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Abstract
Neuropeptides released from axons of primary afferent nociceptive neurons are the key elements for
the incidence of neurogenic inflammation and their release is associated with dorsal root reflexes
(DRRs). However, whether the release is due to the triggering of DRRs and plays a role in
inflammation-induced pain still remain to be determined. The present study assessed the role of
calcitonin gene-related peptide (CGRP) in sensitization of primary afferent nociceptors induced by
activation of transient receptor potential vanilloid-1 (TRPV1) following intradermal injection of
capsaicin and determined if this release is due to activation of primary afferent neurons antidromically
by triggering of DRRs. Under dorsal root intact conditions, primary afferent nociceptive fibers
recorded in anesthetized rats could be sensitized by capsaicin injection, as shown by an increase in
afferent responses and lowering of the response threshold to mechanical stimuli. After DRRs were
removed by dorsal rhizotomy, the capsaicin-evoked sensitization was significantly reduced. In dorsal
root intact rats, peripheral pretreatment with a CGRP receptor antagonist could dose-dependently
reduce the capsaicin-induced sensitization. Peripheral post-treatment with CGRP could dose-
dependently restore the capsaicin-induced sensitization under dorsal rhizotomized conditions.
Capsaicin injection evoked increases in numbers of single and double labeled TRPV1 and CGRP
neurons in ipsilateral dorsal root ganglia (DRG). After dorsal rhizotomy, these evoked expressions
were significantly inhibited.

Perspective—These data indicate that the DRR-mediated neurogenic inflammation enhances
sensitization of primary afferent nociceptors induced by capsaicin injection. The underlying
mechanism involves antidromic activation of DRG neurons via up-regulation of TRPV1 receptors
whereby CGRP is released peripherally.
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Neurogenic inflammation is the process by which inflammatory mediators, such as
neuropeptides, are released from primary afferent terminal (mainly nociceptors) and produce
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inflammation in their target tissue 51,64. Pain evoked experimentally by intradermal capsaicin
(CAP) injection has been well known to be inflammatory and this process is mediated by a
neurogenic mechanism 21,57,58. The transient receptor potential vanilloid-1 (TRPV1) located
in primary afferent nociceptors plays a key role in neurogenic inflammation when activated
by CAP. The underlying mechanism involves sensitization of primary afferent nociceptors due
to activation of TRPV1 receptors, which may lead to the release of neuropeptides, such as
calcitonin gene-related peptide (CGRP) and substance P (SP), from the nociceptors to initiate
neurogenic inflammation that would presumably promote nociception 20,24,25,40,55,57,58.
This is anatomically supported by evidence that many primary afferent nociceptive neurons
and their axons are peptidergic with the capability to release inflammatory peptides 2,15,28
and TRPV1 receptors frequently co-localize with CGRP and SP in primary afferent neurons
3,18,44.

Antidromic activation of primary nociceptive afferent endings (efferent function) is well
established to be a mechanism of driving the mediator release leading to neurogenic
inflammation 27,34. Inflammatory responses (vasodilation and edema) can be evoked
experimentally by antidromic stimulation of either small myelinated or unmyelinated primary
afferent axons 22,56. There is evidence that a release of CGRP and SP is evoked by antidromic
stimulation of primary afferents 19,27. Data from our and other groups using a rat model of
CAP injection have clearly revealed that antidromic activity in primary afferent nociceptive
fibers (C- and some Aδ-) is centrally mediated by dorsal root reflexes (DRRs) 14,37, which
accompany the spread of flare and edema in the paw 14,36. Release of CGRP and SP from
axons of primary afferent neurons is suggested to be driven by DRRs 14,35. We hypothesize
that sensitization of primary afferent nociceptors evoked by activation of TRPV1 receptors
following CAP injection 49,50 involves the triggering of DRRs spinally, and these DRRs
would antidromically activate primary afferent neurons to release neuropeptides peripherally.
However, whether the release from axons of primary afferent neurons is due to the triggering
of DRRs has not been determined, nor has the role of the released neuropeptides resulting from
DRRs in the development and maintenance of the inflammatory pain state initiated by CAP
injection been investigated.

Using a rat model of neurogenic inflammatory pain induced by intradermal CAP injection
36,49, this study examined electrophysiologically if sensitization of primary afferent
nociceptors induced by intradermal injection of CAP is due partially to neurogenic
inflammation that underlies an activation of neuropeptidergic receptors by the released
neuropeptides from axons of primary afferent nociceptive neurons, and to determine if this
process is driven by DRRs. CGRP, one of the neuropeptides, and its receptor antagonist were
pharmacologically analyzed for their role in the CAP-evoked sensitization. Using
immunohistochemistry, functional activity of dorsal root ganglion (DRG) neurons was
evaluated by visualizing changes in the CAP-evoked expression of TRPV1 and/or CGRP in
these neurons after elimination of DRRs. Preliminary data were previously presented in annual
meetings of the Society for Neuroscience and American Pain Society 48,68.

Materials and Methods
Adult male Sprague-Dawley rats weighing 250-350 g were used in this study. All experimental
protocols were approved by the Institutional Animal Care and Use Committee at the University
of Texas Medical Branch and were consistent with the guidelines of the National Institutes of
Health and the International Association for the Study of Pain. Efforts were made to minimize
the number of animals used and their suffering.
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Inflammatory pain model
CAP was dissolved in Tween 80 (7%) and saline (93%) to a concentration of 0.15% (pH=7.4).
A volume of 20 μl was injected intradermally into the glabrous skin of the hindpaw on one
side in anesthetized rats (see anesthesia procedure in the following sections). For control
purposes, vehicle (7% Tween 80 and 73% saline) was injected intradermally.

Dorsal Rhizotomy
Dorsal rhizotomy was performed on anesthetized rats to remove DRRs surgically as described
previously 36,46. Briefly, a laminectomy was performed to expose dorsal roots of L3-S1 at the
T13-L2 vertebral level. After the dura was incised, a small piece of cotton containing 2%
lidocaine was applied to the dorsal roots for about 1-2 min at the site where the roots were to
be cut to minimize injury discharges. When the dorsal roots at L3-S1 were cut, the exposed
spinal cord was covered with a layer of cotton soaked in warm mineral oil, another layer soaked
in saline, and a top layer was dry cotton. For the sham-surgery, the same procedure was
performed except that dorsal roots were kept intact. The surgery was done by a person who
did not perform the experiments. Thus, the experimenter was blind to the type of animal
preparation (dorsal rhizotomized or sham-operated).

General preparation and anesthesia for electrophysiological experiments
Animals were first anesthetized with sodium pentobarbital (50 mg/kg) by i.p. injection to
perform surgery. Anesthesia was then maintained by a continuous i.v. infusion of a saline
solution containing sodium pentobarbital. The infusion rate was adjusted (5-8 mg/kg/h)
depending upon the depth of anesthesia. The level of anesthesia was judged as being
sufficiently deep when withdrawal responses to noxious limb stimulation and/or the eye-blink
reflex to air-puffs were absent. Once a stable level of anesthesia was reached, the animals were
paralyzed with pancuronium (0.3-0.4 mg/h, i.v.) and artificially ventilated. Expiratory CO2
was monitored via a tracheal cannula and kept between 3.5 and 4.5%. The adequacy of the
depth of anesthesia during an experiment was evaluated by examination of pupillary reflexes
and assessing the stability of the expired CO2. Core body temperature was monitored by a
rectal probe and maintained near 37°C by a servo-controlled heating blanket.

Single-fiber recordings of afferent activity
Single-fiber recordings of afferent activity were conducted using the procedure that has been
described in detail in our previous report 49. Briefly, the tibial nerve was exposed in one
hindpaw and then the incised skin was retracted and bound around a frame to form a pool,
which was then filled with warm mineral oil covering the exposed tissue. The tibial nerve was
carefully freed from surrounding tissues and part of the nerve (one fourth to one third) was
removed after a longitudinal cut. The distal cut end of the tibial nerve was then teased into
small filaments with fine-tipped forceps on a small mirror-based platform under a dissecting
microscope until single-fiber activity of afferents from a fine nerve filament could be isolated
on the basis of spike amplitude and waveform. Recorded action potentials and their responses
to peripheral mechanical stimuli were amplified and displayed on a digital oscilloscope
(TDS-3012B). This allowed us to ensure that the same unit was being recorded throughout the
experiment. Action potentials were recorded and then converted into analog signals or
histograms that were available to be quantified by Spike-2 software (Cambridge Electronic
Design) 49,50. The fiber types of single units were classified by conduction velocity (Aδ,
2-19.9 m/s; C, <2 m/s). This was determined using two parameters: the propagation distance
between the stimulating and recording electrodes and the response latency to the single
stimulating pulses, as previously described in detail 32,49.
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Peripheral administration of CGRP or CGRP8-37 for electrophysiological experiments
Close-by intra-arterial injection was used to administer CGRP and CGRP8-37 locally. To do
this, a fine branch of the femoral artery was cannulated by a polyethylene-10 catheter connected
to a 50 μl syringe for drug delivery to the hind paw 49,50. CGRP (1, 3, or 10 μg dissolved in
saline, TOCRIS) was administered intra-arterially in a volume of 25 μl 10 min after CAP
injection in dorsal rhizotomized rats. Under dorsal root intact conditions, CGRP8-37 (a CGRP
receptor antagonist, 3, 10 or 30 μg dissolved in saline, TOCRIS) was injected intra-arterially
in a volume of 25 μl 5 min prior to CAP injection. For control purposes, saline (25 μl) was
given using the same procedure.

Experimental protocol for electrophysiological experiments
Since our previous studies 49,50 showed in the same model that spontaneous activity was seen
in only a few afferent fibers and there was no significant change in spontaneous activity after
drug treatments, we only recorded and analyzed the mechanically evoked activity and response
thresholds in the present study. A single unit was determined by moving a von Frey filament
with a bending force that produced suprathreshold mechanical stimulation over the surface of
the glabrous skin of the hindpaw, whereby the mechanical receptive field of an individual single
fiber on the plantar surface was located. Mechanically evoked responses of a single Aδ- or C-
afferent fiber were then elicited by applying a set of calibrated von Frey filaments (Stoelting,
Wood Dale, IL) to the most sensitive spot of the receptive field 49,53. The smallest von Frey
filament that elicited at least 5 spikes within 10 s in ≥ 50% of the trials was taken as threshold
1,53. The appropriate set of von Frey filaments (three filaments with graded bending forces)
was chosen in each experiment according to different response thresholds. The first filament
was that with the threshold bending force and two additional filaments had progressively
stronger bending forces. Each filament was applied repetitively for 10 s with enough force to
cause slight bending and this force was held for about 1 s followed by a 10-s pause before the
next filament was used. To decrease a minimum possible “human factor” bias, mechanical
stimuli were applied without observation of the oscilloscope or computerized record so the
experimenter was unaware of the response frequencies.

Aδ- and C-afferent fibers with mechanical thresholds of 20-147 mN have previously been
demonstrated to be nociceptors 32. Our previous studies have shown that these fibers were
sensitized by intradermal injection of CAP 49,50. This phenomenon is also supported by
studies of other groups that a high expression of TRPV1 receptors, which are nociceptive
molecules, is evident in fibers that are CAP-sensitive 41,59. Therefore, only Aδ and C-afferent
fibers with mechanical thresholds of 20-147 mN that were identified as nociceptors were
recorded and analyzed in this study.

CAP was injected intradermally near the edge of the receptive field to evoke an acute cutaneous
inflammation after baseline responses were recorded 49. For the changes in evoked activity,
the responses were sampled at 15, 30, 45, and 60 min after CAP injection. For the changes in
response threshold, responses were sampled when they reached the nadir. Changes in
mechanically evoked activity and response threshold of single Aδ and C-afferent fibers after
CAP injection were recorded and compared between sham surgery rats and dorsal rhizotomized
rats.

To investigate whether CGRP affected the sensitization of primary afferents induced by
intradermal injection of CAP, CGRP at 3 different doses (1, 3, or 10 μg) was administered
intra-arterially into the hindpaw in a volume of 25 μl 10 min after CAP injection in three groups
of dorsal rhizotomized rats. Changes in responses to mechanical stimuli after CAP injection
were recorded for 60 min. To examine whether a CGRP receptor antagonist could block the
CAP-induced sensitization of nociceptors, CGRP8-37 at 3 different doses (3, 10 or 30 μg) was

Li et al. Page 4

J Pain. Author manuscript; available in PMC 2009 February 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



given intra-arterially 5 min prior to CAP injection in three groups of sham surgery (dorsal root
intact) rats. As controls, saline (25 μl) was given in the same manner. Using a laser Doppler
flow meter for cutaneous blood flow measurements on the foot skin, our recent study of the
effects of local injection of CGRP or SP on cutaneous vasodilation has shown that intra-arterial
injection of these neuropepetides in the hindpaw did not produce a significant change in blood
flow in the forepaw 35.

Immunohistochemistry
Single and/or double labeling for TRPV1 and/or CGRP in DRG neurons was performed using
immunohistochemistry and fluorescence tags. DRG tissue at L4-5 on the side ipsilateral to the
CAP injection was sampled at 30 and 60 min after intradermal injection of CAP or vehicle
under sham dorsal rhizotomized or dorsal rhizotomized conditions. To do this, anesthetized
rats were perfused through the left ventricle with 4% paraformaldehyde in 0.1M phosphate-
buffered solution (PB, pH 7.3, 4°C). DRGs were removed and placed in the same fixative for
4 h. The fixative was then replaced with 30% sucrose solution overnight. Frozen sections were
cut at 10 μm and then blocked with 10% normal goat serum in PBS/0.3% Triton X-100 for 1
h at room temperature. Immunofluorescence staining for TRPV1 receptors (1:1,000, guinea-
pig polyclonal, from Chemicon Inc.) and for CGRP (1:1,000, mouse monoclonal, from
Chemicon, Inc.) was performed. Sections were incubated with a mixture of the two primary
antibodies for 24 h at 4°C. Then the sections were transferred to a secondary antibody solution
containing Alexa Fluor® 488 (1:200, goat anti-guinea-pig IgG, from Molecular Probes) and
Alexa Fluor® 568 (1:200, goat anti-mouse IgG, from Molecular Probes) for 1 h respectively
at room temperature. Controls for specificity included: 1) staining DRG sections as described
above but omitting the primary antibody, which resulted in no detectable labeling; 2) incubation
with a single primary antibody followed by the appropriate secondary antibody, to ensure that
the labeling pattern for each substance in the double-stained sections was similar to that
observed in the single-labeled section; 3) incubation with a single primary antibody, followed
by a mixture of 2 secondary antibodies, in order to test the species specificity of the secondary
antibodies used.

Following staining, labeled sections were examined and processed by confocal laser scanning
microscopy (Nikon EZ-C1) for staining of TRPV1- and CGRP-immunofluorescence. Two
fluorescence filters (Fluor 488 filter for green and Fluor 568 filter for red) were used to separate
individual wave lengths for staining. Thus, digitized images were obtained of two different
colors for TRPV1 and CGRP, respectively. Analysis of co-staining was done by matching of
corresponding regions. A neuronal profile was considered as positively double labeled if it
showed two color codes overlapping in space. For quantification, the numbers of single- and
double-labeled neuronal profiles with different labeling were then calculated using Metamorph
software. Profiles were counted in 10 sections that were separated by at least 50 μm between
consecutive sections. Sections were selected from each animal for counting and averaging cell
profile numbers. Two counts were made of 1) the numbers of TRPV1 and CGRP positive
neuronal profiles; 2) the number of double labeled neuronal profiles.

Statistical analysis
Electrophysiological data—Recorded fiber activity was analyzed on- or off-line from
peristimulus time histograms to obtain the average rate of evoked discharges. All responses
evoked by stimulation using three calibrated von Frey filaments with graded bending forces
were calculated by subtracting the background discharges during a given period of time from
the total number of action potentials that occurred during each stimulus to produce a net
increase in discharge rate. In each group, discharge frequencies were converted into percentage
data by setting the responses to mechanical stimuli before CAP injection (pre-CAP, baseline)
as 100% and the responses to mechanical stimuli after CAP injection as percentage changes
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from the pre-CAP value. Statistical significance was tested using one-way ANOVA with
repeated measures followed by a Bonferroni-corrected t-test in the same group to compare
differences between the baseline (pre-CAP injection) and responses after CAP injection at
different time points. One-way ANOVA followed by Student-Newman-Keuls test was used
to compare the differences in responses between groups having different treatments at the same
time point.

The differences of mechanical response threshold was first assessed by comparing the values
of bending forces (the weakest von Frey hair that elicited a response) before and after CAP
injection in the same group using a Wilcoxon Signed Rank test. The differences of threshold
between groups having different treatments were then assessed by comparing percent changes
in threshold using a Mann-Whitney Rank Sum Test. To do this, the response threshold before
CAP injection was set as 100% and the threshold after CAP injection was expressed as a
percentage change from the pre-CAP value in the same group.

Immunochemistry data—Five animals were included in each group. The numbers of
immunoreactive positive (single and double labeled) neuronal profiles were counted using
Metamorph offline software. Statistical differences between groups were determined by one-
way ANOVA followed with Dunnet’s post-test.

Values are presented as means±SE. P<0.05 was taken as significant.

Results
A total of 93 Aδ- and 80 C-afferent nociceptive fibers were recorded from the tibial nerve in
173 rats (i.e. only one fiber was recorded from each rat). Of these fibers, 47 Aδ- and 42 C-
fibers were from sham surgery rats, and 46 Aδ- and 38 C-fibers from dorsal rhizotomized rats.

Effects of dorsal root reflex removal on capsaicin-evoked sensitization of primary afferent
nociceptive fibers

Mechanically evoked activity and response threshold of Aδ- and C-afferent nociceptive fibers
to CAP injection were examined in the groups of sham surgery and dorsal rhizotomized rats,
respectively. Panels A and B in Fig. 1 are grouped data in which the effects of CAP injection
on mechanically evoked responses and time course are summarized. The responses to
mechanical stimuli before CAP injection served as a baseline in each group (100%, pre-CAP
injection). The evoked responses of both Aδ- and C-afferent fibers were tested at 15, 30, 45
and 60 min after intradermal injection of CAP in sham surgery and dorsal rhizotomized rats.
Consistent with our previous reports 49,50, in sham surgery (dorsal root intact) rats, a
significant enhancement of response activity was seen in C-fibers at 15 min (124.0±6.6%,
P<0.01, vs. pre-CAP level), both in Aδ- and C-fibers at 30 min (122.2±4.3% and 142.9±8.0%,
P<0.001 and P<0.001, vs. pre-CAP level) and 45 min (122.6±5.4% and 157.8±11.7%, P<0.01
and P<0.001, vs. pre-CAP level), and in C-fibers at 60 min (147.4±14.7%, P<0.01, vs. pre-
CAP level) after CAP injection. Thus, the magnitude and duration of the increase seen in C-
fibers was greater than in Aδ-fibers. The enhancement of the responses reached its peak at
30-45 min after CAP injection in both Aδ- and C-fibers, and recovered toward the baseline at
60 min after CAP injection (Fig. 1A,B). In contrast, the CAP-evoked enhancement of responses
of Aδ- and C-afferent fibers to mechanical stimuli was dramatically reduced after dorsal
rhizotomy (Fig. 1A,B). The peak increase at 45 min after CAP injection was 105.2±2.9% for
Aδ-fibers and 116.2±2.4% (P<0.01, vs. pre-CAP) for C-fibers. The response magnitudes
recorded from Aδ-fibers at 30 and 45 min after CAP injection and from C-fibers at 15, 30, 45
and 60 min after CAP injection were significantly reduced compared to those in group of sham
surgery rats (see asterisks in Fig. 1A,B). Traces in Fig. 2 are examples of rate histograms of

Li et al. Page 6

J Pain. Author manuscript; available in PMC 2009 February 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



evoked action potentials recorded from single C-fibers showing the effects of CAP injection
under dorsal root intact (A) and dorsal rhizotomized (B) conditions.

Changes in the response threshold to mechanical stimuli of Aδ- and C-fibers due to CAP
injection were sampled when they reached the nadir in each group (Fig. 1C) and then compared
between sham surgery and dorsal rhizotomized groups (Fig. 1D). In the sham surgery group
of rats, the response threshold to mechanical stimuli was decreased from 29.0±7.4 mN to 12.6
±1.5 mN in Aδ-fibers (p<0.01), and from 55.2±17.5 mN to 31.2±11.5 mN in C-fiber (P<0.01)
after CAP injection. After dorsal rhizotomy, response threshold before CAP injection was
slightly increased in Aδ-fibers and slightly decreased in C-fibers without a statistically
significant difference (Fig. 1C). However, the reduction in response threshold due to the same
dose of CAP injection became less. The threshold decreased slightly from 38.2±5.6 mN to 29.1
±5.1 mN (p=0.063) in Aδ-fibers and from 46.7±7.8 mN to 40.1±8.8 mN (P<0.05) in C-fibers,
respectively. (Fig. 1C). A further comparison was made to examine whether there was a
statistically significant difference between sham surgery and dorsal rhizotomized groups on
the percent decrease in the response threshold after CAP injection (Fig. 1D). The control
(response threshold before CAP injection) was set as 100% and the bars in Fig. 1D show the
percentage of control after CAP injection. In the dorsal rhizotomized group, the percent
decrease in threshold after CAP injection was significantly less than that in the sham surgery
group both in Aδ- and C-fibers (P<0.05 and P<0.05) (Fig. 1D).

Thus, DRR removal led to an attenuation in sensitization of primary afferent nociceptive fibers
induced by intradermal injection of CAP.

Effects of blockade of peripheral CGRP receptors on the sensitization of primary afferent
nociceptive fibers induced by CAP injection under dorsal root intact conditions

This experiment was to examine further whether blockade of CGRP receptors in the periphery
by intra-arterial injection of CGRP8-37 would reduce or block the sensitization of Aδ- and C-
fibers induced by CAP injection in dorsal root intact (sham surgery) rats. In the groups of
Aδ- and C-fibers with saline pre-treatment, CAP injection produced a significant enhancement
of responses to mechanical stimuli. Consistent with the data shown in Fig. 1A,B, a significant
increase in evoked responses was seen in Aδ-fibers (Fig. 3A) at 30 and 45 min after CAP
injection (120.8±4.1%, P<0.001 and 120.0±5.5%, P<0.01, vs. pre-CAP level) and in C-fibers
(Fig. 3B) at 15, 30, 45 and 60 min after CAP injection (120.0±5.8%, P<0.01; 141.6±8.8%,
P<0.01; 157.0±13.1%, P<0.01 and 142.2±15.3%, P<0.05, vs. pre-CAP level). In contrast, the
CAP-evoked enhancement of responses to mechanical stimuli of Aδ-fibers and C-fibers were
dose dependently decreased after pretreatment with different doses of CGRP8-37. In the
presence of 3 μg CGRP8-37, a significant reduction in the CAP-induced enhancement was seen
only in C-fibers at 45 min after CAP injection (see asterisk in Fig. 3B, P<0.05 vs. saline group).
When the dose reached 10 μg, a significant reduction was obtained in both types of fibers at
30 and 45 min after CAP injection. Pretreatment with 30 μg of CGRP8-37 peripherally nearly
completely blocked the CAP-induced enhancement of evoked activity (see asterisks in Fig.
3A,B, P<0.01 and P<0.001, vs. saline group). Traces A and B in Fig. 4 are examples of rate
histograms of evoked action potentials recorded from single Aδ- and C-fibers showing the
effect of 30 μg CGRP8-37 on the CAP-induced enhancement.

The effects of blockade of CGRP receptors on changes in the response threshold induced by
CAP injection were examined by using 30 μg of CGRP8-37, because the CAP-induced
enhancement of evoked activity was nearly completely inhibited at this dose. CAP injection
lowered significantly the response threshold to mechanical stimuli in both Aδ- and C-primary
afferent nociceptors in the saline pre-treatment group (Fig. 3C). When pre-treated with
CGRP8-37 peripherally, however, no statistically significant difference was seen in response
threshold before and after CAP injection (Fig. 3C). A comparison was further made between
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saline- and CGRP8-37-treated groups on the percent decrease in the response threshold after
CAP injection (Fig. 3D). In CGRP8-37-treated group, the percent decrease in threshold after
CAP injection was significantly less than that in saline treated group both in Aδ- and C-fibers
(see asterisks Fig. 3D, P<0.05 and P<0.05, vs. saline treated group).

Thus, dose-response analysis of the antagonistic effect of CGRP8-37 reveals that the CAP-
induced sensitization could be inhibited by the blockade of CGRP receptors in a dose-
dependent manner.

Effects of activation of peripheral CGRP receptors on capsaicin evoked activity and
response threshold of primary afferent nociceptive fibers under dorsal rhizotomized
conditions

An attenuation of the CAP-induced sensitization was observed by DRR removal (dorsal
rhizotomy) in the first section, which indicates that a neurogenic component driven by DRRs
contributes to sensitization. Furthermore, a reduction in the CAP-induced sensitization was
seen after blockade of peripheral CGRP receptors in the second section, suggesting that the
process of sensitization after TRPV1 activation involves the release of CGRP which then
activates CGRP receptors. In this section, we wanted to test pharmacologically whether CGRP
release plays a role in the CAP-evoked sensitization. To do this, CGRP was given exogenously
in the periphery as a post-treatment to activate CGRP receptors under the conditions of dorsal
rhizotomy that removed DRRs. In the presence of CGRP peripherally, the sensitization of
afferent fibers following CAP injection was rekindled in a dose-dependent manner. The
rekindling was more obvious in C-fibers. Fig. 5A,B is the grouped data summarizing the effects
of activation of CGRP receptors on CAP evoked activity under dorsal rhizotomized conditions.
Either saline or CGRP at one of three doses (1, 3, 10 μg) was given intra-arterially 10 min after
CAP injection in each group of dorsal rhizotomized rats. Consistent with the result shown in
Fig. 1, CAP injection under dorsal rhizotomized conditions produced only a slight increase in
responses of Aδ- and C-afferent nociceptive fibers to mechanical stimuli (Fig. 5A,B). Post-
treatment with saline did not obviously change the CAP effect because the time-course
recordings of responses to CAP injection were similar to those shown in Fig. 1A,B. The dose-
response tests for CGRP administration showed that a low dose (1 μg) produced no significant
effect. When the periphery was post-treated with CGRP at 3 μg, the sensitization of C-fibers
(Fig. 5B) was slightly but significantly rekindled when recorded at 30 min (139.5±6.9%,
P<0.01 vs. saline group at the same time point) and 45 min (138.4±6.1%, P<0.01 vs. saline
group at the same time point) after CAP injection. In the presence of 10 μg CGRP, the
sensitization of Aδ-fibers was rekindled at 45 min (125.5±4.3%, P<0.01 vs. saline group) after
CAP injection (Fig. 5A), and sensitization of C-fibers was greatly rekindled at 15, 30 and 45
min (151.8±11.7%, P<0.001, 165.3±15.4%, P<0.01, and 161.6±22.5%, P<0.05, vs. saline
group) after CAP injection (Fig. 5B). The magnitude of rekindled sensitization seen in C-fibers
in the presence of 10 μg CGRP was comparable to that induced by CAP injection only under
the condition in which dorsal roots were intact (see Fig. 1). Traces A and B in Fig. 6 are records
from two single fibers (Aδ- and C-) of dorsal rhizotomized rats showing the rekindling effect
by 10 μg CGRP given as a post-treatment.

Based on the above observation that 10 μg of CGRP produced a significant rekindling of CAP-
evoked sensitization, the effects of activation of CGRP receptors on changes in the response
threshold following CAP injection in dorsal rhizotomized rats were examined using 10 μg of
CGRP. In group of dorsal rhizotomized rats, no significant effect was seen of saline post-
treatment on the change in response threshold of Aδ- and C-afferent nociceptive fibers induced
by CAP injection (Fig. 5C), i.e. the response threshold showed no significant difference before
and after CAP injection. However, when CGRP (10 μg) was given as post-treatment, a
significant decrease in response threshold was seen in both Aδ- (P<0.001) and C-(P<0.01)
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fibers after CAP injection (Fig. 5C). A further comparison was made between saline and CGRP
treated groups on the percent decrease in the response threshold after CAP injection (Fig. 5D).
The control (response threshold before CAP injection) was set as 100% and the bars in Fig.
5D show the percentage of control after CAP injection. In the CGRP treated group, the percent
decrease in threshold after CAP injection was significantly more than that in the saline treated
group both in Aδ- and C-fibers (P<0.05 and P<0.05) (Fig. 5D).

Effects of dorsal root reflex removal on capsaicin-evoked expression of TRPV1 and CGRP
in dorsal root ganglion neurons

Fig. 7 shows representative confocal immunofluorescence images of single labeling of
TRPV1 and CGRP and double labeling of these two molecules in L4 DRG neurons in the same
section. Single staining of TRPV1 and CGRP and their double staining were seen preferentially
in small and medium sized primary afferent neurons in DRG, consistent with previous reports
8,18,43. A1-A3 are immunofluorescence labeling of these two molecules at 30 min after
intradermal vehicle injection under sham dorsal rhizotomized conditions (intact dorsal roots).
B1-B3 show changes in expression and co-expression of these two molecules in L4 DRG
neurons 30 min after intradermal injection of CAP under sham dorsal rhizotomized conditions.
There were substantial increases in numbers of the neurons with both single and double staining
for these molecules at 30 min after CAP injection. In contrast, CAP-evoked expression of these
molecules was inhibited after dorsal rhizotomy (C1-C3). Fig. 8 is the grouped data summarizing
the changes in the CAP-evoked expressions of TRPV1 and CGRP in L4-5 DRG due to dorsal
rhizotomy that eliminated DRRs. Experiments that served as controls for examining the effects
of DRR removal were performed by intradermal injection of vehicle in the sham-dorsal
rhizotomized rats. Increases in the number of single and double stained neuronal profiles due
to unilateral intradermal injection of CAP peaked at 30 min after CAP injection, and recovered
partially at 60 min after injection under conditions where dorsal roots were intact. After DRRs
were removed by dorsal rhizotomy, CAP-evoked expression and co-expression were
significantly inhibited.

Discussion
The main findings of this study in a rat model of acute inflammatory pain induced by
intradermal injection of CAP are that we demonstrate for the first time that the neurogenic
mechanism involved in inflammation of somatic tissue, such as the skin, contributes critically
to the sensitization of primary afferent nociceptive fibers. This neurogenic mechanism is
operated mainly by DRRs that antidromically activate primary afferent neurons in DRG to
release neuropeptides peripherally. One of the released neuropeptides, CGRP, is demonstrated
in the current study to participate in sensitization of primary afferent nociceptive fibers
following CAP injection. Thus, the data obtained from the present study have shed light on the
mechanisms of pathological pain due to the sensitization of primary afferent nociceptors.

Peripheral sensitization of nociceptors is thought to be responsible for the primary mechanical
allodynia and hyperalgesia that may occur following injury 30,42. One of the major
mechanisms by which nociceptors are sensitized is that a variety of inflammatory mediators
released after tissue injury act on receptors contained in the surface membranes of the
nociceptors 10. These receptors are coupled to intracellular signal transduction cascades 17,
26, and protein kinases in these cascades can phosphorylate transduction molecules or ion
channels in the membranes of nociceptors. Phosphorylation of these membrane proteins may
result in a lowered threshold to stimuli, a process called peripheral sensitization 13,16,39. The
TRPV1 receptor serves as an important nociceptive molecule and plays a critical role in
sensitization of primary afferent nociceptors because it is expressed predominantly in small to
medium sized primary afferent neurons and their axon terminals, and is the basis on which
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these nociceptive terminals are CAP-sensitive. It has been confirmed by previous and present
studies in our and other groups that intradermal CAP injection leads to sensitization of primary
afferent nociceptive fibers 29,49,50. In addition to the enhanced responses of Aδ- and C-
nociceptive fibers to mechanical stimuli, the present study provides further evidence that the
response threshold to mechanical stimuli of these nociceptive fibers is lowered after CAP
injection. It is generally accepted that the mechanisms underlying sensitization of primary
afferent nociceptors induced by CAP include a direct action of CAP by which TRPV1 receptors
are activated to cause influx of Ca2+ and/or Na+ to produce depolarization of neuronal
membranes and the generation of action potentials 4. Furthermore, up-regulation of TRPV1
receptors by protein phosphorylation that is triggered by signal transduction cascades due to
Ca2+ influx 23 would then enhance the activity of TRPV1 receptors either by increasing protein
expression or sensitizing the receptors.

Activation or sensitization of TRPV1 receptors also has an efferent function by means of axon
reflexes. This is based on the facts that TRPV1 receptors frequently co-localize with
neuropeptides in primary afferent nociceptive neurons and their axons 3,18,44 and that
activation of TRPV1 receptors induces Ca2+-dependent CGRP release 24,52. Thus, a
contribution of neurogenic inflammation to sensitization of nociceptors is implied. Studies by
our and other groups have demonstrated that the efferent function by TRPV1 receptors to
initiate neurogenic inflammation is mediated by triggering DRRs spinally 14,35,36. Thus, what
we wanted to address in the present study was whether the CAP-induced sensitization of
primary afferent nociceptors involved a neurogenic component, and if so, how the neurogenic
component was involved in the pathological basis of sensitization? We propose that neurogenic
inflammation is initiated by activation of TRPV1 receptors in primary afferent nociceptors to
trigger DRRs in the spinal cord, which would antidromically activate DRG neurons to release
inflammatory neuropeptides that help sensitize primary afferent nociceptors. To test this
hypothesis, electrophysiological recordings of primary afferent nociceptive fibers were
conducted in vivo to evaluate the sensitization that followed intradermal injection of CAP in
animal preparations in which DRRs were eliminated surgically by dorsal rhizotomy. Previous
studies by our and other groups have demonstrated that dorsal rhizotomy is an effective means
to eliminate DRRs 14,36,46. We found that an enhanced mechanically evoked activity and
lowered response threshold induced by CAP injection were dramatically inhibited after dorsal
rhizotomy. These data strongly indicate that a neurogenic mechanism contributes importantly
to sensitization, and a DRR-driven antidromic release of inflammatory mediators is strongly
suggested.

A potential release of CGRP and SP driven by DRRs and its role in the CAP-induced
neurogenic inflammation have been suggested by our and other groups using the same model
as we used in the current experiments 14,35. Therefore, we have then analyzed whether the
released CGRP contributed a critical component to the CAP-induced sensitization. Under
dorsal rhizotomized conditions that removed DRRs, CGRP was exogenously given right after
CAP injection to mimic the endogenous release of CGRP that was initiated by CAP injection
and then driven by DRRs. The results show that CGRP could dose-dependently restore the
CAP-induced sensitization of primary afferent nociceptive fibers. An experiment using a
CGRP receptor antagonist in dorsal root intact animals has further shown that the blockade of
CGRP receptors could significantly attenuate the CAP-induced sensitization in a dose-
dependent manner. Thus, CGRP released in the periphery participates in sensitization of
primary afferent nociceptors evoked by activation of TRPV1 receptors following CAP
injection. The process of CGRP release is largely due to DRRs, even though a direct action by
TRPV1 activation to induce Ca2+ influx-dependent release of CGRP also contributes 24,52,
66.
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It has been demonstrated pharmacologically that DRRs are generated in spinal cord
GABAergic interneuronal circuits following CAP injection 36,47,54, and that GABAergic
interneurons are sensitized by CAP injection 69. DRRs are then conveyed antidromically along
primary afferents to DRG neurons whereby DRRs are propagated towards periphery 9,63,65.
We presume that the above process should involve an antidromic activation of DRG neurons
via up-regulation of some nociceptive molecules, such as TRPV1 receptors, which would lead
to a hyperactive synthesis of neuropeptides in neurons to participate in neurogenic
inflammation. Using immunofluorescence in this study, the CAP-evoked expression of
TRPV1 and CGRP in DRG neurons was visualized to determine the effects of dorsal rhizotomy
in order to evaluate the contribution of DRRs to activation of DRG neurons. Observations
made at 30 and 60 min after CAP injection show that evoked increases in expression were most
obvious at 30 min after injection. This rapid up-regulation after noxious stimulation was
proposed to be afferent activity dependent but remains to be further investigated 7,45.
Critically, our data reveal that the CAP-evoked expressions were partially but significantly
inhibited after DRRs were eliminated. Pathophysiologically, these data help elucidate the
mechanisms of the DRR-mediated acute neurogenic inflammation induced by CAP injection
examined by our and other groups 14,35,36,60. Thus, new evidence is provided to indicate
strongly that DRRs drive the release of CGRP from primary afferent terminals by sensitization
of DRG neurons via TRPV1 receptors following CAP injection.

CGRP released from peripheral nociceptive terminals has been proposed to be a factor in
promoting pain sensation, but the study of its action and mechanisms has been indirect and
inconsistent 11,12,33,62,67. A migraine-like headache could be induced by administration of
CGRP 31, and alleviated by a CGRP antagonist 11. In a rat model of meningeal nociception,
the endogenous release of CGRP in the trigeminal nucleus was suggested to play an important
role in the maintenance of neuronal activity, and blockade of CGRP receptors significantly
attenuated the neuronal activity 12. However, no evidence is available that CGRP sensitizes
primary afferent nociceptive neurons and their axons directly, even though in vitro studies
show that activation of TRPV1 receptors produces a Ca2+-dependent CGRP release 24,52.
Currently, the most prominent hypothesis suggests that, as a result of its vasodilative effect,
CGRP can lead to the liberation of many pro-inflammatory agents, such as bradykinin and
cytokines, which are potent stimulants of nociceptors 5,6. There is evidence that one
mechanism by which afferent nociceptors are sensitized is that these inflammatory agents
sensitize TRPV1 receptors 38,61. This seems to be supported by the data obtained from our
present study and other groups that TRPV1 and neuropeptides were co-expressed in DRG
neurons and their axons 3,18,44,62. Thus, sensitization of primary afferent nociceptors
involves a neurogenic mechanism by which inflammatory mediators released by antidromic
drive may up-regulate TRPV1 receptors.

To conclude, neurogenic inflammation initiated by activation of TRPV1 receptors following
intradermal injection of CAP and mediated by the generation of DRRs makes a major
contribution to the sensitization of primary afferent nociceptors by antidromic activation of
DRG neurons to drive the release of inflammatory neuropeptides, such as CGRP. In this
process, TRPV1 receptors are functionally up-regulated. Based on this pilot study, an extended
and in-depth investigation will be conducted to examine if other inflammatory mediators are
involved in DRR-mediated inflammatory pain and the interactions among these mediators in
causing nociceptor sensitization.
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Figure 1.
Grouped data summarize the mean effects of dorsal rhizotomy on afferent responses and
response threshold of single Aδ- and C-fibers to mechanical stimuli after intradermal injection
of CAP. Enhanced responses to mechanical stimuli after CAP injection were seen in Aδ-fibers
(A) and C-fibers (B) in sham surgery (dorsal root intact) rats. However, the enhanced responses
induced by CAP injection were significantly reduced after dorsal rhizotomy. Baseline level
(before CAP injection) was set as 100%. * and **, P<0.05 and P<0.01, dorsal rhizotomized
group vs. sham surgery group. C: Changes in response threshold in Aδ- and C-fibers after CAP
injection in sham surgery and dorsal rhizotomized rats. *, **: P<0.05, P<0.01, vs. before CAP
injection. D: A comparison of changes in percent decrease in response threshold due to CAP
injection between sham surgery and dorsal rhizotomized rats. *, P<0.05, vs. sham surgery
group.
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Figure 2.
Rate histograms show the effect of intact dorsal roots (Sham surgery, A) and dorsal rhizotomy
(B) on the responses of single C-fibers to mechanical stimuli after CAP injection. Top row:
Responses to mechanical stimuli before CAP injection. Second row: 45 min after CAP
injection; note that an obviously enhanced response to mechanical stimuli was seen in the C-
fiber under sham surgery conditions (A). After dorsal rhizotomy, the enhanced responses were
completely inhibited (B). Bottom row: 60 min after CAP injection. Horizontal lines above
histograms indicate time of application of von Frey hairs. Bending forces are shown above the
horizontal lines. Bin width: 1 s.
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Figure 3.
Effects of blockade of peripheral CGRP receptors by intra-arterial injection of CGRP8-37 on
afferent responses and response threshold to mechanical stimuli induced by CAP injection in
dorsal root intact (sham surgery) rats. A and B: Grouped data summarize the effects of
pretreatment with three doses of CGRP8-37 on the CAP-induced enhancement of responses of
Aδ- (A) and C-fibers (B) to mechanical stimuli under dorsal root intact conditions. * P < 0.05,
** P < 0.01, and *** P<0.001 vs. saline group. C: Effects of 30 μg CGRP8-37 on changes in
response threshold in Aδ- and C-fibers due to CAP injection in sham surgery rats. **: P<0.01,
vs. before CAP injection. D: A comparison of changes in percent decrease in response threshold
due to CAP injection between saline and 30 μg CGRP8-37 treated groups in sham surgery rats.
*: P<0.05, vs. saline treated group.
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Figure 4.
Rate histograms show the effect of CGRP8-37 (30 μg) pre-treatment on CAP-induced
sensitization of responses of single Aδ- and C-fibers to mechanical stimuli under dorsal root
intact conditions. Top row: Responses to mechanical stimuli before CAP injection. Second
row: 5 min after CGRP8-37 pre-treatment. Bottom row: 45 min after CAP injection with
CGRP8-37 pre-treatment. Bin width: 1 s.
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Figure 5.
Effects of CGRP post-treatment on the reduction in the CAP-induced sensitization of responses
and threshold of single Aδ- and C-fibers to mechanical stimuli due to dorsal rhizotomy. A and
B: Grouped data summarize the mean effects of three doses of CGRP on responses of single
Aδ- (A) and C-fibers (B) to mechanical stimuli after CAP injection. * P<0.05, ** P<0.01, ***
P<0.001 vs. saline group. C: Effects of 10 μg CGRP on changes in response threshold in Aδ-
and C-fibers after CAP injection in dorsal rhizotomized rats. **, ***: P<0.01, P<0.001, vs.
before CAP injection. D: A comparison of changes in percent decrease in response threshold
due to CAP injection between saline and CGRP treated groups in dorsal rhizotomized rats. *:
P<0.05, vs. saline treated group.
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Figure 6.
Rate histograms show the effect of CGRP (10 μg) post-treatment on the responses of single
Aδ- (A) and C-fibers (B) to mechanical stimuli after CAP injection under dorsal rhizotomized
conditions. Top row: Responses to mechanical stimuli before CAP injection. Second row: 45
min in Aδ-fiber and 30 min in C-fiber after CAP injection, an obviously enhanced response to
mechanical stimuli was seen after intra-arterial CGRP treatment 10 min after CAP injection
under dorsal rhizotomized conditions. Bottom row: 60 min after CAP injection, the enhanced
response to mechanical stimuli decreased. Bin width: 1 s.
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Figure 7.
Confocal immunofluorescence images showing TRPV1 positive profiles (A1, B1, C1), CGRP
positive profiles (A2, B2, C2) and neurons double-labeled for TRPV1 and CGRP (A3, B3,
C3) in L4 DRG on the side ipsilateral to intradermal (i.d.) vehicle or CAP injection. Tissue was
collected 30 min after vehicle or CAP injection. A1-A3: intradermal injection of vehicle under
sham dorsal rhizotomized (sham-DRZ) conditions. B1-B3: intradermal injection of CAP under
sham dorsal rhizotomized (sham-DRZ) conditions. C1-C3: intradermal injection CAP under
dorsal rhizotomized (DRZ) conditions. Scale bar=50 μm.
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Figure 8.
Grouped data summarizing the effects of dorsal rhizotomy (DRR removal) on the CAP-evoked
expressions of TRPV1 and CGRP, and their co-expression in L4 (A-C) and L5 (D-F) DRG on
the side ipsilateral to intradermal (i.d.) injection. Observations were made in intradermal
vehicle and CAP injection groups under sham dorsal rhizotomized (i.d. Vehicle with sham-
DRZ and i.d. Capsaicin with sham-DRZ) conditions and in the intradermal CAP injection
group under dorsal rhizotomized (i.d. Capsaicin with DRZ) conditions, respectively. DRG
tissue was sampled at 30 and 60 min after vehicle or CAP injection. ** and ***: P<0.01 and
P<0.001, compared with i.d. Vehicle with sham-DRZ. + and ++: P<0.05 and P<0.01,
compared with i.d. Capsaicin with sham-DRZ.
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