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Differential Activation of Extracellular Signal-Regulated
Protein Kinase in Primary Afferent Neurons Regulates
Brain-Derived Neurotrophic Factor Expression after
Peripheral Inflammation and Nerve Injury
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To investigate the intracellular signal transduction pathways involved in regulating the gene expression of brain-derived neurotrophic
factor (BDNF) in primary afferent neurons, we examined the activation of extracellular signal-regulated protein kinase (ERK) in dorsal
root ganglion (DRG) neurons after peripheral inflammation and sciatic nerve transection. Peripheral inflammation induced an increase
in the phosphorylation of ERK, mainly in tyrosine kinase A-containing small-to-medium-diameter DRG neurons. The treatment of the
mitogen-activated protein kinase (MAPK) kinase 1/2 inhibitor U0126 reversed the pain hypersensitivity and the increase in
phosphorylated-ERK (p-ERK) and BDNF in DRG neurons induced by complete Freund’s adjuvant. On the other hand, axotomy induced
the activation of ERK mainly in medium- and large-sized DRG neurons and in satellite glial cells. U0126 suppressed the axotomy-induced
autotomy behavior and reversed the increase in p-ERK and BDNF. The intrathecal application of nerve growth factor (NGF) induced an
increase in the number of p-ERK- and BDNF-labeled cells, mainly small neurons, and the application of anti-NGF induced an increase in
p-ERK and BDNF in some medium-to-large-diameter DRG neurons. The activation of MAPK in the primary afferents may occur in
different populations of DRG neurons after peripheral inflammation and axotomy, respectively, through alterations in the target-derived
NGF. These changes, including the changes in BDNF expression, might be involved in the pathophysiological changes in primary afferent
neurons.
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Introduction

Extracellular signal-regulated protein kinase (ERK) is a mitogen-
activated protein kinase (MAPK) that mediates several cellular
responses to mitogenic and differentiation signals (Lewis et al.,
1998). MAPK is activated by diverse extracellular stimuli, includ-
ing several hormones and growth factors. Several groups have
recently used immunohistochemistry and phosphospecific anti-
sera to analyze the distribution and level of activation of signaling
components in dorsal root ganglion (DRG) neurons in vivo
(Kenney and Kocsis, 1998; Delcroix et al., 1999; Aley et al., 2001;
Averill etal., 2001; Ma et al., 2001). Very recently we reported that
phosphorylation of ERK in primary afferent neurons occurred in
response to noxious stimulation of the peripheral tissue or elec-
trical stimulation to the peripheral nerve, i.e., activity-dependent
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activation of phosphorylated ERK in DRG neurons (Dai et al.,
2002). In the present study, we examined whether the phosphoryla-
tion of ERK increases in vivo in DRG neurons in the experimental
peripheral inflammation model induced by complete Freund’s ad-
juvant (CFA). Sciatic nerve injury results in distinct changes in sen-
sory neurons of the DRG and their terminals in the spinal cord
(Woolf and Salter, 2000). In the adult, a sciatic nerve lesion leads to a
reduction in substance P (SP) and calcitonin gene-related peptide
(CGRP), neurotransmitters for small nociceptive sensory neurons,
and an increase in neuropeptide Y in large sensory neurons (Hokfelt
etal., 1994; Noguchi et al., 1995). Therefore, we also investigated the
changes in the phosphorylation of ERK that occur in primary sen-
sory neurons after nerve injury.

Brain-derived neurotrophic factor (BDNF) synthesis is
known to increase in tyrosine kinase A (trkA)-expressing small-
and medium-sized DRG neurons after peripheral inflammation
(Apfel etal., 1996; Michael et al., 1997; Kerr et al., 1999; Mannion
etal., 1999; Thompson et al., 1999). In contrast, after sciatic nerve
transection, the increase in BDNF occurs in the axotomized
medium-to-large-diameter DRG neurons (Cho et al.,, 1998;
Tonra et al., 1998; Li et al., 1999; Michael et al., 1999; Zhou et al.,
1999). On the other hand, the ERK in the nervous system pro-
duces not only short-term functional (nontranscriptional)
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changes by phosphorylating kinases, receptors, and ion channels,
but also long-term adaptive changes by activating transcriptional
factors. For example, activated ERK translocates from the cyto-
plasm to the nucleus and activates Rsk2, which then phosphory-
lates the transcription factor cAMP response element-binding
protein (CREB), subsequently activating cAMP response element
(CRE)-mediated gene expression (English and Sweatt, 1997; At-
kins et al., 1998; Impey et al., 1998, 1999; Obrietan et al., 1999).
However, apart from immediate early genes such as c-fos, the
specific target genes regulated by ERK are primarily unknown
(Xing et al., 1996; Sgambato et al., 1998; Ji et al., 2002a). The
second objective of the present study was to investigate whether
the ERK pathway plays a role in regulating the expression of
BDNF in the DRG and pain-related behavior after peripheral
inflammation and after sciatic nerve transection. Furthermore,
the possible relationship between NGF and BDNF expression in
primary afferent neurons in these two models was also examined
and discussed.

Materials and Methods

Animals. A total of 109 male Sprague Dawley rats weighing 200-250 gm
were used. All animal experimental procedures were approved by the
Hyogo College of Medicine Committee on Animal Research and were
performed in accordance with the National Institutes of Health guide-
lines on animal care.

Surgical procedures. All experimental procedures were done on rats
that were deeply anesthetized with sodium pentobarbital (50 mg/kg,
i.p.). Additional doses of the anesthetics were given as needed. In all rats,
no surgery was performed on the right side. Special care was taken to
prevent infection and to minimize the influence of inflammation. The
hair of the rat’s lower back and thigh was shaved and the skin was steril-
ized with 0.5% chlorhexidine and covered with clean paper. Sterile op-
erating instruments were used.

For peripheral inflammation, the animals received a subcutaneous
injection of 100 ul of CFA (0.1% heat-killed Mycobacterium butyricum;
Calbiochem, La Jolla, CA) diluted 1:1 with saline into the plantar surface
of the left (ipsilateral) hindpaws. Animals were allowed to survive for 1, 3,
or 7 d after surgery (n = 4 for immunohistochemistry and n = 4 for
Western blotting for each time point). For sciatic nerve transection, the
left sciatic nerve was exposed and ligated at the midthigh level. Distal to
this, the nerve was cut and a segment of 1.5-2.0 cm was removed. Ani-
mals were allowed to survive for 3, 7, or 14 d after surgery (n = 4 for
immunohistochemistry and n = 4 for Western blotting for each time
point). Rats without surgery (n = 8) were used as naive controls for
immunohistochemistry and Western blotting.

The intrathecal delivery of NGF or anti-NGF was performed basically
as described previously (Fukuoka et al., 2001). A laminectomy of the L5
vertebra was performed under adequate anesthesia with sodium pento-
barbital. The dura was cut, and a soft tube (Silascon; outer diameter, 0.64
mm; Kaneka Medix, Osaka, Japan) was inserted into the subarachnoid
space for an ~1.5 cm length so that its tip lay over the lumbar enlarge-
ment, and 10 ul of recombinant rat 3-NGF (10 ug in 10 ul of normal
saline; R & D Systems, Minneapolis, MN) or sheep anti-NGF antibody
(10 g in 10 wl of normal saline; Chemicon Temecula, CA) was admin-
istered. Normal saline was used as vehicle control. Rats were allowed to
survive for up to 3 d after surgery (n = 3 for immunohistochemistry and
in situ hybridization histochemistry and n = 4 for Western blotting).

For sustained intrathecal drug delivery, an mini-osmotic pump (Alzet
type 1003D or type 2001; Durect Co., Cupertino, CA) that operates at a
rate of 1 ul/hr for a period of 3 or 7 d was filled with the MAPK kinase
(MEK) 1/2 inhibitor U0126 (0.05 or 0.5 ug/ul; Calbiochem), in 50%
DMSO; the catheter of the pump was implanted intrathecally at least 3 hr
before CFA injection or sciatic nerve injury. DMSO (50%) was used as a
vehicle control. After surgery, the wound was washed with saline and
closed in layers (fascia and skin) with 3—0 silk thread. Rats were allowed
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to survive for up to 3 or 7 d after surgery (n = 4 for immunohistochem-
istry and in situ hybridization histochemistry; n = 4 for Western
blotting).

Behavioral tests. For peripheral inflammation, all rats were tested for
mechanical allodynia and heat hyperalgesia of the plantar surface of the
hindpaws 1 d before surgery and daily thereafter for 3 d until they were
killed, as described previously (Miki et al., 2000). The frequency of paw
withdrawal in response to normally innocuous mechanical stimuli was
measured using a von Frey filament of 23.0 mN. The von Frey filaments
were applied from underneath the metal mesh floor to the plantar surface
of the paw for five trials for each paw at ~3 min intervals. Each trial
consisted of six maximal repetitive stimuli with a frequency of ~2 Hz or
until a paw withdrawal response was observed. The occurrence of paw
withdrawal was expressed as “response frequency” (i.e., number of trials
accompanied by paw withdrawal per 5 trials X 100).

Heat hypersensitivity was tested using the plantar test (7370, Ugo
Basile, Comerio, Italy). A radiant heat source beneath a glass floor was
aimed at the plantar surface of the hindpaw. Three measurements of
latency were taken for each hindpaw in each test session. The hindpaws
were tested alternately, with intervals between consecutive tests of >5
min. The three measurements of latency per side were averaged and a
difference score was computed by subtracting the average latency of the
contralateral side from that of the ipsilateral side. Negative difference
scores indicated a hyperalgesic response on the ipsilateral side.

Data are expressed as means = SEM. Differences in changes of values
over time of each intrathecal group were tested using pairwise compari-
sons ( test). Differences of values between the intrathecal groups were tested
using one-way ANOVA, followed by individual post hoc comparisons (Fish-
er exact test). A difference was accepted as significant if p < 0.05.

For sciatic nerve transection, all rats were tested for autotomy behavior
1 d before surgery and daily thereafter for 7 d until they were killed. Signs
of autotomy behavior (i.e., self-mutilation) were recorded for every digit
using the following scale: 0, no signs of self-mutilation; 1, a tip of the nail
removed with signs of old or fresh blood on or under the nail; 2, a nail
totally removed and damage to the distal portion of the digit; 3, damage
to the whole digit or the footpad. The graded scale used was similar to one
used by Wiesenfeld and Hallin (Wiesenfeld and Hallin, 1983; Bileviciute-
Ljungar and Lundeberg, 2000). In our study each digit was multiplied by
the scale number and a total score value for each rat was obtained; then
the mean = SEM across animals was determined. Differences of values
between the intrathecal groups were tested using pairwise comparisons
(t test).

Immunohistochemistry. The rats were deeply anesthetized with sodium
pentobarbital and perfused transcardially with 1% paraformaldehyde in
0.1 M phosphate buffer (PB) (pH 7.4), followed by 4% paraformaldehyde
in 0.1 M PB, 1, 3, 7, or 14 d after surgery (n = 4 at each time point). The
left L4/5 DRGs were dissected out and processed for phosphorylated-
ERK (p-ERK), trkA, neurofilament (NF) 200, glial fibrillary acid protein
(GFAP), activating transcription factor 3 (ATF3), and BDNF immuno-
histochemistry according to the procedure used in our previous study
(Noguchi et al., 1995). The polyclonal primary antibody for the
p-ERK1/2 (1:400; New England Biolabs, Beverly, MA), the trkA (1:500;
Chemicon), the GFAP (1:400; DAKO, Glostrup, Denmark), the ATF3
(1:200; Santa Cruz Biotechnology, Santa Cruz, CA), and the BDNF (1:
400, 1 wg/ml; a gift from Amgen, Thousand Oaks, CA) and the mono-
clonal primary antibody for the NF200 (1:400; Sigma, St. Louis, MO)
were used for DAB staining. For the double immunofluorescence stain-
ing for p-ERK1/2 and trkA, NF200, GFAP, or ATF3 and for BDNF and
p-ERK1/2 or trkA, the tyramide signal amplification (NEN, Boston, MA)
fluorescence procedures (Michael et al., 1997; Obata et al., 2002, 2003)
were used to detect staining for rabbit anti-p-ERK1/2 polyclonal anti-
body (1:10000; New England Biolabs) and for rabbit anti-BDNF poly-
clonal antibody (1:8000, 1 pg/ml; a gift from Amgen).

The number of p-ERK1/2- and BDNF-immunoreactive (IR) neurons
per section was counted in the left DRG. The proportion of p-ERK1/2-
and BDNF-expressing DRG neurons was determined by counting the
neuronal profiles that show distinctive labeling in the DRG sections. In
each rat, four to six sections of the L4/5 DRG at each time point were
selected randomly and 2000-3000 profiles were counted. An average
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percentage of p-ERK1/2- and BDNF-IR neurons, relative to the total
number of neurons, was obtained for each animal across the different
tissue sections; then the mean = SD across animals was determined. For
the size—frequency histogram data, measurements of the area of positive
neurons over selected tissue profiles were performed using a computer-
ized image analysis system (NIH Image) and only neurons with clearly
visible nuclei were used for quantification. To distinguish cell size-
specific changes, we divided the DRG neurons into small (<600 um?),
medium (600-1200 um?), and large (>1200 wm?) neurons according
to their cross-sectional area. At least 300 p-ERK1/2- or BDNF-IR neuron
profiles were measured in each group. Because a stereological approach
was not used in this study, quantification of the data may represent a
biased estimate of the actual number of cells and neurons. An assistant
who was unaware of the treatment group of the tissue sections performed
all counting.

Differences in changes of values over time of each group were tested
using one-way ANOVA, followed by individual post hoc comparisons
(Fisher exact test). Pairwise comparisons (¢ test) were used to assess
differences of values between the intrathecal groups. A difference was
accepted as significant if p < 0.05.

In situ hybridization histochemistry. For the in situ hybridization his-
tochemistry (ISHH), the tissue was sectioned (16 wm thick) with a cry-
ostat, thaw-mounted onto Vectabond- (Vector Laboratories, Burlin-
game, CA) coated slides and stored at —80°C until ready for use. The
procedure for ISHH was basically the same as that used in a previous
study (Yamanaka et al., 1999; Hashimoto et al., 2001). Briefly, the rat
BDNF cRNA probe corresponding to nucleotides 2273-2579 was pre-
pared. The sections were treated with 10 ug/ml proteinase K in 50 mm
Tris-HCI and 5 mm EDTA for 3 min and acetylated with 0.25% acetic
anhydride in 0.1 M triethanolamine; then **S-labeled RNA probe (5 X
10° cpm/ml) was placed on these sections overnight at 55°C. Hybridized
sections were rinsed in 5X SSC, 5 mm DTT for 30 min at 65°C; washed in
high-stringency buffer for 30 min at 65°C; and treated with 2 pg/ml
RNase A for 30 min at 37°C. Sections were rinsed, dehydrated in an
ascending ethanol series, and air dried. For autoradiography, the sections
were coated with NTB-3 emulsion (Eastman Kodak , Rochester, NY),
diluted 6:4 with distilled water at 45°C, and exposed for 2 weeks in light-
tight boxes at 4°C. After development in D19 (Eastman Kodak) and
fixation in 24% sodium thiosulfate, the sections were rinsed in distilled
water, stained with hematoxylin—eosin, dehydrated in a graded ethanol
series, cleared in xylene, and coverslipped.

Western blotting. Tissue samples from the left L4/5 DRG were lysed by
homogenizing in 200 ul of lysis buffer containing 20 mm Tris-HCl, pH
8.0, 150 mm NaCl, 1 mm EDTA, 1% NP-40, 2 mm Na;VO,, 0.5 mm DTT,
1 mMm PMSF, 1 pg/ml pepstatin, 5 ug/ml leupeptin, 9 pg/ml aprotinin,
and 10% glycerol. Lysates were centrifuged at 14,400 X g for 60 min, and
the concentration of protein in each sample (supernatant) was deter-
mined using the Bio-Rad dye binding. Samples with equal amounts of
protein were then separated by 10—20% PAGE, and the resolved proteins
were electrotransferred to Hybond-P Nitrocellulose (Amersham Bio-
sciences, UK). Membranes were incubated with 5% nonfat milk in Tris
buffer containing Tween 20 (TBST; 10 mm Tris-HCI, pH 8.0, 150 mm
NaCl, and 0.2% Tween 20) for at least 10 min at room temperature and
incubated with either rabbit anti-total ERK1/2 polyclonal antibody (1:
1000; New England Biolabs) or rabbit anti-p-ERK1/2 polyclonal anti-
body (1:1000; New England Biolabs) at 4°C overnight. Membranes were
then washed twice with TBST and probed with goat anti-rabbit IgG
conjugated with horseradish peroxidase (Vector Laboratories) at room
temperature for 2 hr. Finally, membranes were washed several times
with TBST to remove unbound secondary antibodies and visualized
using enhanced chemiluminescence (Boehringer Mannheim, India-
napolis, IN). Each experiment was repeated at least twice; the same
results were obtained in all cases. The density of specific bands was mea-
sured with a computer-assisted imaging analysis system (ATTO Densito-
graph version 4.02, Tokyo, Japan) and normalized against a loading control
(total ERK).
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Figure 1. A, B, Photomicrographs showing the p-ERK-IR in the ipsilateral ( A) and contralat-

eral (B) L4/5 DRG 1 d after peripheral inflammation. There was an increase in the number of
p-ERK-IR neurons in the ipsilateral DRG (large arrows). In contrast to DRG neurons, satellite cells
show high basal levels of p-ERK-IR (small open arrows). Scale bar: (in B) 4, B, 100 wm. C, Time
course of the mean percentages of p-ERK-IR neurons relative to the total number of neurons in
the L4/5 DRG. The mean percentages of p-ERK-IR neurons on the ipsilateral side significantly
increased at 1 d after CFA injection compared with the naive control rats. *p << 0.05 compared
with the naive control. D, Size-distribution histogram of p-ERK-IR neuron profiles in the ipsilat-
eral DRG 1d after the CFA. At least 300 neuron profiles with visible nuclei were counted in four
to sixrandomly chosen sections from two animals (two to three sections per animal). £, Western
blot analysis of phosphorylated ERK and the total amount of ERK in the ipsilateral L4/5 DRG after
CFA injection. CFA induced an increase in the intensity of the band for p-ERK at 1 d. Bottom,
Levels of total ERK, as loading controls. Fold. represents comparative levels over the naive
control group after normalizing to the total ERK levels. The two rows of numbers correspond to mea-
surements for ERK1 and ERK2. £, right, ERK1 corresponds to p44, and ERK2 corresponds to p42.

Results

Increase in the phosphorylation of ERK after

peripheral inflammation

The CFA injection into the plantar surface of the hindpaw pro-
duced localized swelling, erythema, and hypersensitivity to me-
chanical and thermal stimuli that persisted for 3 d and were grad-
ually resolved by 7 d after the injection. To examine the activation
of ERK in DRG neurons, we used an antiserum to the phosphor-
ylated form. The p-ERK-IR was located in neurons, as well as in
surrounding satellite cells, as reported previously (Averill et al.,
2001) (Fig. 1 A,B). The p-ERK-IR neurons in the ipsilateral DRG
1 d after the CFA injection increased in terms of the number of
labeled neurons and the intensity of labeling compared with
those in the contralateral DRG. Most of these p-ERK-IR neurons
were small-to-medium-diameter DRG neurons (Fig. 1A,B). The
intraplantar injection of saline (100 wl) alone induced a very
weak p-ERK induction (data not shown). The time course of
change in the percentage of p-ERK-IR neurons is shown in Figure
1C. p-ERK-IR neurons of naive rats in the L4/5 DRG were 2.7 =
0.4% of the total neurons. The percentage of p-ERK-IR neurons
on the contralateral side showed no change; however, inflamma-
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tion induced a significant increase in the
percentage of p-ERK-IR neurons in the
ipsilateral DRG at 1 d (8.1 = 0.7%), and
the levels gradually declined and returned
to normal by 3 d (Fig. 1C). One day after
CFA-induced inflammation of the hind-
paw, 184 of 315 p-ERK-IR neurons
counted (58.4%) were small and 98
(31.1%) were medium (mean * SD of the
cross-sectional area, 641 * 381 um?)
(Fig. 1 D). There was no difference in the
percentage of p-ERK-IR neurons ob-
served in the L4 and L5 DRG. The total
amount of ERK1/2 and phosphorylated
ERK1/2 in the ipsilateral L4/5 DRG after
peripheral inflammation was determined
by Western blotting (Fig. 1E). The CFA
injection did not alter the level of total
ERK protein, but increased the phosphor-
ylation level of ERK1/2 in the ipsilateral
DRG at 1 d compared with the naive con-
trol. Because ERK is activated only in a
small subset of DRG neurons and is con-
stitutively expressed in surrounding satel-
lite cells, Western blotting may be less sen-
sitive than immunohistochemistry for
detecting ERK activation in the DRG.

ERK activation mediates pain
hypersensitivity and BDNF expression
after peripheral inflammation

We then investigated whether the inhibi-
tion of ERK activation modified inflam-
matory pain hypersensitivity, such as hy-
peralgesia and allodynia. The intrathecal
administration of the MEK1/2 inhibitor
U0126 via an osmotic pump (0.05 or 0.5
pg -+ ul ™' -hr™') into noninflamed ani-
mals produced no significant changes in
basal pain sensitivity (i.e., mechanical al-
lodynia and thermal hyperalgesia; data
not shown). In contrast, the intrathecal ad-
ministration of U0126 (0.5 ug- ul ' ~hr ")
significantly reduced both the inflammation-
induced heat and mechanical hypersensitivity
measured at 1 d. A lower dose of U0126 (0.05
pg: ' -hr ") significantly inhibited only
thermal hyperalgesia; the effect on the me-
chanical allodynia did not reach significance
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Figure2. Effects of MEK1/2 inhibitor U0126 delivered intrathecally on CFA-induced inflammatory pain and BDNF expression in
the DRG. A, The response frequencies of paw withdrawals to repeated mechanical stimuli applied to the pads of the hindpaws with
a von Frey filament of 23.0 mN are expressed as a percentage of trials. B, The difference score (latency on the operated side —
latency on the contralateral side) to the radiant heat stimuli was obtained from the same rats with the mechanical stimuli. Data
from the vehicle group (open columns), the 0.05 g + ul ~" = hr " U0126 group (gray columns), and the 0.5 g * jul ~" = hr ™
U0126 group (black columns) at 1 d after CFA injection are shown (means = SEM) (n = 8 per group). *p << 0.05 compared with
the preoperative value; *p < 0.05 compared with vehicle control. ¢, Western blot indicates that the CFA-induced ERK activation in
the DRG at 3 d was inhibited by MEK inhibitor U0126 delivered by osmotic pump (0.5 wg * wl " + hr ). £, F, Photomicrographs
showing the BONF-IR in the L4/5 DRG in the vehicle group (E) and in the U0126 group (F) at 3 d after CFA injection. Scale bar: (in
F)E F,100 um. D, Quantification of the percentage of BDNF-IR neurons 3 d after CFA injection. *p << 0.05 compared with vehicle
control. G, Bright-field photomicrograph shows in situ hybridization signals for BDNF mRNA in the ipsilateral DRG in the vehicle
group at 3 d after the CFA. Scale bar, 50 wm in G. H, /, Expression of BDNF mRNA in the ipsilateral DRG, using dark-field photomi-
crographs of ISHH, was observed in the vehicle group (H) and in the U0126 group (/) 3 d after the CFA. J, K, Immunohistochemistry
of BDNF and p-ERKin DRG neurons after peripheral inflammation. BDNF-IR (/) and p-ERK-IR (K) in the ipsilateral L4/5 DRG 3 d after
the CFA. Some BDNF-IR neurons in the DRG also coexpressed p-ERK (J, K, arrows). L, M, Immunohistochemistry of p-ERK and trkA in
DRG neurons after peripheral inflammation. p-ERK-IR (L) and trkA-IR (M) in the ipsilateral L4/5 DRG 3 d after the CFA. Double
labeling of neurons with p-ERK and trkA was observed (L, M, arrows). Scale bar: (in /), H—M, 100 pem.

18.9 = 1.4%, but U0126 was able to block the effects induced by

(Fig. 2A,B). The total amount of ERK and phosphorylated ERK in both
vehicle- and U0126-treated groups was also determined by Western
blotting (Fig. 2C). The inflammation-induced increase in ERK
phosphorylation was reversed by U0126 (0.5 g+ pul ~" - hr 7').
To examine whether BDNF expression in the DRG is regulated by
ERK activation, the immunoreactivity for BDNF in DRG neu-
rons was compared in the vehicle and U0126 groups (Fig. 2E,F).
The MEK1/2 inhibitor U0126 (0.5 ug - wl ~' - hr ~') significantly
inhibited the inflammation-induced increase in BDNF-IR, which
was seen mainly in small and medium-sized neurons. BDNF-IR
neurons of naive rats in the L4/5 DRG were 12.3 = 1.7% of the
total neurons. The percentage of BDNF-IR neurons in the vehicle
group 3 d after the CFA injection was markedly increased to

the CFA (9.3 £ 0.8%) (Fig. 2D). To examine whether BDNF
immunoreactivity in the DRG neurons represents the level of
BDNEF synthesis, we studied BDNF mRNA expression in the DRG
using ISHH. Consistent with the immunohistochemistry data
(Fig. 2 E), most neurons labeled for BDNF mRNA were small or
medium in size in the vehicle group 3 d after the CFA (Fig. 2G).
The signals of BDNF mRNA in the ipsilateral DRG neurons in the
U0126 group 3 d after the CFA decreased compared with those of
rats in the vehicle group (Fig. 2 H,I). Next, to determine whether
the p-ERK-IR neurons and BDNF-expressing neurons belonged
to same subset of DRG neurons, we performed double immuno-
fluorescence for p-ERK and BDNF (Fig. 2J,K). In the vehicle
group at 3 d after the CFA injection, p-ERK was detected in a
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Figure 3. A, B, Photomicrographs showing the p-ERK-IR in the ipsilateral (A) and contralateral (B) L4/5 DRG 7 d after sciatic

nerve transection. Axotomy increased p-ERK expression in neurons and/or satellite cells in the ipsilateral DRG. The p-ERK-IR was
present in both neurons and surrounding satellite cells (large arrows) or only in satellite cells (small open arrows); the inset shows
that both the neuron and surrounding satellite cell expressed p-ERK-IR. Scale bar: (in B) A, B, 100 wm. C, The time course of the
mean percentages of p-ERK-IR neurons relative to the total number of neurons in the L4/5 DRG. The mean percentages of p-ERK-IR
neurons on the ipsilateral side significantly increased at 3, 7, and 14 d after axotomy compared with the naive control rats. *p <
0.05 compared with the naive control. D, Size-distribution histogram of p-ERK-IR neuron profiles in the ipsilateral DRG at 7 d after
axotomy. At least 300 neuron profiles with visible nuclei were counted in four to six randomly chosen sections from two animals
(two to three sections per animal). £, Western blot analysis of phosphorylated ERK and total amount of ERK in the ipsilateral L4/5
DRG after axotomy. Axotomy induced an increase in the intensity of the band for p-ERK at 7 and 14 d.
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that of neurons labeled for p-ERK-IR after
peripheral inflammation (Fig. 1 D) (mean
cross-sectional area, 641 * 381 p,mz; p<
0.001). The L4/5 DRG showed a similar
time course of changes in the number of
p-ERK-IR-labeled cells. ERK activation
by the sciatic nerve lesion was confirmed
by Western blot analysis (Fig. 3E). Consis-
tent with the results obtained by immuno-
histochemistry, the sciatic nerve lesion in-
duced an increase in p-ERK in the
ipsilateral DRG at 7 and 14 d after surgery
compared with the naive control.

Colocalization of p-ERK with NF200 or

GFAP or ATF3 after sciatic

nerve transection

To investigate whether an increase of
p-ERK in a subpopulation of DRG neu-
rons with myelinated fibers occurred after
the lesion, we examined immunohisto-
chemical colocalization of p-ERK and
NF200, which recognizes a heavy-chain
neurofilament found only on cells with
myelinated axons (Michael and Priestley,
1999). The results of the colocalization
study with p-ERK and NF200 at 7 d after
the lesion are shown in Figure 4A,B. The
majority of p-ERK neurons (Fig. 4A) also
expressed NF200-IR (Fig. 4B) (83.3 *=
11.8%; n = 4). Next, to test whether the

subpopulation of BDNF-labeled neurons (67.0 = 11.4%; n = 4)
and BDNF was detected in ~80% of p-ERK-labeled cells. Fur-
thermore, to investigate whether the p-ERK neurons also express
the high-affinity receptor for NGF, trkA, immunohistochemical
colocalization of p-ERK and trkA was examined in the ipsilateral
DRG 3 d after the CFA injection. As shown in Figure 2L,M,
almost all p-ERK neurons (Fig. 2L) also expressed trkA-IR (Fig.
2M) (98.1 * 3.9%;n = 4).

Increase in the phosphorylation of ERK after sciatic

nerve transection

We examined p-ERK immunoreactivity in the DRG after sciatic
nerve transection. The number of p-ERK-IR neurons in the ipsi-
lateral DRG markedly increased 7 d after surgery; the increase in
p-ERK-IR was seen mainly in medium- and large-sized neurons
(Fig. 3A,B). In the ipsilateral DRG, the number of p-ERK-IR
satellite cells was also greatly increased, particularly around large-
diameter neurons (Fig. 3A). The time course of change in the
percentage of p-ERK-IR neurons is shown in Figure 3C. There
was no significant change in the percentage of p-ERK-IR neurons
in the contralateral DRG (data not shown). The increase in the
percentage of p-ERK-IR neurons in the ipsilateral DRG was first
evident at 3 d after the sciatic nerve lesion (6.8 = 1.7%) and
remained significant at 14 d after surgery (8.4 = 2.1%), com-
pared with those of naive control rats. Seven days after the sciatic
nerve lesion, 122 of 313 p-ERK-IR neurons counted (39.0%)
were medium-sized and 136 (43.5%) were large, whereas 55
(17.6%) were small (mean = SD of the cross-sectional area,
1164 + 568 um?) (Fig. 3D). The size of neurons labeled for
p-ERK-IR after sciatic nerve transection was much larger than

p-ERK-IR was associated with glia, colo-

calization of p-ERK with the glial cell
marker GFAP-IR was performed. After sciatic nerve transection,
a significant increase in GFAP-IR glial cells was seen, particularly
surrounding large neurons (Zhou et al., 1996). As shown in Fig-
ure 4C,D, the p-ERK-IR was present in ring structures surround-
ing large neurons and was colocalized with GFAP-IR in the ipsi-
lateral DRG, indicating that a proportion of the p-ERK was
localized to satellite glial cells. Furthermore, to determine
whether ERK activation after sciatic nerve transection actually
takes place in axotomized neurons, we performed double-
labeling experiments for ATF3 expression as a neuronal injury
marker. We have reported that ATF3 was induced in DRG neu-
rons that were axotomized after transection of the spinal nerve or
sciatic nerve (Tsujino et al., 2000). As shown in Figure 4E,F, we
found double labeling of neurons with p-ERK and ATF3, as well
as p-ERK expression in satellite glial cells, surrounding large-
diameter neurons that were labeled for ATF3.

ERK activation mediates autotomy behavior and BDNF
expression after sciatic nerve transection

To elucidate whether the inhibition of ERK activation altered
autotomy behavior, the MEK1/2 inhibitor U0126 was delivered
intrathecally before sciatic nerve transection via an osmotic
pump (0.5 wg* wl ' - hr ~') and maintained for 7 d. Rats in the
U0126 group at 7 d after the sciatic nerve lesion showed a signif-
icant decrease of the average autotomy score to 0.3 = 0.3 com-
pared with rats in the vehicle group (3.1 = 0.8) (Fig. 5A). The
inhibition of ERK activation by U0126 was confirmed by Western
blot analysis (Fig. 5B). We then examined whether ERK activa-
tion is involved in BDNF upregulation after the nerve lesion. The
MEK inhibitor U0126 suppressed the axotomy-induced eleva-
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Figure 4.  Immunohistochemical colocalization of p-ERK (4, G, £) and NF200 (B), GFAP (D),
or ATE3 (F) in the ipsilateral L4/5 DRG 7 d after sciatic nerve transection. Double labeling of
neurons with p-ERK and NF200 was detected (4, B, filled arrows). There was also an increase in
p-ERK expression in satellite cells, particularly around large-diameter neurons that were posi-
tive for NF200 (A, B, open arrows). Double labeling of satellite cells with p-ERK and GFAP was
detected (G, D, arrows). p-ERK was detected in a subpopulation of ATF3-labeled neurons, and
p-ERK-IR was also present in satellite glial cells, surrounding large neurons that were labeled for
ATF3-IR (EF, arrows). Scale bar: (in F) A-F, 100 wm.

tion of BDNF-IR in the ipsilateral DRG, which was observed
mainly in medium-to-large-diameter sensory neurons (Fig.
5E,F). The neurons labeled for BDNF-IR in the vehicle group 7 d
after the lesion were clearly increased (26.2 = 1.1%), but the
increase in the percentage of BDNF-IR neurons was blocked sig-
nificantly by this MEK inhibitor (17.6 * 2.4%) (Fig. 5C). To
investigate whether U0126 produced a decrease in BDNF expres-
sion, with a particularly prominent effect on small neurons, we
analyzed the size of neurons labeled for BDNF-IR in the vehicle
and U0126 groups. There was no significant difference in the size
of neurons labeled for BDNF-IR in the vehicle and U0126 groups
(Fig. 5D) (mean cross-sectional areas, 1066 * 515 and 1013 *
507 wm?, respectively; p > 0.05), indicating that U0126 blocked
the axotomy-induced expression of BDNF in the large neurons as
well as BDNF expression in small to medium-sized neurons.
Consistent with the immunohistochemistry data (Fig. 5E), most
neurons labeled for BDNF mRNA were medium or large in size in
the vehicle group 7 d after the lesion (Fig. 5G). The decrease in
BDNF expression was also confirmed at the mRNA level by ISHH
(Fig. 5H,I). Furthermore, to determine whether these p-ERK-IR
neurons also expressed BDNF, double immunostaining was per-
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formed. In the vehicle group 7 d after the nerve lesion, ERK was
activated in a subpopulation of BDNF-labeled neurons (62.5 =
6.9%; n = 4) and BDNF was detected in ~70% of p-ERK-labeled
cells (Fig. 5/,K). As shown in Figure 5L,M, trkA was detected in a
subpopulation of p-ERK-labeled neurons in the vehicle group 7 d
after the nerve lesion (75.9 = 13.4%; n = 4).

Effects of intrathecal injections of 3-NGF or anti-NGF on
BDNF expression

To elucidate whether alterations of endogenous NGF can trigger
changes in both the phosphorylation of ERK and BDNF expres-
sion similar to those seen after peripheral inflammation and pe-
ripheral nerve axotomy, intrathecal injections of rat recombinant
B-NGF or anti-NGF (both 10 g in 10 ul saline) were performed.
The DRG neurons in the NGF group had clear increases in the
number of p-ERK-IR, BDNF-IR, and BDNF mRNA-positive
neurons (Fig. 6 B,E,H) compared with the saline group (Fig.
6A,D,G) 3 d after surgery. These p-ERK- and BDNF-labeled neu-
rons were primarily of small or medium diameter. We then quan-
tified the percentage of BDNF-IR neurons 3 d after injection. The
percentage of BDNF-IR neurons 3 d after 10 ug NGF injection
was 27.9 £ 1.8% of the total number of neurons, which was much
higher than the percentage of BDNF-IR neurons in the saline
group (11.5 * 0.4%) (Fig. 6]). In the NGF group, 176 of 310
BDNF-IR neurons counted (56.8%) were small and 108 (34.8%)
were medium (mean * SD of the cross-sectional area, 620 * 359
wm?) (Fig. 6K). On the other hand, anti-NGF also induced the
increase in the number of p-ERK-IR, BDNF-IR, and BDNF
mRNA-positive neurons 3 d after injection, but these p-ERK-
and BDNF-labeled neurons were medium-to-large-diameter
sensory neurons (Fig. 6C,F,I). The p-ERK was located not only in
large neuronal cells but also in some surrounding satellite glial
cells. These data suggest that NGF antiserum could induce
axotomy-like changes in p-ERK and BDNF expression in intact
DRG. In the anti-NGF group, the percentage of BDNF-IR neu-
rons 3 d after injection was 14.7 £ 2.0%; 117 of 315 BDNF-IR
neurons counted (37.1%) were medium and 163 (51.7%) were
large (1257 * 551 wm?) (Fig. 6J,L). The size of neurons labeled
for BDNF-IR after the anti-NGF injection was much larger than
that of neurons labeled for BDNF-IR after the NGF injection
(p < 0.001) (Fig. 6K,L). ERK activation by NGF and anti-NGF
was also confirmed by Western blot analysis (Fig. 6 M). In the
anti-NGF group 3 d after the injection, trkA was detected in a
subpopulation of BDNF-labeled neurons (41.3 % 5.5%; n = 3)
(Fig. 6 N,0). Anti-NGF treatment did not affect trkA expression
(data not shown).

Discussion

The present study demonstrated the following new findings: (1)
Peripheral inflammation induced an increase in the phosphory-
lation of ERK in DRG neurons 1 d after the CFA injection. Most
of these p-ERK-IR neurons were small-to-medium-diameter
sensory neurons, which coexpressed trkA-IR. (2) Peripheral in-
flammation produced pain-related behavior on the ipsilateral
hindpaw and an increase in the percentage of BDNF-IR neurons
in the DRG, but the MEK1/2 inhibitor U0126 was able to block
the effects induced by the CFA. (3) Sciatic nerve transection in-
duced an increase in the phosphorylation of ERK in DRG neu-
rons and in satellite glial cells at 3, 7, and 14 d after the nerve
lesion. The increase in p-ERK-IR was seen mainly in medium-
and large-sized neurons, which also expressed NF200-IR. (4) Sci-
atic nerve transection produced autotomy behavior and an in-
crease in the percentage of BDNF-IR neurons in the DRG, but



Obata etal. » p-ERK Regulates BONF in DRG on Inflammation and Axotomy

A a B Vehicle U0126 0.5 ug m: o
-] ] E 25
5 3 PERK1 3 .
3 pERk2 2
= @

E * =15
2 ERK] s
: [— e -
< i s
. e Fod. 10 02 L
Vehicle Uoize05ug  Fold 1.0 05 Vehicle UD126 0.5 g
oL
D O
% 0 2
1800 L - >

E 1800 & ? PN e ‘f ‘
1w R O R
E o 0 £ b
E ‘z 8, [-] &

B -
¥ % 5
< o g >

0 5 :
Vehicle i

0126 0.5 ug s
g M T L

Figure5.

J. Neurosci., May 15, 2003 - 23(10):4117- 4126 + 4123

ERK1/2 pathway; Finkbeiner, 2000;
Chang and Karin, 2001). In this pathway,

- activated receptors induce GTP loading
and activation of the small G-protein Ras.
In turn, Ras-GTP recruits a three-tiered
enzyme cascade in which a MAPK kinase

Effects of MEK1/2 inhibitor U0126 delivered intrathecally on axotomy-induced autotomy behavior and BDNF expres-

kinase (Raf) phosphorylates MEK1/2,
which phosphorylates and activates
ERK1/2 (English et al., 1999). A recent re-
port showed that after either systemic or
local NGF treatment, the ERK pathway is
activated in DRG neurons and in satellite
glial cells in vivo (Averill et al., 2001). In
the present study, CFA produced an in-
creased number of p-ERK-IR cells in the
=  DRG. Therefore, we hypothesized that the
NGF synthesized and released in the in-
flamed tissue after peripheral inflamma-
tion is transported to the DRG neurons
and induces ERK activation in the DRG.
Furthermore, p-ERK-IR was observed in
neurons containing trkA. This finding is
consistent with the well established role
for ERK in trkA signaling in vitro (Segal
and Greenberg, 1996) and in vivo (Averill
et al., 2001).

The present study demonstrated that
peripheral inflammation produced heat
and mechanical hypersensitivity on the
ipsilateral hindpaw and an increased
number of BDNF-IR neurons and an in-
creased expression of BDNF mRNA, sug-
gesting increased BDNF synthesis in the

sion in the DRG at 7 d after surgery. A, The autotomy score used is described in the text and the average score achieved by the
animals (means = SEM) (n = 8 per group). “p << 0.05 compared with vehicle control. B, Western blotting indicates that the
axotomy-induced ERK activation in the DRG at 7 d was inhibited by the MEK inhibitor U0126 delivered by osmotic pump (0.5
g+ wl ~ "+ hr 7). Both immunohistochemistry (£, F) and in situ hybridization histochemistry (G—/) showed inhibition of the
axotomy-induced increase in BDNF-labeled neurons in the DRG by U0126 at 7 d after surgery. A decrease in the expression of BDNF
can be seen in the ipsilateral DRG in the U0126 group (F, /) compared with the vehicle control rats (£, G, H). C, Quantification of the
percentage of BDNF-IR neurons at 7 d after axotomy. *p << 0.05 compared with vehicle control. D, Mean cross-sectional areas of
BDNF-IR neuron profiles in the ipsilateral DRG both in the vehicle and U0126 groups 7 d after axotomy. At least 300 neuron profiles
with visible nuclei were counted in four to six randomly chosen sections from two animals (two to three sections per animal). J, K,
Immunohistochemical colocalization of BONF (/) and p-ERK ( K) in the ipsilateral L4/5 DRG 7 d after sciatic nerve transection. Some
BDNF-IR neurons in the DRG also expressed p-ERK (J, K, arrows). L, M, Immunohistochemistry of p-ERK and trkA in DRG neurons
after sciatic nerve transection. p-ERK-IR (L) and trkA-IR (M) in the ipsilateral L4/5 DRG 7 d after the nerve lesion are shown. Double
labeling of neurons with p-ERK and trkA was observed (L, M, arrows). Scale bars: (in F) £, F, 100 um; (in G) G, 50 m; (in/) H-M,

DRG. This increase was suppressed by the
intrathecal delivery of the MEK1/2 inhib-
itor U0126. The contribution of NGF to
the phenotypic change of DRG neurons
has been investigated in several experi-
mental peripheral inflammation models.
In addition to SP and CGRP, BDNF syn-
thesis in lumbar DRG neurons has been
shown to be regulated by NGF after the
intraplantar injection of CFA to the hind-
paw (Donnerer et al., 1992; Apfel et al.,

100 2.

U0126 inhibited these effects induced by the axotomy. (5) The
intrathecal injection of anti-NGF induced an increase in the
number of p-ERK- and BDNF-IR neurons at 3 d after injection,
but these p-ERK- and BDNF-IR neurons were medium-to-large-
diameter sensory neurons, whereas the NGF-induced increase in
the number of p-ERK- and BDNF-IR was seen mainly in small
and medium-sized neurons.

NGF is suggested to be a major contributor to the production
of inflammatory pain (Lewin and Mendell, 1993; Andreev et al.,
1995; Bennett et al., 1998). The level of NGF rises substantially in
inflamed tissue (Woolf et al., 1996, 1997), and NGF is retro-
gradely transported to the primary afferent neurons. On the
other hand, in vitro studies have characterized many of the intra-
cellular events downstream of trks. For example, the high-affinity
receptor for NGF, trkA, can signal through at least six different
pathways, a major one of which is a MAPK pathway (i.e., the

1996; Cho et al., 1997a,b). On the other
hand, ERK1/2 translocates from the cyto-
plasm to the nucleus and activates Rsk2,
which then phosphorylates the transcription factor CREB on
serine 133 (Xing et al., 1996). The phosphorylated CREB then
binds to the CRE sites on the promoter regions of the DNA and
initiates the transcription of genes, such as c-fos, dynorphin, and
BDNF (Shieh et al., 1998; Bonni et al., 1999; Riccio et al., 1999;
Finkbeiner, 2000). Taken together, these observations suggest
that the activation of the ERK pathway is a key intracellular sig-
naling event in the NGF-induced increase in the expression of
BDNEF in the peripheral inflammation model. To examine this
issue further, a small volume of NGF was injected intrathecally.
We found that NGF injection produced an increase in the phos-
phorylation of ERK in the DRG and also an increase in the per-
centage of BDNF-IR neurons in the DRG.

The increased p-ERK expression that occurred after axotomy
appeared mainly in medium- and large-sized neurons. Thus, the
changes after axotomy contrast starkly with the massive p-ERK
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increase in trkA-containing small neu-
rons that occurs with NGF treatment
(Averill et al., 2001) and also peripheral
inflammation in this study. Furthermore,
p-ERK expression was also upregulated in
satellite glial cells that surrounded, in par-
ticular, the larger-diameter neuronal so-
mata. It is not known whether this effect is
direct or indirect, but it emphasizes the
importance of glial cells and glial-neuro-
nal interactions after axotomy. In the
present study, sciatic nerve transection
produced autotomy behavior. Although
autotomy (self-mutilation behavior) may
be a response to a painless or anesthetic
limb, which is no longer perceived as self
(Sweet, 1981; Rodin and Kruger, 1984),
and the mechanisms of autotomy remain
largely unknown, several reports have
suggested that autotomy in animals after
nerve injury is a reaction related to painful
sensations (Wall et al., 1979; Coderre et
al., 1986; Janig and McLachlan, 1992).
Considering  that U0126  blocked
axotomy-produced ERK activation and
autotomy behavior, it is suggested that the
ERK pathway in the DRG might be in-
volved in the pathophysiology of neuro-
pathic pain, as well as painful inflamma-
tion. Our results in the DRG are new
findings, but Woolf and colleagues (Ji et
al., 2002a) recently demonstrated that the
activation of the ERK in dorsal horn neu-
rons contributes to persistent inflamma-
tory pain. Therefore, the effects of U0126
on pathological pain could also be medi-
ated by the inhibition of ERK activation in
dorsal horn neurons.

The pathophysiological mechanisms
of the phosphorylation of ERK and the
increase in BDNF that occur in the axoto-
mized medium-to-large-diameter DRG
neurons are not clear at this point. The
reduction in endogenous NGF may be
important for triggering a variety of
changes in neuropeptides after axotomy,
because exogenous NGF can reverse these
changes (Verge et al., 1995); also, an anti-
serum against NGF can trigger changes in
peptide expression similar to those seen
after axotomy (Shadiack et al., 2001). An
interesting finding in the present study
was that the intrathecal injection of anti-
NGEF, as well as the axotomy, induced an
increased expression of p-ERK and BDNF
in trkA-expressing medium-to-large-
diameter neurons. Previous papers
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Figure 6. Effects of intrathecal injections of recombinant rat 3-NGF or anti-NGF on the increase in the phosphorylation of ERK
and BDNF expression in the DRG 3 d after surgery. Photomicrographs showing the p-ERK-IR (A—C), BDNF-IR (D—F), and BDNF
mRNA-positive (G-/) neurons in the L4/5 DRG 3 d after surgery. The DRG neuronsin the 10 .g NGF group had clearincreases in the
number of both p-ERK- and BDNF-labeled neurons (B, £, H), compared with the saline group (4, D, G), 3 d after surgery. Most of
these p-ERK- and BDNF-positive neurons were small-to-medium-diameter sensory neurons, as indicated by arrows in B, £, and H,
respectively. An increase in the number of p-ERK- and BDNF-labeled neurons was detected in the 10 g anti-NGF group (£, /)
compared with the saline group (4, D, G) 3 d after surgery. The anti-NGF-induced increase in p-ERK and BDNF expression was seen
mainly in medium- and large-sized neurons (G, £, and /, respectively). Scale bar: (in /) A—/, 50 wm. J, Quantification of the
percentage of BDNF-IR neurons 3 d after the injection. *p << 0.05 compared with the saline group. K, L, Size-distribution histograms
of BDNF-IR neuron profiles 3 d after the injection in the 10 ug NGF and 10 g anti-NGF groups are shown in K and , respectively.
At least 300 neuron profiles with visible nuclei were counted in four to six randomly chosen sections from two animals (two to three
sections per animal). M, Western blot analysis of phosphorylated ERK and total amount of ERK in the L4/5 DRG after the intrathecal
injection of NGF and anti-NGF. NGF and anti-NGF induced an increase in the intensity of the band for p-ERK at 1 d. Bottom, Levels
of total ERK, as loading controls. N, 0, Immunohistochemical colocalization of BDNF (V) and trkA (0) in the L4/5 DRG in the
anti-NGF 10 g group at 3 d. Some BDNF-IR neurons in the DRG also expressed trkA (N, 0, arrows). Scale bar: (in 0) N, 0, 100 pm.

reported that a subpopulation of medium- and large-sized
DRG neurons contained trkA (Molliver et al., 1995; Bergman
et al., 1999; Karchewski et al., 1999) and also that axotomy
induced an increase in BDNF expression in trkA-expressing
large-diameter neurons, as well as trkB- and trkC-expressing
large neurons (Michael et al., 1999). Therefore, the expression

of p-ERK and BDNF in trkA-expressing medium- and large-
sized neurons may be regulated negatively by NGF, although
additional investigations will be needed. Alternatively, the in-
creased expression of BDNF in trkB- or trkC-expressing large-
diameter neurons after ERK activation could be regulated nega-
tively by a target-derived factor acting through trkB or trkC, such
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as neurotrophin-3 (Ohara et al., 1995), or positively by other
injury-induced factors, such as leukemia inhibitory factor (Ban-
ner and Patterson, 1994; Curtis et al., 1994; Sun et al., 1994, 1996).

In the present study, the percentages of p-ERK-IR neurons in
both pain states were small, and double-staining experiments
revealed that a subpopulation of BDNF-IR neurons was p-ERK-
expressing. It is likely that other MAPK pathways, such as P38,
c-jun N-terminal kinase, or ERK5 pathways, also may be acti-
vated by inflammation and/or nerve injury (Kenney and Kocsis,
1998; Watson et al., 2001; Ji et al., 2002b). However, Woolf and
colleagues suggested the possible signal cascade from the phos-
phorylated ERK to the activation of the transcription factor
CREB, which initiates the transcription of the BDNF (Woolf and
Costigan, 1999; Ji and Woolf, 2001). Recent reports suggested a
role of ERK signaling in another form of neural plasticity, namely
sensitization of nociceptors (Aley et al., 2001; Dai et al., 2002).
BDNEF that is synthesized in the DRG is transported to the central
terminals of the primary afferents in the spinal dorsal horn (Zhou
and Rush, 1996), is released, and acts on the trkB receptor on
second-order sensory neurons, in which BDNF is involved in the
modulation of painful stimuli (Kafitz et al., 1999; Mannion etal.,
1999; Lever et al., 2001). Exogenous BDNF enhances NMDA-
induced depolarizations in the spinal cord: a mechanism of cen-
tral sensitization (Kerr et al., 1999). Although additional studies
will be required to establish whether the increased BDNF synthe-
sis in the DRG after ERK activation underlies the sensitization of
primary afferent neurons, these findings suggest that MAPK sig-
naling plays an important role in pain states evoked by several
different mediators and pathological conditions.
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