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Calcitonin Gene-Related Peptide Regulates Expression of
Neurokinin, Receptors by Rat Spinal Neurons

Virginia S. Seybold,' Kenneth E. McCarson,? Paul G. Mermelstein,' Rachel D. Groth,' and Lia G. Abrahams!’
'Department of Neuroscience, University of Minnesota, Minneapolis, Minnesota 55455, and 2Department of Pharmacology, Toxicology, and Therapeutics,
University of Kansas Medical Center, Kansas City, Kansas 66160

Although neurokinin 1 (NK1) receptors contribute to hyperalgesia, and their expression is increased in the spinal cord during peripheral
inflammation, little is known regarding the signaling molecules and the second messenger pathways that they activate in regulating the
expression of the NK1 receptor gene. Because the promoter region of the NK1 receptor contains a cAMP response element (CRE), we
tested the hypothesis that calcitonin gene-related peptide (CGRP) regulates the expression of NK1 receptors via a pathway involving
activation of the transcription factor cAMP response element binding protein (CREB). Experiments were conducted on primary cultures
of neonatal rat spinal neurons. Treatment of cultures with CGRP for 8 -24 hr increased '*’I-substance P binding on spinal neurons; the
increase in binding was preceded by an elevation in NKI receptor mRNA. The CGRP-induced change in '*’I-substance P binding was
concentration-dependent and was inhibited by the antagonist CGRP;_5,. CGRP increased phosphorylated CREB immunoreactivity and
CRE-dependent transcription in neurons, indicating the involvement of the transcription factor CREB. Evidence that CGRP increased
cAMP levels in spinal neurons and that the protein kinase A inhibitor H89 attenuated CGRP-induced CRE-dependent transcription
suggests that the intracellular pathway stimulated by CGRP leads to activation of protein kinase A. Collectively these data define a role for
CGRP as a signaling molecule that induces expression of NK1 receptors in spinal neurons. The data provide evidence that a neuropeptide
receptor controls gene expression in the CNS and add another dimension to understanding the cotransmission of substance P and CGRP

by primary afferent neurons.
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Introduction

Tachykinins, endogenous ligands of the neurokinin 1 (NK1) re-
ceptor, induce hyperalgesia after administration to the spinal
cord. (Sweeney and Sawynok, 1986; Yashpal et al., 1993). Dynor-
phin (Laughlin et al., 1997) and brain-derived neurotrophic fac-
tor (BDNF; Groth and Aanonsen, 2002) have similar effects. Ev-
idence of increased endogenous levels of these neuromodulators
in the spinal cord during peripheral inflammation [tachykinins
(Mapp et al., 1993; Galeazza et al., 1995), dynorphin (Ruda et al.,
1988), and BDNF (Cho et al., 1997)] as well as increased expres-
sion of NK1 receptors (Abbadie et al., 1996; Honore et al., 1999)
and trkB receptors, which bind BDNF (Mannion et al., 1999),
suggests a role for these neuromodulators in hyperalgesia. The
increases in peptides and receptor proteins occur in conjunction
with increased levels of mRNA in primary afferent neurons
[tachykinin (Donaldson et al., 1992) and BDNF (Mannion et al.,
1999)] or spinal neurons [NKI receptor (Schafer et al., 1993;
McCarson and Krause, 1994) and dynorphin (Rudaetal., 1988)],
indicating that increases in gene expression contribute to the
changes in protein levels. However, little is known about the
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transmembrane signals that initiate intracellular signaling that
leads to changes in gene expression in spinal neurons.

Induction and activation of transcription factors that regulate
gene expression occur in the spinal cord as a consequence of
peripheral inflammation. After the initial report of c-fos induc-
tion in spinal neurons (Hunt et al., 1987), increased expression of
c-jun (Messersmith et al., 1998) as well as phosphorylation of
cAMP response element binding protein (CREB) (Ji and Rupp,
1997; Messersmith et al., 1998; Anderson and Seybold, 2000) and
nuclear factor k-B (Chan et al.,, 2000) have been described.
Changes in activity of transcription factors indicate that intracel-
lular signaling pathways are mediating changes in protein expres-
sion. For example, cCAMP activates protein kinase A, which phos-
phorylates CREB, and the promoter region of the NK1 receptor
gene has a binding site for CREB (Gerard et al., 1991; Hershey et
al., 1991).

A potential signaling molecule for regulating expression of
NK1 receptors by spinal neurons would be released after periph-
eral injury and would activate intracellular signaling pathways
leading to activation of CREB. We tested the hypothesis that
calcitonin gene-related peptide (CGRP) is a transmembrane sig-
naling molecule that regulates the expression of NK1 receptors in
spinal neurons. CGRP is released centrally from primary afferent
neurons in response to noxious stimuli (Morton and Hutchison,
1989), and its expression is increased in primary afferent neurons
in models of peripheral inflammation (Donaldson et al., 1992;
Mapp et al,, 1993; Galeazza et al., 1995). However, the physiolog-
ical relevance of CGRP receptors in the spinal cord has been
elusive. We predicted that CGRP would increase the expression
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of NK1 receptors, because activation of CGRP receptors increases
cAMP in spinal neurons (Parsons and Seybold, 1997), and the
expression of NKI receptors increases in spinal neurons in re-
sponse to treatment with analogues of cAMP (Abrahams et al.,
1999). Because a cAMP response element (CRE) site occurs
within the promoter region of the NKI1 receptor gene, we also
tested whether CGRP activates CRE-dependent gene expression
in spinal neurons.

Materials and Methods

Preparation of primary cell cultures. A model of primary cultures of dis-
sociated neonatal rat spinal cord cells was used in these studies. Under
normal conditions, NK1 receptor binding is restricted to neurons in
these cultures (Seybold and Abrahams, 1995), and the receptor is func-
tional (Parsons et al., 1995). Cultures of neonatal rat spinal cord were
prepared as described previously (Seybold and Abrahams, 1995). Briefly,
spinal cords were removed from 1- to 2-d-old neonatal Sprague Dawley
rats using a protocol that was approved by the Animal Care and Use
Committee of the University of Minnesota. Spinal cords were minced,
digested in trypsin, and mechanically dissociated by trituration. The re-
sulting cell suspension was centrifuged, and the recovered cells were
resuspended in nutrient medium consisting of DMEM, 10% heat-
inactivated horse serum, 100 U/ml penicillin, 100 pg/ml streptomycin,
and 0.25 ug/ml amphotericin B.

Cell suspensions were aliquoted into laminin-coated wells of 24-well
Costar (Cambridge, MA) plates. Because non-neuronal cells attach to the
substrate more rapidly than neuronal cells (Bray, 1991), the cell suspen-
sion was incubated in the prepared tissue culture wells for 45 min, re-
moved, and replated on fresh laminin-coated wells at 160,000 cells per
well. This procedure produces cultures of non-neuronal cells from
the initial plating and neuron-enriched cultures from the later plating
(Seybold and Abrahams, 1995). Cells were grown in DMEM, 10%
heat-inactivated horse serum (HS), 10% fetal bovine serum, and the
antibiotics listed above, and the medium was changed once per week.
Neuron-enriched cultures were used between 11 and 14 d in vitro.
Non-neuronal cultures were used after 3—4 weeks in culture, at which
time the density of non-neuronal cells and amount of protein were
comparable with those of neuron-enriched cultures.

Treatment of cultures with agonists and inhibitors. Cell cultures were
treated with CGRP and prostaglandin E, (PGE,) for various periods
before analyses of treatment effects. All treatments were performed at
37°C with an atmosphere of 90% O, and 10% CO,. Treatment was
initiated by replacing the medium with fresh medium containing ago-
nists. Tetrodotoxin (TTX, 0.5 um) was included in all incubations to
minimize secondary effects of agonists caused by release of other trans-
mitters in the cultures. In some experiments, the CGRP, receptor antag-
onist CGRPy_5, was used to test for receptor-mediated events. For mea-
sures of substance P (SP) binding and production of cAMP, treatments
occurred in DMEM and 10% HS. To mimic persistent activation of
receptors in some experiments, aliquots of agonist (10 ul) were added to
the culture medium at 2 hr intervals to repeat the same final concentra-
tion as the initial treatment.

When determining effects of CGRP on CRE-dependent transcription,
treatments were administered in DMEM and 1% HS. Some wells were
treated with CGRPg_, (1 hr) or the protein kinase A inhibitors H89 and
8-bromo (Br)-Rp-cAMPS (30 min) before the addition of agonist. The
medium was then removed, and CGRP with or without inhibitor was
added to the wells. Two hours later, an aliquot (10 ul) of agonist with or
without the antagonist was added to yield the same final concentration as
the first treatment. After 1 hr, the volume in each well was brought up to
1 ml with DMEM and 1% HS. The cells were returned to the incubator,
and CRE-luciferase activity was measured the following day.

12°I_Bolton Hunter-substance P binding assay. NK1 receptors can be
quantified by measuring the binding of '2°I-SP. The protocol for mea-
surement of high affinity binding of '*’I-Bolton Hunter-SP ('*’I-SP,
~2000 Ci/mmol) on primary cell cultures has been described in detail
previously (Seybold and Abrahams, 1995). Unless otherwise noted, spe-
cific binding of '**I-SP was measured 24 hr after initiation of treatment
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with agonist, and analyses were conducted at 4°C to decrease the uptake
of '2°I-SP into the cells. Briefly, before incubation with ligand, cultures
were rinsed in binding buffer (10 mm HEPES, 150 mm NaCl, 5 mm KCl,
1 mm MgCl,, 2 mm CaCl,, and 0.1% bovine serum albumin, pH 7.4, plus
40 pg/ml bacitracin, 4 ug/ml leupeptin, and 2 ug/ml chymostatin). Cul-
tures were then incubated with '**I-SP (50 pm) for 105 min; nonspecific
binding was determined in the presence of 100 nm SP. After washing to
minimize nonspecific binding, cells were collected in 0.1 m PBS and 1%
Triton X-100, and bound radiolabel was measured using a gamma
counter. Unless otherwise noted, binding data are expressed as percent-
age of average specific binding measured in untreated wells within each
experiment. Treatment with vehicles for the agonists had no effect on
specific binding. To monitor the quality of the ligand, the percentage of
specific binding of the ligand was calculated for total and nonspecific
binding using a standard preparation of tissue. Under these conditions,
the mean = SEM percentage of specific binding of '*°I-SP was 89 = 1%
for 21 preparations of the ligand. Therefore, differences in binding in
response to agonist treatment are not likely attributable to variability in
the quality of the ligand used to measure NK1 receptors.

Total cellular protein per well was determined on randomly selected
wells within each culture preparation using the Bradford protein assay
(Bradford, 1976).

Measurement of cAMP. The formation of cAMP in the cultures was
determined after agonist stimulation. Production of cAMP was stopped
10 min after the last addition of agonist by adding ice-cold 0.8 M HCIO,,
to each well. Samples were sonicated for 5 sec, transferred to 12 X 75 mm
glass test tubes, and stored at—80°C until assayed. On the day of the assay,
the samples were slowly thawed on ice, neutralized with ice-cold 0.8 N
K,CO;, mixed, and centrifuged at 2500 X gat 4°C for 15 min. Aliquots of
the final supernatant were acetylated, and the acetylated samples were
assayed for cAMP using a commercial radioimmunoassay kit.

Measurement of mRNA for the NKI receptor. To obtain sufficient
mRNA for the measurement of NK1 receptor mRNA, the neuron-
enriched cell suspension of neonatal rat spinal cord was plated in 9.5 cm?
wells at a density of 760,000 cells per well. After treatment of cultures for
4 hr with CGRP, total cellular RNA was extracted using the guanidinium-
acid-phenol method (Chomczynski and Sacchi, 1987). Three wells from
each treatment were pooled to obtain ~10 ug of total mRNA. Total RNA
samples were assayed for NK1 receptor and B-actin mRNAs using solu-
tion hybridization-nuclease protection assays as described previously
(McCarson and Krause, 1994, 1995).

Three different plasmid constructs were used for the analysis of RNA
in this study (McCarson and Krause, 1994, 1995). For the analysis of NK1
receptor mRNA, an NKI receptor 3’ coding region plasmid
[pSPR(+1213 — +1800)] and a full coding region plasmid [pSPR(+577
— +1800)] were used. For the analysis of B-actin mRNA, a B-actin
coding region plasmid [pBS-rA,,,] was used. The NK1 receptor and
B-actin plasmids were linearized using restriction enzymes, and anti-
sense CRNA probes were generated using T3 or T7 RNA polymerases and
[a->*P]UTP (3000 Ci/mmol). Samples of total RNA were assayed for
NKI receptor (~9.5 ug of total RNA/sample) or B-actin (~0.4 pg of
total RNA/sample) using the solution hybridization-nuclease protection
assay. The nuclease digestion reaction products were precipitated and
electrophoresed on urea-containing polyacrylamide gels, which were
fixed, dried, and exposed to phosphor plates for 16—24 hr. Densitometric
images were generated and analyzed as described previously (McCarson
and Krause, 1994, 1995). The amount of NK1 receptor mRNA within
each sample was normalized to the amount of B-actin mRNA within the
same sample.

Immunocytochemistry. Cells were treated for 30 min with CGRP in
DMEM and 1% HS with 0.5 um TTX. After treatment, the cells were
washed once with 0.1 M PBS, pH 7.4, and immediately fixed in 4% para-
formaldehyde for 10 min at room temperature. After three 15 min rinses
in PBS, cells were permeabilized with a solution of PBS, 0.1% Na azide,
10% normal donkey serum, and 0.3% Triton X-100 for 2 hr at room
temperature. The cells were then incubated with a mixture of rabbit
anti-pCREB (1:100) and mouse anti-B-tubulin III (1:200) antibodies
overnight at 4°C. B-Tubulin-like immunoreactivity was used as a posi-
tive marker for neurons within the cultures (Lee et al., 1990). The next
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day, cells were rinsed three times with PBS and then incubated in a
mixture of rhodamine red X-donkey anti-rabbit (1:100) and cyanine
2-donkey anti-mouse (1:100) antibodies for 1 hr at room temperature.
After three 15 min rinses in PBS, cultures were coverslipped in PBS/
glycerin (1:3).

B-Tubulin- and pCREB-like immunoreactivities were differentially
visualized using a fluorescence microscope. Images of immunoreactivity
were collected using a 20X objective and consistent camera settings for
each antigen. The average pixel intensity of pPCREB immunofluorescence
was measured within the region of the nucleus of B-tubulin-
immunoreactive cells using Imagel software (black = 0). The level of
fluorescence in the cytoplasm of non-neuronal cells within each culture
under illumination of rhodamine was defined as background and was
subtracted from the value of pCREB-immunofluorescence to obtain a
value for pCREB-specific immunofluorescence. Data were pooled from
three culture preparations.

CRE-luciferase. Cultured cells were transfected with CRE-luciferase
DNA to test for CRE-dependent gene expression in response to CGRP.
After 1011 d in vitro, cultured spinal neurons were transiently trans-
fected with a CRE-luciferase reporter construct (1 ug of DNA/well) using
the calcium phosphate method as described previously (Xia et al., 1996).
After transfection, cells were washed with DMEM before replacing their
original medium and were used in experiments the following day. Cells
were lysed ~48 hr after transfection and assayed for luciferase using a
commercial light assay kit. Fluorescence was quantified using a
luminometer.

Statistical comparisons. Each experiment was conducted at least three
times on cultures prepared from different litters. Unless otherwise noted,
experimental values were normalized to untreated samples that were
included in each iteration of an experiment to reduce variability in data
among culture preparations. Unless otherwise noted, data are summa-
rized as the mean * SEM for wells within each treatment group. One or
two-way ANOVAs with Tukey’s multiple comparisons test were used to
compare results within and between groups. Student’s f test was used
when appropriate. Differences between means were considered signifi-
cant at p < 0.05. Fisher’s exact test was used to determine whether the
proportion of pCREB-immunoreactive neurons was altered by treat-
ment with CGRP.

Materials. Timed pregnant Sprague Dawley rats were obtained from
Sasco Inc. (Omaha, NE). Bacto-Trypsin was purchased from Difco (De-
troit, MI), and sera and antibiotics included in culture media were pur-
chased from Invitrogen (Grand Island, NY). DMEM, TTX, and enzyme
inhibitors were obtained from Sigma (St. Louis, MO). a-CGRP (rat),
a-CGRPy_,, (human), and SP were purchased from Peninsula (San Car-
los, CA), and PGE, was purchased from Cayman Chemical Co. (Ann
Arbor, MI). H89 and 8-Br-Rp-cAMPS were obtained from Calbiochem
(San Diego, CA). Amersham Biosciences (Arlington Heights, IL) was the
source for the '2°I-SP, and NEN (Boston, MA) was the source for the
cAMP radioimmunoassay kit. RNA polymerases were purchased from
Roche Molecular Biochemicals (Indianapolis, IN). The CRE-luciferase
reporter was a gift of E. K. Heist (Stanford University, Stanford, CA). The
Tropix kit used for the luciferase assay was purchased from Applied
Biosystems (Atlanta, GA). The rabbit anti-pCREB antibody was obtained
from Upstate Biotechnology (Lake Placid, NY), and the mouse anti-3-
tubulin IIT antibody was obtained from Sigma. The secondary antibodies
and normal donkey sera were purchased from Jackson ImmunoResearch
(West Grove, PA).

Stock solutions of CGRP (100 um), CGRPg_5, (100 um and 1 mm), and
TTX (1 mm) were prepared in 0.02 M acetic acid. The stock solution of
PGE, (10 mm) was prepared in dimethyl sulfoxide. The stock solution of
H89 (1 mm) was prepared in H,O.

Results

CGRP increased '*°I-SP binding in primary cultures of
neonatal rat spinal cord

Initial studies addressed whether CGRP modulates '**I-SP bind-
ing directly. When CGRP (100 nm) was included with '**I-SP as
a condition for ligand binding, there was no effect on specific
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Figure 1.  CGRP increased '*I-SP binding to neonatal rat spinal neurons in a time-

dependent manner. Ligand binding was measured after treatment with CGRP (1 wum) for 4-24
hr. The shaded area represents the average range of the SEM for the untreated control cultures.
Data were normalized to the average for control binding within each experiment. *Significantly
different from the control group at the same treatment period at p << 0.05 (2-way ANOVA with
Tukey’s multiple comparisons test). n = 8 -9 wells per treatment period (2-3 wells per treat-
ment period per experiment, 3— 4 experiments per treatment period).

Table 1. The effect of CGRP on "2*I-SP binding occurred predominately on neurons

121SP binding Protein
Type of culture Treatment (fmol/mg of protein) (g/well)
Neuron-enriched Control 1.2 +1.24)* 56 *+3(4)
CGRP (1 m) 13.5 £ 1.8 (4)***
Non-Neuronal Control 09+04(3) 49 +10(3)
CGRP (1 am) 1.5+£03(3)*
Specific binding of '°I-SP was d ined 24 hr after tr Numbers in parentheses are numbers of

experiments.

*Significantly different from same treatment of non-neuronal cells; p < 0.001 (two-way ANOVA with Tukey's
multiple comparisons test).

**Significantly different, p << 0.05 (Student’s  test, paired) relative to control within the same culture preparation.

binding of 1251_SP (control, 100 * 0.1%; CGRP, 97 * 0.1% rel-
ative to the mean of the control value within a culture prepara-
tion; n = 9 wells for each condition). Therefore, CGRP does not
affect '*°I-SP binding by an allosteric mechanism, and long-term
effects of CGRP on '*’I-SP binding cannot be attributed to resid-
ual CGRP in the binding conditions.

Detection of effects of CGRP on '*’I-SP binding required long
incubation times (Fig. 1). These experiments used a high concen-
tration of CGRP (1 uM) to compensate for catabolism of CGRP
during the long treatment periods. No increases in '**I-SP bind-
ing occurred at incubation periods up to 4 hr; however, binding
was greater 8 and 24 hr after addition of CGRP compared with
control. The long lag period before an increase in '**I-SP binding
occurred is consistent with the effect of exogenous cAMP in this
model (Abrahams et al., 1999).

The increase in '*’I-SP binding after treatment with CGRP
occurred predominately on neurons in cultures from neonatal
rat spinal cord (Table 1). The amount of '*°I-SP binding was
10-fold greater in neuron-enriched cultures compared with cul-
tures of non-neuronal cells. Under control conditions, total
binding of '*’I-SP in cultures of non-neuronal cells was not sig-
nificantly different from nonspecific binding of the ligand. Treat-
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Figure2. (GRPincreased '°I-SP binding to neonatal rat spinal neurons in a concentration-
dependent manner. Ligand binding was measured after treatment with CGRP for 24 hr. IBMX
(50 M) was included in all of the treatments, and the average amount of specific binding in the
presence of IBMX alone within an experiment was subtracted from all values for that experi-
ment. Data were normalized to the average for control binding within each experiment. *Sig-
nificantly different from the control group at p << 0.05 (1-way ANOVA with Tukey’s multiple
comparisons test). n = 11—24 wells per concentration (2— 4 wells per concentration per exper-
iment, 4 — 8 experiments per concentration).

ment with CGRP caused a small increase in specific binding in
cultures of non-neuronal cells, but the increase in neuron-
enriched cultures was approximately fourfold greater.

Receptors mediated the effect of CGRP on '*’I-SP binding
When neuron-enriched cultures of neonatal spinal cord cells
were treated for 24 hr with concentrations of CGRP that
ranged from 0.1 to 1000 nM, changes in '*’I-SP binding were
concentration-dependent (Fig. 2). Concentrations higher than 1
M were not tested, because they did not induce a greater increase
in the level of cAMP (Parsons and Seybold, 1997). A concentra-
tion of 10 nmM CGRP was the lowest concentration that increased
'*’I-SP binding. Importantly, the CGRP receptor antagonist
CGRPy_s, (3 um) blocked the CGRP-induced increase in '*°I-SP
binding measured 24 hr after initiation of treatment (3 X 100 nm
CGRP, 117 £ 5% ofbasal, n = 12; CGRP plus CGRPg_5,,97 = 5,
n = 6; p < 0.05; Student’s t test). Together these results indi-
cate that the effect of CGRP on '*°I-SP binding was
receptor-mediated.

Not all receptors that couple to adenylyl cyclase increased
'2°I-SP binding

Measurement of cAMP in spinal cord cultures after treatment
with CGRP confirmed that CGRP increased cAMP levels in the
cells (Table 2). The effect of CGRP on cAMP was inhibited by
CGRPj_5, but not completely blocked at the concentration of 3 X
100 nM CGRP. The CGRP receptor, however, is not the only
receptor that couples to the stimulation of adenylyl cyclase. The
prostaglandin EP2 receptor, activated by PGE,, also stimulates
adenylyl cyclase (Narumiya et al., 1999), and exogenous PGE,
increases gene expression in peripheral tissue (Ohnishi et al.,
2000; Lin et al., 2001). Whereas PGE, acutely increased cAMP
levels in the neuron-enriched cultures of neonatal spinal cord,
1251.Sp binding was inhibited 24 hr later (Table 3).
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Table 2. CGRP receptors mediated the CGRP-induced increase of cAMP in neuron-
enriched cultures

cAMP (pmol/mg Effect of CGRP_5;
Treatment protein) on cAMP
Control 19 *+1(30) 23 +=3(15)
CGRP (1 <X 100 nm) 4 +4(7) 7+1()
CGRP (2 XX 100 nm) 112 £7(12)* 28 +2(12)
CGRP (3 XX 100 nm) 230 =15 (7)* 68 2 (7)**

(GRP5_3; was used at 3 um. Multiple treatments occurred at 2 hrintervals. Samples were collected 10 min after the
last addition of agonist. Control groups for multiple addition of CGRP were not different from each other, so these
groups were pooled. Numbers in parentheses are numbers of wells per treatment (two or three wells per treatment
per experiment, three to five experiments per treatment).

*p < 0.001 compared with control within the same group and cAMP production in the presence of antagonist.
*¥p < 0.05 compared with control within the same group (two-way ANOVA with Tukey’s multiple-comparisons
test).

Table 3. Treatment with PGE, did not increase '*I-SP binding

cAMP (pmol/mg of 151-SP binding
Treatment protein) (% of control)
Control 17 *=3(20) 100 = 3(17)
PGE, (1 X 1 um) 72 =11 (9)* 98 = 5(10)
PGE, (3 X 1 um) 147 +5(9)* 84 + 3 (6)**

Multiple treatments occurred at 2 hr intervals. Samples were collected 10 min after the last addition of PGE, for
determination of AMP, and '2°I-SP binding was determined 24 hr after initiation of treatment. '2°I-SP binding was
normalized to the mean of samples for control binding within the same culture preparation. Control groups for
multiple additions of PGE, were not different from each other so these groups were pooled. Numbers in parentheses
are numbers of wells per treatment (two or three wells per treatment per experiment, three or four experiments per
treatment with the exception of SP-binding after 3 X 1 um PGE, , which was replicated once.

*p <0.001 compared with all other groups within the measure.

*¥p <0.05 compared with control within the measure (one-way ANOVA with Tukey’s multiple-comparisons test).

Table 4. CGRP increased levels of NK1 receptor mRNA in neuron-enriched spinal
cord cultures

NK1 mRNA (pg/ng of
Treatment B-actin mRNA)
Control 0.40 = 0.03 (6)

CGRP (1 X100 nm) 0.98 = 0.06 (3)*
CGRP (3 X 100 nm) 143 & 0.17 (3)***

Multiple treatments occurred at 2 hrintervals. Samples were collected 4 hr after the last addition of CGRP. Numbers
in parentheses are numbers of samples per treatment, one sample per culture preparation.

*p < 0.01 compared with control.
**p < 0.05 compared with one dose (one-way ANOVA with Tukey’s multiple-comparisons test).

An increase in NK1 receptor mRNA preceded the
CGRP-induced increase in '*’I-SP binding

The lag in detection of increased '*’I-SP binding after treatment
with CGRP may reflect time for increased transcription of the
gene encoding the NK1 receptor. If this is true, we predicted that
treatment with CGRP would increase levels of mRNA for the
NK1 receptor before the increase in '*’I-SP binding occurred.
Treatment of primary cultures with a cell-permeant analogue of
cAMP increases mRNA for the NK1 receptor within 4 hr (Abra-
hams et al., 1999). One or three treatments with CGRP (100 nm)
for the same time also increased NK1 receptor mRNA (Table 4).
Representative autoradiograms of mRNA detected in the samples
are shown in Figure 3.

CGRP induced CREB phosphorylation

Comparisons of biochemical data for cultures enriched in
neurons versus non-neuronal cells provide indirect evidence
that CGRP increases gene expression in neurons. To confirm a
direct effect of CGRP on neurons, levels of pCREB-like immu-
noreactivity were measured in S-tubulin-immunoreactive
cells after treatment with CGRP (Fig. 4). Treatment of cultures
with CGRP (300 nMm) increased the average pixel intensity of



1820 - J. Neurosci., March 1, 2003 - 23(5):1816-1824

o
: s . &
- £ T =
A S & E
— ot = =
T3 ¥ O 2
2 3 3 © < OF
S -~
o 7] = Lz Z =
s N o© O & @S
- v O ) = oW
696 bp —»
588 bp —» —
NK-1 mRNA
273 bp —» . ’
210 bp —»
B-actin mRNA
Figure 3.  Representative images of autoradiograms from solution hybridization-nuclease

protection assays measuring NK1 receptor (top gel) and 3-actin (bottom gel) mRNAs in control
and CGRP-treated samples. Each sample for measurement of NK1 receptor mRNA contained
90% of the total RNAs isolated from the sample (for description, see Materials and Methods);
each sample for measurement of B-actin mRNA contained the remainder. Note that treatment
with CGRP increased the amount of NK1 receptor mRNA. The arrows show the sizes of the
undigested receptor antisense RNA probe (696 and 273 bases, respectively) and the RNA species
protected by mRNAs or message-sense cRNAs (588 and 210 bases, respectively).

Figure 4.
by the presence of B-tubulin immunoreactivity (A) and the neuron also exhibiting pCREB-
immunofluorescence ( B). Images are of the same field under conditions for the visualization of
different fluorophores; the arrows mark the same neuron.

Representative images illustrating the identification of a spinal neuron in culture

pCREB immunofluorescence within the nucleus of B-tubulin-
immunoreactive cells [CGRP, 41 * 2 relative light units
(RLU), n = 191 neurons; control, 30 = 2 RLU, n = 167; p <
0.002; Student’s f test].
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Table 5. CGRP increased CRE-dependent gene activity in neuron-enriched spinal
cord cultures

cAMP (pmol/mg of Luciferase activity
Treatment protein) (% of basal)
Basal 16 =1(15) 98 +9(15)
CGRP (2 X 300 nm) 367 = 22 (17)* 330 =29 (17)*
(GRP, 3, (3 ) 20+10(17) 140 * 17 (14)
(GRP + CGRPg_3; 118 =10 (17)** 212 £19(17)

Multiple treatments occurred at 2 hrintervals. Samples for AMP were collected 10 min after the last addition of the
drug. For determination of CRE-dependent gene expression, treatments were initiated 24 hr after transfection with
CRE-luciferase DNA, and samples were collected for assay approximately 21 hr after initiation of treatment. Lucif-
erase activity was normalized to basal levels within the same culture preparation. Numbers in parentheses are
numbers of wells per treatment (five or six wells per treatment per experiment; three experiments per treatment).
Values were deleted from the data set for luciferase activity if they were <<2 SDs below the mean for basal luciferase
activity or =2 SDs above the mean for a treatment group. No more than four values were deleted from any
treatment group, and the deleted values were evenly distributed between these two conditions.

*p < 0.001 compared with all other groups within the measure.
**p < 0.05 compared with antagonist alone (one-way ANOVA with Tukey’s multiple-comparisons test).

The increase in pPCREB immunoreactivity was also reflected in
an increase in the number of pCREB-positive neurons. In this
analysis, a neuron was defined as pCREB-positive if the average
level of fluorescence in the nucleus was the mean fluorescence +
1 SD or greater for the culture treatment defined as basal within
each experiment (Anderson and Seybold, 2000). By this criterion,
20% of the neurons (n = 167) were pCREB-positive under basal
conditions. Treatment with CGRP increased the number of
pCREB-positive neurons to 31% (n = 191; p = 0.02; Fisher’s
exact test).

CGRP increases CRE-dependent gene expression

To establish a more direct link between CGRP receptor activation
and gene expression dependent on activation of CREB protein,
neuron-enriched spinal cord cultures were transiently trans-
fected with a gene construct in which expression of luciferase was
dependent on a CRE-promoter. Treatment with CGRP increased
expression of luciferase activity threefold over basal activity in
these cultures (Table 5), and the increase was preceded by a 20-
fold increase in cAMP 2 hr after initiation of treatment. Coincu-
bation of CGRP with the CGRP receptor antagonist CGRPg_,
decreased the effect of CGRP on luciferase expression by 50%,
indicating that some luciferase expression was dependent on
CGRP receptor-mediated activation of CREB. The luciferase ac-
tivity in the presence of CGRP plus CGRP;_5, was not different
from that in the presence of the antagonist alone but was associ-
ated with a residual increase in cAMP.

Cotreatment of CGRP with inhibitors of protein kinase A
inhibited the effect of CGRP on expression of luciferase up to
80% (Fig. 5), further implicating a cCAMP signaling pathway in
CGRP regulation of CRE-dependent gene expression. The pro-
tein kinase A inhibitor H89 had a concentration-dependent effect
on CGRP-evoked luciferase activity but had no effect on its own
(117 = 5% of basal luciferase activity at 1 um; n = 14). The
competitive inhibitor of cAMP, 8-Br-Rp-cAMPS, inhibited the
response to CGRP by 60%, confirming participation of protein
kinase A in CGRP regulation of luciferase expression.

Studies conducted in cultures of non-neuronal cells in parallel
with neuron-enriched cultures provided evidence that CGRP-
induced expression of CRE-dependent luciferase activity was
mediated by neurons in the cultures. Although cultures of
non-neuronal cells were grown to the same cellular density as
neuron-enriched cultures and transfected with CRE-luciferase
under the same conditions, the basal level of luciferase activity
was 10-fold less than that in neuronal cultures (Table 6). The



Seybold et al. « CGRP Regulates Expression of NK1 Receptors by Neurons

300 T
275 |
250
Z
= 225
= *
3 Z 200
S 2 I *
g3 179 @n i
!-g ?:; 150 - T
-
-] 125 4 an
100 - ,_I;
(32
75
50 1
Basal CGRP HR89 H89 8—Br-Rp-
(1uM) (10uM)  cAMPS

+ CGRP

Figure 5.  CGRP increased CRE-dependent gene activity in neuron-enriched spinal cord cul-
tures through protein kinase A. Primary cultures of neonatal rat spinal neurons were transfected
with CRE-luciferase DNA and 24 hr later were treated with CGRP (2 X 300 nm at an interval of 2
hr). Inhibitors were added 30 min before CGRP. 8-Br-Rp-cAMPS was used at 500 wm. Samples
were collected for assay ~21 hr after initiation of CGRP treatment. Luciferase activity was
normalized to basal levels within the same culture preparation. Numbers in parentheses are the
number of wells per treatment (5— 6 wells per treatment per experiment, 3— 6 experiments).
*p < 0.001 compared with CGRP (1-way ANOVA with Tukey’s multiple comparisons test).
Values were deleted from the data set for luciferase activity if they were <<2 SD below the mean
for basal luciferase activity or >2 SD above the mean for a treatment group. No more than three
values were deleted from any treatment group, and the deleted values were evenly distributed
between these two conditions.

Table 6. CRE-dependent expression of luciferase

Type of culture Treatment Luciferase activity (RLU)
Neuron-enriched Control 16.5 = 1.4 (18)*
CGRP (2 X 300 nw) 42,9 = 6.0 (18)***
Non-neuronal Control 1.3 +0.5(18)
(GRP (2 X 300 nm) 3.5+21.0(17)

Cultures were treated 24 hr after transfection with CRE-luciferase DNA. Multiple treatments with CGRP occurred at 2
hr intervals. Luciferase activity was measured approximately 21 hr after initiation of treatment with CGRP and is
reported as RLU per 1000 per well. Numbers in parentheses are numbers of wells per treatment (five or six wells per
treatment per experiment, three experiments per treatment). One value was deleted from the CGRP-treated group
of non-neuronal cells because it was =2 SDs of the mean for the group.

*p < 0.001 compared with non-neuronal cultures of the same treatment.

**p < 0.001 compared with control within the same type of culture (two-way ANOVA with Tukey's multiple-
comparisons test).

low basal level of enzyme activity is consistent with using a
protocol that favored transfection of neurons over glia (Xia et
al., 1996). Importantly, CGRP had no significant effect on
luciferase activity in cultures of non-neuronal cells (Table 6).

Discussion

During peripheral inflammation, increased activation of periph-
eral nociceptors is associated with increased release of tachyki-
nins within the spinal cord (Hope et al., 1990; Schaible et al.,
1990) and activation of NKI1 receptors (Abbadie et al., 1997;
Honore etal., 1999). Activation of spinal NK1 receptors results in
increased excitability of spinal neurons (Dougherty et al., 1994;
Neugebauer et al., 1995; Parsons et al., 1996) and hyperalgesia
(Traub, 1996; Ma et al., 1998). Increased expression of NK1 re-
ceptors contributes to maintenance of tachykinin signaling in the
spinal cord during peripheral inflammation (Schafer et al., 1993;
McCarson and Krause, 1994). This is the first report linking an
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extracellular signaling molecule with increased expression of
NK1 receptors in spinal neurons. Although this result remains to
be confirmed in vivo in adult animals, the data add another di-
mension to understanding cotransmission of substance P and
CGRP released from primary afferent neurons and, more
broadly, the significance of peptide receptor signaling in the ner-
vous system.

CGRP increased expression of NK1 receptors by a
cAMP-dependent pathway

The occurrence of postsynaptic CGRP receptors in the spinal
cord has been known for more than a decade (Tschopp et al.,
1985; Garry et al.,, 1991), but the physiological significance of
these receptors has not been well defined. The present results
demonstrate that CGRP increases expression of NK1 receptors in
spinal neurons by receptors that couple to activation of adenylyl
cyclase and an intracellular pathway leading ultimately to activa-
tion of the transcription factor CREB. Effects of CGRP on pro-
duction of cAMP, levels of NK1 receptor mRNA, and '**I-SP
binding were concentration-dependent. Furthermore, the CGRP
receptor antagonist CGRPg_;, attenuated CGRP-induced
changes. Collectively, these data support receptor-mediated
events in CGRP regulation of NK1 receptor expression. Evidence
that CGRP increased cAMP levels and CRE-dependent gene ex-
pression, and that H89, an inhibitor of protein kinase A, blocked
the effect of CGRP on CRE-dependent gene expression, impli-
cates protein kinase A in a pathway from the CGRP receptor to
phosphorylation of CREB. CGRP also increased levels of NK1
receptor mRNA in spinal neurons, although the increase in
mRNA may reflect increased transcription or increased stability
of the mRNA. Data that CGRP increased pCREB-immuno-
reactivity in neurons, that pPCREB-immunoreactivity increases in
NKI1 receptor-immunoreactive neurons after a noxious chemical
stimulus (Anderson and Seybold, 2000), and that the rat NK1
receptor gene has a CREB binding site (Gerard et al., 1991; Her-
shey etal., 1991) support the conclusion that increased gene tran-
scription most likely contributed to the increase in expression of
NK1 receptors. Extracellular signal-regulated kinase (ERK)—
mitogen-activated protein kinase may also be an intermediate in
the pathway for CGRP regulation of NK1 receptor expression.
CGRP phosphorylates ERK by a protein kinase A-dependent
pathway (Parameswaran et al., 2000), and ERK contributes to the
increased expression of spinal NK1 receptors during peripheral
inflammation (Ji et al., 2002).

Whereas CGRPjy_;, always attenuated the effects of CGRP, the
antagonist did not reduce the effect of CGRP to basal levels in
some multiple-treatment paradigms. The long treatment periods
in these experimental protocols may have contributed to the par-
tial inhibition by CGRPg_5,. Alternatively, it is possible that
CGRPj_5, only partially blocked high concentrations of CGRP,
because CGRP activated multiple types of receptors in spinal cord
cultures. Blockade of CGRP effects by CGRPg_5, defines a CGRP,
receptor-mediated response (Quirion et al., 1992), and CGRP,
receptors generally couple via G-proteins to stimulate adenylyl
cyclase in neurons (Zona et al., 1991; Baidan et al., 1992; Parsons
and Seybold, 1997). However, the biochemistry of CGRP recep-
tors has recently been complicated by the discovery of accessory
proteins that contribute to the functional receptor. Currently,
CGRP receptors are believed to be a complex of a seven-
transmembrane protein called a calcitonin receptor-like receptor
(CRLR), a receptor activity-modifying protein (RAMP) that de-
fines the relative potency of ligands for the receptor, and a recep-
tor component protein (RCP) that defines the G-protein to



1822 - J. Neurosci., March 1, 2003 - 23(5):1816-1824

which the receptor couples (McLatchie et al., 1998; Chakravarty
etal., 2000; Evans et al., 2000). The CGRP, receptor, which binds
CGRP and CGRPg_5, with the highest affinity is made up of
CRLR, RAMPI, and RCP and couples to production of cAMP
(McLatchie et al., 1998). Although CGRP receptors in neurons
generally couple to cAMP, CGRP receptors in other tissues cou-
ple to the generation of inositol phosphates and the release of
calcium from intracellular stores (Laufer and Changeux, 1989;
Aiyar et al., 1999). Therefore, other RCP proteins may exist. Al-
though we found no evidence that CGRP receptors couple to
production of inositol phosphates in primary cultures of neona-
tal rat spinal neurons (Parsons and Seybold, 1997), the occur-
rence of multiple CGRP receptor accessory proteins raises the
possibility that some effects of CGRP may be mediated by intra-
cellular signaling pathways activated by other CGRP receptor
complexes.

H89 blocked the effect of CGRP at a concentration (10 uMm)
that was required to inhibit protein kinase A in another popula-
tion of neurons (Huang et al., 2002). Although this concentration
of H89 also inhibits protein kinase G in a cell-free system (Chi-
jiwa et al., 1990), CGRP does not increase production of cGMP at
concentrations of <1 uM in primary cultures of neonatal rat
spinal cord (Parsons and Seybold, 1997), and cGMP does not
increase expression of NK1 receptor mRNA in this preparation
(Abrahams et al., 1999). Furthermore, another protein kinase A
inhibitor, 8-Br-Rp-cAMPS, also inhibited the response to CGRP.
Therefore, it is likely that the effect of H89 on CRE-dependent
gene expression that occurred in response to CGRP was mediated
by blocking protein kinase A.

Not all receptors that couple to production of cAMP increase
SP binding

Multiple receptors can couple to activation of adenylyl cyclase.
During peripheral inflammation, spinal levels of PGE, increase
and contribute to central mechanisms of hyperalgesia (Yang et
al., 1996; Samad et al., 2001). Although PGE, activates several
subtypes of EP2 receptors that couple to production of cAMP
(Narumiya et al., 1999), we found no evidence that PGE, had
effects on SP binding that were similar to those of CGRP. A
concentration of PGE, that increased cAMP in the spinal cord
cultures decreased SP receptor binding over the same time course
during which CGRP increased binding. The different effects of
CGRP and PGE, on SP binding could be caused by activation of
receptors on different cells, compartmentalization of intracellu-
lar messengers, competing effects of other receptors activated by
PGE,, or inhibition of transcriptional proteins by PGE, (Riquet
et al., 2000). Nonetheless, the difference in effects suggests that
CGRP may be unique among ligands that couple to production of
cAMP in spinal neurons in its regulation of NK1 receptors.

Significance for cotransmission of CGRP and substance P
Substance P and CGRP coexist to a large extent (70%) in termi-
nals of primary afferent neurons in the dorsal horn of the spinal
cord (Tuchscherer and Seybold, 1989). Consequently, they are
released in response to the same stimuli (Duggan et al., 1988;
Morton and Hutchison, 1989). Considerable evidence indicates
that SP contributes directly to central mechanisms of hyperalge-
sia by increasing the excitability of spinal neurons and indirectly
by facilitating the activation of NMDA receptors (Urban et al.,
1994).

The role of CGRP in spinal cord physiology is less clear. Al-
though CGRP causes no acute behavioral effect when injected by
itself (Wiesenfeld-Hallin et al., 1984; Gamse and Saria, 1986;
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Welch et al., 1989), intrathecal administration of CGRP causes
hyperalgesia to mechanical stimuli (Oku et al., 1987), and intra-
thecal injection of CGRP antiserum decreases thermal and me-
chanical hyperalgesia during peripheral inflammation (Kuraishi
et al., 1988; Kawamura et al., 1989). These effects are most likely
indirect, mediated in part by CGRP receptors on terminals of
primary afferent neurons that facilitate the release of substance P
and excitatory amino acids (Oku et al., 1987; Ryu et al., 1988;
Kangrga and Randic, 1990) and CGRP receptors on spinal neu-
rons that enhance voltage-gated calcium currents evoked by
other agonists (Murase et al., 1989). However, the most compel-
ling mechanism underlying this interaction is that CGRP com-
petes with SP for catabolism by endopeptidases (LeGreves et al.,
1985; Mao et al., 1992; Schaible et al., 1992; Saleh et al., 1996),
resulting in prolonged extracellular concentrations of SP after
release of the peptides from primary afferent neurons. Thus, con-
centrations of CGRP that have no overt effect by themselves on
spinal neurons in vivo facilitate the actions of SP.

The present data provide evidence for interaction of CGRP
and SP neurotransmission over a time course of many hours. We
found no evidence of an acute interaction of CGRP receptors and
NK1 receptors postsynaptically. CGRP did not increase SP bind-
ing to NK1 receptors either directly or after treatment with CGRP
up to 4 hr. Furthermore, CGRP does not modulate NK1 receptor
coupling to the production of inositol phosphates (Parsons and
Seybold, 1997). However, CGRP receptor activation resulted in
increased levels of mRNA for NKI1 receptors and increased
!251_SP binding. The time course of increased receptor binding is
consistent with the time required for synthesis of the receptor
protein and parallels the time course for cAMP effects on NK1
receptor expression (Abrahams et al., 1999).

Conclusion

Data from a variety of experiments indicate that activation of
NK1 receptors contributes to the hyperalgesia that accompanies
peripheral inflammation and that expression of this receptor is
increased in conjunction with peripheral inflammation. In addi-
tion to blocking NK1 receptors with drugs to decrease hyperal-
gesia, it may be important to block the increased synthesis of NK1
receptors that could overcome receptor blockade. Evidence that
CGRP receptors activate an intracellular pathway that increased
expression of NK1 receptors extends understanding of the signif-
icance of SP and CGRP cotransmission: they are cocontained in
primary afferent neurons; CGRP enhances the bioavailability of
SP; and CGRP increases the expression of receptors activated by
SP. This interaction is likely to extend to other populations of
neurons that express CGRP and NK1 receptors. CGRP regulation
of gene expression may also extend to other proteins. For exam-
ple, CGRP inhibits development of tolerance to morphine anal-
gesia at the level of the spinal cord (Menard et al., 1996; Powell et
al., 2000). CGRP-induced expression of proteins other than NK1
receptors may contribute to this effect.
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