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Abstract

Cocaine- and amphetamine-regulated transcript (CART) peptides have been implicated in spinal pain transmission. A dense plexus
of CART-immunoreactive fibres has been described in the superficial laminae of the spinal cord, which are key areas in sensory
information and pain processing. We demonstrated previously that the majority of these fibres originate from nociceptive primary
afferents. Using tract tracing, multiple immunofluorescent labelling and electronmicroscopy we determined the proportion of
peptidergic primary afferents expressing CART, looked for evidence for coexistence of CART with galanin in these afferents in lamina
I and examined their targets. Almost all (97.9%) randomly selected calcitonin gene-related peptide (CGRP)-immunoreactive
terminals were substance P (SP)-positive (+) and CART was detected in approximately half (48.6%) of them. Most (81.4%) of the
CGRP ⁄ SPergic boutons were galanin+ and approximately half (49.0%) of these contained CART. Many (72.9%) of the CARTergic
boutons which expressed CGRP were also immunoreactive for galanin, while only 8.6% of the CARTergic terminals were galanin+
without CGRP. Electron microscopy showed that most of the CART terminals formed asymmetrical synapses, mainly with dendrites.
All different morphological and neurochemical subtypes of spinoparabrachial projection neurons in the lamina I received contacts
from CART-immunoreactive nociceptive afferents. The innervation density from these boutons did not differ significantly between
either the different neurochemical or the morphological subclasses of these cells. This suggests a nonselective innervation of lamina I
projection neurons from a subpopulation of CGRP ⁄ SP afferents containing CART peptide. These results provide anatomical
evidence for involvement of CART peptide in spinal pain transmission.

Introduction

Several lines of evidence suggest the involvement of cocaine- and
amphetamine-regulated transcript (CART) peptide in spinal pain
transmission: intrathecal application of CART(55–102) caused hyper-
algesia in acute pain states (Ohsawa et al., 2000), attenuated
hyperalgesia and allodynia in neuropathic but not inflammatory pain,
enhanced the spinal analgesic actions of morphine (Ohsawa et al.,
2000; Damaj et al., 2004, 2006) and significantly enhanced NMDA-
but not AMPA-induced nociceptive effects in vivo (Hsun Lin et al.,
2005).

Lamina I of the spinal cord has a pivotal role in pain-related
information processing: it is densely innervated by nociceptive
primary afferents (Light & Perl, 1979; Sugiura et al., 1986) and

contains neurons that project to several different brain regions
involved in pain transmission (Trevino & Carstens, 1975; Menetrey
et al., 1982; Lima & Coimbra, 1988; Craig, 1995; Spike et al., 2003).
A dense plexus of CART-immunoreactive fibres has been described in
the superficial laminae (I–II) of the spinal cord (Koylu et al., 1998;
Damaj et al., 2004, 2006) and we have shown that the majority of
these fibres are nociceptive primary afferents that contain calcitonin
gene-related peptide (CGRP) and substance P (SP) (Kozsurek et al.,
2007).
Several peptides have been demonstrated in peptidergic afferents

but, of these, galanin (GAL) is one of the most extensively studied in
pain transmission. Approximately 50% of primary afferents that
contain CGRP and SP also express GAL (Tuchscherer & Seybold,
1989; Zhang et al., 1993, 1995b). Although both GAL and CART
exist in peptidergic primary afferents, the proportion of these afferents
that express CART has not been determined and the coexistence of the
two peptides has not been demonstrated.
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Lamina I neurons can be classified morphologically into fusiform,
multipolar (flattened) and pyramidal cells (Lima & Coimbra, 1986;
Lima et al., 1991; Zhang et al., 1996; Zhang & Craig, 1997) and,
based on responses to natural stimulation, into nociceptive-specific,
polymodal nociceptive or innocuous thermoreceptive neurons (Craig
& Kniffki, 1985; Dostrovsky & Craig, 1996; Han et al., 1998).
Correlation between morphology of a cell and its physiological
response has been reported in cat: all fusiform neurons were
nociceptive-specific, multipolar cells were either nociceptive-specific
or polymodal nociceptive and pyramidal cells were innocuous
thermoreceptive (Han et al., 1998). The majority of lamina I
projection neurons express neurokinin-1 receptors (NK1R), on which
SP acts (Marshall et al., 1996). It has been reported that most
projection neurons that express NK1R belong to the fusiform and
multipolar types, while pyramidal neurons are rarely immunoreactive
for NK1R (Yu et al., 1999, 2005; Almarestani et al., 2007; but see
Spike et al., 2003).
In this study, we used multiple immunofluorescent labelling to

determine the proportion of peptidergic primary afferents that express
CART peptide, and looked for evidence for coexistence of CARTwith
GAL in these afferents in lamina I. CART terminals were also
investigated at the electron microscopic level to determine their targets
and the relationship between them. Furthermore, we tested the
hypothesis that CART-immunoreactive primary afferents selectively
innervate particular classes of lamina I spinoparabrachial neurons
defined by morphology or NK1R expression.

Materials and methods

All animal experiments were performed in accordance with European
Communities Council Directive of 24 November 1986 (86 ⁄ 609 ⁄ ECC)
and were approved by the Committee on Animal Experiments,
Semmelweis University, Budapest, Hungary.

Immunofluorescent staining for CART peptide, CGRP, SP
and GAL: colocalization analysis in lamina I

Three adult male Wistar rats (TOXI-COOP Ltd., Budapest, Hungary)
weighing 290–350 g were perfused transcardially under deep anaes-
thesia with a fixative consisting of 4% (para)formaldehyde and 4%
acrolein, and L1–L5 spinal segments were processed for immuno-
histochemistry. Horizontal 50-lm sections were cut with a Vibra-
tome, then immersed in 50% ethanol to enhance antibody
penetration, and transferred to 1% sodium borohydride to eliminate
free aldehyde groups. Then the sections were treated in phosphate-
buffered saline (PBS) with 5% normal horse serum (NHS) and 0.3%
Triton X-100. Sections were incubated for 72 h in a mixture of
primary antibodies containing mouse anti-CART peptide, goat anti-
CGRP, rat anti-SP and rabbit anti-GAL antibodies, then for 4 h in
biotinylated horse antigoat antibody and finally for 24 h in a cocktail
of Pacific Blue conjugated to streptavidin and species-specific
secondary antibodies (Alexa Fluor 488 anti-rabbit, Alexa Fluor 555
anti-mouse and Cy5 anti-rat IgGs, all raised in donkey). All the
primary and secondary antibodies (for sources and dilutions see
Table 1) were diluted in PBS containing 0.3% Triton X-100. Finally,
sections were mounted in Vectashield (Vector Laboratories) and
scanned on a Nikon Eclipse E800 microscope attached to a Bio-Rad
Radiance 2100 Rainbow confocal laser scanning system (Bio-Rad
Laboratories, Hemel Hempstead, UK).
From each rat two or three horizontal sections were selected and 10

nonoverlapping fields, each of 133 · 133 lm from lamina I, were
scanned sequentially through a 60 · oil-immersion lens (Nikon, Plan
Apo VC 60 · H; NA, 1.4; WD, 0.13 mm). For each field, 16–20
optical sections were acquired at a z-separation of 0.5 lm (z-stack).
Confocal images (containing four monochrome ‘black and white’
image stacks corresponding to the four channels) were analyzed with
the Neurolucida for Confocal 4.34 software (MicroBrightField Inc.,
Williston, VT, USA).

Table 1. Primary and secondary antibodies used for immunohistochemistry

Antibody Host Dilution Source

CART Mouse 1 : 1500 Gift from Jes Thorn Clausen, Novo Nordisk, Bagsvaerd, Denmark

CGRP Goat 1 : 300 Cruz Biotechnology, Heidelberg, Germany

Guinea pig 1 : 2000 Bachem AG – Peninsula Laboratories, Bubendorf, Switzerland

CTb Goat 1 : 5000 List Biological, Campbell, CA, USA

GAL Rabbit 1 : 1000 Bachem AG – Peninsula Laboratories

NK1R Rabbit 1 : 5000 Sigma

SP Rat 1 : 200 AbD Serotec – Oxford Biotechnology, Budapest, Hungary

Biotinylated anti-goat IgG Horse 1 : 500 Vector Laboratories

Peroxidase anti-goat IgG Dorse 1 : 250 Vector Laboratories

Alexa Fluor 488 anti-rabbit IgG Donkey 1 : 500 Invitrogen, Budapest, Hungary

Alexa Fuor 555 anti-mouse IgG Donkey 1 : 500 Invitrogen

Cy5 anti-rat IgG Donkey 1 : 100 Jackon ImmunoResearch Europe, Suffolk, England

Cy5 anti-rabbit IgG Donkey 1 : 100 Jackon ImmunoResearch Europe

AMCA anti-guinea pig IgG Donkey 1 : 100 Jackon ImmunoResearch Europe

ExtrAvidin–peroxidase – 1 : 500 Sigma

Pacific Blue–streptavidin – 1 : 500 Invitrogen

Álexa Fluor 488–streptavidin – 1 : 500 Invitrogen
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The method for colocalization analysis has been used and published
previously (Mackie et al., 2003; Todd et al., 2003; Polgar et al., 2006;
Kozsurek et al., 2007). First, 30 boutons per field (10 fields per rat,
three rats) were selected on the monochrome image stack correspond-
ing to the CGRP staining (altogether 900 CGRP-immunolabelled
boutons) by an independent observer not involved in the scanning
process. Then the CART channel was revealed, and the presence or
absence of CART immunoreactivity in each of the selected boutons
was verified. This process was also repeated on the remaining two
image stacks to determine the SP- and the GAL-immunopositivity of
the boutons. Then, 900 CART-immunoreactive boutons were selected
and their immunoreactivities for CGRP and GAL were checked as
described above.

Electron microscopy

A further four adult male Wistar rats were transcardially perfused for
electron microscopy with a fixative consisting of 3% (para)formalde-
hyde, 0.15% glutaraldehyde and 15% saturated picric acid. Midlumbar
segments were cryoprotected in sucrose solution (10% for 30 min and
30% overnight) and frozen in liquid nitrogen. After thawing, these
were cut into 50-lm-thick transverse sections with a Vibratome.
CART peptide immunoreactivity was detected at the ultrastructural
level by immunoperoxidase staining or with the silver-intensified gold
technique (van den Pol, 1986).

Sections for the immunoperoxidase protocol were treated in 0.5%
hydrogen peroxide and transferred into PBS containing 5% NHS.
Sections were incubated for 72 h in the monoclonal mouse antibody to
CART peptide (1 : 15 000), then for 24 h in biotinylated anti-mouse
antibody raised in horse (Vector Laboratories, 1 : 500), and finally for
24 h in ExtrAvidin–HRP. The primary and secondary antibodies and
the ExtrAvidin–HRP were diluted in PBS with 2% NHS. Peroxidase
activity was revealed with 0.05% diaminobenzidine (DAB) solution in
the presence of 0.01% hydrogen peroxide.

For the silver-intensified gold protocol, after incubating in PBS
containing 5% NHS, sections were transferred into the CART antibody
diluted in PBS (1 : 5000) with 2% NHS for 72 h. After rinsing in PBS
and in a mixture of 1% bovine serum albumin (BSA) and 0.1% cold
water fish gelatin (Electron Microscopy Sciences, Fort Washington,
PA, USA) in PBS, sections were incubated in donkey anti-mouse IgG
conjugated with 1-nm colloidal gold particles (Electron Microscopy
Sciences) diluted at 1 : 100 in PBS containing 1% BSA and 0.1% cold
water fish gelatin. The sections were washed and treated in in 1.25%
glutaraldehyde for 10 min. After rinsing in 0.2 m sodium citrate, the
gold particles were silver-intensified with IntenSE Kit (Amersham
Biotech).

After incubating in 1% osmium tetroxide, sections from both the
immunoperoxidase staining method and the silver-intensified gold
technique were transferred into 50% ethanol, then into 1% uranyl
acetate diluted in 70% ethanol. Sections were dehydrated in 90% and
absolute ethanol and embedded in Durcupan (Fluka). Serial ultrathin
sections were cut and placed onto Formvar-coated grids and contrasted
with uranyl acetate and lead citrate.

Labelling of projection neurons in the spinal dorsal horn

Cholera toxin b-subunit (CTb; List Biological, Campbell, CA, USA)
was used as a retrograde tracer injected into the lateral parabrachial
area (LPb). Stereotaxic surgery was performed under deep ketamine
(75 mg ⁄ kg im.) and xylazine (7.5 mg ⁄ kg im.) anaesthesia on four
adult male Wistar rats. The target coordinates were: 9.3 mm posterior

to the bregma, 6.6 mm ventral to it and 2.0 mm lateral to the midline.
CTb was diluted to 1% in distilled water and administered with
iontophoretic microinjections (5 lA, cycles of 7 s on, 7 s off for
20 min). After 1 week survival, rats were deeply anesthetised and
perfused with a fixative containing 4% (para)formaldehyde and 1%
acrolein.
The brain was removed and 100-lm-thick transverse sections from

the brainstem were cut on a Vibratome. Sections were first immersed
into 50% ethanol, and then transferred to 1% sodium borohydride.
After rinsing, sections were treated in 0.5% hydrogen peroxide and
incubated with CTb antibody raised in goat (1 : 20 000), then in HRP-
conjugated anti-goat antibody. Peroxidase activity was revealed with
0.05% DAB in the presence of 0.01% hydrogen peroxide. Sections
were placed onto gelatine-coated slides and coverslipped with DePeX
(Fluka) and the localization of the injection site was checked (Fig. 1).

Quantitative analysis of CART-immonoreactive fibres
terminating on projection neurons in lamina I

L1–L5 segments from the four rats that had received CTb injection
into the LPb were cut horizontally on a Vibratome and the 50-lm-
thick sections were processed for fluorescent immunolabelling as
detailed above. Briefly, after treatment in ethanol followed by sodium
borohydride, sections were incubated in a mixture of primary
antibodies containing: mouse anti-CART peptide, rabbit anti-NK1-
receptor, guinea pig anti-CGRP and goat anti-CTb (Table 1). After
rinsing, sections were reacted with biotinylated anti-goat antibody
raised in horse, then with ExtrAvidin–HRP. For signal enhancement,

Fig. 1. Injection site and retrogradely labelled projection neurons in a
horizontal section of the lamina I in the rat lumbar spinal cord. Insoluble
diaminobenzidine product in the lateral parabrachial nucleus as seen in (A) a
conventional light microscope and (B) an inverted image of retrogradely
labelled lamina I neurons projected from confocal optical sections with
z-separation of 1 lm. Scale bars, 1 mm (A), 50 lm (B).
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sections were incubated for 15 min with biotinylated tyramine
(Adams, 1992) in the presence of 0.01% hydrogen peroxide. Finally,
sections were reacted with the appropriate secondary antibodies
(Alexa Fluor 555 anti-mouse, AMCA anti-guinea pig and Cy5 anti-
rabbit IgGs, all raised in donkey) and Alexa Fluor 488-conjugated
streptavidin and mounted in Vectashield.
From the four rats, projection neurons strongly labelled with CTb

and having cell bodies entirely contained within a single vibratome
section were selected. Selection was carried out before contacts from
CART or CGRP axons were viewed to avoid sampling bias. All
neurons were identified on the basis of the cell-body shape and
dendritic orientation in horizontal section using the classification
scheme published previously (Zhang et al., 1996; Zhang & Craig,
1997; Yu et al., 1999; Polgar et al., 2002; Todd et al., 2002, 2005;
Almarestani et al., 2007). Each selected cell was scanned sequen-
tially with each of the four laser lines, through a 60 · oil-immersion
lens (Nikon, Plan Apo VC 60 · H) with 1.5 · zoom at a
z-separation of 0.5 lm. The Neurolucida for Confocal 4.34 and
the Solid Module were used for the 3-D reconstruction and the
morphological classification of the projection neurons as well as for
determining the contact density of CART- and CART ⁄ CGRP-
immunoreactive boutons forming close appositions on them (as
described by Todd et al., 2002 and Polgar et al., 2002). The position
of all contacts from CART, CART ⁄ CGRP and CGRP onto the cell
bodies and dendrites were plotted onto the drawings of 32 fusiform,
33 pyramidal and 31 multipolar NK1-receptor-immunopositive and
15 NK1-receptor-immunonegative (CTb-labelled) 3-D reconstructed
projection neurons. Each individual contact was represented by a
single dot. Combined confocal and electron microscopic analysis
had demonstrated that almost all contacts being visible at confocal
level also appeared at electron microscopic level (Polgar et al.,
2002; Todd et al., 2002).
The surface area of the somatic plasma membrane and the dendritic

surface area (based on the assumption that dendrites were cylindrical)

of these cells were measured and the frequency of the contacts per
1000 lm2 of the combined somatic and dendritic membrane was
determined.

Results

CART peptide in peptidergic primary afferents

The majority (79.7%) of CARTergic boutons in the lamina I in
horizontal sections contained CGRP and this finding was consistent
with our previous results which were obtained from transverse
sections of lumbar segments (Kozsurek et al., 2007). Analysis of
CGRP-immunoreactive terminals in lamina I showed that almost all
(97.9%) of these boutons were SP-positive (+) and that CART peptide
was detected in approximately half (49.0%) of the CGRP ⁄ SP+
terminals (Fig. 2, Table 2).

Coexistence of CART peptide with galanin

Most (81.4%) of the CGRP ⁄ SP-containing boutons in lamina I were
GAL+ and approximately half (51.5%) of the CGRP ⁄ SP ⁄ GAL+
terminals contained the CART peptide. Many (72.9%) of the
CART ⁄ CGRP-containing boutons were also immunoreactive for
GAL, while only 8.6% of the CART-immunoreactive terminals were
GAL+ and CGRP-negative ()) (Fig. 2, Table 2). It has been
demonstrated that a population of GABAergic interneurons (includ-
ing the enkephalin- and the neuropeptide Y-immunoreactive
subgroups) also express GAL in the spinal dorsal horn (Simmons
et al., 1995; Zhang et al., 1995b). We showed previously that �3
and 7% of the CARTergic terminals were vesicular GABA
transporter-immunoreactive in lamina I and II, respectively. Taken
together, these data suggest that some of the CART ⁄ GALergic
axons that do not contain CGRP originate from local GABAergic
interneurons.

Fig. 2. Quadruple immunofluorescent labelling of the rat lumbar spinal cord with antibodies against CGRP, SP, CART and GAL. (1A) Low-power image
demonstrating the CART-immunostaining in the lamina I in a horizontal section of the rat spinal cord and enlarged images of the area marked on 1A showing (1B,
green) CGRP, (1C, blue) GAL, (1D, blue) SP and (1E, red) CART immunolabelling. 1F and 1G are merged from 1B, D and E and 1B, C and D, respectively. (2A–F)
High-power confocal images represent one single optical section scanned from the region marked with an arrow in 1F and 1G. 2A and 2F are the merged images of
2B–D and 2C–E, respectively. Arrowheads: terminals which are CGRP ⁄ SP ⁄ CART ⁄ GAL+ (boutons in white on 2A and 2F). Scale bars, 250 lm (1A), 50 lm (1B–
G) and 5 lm (2A–F).
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Electron microscopy

Two different methods were used for visualization of CART
immunoreactivity at the electron microscopic level. In order to
investigate the synaptic arrangements of CART-immunoreactive axon
terminals in the dorsal horn of the spinal cord, 25–30 axonal boutons
per method were examined on ultrathin serial sections.

As the DAB products penetrated very well into the tissue, we could
follow the labelled axons on very long series of ultrathin sections.
Most of these axons (24 out of 25) terminated on dendrites or somata
and formed asymmetrical synapses (Fig. 3). However, the DAB filled
the entire extent of the axon (Fig. 3A and B), so determining the
relation of a labelled axon to other labelled or unlabelled axons was
difficult. To avoid this problem, we used the silver-intensified gold
protocol to detect CART peptide. The discrete location of gold
particles (Fig. 3C and D) allowed us to carry out a detailed analysis of
the axons, but the limited penetration did not let us follow the labelling
through many serial sections. In this case, 10 out of 30 labelled
terminals also formed asymmetric synapses on dendrites. The
remaining axons were in close apposition with other labelled or
unlabelled terminals, but we failed to detect any synapse between
them for as far as we were able to follow the stained structures into the
tissue.

Innervation of lamina I projection neurons from
CART-immunoreactive axons

All projection neurons that were analysed received contacts from
CART+ fibres that originated from both primary afferents and other
neurons (Figs 4 and 5, and Supporting information, Fig. S1). Table 3
summarizes the mean and the range of contact density per unit surface
(given as boutons ⁄ 1000 lm2) of CART (including CART+ ⁄ CGRP+
and CART+ ⁄ CGRP) terminals) and CART ⁄ CGRP terminals, as well
as the density of CGRP+ endings lacking CART peptide on different
neurochemical and morphological types of projection neurons. The
contact density of CART boutons varied from 5.25 to 69.64 (mean
20.95) on projection neurons that expressed NK1R and from 8.05 to
48.58 (mean 21.66) on projection cells that lacked the receptor (non-
NK1R neurons), respectively. The bouton density of axons coex-
pressing CART and CGRP on NK1R and non-NK1R projection cells
ranged from 1.74 to 60.06 (mean 13.36) and 4.25 to 26.66 (mean
11.82). The contact density of neither the CART- nor the
CART ⁄ CGRP-immunoreactive terminals was significantly different
between the NK1R+ and NK1R) neurochemical subtypes of lamina I
projection neurons (Mann–Whitney rank-sum test, P = 0.425 for
CART and P = 0.382 for CART ⁄ CGRP).

Analysis of the different morphological types of NK1R+ projection
neurons showed that contact density from CART terminals varied
from 5.25 to 53.68 (mean 20.05) on fusiform cells, from 6.74 to 69.64
(mean 24.66) on pyramidal neurons and from 6.37 to 58.82 (mean
17.93) on multipolar cells. The density of the CARTergic terminals in
different morphological classes of NK1 projection cells did not differ
significantly (Kruskal–Wallis one-way analysis of variance on ranks,
P = 0.276). The same result appeared when the density of
CART ⁄ CGRP terminals was studied (Kruskal–Wallis one-way anal-
ysis of variance on ranks; P = 0.109). The range of axon terminal
density was 3.00–45.61 (mean 12.10) on fusiform, 1.74–60.06 (mean
18.58) on pyramidal and 3.05–48.63 (mean 9.89) on multipolar cells.
Altogether, 32.3–89.0% (mean 51.4%), 7.3–88.7% (mean 57.8%),

23.2–82.7% (mean 42.6%) and 45.7–76.0% (mean 57.9%) of the
CART terminals on NK1R-expressing fusiform, pyramidal and
multipolar cells and non-NK1R projection neurons, respectively, were
also CGRP+.
The contact density of CGRP terminals that lacked CART

peptide (CGRP+ ⁄ CART)) on different subtypes of spinoparabra-
chial projection was also analysed. The bouton density of
CGRP+ ⁄ CART) axons on NK1R and non-NK1R projection cells
ranged from 1.58 to 43.19 (mean 23.55) and 5.62–20.98 (mean
12.79). The contact density of CGRP+ ⁄ CART) terminals was
significantly lower in the NK1R) then in the NK1R+ neurochem-
ical subtype of lamina I projection neurons (Student’s t-test,
P = 0.003). Analysis of the different morphological types of
NK1R+ projection neurons showed that the contact density from
CGRP+ ⁄ CART) terminals varied from 11.65 to 39.15 (mean
23.25) on fusiform cells, 1.58 to 42.78 (mean 23.18) on pyramidal
neurons and 7.19 to 43.19 (mean 24.03) on multipolar cells. The
densities of the CGRP+ ⁄ CART) endings in different morphological
classes of NK1R projection cells did not differ significantly (one-
way analysis of variance, P = 0.960).

Discussion

The main findings of this study are that: (i) a large proportion of the
nociceptive primary afferents that contain CGRP and SP also express
CART peptide; (ii) CART peptide and GAL coexist in the majority of
these afferents; and (iii) different morphological and neurochemical
classes of lamina I projection neurons receive a nonselective
innervation from nociceptive primary afferents that contain CART
peptide. These results provide anatomical evidence for involvement of
CART peptide in spinal pain transmission.

Technical considerations

The proposed structure of the naturally occurring CART (55–102)
peptide has been published by Thim et al. (1998). It has been
described that the C-terminal part of the CART molecule containing
three disulphide bonds seems to form a new domain which is not
found in any other known peptides or proteins. The rabbit polyclonal
antibody (gift from Michael J. Kuhar) was raised against this unique
C-terminal portion of the peptide (Koylu et al., 1997). Monoclonal
CART antibody (gift from Jes Thorn Clausen) used in this study was
raised in mouse against the purified recombinant CART(54–102)
peptide (Thim et al., 1998; Vrang et al., 1999). The antibody reacts
equally well with CART(54–102) and CART(62–102) peptides
(Singru et al., 2007). This antibody has been used frequently and is
well characterized. (Fekete et al., 2000; Wittmann et al., 2004;
Kozsurek et al., 2007; Menyhert et al., 2007). We have demonstrated

Table 2. Composition of boutons of peptidergic primary afferents and
CARTergic axon terminals in lamina I

Terminals in lamina I Mean (%) SEM

Peptidergic (CGRP-immunoreactive) primary afferents
CGRP+ 2.1 0.49
CGRP+, SP+ 11.4 0.89
CGRP+, SP+, GAL+ 39.08 1.56
CGRP+, SP+, CART+ 7.04 1.45
CGRP+, SP+, CART+, GAL+ 41.54 0.56

CARTergic axon terminals
CART+, CGRP+, GAL+ 58.08 4.04
CART+, CGRP+, GAL) 21.61 7.41
CART+, CGRP), GAL+ 8.55 1.93
CART+, CGRP), GAL) 11.76 3.93
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previously the perfect match of the staining pattern of the two
antibodies in the spinal cord (Kozsurek et al., 2007). Therefore it is
very unlikely that the antibody used in this work cross-reacts with any

peptide or protein except CART. Control reactions with this antibody
(including preabsorption of our CART antiserum with the naturally
occurring, biologically active peptide CART 55–102 fragment and

Fig. 3. Electron micrographs illustrating CART-immunopositive axon terminals. Axon (Ax) forming asymmetrical synapses (between arrowheads) with dendrites
(D). CART immunoreactivity was visualized with (A and B) DAB chromogen reaction or with (C and D) the silver-intensified gold method. As can be seen, labelled
axons are frequently in close apposition with other (C) labelled or (B and D) unlabelled axons. LDCV, large dense-core vesicles (marked with empty arrowheads).
Scale bars, 250 nm.
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omission of CART antibody) have been published previously
(Kozsurek et al., 2007).

Because the best CART immunolabelling appeared when the
fixative consisted of paraformaldehyde and acrolein, other antibodies
(raised against GAL, CTb and NK1R) used in this study had to be

tested with this fixative. The staining pattern of these antibodies was
similar to that reported previously using paraformaldehyde-based
fixatives (Ch’ng et al., 1985; Todd & Spike, 1993) The CTb antibody
was the only one that required a lower concentration (1%) of acrolein,
but this concentration did not affect CART staining in the spinal cord.

Fig. 4. Schematic drawings of several retrogradely labelled projection neurons. Samples for low (left column) and high (right column) density of contacts (dots,
CART+ ⁄ CGRP+ terminals; circles, CART+ ⁄ CGRP- endings; each dot or circle represents one singe contact) on fusiform, pyramidal and multipolar NK1R+
projection cells and on non-NK1R neurons. Scale bar, 100 lm.
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Tract tracing studies have demonstrated that the caudal ventrolateral
medulla, the LPb and the periaqueductal gray matter are the major
target areas of lamina I projection neurons in rat, cat and monkey
(Menetrey et al., 1982; Cechetto et al., 1985; Lima & Coimbra, 1988;
Hylden et al., 1989; Lima et al., 1991; Craig, 1995). It has been shown
that the majority (85%) of lamina I projection neurons in rat lumbar
cord can be retrogradely labelled from either the caudal ventrolateral
medulla or LPb on the contralateral side (Spike et al., 2003). As the
LPb receives direct spinal lamina I input which encodes noxious and
thermal stimulus intensity in rat and cat (Craig & Kniffki, 1985; Bester
et al., 2000), we injected CTb into this region. The injection site, the
spread of the tracer and the number of retrogradely labelled neurons in
spinal lamina I were similar to those reported previously (Spike et al.,
2003; Almarestani et al., 2007).

Colocalization analysis

The primary afferent axons in lamina I travel mainly rostrocaudally
and mediolaterally in horizontal plane, as can be seen in Fig. 2.
Therefore, instead of using transverse sections, we analysed
horizontal sections as we could see more boutons in a given
volume and to avoid selection of boutons belonging to the same
parent axon. The staining pattern of GAL and CART being very
different in lamina I and II in horizontal sections, the selection of
lamina I was based on this difference. It had been found previously
that 73% of CART-containing terminals were CGRP-immunoreac-
tive in lamina I in transverse sections (Kozsurek et al., 2007). In
this study we found that 79% of CARTergic axons were CGRP+ in
lamina I in horizontal sections, supporting our analysis of lamina I
only.

Fig. 5. Sample confocal images for lamina I projection neurons receiving contacts from CART-immunoreactive axons. (Rows 1–3) Images of NK1-R expressing
neurons and (row 4) pictures of an NK1R-nonexpressing cell. (columns A and B) Low-power images were projected from 10–15 single optical sections aquired at a
z-separation of 1 lm showing (A, white) CTb and (B, blue) NK1R immunoreactivity. (Column C) High-power images were merged from three neighbouring optical
sections aquired at 0.5 lm z-separation representing triple fluorescent immunostaining (CART and CGRP immunoreactivity in red and green, respectively) of the
marked areas in column A or B. Empty arrowhead, CART+ terminals (red); arrowhead, CART ⁄ CGRP-immunoreactive endings (yellow); cross, NK1R+
(inter)neuron lacking CTb staining; asterisk, CTb-labelled NK1R-nonexpressing cell. Scale bars, 20 lm (columns A and B), 10 lm (column C).
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There are difficulties with automated analysis of colocalization,
particularly when four fluorochromes are used (such as defining
structures like boutons, developing specialized algorithms to estimate
the degree of overlap of fluorescence signals and calculation of
colocalization coefficients). Instead of using automated analysis, the
colocalization analysis was done visually by an investigator using
monochrome image stacks. The images for analysis were carefully
acquired and processed as described by Zinchuk et al. (2007). To
avoid bleed-through effects, the selected fluorophores had well-
separated excitation and emission spectra, optimized emission filters
were used to help maximize emission collection and the confocal
scanning mode was sequential. For reduction of chromatic shift, a plan
apochromatic lens (Nikon, Plan Apo VC, corrected for five lines
within 405–656 nm) was used and a wavelength-specific pinhole size
was applied.

CART peptide in primary afferents

The principal neurotransmitter in peptidergic primary afferents is
glutamate (De Biasi & Rustioni, 1988; Broman et al., 1993; Alvarez
et al., 2004; Nagy et al., 2004), but several different neuropeptides
also exist in these afferents. It has been demonstrated that the largest
population of peptidergic primary afferents contains CGRP. It has
been reported that �50 and 33% of these axons express SP in lamina I
and IIo (outer part of lamina II), and in lamina IIi (inner part of lamina
II), respectively (Tuchscherer & Seybold, 1989). Previously we found
that primary afferent axons form a plexus and the distribution of their
axon terminals is not homogenous in lamina I (Fig. 2). Due to this, we
analysed horizontal sections of L3–L5 lumbar segments that contained
lamina I and we found that almost all (97.9%) of the CGRP-
immunoreactive boutons were SP+ and CART peptide was detected in
approximately in half (49.0%) of the CGRP ⁄ SP+ terminals (Table 2).
Comparison of our findings with those of Tuchscherer & Seybold
(1989) raises the possibility that CGRP axons in lamina I and lamina II
belong to different subpopulations.

Physiological studies have indicated that all primary afferents that
contain SP function are nociceptors (Kellstein et al., 1990; Lawson
et al., 1997). Taken together with our results, this suggests that almost
all CGRP-immunoreactive afferents are nociceptive in lamina I and
that half of them contain CART peptide.

Coexistence of CART and GAL
GAL is one of the most extensively studied peptides in acute and
chronic pain models (Hokfelt et al., 1987; Villar et al., 1989, 1991;
Zhang et al., 1995a; Carlton & Coggeshall, 1996; Colvin et al., 1997;
Ma & Bisby, 1997; Kerr et al., 2000, 2001; Liu & Hokfelt, 2002;

Dahlin et al., 2003; Holmes et al., 2003; Wiesenfeld-Hallin et al.,
2005; Brumovsky et al., 2006; Coronel et al., 2008).
Functional studies have highlighted interesting parallels between

CART and GAL: intrathecal injection of GAL can also cause
hyperalgesia (Kuraishi et al., 1991) and GAL potentiates morphine-
and the NMDA antagonist 2-amino-5-phosphonovaleric acid (AP5)-
induced antinociception through GAL type 1 receptors (Hua et al.,
2004). Here, we showed that 81.4% of the CGRP ⁄ SP terminals were
GAL-immunoreactive in lamina I and 51.5% of them also expressed
CART peptide. Furthermore, 72.8% of CARTergic terminals that were
CGRP+ were also immunoreactive for GAL. These results demon-
strate a substantial overlap between CART and GAL in peptidergic
nociceptive afferents, and this raises the possibility of pre- and ⁄ or
postsynaptic interaction between the two peptides in acute and chronic
pain states.

CART innervation of lamina I projection neurons

SP is released from nociceptive primary afferents into the spinal dorsal
horn following noxious stimulation (Colvin et al., 1997; Marvizon
et al., 1997) and interacts with neurons that express NK1R (Liu et al.,
1994; Brown et al., 1995; Littlewood et al., 1995; Mantyh et al.,
1995). The majority of lamina I projection neurons express NK1R
(Marshall et al., 1996; Yu et al., 1999; Todd et al., 2000). It has been
demonstrated that NK1R-expressing cells in superficial dorsal horn are
essential for central sensitization, and for establishing and maintaining
both inflammatory and neuropathic pain states (Mantyh et al., 1997;
Nichols et al., 1999; Khasabov et al., 2002; Mantyh & Hunt, 2004). A
recent study has reported that in monkey most lamina I cells expressing
NK1R belong to the fusiform and multipolar type whereas the
pyramidal type seldom express the receptor, supporting the concept
that pyramidal neurons are not nociceptive (Yu et al., 1999). The data
obtained from rat are inconsistent. The study by Yu et al. (2005) and
Almarestani et al. (2007) on spinothalamic and spinoparabrachial
neurons reported that only a very small proportion of pyramidal cells
expressed the NK1R. In contrast, it has also been reported that 80% of
the pyramidal neurons in lamina I labelled from the caudal ventro-
lateral medulla or LPb are NK1R-immunoreactive (Spike et al., 2003)
and can respond to noxious stimulation (Todd et al., 2002, 2005).
Although we did not determine the exact proportions of the

different morphological types of the NK1R+ projection neurons here,
we found each class with approximately equal frequency and the
pyramidal cell type was not over-represented among the randomly
selected projection cells that lacked the NK1R. Our data are therefore
consistent with the results obtained from the work by Todd et al.
(2002, 2005) and Spike et al. (2003). It has been reported that the
proportional distribution of the three morphological types of the

Table 3. Contact density of CARTergic (including CGRPexpressing and -nonexpressing subtypes), CART ⁄ CGRPergic and CGRP+ but CART) terminals on
different morphological and neurochemical subclasses of lamina I projection neurons

Neurons n

Contact densities of terminals (boutons ⁄ 1000 lm2)

CART+ CART+ ⁄ CGRP+ CART) ⁄ CGRP+

Mean ± SEM Range Mean ± SEM Range Mean ± SEM Range

NK1R-expressing 96 20.95 ± 1.52 5.25–69.64 13.36 ± 1.93 1.74–60.06 23.55 ± 1.39 1.58–43.19
Fusiform 32 20.05 ± 2.42 5.25–53.68 12.10 ± 3.41 3.00–45.61 23.25 ± 2.22 11.65–39.15
Pyramidal 33 24.66 ± 3.06 6.74–69.64 18.58 ± 3.98 1.74–60.06 23.18 ± 2.63 1.58–42.78
Multipolar 31 17.93 ± 2.20 6.37–58.82 9.89 ± 2.53 3.05–48.63 24.03 ± 2.32 7.19–43.19

NK1R) neurons 15 21.66 ± 3.04 8.05–48.58 11.82 ± 2.35 4.25–26.66 12.79 ± 1.58 5.62–20.98
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lamina I spinothalamic neurons vary over the length of the spinal cord
in cats and monkeys: the proportions of pyramidal and multipolar cells
were higher within the enlargements whereas fusiform cells predom-
inated in the thoracic segments (Zhang et al., 1996; Zhang & Craig,
1997). Although similar studies have not been carried out in rats, these
results suggest the importance of the possible segmental differences.
Yu et al. (2005) and Almarestani et al. (2007) analysed the
spinothalamic and spinoparabrachial neurons in L4–L6 spinal seg-
ments of Sprague–Dawley rats, while we, Todd et al. (2002, 2005) and
Spike et al. (2003) used mainly the L1–L5 segments of Wistar rats.
The strain and segmental differences may explain the discrepancy.
We have shown previously that the majority of CART-immunore-

active fibres in the superficial laminae originate from peptidergic C-
afferents containing CGRP with SP or somatostatin. The remaining
CART+ axons belong to local excitatory interneurons, which also
express SP and ⁄ or somatostatin (Kozsurek et al., 2007). In this study,
we found that all spinoparabrachial projection neurons that were
analysed received contacts from CART-immunoreactive axons. Sta-
tistical analysis showed that neither the CART nor the CART ⁄ CGRP
contact densities were significantly different between either (i) the
NK1R and non-NK1R cell groups or (ii) the different morphological
cell types of NK1R+ projection neurons. In contrast, the contact
density of CGRP axons not containing CART was significantly higher
on projection neurons which expressed NK1R than on those lacking
the receptor, but there was no difference among the morphological
subtypes of NK1R+ projection neurons. This is in good agreement
with a previous study examining CGRP ⁄ SP contact density on
different subclasses of lamina I projection neurons (Todd et al., 2002).
Our work demonstrates that the subpopulation of CGRP ⁄ SP primary
afferents which contains CART does not make similar distinction
between the two cell groups. This suggests a diffuse, nonselective
innervation of lamina I projection neurons from a population of
nociceptive primary afferents that contain CART peptide and a
selective input from those afferents not containing the peptide. These
data also suggest that the different neurochemical subtypes of the
peptidergic afferents containing SP and CGRP may be functionally
different.

Nevertheless, we wish to emphasize that the CART and
CART ⁄ CGRP contact densities on projection neurons vary over a
wide range in all classes. There were sparsely and heavily innervated
spinoparabrachial neurons in each class (Fig. 4). Figure 6 demon-
strates that the highest CART contact density appears on the pyramidal
type of NK1R-expressing cells. These data suggest that different
classes of lamina I projection neurons may not be as homogeneous as
was thought previously. Taking into consideration that not only
cutaneous but other nociceptors (originating from viscera, muscles and
joints) also terminate in lamina I (Craig & Mense, 1983; Schaible &
Schmidt, 1986; Craig et al., 1988; Ness & Gebhart, 1989; Gamboa-
Esteves et al., 2001) and that not all of them contain SP, further
functional and anatomical studies would be necessary to understand
the relationship between morphology and function of lamina I
projection neurons.

Synaptic arrangements

Peptidergic primary afferents that express CGRP and SP are rarely part
of synaptic glomeruli but rather establish simple terminals in the
superficial laminae (Carlton et al., 1987; Ribeiro-da-Silva et al., 1989;
Alvarez et al., 1993). One of the most characteristic features of these
terminals is the coexistence of small densely packed vesicles and
variable number of large dense-core vesicles (DiFiglia et al., 1982;
Carlton et al., 1987; Alvarez et al., 1993; Hiura et al., 1998). It has
been shown that these axons form synaptic contacts mainly on
dendrites, but axosomatic arrangements also appear frequently both in
lamina I and II (DiFiglia et al., 1982; Carlton et al., 1987; Hayes &
Carlton, 1992; Alvarez et al., 1993; Ribeiro-da-Silva, 1995; Hiura
et al., 1998).
A unique population of the CGRP ⁄ SP afferents have been

described by Spike et al. (2003). These fibres also express endomor-
phin (the endogenous ligand for the mu-opioid receptor, MOR1) and
are in close apposition (without forming synapses) with a population
of lamina II neurons that express MOR1 receptors but lack the NK1R.
This anatomical arrangement suggests that the primary effect of these

Fig. 6. Contact density on various morphological and neurochemical types of lamina I projection neurons. NK1R+ cells (n = 32, 33 and 31 for the fusiform,
pyramidal and multipolar ones, respectively) and NK1R-nonexpressing neurons (n = 15) were ranked (x-axis) by their contact densities (y-axis). Note that the
pyramidal type of NK1R+ cells (triangles) receive somewhat more CARTergic terminals, but the difference is not statistically significant.
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afferents is not excitation via glutamate or SP but a nonsynaptic
inhibition by endomorphin. Here, we examined CART-immunolabel-
elled axon terminals at the ultrastructural level and found that most of
them formed asymmetric synapses with dendrites. As we have also
shown that projection neurons received contacts from CART and
CART ⁄ CGRP primary afferents it is likely that these cells form one of
the postsynaptic targets of the CART axons. Consistent with this, it has
been reported that > 80% of the analysed CGRP ⁄ SP terminals that
contacted NK1R-immunoreactive lamina I projection neurons formed
synapses (Todd et al., 2002). As these afferents coexpress glutamate,
SP, CGRP, CART and GAL, a wide spectrum of pre- and postsynaptic
mechanisms are possible between these primary afferents and the
projection neurons.

Supporting Information

Additional supporting information may be found in the online version
of this article:
Fig. S1. Schematic drawings of several retrogradely labelled projec-
tion neurons.
Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors. Any
queries (other than missing material) should be directed to the
corresponding author for the article.
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