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BACKGROUND AND PURPOSE
The locus coeruleus (LC) is the principal nucleus containing the noradrenergic neurons and is a major endogenous source of
pain modulation in the brain. Glial cell line-derived neurotrophic factor (GDNF), a well-established neurotrophic factor for
noradrenergic neurons, is a major pain modulator in the spinal cord and primary sensory neurons. However, it is unknown
whether GDNF is involved in pain modulation in the LC.

EXPERIMENTAL APPROACH
Rats with chronic constriction injury (CCI) of the left sciatic nerve were used as a model of neuropathic pain. GDNF was
injected into the left LC of rats with CCI for 3 consecutive days and changes in mechanical allodynia and thermal hyperalgesia
were assessed. The α2-adrenoceptor antagonist yohimbine was injected intrathecally to assess the involvement of descending
inhibition in GDNF-mediated analgesia. The MEK inhibitor U0126 was used to investigate whether the ERK signalling pathway
plays a role in the analgesic effects of GDNF.

KEY RESULTS
Both mechanical allodynia and thermal hyperalgesia were attenuated 24 h after the first GDNF injection. GDNF increased the
noradrenaline content in the dorsal spinal cord. The analgesic effects continued for at least 3 days after the last injection.
Yohimbine abolished these effects of GDNF. The analgesic effects of GDNF were partly, but significantly, inhibited by prior
injection of U0126 into the LC.

CONCLUSIONS AND IMPLICATIONS
GDNF injection into the LC exerts prolonged analgesic effects on neuropathic pain in rats by enhancing descending
noradrenergic inhibition.

Abbreviations
CCI, chronic constriction injury; GDNF, glial cell line-derived neurotrophic factor; LC, locus coeruleus; MEK,
MAPK/ERK; NCAM, neuronal cell adhesion molecule; TH, tyrosine hydroxylase; U0126,
1,4-diamino-2,3-dicyano-1,4-bis(ο-aminophenylmercapto)butadiene
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Introduction
Neuropathic pain is caused by a lesion or disease of the
somatosensory system, including the peripheral nervous
system. This pain syndrome is resistant to conventional anal-
gesics such as opiates and non-steroidal anti-inflammatory
drugs (Xu et al., 2012). Instead, antidepressants that potenti-
ate noradrenergic neurotransmission and calcium channel
α2δ ligands are recommended as first-line medications,
although they have limited effectiveness and substantial side
effects (Dworkin et al., 2010). In addition, because neuro-
pathic pain often takes a chronic course, medicines with
extended efficacy and fewer adverse effects are needed.

The locus coeruleus (LC), the principal nucleus contain-
ing noradrenergic neurons in the brain, is located in the pons
and is a major endogenous source of pain modulation in the
CNS. Descending noradrenergic neurons originating from the
LC inhibit nociceptive transmission in the spinal cord
(Millan, 2002; Pertovaara, 2006). Baseline pain sensitivity is
only slightly influenced by the noradrenergic system.
However, noradrenaline release in the spinal dorsal horn
leads to the suppression of pain in pathological conditions
(Pertovaara, 2013). Indeed, electrical or chemical stimulation
has been shown to be effective in alleviating neuropathic
pain in animal models (Pertovaara, 2006; Viisanen and
Pertovaara, 2007; Hayashida et al., 2008; Muto et al., 2012).
Epidural and intrathecal clonidine, an α2-adrenoceptor
agonist, is effective in treating neuropathic pain in humans
(Eisenach et al., 1995; Ackerman et al., 2003), although
administration of an effective dose results in serious side
effects (Weinbroum and Ben-Abraham, 2001). Likewise, the
use of antidepressants, including selective noradrenaline and
5-HT reuptake inhibitors, is limited in clinical practice by
adverse side effects in spite of their effectiveness against neu-
ropathic pain (O’Connor and Dworkin, 2009). The clinically
useful calcium channel α2δ ligand, gabapentin, was reported
to alleviate neuropathic pain through stimulation of the LC

(Hayashida et al., 2008). Another calcium channel α2δ ligand,
pregabalin, also activates descending noradrenergic inhibi-
tion in a neuropathic pain state (Takeuchi et al., 2007). Thus,
targeting the descending noradrenergic pathway is a promis-
ing strategy for treating neuropathic pain.

Glial cell line-derived neurotrophic factor (GDNF) is a
potent neurotrophic factor for catecholaminergic neurons,
such as dopaminergic and noradrenergic neurons, although
the underlying mechanisms of action are still largely
unknown (Pascual et al., 2011). The action of GDNF is mainly
mediated by a multicomponent receptor complex composed
of GFRα-1 and Ret receptor tyrosine kinase or neuronal cell
adhesion molecule (NCAM). GDNF signals by binding to its
high-affinity receptor, GFRα-1, which subsequently activates
transducing receptors, including Ret and NCAM (Pascual
et al., 2011). In situ hybridization revealed that GFRα-1 and
Ret are expressed by LC noradrenergic neurons (Trupp et al.,
1997; Glazner et al., 1998; Golden et al., 1998; Sarabi et al.,
2003). NCAM expression is also observed in noradrenergic
neurons in the LC (Black et al., 2009). Consistent with its
neurotrophic effect, extensive catecholaminergic neuronal
death in the LC is observed in the conditional GDNF-
deficient mouse (Pascual et al., 2008). In addition, GDNF
induces the expression of genes responsible for noradrenaline
synthesis, including tyrosine hydroxylase (TH), a rate-
limiting enzyme for catecholamine synthesis, and GTP
cyclohydrolase-I, a rate-limiting enzyme for the synthesis of
tetrahydrobiopterin, an essential cofactor for TH (Arenas
et al., 1995; Christophersen et al., 2007). Collectively, these
findings suggest that GDNF has significant and important
effects on the function of LC noradrenergic neurons.

GDNF is also involved in pain processing in the spinal
cord and dorsal root ganglia, where cell bodies of primary
sensory neurons are located. About half of all nociceptive
primary sensory neurons express GDNF receptors and depend
on GDNF signalling for cellular development and phenotype
acquisition (Airaksinen and Saarma, 2002). In the normal
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state, GDNF induces hyperalgesia when administered into
peripheral tissues (Malin et al., 2006; Bogen et al., 2008). In
the neuropathic pain state, intrathecal administration of
GDNF exerts potent analgesic effects (Boucher et al., 2000;
Sakai et al., 2008), which is possibly mediated via dorsal root
ganglion and spinal neurons (Takasu et al., 2011). Intrathecal
administration of GDNF prevents neurochemical and gene
expression changes in the dorsal root ganglion (Bennett et al.,
1998; Bradbury et al., 1998; Boucher et al., 2000; Wang et al.,
2003b). Taken together, these findings suggest that GDNF is a
major pain modulator in the spinal cord and primary sensory
neurons. However, whether GDNF is also involved in pain
processing in the brain remains to be established. Here, we
have examined the effects of GDNF in the LC in a rat model
of neuropathic pain and found that GDNF administration
into the LC provides long-lasting pain relief by recruiting
descending noradrenergic inhibition.

Methods

Animals
All animal care and experimental procedures were approved
by the institutional committee on laboratory animals
(approval number 25–126) and performed under the guide-
lines recommended by the International Association for the
Study of Pain (Zimmermann, 1983). All studies involving
animals are reported in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (Kilkenny
et al., 2010; McGrath et al., 2010). A total of 79 animals were
used in these experiments.

Adult male Sprague Dawley rats (7 weeks of age and
weighing 210–250 g; Japan SLC, Shizuoka, Japan) were used
for all experiments. The rats were individually housed in
plastic cages with soft bedding under a 14 h/10 h light/dark
cycle at least 3 days before the experiments. Food and water
were available ad libitum. All surgical procedures were carried
out on rats deeply anaesthetized with intraperitoneal sodium
pentobarbital (50 mg·kg−1).

Cannula implantation into the LC
The rats were deeply anaesthetized with pentobarbital and
placed in a stereotaxic apparatus (Kopf, Tujunga, CA, USA) for
cannula implantation as previously described (Muto et al.,
2012). A small burr hole was made in the skull and a stainless
steel guide cannula (8.2 mm in length, 26 gauge; AG-8.2,
Eicom, Kyoto, Japan) was positioned in the left (ipsilateral)
side 1 mm above the LC (anteroposterior, −9.8 mm from the
bregma; mediolateral, 1.3 mm from the midline; dorsoven-
tral, 5.8 mm from the brain surface) (Paxinos and Watson,
1998). The guide cannula was secured to the skull with dental
cement (Unifast 2, GC Corporation, Tokyo, Japan). A 33
gauge dummy cannula (AD-8.2; Eicom) was placed into the
guide cannula to maintain patency. The rats were allowed to
recover from surgery for 5–7 days.

At the end of the experiments, the rats were deeply anaes-
thetized with pentobarbital and transcardially perfused with
PBS (pH 7.2) followed by freshly prepared 4% paraformalde-
hyde in PBS. The pons was removed, post-fixed with the same
fixative at 4°C overnight and cryoprotected in 20% sucrose/
PBS. The pons was cut into serial transverse cryosections

(25 μm in thickness) using a cryostat (Leica, Tokyo, Japan).
The most ventral site of the cannula trail was examined under
a microscope (Olympus, Tokyo, Japan) and was considered to
indicate the position of the cannula tip. We used behavioural
data from rats in which the guide cannulae were adequately
positioned above the LC. The following key landmarks were
used to map the injection sites, as described previously
(Brightwell and Taylor, 2009): motor trigeminal nucleus, mes-
encephalic 5 nucleus, nucleus of the trapezoid body, middle
cerebellar peduncle and sensory root of the seventh cranial
nerve. The rats in which the cannula tips were incorrectly
positioned were excluded from the analysis.

Production of a neuropathic pain model
After guide cannula implantation, chronic constriction
injury (CCI) of the sciatic nerve was performed as described
previously (Bennett and Xie, 1988). Briefly, the ipsilateral
common sciatic nerve was exposed at the level of the middle
thigh and loosely ligated with 4-0 silk thread in four regions
at intervals of approximately 1 mm. The incision was closed
with a 4-0 silk suture. Rats with CCI were considered to
exhibit neuropathic pain when they responded to von Frey
filaments (Muromachi Kikai, Tokyo, Japan) with less than
7.2 g force, as described below.

Behavioural tests
Two behavioural tests (von Frey and plantar tests) were per-
formed to assess pain during the light cycle. A set of von Frey
filaments (Muromachi Kikai) with bending forces ranging
from 2.1 to 20.0 g was used to examine mechanical allodynia.
Each rat was placed on a metallic mesh floor covered with a
plastic box and a von Frey monofilament was applied from
underneath the mesh floor to the plantar surface of either the
contralateral or ipsilateral hind paw. The weakest force (g)
required to induce withdrawal of the stimulated paw at least
three times in five trials was referred to as the paw withdrawal
threshold. The Plantar Test apparatus (Ugo Basile, Varese,
Italy) was used to examine thermal hyperalgesia. Each rat was
placed on a glass plate with a radiant heat generator under-
neath and each hind paw was stimulated twice at 5 min
intervals, alternating from side to side. The average time until
withdrawal of the hind paw from the thermal stimulus was
recorded as the paw withdrawal latency.

Injection of drugs into the LC
All injections were performed under light sedation with iso-
flurane (1.5–2%). The drugs were injected into the LC
through a 33 gauge stainless steel injection cannula (AMI-9.2,
Eicom) that extended 1 mm below the tip of the guide
cannula. Injections were performed using a 10 μL Hamilton
syringe (Hamilton Company, Reno, NY, USA) connected to
the injection cannula by a polytetrafluoroethylene tube (JT-
10, Eicom). The drugs were slowly administered at a dose of
0.5 μL over a period of 30 s. Recombinant human GDNF
(R&D Systems, Minneapolis, MN, USA) was dissolved in
saline and saline was used as a control. GDNF was injected
three times, with a 24 h interval between each injection, from
days 7 to 9 after CCI, and behavioural tests were performed
before GDNF injection. The MEK (MAPK/ERK) inhibitor
U0126 (Sigma-Aldrich, St. Louis, MO, USA) (Davies et al.,
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2000) was dissolved in 20% dimethyl sulfoxide in saline. The
solvent (vehicle) was used as a control for U0126. U0126
(1 μg) in a volume of 0.5 μL was injected into the LC 30 min
before GDNF injection every day from days 7 to 9 after CCI.

Quantification of noradrenaline content
Noradrenaline content in the dorsal spinal cord was assayed
with a HPLC system (Eicom). The ipsilateral fifth lumbar
segment of the dorsal spinal cord was removed 24 h after first
injection of GDNF or saline into CCI rats on day 7. Tissues
were sonicated in 0.17 M perchloric acid containing 100 μM
EDTA and 160 mM sodium acetate and incubated on ice for
30 min. The homogenates were centrifuged at 20 000 g, 0°C,
for 15 min. The supernatants were filtered through a 0.45 μm
filter (Merck Millipore, Billerica, MA, USA) and 10 μL of fil-
trate was applied to the HPLC system. The system had a 150

× 3 mm octadecyl silane column (SC-5ODS, Eicom) and an
electrochemical detector (HTEC-500, Eicom) set to an applied
potential of +750 mV versus an Ag/AgCl reference analytical
electrode. The change in electric current (nA) was recorded
using a computer interface. The mobile phase was composed
of aceto-citric acid buffer (pH 3.5, 0.1 M), methanol, sodium-
1-octane sulfonate (0.46 M) and disodium EDTA (0.015 mM).
The flow rate was 0.5 mL·min−1.

Intrathecal administration of the
α2-adrenoceptor antagonist
On the same day, the guide cannula was inserted into the LC,
a polyethylene catheter (PE-10; Becton, Dickinson and
Company, Franklin Lakes, NJ, USA) filled with saline was
inserted under anaesthesia with pentobarbital as previously
described (Yaksh et al., 1985). The catheter was passed 8.0 cm

Figure 1
Effects of GDNF injection into the LC on neuropathic pain. (A) Mechanical allodynia and thermal hyperalgesia were assessed on the ipsilateral and
contralateral hind paws of CCI rats. GDNF (1.5 μg) or saline was repetitively administered into the ipsilateral LC as indicated by arrows. **P < 0.01,
***P < 0.001: compared with saline treatment. Paw withdrawal threshold was assessed using the Mann–Whitney U-test with Bonferroni correction,
while latency was evaluated using the unpaired t-test with Bonferroni correction; n = 4–6. (B) Schematic depiction of the microinjection sites. The
numbers on the left of the coronal sections represent the distances from the bregma. The different symbols represent the tip sites in CCI rats
injected with GDNF or saline and in CCI rats injected with GDNF outside the LC. (C) A representative image of the cannula track in the LC. Scale
bar, 100 μm.
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in the subarachnoid space from the atlanto-occipital mem-
brane to the level of the lumbar enlargement. Only rats
without apparent neurological dysfunction after catheter
insertion were used for subsequent experiments. Yohimbine
(Sigma-Aldrich), an α2-adrenoceptor antagonist, was dis-
solved in saline. The rats were intrathecally injected with
10 μL of yohimbine (20 μg) or saline as control for yohim-
bine, followed by 10 μL of saline. Yohimbine was adminis-
tered in rats on day 10 after CCI, with repeated GDNF
treatment from days 7 to 9. Behavioural tests were performed
before and 20 min after yohimbine injection.

Data analysis
Values are expressed as means ± SEM. Differences in paw
withdrawal threshold values between drug and control treat-
ments were evaluated using the Mann–Whitney U-test with
Bonferroni correction. Differences in paw withdrawal latency
values between drug and control treatments were assessed
with two-way repeated-measures ANOVA followed by unpaired
t-test with Bonferroni correction. The Kruskal–Wallis test fol-
lowed by the Steel test and one-way ANOVA followed by Dun-
nett’s post hoc comparison were used to compare the
threshold and latency values, respectively, obtained with the
various GDNF doses. A value of P < 0.05 was considered to
indicate statistical significance.

Results

Alleviation of neuropathic pain by GDNF
injection into the LC
Seven days after the CCI operation, paw withdrawal thresh-
old and latency to mechanical and thermal stimuli, respec-
tively, were decreased on the ipsilateral side, but not on the
contralateral side (Figure 1A). On days 7, 8 and 9 after CCI,
GDNF (1.5 μg) was injected once per day into the ipsilateral
LC because most descending LC neurons predominantly
innervate the ipsilateral spinal cord (Clark and Proudfit,

1991; Howorth et al., 2009). As shown by the representative
results in Figure 1B and C, most of the cannula tips were
correctly positioned in the LC. After GDNF injection, the paw
withdrawal threshold and latency (F(1,8) = 47.526, P < 0.001 by
two-way repeated-measures ANOVA) were increased compared
with saline injection (Figure 1A). In cases where the guide
cannula was incorrectly positioned, the GDNF injection had
no analgesic effect (data not shown). The analgesic effects
were maintained for at least 3 days after the last GDNF injec-
tion and wore off in 6 days (Figure 1A). The paw withdrawal
thresholds and latencies on the contralateral side were
unchanged by the GDNF injection (Figure 1A). In contrast to
the long-term analgesic effects, GDNF had no acute analgesic
effect on neuropathic pain, requiring 24 h for pain relief to
manifest (Figure 2A; F(1,8) = 11.073, P = 0.002 by two-way
repeated-measures ANOVA for thermal hyperalgesia). At this
time point, noradrenaline content was increased in the dorsal
spinal cord (Figure 2B). We further investigated the dose
dependency of the analgesic effects of GDNF on day 10 after
CCI, when the analgesic effects were most obvious at a dose
of 1.5 μg. As shown in Figure 3, GDNF attenuated both
mechanical allodynia (P < 0.001 by Kruskal–Wallis test) and
thermal hyperalgesia (F(3,22) = 5.110, P = 0.008 by one-way
ANOVA) in a dose-dependent manner.

Neuropathic pain is alleviated by GDNF via
the spinal α2-adrenoceptor
It is well known that noradrenergic neurons in the LC
suppress nociceptive transmission via activation of
α2-adrenoceptors in the spinal cord (Pertovaara, 2006). There-
fore, we investigated whether the analgesic effects of GDNF in
the LC was mediated by spinal noradrenergic transmission.
GDNF was injected once a day on days 7 to 9 after CCI and
then yohimbine was intrathecally injected on day 10. The
analgesic effects of GDNF on mechanical allodynia and
thermal hyperalgesia (F(1,13) = 7.184, P = 0.019 by two-way
repeated-measures ANOVA) were abolished in the CCI rats
20 min after the intrathecal administration of yohimbine,
compared with saline (Figure 4).

Figure 2
Acute effects of GDNF injection into the LC on neuropathic pain. (A) Mechanical allodynia and thermal hyperalgesia were assessed on the
ipsilateral hind paw of CCI rats. A single dose of GDNF (1.5 μg) or saline was injected into the ipsilateral LC on day 7 after CCI. **P < 0.01;
compared with saline treatment; unpaired t-test with Bonferroni correction; n = 4–6. (B) Noradrenaline content was assayed in the fifth lumbar
dorsal spinal cord of CCI rats 24 h after GDNF or saline injection. *P < 0.05; compared with saline treatment; unpaired t-test; n = 3–6.
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GDNF alleviates neuropathic pain via
ERK signalling
Because ERK is a major intracellular effector mediating the
trophic effects of GDNF (Peterziel et al., 2002), we investi-
gated ERK involvement in the analgesic effects of GDNF in
the LC. To block ERK activation, U0126, an inhibitor of MEK

which phosphorylates ERK, was injected into the LC 15 min
prior to each GDNF injection on days 7 to 9 after CCI. U0126
injection partially, but significantly, suppressed the analgesic
effect of GDNF on mechanical allodynia and thermal hyper-
algesia (F(1,12) = 36.096, P < 0.001 by two-way repeated-
measures ANOVA) compared with vehicle (Figure 5).

Discussion and conclusions

In the present study, GDNF injection into the LC exerted
potent and prolonged analgesic effects on intractable neuro-
pathic pain in rats. Because GDNF injections that missed the
LC had no analgesic effect, the LC is most likely site respon-
sible for the effects of GDNF. Consistent with our results, the
GDNF receptor components GFRα-1, Ret and NCAM are all
expressed by noradrenergic neurons in the LC (Trupp et al.,
1997; Glazner et al., 1998; Golden et al., 1998; Sarabi et al.,
2003; Black et al., 2009). The GDNF-induced analgesia was
blocked by the spinal administration of the α2-adrenoceptor
antagonist yohimbine in the present study. It has been
reported that stimulation of the LC induces release of
noradrenaline in the spinal cord (Hentall et al., 2003) and
that antinociception induced by LC activation is attenuated
by spinal administration of α2-adrenoceptor antagonists
(Jones and Gebhart, 1986; West et al., 1993). LC activation
has been reported to exert analgesic effects on neuropathic
pain (Pertovaara, 2006; Viisanen and Pertovaara, 2007),
although it has also been shown that inhibition of LC neu-
ronal activity suppresses neuropathic pain (Brightwell and
Taylor, 2009).

Figure 3
Dose-dependent analgesic effects of GDNF. GDNF or saline was
administered once a day from day 7 to 9 after CCI. Mechanical
allodynia and thermal hyperalgesia were assessed on the ipsilateral
hind paw of CCI rats on day 10. *P < 0.05, **P < 0.01, ***P < 0.001;
compared with saline. Differences in paw withdrawal threshold and
latency were evaluated using the Steel test and Dunnett’s test,
respectively; n = 4–11.

Figure 4
Effects of intrathecal administration of the α2-adrenoceptor antagonist yohimbine on the analgesic effects of GDNF. Yohimbine or saline was
intrathecally administered on day 10 in CCI rats after three GDNF injections. Mechanical allodynia and thermal hyperalgesia were assessed on the
ipsilateral hind paw 20 min after the yohimbine injection. **P < 0.01, ***P < 0.001; compared with saline treatment. Paw withdrawal threshold
was evaluated using the Mann–Whitney U-test with Bonferroni correction, while latency was assessed using the unpaired t-test with Bonferroni
correction; n = 7–8.
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Although a noradrenaline-induced change in the control
of motor output may change pain-related behaviours,
spinal noradrenergic transmission substantially suppresses
nociception (Pertovaara, 2006). In addition, electrical stimu-
lation of the LC is reported to augment, rather than suppress,
somatomotor output (Fung et al., 1991). However, for as long
as we observed the animals, the motor function of rats given
GDNF injections into the LC was comparable with that of rats
given saline. Therefore, the analgesic effects of GDNF were
more likely to have resulted from inhibition of spinal nocic-
eptive transmission via activation of descending noradrener-
gic LC neurons. Nonetheless, it remains unknown whether
endogenous GDNF physiologically or pathologically modu-
lates pain sensation under normal or neuropathic conditions.
GDNF mRNA is reportedly not detectable in the LC (Arenas

et al., 1995; Trupp et al., 1997; Golden et al., 1998). However,
because LC neurons express GDNF receptor components
(GFRα-1, Ret and NCAM) (Trupp et al., 1997; Glazner et al.,
1998; Golden et al., 1998; Sarabi et al., 2003; Black et al.,
2009), exogenous GDNF and GDNF receptor agonists could
produce analgesia in the LC as well as in the spinal cord and
primary sensory neurons (Boucher et al., 2000; Sakai et al.,
2008; Takasu et al., 2011).

GDNF-induced analgesia may have a different mode of
action from that after direct excitation of LC neurons, as
shown in previous reports. Activation of the LC with electri-
cal stimulation attenuates neuropathic pain (Viisanen and
Pertovaara, 2007). However, while the antinociceptive effect
of electrical stimulation is rapid in onset, it only manifests
during stimulation (Jones and Gebhart, 1986). The analgesic

Figure 5
Effects of the MEK inhibitor U0126 on the analgesic effects of GDNF. U0126 or vehicle was injected into the LC 30 min prior to GDNF injection.
Both U0126 and GDNF were injected once a day on days 7 to 9 as indicated by the arrows. *P < 0.05, **P < 0.01, ***P < 0.001; compared with
vehicle. Paw withdrawal threshold was evaluated using the Mann–Whitney U-test with Bonferroni correction, while latency was assessed using the
unpaired t-test with Bonferroni correction; n = 7.
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effect of substance P injection into the LC disappears within
15 min (Muto et al., 2012). Gabapentin injection into the LC
exerts a somewhat persistent analgesic effect, but the effect
peaks rapidly, that is within 30 min (Hayashida et al., 2008).
Consistent with these transient analgesic effects of LC acti-
vation, spinal activation of α2-adrenoceptors results in short-
term analgesia (Feng et al., 2009). In marked contrast, GDNF-
induced analgesia in the LC exhibits a slow onset and long
duration, which may reflect the need for gene expression
and/or protein synthesis. Indeed, our present findings suggest
that GDNF might increase noradrenaline synthesis because
GDNF injection into the LC increased noradrenaline content.
The activity of TH, a rate-limiting enzyme in noradrenaline
synthesis, is mainly regulated by changes in its protein levels
and phosphorylation. GDNF is reported to induce TH expres-
sion (Christophersen et al., 2007). Our present findings indi-
cate that ERK plays a role in GDNF-induced analgesia in the
LC. ERK is a major regulator of TH activity and is involved in
TH induction (Guo et al., 1998; Takekoshi et al., 2001). In
addition, ERK phosphorylates TH at Ser31 to increase enzymic
activity (Daubner et al., 2011). Interestingly, ERK phosphor-
ylation is reported to be decreased in LC neurons after CCI
(Borges et al., 2013). The reduced phosphorylation of ERK
may lead to impaired noradrenaline synthesis in neuropathic
pain. Furthermore, GDNF induces the expression of GTP
cyclohydrolase-I (Christophersen et al., 2007), a rate-limiting
enzyme that synthesizes tetrahydrobiopterin, an essential
cofactor for TH. Therefore, GDNF may enhance noradrener-
gic transmission in the spinal cord by increasing noradrena-
line synthesis in the descending pathways originating from
the LC.

GDNF may also exert its analgesic effects by increasing
the basal activity of LC neurons. Although the effects of
GDNF on LC neuronal activity are unknown, GDNF can
potentiate, acutely, the excitability of midbrain dopaminer-
gic neurons and trigeminal ganglion neurons (Yang et al.,
2001; Takeda et al., 2010). GDNF increases the amplitude of
spontaneous and evoked excitatory currents in dopaminer-
gic neurons (Wang et al., 2003a). LC neuronal activity is
reported to change in neuropathic pain states. For example,
noxious stimulation-evoked responses in LC neurons are
enhanced, while basal tonic activity is unaffected (Viisanen
and Pertovaara, 2007; Alba-Delgado et al., 2012; Bravo et al.,
2013). Furthermore, it was reported that descending noradr-
energic inhibition originating from the LC is suppressed by
tonic inhibition from the A7 noradrenergic cell group, pro-
moting neuropathic hypersensitivity (Wei and Pertovaara,
2013). In addition, descending analgesic activity is impaired
or enhanced in the neuropathic pain state (Saadé and
Jabbur, 2008). Therefore, GDNF may exert its analgesic
effects by enhancing or normalizing the excitability of LC
neurons.

In conclusion, in the present study, GDNF injection into
the LC exerted potent and prolonged analgesic effects on
intractable neuropathic pain in rats. GDNF also enhanced
descending noradrenergic inhibition in the spinal cord over
an extended period of time. These analgesic effects of GDNF
were mediated partly by ERK activation in the LC. These
results suggest that strategies that target LC neurons may
have therapeutic potential in the treatment of chronic neu-
ropathic pain.
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