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Transition to Persistent Orofacial Pain after Nerve Injury
Involves Supraspinal Serotonin Mechanisms
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The orofacial region is a major focus of chronic neuropathic pain conditions characterized by primary hyperalgesia at the site of injury
and secondary hyperalgesia outside the injured zone. We have used a rat model of injury to the maxillary branch (V2) of the trigeminal
nerve to produce constant and long-lasting primary hyperalgesia in the V2 territory and secondary hyperalgesia in territories innervated
by the mandibular branch (V3). Our findings indicate that the induction of primary and secondary hyperalgesia depended on peripheral
input from the injured nerve. In contrast, the maintenance of secondary hyperalgesia depended on central mechanisms. The centraliza-
tion of the secondary hyperalgesia involved descending 5-HT drive from the rostral ventromedial medulla and the contribution of 5-HT3
receptors in the trigeminal nucleus caudalis (Vc), the homolog of the spinal dorsal horn. Electrophysiological studies further indicate that
after nerve injury spontaneous responses and enhanced poststimulus discharges in Vc nociresponsive neurons were time-dependent on
descending 5-HT drive and peripheral input. The induction phase of secondary hyperalgesia involved central sensitization mechanisms
in Vc neurons that were dependent on peripheral input, whereas the maintenance phase of secondary hyperalgesia involved central
sensitization in Vc neurons conducted by a delayed descending 5-HT drive and a persistence of peripheral inputs. Our results are the first
to show that the maintenance of secondary hyperalgesia and underlying central sensitization associated with persistent pain depend on
a transition to supraspinal mechanisms involving the serotonin system in rostral ventromedial medulla-dorsal horn circuits.

Introduction
The orofacial region is a major focus of persistent or chronic
neuropathic pain conditions. Common characteristics of these
conditions are primary mechanical hyperalgesia or hypersensi-
tivity at the site of injury and secondary mechanical hyperalgesia
(Shibuta et al., 2012) or extra-territorial hypersensitivity (Tal and
Bennett, 1994; Tsuboi et al., 2004) outside the injured zone. Both
peripheral input and central mechanisms underlie the develop-
ment of hyperalgesia after nerve injury. It is now commonly pro-
posed (Basbaum et al., 2009; Staud et al., 2010; Woolf, 2011) that
the induction of hyperalgesia is dependent on increased sensitiv-
ity of peripheral nociceptors, ion channels, and chemical media-
tors whose activation leads to neuronal hyperactivity referred to
as central sensitization at the level of the spinal dorsal horn. It is
assumed that these peripheral mechanisms are also responsible
for the maintenance of the hyperalgesia. However, it is not clear
whether peripheral drive is sufficient for the maintenance of
long-term primary hyperalgesia after injury. Whether these same
mechanisms apply to the maintenance of secondary hyperalgesia

also requires further study. A study of the long-term persistence
of secondary hyperalgesia may also help in understanding the
central mechanisms responsible for the transition of acute pain to
chronic pain. There is increasing evidence that the transition to
chronic pain is dependent on plasticity in supraspinal structures
(Ren and Dubner, 2008).

The primary aims of this study are to examine the mechanisms
that underlie the maintenance of secondary hyperalgesia after
nerve injury and to determine whether central changes may ac-
count for the transition of acute pain to chronic, long-lasting
pain. We have adapted a neuropathic pain model of chronic con-
striction injury (CCI) of the trigeminal infraorbital nerve (ION)
that exhibits mechanical hyperalgesia and allodynia that is con-
stant and persists for months (Wei et al., 2008). The model
exhibits primary hyperalgesia in the trigeminal maxillary der-
matome (V2) innervated by the ION and secondary hyperalgesia
outside the zone of injury in the mandibular territory (V3). The
secondary hyperalgesia is initially completely dependent on neu-
ral activity from the ION but later can persist despite a reduction
in peripheral input, suggesting a centralization of the necessary
pain signals associated with chronicity. Using extracellular
single-unit recordings in the trigeminal subnucleus caudalis
(Vc), the trigeminal homolog of the spinal dorsal horn, we found,
parallel to our behavioral findings, time-dependent changes in
the responses of nociresponsive neurons at this central site after
injury.

The rostral ventromedial medulla (RVM) in the brainstem
activates a descending neuronal pathway to the medullary and
spinal dorsal horns leading to enhanced excitability and behav-
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ioral hyperalgesia after injury (Porreca et al., 2002; Ren and
Dubner, 2008). These descending projections are in part seroto-
nergic (Green et al., 2000; Zeitz et al., 2002), and the descending
5-HT system has a pronociceptive function after inflammation
(Suzuki et al., 2002) and nerve injury (Wei et al., 2010). We found
that descending 5-HT from the RVM and 5-HT3 receptors in Vc
are involved in the central mechanisms underlying the enhanced
neuronal excitability in Vc nociceptive neurons and the behav-
ioral long-term maintenance of secondary hyperalgesia. Our re-
sults are the first to show that the continued maintenance of
central sensitization in the Vc and secondary mechanical hyper-
algesia are dependent on a transition, in part, to supraspinal
mechanisms involving the serotonin system in RVM-dorsal horn
circuits.

Materials and Methods
Adult male Sprague Dawley rats weighing 175–350 g (Harlan) were used
in all experiments. Rats were on a 12 h light/dark cycle and received food
and water ad libitum. The experiments were approved by the Institu-
tional Animal Care and Use Committee of the University of Maryland
Dental School.

Surgical preparation. A model of trigeminal neuropathic pain was pre-
pared by CCI to the unilateral ION, described previously (Wei et al.,
2008). Animals were anesthetized with pentobarbital sodium (50 mg/kg,
i.p.), and intraoral surgery was performed under an operation micro-
scope. An 8- to 10-mm-long incision was made along the gingivobuccal
margin in the buccal mucosa, beginning immediately next to the first
molar. The ION was freed from surrounding connective tissue by a glass
rod and clearly visualized using a surgical microscope. At 3– 4 mm from
the nerve where it emerges from the infraorbital foramen, the ION was
loosely tied with two chromic gut (4.0) ligatures, 2 mm apart. This caused
minor constriction of the ION, such that the superficial vasculature was
minimally disturbed. The wound was checked for hemostasis, and the
incision was closed using three 4.0 silk sutures. Sham-operated rats re-
ceived only a unilateral nerve exposure without ligature. All surgical
procedures were performed aseptically. In some cases, a long lasting
anesthetic agent 0.25– 0.5% bupivacaine was injected at the incision sites
3 times per day for 1–3 d after CCI or sham surgery to block local noci-
ceptive inputs induced by acute tissue injury. Changes in gross behavior
and body weight gain in CCI and sham rats were monitored throughout
the study and were not significantly different compared with those in
naive rats.

Local anesthetic block of the infraorbital nerve. To more effectively block
the input of neuronal activity from the infraorbital nerve, a long-lasting
nerve block mixture (NB) consisting of bupivacaine (15 mg/ml) � tetro-
dotoxin (24 �l/ml) � norepinephrine (30 �g/ml) was used (Berde et al.,
2011). Rats with CCI-ION or sham surgery were anesthetized with 2–3%
isoflurane in a gas mixture of 30% O2 balanced with nitrogen, and the NB
mixture was injected into the space around the infraorbital nerve.

Electrophysiological experiments. Rats were deeply anesthetized with
urethane (1.2 g/kg, i.p.). A jugular vein catheter was inserted for delivery
of anesthetic supplements, and a tracheal cannula was inserted for arti-
ficial respiration under pancuronium paralysis. Body temperature was
adjusted with a thermoregulated blanket; heart rate, CO2 levels, and
reflexes were continually monitored.

For Vc extracellular recordings, a laminectomy was performed, in-
cluding the axis and a portion of the occipital bone. Trigeminal ganglion
recordings were performed through a craniotomy in the parietal bone.
Single-unit, extracellular recordings were made with 10 M� tungsten
electrodes. Data were recorded through an AD Instruments AD con-
verter and analyzed using LabChart 7 software (AD Instruments). Recep-
tive fields (RFs) were defined as the skin area from which stimulation,
using von Frey filaments, elicits a unit discharge. The skin area was care-
fully marked with permanent marker and the marked area transferred to
paper (75 g/m 2). The paper was weighed and values expressed as arbi-
trary units. Mechanical stimulation of the RF was performed applying
pressure through a calibrated forceps coupled to a transducer (IITC Life

Science), and pressure curves were recorded in parallel with electrophys-
iological recordings. Thermal stimulation was delivered through a laser
heat pulse (7 W 200 ms, wavelength 810 nm; AMD Lasers). This resulted
in temperature increases from a baseline value of 32°C to 47°C, consid-
ered in the noxious range (Urch and Dickenson, 2003). At the end of the
experiment, rats were perfused transcardially with aldehydes for histol-
ogy to identify recording sites.

Intra-RVM and Vc microinjections. Rats were anesthetized with 2–3%
isoflurane in a gas mixture of 30% O2 balanced with nitrogen and placed
in a Kopf stereotaxic instrument (Kopf Instruments). After infiltration of
lidocaine (2%) into the skin, a midline opening was made in the skull
with a dental drill to insert a microinjection needle into the target site.
The RVM consists of the midline nucleus raphe magnus and the adjacent
gigantocellular reticular nucleus � part. The coordinates for the RVM
and Vc were as follows: RVM, 10.5 mm caudal to bregma, midline, and
9.0 mm ventral to the surface of the cerebellum (Wei et al., 2010); Vc, 11
mm bregma, 2.6 mm lateral to midline, and 6.4 mm deep from the dura
(Viggiano et al., 2005). To avoid penetration of the transverse sinus, the
incisor bar was set at 4.7 mm below the horizontal plane passing through
the interaural line. Animals were subsequently maintained at �1% iso-
flurane. Microinjections were performed by delivering drug solutions
slowly over a 10 min period using a 0.5 �l Hamilton syringe with a
32-gauge needle. We used drugs as follows: 2% lidocaine, 0.5 �l and
Y25130 hydrochloride, [N-(1-azabicyclo[2.2.2]oct-3-yl)-6-chloro-4-
methyl-3-oxo-3,4-dihydro-2 H-1,4-benzoxazine-8-carboxamide hydro-
chloride] (130 pmol/0.5 �l; Tocris) diluted in saline. As described
previously for intra-RVM gene transfer (Wei et al., 2008), sure silencing
shRNA plasmids for rat tryptophan hydroxylase-2 (Tph-2) were used to
design the enclosed shRNA (Tph-2: TCAACATGCTCCATATTGAAT)
or scrambled control (negative control Tph-2: ggaatctcattcgatgcatac) and
contained the gfp gene (SuperArray). Each vector (0.5 �g/0.5 �l) was
injected into the RVM. The injection needle was left in place for at least 15
min before being slowly withdrawn. A pair of Teflon-coated silver-
positive and -negative electrodes were placed around the microinjection
sites rostrocaudally for electroporation. For transfer of negatively
charged plasmid into RVM neurons, seven square wave electric pulses
(50 ms, 40 V, 1 Hz; model 2100; A-M Systems) were delivered (Wei et.,
2008). The wound was closed and animals returned to their cages after
they recovered from anesthesia. In some experiments, control or Tph-2
shRNA plasmids were injected to the RVM and then followed by placing
electrodes without electroporation.

Behavior testing. A series of calibrated von Frey filaments with bending
forces ranging from 9 mg to 118 g were applied to the orofacial skin. The
orofacial regions are innervated by three branches of the trigeminal nerve
with clear dermatomal distribution for the ophthalmic (V1), maxillary
(V2), and mandibular (V3) divisions. For testing primary hyperalgesia,
von Frey filaments were applied to the cutaneous site innervated by the
ION, a branch of V2. For assessing secondary hyperalgesia, the filaments
were applied to the mandibular (V3) territory posterior–inferior to the
whisker pad or to the contralateral V2 area. An active withdrawal of the
head from the probing filament was defined as a response. Each von Frey
filament was applied 5 times at intervals of a few seconds. The percentage
response frequency (number of responses/number of stimuli � 100%) to
a range of von Frey filament forces was determined. After a nonlinear
regression analysis, the EF50 value, defined as the von Frey filament force
(g) that produces a 50% response frequency, was derived from the stimu-
lus–response curve. We used the EF50 value as a measure of mechanical
sensitivity. A leftward shift of the stimulus–response curve, resulting in a
reduction of EF50, occurred after injury. This shift of the curve suggested
the presence of mechanical hyperalgesia and allodynia because there was
an increase in response to suprathreshold stimuli and a decreased re-
sponse threshold for nocifensive behavior.

Histological reconstruction. The location of microinjection sites in the
RVM were determined by visual inspection of tissue sections. Rats with
misplaced microinjection sites were excluded from the data analysis.

Statistics. Data are expressed as mean � SEM and displayed in figures
as box plots of interquartile ranges and medians. Differences in values
over time of each group were tested using one-way ANOVA, followed by
individual post hoc comparisons (Fisher’s exact test) or pairwise compar-
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isons (t test) to assess differences between naive
versus each time point of the groups. In the
electrophysiology experiments, statistical dis-
tribution was assessed using the Shapiro–Wilk
test (Shapiro and Wilk, 1965) for normality.
Nonparametric population distribution analysis
to assess statistical differences was conducted us-
ing Kruskal–Wallis test, Mann–Whitney test, or
Kolmogorov–Smirnov test, as appropriate. A dif-
ference was accepted as significant if p � 0.05.

Results
The time course of induction and
maintenance of secondary mechanical
hyperalgesia after trigeminal nerve
injury
We previously showed the presence of
long-lasting mechanical hyperalgesia in
V2, the area innervated by the injured
nerve (Wei et al., 2008). Here we further
examined the time course of the secondary
hyperalgesia in V3 using von Frey fila-
ments in addition to the primary hyperal-
gesia in V2. Mechanical hyperalgesia and
allodynia were measured as reductions
in EF50 values compared with baseline.
We previously showed that the surgery-
induced local tissue injury and inflamma-
tion evoked the early hypersensitivity to
mechanical stimulation because local tissue
anesthesia with bupivacaine completely
blocked the onset of the mechanical hyper-
algesia in the sham-treated group at 1–3 d
(Wei et al., 2008). In this study, we further
found that local tissue anesthesia with bu-
pivacaine significantly delayed the develop-
ment of behavioral hypersensitivity after
CCI (Fig. 1A), suggesting that the early onset
of primary hyperalgesia at 1–3 d after CCI-
ION is predominately induced by local tis-
sue injury and not nerve injury after surgery.
Therefore, we defined 3–5 d as the early time
period or induction of peak neuropathic hy-
peralgesia. Both primary and secondary hy-
peralgesia in V2 and V3, respectively, were
constant over time and persisted for at least
25 d (Fig. 1B). In view of the constant hyper-
algesia over time, we chose 14 d as the later
time period or the maintenance period of
neuropathic hyperalgesia in most experi-
ments. We suspect that other experimental
peripheral nerve injury models (Kim and
Chung, 1992) exhibiting hyperalgesia also
include both inflammatory and delayed
neuropathic components. The delay of the
nerve injury response is consistent with
other findings (Sun et al., 2005; Devor,
2009).

To examine the effect of peripheral in-
put from the injury nerve on primary and
secondary hyperalgesia, a mixture of bu-
pivacaine, TTX, and epinephrine (Berde
et al., 2011) was repeatedly injected via an
intraoral approach into the infraorbital

Figure 1. The time course of mechanical primary and secondary hyperalgesia and the changes in the RFs of Vc nocicep-
tive neurons after CCI-ION. A, In ipsilateral V2 skin, CCI-ION induced long-lasting primary hyperalgesia and allodynia as
shown by reduced EF50 to mechanical stimuli; a transient hyperalgesia occurred 1–3 d after sham surgery. Repeated
injections of bupivacaine into the injured tissues surrounding the ION delayed onset of primary hyperalgesia after CCI or
completely blocked the transient hypersensitivity at 1–3 d after sham surgery. These data suggest that CCI-ION resulted in
a long-lasting and constant hyperalgesia beginning at 3–5 d, and the hyperalgesia before 5 d was a result of tissue injury
or inflammation from the surgical procedure. ***p � 0.001, CCI � tissue anesthesia vs CCI alone. #p � 0.05, sham �
tissue anesthesia vs sham alone. B, Similar extent of primary and secondary hyperalgesia induced by CCI-ION in V2 and V3
at 5, 15, and 25 d after CCI. The number of rats in each group: baseline (n � 90), 5 d (n � 37), 14 d (n � 43), and 25 d (n �
25). *p � 0.05 vs baseline. C, D, The functional block of the injured nerve (NB) by repeated injection of the local anesthetic
mixture every day produced long-lasting local anesthetic block of the ION at 5–28 d after CCI-ION. The NB mixture (50 �l)
was given 2 times at a 12 h interval, and the behavioral testing in V2 and V3 was performed 6 h after the last injection. When
administered 5 d after CCI, both primary (V2) and secondary (V3) hyperalgesia were blocked by the local anesthetic
mixture, whereas administration at 7–28 d after CCI only blocked primary hyperalgesia. *p � 0.05, local anesthesia versus
vehicle treatment. E, Spontaneous activity of WDR neurons in the ipsilateral Vc. None of the neurons from control animals
(naive � 7 cells; sham at 3–5 d postsurgery � 6; and sham at 7–21 d after sham surgery � 5) exhibited spontaneous
activity. In contrast, 39% (10 of 26) of Vc neurons recorded at 3–5 d after CCI-ION and 40% (10 of 25) neurons at 7–21 after
CCI exhibited spontaneous responses. F, Expansion in trigeminal RFs of Vc nociceptive neurons after CCI-ION and effect of
NB on RFs. Box plots (showing the lower, median, and upper quartiles) and whisker plots (representing data within 1.5 of
the distal quartile ends) depict RF size, expressed in arbitrary units, of neurons from control (naive and sham, n � 16), CCI
3–5 d (n � 11), CCI 3–5 d plus NB (n � 28), CCI 7–21 d (n � 14), and CCI 14 –16 d plus NB rats (n � 12). RF sizes at 3–5
d and later time points after CCI-ION are significantly increased compared with that in the control groups ( p � 0.001). NB
resulted in a significant reduction in enlarged RF size induced by CCI at 14 –16 d after CCI ( p � 0.05) but not at 3–5 d after
CCI-ION ( p � 0.24). Figurines represent RFs (shaded in gray) from the control group (left) and the 3–5 d CCI-ION group
(right).
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fissure of the rat to produce direct long-lasting block of the in-
jured ION. The mixture for NB was given 2 times at a 12 h
interval, and the behavioral testing in V2 and V3 was performed
6 h after the last injection. The time course of the effects of NB was
examined at time periods from 5 to 28 d in V2 and V3. The NB of
the ION blocked behavioral responses to mechanical stimulation
at all time points compared with vehicle injection (Fig. 1C), but
its ability to produce complete anesthesia of the ION precludes
determining the NB effect on primary afferent discharge from the
injured nerve. However, secondary hyperalgesia in ipsilateral V3
was blocked at 5 d after CCI-ION but persisted at all later time
points (Fig. 1D). In some cases, secondary hyperalgesia was
found in the contralateral V2 and was only blocked by the NB at
the early time points (data not shown). These results suggest that
at earlier time points after injury (4 –5 d), secondary hyperalgesia
is completely dependent upon peripheral input from the injured
nerve but that the maintenance of secondary hyperalgesia at later
time points may be dependent also upon a transition to central
mechanisms. We then searched for neuronal changes in excitabil-
ity in the Vc in the brainstem for evidence of central changes
associated with secondary hyperalgesia.

Response properties of nociresponsive neurons in Vc and
trigeminal ganglion (TG) after CCI-ION
Using single-unit extracellular recordings in vivo, we examined
the time course of changes in the excitability of Vc nociceptive
neurons. We compared spontaneous firing and evoked responses
of wide dynamic range (WDR) neurons from CCI-ION (n � 22
rats) and sham-operated rats (n � 20). We focused on WDR
neurons in laminae IV-V of Vc because in the spinal dorsal horn
such neurons appear to mediate central changes associated with
the development of spontaneous and evoked repetitive plateau
responses that exhibit activity-dependent plasticity (Morisset
and Nagy, 1998; Derjean et al., 2003). WDR neurons were iden-
tified by their responses to both low threshold mechanical stimuli
and to noxious mechanical stimuli, and their enhanced responses
to increases in stimulus intensity in the noxious range (Urch and
Dickenson, 2003; Fossat et al., 2007). As previously reported
(Rygh et al., 1999; Svendsen et al., 1999; Urch and Dickenson,
2003), none of the neurons from both naive and sham animals
(n � 18 neurons) exhibited spontaneous activity (Fig. 1E). In
contrast, 39% (20 of 51) of the neurons recorded from CCI-ION
animals exhibited spontaneous action potentials (Fig. 1E), at
rates ranging from 4 to 40 Hz (median, 10 Hz; 15 � 11 Hz). The
abnormal spontaneous activity appeared in Vc neurons as early
as 3 d after CCI, and also existed at least at 21 d after CC-ION, the
latest time point tested. There were no significant differences in
the patterns of spontaneous activity or the percentage of neurons
exhibiting spontaneous activity between the 3–5 d post-CCI and
the 7–21 d post-CCI groups (Fig. 1E). Changes in excitability of
Vc neurons contralateral to the ligated ION appeared 7 d or later
after CCI-ION in some animals. In 7 Vc neurons recorded from
the contralateral side of the face, spontaneous activity was pres-
ent, and this spontaneous activity occurred exclusively in neu-
rons from animals that exhibited significant hyperalgesia (�30%
decrease in mechanical thresholds).

In control (naive and sham) rats, WDR neurons responded to
tactile stimulation of a small region on the face, restricted to only
one of the three dermatomal divisions of the trigeminal nerve
(V1, V2, or V3; Fig. 1F). We defined the size of these RFs as the
total area from which responses could be evoked, expressed as
arbitrary units (see Materials and Methods). In Vc neurons from
control rats, the mean (and SEM) RF size was 4.5 � 1.1 (median,

4). Neurons recorded at all time points after CCI exhibited an
increase in RF size that was statistically significant (p � 0.001).
Neurons recorded at 3–5 d after CCI responded to stimulation of
significantly larger areas, often including both the V2 and the
adjacent V3 territory. The RFs of neurons in the 7–21 d post-CCI
group were significantly larger than those in the 3–5 d post-CCI
group (p � 0.01) and included more distal zones of V3, including
regions surrounding the temporomandibular joint. After NB, the
RFs of neurons in the 3–5 d post-CCI group exhibited a trend
toward a decrease in size (p � 0.24; Fig. 1F). In contrast, the RFs
of the neurons in the late time group exhibited a significant de-
crease in size after nerve injury (p � 0.05; Fig. 1F). Representative
RFs for the control group (left figurine) and the 3–5 d CCI-ION
group (right figurine) are shown in Figure 1F.

The secondary hyperalgesia in V3, which is resistant to
local anesthetic block beginning 7 d after CCI-ION, may in
part result from peripheral sensitization of noninjured affer-
ents in V3, similar to effects that have been shown at spinal
levels in L4 neurons after injury to L5 afferents (Ringkamp and
Meyer, 2005; Shim et al., 2007). In the TG, gap junctions in
satellite cells contribute to neuron-satellite signaling and may
result in spread of neural activation to V3 cells that do not
ordinarily receive input from the injured site (Durham and
Garrett, 2010). An increase in the apparent size RFs may also
reflect ectopic discharges from primary afferents in V3, result-
ing from ligation of V2 (Wall and Gutnick, 1974). In addition
to contributing to central sensitization, these ectopic dis-
charges may account partially for both the enhanced sponta-
neous activity in Vc neurons after CCI-ION and for the
apparent expansion of their RFs. To test this hypothesis we
obtained single-unit recordings from neurons in the ipsilat-
eral TG (Fig. 2). As previously reported (Jones et al., 2004a,
2004b), TG neurons (n � 13) recorded from naive or sham
rats had no spontaneous activity. In contrast, 44% of TG neu-
rons (8 of 18) recorded from the 3–5 d post-CCI-ION group
and 28% of neurons (5–18) in the 7–21 post-CCI group fired
spontaneously, exhibiting irregular firing patterns, at rates
ranging from 0.13 to 200 Hz (7.5 � 0.8 Hz). There were no
significant differences in discharge patterns and frequency of
spontaneous activity between the neurons in the 3–5 d post-
CCI and the 7–21 d post-CCI groups.

Consistent with previous reports, TG neurons recorded from
control rats had small, punctuate RFs. As early as 3 d after CCI,
these neurons responded to larger trigeminal territories, which
now included the skin overlapping the nerve track. These changes
likely reflect CCI-induced ectopic mechano-sensitive generators,
which have been described previously in various neuropathies
(Chen and Devor, 1998; Devor, 2009).

Some electrophysiological findings in Vc cannot be ex-
plained by peripheral changes, and are likely to involve central
neuronal plasticity. The enlargement of Vc RFs, including dis-
tal V3 territories and the contralateral face at 7 d and later time
points after CCI-ION, cannot be readily accounted for by pe-
ripheral mechanisms alone. Similarly, the secondary hyperal-
gesia that is resistant to peripheral NB after 5 d CCI cannot be
explained by peripheral mechanisms (Fig. 1). The following
experiments were designed to test the hypothesis that these
behavioral and electrophysiological phenomena reflect central
changes in Vc, and whether these phenomena are causally
related to each other.

We compared the responses to graded mechanical stimuli of
WDR neurons in Vc of sham-treated rats with those recorded
from rats with CCI-ION. Figure 3A shows neuronal recordings
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illustrating the typical patterns found in naive and CCI-ION an-
imals at different time points. The recording from a WDR neuron
in a naive rat demonstrates the absence of spontaneous activity
and the response to a calibrated pinch stimulus applied to the
neuron’s RF. The response terminated at the end of the stimulus
period. As previously reported (Martin et al., 2010), Vc neurons
from CCI-ION rats exhibited prolonged poststimulus discharges
that outlasted the stimulus. The frequency and duration of the
poststimulus discharges at different time points after CCI-ION
are quantified in Figure 3B, C. The poststimulus activity recorded
from the 3–5 d post-CCI-ION animals had significantly longer
durations (median, 175 s; p � 0.001) compared with those in
control rats (median, 3 s). The poststimulus discharge frequency
was also significantly higher in 3–5 d post-CCI-ION rats (me-
dian, 5.4 Hz; p � 0.001) compared with control rats (median, 1.5
Hz). A similar increase of the poststimulus duration (median,
76 s) and frequency (median, 6 Hz) in the 7–21 d post-CCI-ION
group was found compared with the control group (p � 0.01 and
p � 0.001, respectively; Fig. 3B,C). There were no significant
differences between the frequency and duration of the poststimu-
lus discharges recorded from the 3–5 d post-CCI and the 7–21 d
post-CCI groups. Poststimulus discharges were recorded from
80% of the rats with CCI-ION (n � 22) but only from 30% of
control rats (n � 20; � 2 test p � 0.01).

NB significantly decreased poststimulus frequency in both the
early time points (p � 0.01) and later time points (p � 0.001)
after CCI (Fig. 3B). NB significantly decreased poststimulus du-
ration in the early time period after CCI-ION (p � 0.001) but not
the later time points (p � 0.5) (Fig. 3C). These findings suggest
that postdischarge frequency recorded in the induction phase
and in the later maintenance phase was peripheral input-
dependent. In contrast, postdischarge duration in the later main-
tenance phase apparently was not dependent on peripheral input.

In rats with contralateral hyperalgesia the duration of poststimu-
lus discharge in Vc neurons was significantly longer (96.6 � 86.0 s,
median, 52 s; p � 0.001) compared with that from rats with no
contralateral hyperalgesia (1.6 � 0.7 s; median, 1 s) (Fig. 3D). Simi-
larly, Vc neurons (n � 7) with contralateral abnormalities (sponta-
neous activity and prolonged postdischarges) were recorded only
from animals that exhibited contralateral hyperalgesia, which was
defined as �30% decrease in withdrawal threshold compared with
that in rats with no contralateral hypersensitivity (p � 0.001). Thus,
the correlation between the induction phase of duration of postdis-
charges and the development of behavioral hyperalgesia is consistent
with the premise that the two are causally related.

In addition to the prominent increase in poststimulus dis-
charges, Vc neurons from CCI-ION rats had pronounced en-
hanced activity with repetitive mechanical stimuli. This is
depicted in a representative recording in Figure 3E. There is a
gradual increase in the duration of poststimulus discharges in
response to three repetitive stimuli. The incidence of neurons
showing enhanced activity with repetitive stimulation was similar
in CCI-ION (19 of 51; 38%) and sham-operated rats (5 of 24;
20%). However, in neurons from CCI-ION rats, repetitive stim-
uli produced larger increases in the duration of responses re-
corded from neurons from 7 to 21 d post-CCI group than from 3
to 5 d post-CCI and sham-operated rats (Fig. 3F).

The maintenance of long-term hyperalgesia after CCI-ION is
dependent upon descending inputs from the RVM to Vc
Our electrophysiology findings in Vc suggest that changes occur
in neuronal activity after CCI-ION that is not dependent upon
peripheral input. Therefore, peripheral changes in neural excit-
ability may not be sufficient for the maintenance of secondary
hyperalgesia. We tested the hypothesis that descending facili-
tatory input contributes to its maintenance because previous
studies indicate that descending neuronal pathways from the
RVM to the medullary and spinal dorsal horns lead to enhanced
excitability and behavioral hyperalgesia after injury (Suzuki et al.,
2002; Lagraize et al., 2010; Wei et al., 2010; Burgess et al., 2002).

The effect of microinjection of lidocaine (2%, 0.5 �l) into the
brainstem RVM on V2 and V3 hyperalgesia was examined at two
time points (5 and 14 d), which bridged the transition from pri-
mary afferent drive-dependent hyperalgesia to possibly centrally
dependent effects (Fig. 4). Lidocaine microinjection had no effect
on primary (V2) and secondary (V3) hyperalgesia when admin-
istered at 5 d after CCI-ION compared with a vehicle treatment.
In contrast, at 14 d after CCI-ION, intra-RVM lidocaine attenu-
ated both primary and secondary hyperalgesia with no effect of
the vehicle RVM injection. There were no effects of lidocaine
administered to sham-operated rats (data not shown). Thus, pe-
ripheral input from an injured nerve has dominant effects on
primary and secondary hyperalgesia in the induction phase, but
secondary hyperalgesia appears more dependent on CNS effects
in the transition to persistent hyperalgesia during the later main-
tenance phase.

Figure 2. Response patterns of TG neurons in naive, sham, and post-CCI rats. A, Top,
Evoked discharge produced by a 500 g mechanical stimulus in a naive rat; there is absence
of spontaneous activity. Bottom, Spontaneous activity in a neuron at 5 d after CCI injury. B,
Absence of spontaneous activity in naive (n � 7) and sham rats (3–5 d after sham surgery,
n � 3; and 7–21 d after sham, n � 3). In contrast, 44% (8 of 18) of neurons from 3 to 5 d
post-CCI-ION rats and 28% (5 of 18) from 7 to 21 d post-CCI-ION rats exhibited spontane-
ous activity.
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The maintenance of long-term secondary hyperalgesia after
nerve injury is dependent upon an enhancement of
descending facilitatory 5-HT inputs from the RVM to Vc and
activation of 5-HT3 receptors in the Vc
In previous studies (e.g., Wei et al., 2010), we have determined
the role of descending 5-HT from RVM neurons in nocifensive
behaviors after persistent pain by selectively depleting 5-HT with
regional RNA interference of Tph-2, the rate-limiting enzyme in
the synthesis of neuronal 5-HT in the CNS. Tph-2 shRNA in-
duced prolonged downregulation of Tph-2 in the RVM and al-
most complete depletion of 5-HT in the spinal and medullary

dorsal horns (Wei et al., 2010; Chai et al.,
2012). The treatment attenuated both
tissue and nerve injury-induced
hyperalgesia and allodynia. We further
tested the hypothesis that the transition to
the maintenance phase of nerve injury-
induced secondary hyperalgesia was depen-
dent on an enhancement of descending
5-HT facilitatory inputs from RVM to Vc.
To deplete 5-HT in RVM neurons, plasmid
for Tph-2 shRNA was microinjected and
transferred by electroporation in the RVM
at 3 d before the behavior testing (Fig. 5).
Tph-2 shRNA treatment in the RVM had no
significant effect on primary and secondary
hyperalgesia at 5 d after CCI-ION (Fig. 5A).
However, the Tph-2 shRNA treatment at-
tenuated both primary and secondary hy-
peralgesia at 14 and 28 d after CCI-ION
(Fig. 5B,C). This treatment also completely
blocked the contralateral hyperalgesia
observed in some animals at 14 d after
CCI-ION surgery, further supporting its de-
pendence on descending facilitatory 5-HT
mechanisms from the RVM (Fig. 5D).

Although 5-HT activates a number of
heterogeneous receptors in the dorsal
horn, an excitatory response is mediated
through the ionotropic 5-HT3 receptor
(Suzuki et al., 2002; Lagraize et al., 2010;
Wei et al., 2010). We therefore predicted
that the administration of a 5-HT3 recep-
tor antagonist microinjected into the Vc
would attenuate or completely reverse the
late-phase secondary hyperalgesia. The
effects of microinjection of the 5-HT3

receptor antagonist, Y25130, into the Vc
on the primary and secondary hyperal-
gesia after CCI-ION were then exam-
ined (Fig. 6). Y25130 had a minimal
effect on both primary and secondary
hyperalgesia at 5 d after CCI-ION com-
pared with the vehicle treatment (Fig.
6A). At 14 d after CCI-ION, Y25130 sig-
nificantly attenuated both primary and
secondary hyperalgesia for 6 h after a
single Y25130 microinjection compared
with the vehicle-treated group (Fig. 6B),
suggesting that 5-HT3 receptor activa-
tion in the Vc contributes to the main-
tenance of hyperexcitability in Vc
neurons in both V2 and V3.

We next examined the combined effects of NB followed by
administration of the 5-HT3 receptor antagonist, Y25130, on sec-
ondary hyperalgesia in the V3 area, to determine the relative
importance of peripheral input and central modulation in the
late phase of hyperalgesia at 14 d (Fig. 6C). NB with the local
anesthetic mixture had statistically a nonsignificant attenuating
effect on the secondary hyperalgesia from V3. In contrast, a sub-
sequent microinjection of Y25130 into the Vc had a significant
attenuating effect of the secondary hyperalgesia, although the
EF50 value did not return to the baseline level. This finding sug-
gests that descending 5-HT facilitatory input provides a major

Figure 3. Enhanced poststimulus discharges of WDR neurons in the Vc after CCI-ION and their changes after NB. A, The typical
patterns of evoked responses recorded in a naive rat and CCI-treated rats at the early and later time points with or without NB. The
cuts in the traces from CCI 3 and 19 d indicate the time periods within the traces that have been omitted. Vc neurons from CCI-ION
rats exhibited pronounced and prolonged poststimulus discharges that outlasted the stimulus. B, C, Quantified magnitude of the
poststimulus discharges of Vc neurons. Stimulus postdischarges in the box plots represent the lower, median, and upper quartiles.
An increase of postcharge frequency (B) and duration (C) was found at both the early and later time points after CCI. Stimulus
postdischarge frequency was calculated as instantaneous frequencies of the neurons during the postdischarge time. Stimulus
postdischarge duration was calculated as the time from the end of the stimulus to the last action potential. NB significantly
decreased postcharge frequency in both the early time point (*p � 0.05) and the later time period after CCI-ION ( ###p � 0.001)
(B). NB significantly decreased poststimulus duration in the early time point (***p � 0.001) but not the later time period
post-CCI-ION ( p � 0.5) (C). D, Postdischarge duration of contralateral Vc neurons was significantly longer (***p � 0.001) in
animals with hyperalgesia contralateral to CCI-ION compared with those with no contralateral hyperalgesia. E, Vc neurons after CCI
exhibited a progressive increase in magnitude and frequency in response to repetitive mechanical stimulation. F, Group data
showed that the duration of evoked responses was minimally affected by repeated stimuli in Vc neurons from sham rats (n � 8
neurons) and the CCI 3–5 d group (n � 6), whereas in the 7–21 d post-CCI rats (n � 8), subsequent stimuli evoked larger
responses (*p � 0.05 vs sham).
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contribution to the V3 hyperalgesia in the late maintenance
phase.

5-HT depletion attenuates Vc poststimulus neuronal activity
in the CCI-ION rat
Because Tph-2 shRNA treatment in the RVM attenuated late-
phase secondary hyperalgesia, we compared the Vc poststimulus
neuronal activity between CCI-ION Tph-2 shRNA and control
shRNA-treated rats at 14 d to determine whether RVM 5-HT
depletion in the Vc altered the response properties of Vc neurons
(Fig. 7). The depletion of RVM 5-HT had no effect on the RF size
(Fig. 7A) or the level of spontaneous activity (Fig. 7B) in Vc
neurons, suggesting that these phenotypes are dependent on pe-
ripheral input. In contrast, treatment with Tph-2 shRNA signifi-
cantly resulted in shorter duration (64.4 � 189 s; median, 13 s;
n � 22 neurons) and frequency (1.7 � 1 Hz; median, 1.8 Hz; n �
22 neurons, p � 0.001) in poststimulus discharges compared
with those from CCI-ION animals treated with control shRNA
(188.1 � 189.5 s; median, 116 s; n � 12; 10.6 � 6.5 Hz; median,
8.1 Hz, respectively). Thus, depletion of serotonergic inputs from
RVM significantly attenuated the poststimulus neuronal activity
of Vc neurons in CCI-ION animals, consistent with its effects on
late-phase secondary hyperalgesia.

Discussion
We have used a model of nerve injury to produce constant and
long-lasting primary and secondary hyperalgesia in the V2 and
V3 territories of the trigeminal nerve. Our findings indicate that,
at early time points after CCI, secondary hyperalgesia in V3 is
completely dependent on input from the site of injury. However,
the secondary hyperalgesia that is maintained for 7–28 d is pri-
marily dependent on central mechanisms involving 5-HT drive
from the RVM and activation of 5-HT3 receptors in the Vc. The
relative contributions of peripheral and central mechanisms to
the primary hyperalgesia over the 3–28 d period cannot be deter-
mined because of the complete block of behaviorally evoked
responses in V2 after local anesthesia of injured nerve. Fur-
thermore, there are time-dependent changes in nociresponsive

Vc neurons, including spontaneous activity and enhanced post-
stimulus discharges after CCI-ION. The finding that central sen-
sitization in the Vc is causally related to the maintenance of
secondary hyperalgesia is supported by the fact that it is also
dependent on 5-HT inputs from RVM.

Time-dependent difference in mechanisms of secondary
hyperalgesia and allodynia in the rat CCI-ION model
A major finding in this study is that the constant level and main-
tenance of secondary hyperalgesia after its initial induction at 3–5

Figure 4. Effect of intra-RVM microinjection of lidocaine on the primary and secondary
hyperalgesia after CCI-ION. Microinjection of lidocaine (2%, 0.5 �l) was done at 5 d (A) and 14 d
(B) after CCI-ION A. Lidocaine had no effect on primary and secondary hyperalgesia at 5 d after
CCI compared with the vehicle-treatment group. B, At 14 d after CCI, lidocaine attenuated both
primary and secondary hyperalgesia at 30 min after lidocaine treatment compared with the
vehicle treatment, suggesting that secondary hyperalgesia was maintained by central mecha-
nisms involving RVM input. *p � 0.05, lidocaine vs vehicle.

Figure 5. Contribution of descending 5-HT to the maintenance of primary and secondary
hyperalgesia. A, Depletion of descending 5-HT with intra-RVM Tph-2 shRNA treatment had no
significant effect on primary and secondary hyperalgesia at 5 d after CCI. B, C, Depletion of
descending 5-HT attenuated both primary and secondary hyperalgesia at 14 and 28 d after
CCI-ION. D, Contralateral hyperalgesia in V2 observed in some rats (n � 10) was completely
blocked by descending 5-HT depletion. *p � 0.05, Tph-2 shRNA vs control shRNA. #p � 0.05,
11 d after CCI-ION vs baseline.
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d and for at least 28 d involve a transition from peripheral afferent
drive to central mechanisms and activation of RVM circuitry. We
determined the presence of this shift using local anesthetic block
of the injured ION and microinjection of the anesthetic into the
RVM. The ION block terminated primary hyperalgesia in V2
over the 5–28 d time course, whereas secondary hyperalgesia was
blocked at 5 d after CCI-ION but was maintained at its constant
peak level at all later time points. The microinjection of lidocaine
into the RVM had no effect on V2 or V3 hyperalgesia at the 5 d
after CCI time point but produced robust attenuation of both
primary and secondary hyperalgesia at the later 14 d after CCI
time point that was tested. We conclude that the peripheral affer-
ent input dominates the induction phase of primary and second-
ary hyperalgesia and the maintenance of primary hyperalgesia. In
the transition to the later maintenance phase after CCI-ION, the
RVM descending facilitatory effect appears to be sufficient to
maintain secondary hyperalgesia in the absence of peripheral af-
ferent drive but not sufficient to maintain primary hyperalgesia.
We conclude that peripheral input from the injured nerve is suf-
ficient for the induction and maintenance of primary hyperalge-
sia but not sufficient for the maintenance of later secondary
hyperalgesia.

Induction and early maintenance of primary and secondary
hyperalgesia involve central sensitization mechanisms in Vc
neurons that are dependent on peripheral input
Our electrophysiology experiments revealed phenotypes in Vc
similar to those found in models of neuropathy after spinal nerve
injury, including enlarged RFs and increased neuronal post-
stimulus discharge frequency and duration (Kim and Chung,
1992). These characteristics are thought to be measures of in-
creases in dorsal horn hyperexcitability related to central sensiti-
zation (Chapman et al., 1998; Pitcher and Henry, 2000; Fossat et
al., 2010). Our data indicate that the early phase (3–5 d) of pri-
mary and secondary hyperalgesia is related to Vc neuronal hyper-
excitability that is peripheral input-dependent because it is totally
blocked by local anesthesia. Our findings in Vc WDR neurons
also demonstrate that primary afferent drive accounts for their
spontaneous activity after CCI-ION because it persists after de-
scending 5-HT depletion. Poststimulus discharge duration and
frequency observed in the induction and early maintenance
phase of secondary hyperalgesia were both attenuated after NB,
indicating that they were both dependent, in part, on peripheral
input.

Maintenance of secondary hyperalgesia involves supraspinal
serotonin mechanisms
A second major finding in this study is that the late maintenance
phase of secondary hyperalgesia is dependent on 5-HT input
from the RVM. We have demonstrated this by the molecular
depletion of Tph-2, the rate-limiting enzyme in the synthesis of
neuronal 5-HT, using regional RNA interference (Wei et al.,
2010). In our previous studies, Tph-2 shRNA produced pro-
longed downregulation of Tph-2 in the RVM and 5-HT in the
spinal and medullary (Vc) dorsal horns for up to 7 d (Wei et al.,
2010; Chai et al., 2012). We also previously showed that 5-HT-
depleted rats exhibit normal pain sensitivity but that tissue or

Figure 6. Effect of blockade of 5-HT3 receptor function in the ipsilateral Vc on the
primary and secondary hyperalgesia after CCI-ION. The 5-HT3 receptor antagonist Y25130
(130 pmol, 0.5 �l) was injected into the Vc at 5 and 14 d after CCI. A, Y25130 had a
minimal effect on both primary and secondary hyperalgesia at 5 d after CCI compared with
the vehicle-treated group. B, At 14 d after CCI, Y25130 significantly attenuated both
primary and secondary hyperalgesia at 1– 6 h after microinjection compared with the
vehicle, suggesting that 5-HT3 receptor activation in Vc contributes to the late hyperalge-
sia. C, Effect of NB followed by blockade of 5-HT3 receptors on secondary hyperalgesia
measured in the V3 area at 14 d after CCI; the local anesthetic mixture had a minor
nonsignificant effect on the secondary hyperalgesia from V3; a subsequent microinjection
of Y25130 into the Vc had a significant attenuating effect on hyperalgesia. *p � 0.05;
Y25130 vs vehicle. n � 5 per group.

Figure 7. Effect of depletion of descending 5-HT on the maintenance of neural hyperexcit-
ability in the Vc at 14 d after CCI-ION. Pooled data are collected from Vc neurons in CCI-treated
rats with Tph-2 shRNA (22 neurons) and control shRNA (n � 12). A, RF sizes of Vc WDR neurons
in CCI-ION rats post-treated with control shRNA were significantly larger than RF sizes in naive
rats ( p � 0.001 vs naive). However, there was no difference in the RFs sizes between Tph-2
shRNA-treated and control shRNA-treated groups after CCI-ION. B, The percentage of neurons
exhibiting spontaneous activity in Vc neurons at 14 d post-CCI-ION was similar in rats receiving
Tph-2 shRNA (41%) compared with rats receiving control shRNA (31%). No Vc neurons in naive
rats had spontaneous activity. C, D, Depletion of descending 5-HT attenuated the postdischarge
frequency (C) and duration (D) of neuronal poststimulus discharges. ***p � 0.001, vs control
shRNA.
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nerve injury-induced hyperalgesia was markedly attenuated. In
the present study, Tph-2 shRNA treatment in the RVM had no
significant effect on primary and secondary hyperalgesia at 5 d
after CCI; however, it attenuated both primary and secondary
hyperalgesia at 14 and 28 d after CCI.

The maintenance phase of secondary hyperalgesia involves
central sensitization in Vc neurons that is descending 5-HT
input-dependent
In the maintenance phase (7–28 d), descending input is an im-
portant contributor to central sensitization because poststimulus
discharge frequency and duration of nociresponsive neurons
were significantly attenuated by RVM 5-HT depletion. Consis-
tent with this finding was the observation that poststimulus dis-
charge duration was not dependent on peripheral drive. In the
late maintenance phase, depletion of RVM 5-HT input had no
effect on RF size and spontaneous activity of Vc neurons. This is
consistent with conclusions from the NB experiments that these
effects of central sensitization were dependent on peripheral in-
put. In addition, poststimulus discharge frequency was also sig-
nificantly reduced by peripheral NB. It appears that both
descending and peripheral inputs are contributing to the main-
tenance of neuronal hyperexcitability in the late phase of second-
ary hyperalgesia.

Previous findings support a role for plateau potentials as an
intrinsic property present in deep dorsal horn neurons, which
can account for the poststimulus discharges (Morisset and Nagy,
2000; Fossat et al., 2010). Plateau potentials are also strongly
modulated by 5-HT and are an intrinsic mechanism for amplifi-
cation of electrophysiological signals (Hounsgaard and Kiehn,
1989; Russo and Hounsgaard, 1996; Perrier and Hounsgaard,
2003). The modulation of plateau potentials and their mainte-
nance by descending 5-HT open the possibility of new treatments
aimed at attenuating the maintenance of persistent pain.

5-HT axons terminating in the Vc originate mainly in the
RVM and activate a number of heterogeneous receptors in the
dorsal horn (Millan, 2002; Wei et al., 2010). An excitatory re-
sponse is mediated mainly through the ionotropic 5-HT3 recep-
tor (Suzuki et al., 2002; Wei et al., 2010). Therefore, we tested the
effects of microinjection of a selective 5-HT3 receptor antagonist
into the Vc on primary and secondary hyperalgesia at early and
late time points. Consistent with our findings after RVM 5-HT
depletion, functional blockade of 5-HT receptor activation had a
minor effect on both primary and secondary hyperalgesia at 5 d
after CCI, whereas at 14 d after CCI it attenuated both primary
and secondary hyperalgesia, suggesting that 5-HT3 receptor acti-
vation contributes to the central sensitization in Vc neurons and
the maintenance of the late-phase secondary hyperalgesia. By
combining the effects of peripheral NB of ION followed by ad-
ministration of a 5-HT3 receptor antagonist into the Vc, we de-
termined that the ION NB had a small effect on the secondary
hyperalgesia from V3, whereas the subsequent microinjection of
a 5-HT3 receptor antagonist significantly attenuated the second-
ary hyperalgesia, confirming that descending 5-HT facilitatory
input may be a more dominant contributor to the secondary
hyperalgesia in the late maintenance phase. The switch to de-
scending input-dependent central sensitization in Vc in the
maintenance of secondary hyperalgesia provides a mechanism
that may account for the transition from acute to chronic pain in
conditions where hyperalgesia spreads beyond the site innervated
by the injured nerve.

Secondary hyperalgesia involving RVM circuitry is important
because the spread of hyperalgesia to nearby noninjured territo-

ries (Fernández-de-las-Peñas et al., 2009) can serve a protective
function similar to acute pain. The RVM receives major input
from the periaqueductal gray, which receives converging input
from forebrain sites, such as the prefrontal cortex, insular cortex,
anterior cingulate cortex, and the amygdala, which play impor-
tant roles in the emotional and cognitive components of the pain
experience (Apkarian et al., 2005; Tracey and Bushnell, 2009).
These descending inputs can provide modulation, including fa-
cilitatory effects on central sensitization underlying the long-
term maintenance of hyperalgesia after nerve or tissue injury.

Our findings suggest novel approaches to the treatment of
persistent pain conditions in which the pain has spread beyond
the site of injury, and secondary hyperalgesia plays an important
role. It may be important to relieve the pain at an early stage when
the hyperalgesia is primarily peripheral input-dependent. When
the pain becomes central input-dependent, treatments at the site
of injury may be insufficient to attenuate the hyperalgesia and
agents that modify central sensitization may be necessary.

5-HT modulates trigeminal and spinal dorsal horn neuronal
activity in a complex manner because of the involvement of mul-
tiple 5-HT receptor subtypes and their localization. Selective se-
rotonin reuptake inhibitors have not been successful in the
treatment of neuropathic pain in humans (Finnerup et al., 2010),
partly because of the multiple 5-HT receptor subtypes that pro-
duce both inhibition and facilitation in the spinal and medullary
dorsal horn (Fonseca et al., 2001; Millan, 2002; Lopez-Garcia,
2006). Clinical studies have examined the effects of 5-HT3 recep-
tor antagonists in the treatment of neuropathic pain and fibro-
myalgia with minimal success (McCleane et al., 2003; Seidel and
Müller, 2011; Förster and Baron, 2012; Neziri et al., 2012). More
knowledge about plasticity in the expression of these receptor
subtypes after nerve injury as well as the use of combinations of
agents that enhance 5-HT inhibition and suppress excitation may
be necessary to achieve successful treatment interventions in-
volving the 5-HT system at the dorsal horn level.
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Léger C, Cazalets JR, Langel U, Landry M, Nagy F (2010) Knockdown of
L calcium channel subtypes: differential effects in neuropathic pain.
J Neurosci 30:1073–1085. CrossRef Medline

Green GM, Scarth J, Dickenson A (2000) An excitatory role for 5-HT in
spinal inflammatory nociceptive transmission: state-dependent actions
via dorsal horn 5-HT3 receptors in the anaesthetized rat. Pain 89:81– 88.
CrossRef Medline

Hounsgaard J, Kiehn O (1989) Serotonin-induced bistability of turtle mo-
toneurones caused by a nifedipine-sensitive calcium plateau potential.
J Physiol 414:265–282. Medline

Jones LM, Depireux DA, Simons DJ, Keller A (2004a) Robust temporal cod-
ing in the trigeminal system. Science 304:1986 –1989. CrossRef Medline

Jones LM, Lee S, Trageser JC, Simons DJ, Keller A (2004b) Precise temporal
responses in whisker trigeminal neurons. J Neurophysiol 92:665– 668.
CrossRef Medline

Kim SH, Chung JM (1992) An experimental model for peripheral neurop-
athy produced by segmental spinal nerve ligation in the rat. Pain 50:355–
363. CrossRef Medline

Lagraize SC, Guo W, Yang K, Wei F, Ren K, Dubner R (2010) Spinal cord
mechanisms mediating behavioral hyperalgesia induced by neurokinin-1
tachykinin receptor activation in the rostral ventromedial medulla. Neu-
roscience 171:1341–1356. CrossRef Medline

Lopez-Garcia JA (2006) Serotonergic modulation of spinal sensory circuits.
Curr Top Med Chem 6:1987–1996. CrossRef Medline

Martin YB, Malmierca E, Avendaño C, Nuñez A (2010) Neuronal disinhi-
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