

1:1000; Chemicon Inc, Temecula, CA) was used.
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Figure 6. CGRP mRNA expression in transgenic mouse epidermal keratinocytes in vivo, and
normal human keratinocytes in vitro

Real time quantitative PCR was performed using primers specific to CGRPα, CGRPβ,

BMP4, noggin, and members of the CGRP receptor complex, CRLR, RAMP1, and RCP. A–

C) Data is presented as relative mRNA levels, normalized to the reference gene GAPDH. A)

Epidermal glabrous skin compartments were obtained by laser capture microdissection from

BMP4 or noggin over-expression transgenic mice. Total mRNA was obtained from a pool of

5–7 etched epidermis’ per sample. Transgenic over-expression of noggin results in

significantly greater expression of CGRPα and CGRPβ mRNA compared with the BMP4

over-expressing transgenic mice (*). As well, the CGRPβ isoform is expressed in
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significantly greater amounts (~3.5-fold) than the CGRPα isoform among both lines of

transgenic mice (#). B) Normal human epidermal keratinocytes (NHEK) were cultured with

standard media (undiff), or calcium differentiated with 2M CaCl2 (diff), and primary human

keratinocytes were grown as a 3D raft culture at the air interface, allowing for stratification

and formation of an oragnotypic psudoepidermis (3D raft). Keratinocyte differentiation

significantly increases the production of both CGRP mRNA isoforms compared with

undifferentiated NHEK cells (*). Importantly, under all three keratinocyte growth

conditions, data demonstrates that the CGRPβ isoform is expressed in undifferentiated

NHEK (10.4-fold increase), differentiated NHEK (8.0-fold increase), and 3D raft cultures

(12.3 fold increase), to a significantly greater degree than the CGRPα isoform (#). C) Under

all keratinocyte growth conditions, the complete receptor complex components specific for

CGRP were detected. For A–C, * and # p<0.05 by Student’s t-test.
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Figure 7. CGRP precursor protein is expressed in mouse and human keratinocytes using western
blot

Total protein was isolated from primary and immortalized mouse keratinocytes (MK116),

three-dimensional cultured human epidermal keratinocytes (3D raft cultures), cultured

mouse fibroblasts (FB), and mouse trigeminal ganglia (TG). Western blot analysis was

performed to determine CGRP protein content. A) Duplicate protein samples from primary

mouse keratinocytes were loaded at 20, 40, and 60 µg/lane, along with CGRPα positive

control lanes, separated, transferred to PDVF nylon membranes and probed with anti-CGRP

(Rb polyclonal, 1:2000; Chemicon Inc, Temecula, CA). A low level detectable band was

observed from all samples at the predicted weight of CGRP precursor protein (16kDa;

arrows). The positive control CGRPα was detected at the processed size (~3.7kD), however,

among the in vitro cultures, no mature peptide was detectable. B) Total protein samples

from mouse fibroblasts (FB, as negative control), immortalized mouse keratinocytes

(MK116), and mouse trigeminal ganglia (TG, as positive control) were loaded (20 µg/lane),

separated, transferred to PDVF nylon membranes and probed with anti-CGRP (Rb

polyclonal, 1:2000; Chemicon Inc, Temecula, CA). A detectable band corresponding to the

predicted molecular weight of the CGRP precursor protein (16kD; arrows) was observed in

the keratinocyte and trigeminal ganglia lanes, but was not detectable in the fibroblast lane.

C) Total protein samples from organotypic human keratinocytes (3D raft cultures) were

loaded, along with CGRPα positive control, separated, transferred to PDVF nylon

membranes and probed with anti-CGRP (Rb polyclonal, 1:2000; Chemicon Inc, Temecula,

CA). A detectable band corresponding to the predicted molecular weight of the CGRP

precursor protein (16kD; arrows) was observed in all lanes. D) Total protein samples from
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mouse trigeminal ganglia (TG, positive control) and mouse fibroblasts (FB, negative

control) were loaded (20 µg/lane), along with CGRPα (1µg) positive control, in duplicate,

separated, transferred to PDVF nylon membranes, and the membrane then separated. One

half of the membrane (left) was then probed with anti-CGRP (Rb polyclonal, 1:2000;

Chemicon Inc, Temecula, CA), while the other half (right) was probed with pre-adsorbed

anti-CGRP antibody. Mature CGRP (~3.7kD) and CGRP precursor protein (16kD; arrows)

bands were detected on the left membrane, and no bands were detectible on the right

membrane after specific primary antibody pre-adsorption.
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Table 2

SIV Monkey Demographics

animal gender age diagnosis comments

CNTL male ~7 yr control, healthy uninfected

SIV1 male 12 yr, 6 mo AIDS with severe SIVE

SIV2 male 3 yr, 10 mo no AIDS defining illness 42 days after infection; sacrificed due to chronic colitis

SIV3 male 3 yr, 8 mo sacrificed due to AIDS

SIV4 male 3 yr 3 mo sacrificed due to AIDS
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