
FIG. 3. Confocal images showing the effect of RTX on � opioid receptor- and TRPV1-immunoreactive DRG neurons and afferent terminals in the spinal cord.
A: representative confocal images showing � opioid receptor (green) and TRPV1 (red) immunoreactivities in DRG neurons of one vehicle- and one RTX-treated
rat. Scale bar, 40 �m. B: confocal images showing � opioid receptor (green) and TRPV1 (red) immunoreactivities in afferent terminals in the spinal dorsal horn
of 1 vehicle- and 1 RTX-treated rat. Scale bar, 80 �m. Inset: high-magnification images (scale bar � 5 �m) showing co-localization of � opioid receptor and
TRPV1 immunoreactivity in the lamina I. Co-localization of the � opioid receptor and TRPV1 immunoreactivity is indicated in yellow when 2 images are
digitally merged. All images are single confocal optical sections.
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reduced compared with that in control rats (178.6 � 5.2 vs.
237.6 � 5.4 fmol/mg protein, P � 0.05). However, the disso-
ciation constant (KD) value was similar in the vehicle (1.26 �
0.14 nM)- and RTX (1.23 � 0.18 nM)-treated groups.

DAMGO [35S]GTP�S activity in the spinal cord membranes
from RTX- and vehicle-treated rats

Additionally, to further examine if RTX treatment induced
potential changes in the � opioid receptor-G protein coupling
in the spinal cord, the [35S]GTP�S activity stimulated by
DAMGO was performed using isolated membranes from the
dorsal spinal cord of RTX- and vehicle-treated rats. In these
experiments, membrane homogenates were prepared from in-
dividual rats (n � 8 rats in each group), and eight replicate
experiments were run. The concentration-effect curve for the
DAMGO-stimulated [35S]GTP�S binding in spinal cord mem-
branes is shown in Fig. 8B. The DAMGO-stimulated
[35S]GTP�S binding was completely blocked by 1 �M CTAP
(data not shown). Compared with that in vehicle-treated rats,
the maximal DAMGO-stimulated [35S]GTP�S activity in the
dorsal spinal cord was significantly reduced in RTX-treated
rats (63.7 � 2.5 vs. 48.5 � 1.4%, P � 0.05, Fig. 8B). When
[35S]GTP�S activity stimulated by 10 �M DAMGO was
considered as the maximal response in each group, the esti-
mated EC50 value (95% confidence limits) of DAMGO was
0.44 (0.14–2.45) and 0.46 (0.16–2.69) �M in the control and
RTX group, respectively. The basal [35S]GTP�S binding was
not significantly different between RTX- and vehicle-treated
rats (56.6 � 2.2 vs. 59.2 � 2.4 fmol/mg protein, P � 0.05).

D I S C U S S I O N

This is the first study to determine the influence of loss of
TRPV1 sensory neurons and reduction of presynaptic � opioid

receptors on the spinal opioid analgesic effect. Because RTX
deletes TRPV1-expressing primary afferent nerves, this will
likely reduce the presynaptic � opioid receptors localized on
the central terminals of these neurons. This offers a unique
opportunity to determine the relative role of presynaptic �
opioid receptors in analgesia produced by spinal � opioids. In
the present study, we demonstrated that removal of TRPV1-
expressing afferent neurons by RTX not only failed to attenu-
ate the antinociceptive effect of � opioid agonists but unex-
pectedly caused a large potentiation of the antinociceptive
effect of intrathecal and systemic � opioid agonists. To our
knowledge, this augmented analgesic effect of spinal � opioid
agonists after reduction of spinal presynaptic � opioid recep-
tors has not been reported previously.

The spinal cord dorsal horn is a critical site for the process-
ing of nociceptive information and for the opioid analgesic
effect (Dickenson 1995; Light and Willcockson 1999; Saeki
and Yaksh 1993; Yaksh and Noueihed 1985). Opioids likely
inhibit synaptic transmission through both pre- and postsynap-
tic mechanisms in the spinal dorsal horn. About 75% of �
opioid receptors in the spinal cord are located presynaptically
on primary afferent terminals (Dickenson 1995). Activation of
presynaptic � opioid receptors reduces the release of excitatory
neurotransmitters from the central terminals of primary affer-
ent neurons and inhibits nociceptive inputs into the spinal cord
dorsal horn (Chen et al. 2005; Kohno et al. 1999; Light and
Willcockson 1999; Schneider et al. 1998). Thus the presynaptic
site of action of � opioid agonists on nociceptive afferent
terminals in the spinal cord has been considered an important
mechanism underlying spinal opioid analgesia. Because RTX
selectively removes TRPV1-expressing afferent neurons and
the associated presynaptic � opioid receptors in the spinal
cord, this study was originally designed to examine to what

A

B

FIG. 4. Double immunofluorescence labeling showing the presence of a subpopulation of spinal lamina II neurons that contained both � opioid receptor
(green) and TRPV1 (red) immunoreactivity in a vehicle (A)- and a RTX (B)-treated rats. Co-localization of the � opioid receptor and TRPV1 immunoreactivity
is indicated in yellow when 2 images are digitally merged. All images are single confocal optical sections. Scale bar, 20 �m.
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extent the analgesic effect of spinally administered � opioid
agonists would be attenuated in rats treated with RTX. There is
no evidence suggesting that RTX acts through TRPV2 chan-
nels. RTX is a well-known capsaicin analogue, and its binding
is competitively inhibited by TRPV1 antagonist capsazepine
(Szallasi et al. 1999). Furthermore, in contrast to TRPV1,
TRPV2 is expressed in medium- to large-sized DRG neurons
with myelinated fibers and does not respond to capsaicin
(Lewinter et al. 2004; Tamura et al. 2005). It is important to

FIG. 5. Effect of intrathecal morphine on the nociceptive withdrawal
threshold in RTX- and vehicle-treated rats. A: time course of the effect of
intrathecal injection of 2 (n � 9), 5 (n � 8), and 10 (n � 8) �g morphine on
the nociceptive withdrawal threshold in vehicle control rats. B: time course of
the effect of intrathecal injection of 2 (n � 9), 5 (n � 9), and 10 (n � 8) �g
morphine on the nociceptive withdrawal threshold in RTX-treated rats. Note
that intrathecal injection of 10 �g morphine failed to alter significantly the
withdrawal threshold in the presence of 3 �g D-Phe-Cys-Tyr-D-Trp-Arg-Thr-
Pen-Thr-NH2 (CTAP). The nociceptive threshold was determined by the
withdrawal response of the hindpaw to a noxious pressure stimulus. Data
presented as means � SE. *, P � 0.05 compared with the respective baseline
control.

FIG. 6. Effect of intrathecal injection of 0.1 and 0.3 �g of (D-Ala2,N-Me-
Phe4,Gly-ol5)-enkephalin (DAMGO) on the nociceptive withdrawal threshold
in 7 vehicle- and 8 RTX-treated rats. The nociceptive threshold was deter-
mined by the withdrawal response of the hindpaw to a noxious pressure
stimulus. Data presented as means � SE. *, P � 0.05 compared with the
respective baseline control.

FIG. 7. Effect of intraperitoneal injection of 2.5 and 5 mg/kg of morphine
on the nociceptive withdrawal threshold in 8 vehicle- and 8 RTX-treated rats.
The nociceptive threshold was determined by the withdrawal response of the
hindpaw to a noxious pressure stimulus. Data presented as means � SE. *, P �
0.05 compared with the respective baseline control.

FIG. 8. Effect of RTX on the � opioid receptor binding in the spinal cord
dorsal horn. A: comparison of specific [3H]-DAMGO binding to rat dorsal
spinal cord membranes from rats treated with vehicle and RTX (n � 6
replicates in each group). B: concentration-effect curve for the DAMGO-
stimulated [35S]GTP�S activity in the dorsal spinal cord membrane obtained
from control and RTX-treated rats (n � 8 replicates in each group). The data
are expressed as the percentage of basal [35S]GTP�S binding.
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note that the effect of RTX is not to specifically eliminate the
TRPV1 channels but rather to destroy the primary afferent
neurons expressing TRPV1 channels. Consequently, it is likely
that any ion channels and receptors that are present on TRPV1-
expressing DRG neurons are also eliminated by RTX treat-
ment. Destruction of TRPV1-expressing DRG neurons by the
cytotoxicity of RTX is clearly supported by our finding show-
ing that the number of � opioid receptor-immunoreactive and
IB4-positive DRG neurons was markedly reduced by RTX
treatment. Furthermore it has been documented that both RTX
and capsaicin can kill primary sensory neurons through cal-
cium influx and overloading (Karai et al. 2004; Olah et al.
2001; Wu et al. 2005). Our immunocytochemistry data con-
firmed that RTX eliminated presynaptic � opioid receptors on
TRPV1-immunoreactive afferent terminals in the spinal dorsal
horn. The radioligand binding experiments also demonstrated
�30% reduction of the specific binding site of � opioid
receptors in the spinal cord of RTX-treated rats. It has been
shown that TRPV1 is expressed by a subpopulation of dorsal
horn neurons in laminas I and II (Doly et al. 2004;
Valtschanoff et al. 2001). Interestingly, we found that systemic
RTX treatment had no effect on the superficial dorsal horn
neurons that express both TRPV1 and � opioid receptors.
Previous studies have shown that neonatal capsaicin treatment
reduces � opioid receptors in the spinal cord (Abbadie et al.
2002) but does not affect morphine analgesia in rats (Jancso
and Jancso-Gabor 1980). In contrast to our hypothesis, we
found that loss of TRPV1-expressing afferent neurons para-
doxically potentiates the antinociceptive effect of � opioid
agonists. In this regard, intrathecal injection of two structurally
dissimilar � opioid receptor agonists, morphine and DAMGO,
produced a profound effect on nociception measured with a
noxious pressure stimulus in RTX-treated rats. Additionally,
the analgesic effect produced by intraperitoneal morphine was
also significantly potentiated in rats treated with RTX, suggest-
ing that the � opioid agonist administered systemically also is
more efficacious in suppressing the mechano-nociception in
animals lacking TRPV1-expressing afferent neurons.

RTX-induced paradoxical changes in the reduction of spinal
� opioid receptors and potentiation of the potency of opioid
analgesia are completely unexpected. Changes in the � opioid
receptor number/binding affinity, redistribution, desensitiza-
tion, and G protein coupling and downstream signaling may
explain increased opioid efficacy in RTX-treated rats. Our
immunocytochemistry and radioligand binding data do not
support the possibility that the potentiated analgesic effect of
spinal � opioid agonists is due to the compensatory upregula-
tion of � opioid receptors in the spinal cord of RTX-treated
rats. Both immunocytochemistry and radioligand-binding ex-
periments showed a consistent reduction of � opioid receptors
in the spinal cord of RTX-treated rats. We also found that the
KD value of the specific � opioid receptor binding in the spinal
cord was similar in the vehicle and RTX groups. Furthermore
the DAMGO-stimulated [35S]GTP�S activity in the dorsal
spinal cord was substantially reduced in RTX-treated rats.
Although the proportion of � opioid receptors on TRPV1- and
non-TRPV1-sensory neurons may be altered by RTX treat-
ment, it is less likely that the potentiated effect of spinal �
opioid agonists in RTX-treated rats is due to increased binding
affinity of the � opioid agonists or increased � opioid receptor
coupling to G proteins.

The mechanisms underlying this puzzling RTX-induced
paradoxical change in opioid potency and � opioid receptors in
the spinal cord are currently unknown. One of the possibilities
is that more functional � opioid receptors may be distributed in
non-TRPV1- than TRPV1-expressing afferent neurons. DRG
neurons subserving specific sensory modalities are supported
by different neurotrophins (Snider and McMahon 1998). In
adulthood, approximately one-half of nociceptors are depen-
dent on nerve growth factor (NGF) for trophic support; these
neurons express the TrkA receptor for NGF and contain neu-
ropeptides such as substance P and calcitonin-gene related
peptide (Averill et al. 1995; McMahon et al. 1994; Molliver et
al. 1995). The other half are sensitive to glial-cell-line-derived
neurotrophic factor (GDNF); most of these DRG neurons
possess receptors for GDNF, express TRPV1, and bind to IB4
(Bennett et al. 1998; Guo et al. 1999; Wang et al. 1994). DRG
neurons expressing NGF receptors (mostly IB4- and TRPV1-
negative) are important for normal pain perception. In this
regard, rats and mice deprived of NGF during embryonic
development by antibodies or gene targeting are unable to
respond to painful stimuli (Crowley et al. 1994; Johnson et al.
1980; Smeyne et al. 1994). Furthermore, humans with muta-
tions of NGF TrkA receptors or NGF beta gene are unable to
detect pain (Einarsdottir et al. 2004; Mardy et al. 2001). Little
is known how analgesics such as opioids modulate nociception
transmitted by different phenotypes of primary afferent neu-
rons. We have shown that the density of � opioid receptors is
�18% higher in IB4-negative than in IB4-positive (mostly
expressing TRPV1) DRG neurons (Wu et al. 2004). Also the �
opioid agonists produce a greater inhibition of voltage-gated
Ca2� channels, especially the N- and P/Q-type, in IB4-negative
than in IB4-positive DRG neurons (Wu et al. 2004). The
present data, combined with the prior cellular study, lead to the
prediction that the density of � opioid receptors in TRPV1-
negative sensory neurons may increase after RTX treatment.

Another possibility for this paradoxical finding is that RTX
may alter the spinal cord circuitry so that the synaptic connec-
tion/interaction is reorganized somehow to facilitate the inhib-
itory effect of � opioid agonists. We have demonstrated a
small degree of sprouting of myelinated afferent terminals in
the spinal lamina II after RTX treatment (Pan et al. 2003). It
has been shown that morphine increases the activity of lamina
II neurons but suppresses the firing of deeper dorsal horn
neurons (Chen et al. 2005; Sastry and Goh 1983; Woolf and
Fitzgerald 1981). Furthermore, the inhibitory action of mor-
phine on deep dorsal horn projection neurons depends on its
effect on GABAergic and glycinergic inputs to lamina II
neurons (Chen et al. 2005). In RTX-treated rats, C fiber
termination in the lamina II is largely removed, and sprouting
of TRPV1-negative primary afferent terminals could re-target
different lamina II neurons (Pan et al. 2003). This reorganiza-
tion of the spinal dorsal horn circuitry may constitute a neu-
roanatomic plasticity for the potent inhibition of � opioid
agonists of nociceptive inputs transmitted through non-TRPV1
afferent neurons. It would be interesting to examine if TRPV1
and non-TRPV1 afferent terminals form synapses with differ-
ent types of inhibitory and excitatory interneurons in the spinal
dorsal horn after RTX treatment. Additionally, the absence of
TRPV1-expressing afferent fibers may result in less nocicep-
tive input to spinal dorsal horn neurons, resulting in enhanced
response to � opioid agonists. Hence further studies are war-
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ranted to determine how reorganization of the spinal dorsal
horn circuitry after RTX treatment leads to increased analgesic
effect of � opioid agonists.

The potential differences in biochemical pathways respon-
sible for the termination (receptor desensitization, internaliza-
tion, and sequestration) of the � opioid actions between
TRPV1 and non-TRPV1 nociceptive afferent pathways should
also be considered. The � opioid receptor can be desensitized
after activation by � opioid agonists through phosphorylation
by G-protein-coupled receptor kinases (GRKs) (Schulz et al.
2002). Phosphorylated � opioid receptors are then bound by
arrestins (Bohn et al. 1999; Whistler and von Zastrow 1998),
which prevent further stimulation of G proteins and down-
stream signaling pathways by � opioid agonists. The � opioid
receptor also can be phosphorylated by protein kinase C
(Mestek et al. 1995; Narita et al. 2001). Differential expression
of these signaling molecules in TRPV1- and non-TRPV1
primary afferent neurons may substantially influence the effi-
cacy of � opioid agonists. For instance, it has been shown that
protein kinase C is preferentially expressed in IB4-positive
(mostly TRPV1-expressing) DRG neurons (Molliver et al.
1995), and activation of protein kinase C reduces the inhibitory
effect of � opioid agonists on voltage-gated Ca2� channels
(King et al. 1999). This difference may contribute to a greater
effect of � opioids on voltage-gated Ca2� channels in IB4-
negative than in IB4-positive DRG neurons (Wu et al. 2004).
Additional studies are necessary to determine if opioid desen-
sitization and tolerance are altered in RTX-treated animals.

Although TRPV1 is well known for its critical role in
thermal nociception, pain elicited by mechanical stimuli is far
more clinically important. Thermal and mechanical nocicep-
tion may be mediated by different (and overlapping to certain
degree) subpopulations of distinct phenotypic nociceptors. In
RTX-treated rats, mechano-nociception remains largely intact
(Pan et al. 2003; Xu et al. 1997). Thus non-TRPV1 primary
afferents appear important in the transduction and transmission
of mechano-nociception. Nevertheless the phenotypes of pri-
mary afferent neurons specifically involved in mechano-noci-
ception have not been identified. RTX-treated rats can be used
to study the physiological function and pharmacological mod-
ulation of mechano-nociception transmitted by non-TRPV1
primary afferent neurons. Further studies on the differences in
the opioid actions and opioid receptor desensitization between
different phenotypic nociceptive afferent neurons will provide
additional new information for the differential opioid modula-
tion of modality-specific nociception. This new information
will be important for a better understanding of the analgesic
mechanisms of � opioid agonists and provides a rationale for
improved opioid therapies to treat different painful conditions.
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