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The anti-migraine action of “triptan” drugs involves the activation of serotonin subtype 1D (5-HT1D ) receptors expressed on “pain-
responsive” trigeminal primary afferents. In the central terminals of these nociceptors, the receptor is concentrated on peptidergic dense
core vesicles (DCVs) and is notably absent from the plasma membrane. Based on this arrangement, we hypothesized that in the resting
state the receptor is not available for binding by a triptan, but that noxious stimulation of these afferents could trigger vesicular release of
DCVs, thus externalizing the receptor. Here we report that within 5 min of an acute mechanical stimulus to the hindpaw of the rat, there
is a significant increase of 5-HT1D-immunoreactivity (IR) in the ipsilateral dorsal horn of the spinal cord. We suggest that these rapid
immunohistochemical changes reflect redistribution of sequestered receptor to the plasma membrane, where it is more readily detected.
We also observed divergent changes in 5-HT1D-IR in inflammatory and nerve-injury models of persistent pain, occurring at least in part
through the regulation of 5-HT1D-receptor gene expression. Finally, we found that 5-HT1D-IR is unchanged in the spinal cord dorsal horn
of mice with a deletion of the gene encoding the neuropeptide substance P. This result differs from that reported for the �-opioid receptor,
which is also sorted to DCVs, but is greatly reduced in preprotachykinin mutant mice. We suggest that a “pain”-triggered regulation of
5-HT1D-receptor expression underlies the effectiveness of triptans for the treatment of migraine. Moreover, the widespread expression of
5-HT1D receptor in somatic nociceptive afferents suggests that triptans could, in certain circumstances, treat pain in nontrigeminal
regions of the body.
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Introduction
Migraine is a common disabling disorder whose neurobiological
mechanism is poorly understood, but is likely to involve abnor-
mal activation of trigeminal afferents of the dura and cerebral
blood vessels, sensitization of neurons in the trigeminal nucleus
caudalis, and dysregulation of pain-control regions of the brain
(Burstein, 2001; Goadsby et al., 2002). Although the relative con-
tribution of peripheral and CNS mechanisms is not established,
the pathophysiology may include local neurogenic inflammation
of the meninges (Markowitz et al., 1987), activation of intracra-
nial afferents (Strassman et al., 1996), and the release of the neu-
ropeptide calcitonin gene-related peptide (CGRP) from these af-
ferents (Zagami et al., 1990), facilitating increased noxious

stimulus-evoked activity in the trigeminal nucleus caudalis
(Storer et al., 2004).

Triptans are serotonin (5-HT) receptor selective agonists with
activity at 5-HT1B, 5-HT1D, and 5-HT1F receptors, and have well
established utility in the treatment of migraine pain. In the pe-
riphery, triptans prevent or block neurogenic inflammation
(Moskowitz, 1993; Bolay et al., 2002), at least in part, by inhibit-
ing the release of substance P (SP) and CGRP from peptidergic
afferents (Buzzi et al., 1991). There is also evidence for a central
action of triptans (Kaube et al., 1993; Shepheard et al., 1995),
including presynaptic regulation of neurotransmitter release
from the central terminals of primary afferents in the trigeminal
nucleus caudalis (Jennings et al., 2004; Levy et al., 2004), postsyn-
aptic regulation of the responses of caudalis neurons to glutamate
or an NMDA agonist (Goadsby et al., 2001), and activation of
triptan receptors expressed by pain-modulatory neurons in the
periaqueductal gray (Bartsch et al., 2004).

The remarkable clinical specificity of the triptans for migraine
and cluster headache and their lack of effect in other pain disor-
ders pose several questions concerning their mechanism of action
on primary afferents (Ahn and Basbaum, 2005). Although
triptans appear to selectively act on pain associated with the tri-
geminal region, we reported recently that 5-HT1D receptors are
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present in a similar subpopulation of trigeminal and dorsal root
ganglia neurons and in the central terminals of these afferents
(Potrebic et al., 2003). Because 5-HT1D receptors are not re-
stricted to cranial afferents, it is unclear why triptans have selec-
tive actions for migraine pain, and conversely, why triptans do
not modulate pain in other regions of the body. We also observed
that the receptor is concentrated exclusively within the dense core
vesicles (DCVs) of peptidergic terminals. We found no immuno-
staining on the plasma membrane, where triptans would have
direct access to the receptor, so we hypothesized that triptans
could stimulate these receptors only after noxious stimulation
had triggered the exocytosis and delivery of DCV-bound 5-HT1D

receptor to the plasma membrane.
Here we present immunohistochemical evidence that noxious

stimulation indeed induces a rapid increase in 5-HT1D receptor
in the spinal cord dorsal horn, which likely reflects a redistribu-
tion of the receptor at the primary afferent terminal. We also
provide evidence for the differential regulation of the 5-HT1D

receptor in tissue and nerve injury models of persistent pain,
which may be relevant to the utility of triptans in the treatment of
nonmigrainous pain.

Materials and Methods
Receptor activation in models of pain
Male Sprague Dawley rats weighing 175–250 g were used in accordance
with protocols approved by the Institutional Animal Care and Use
Committee.

Noxious mechanical stimulation. Rats were anesthetized under 1.5–2%
isoflurane with 2 L/min flow of oxygen until blink and withdrawal re-
flexes were suppressed. The mechanical pinch stimulus of the left hind-
paw was made by 2 min of pressure across the left hindpaw with a loose
hemostat; this stimulus evokes the release of substance P from the noci-
ceptors (McCarson and Goldstein, 1991) and internalization of the neu-
rokinin 1 (NK-1) receptor in dorsal horn neurons (Abbadie et al., 1997).
The rats were maintained under inhalation anesthesia, until they received
a terminal dose of pentobarbital (100 mg/kg) and were perfused as de-
scribed below for immunohistochemistry. Six to nine animals were used
for each time point.

Complete Freund’s adjuvant-induced inflammation. To induce tissue
inflammation, we injected 75 �l of a 50% emulsion of complete Freund’s
adjuvant (CFA) (Sigma, Saint Louis, MO), mixed in saline, intradermally
into the left hindpaw using a 30-guage needle while animals were anes-
thetized under 2% isoflurane with 2 L/min flow of O2. After recovery
from anesthesia, the animals were returned to their home cage. From 1–7
d later, the animals were anesthetized and perfused for immunohisto-
chemistry or RNA analysis. Three to six animals were used for each time
point.

Sciatic nerve section. In another group of rats, we transected the sciatic
nerve under the same inhalation anesthesia protocol. After 21 d, three
(n � 3) animals were anesthetized and perfused for immunohistochem-
istry and for RNA analysis.

Immunohistochemistry
Tissue preparation. Animals were overdosed with sodium pentobarbital
(100 mg/kg) and perfused with heparinized saline followed by fixation
with 10% formalin in 0.1 M sodium phosphate buffer, pH 7.4. The spinal
cords were collected, postfixed for 4 h, and cryoprotected for 2 d in 30%
sucrose in 0.1 M sodium phosphate buffer, pH 7.4. For immunostaining,
we cut 50 �m transverse frozen sections through the lumbar enlarge-
ment. In the 5 min postpinch series, we processed 20 alternate sections
from the L4 through the L6 segments. For the longer time points, we only
processed sections through the L5 to L6 segments, in which changes in
activation of 5-HT1D receptor predominated. The referred region of
lumbar spinal cord from CFA treated (L5–L6) and sciatic nerve cut (L4 –
L5) animals were examined in a similar manner.

HRP-DAB immunostaining procedure. Before exposure to antibody,
free-floating sections were preincubated for 1 h at room temperature

(RT) in PBS with 0.3% Triton X-100 (PBST) and 10% normal goat serum
(NGS). Primary and secondary antisera were diluted in PBST with 2%
NGS (2% NGST). Tissue was incubated overnight at room temperature
in rabbit anti-5-HT1D antibody (1:100,000). This affinity-purified anti-
body, which has been characterized and described in detail previously
(Potrebic et al., 2003), was raised against an oligopeptide corresponding
to a subtype-specific region of 5-HT1D, predicted to be in an intracellular
loop of the receptor. Sections were then washed three times in 2% NGST
for 10 min each and incubated for 1 h at room temperature with biotin-
ylated goat anti-rabbit antibody (Vector Laboratories, Burlingame, CA)
in 2% NGST, and washed three times in PBST for 10 min each at RT. To
localize the secondary antibody, we used an avidin-biotin HRP protocol
with an ABC kit (Vector Laboratories), glucose oxidase, and nickel-
enhanced 3, �3�diaminobenzidine (DAB; Sigma) as chromogen. Sec-
tions were then mounted on gelatin-coated glass slides and coverslipped
under DPX mounting media (EM Sciences, Fort Washington, PA).

Fluorescence immunohistochemistry. Tissue was fixed and cryopro-
tected as above. Spinal cord and DRG tissues were cut at 14 �m and
stained essentially as described previously (Potrebic et al., 2003). The
antibodies were used in the following dilutions: rabbit anti-5-HT1D at
1:40,000; guinea pig anti-substance P at 1:6000; mouse monoclonal anti-
neurofilament of 200 kDa (NF200, clone N52/RT97; Sigma) at 1:1200;
mouse monoclonal anti-CGRP (#4901; kindly provided by Dr. Catia
Sternini, University of California, Los Angeles, CA) at 1:1250 (Wong et
al., 1993); rabbit anti-� opioid receptor (DOR; #10271; Abcam, Cam-
bridge, MA) at 1:2000.

Light microscopy and image analysis
We photographed sections with a Nikon (Tokyo, Japan) Eclipse micro-
scope with an attached Spot or Zeiss (Oberkochen, Germany) digital
camera. We analyzed 8 –10 sections from each animal, from files in which
the side of the lesion was blinded to the observer. We quantified the
staining of 5-HT1D-IR with National Institutes of Health image analysis
software (Image J for Macintosh OS X), by outlining the region of interest
in the medial dorsal horn symmetrically on either side of the spinal cord,
and then obtaining the mean optical density of the immunohistochem-
ical reaction product. Because we did not obtain a pixel count, no thresh-
old cutoff was made. Rather, to correct for local illumination effects and
variation in background staining, we subtracted the mean optical density
of the nearby deep dorsal horn on each side, where there was no reaction
product. The staining density is expressed as a ratio of the ipsilateral over
the contralateral side. All ratios are represented as the mean of the aver-
age ratios determined for each animal �SEM. A Student’s t test between
the ipsilateral and contralateral sides was applied as a test of significance
( p � 0.05).

RNA isolation and real-time PCR analysis
To prepare RNA for analysis, we collected individual lumbar L5 DRG’s
after intracardiac perfusion with 100 cc saline, followed by 100 cc RNA-
later (Ambion, Austin, TX). The DRG’s were incubated at 4°C overnight
in RNAlater and then stored at �20°C. For RNA isolation, the RNAlater
was aspirated and the DRGs homogenized in Trizol (Invitrogen, Carls-
bad, CA) with individual disposable microcentrifuge pestles, and the
isolation procedure was performed per the manufacturer’s recommen-
dations. To remove contaminating genomic DNA, the RNA was purified
in RNeasy mini-columns (Qiagen, Valencia, CA) per the manufacturer’s
recommendations. The RNA was quantified by Ribogreen fluorescence
against a standard curve, and the absence of genomic DNA was con-
firmed by Picogreen fluorescence (Invitrogen). The threshold for detec-
tion was �10 pg/�l. Three rats were used for each time point, and �1.0
�g of total RNA was isolated from each ganglion. The RNA sample from
each ipsilateral ganglion was paired to the contralateral ganglion for
comparison of relative expression.

For cDNA synthesis, a parallel set of reactions using 1.0 �g of RNA
each was reverse-transcribed with oligo-dT primers and Superscript II
reverse transcriptase (Invitrogen), corresponding to a 1.0 �g equivalent
of cDNA. After the appropriate dilution curves, we amplified 20 ng of
cDNA in a TaqMan assay using Amplitaq-Gold reagents (Applied Bio-
systems, Foster City, CA) in an Applied Biosystems Real-Time PCR sys-
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tem. The reactions were all performed in triplicate, and the mouse
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primer set (Ap-
plied Biosystems) was used as an endogenous control to normalize the
cDNA templates. The 5-HT1D mRNA was detected with flanking primers
5�-CCCGGAGTCGAATCCTGAA-3�, 5�-TGATAAGCTGTGCTGTG-
GTGAA-3�, and probe 5�6-FAM-CTATCTTGGTCATGCCCATCAG-
C-BHQ-3� labeled with 6-FAM (6 carboxy fluorescein–aminohexyl
amidite) and BHQ (black hole quencher; Biosearch Technologies,
Novato, CA).

Dilution curves were performed on cDNA from pooled DRG or tri-
geminal ganglion samples in a separate series of reactions to show that
this primer set amplified with an efficiency of 97%. We determined the
threshold values and performed relative quantification calculations us-
ing Applied Biosystems software. Ratios of the individual DRGs com-
pared with their contralateral controls are shown as means � SEM. A
Student’s t test between the ipsilateral and contralateral sides was applied
as a test of significance ( p � 0.05).

Results
Acute activation by mechanical pinch
Because noxious mechanical stimulation (pinch) efficiently stim-
ulates substance P release (McCarson and Goldstein, 1991) and
postsynaptic NK-1 receptor internalization within 5 min (Abba-
die et al., 1997), we chose this time point for acute activation. In
animals perfused 5 min after pinch, we observed a significant
increase in 5-HT1D-IR in the medial half of the ipsilateral L5
spinal cord dorsal horn, where afferent terminals from the hind-
paw are most densely concentrated (Fig. 1A). To normalize the
fixation and immunohistochemical reaction conditions, we
compared the staining on the stimulated side to the untreated
contralateral side. In addition to increased density of reaction

product, we noted that the staining pattern in the ipsilateral dor-
sal horn was more granular and punctate (Fig. 1A). Although we
observed changes at the L4 segment of the cord, they were not
statistically significant. Figure 2 summarizes the time course of
these changes. When tissue was analyzed 30 min after the pinch
stimulus, we observed a significant decrease of 5-HT1D-IR com-
pared with the contralateral side (Fig. 1B). At 90 min after the
pinch stimulus there were no longer differences in 5-HT1D-IR
between the two sides.

5-HT1D receptor in the setting of persistent inflammation
We next asked whether persistent noxious stimulation with in-
traplantar CFA could also induce changes in 5-HT1D-receptor
expression. This model involves inflammation and pain-related
behaviors that peak at 3 d postinjection, followed by a slow de-
cline in sensitization over the following 10 –14 d (Iadarola et al.,

Figure 2. Quantitative analysis of L5 lumbar spinal cord 5-HT1D-IR in a time series of animals
after pinch stimulus of the hindpaw shows the rapid increase of staining at 5 min followed by a
reduction in staining at 30 min, and a normalization at 90 min. Fold changes in mean optical
density are represented as a ratio of the mean optical density in the medial half of the ipsilateral
over the contralateral dorsal horn (*p � 0.05). The levels of 5-HT1D-IR at other spinal cord
segments do not differ on the two sides of the cord; the same is true for sections of the L5
segment from untreated animals.

Figure 3. Unilateral sensitization of the hindpaw by the inflammatory agent CFA shows
dynamic changes in 5-HT1D-IR in the ipsilateral dorsal horn. A, After 3 d, the ipsilateral (right)
side of the spinal cord shows reduced 5-HT1D-IR compared with the untreated side (control). B,
After 7 d, the level of 5-HT1D-IR is increased ipsilateral to the stimulus. C, The L5 dorsal root
ganglia ipsilateral to CFA stimulation at 7 d continues to show significant colocalization of
5-HT1D-IR (red) and substance P (green), whereas (D) 5-HT1D-IR neurons (red) are present in
only a small minority of myelinated afferents that immunostain for NF200 (green). Scale bars:
(in B) A, B, 100 �m; (in D) C, D, 20 �m.

Figure 4. Time course of 5-HT1D-IR after unilateral CFA-induced inflammation. Ipsilateral
hindpaw inflammation produces complex changes in 5-HT1D-IR in the medial half of the L5
spinal cord dorsal horn. Levels of 5-HT1D-IR are reduced at 3 d post-CFA, but rise significantly
compared with the contralateral side at day 7. *p � 0.05. Error bars are SEM.

Figure 1. Dynamic regulation of 5-HT1D-IR in the dorsal horn of the spinal cord after acute
mechanical stimulation. L5 lumbar spinal cord staining for 5-HT1D-IR in an animal perfused 5
min (A) and 30 min (B) after mechanical pinch shows increased 5-HT1D-IR at 5 min and reduced
staining at 30 min on the stimulated (right) side, compared with the contralateral unstimulated
side (control). Scale bar, 100 �m.
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1988). We observed a complex progression of 5-HT1D-IR in the
7 d postinjection (Fig. 3), which is quantitatively summarized in
Figure 4. During the first 2 d postinjection, there was a variable
degree of expression, both up or down within individual animals,
that was not significantly different from the contralateral side. On
the third postinjection day, 5-HT1D-IR declined significantly
compared with the contralateral dorsal horn (Fig. 3A). At 7 d
after injection, when paw edema and nociceptive thresholds be-
gin to normalize, we observed a significant increase in 5-HT1D-IR
(Fig. 3B).

The increased 5-HT1D-IR 7 d after CFA could be attributable
to either even greater levels of receptor expression in peptidergic
afferents, or alternatively, to new synthesis in a separate class of
afferents. To address this question we used double-label immu-
nohistochemistry to determine what proportion of 5-HT1D-IR
DRG neurons also expressed the neuropeptide substance P (Fig.
3C). We found that 94% of the ipsilateral 5-HT1D-immuno-
reactive L5 afferents were also SP immunoreactive, compared
with 92% of the contralateral afferents. To address the possibility
that 5-HT1D-IR neurons are newly synthesized by myelinated
afferents, we used double-label immunohistochemistry for
NF200. In fact, we found that only 6% of the 5-HT1D-IR DRG
neurons expressed N52 ipsilateral to the stimulus, which was
comparable to that on the contralateral side (10%) (Fig. 3D).
These proportions are comparable with those we reported previ-
ously in normal untreated animals (Potrebic et al., 2003).

5-HT1D receptor in the setting of nerve injury
To assess the consequences of nerve injury on 5-HT1D receptor
expression, we evaluated the effects of complete transection of the
sciatic nerve. This injury produced a dramatic reduction of
5-HT1D-IR in the ipsilateral spinal cord dorsal horn 3 weeks after
the surgery (Fig. 5A). Mean optical density of the affected dorsal
horn was 10% of the contralateral side. To determine whether
there was a concomitant change in the DRG cell bodies that give
rise to these afferents, we double-labeled L5 DRG sections for
5-HT1D and for a marker of peptidergic afferents. We monitored
CGRP rather than substance P immunoreactivity (IR) as the lat-
ter is almost undetectable in DRG after sciatic nerve transection.
In contrast to the decreased immunoreactivity of the central ter-
minals, we found persistent 5-HT1D-IR in peptidergic afferents of
the L5 DRG ipsilateral to the nerve injury (Fig. 5B,C).

5-HT1D gene expression in models of chronic pain
Although the very rapid changes in 5-HT1D-IR produced by acute
noxious stimulation likely reflect redistribution of the receptor at
the central terminal of the primary afferent nociceptor, the
changes observed in the setting of persistent injury could also
result from changes in 5-HT1D gene expression in DRG neurons.
To address this possibility, we developed a quantitative real-time
PCR assay to determine 5-HT1D mRNA levels in RNA isolated
from individual L5 DRGs (Fig. 6A). Normalized to the endoge-
nous GAPDH expression levels, we determined the relative abun-
dance of 5-HT1D mRNA in DRGs ipsilateral to the stimulus com-
pared with the unstimulated contralateral L5 DRG. In the CFA
model of chronic inflammatory pain, the ipsilateral 5-HT1D

mRNA levels were unchanged in the first 2 d relative to the con-
tralateral side, but at day 3 we found a significant decrease ipsi-
lateral to the inflammation (Fig. 6B). On day 7 the 5-HT1D

mRNA levels were elevated compared with the contralateral side.
In the sciatic nerve transection model, we found that 5-HT1D

mRNA levels were also significantly elevated compared with the
contralateral side.

Targeting 5-HT1D receptor to DCVs
The localization of the 5-HT1D receptor within peptidergic noci-
ceptive terminals is strikingly similar to that of the DOR, raising
the possibility that these two receptors share a common sorting
mechanism to DCVs. Guan et al. (2005) recently reported that
the third luminal loop of the DOR, but not the analogous region
of the �-opioid receptor (MOR), mediates significant interac-
tions with substance P, and that the loss of substance P in mice
with a deletion of the gene that encodes preprotachykinin (PPT-
A), the precursor of substance P, is responsible for the greatly
reduced levels of DOR-IR in afferent terminals of PPT-A mutant
mice.

To determine whether the 5-HT1D receptor is regulated in a
manner comparable with that of the DOR, we examined DOR
and 5-HTID receptor-IR in the spinal cords from a line of PPT-A
mutant mice generated in our laboratory (Cao et al., 1998). Con-
sistent with the observation of Guan et al. (2005), we found a
significant decrease of DOR-IR compared with wild-type litter-
mates (Fig. 7D,E), but in contrast to the DOR, we found that the
pattern and magnitude of 5-HT1D-IR did not differ in the PPT-A
mutant and their wild-type littermates (Fig. 7B,C).

Figure 5. Differential DRG and spinal cord expression of 5-HT1D-IR after peripheral nerve
injury. A, 5-HT1D-IR in the dorsal horn 21 d after complete sciatic nerve transection shows
significant reduction of immunoreactivity in the medial portion of the dorsal horn ipsilateral
(right) to the injury. Double labeling of L5 dorsal root ganglia for 5-HT1D (red) and CGRP (green)
contralateral ( B) and ipsilateral ( C) to the sciatic nerve transection shows the persistence of
receptor expression in peptidergic cell bodies despite its dramatic reduction in their central
terminals. Scale bars: A, 100 �m; (in C) B, C, 20 �m.

Figure 6. Alteration of 5-HT1D gene expression in chronic models of inflammatory and neu-
ropathic pain. Real-time PCR determination of levels of 5-HT1D mRNA in individual L5 DRG were
determined in triplicate and normalized to GAPDH mRNA detected in parallel reactions. Fold
changes are expressed as the ratio of levels of cDNA ipsilateral to the injury, compared with the
contralateral untreated DRG (see Materials and Methods). Three animals were used for each
time point at 1, 3, and 7 d after unilateral intraplantar CFA injection and 21 d after unilateral
sciatic nerve cut (SNC). *p � 0.05. Error bars are SEM.
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Discussion
We found that a noxious mechanical stim-
ulus produces rapid and complex changes
in the magnitude of 5-HT1D-IR in the spi-
nal cord dorsal horn. In a tissue-injury
model of persistent pain, such complex
changes in 5-HT1D-IR in afferent termi-
nals occurred in parallel with changes in
5-HT1D receptor gene expression. How-
ever, despite there being significantly ele-
vated 5-HT1D receptor gene expression in
the DRG after sciatic nerve injury, we
found a marked reduction of 5-HT1D-IR
in afferent terminals, providing evidence
for a dissociation between somatic and ter-
minal expression after nerve injury.

Acute activation-induced changes
in 5-HT1D-IR
The significant and rapid rise in 5-HT1D-
IR, within 5 min of noxious mechanical
stimulation, most likely reflects synaptic
events within the primary afferent termi-
nal rather than the transport of new recep-
tor to the terminal. This view is consistent
with studies of McCarson and Goldstein
(1990), who showed that noxious stimula-
tion rapidly depletes SP-IR from the spinal
cord dorsal horn and that SP levels in per-
fusates of the spinal cord dorsal horn rise
rapidly, presumably after exocytosis of
DCVs from peptidergic afferents (McCar-
son and Goldstein, 1991). Given the close
association between substance P and
5-HT1D receptor in primary afferent ter-
minals (Potrebic et al., 2003), one possible
explanation for the activity-triggered in-
crease in 5-HT1D-IR is that nociceptor ac-
tivation redistributes 5-HT1D receptor-
bound vesicles to the plasma membrane,
where the receptor is presumably more efficiently recognized by
the antibody. Although we cannot fully explain how an antibody
to an intracellular epitope can detect greater levels of 5-HT1D-IR
under these conditions, Cahill et al. (2001) have also reported
that immunologically discrete forms of a receptor are detected in
DCVs compared with the plasma membrane. A direct confirma-
tion of this interpretation will require ultrastructural or radioli-
gand binding studies of the receptor under these conditions.

The biphasic changes in 5-HT1D-IR that we observed over
time, from minutes to hours after stimulation, could be caused by
a variety of synaptic and cellular processes. Internalization and
degradation of the receptor within lysosomes could account for
the relative loss of 5-HT1D-IR at 30 min. Alternatively, associa-
tion with �-arrestin-mediated clathrin-coated pits during vesic-
ular recycling may interfere with the detection of the intracellular
epitope to which the antibody was raised. Finally, the subsequent
normalization of 5-HT1D-IR at 90 min is compatible with the
repletion of 5-HT1D-receptor containing DCVs after axoplasmic
transport from cell bodies in the DRG.

This model of 5-HT1D-receptor delivery to the plasma mem-
brane is directly analogous to the activity-dependent behavior of
the DOR (Stewart and Hammond, 1994; Cahill et al., 2001),

which is also sequestered within DCVs in the spinal cord dorsal
horn (Cheng et al., 1995). The DOR redistributes to the cell sur-
face in a stimulation-dependent manner (Bao et al., 2003; Cahill
et al., 2003), binds more fluorescently labeled deltorphin after
chronic inflammation (Gendron et al., 2006), and stimulates
greater agonist-dependent inhibition of intracellular cAMP after
stimulation with the inflammatory mediator bradykinin (Pat-
wardhan et al., 2005). Because the DOR also colocalizes with
substance P within DCVs, it is likely that there is a concurrent
redistribution of these two receptors to the plasma membrane,
both of which would have (auto) inhibitory effects on the activity
of the afferent.

Targeting of 5-HT1D and DOR receptors to DCVs
Given the remarkable similarities between the normal distribu-
tion of the DOR and the 5-HT1D receptors, it is of interest to ask
whether they may be cotrafficked from the DRG cell body to the
terminal. Using in vitro expression studies, Guan et al. (2005)
concluded that substance P interacts directly with the third lumi-
nal loop of the DOR, providing a mechanism for DOR trafficking
to peptidergic terminals and an explanation for why DOR-IR is
greatly reduced in the dorsal horn of mice lacking PPT-A, the
gene that encodes the propeptide of substance P (Guan et al.,

Figure 7. The 5-HT1D receptor is sorted to DCVs independently of DOR and SP. A, Alignment of the DOR, MOR, and 5-HT1D

receptors in the region of the putative SP-binding domain in the third luminal loop of the DOR, highlighted in yellow. The
homologous region of the MOR was used in domain-swapping experiments by Guan et al. (2005) and shown to neither bind SP nor
traffic the chimeric DOR to DCVs. This alignment demonstrates a significant divergence of both the MOR and 5-HT1D from key
features of the putative binding domain in the DOR. Specifically, the 5-HT1D receptor lacks the aspartate (D) residues at position
288 and 293 (in red), which when mutated greatly diminish interactions between expressed portions of the DOR and SP. The
predicted amino acid sequences from mouse and rat are identical for each of the three receptors. 5-HT1D immunofluorescence
within the mouse spinal cord dorsal horn of PPT-A mutant mice (B), which lack SP, and in their wild-type littermates (C), is
comparable. In contrast, immunostaining of adjacent sections for the DOR shows that it is greatly reduced in PPT-A mutant mice
(D) compared with their wild-type littermates (E). Scale bar, 40 �m.
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2005; Julius and Basbaum, 2005). Our alignment of the putative
binding domain of DOR with the corresponding region of the
5-HT1D receptor (Fig. 7A) suggests that there is not an analogous
interaction between the 5-HT1D receptor and substance P, de-
spite their likely colocalization within the same DCVs. In fact, we
found a normal pattern of 5-HT1D-IR in the dorsal horn of mice
lacking the PPT-A gene, suggesting that this particular mecha-
nism of targeting DOR to DCVs does not represent a generalized
process of sorting membrane proteins to this compartment.
Moreover, because the 5-HT1D receptor is dramatically reduced
in the dorsal horn after peripheral nerve injury, our results also
emphasize that the downregulation of the DOR by peripheral
nerve injury is not necessarily a secondary consequence of the
concurrent reduced expression of substance P. The mechanism
for the concentration of 5-HT1D receptor within DCVs and the
subsequent regulation of this receptor at the plasma membrane
remains to be determined.

Persistent activation-induced changes in 5-HT1D-IR
With persistent tissue injury (inflammation) we observed a de-
crease in 5-HT1D-IR on day 3, a time when tissue swelling and the
behavioral effects of CFA-induced hyperalgesia reach their peak
(Iadarola et al., 1988). Prolonged nociceptor activation may un-
derlie the relative depletion of the receptor from central termi-
nals, leading to reduced negative feedback on the primary affer-
ent, and enhanced nociceptive processing during this time. These
findings parallel 5-HT1D-receptor gene expression levels, which
declined slightly compared with the contralateral side. Although
contralateral effects after inflammation are well known, their rel-
ative contribution is likely small compared with the ipsilateral
changes in 5-HT1D-IR under these conditions (Abbadie et al.,
1997).

At day 7, when paw edema and the associated hyperalgesia are
clearly normalizing, we observed an increase in 5-HT1D-IR in the
ipsilateral dorsal horn. The increase in receptor expression does
not appear to reflect de novo expression of the receptor by affer-
ents that normally do not express it. Rather, the distribution of
5-HT1D-IR afferent terminals in the dorsal horn did not change,
and DRG neurons with 5-HT1D-IR continue to colocalize with
substance P. Conceivably, the elevated levels of receptor provide
greater negative inhibitory feedback on nociceptive afferents dur-
ing the time of recovery from this type of tissue injury. This result
also raises the possibility that triptan administration, which tar-
gets the receptor, might have an analgesic effect in these
conditions.

Nerve injury-induced depletion of 5-HT1D-IR
Transection of the sciatic nerve induced a profound loss of
5-HT1D-IR from the central terminals of the sciatic nerve. It fol-
lows that triptans are unlikely to exert a significant regulation of
spinal cord nociceptive processing after this kind of nerve injury.
Interestingly, the reduction in receptor levels at the nerve termi-
nal is in marked contrast to the upregulation of 5-HT1D gene
expression in the DRG and the persistence of receptor in the cell
body. The loss of 5-HT1D-IR in the ipsilateral dorsal horn paral-
lels the loss of DOR-IR after nerve injury (Zhang et al., 1998;
Stone et al., 2004), and would thus also have the effect of ampli-
fying pain in the setting of nerve injury.

Are triptans general analgesics?
If a redistribution of the 5-HT1D receptor from intracellular
stores to the plasma membrane were also to occur after the acti-
vation of trigeminal nociceptors, such as occurs in migraine, then

the externalization of the receptor could be the basis for the
greater efficacy of triptans in the course of a migraine attack
(Burstein et al., 2000). However, because 5-HT1D receptors are
present on nociceptors throughout the body, it is surprising that
triptans are reportedly effective treatments for only migraine and
cluster headache (Ekbom et al., 1995). They are apparently not
useful for other primary headache disorders (Antonaci et al.,
1998), or other painful disorders of the head (Dao et al., 1995;
Harrison et al., 1997), and are not used in the treatment of so-
matic pain conditions.

Our present results suggest that, under certain experimental
conditions, 5-HT1D receptors in regions outside of the trigeminal
system are available for triptans to modulate nociceptive process-
ing. Indeed, although triptans have no effect on acute mechanical
or thermal nociceptive thresholds (Skingle et al., 1990), Bingham
et al. (2001) and our own preliminary studies reveal antinocicep-
tive effects of sumatriptan after inflammatory injury, through an
action predominantly at the spinal cord dorsal horn (Nikai et al.,
2005).

In contrast to inflammatory pain, the dramatic loss of 5-HT1D

receptor from afferent terminals after sciatic nerve transection
suggests that triptans will have limited utility in the treatment of
nerve injury-induced pain. Somewhat paradoxically, Kayser et al.
(2002) reported an analgesic effect of triptans after chronic con-
striction injury of the infraorbital nerve, but saw no analgesic
effect after constriction injury of the sciatic nerve. Because there
are certainly differences in the central consequences of complete
transection versus chronic constriction injury, it will be of great
interest to determine whether dorsal horn 5-HT1D-IR is regu-
lated differently in the latter model of neuropathic pain. Together
with other reports that triptans are differentially analgesic for
pain after activation of trigeminal afferents, we cannot exclude
the possibility of a differential regulation of 5-HT1D receptor in
the trigeminal nucleus, or the differential activation of descend-
ing nociceptive controls by triptans (Cumberbatch et al., 1998;
Bartsch et al., 2004).
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