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Nerve growth factor (NGF) and brain-derived neurotrophic fac-
tor (BDNF) are two major members of the neurotrophin family.
Using immunohistochemistry and in situ hybridization histo-
chemistry, we examined the effect of L5 spinal nerve ligation
(SPNL), a neuropathic pain model, on the expression of BDNF
in the uninjured L4 dorsal root ganglion (DRG). After L5 SPNL,
both immunoreactivity for BDNF and the hybridization intensity
for BDNF mRNA increased mainly in the small- and medium-
sized neurons. The percentage of BDNF mRNA-expressing
neurons increased in the ipsilateral L4 DRG compared with the
contralateral DRG from the third to 28th day after ligation. A
significantly greater number of BDNF-immunoreactive neurons
were observed in the ipsilateral L4 DRG than contralateral side
14 d after ligation. To test the contribution of BDNF to the
thermal hyperalgesia produced in this model, we intrathecally
injected anti-BDNF antibody at third day after ligation. This
treatment clearly attenuated thermal hyperalgesia for a few
hours. Almost all BDNF mRNA-expressing neurons coex-
pressed trkA, a high-affinity NGF receptor, mRNA. The percent-
age of BDNF mRNA-expressing cells of trkA cells significantly
increased in the ipsilateral L4 DRG 14 d after ligation. Further-

more, we examined the contribution of NGF on this phenotypic
change using ELISA, Northern blot analysis, and anti-NGF
antibody. NGF content in the ipsilateral L4 DRG linearly in-
creased and reached a statistical significant level 14 d after L5
SPNL. Moreover, at this time point, the increase in NGF mRNA
was observed in the ipsilateral L5 DRG and sciatic nerve, but
not in the ipsilateral L4 DRG or L4 spinal nerve. Local applica-
tion of anti-NGF antibody to the L4 spinal nerve beside the L5
spinal nerve-ligation site prevented the development of thermal
hyperalgesia for 5 d after ligation. Our data suggest that BDNF,
which increased in the uninjured L4 DRG neurons, acts as a
sensory neuromodulator in the dorsal horn and contributes to
thermal hyperalgesia in this neuropathic pain model. The con-
tribution of locally synthesized NGF to thermal hyperalgesia
was also demonstrated. These dynamic alterations in the ex-
pression and content of BDNF and NGF in the uninjured DRG
neurons might be involved in the pathomechanisms of neuro-
pathic pain.
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The phenotypic change of dorsal root ganglion (DRG) neurons
has been extensively studied as an explanation for neuropathic
pain that occurs after peripheral nerve injury. The axotomized
neurons increase or decrease their expression of a variety of
molecules, such as neuropeptides, receptors, and ion channels.
Some of these phenotypic changes may contribute to develop-
ment and maintenance of spontaneous pain and may have roles in
central sensitization in the spinal cord. However, it is certain that
evoked pain by natural stimuli applied to the periphery must be
transferred by the neurons spared from axotomy, because the
axotomized neurons are no longer capable of responding to the
peripheral stimuli. The plantar surface of the rat hindpaw is
innervated by the L3–L5 spinal nerves (Takahashi et al., 1994).
Among the three major neuropathic foot plantar pain models in

rats (Bennett and Xie, 1988; Seltzer et al., 1990; Kim and Chung,
1992), the L5 and L6 spinal nerve ligation (SPNL) model (Kim
and Chung, 1992) is unique because the uninjured L4 DRG
neurons are clearly separated from the axotomized L5 and L6
DRG neurons. Thus, the L4 spinal nerve should be the main
route through which the impulses evoked in the periphery are
transferred to the spinal dorsal horn in this model (Li et al., 2000).
Therefore, we focused the phenotypic change of the L4 DRG
neurons using the more simplified L5 SPNL model.

Brain-derived neurotrophic factor (BDNF) is a type of neuro-
trophin, which has been studied in terms of the roles in neuronal
survival and development. Recently, much attention has focused
on the role of BDNF as a new neuromodulator in the spinal
dorsal horn, especially in inflammatory pain states (Kerr et al.,
1999; Mannion et al., 1999; Thompson et al., 1999). The contri-
bution of BDNF to the pathophysiological mechanism of neuro-
pathic pain has not yet been examined. In this study, we investi-
gated BDNF expression in the L4 DRG after L5 SPNL using in
situ hybridization histochemistry and immunohistochemistry. In
previous studies (Fukuoka et al., 1998a,b), we demonstrated that
the expression of calcitonin gene-related peptide (CGRP) mRNA
and preprotachykinin (PPT; a gene encoding substance P)
mRNA increased in a subpopulation of the neurons in the ipsi-
lateral L4 DRG after L5 SPNL. Ma and Bisby (1998) demon-
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strated that substance P expression increased in spared DRG
neurons 14 d after chronic constriction injury of the sciatic nerve
(Ma and Bisby, 1998). Because BDNF expression in DRG is
known to be regulated by nerve growth factor (NGF) as well as
CGRP and PPT (Apfel et al., 1996; Cho et al., 1997; Michael et
al., 1997), we examined coexpression of BDNF mRNA with trkA
mRNA and measured the content of NGF protein and mRNA in
the L4 DRG, L4 spinal nerve, and sciatic nerve using this model.
Furthermore, we tested whether anti-BDNF and anti-NGF anti-
bodies could reverse thermal hyperalgesia and influence the in-
crease in BDNF expression.

Preliminary results from this study have been published in
abstract form (Fukuoka et al., 2000).

MATERIALS AND METHODS
Animal model. All animal experiments conformed to the regulations of
the Hyogo College of Medicine Committee on Animal Research and
were performed in accordance with the guidelines of the National
Institutes of Health on animal care.

A total of 116 male Sprague Dawley rats, weighing 170–270 gm
(250–270 gm for the intrathecal injection study and 170–200 gm for the
other studies), were used. All surgical procedures were done on rats that
were deeply anesthetized with sodium pentobarbital (50 mg/kg body
weight, i.p.). Additional doses of the anesthetics were given as needed. L5
spinal nerve ligation was performed on 76 rats. The surgeries were
performed with some modifications to the original SPNL model (Kim
and Chung, 1992). Special attention was paid to prevent infection, thus
minimizing the influence of inflammation. Briefly, the hair of the lower
back of the rats was shaved and the skin was sterilized with 0.5%
chlorhexidine and covered with clean paper. Using sterilized operating
instruments, the left L5 spinal nerve (SpN) was isolated and tightly
ligated with 3–0 silk thread (L5 SPNL). In sham-operated rats (n 5 20),
the left L5 spinal nerve was isolated, without ligation. The right side was
not subjected to any surgery in both groups. The wound was washed with
5 ml of distilled saline and sutured with 3–0 silk thread. The remaining
20 rats were used as naive controls in the Northern blot and ELISA.

Behavioral tests. The tests for mechanical allodynia and heat hyperal-
gesia of the plantar surface of the hindpaws were done in all rats 1 d
before surgery and 1, 3, 5, 7, 10, and 14 d after surgery until killing. The
frequency of the paw withdrawal in response to normally innocuous
mechanical stimuli was measured using a von Frey filament of 72.2 mN.
The rat was placed on a metal mesh floor covered with an inverted clear
plastic cage (18.5 3 9 3 14.5 cm). The von Frey filament was then applied
from underneath the metal mesh floor to the plantar surface of the paw.
The von Frey filament was applied to each paw for five trials (six
applications of 3 sec/trial). The occurrence of paw withdrawals was
expressed as “response frequency” (i.e., number of trials accompanied by
paw withdrawal /5 3 100).

Heat hypersensitivity was tested using the plantar test (Ugo Basile,
Varese, Italy). Specifically, the rat was placed beneath the same plastic
cage used for the mechanical allodynia test, but this time on an elevated
glass floor. With the rat standing relatively still, a radiant heat source
beneath the glass floor was aimed at the plantar surface of the hindpaw.
The withdrawal latency was measured to the nearest 0.1 sec. Before
assessment of heat hyperalgesia, the intensity of the radiant heat source
was adjusted to yield a mean baseline latency of ;10 sec from five naive
rats with the cutoff automatically set at 22.5 sec to avoid tissue damage.
The hindpaws were tested alternately with .5 min intervals between
consecutive tests. Three latencies were taken for each hindpaw in each
test session. The three latencies per side were averaged, and a difference
score was computed by subtracting the average latency of the contralat-
eral side from that of the ipsilateral side. Negative difference scores
indicated a hyperalgesic response on the ipsilateral side.

Data are were expressed as mean 6 SEM. Differences in changes of
values over time were tested using one-way repeated measures ANOVA.
The difference between each time point was tested by Fisher’s protected
least significant difference (PLSD) test. Two-tailed p values ,0.05 were
considered to be significant.

Immunohistochemistry. For immunohistochemistry, four rats that re-
ceived L5 SPNL 14 d before were used. These rats were deeply anes-
thetized with sodium pentobarbital (70–80 mg/kg body weight, i.p.) and
perfused transcardially with 100 ml of 1% paraformaldehyde in 0.1 M

phosphate buffer (PB), pH 7.4, followed by 500 ml of 4% paraformalde-
hyde in 0.1 M PB. The L4 DRG was dissected out and post-fixed in the
same fixative for 4 hr at 4°C, followed by immersion in 20% sucrose in 0.1
M PB at 4°C overnight for cryoprotection. The tissue was frozen in
powdered dry ice, cut on a cryostat at 30 mm thickness, and placed in 0.1
M PBS.

The floating sections were preincubated in PBS containing 10% nor-
mal goat serum (NGS) and 0.3% Triton X-100 for 1 hr, then incubated in
primary antibody in the same solution for 48 hr at 4°C. Rabbit anti-
BDNF polyclonal antiserum was used (a kind gift from Amgen, Thou-
sand Oaks, CA; 1 mg/ml). The sections were washed in PBS and then
incubated in biotinylated anti-rabbit IgG (1:200; Vector Laboratories,
Burlingame, CA) in PBS containing 5% NGS for 2 hr at 4°C, followed by
incubation in avidin–biotin–peroxidase complex (Elite ABC kit; Vector)
for 1 hr at room temperature. The horseradish peroxidase reaction was
developed in 0.1 M Tris-buffered saline, pH 7.4, containing 0.05% 3,39-
diaminobenzidine tetrahydrochloride (Sigma, Steinheim, Germany),
0.3% nickel sulfate, and 0.01% hydrogen peroxidase. Sections were then
washed in PBS, mounted on slides, dried, and coverslipped.

In situ hybridization histochemistry. For in situ hybridization histochem-
istry (ISHH), the rats were killed by decapitation under deep anesthesia
(70–80 mg/kg body weight, i.p.) 1, 3, 7, 14, and 28 d after L5 SPNL and
14 d after the sham operation (n 5 4 at each time point). Bilateral L4 and
L5 DRGs were dissected out, rapidly frozen in powdered dry ice, and cut
on a cryostat at a 16 mm thickness for standard ISHH or at a 6 mm
thickness for ISHH on the serial sections. Sections from four DRGs of
each rat were thaw-mounted onto eight slides coated with silane (3-
aminopropyl triethoxysilane) for standard ISHH or onto 10 pairs of
slides for ISHH for the serial sections, and stored at 280°C until use.

Oligonucleotide probes complementary to bases 156–204 of the rat
BDNF sequence (Maisonpierre et al., 1991; GenBank accession number
M61175), bases 1184–1231 (Kashiba et al., 1995) of the rat trkA sequence
(Meakin et al., 1992; GenBank accession number M85214), and bases
868–918 (Wetmore et al., 1990) of rat bNGF sequence (Whittemore et
al., 1988; GenBank accession number M36589) were synthesized. The
specificity of these three probes was confirmed by Northern blot analysis,
as described below (Fig. 1). These probes were labeled with 35S-
deoxyadenosine triphosphate (NEN, Boston, MA) and terminal deoxy-
nucleotidyl transferase (Amersham Pharmacia Biotech, Arlington
Heights, IL), giving a specific activity of 1.0–1.5 3 10 9 cpm/mg. Sections
were hybridized after thawing, without any pretreatment, overnight at
42°C in humidified boxes with 5 3 10 5 cpm of labeled probe per 100 ml
of a mixture containing 43 SSC (13 SSC 5 0.15 mM NaCl and 0.015 mM

sodium citrate), 50% formamide, 0.12 M phosphate buffer, 13 Denhardt’s
solution, 0.2% SDS, 250 mg/ml yeast tRNA, 10% dextran sulfate, and 100
mM dithiothreitol. After hybridization, the sections were rinsed four
times each for 15 min at 55°C in 13 SSC, dipped in distilled water,
transferred through 60, 80, and 95% ethanol, and then air-dried. For
autoradiography, the sections were coated with NTB-3 emulsion (Kodak,
Rochester, NY; diluted 2:3 with distilled water at 45°C) and exposed in
light-tight boxes at 4°C for 3–4 weeks. After development in D19
(Kodak) and fixation in 24% sodium thiosulfate, the sections were rinsed
in distilled water, counterstained with neutral red, dehydrated in a
graded ethanol series, cleared in xylene, and coverslipped.

Quantitative analysis. Measurements of the density of silver grains over
randomly selected tissue profiles were performed using a computerized
image analysis system (NIH Image, version 1.61) by a blinded assistant,
where only neuronal profiles that contained nuclei were used for quan-
tification. At a magnification of 2003 and with bright-field illumination,
upper and lower thresholds of gray level density were set such that only
silver grains were accurately discriminated from the background in the
outlined cell or tissue profile and read by the computer pixel-by-pixel.
Subsequently, the area of discriminated pixels was measured and divided
by the area of the outlined profile, giving a grain density for each cell or
tissue profile. To reduce the risk of biased sampling of the data because
of varying emulsion thickness, we used a signal-to-noise (S/N) ratio for
each cell in each tissue. The S/N ratio of an individual neuron and its
cross-sectioned area, which was computed from the outlined profile, was
plotted. Based on this scattergram, neurons with a grain density of
twofold the background level or higher (2 # S/N ratio) were considered
positively labeled for BDNF mRNA. To distinguish cell size-specific
changes, we characterized the DRG neurons as small (,600 mm 2)-,
medium (600–1200 mm 2)-, and large (.1200 mm 2)-sized neurons, ac-
cording to their cross-sectional area. Because a stereological approach
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was not used in this study, quantification of the data may represent a
biased estimate of the actual numbers of neurons.

At least 250 neurons from each L4 DRG of each rat were measured.
The number of positively labeled DRG neurons was divided by the
number of neuronal profiles counted in each DRG. Data are expressed
throughout as mean 6 SEM (%). Pairwise comparisons (t test) were
used to assess differences of values between ipsilateral and contralateral
DRGs. Two-tailed p values of ,0.05 were considered to be significant.

Intrathecal injection of anti-BDNF antibody. Under adequate anesthesia
with sodium pentobarbital, the rats Th11 vertebra were laminectomized.
A soft tube (Silascon, Kaneka Medix Company, Osaka, Japan; outer
diameter, 0.64 mm) was inserted into the subarachnoid space for an ;1.5
cm length to ensure that the tip reached to the lumbar enlargement.
Three days later, the rats received L5 SPNL as described above. All rats
that showed motor impairment were excluded. After an additional 3 d,
the development of neuropathic pain was confirmed, and sheep anti-
BDNF antibody (20 mg in 20 ml of PBS; Chemicon, Temecula, CA) or
normal sheep IgG (20 mg in 20 ml of PBS; Cappel, Aurora, OH) was
injected through the intrathecal cannula. The pain response to radiant
heat was tested as described above at 1, 2.5, 4, 6, and 12 hr after injection.

Northern blot analysis. Sixteen rats were deeply anesthetized with
sodium pentobarbital (70–80 mg/kg body weight, i.p.) and killed by
decapitation 14 d after L5 SPNL. The survival time of 14 d was selected
because NGF content in the ipsilateral L4 DRG was significantly in-
creased at this time point (see Results). The L4 and L5 DRG, L4 spinal
nerves, and sciatic nerves were rapidly removed and immediately frozen
on dry ice and stored at 280°C. To obtain enough total RNA, each
sample contained tissue from four rats. Therefore, four pooled samples
were independently measured for NGF mRNA expression. In addition,
four naive rats were used to confirm the specificity of the oligonucleotide
probes. The extraction of total RNA was performed using the RNA
extraction regent Isogen (Nippon Gene, Tokyo, Japan). Briefly, the
sample was homogenized in 1 ml of Isogen regent, mixed with 200 ml of
chloroform, and centrifuged for 15 min at 4°C and 12000G. The super-
natant was mixed with the same volume of isopropyl alcohol and centri-
fuged again under the same conditions. The precipitate was washed in
75% ethanol and air-dried. Twenty micrograms of RNA were fraction-
ated by electrophoresis through a 1% agarose/formaldehyde gel and
transferred overnight to a Hybond-N membrane (Amersham) in 203
SSC. After UV cross-linking and baking for 1 hr at 80°C, the membranes
were prehybridized with 10 ml of hybridization buffer (50% formamide,
3.63 SSPE, 1% SDS, 53 Denhardt’s solution, and 0.1 mg/ml salmon
sperm DNA) in glass bottles for 6 hr at 42°C, then the labeled oligonu-
cleotide probes were added into the bottles and hybridized overnight at
42°C. The oligonucleotide probes were labeled with 32P-deoxyadenosine
triphosphate (NEN) and terminal deoxynucleotidyl transferase (Amer-
sham), giving a specific activity of 3–6 3 109 cpm/mg. After hybridiza-
tion, the membranes were washed three times in 50 ml of 23 SSC at room
temperature, followed by washing in 300 ml of 23 SSC containing 0.1%
SDS for 30 min at 65°C. Kodak BioMax film was used with Kodak
intensifying screens for the autoradiograms. The film was developed and
fixed using Konica SRX-101 autodeveloper.

Each of the newly designed oligonucleotide probes showed one or two
bands at the positions expected from previous studies (BDNF, 1.6–1.8 kb
and 4.2–4.4 kb; trkA, 3.2 kb; bNGF, 1.4 kb) (Fig. 1) (Schwartz, 1988;
Ernfors et al., 1993; Mannion et al., 1999).

The expression of bNGF mRNA was quantified using the gel-plotting
macros of NIH Image, version 1.61. A 40 mer oligonucleotide probe for
glyceraldehyde-3-phosphate (GAPDH; Oncogene Research Products)
was used as an internal control. Four independent blottings were per-
formed and measured. The expression on the ipsilateral side is presented
as mean 6 SEM (%) of contralateral side. Differences from 100% were
tested using t tests. Two-tailed p values ,0.05 were considered to be
significant.

NGF ELISA. NGF concentration was measured using a two-site (Sand-
wich) ELISA based on a protocol provided by Boehringer Mannheim
(Indianapolis, IN). The first antibody was a monoclonal anti-mouse
bNGF antibody (clone 27/21; Boehringer Mannheim), and the second
antibody was the same antibody conjugated with b-galactosidase.

L4 DRG, L4 SpN, and sciatic nerve (ScN) were collected from 16 naive
rats, 16 sham-operated rats, and the rats that received L5 SPNL 1, 4, 7,
and 14 d before (16 rats at each time point). To obtain detectable NGF
protein, each sample contained tissue from four rats. Therefore, four
samples were measured for each time point. Each sample was weighed
and homogenized in 200 ml of extraction buffer (100 mM Tris-HCl, 400

mM NaCl, 2% bovine serum albumin, 0.05% sodium azide, 1 mM PMSF,
7 mg/ml aprotinin, and 4 mM EDTA). After centrifugation for 10 min at
4°C and 100,000 3 g, the supernatant was mixed with the same volume of
solution containing 0.2% Triton X-100 and 20 mM CaCl2.

Nunc-immuno-Maxisorp microtiter plates (Nunc, Roskilde, Denmark)
were incubated for 2 hr at 37°C with 150 ml of 0.5 mg/ml anti-NGF
monoclonal antibody in coating buffer (50 mM Na2CO3–NaHCO3 and
0.1% sodium azide, pH 9.6). After removing the coating solution, non-
specific binding to the plate was blocked by incubation for 30 min at 37°C
with 0.5% bovine serum albumin in coating buffer, followed by three
washes with washing buffer (50 mM Tris-HCl, 200 mM NaCl, 10 mM
CaCl2, 0.1% Triton X-100, and 0.05% sodium azide, pH 7.0). Each well
was applied with 100 ml of the supernatant described above, in triplicate,
or with recombinant rat bNGF (15.6–500 pg/ml; R & D Systems, Min-
neapolis, MN) and incubated at 4°C overnight. After three washes with
washing buffer, 100 ml of anti-NGF antibody (0.4 U/ml) conjugated to
b-galactosidase was applied to each well and incubated for 4 hr at 37°C.
Plates were then washed three times and then incubated with 200 ml of
substrate solution (2 mg/ml chlorophenol red-b-D-galactopyranoside, 100
mM HEPES, 150 mM NaCl, 2 mM MgCl2, and 1% bovine serum albumin)
for 1 hr at 37°C. Absorbance was read at 570 nm. The NGF concentration
was normalized to milligrams of wet tissue. The ipsilateral–contralateral
ratio of the NGF content (in picograms) per wet weight (in milligrams)
of the samples was calculated and expressed as mean 6 SEM of four
samples at each time point. Differences in changes of values over time
were tested using one-way ANOVA. The difference between each time
point and the naive control value was tested by Fisher’s PLSD test.
Two-tailed p values ,0.05 were considered to be significant.

Local application of anti-NGF antibody. L5 SPNL was performed as
described above, except that a small piece of sponge of gelatin (Spongel;
Yamanouchi, Tokyo, Japan) saturated with sheep anti-NGF antibody
(100 mg in 100 ml of PBS; Chemicon, Temecula, CA) or normal sheep
IgG (100 mg in 100 ml of PBS; Cappel, Aurora, OH) was placed around
the L4 spinal nerve near the L5 SPNL site. Thermal hyperalgesia was
tested as described above, just before surgery and every day after surgery
for 7 d. BDNF mRNA expression was examined on the third and seventh
days after surgery using ISH, as described above.

RESULTS
Neuropathic pain behavior
All rats that received L5 SPNL developed mechanical and heat
hypersensitivity on the ipsilateral hindpaw. For example, the time
course of mechanical allodynia and heat hyperalgesia obtained
from 20 rats that survived for 14 d after L5 SPNL are shown in
Figure 2. Before surgery, these rats rarely responded to the von
Frey filament (72.2 mN). From the first day after the operation,

Figure 1. Northern blot analysis of oligonucleotide probes designed for
the present study. The probes for BDNF and trkA were hybridized onto
the total RNA obtained from naive L4 DRG, and the probe for bNGF
was hybridized onto the total RNA obtained from the sciatic nerve 14 d
after L5 SPNL. Each probe was hybridized at the position or positions
expected from the previous studies (see Materials and Methods). The top
and bottom arrows indicate the positions of 28S and 18S rRNAs,
respectively.
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these rats responded to the von Frey filament on 58% of the trials
on the ipsilateral side, and the mean response frequency was
relatively constant until killing (one-way repeated measures
ANOVA followed by Fisher’s PLSD) (Fig. 2A). A small increase
in the mean response frequency was also seen on the contralateral
side, although it was significantly different from the ipsilateral side
(paired t test) (Fig. 2A). Application of the von Frey filament on
the ipsilateral side often led to a sustained lifting, shaking, and
licking of the paw, whereas the response on the contralateral side
was brisk and short-lasting. There was no significant change in
sham-operated rats between the preoperative day and 14 d after
the sham operation (paired t test) (Fig. 2A).

Before surgery, the radiant heat stimulus produced paw-
withdrawal at a 9.4 6 0.4 sec latency on both sides; where the

difference score was virtually zero (0.03 6 0.2 sec). After L5
SPNL, the difference score became a minus value, and one-way
repeated measures ANOVA showed a significant time course
change. The mean difference scores at 3, 5, 10, and 14 d after L5
SPNL were significantly lower than the preoperative value (Fish-
er’s PLSD) (Fig. 2B). The mean difference score from five sham-
operated rats slightly decreased at 14 d after surgery, but it did
not reach significance compared with the preoperative value ( p 5
0.07 by paired t test).

BDNF expression increased in the ipsilateral L4 DRG
after L5 spinal nerve ligation
In control rats, 7.8 6 2.5% of L4 DRG neurons were positively
(2 # S/N ratio) labeled for BDNF mRNA. However, the grain
density of almost all of them was relatively low (S/N ratio , 4).
After L5 SPNL, some neurons intensely labeled for BDNF
mRNA were observed in the ipsilateral L4 DRG, whereas the
labeling in the contralateral side remained weak. For example,
dark-field photomicrographs of the L4 DRG at 14 d after injury
are presented in Figure 3, A and B.

To quantify the increase in BDNF mRNA expression in detail,
we measured the signal intensity of each neuron (at least 250
neurons) in a randomly selected L4 DRG section from each rat.
Cross-sectional area S/N ratio distributions of L4 DRG neurons
from a typical rat, 14 d after L5 SPNL, are shown in Figure 3, C
and D. The increase in signal intensity was seen mainly in small-
sized (,600 mm2) and medium-sized (600–1200 mm2) neurons,
but a small population of large-sized (.1200 mm2) neurons also
increased signal intensity.

The time course of BDNF mRNA expression in the L4 DRG
is presented in Figure 3E. Although there was no difference on
the first day, a significant increase in BDNF mRNA expression in
the ipsilateral L4 DRG was first observed on the third day after
L5 SPNL, and the increase was still significant on the 28th day
after injury compared with the contralateral side (paired t test)
(Fig. 3E).

The increase in BDNF expression was confirmed at the protein
level by immunohistochemistry 14 d after L5 SPNL (Fig. 3F,G).
Thus, the proportion of BDNF immunoreactive neurons in the
ipsilateral L4 DRG was significantly greater than that in the
contralateral side (paired t test) (Table 1), and the percentages of
BDNF-immunoreactive neurons are consistent with the percent-
ages of BDNF mRNA-expressing neurons on both sides (Table
1). In addition, the intensity of BDNF-immunoreactivity in some
neurons markedly increased in the ipsilateral L4 DRG compared
with the contralateral side (Fig. 3, arrows). Consistent with the
ISHH data (Fig. 3C,D), most of these BDNF-immunoreactive
neurons were small or medium in size.

Intrathecal injection of anti-BDNF antibody attenuates
thermal hyperalgesia
To test the contribution of endogenous BDNF to pain behavior in
this model, we neutralized BDNF in the superficial dorsal horn of
the spinal cord by intrathecal injection of anti-BDNF antibody 3 d
after L5 SPNL, when all rats developed thermal hyperalgesia
(Fig. 4, asterisk), as demonstrated by significant shifts of difference
scores of both groups to minus values. Anti-BDNF antibody
injection significantly reduced the shift for at least 150 min com-
pared with the preinjection value (Fig. 4, number sign), although
this effect disappeared as early as 4 hr after injection. Normal
sheep IgG injection had no significant effect on the shift of
difference score for the duration of the testing period.

Figure 2. Time course of neuropathic pain behaviors. A, The response
frequencies of paw withdrawals to repeated mechanical stimuli applied to
the pads of the hindpaws with a von Frey filament of 72.2 mN are
expressed as a percentage (mean 6 SEM) of trials. Data from the
ipsilateral (closed symbols) and contralateral (open symbols) side of 20 rats
that received L5 SPNL (circles) and five sham-operated rats (triangles) are
shown. There was a significant group effect between the ipsilateral and
contralateral side of the L5 SPNL group ( p , 0.05, two-way repeated
measures ANOVA). Number signs indicate significant differences from
the contralateral side (p , 0.05, paired t test). Asterisks indicate significant
differences from the preoperative value (Pre) ( p , 0.05, one-way
ANOVA followed by Fisher’s PLSD). B is the difference score (latency on
the operated side 2 latency on the contralateral side) to the radiant heat
stimuli obtained from the same rats with the mechanical stimuli. Data
obtained from 20 rats that received L5 SPNL (closed circles) and five
sham-operated rats (closed triangles) are expressed as seconds (mean 6
SEM). There was a significant change with time in the L5 SPNL group
( p , 0.05, one-way ANOVA). Asterisks indicate significant difference
from the preoperative value (Pre) ( p , 0.05 by Fisher’s PLSD).
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Coexpression of trkA mRNA with BDNF mRNA in the
L4 DRG
To address the contribution of NGF to the upregulation of BDNF
expression in the ipsilateral L4 DRG, we first examined the
coexpression of trkA, the high-affinity NGF receptor, mRNA and
BDNF mRNA using ISHH on the 6-mm-thick serial sections of
L4 DRG obtained 14 d after L5 SPNL (Fig. 5, Table 2). Neurons
with an S/N ratio of $2 were taken as positive neurons for both

Table 1. The percentage of L4 DRG neurons expressing BDNF
immunoreactivity (IR) and mRNA 14 d after L5 spinal nerve ligation

IR mRNA

Ipsilateral 23.8 6 1.4%* 17.5 6 2.7%*
Contralateral 8.1 6 1.6% 9.1 6 2.6%

*p , 0.05 versus contralateral side by paired t test (n 5 4).

Figure 3. Effect of L5 spinal nerve ligation on BDNF protein and mRNA expression in L4 DRG neurons. A and B are dark-field photomicrographs
showing in situ hybridization products for BDNF mRNA 14 d after surgery. In the ipsilateral L4 DRG (A), several neurons were intensely labeled
(arrows) compared with the contralateral L4 DRG ( B). Scale bars, 300 mm. C and D are scatterplot diagrams of BDNF mRNA expression in the
ipsilateral (C, ipsi.) and contralateral (D, contra.) L4 DRG from one representative rat. Individual cell profiles are plotted according to the cross-sectional
area (in square micrometers; along the x-axis) and S/N ratio (along the y-axis). The dashed lines indicate the borderline between the negatively and
positively labeled neurons (S/N ratio 5 2). A subpopulation of small (,600 mm 2)- and medium (600–1200 mm 2)-sized neurons showed an increase in
S/N ratio on the ipsilateral side compared with the contralateral side. E is a bar graph showing means 6 SEM (%) of BDNF mRNA-expressing neurons
in the L4 DRG at various times after L5 spinal nerve ligation (n 5 4 at each time point). Filled bars and open bars represent the values on the ipsilateral
and contralateral sides, respectively. #p , 0.05; ##p , 0.01 by paired t test. F and G are photomicrographs of BDNF immunohistochemistry 14 d after
surgery. On the ipsilateral side (F), the immunoreactive intensity of some small-sized neurons markedly increased compared with the contralateral side
(G). Scale bars, 200 mm.
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mRNAs. In this experiment, 33.7 6 0.9 and 32.1 6 1.7% of
neurons expressed trkA mRNA in the ipsilateral and contralat-
eral L4 DRG, respectively, and there was no significant difference
between these two values (paired t test). The proportion of
BDNF mRNA-expressing neurons in the trkA mRNA-expressing
neurons was significantly higher in the ipsilateral L4 DRG com-

pared with the contralateral side (Table 2). Conversely, most of
the BDNF mRNA-expressing neurons had trkA mRNA on both
sides.

NGF content increased in the ipsilateral L4 DRG after
L5 spinal nerve ligation
Next, we quantified the NGF content using ELISA. In naive
control rats, the NGF concentrations in the L4 DRG, L4 spinal
nerve, and sciatic nerve were 4.3 6 0.2, 3.0 6 0.3, and 2.3 6 0.2
pg/mg of wet tissue, respectively. The concentration in the sciatic
nerve is similar with the value obtained in a previous report
(Heumann et al., 1987). However, the concentration in the DRG
was lower than the value of another report (Herzberg et al., 1997).
This may reflect the difference in the use of the ELISA system or
standard NGF. Therefore, we normalized the values on the ipsi-
lateral side to contralateral values, as described in Materials and
Methods. Each of the ipsilateral–contralateral NGF concentra-
tion ratios in the three tissues in naive control rats was ;100%.
The ratio in the L4 DRG linearly increased and reached signifi-
cance 14 d after L5 SPNL (174.5 6 21.3%) (Fig. 6A). The ratio
in the L4 spinal nerve did not show any statistical change through-
out the period (Fig. 6B). The ratio in the sciatic nerve signifi-
cantly increased 1 and 4 d after L5 SPNL (304.3 6 29.5 and
156.5 6 2.5%), but returned to around normal the level at 7 and
14 d after injury (Fig. 6C).

In sham-operated rats, there was no difference of NGF con-
centration between the ipsilateral and contralateral L4 DRG, the
L4 spinal nerves, and the sciatic nerves 14 d after surgery (the
ipsilateral–contralateral NGF concentration ratios were 93.1 6
1.5, 93.5 6 8.6, and 94.0 6 6.3%, respectively) (Fig. 6).

NGF mRNA increased in the ipsilateral sciatic nerve
but not in the L4 DRG
To address the question of where the NGF is synthesized, North-
ern blot analysis and ISHH for NGF mRNA were performed in the
L4 and L5 DRG, the L4 spinal nerve, and the sciatic nerve.
In the contralateral tissue, NGF mRNA expression was just
above the detectable level. L5 SPNL induced clear upregulation
of NGF mRNA in the ipsilateral L5 DRG and sciatic nerve, but
in neither the ipsilateral L4 DRG nor L4 spinal nerve at 14 d after
injury (Fig. 7A,B). To rule out the possibility that the expression
of NGF mRNA occurs in a very small proportion of DRG
neurons or other cells, ISHH was performed. NGF mRNA
expression could not be detected in the ipsilateral L4 DRG at
14 d after injury (Fig. 7C).

Local application of anti-NGF antibody prevented the
development of thermal hyperalgesia after L5 SPNL
NGF is a neurotrophic factor that is retrogradely transported to
the DRG from the periphery. Because we found that the synthesis
of NGF increased in the ipsilateral sciatic nerve in this neuro-
pathic pain model, an increased amount of NGF may be trans-
ported to the ipsilateral L4 DRG. Therefore, we aimed to block

Figure 5. Coexpression of BDNF mRNA with trkA mRNA in the
ipsilateral L4 DRG 14 d after L5 spinal nerve ligation. A pair of serial
sections processed for in situ hybridization for BDNF mRNA (A) and
trkA mRNA (B). Asterisks indicate the neurons that coexpress both
mRNAs. Scale bars, 100 mm.

Figure 4. Effects of intrathecal injection (arrow) of anti-BDNF antibody
(20 mg, closed circles) or normal sheep IgG (20 mg, open circles) on paw
withdrawal response to noxious heat of the rats that received L5 SPNL.
Difference scores were calculated by subtracting contralateral withdrawal
latencies from ipsilateral withdrawal latencies and expressed as mean 6
SEM (n 5 8 for each treatment). Thermal hyperalgesia was abolished for
at least 2.5 hr by anti-BDNF antibody injection, whereas normal sheep
IgG injection had no significant effect on the behavior. *p , 0.05 versus
before L5 SPNL ( pre ope); #p , 0.05 versus before injection ( pre inj.) by
one-way ANOVA followed by Fisher’s PLSD.

Table 2. Coexpression of tkA mRNA with BDNF mRNA in L4 DRG
14 d after L5 spinal nerve ligation

BDNF/trkA trkA/BDNF

Ipsilateral 28.1 6 3.8%* 90.3 6 3.3%
Contralateral 12.1 6 1.0% 92.9 6 7.1%

X/Y means the percentage of X mRNA-expressing cells in Y mRNA-expressing
cells.
*p , 0.05 versus contralateral side by paired t test (n 5 4).
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the NGF being transported in the L4 spinal nerve using local
application of anti-NGF antibody on the surface of the nerve
(Fig. 8).

The time course of the development of thermal hyperalgesia
was significantly different between the anti-NGF antibody and the
normal sheep IgG-treated groups (two-way repeated measures
ANOVA). Significant thermal hyperalgesia was apparent as early
as the first days after surgery and lasted at least 7 d in the normal
sheep IgG-injected group. As was expected, the anti-NGF
antibody-injected group did not show the significant shift of
difference score to a minus value until the sixth day after L5
SPNL. However, anti-NGF antibody application to the L4 spinal
nerve did not prevent the increase in BDNF expression in the
ipsilateral L4 DRG at the third or seventh days after surgery
(Table 3).

DISCUSSION
In this study, we demonstrated the following new findings: (1) L5
SPNL induced a significant increase in the expression of BDNF
in a subpopulation of neurons in the ipsilateral L4 DRG. The
increase was significant from the third day and continued for at
least 4 weeks after surgery. (2) Intrathecal injection of anti-
BDNF antibody attenuated thermal hyperalgesia for a few hours.
(3) Most of the BDNF mRNA-expressing neurons in the ipsilat-
eral L4 DRG coexpressed trkA mRNA. The percentage of
BDNF mRNA-expressing cells of the trkA mRNA-expressing
cells was significantly higher in the ipsilateral L4 DRG than the
contralateral side. (4) NGF content linearly increased in the
ipsilateral L4 DRG after L5 SPNL, with this increase reaching
statistical significance at the 14th day after surgery. (5) NGF
mRNA increased in the ipsilateral sciatic nerve and L5 DRG, but
not in the ipsilateral L4 DRG, at 14 d after surgery. (6) The local
application of anti-NGF antibody to the L4 spinal nerve pre-
vented the development of thermal hyperalgesia for 5 d after
SPNL, but did not block the increase in BDNF expression in the
ipsilateral L4 DRG.

The percentage of BDNF mRNA-expressing neurons in the
lumbar DRG has been found to vary from 11 to 38% in previous

reports (Cho et al., 1997; Michael et al., 1997; Kashiba and Senba,
1999; Mannion et al., 1999). This variation is likely the result of
differences in probe design and the criteria used to distinguish
between positive and negative neurons. In the current study, we
observed that 7.8 6 2.5% of naive L4 DRG neurons expressed
BDNF mRNA. This value may underestimate the exact value;
however, our data are very consistent with the values obtained
using immunohistochemistry (Table 1).

BDNF is constitutionally expressed in DRG neurons, espe-
cially in small- and medium-sized neurons (Zhou and Rush,
1996), and increases after direct nerve injury (Cho et al., 1998;
Kashiba and Senba, 1999). Therefore, in the present study the
increase in BDNF expression in a subpopulation of ipsilateral L4
DRG neurons can be explained by direct injury to these neurons.
However, such neurons must be relatively rare, because a clear
increase in BDNF immunoreactivity was observed mainly in
small-sized neurons in the ipsilateral L4 DRG in this study (Fig.
3F), whereas axotomy increases BDNF immunoreactivity and
BDNF mRNA expression in mainly medium- and large-sized
neurons (Cho et al., 1998; Kashiba and Senba, 1999).

BDNF has recently been recognized as a sensory neuromodu-
lator in the spinal dorsal horn (Kafitz et al., 1999; Kerr et al.,
1999; Mannion et al., 1999; Thompson et al., 1999). BDNF 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; Michael et al., 1997), is released, and acts on the trkB
receptor on the second-order sensory neurons. As reported in
hippocampus (Suen et al., 1997), BDNF can cause phosphoryla-
tion of the NMDA receptor on spinal neurons, and this is known
as one of the mechanisms of central sensitization. In fact, spinal
neurons show greater response to nociceptive input after exoge-
nous BDNF treatment (Kerr et al., 1999; Thompson et al., 1999).
The contribution of endogenous BDNF to mechanical allodynia
after L5 SPNL has been reported by direct infusion of anti-
BDNF antibody to the injured L5 DRG (Zhou et al., 2000).
Systemic administration of anti-BDNF antibody relieves mechan-
ical and thermal hyperalgesia in rats that received partial tran-

Figure 6. Change in NGF content in the
L4 DRG, L4 SpN and ScN after L5 spinal
nerve ligation (closed circles) and after
sham operation (open circles). NGF content
was measured by ELISA, and the values of
the ipsilateral side are presented as mean 6
SEM (%) of the contralateral side (n 5 4
independent experiments). *p , 0.05 ver-
sus naive control (N) by one-way ANOVA
followed by Fisher’s PLSD.
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section of the sciatic nerve (Theodosiou et al., 1999). In addition
to its function in the dorsal horn, BDNF, which increased in the
ipsilateral L4 DRG, may act in the periphery or in a paracrine
manner, because some DRG neurons express trkB, a high-affinity
BDNF receptor (McMahon et al., 1994; Kashiba et al., 1995,
1997; Wright and Snider, 1995). For example, BDNF injection
into the rat hindpaw induces thermal hyperalgesia (Shu et al.,
1999), and exogenous BDNF directly delivered to the intact DRG
causes mechanical allodynia (Zhou et al., 2000). In any case, we

demonstrated that endogenous BDNF contributed to thermal
hyperalgesia at the spinal dorsal horn level using intrathecal
injection of anti-BDNF antibody. The BDNF that increased in
intact primary afferent neurons in the spared L4 DRG thus has a
role in the exaggerated evoked responses observed in this neuro-
pathic pain model.

The contribution of NGF to the phenotypic change of DRG
neurons has been investigated in some experimental inflamma-
tion models. NGF increases substance P, CGRP, and BDNF
expression in lumbar DRG neurons after intraplantar injection of
complete Freund’s adjuvant to the hindpaw (Donnerer et al.,
1992; Cho et al., 1997). In previous studies (Fukuoka et al.,
1998a,b) and the present study, we demonstrated that these three
molecules increased in the spared L4 DRG after L5 SPNL. In this
respect, the phenotypic change of the spared L4 DRG in this
neuropathic pain model is just like that of the peripheral inflam-
mation model. Therefore, we anticipated that NGF might con-
tribute to the upregulation of these molecules in this model and
investigated coexpression of BDNF mRNA with trkA mRNA in
the L4 DRG in this model. As was reported previously (Kashiba
et al., 1997), most of the BDNF mRNA-expressing neurons also
expressed trkA mRNA in the L4 DRG on both sides (Table 2).
The percentage of BDNF mRNA-expressing cells of trkA cells

Figure 7. Expression of NGF mRNA in the L4 and L5 DRG, L4 spinal
nerve, and sciatic nerve 14 d after L5 spinal nerve ligation. Northern blot
analysis (A) revealed clear upregulation of NGF mRNA in the ipsilateral
(I.) L5 DRG and sciatic nerve compared with the contralateral side (C.).
The NGF mRNA expression in the L4 DRG and L4 spinal nerve was just
above the detectable level, and there was no difference between the
ipsilateral and contralateral sides. B is a bar graph of relative expression
of NGF mRNA obtained from four pooled samples. Relative expression
is defined as the expression on the ipsilateral side relative to the mean 6
SEM (%) of the contralateral side. The difference from 100% was tested
by t test. *p , 0.05. In situ hybridization was performed to rule out the
possibility that a very small number of cells expressed NGF mRNA in the
ipsilateral L4 DRG (C). There was no accumulation of silver grains on
any specific cells in the DRG. Scale bar, 300 mm.

Figure 8. The effect of local application of anti-NGF antibody on thermal
hyperalgesia in the L5 spinal nerve ligation (L5 SPNL) model. A small
piece of gelatin sponge saturated with sheep anti-NGF antibody (100 mg,
filled circles, n 5 5–9) or normal sheep IgG (100 mg, open circles, n 5 5)
was placed on the surface of the L4 spinal nerve when the L5 SPNL was
performed. The anti-NGF antibody prevented the development of ther-
mal hyperalgesia for up to 6 d after surgery. Data are expressed as
mean 6 SEM. *p , 0.05 versus before L5 SPNL ( pre) by one-way
ANOVA followed by Fisher’s PLSD.

Table 3. Local application of anti-NGF antibody failed to prevent the
increase in BDNF mRNA expression in the ipsilateral L4 DRG after L5
spinal nerve ligation

Ipsilateral L4 DRG

Anti-NGF
Normal
sheep IgG

3 POD 14.6 6 2.5% 14.7 6 2.1%
7 POD 10.6 6 1.2% 12.2 6 1.2%

There was no significance between the anti-NGF group and normal sheep IgG
group. Mean 6 SE; n 5 4.
POD, Postoperative days.
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significantly increased in the ipsilateral L4 DRG compared with
that in the contralateral DRG (Table 2). The percentage on the
contralateral side is also quite consistent with a previous report
(Cho et al., 1997). These data suggest that the increase in BDNF
expression occurs mainly in trkA cells.

Recently, Shen et al. (1999) reported that NGF mRNA in-
creased in the directly injured DRG after spinal nerve injury. In
the present study, we confirmed their data using Northern blot
analysis. On the other hand, there was no increase in NGF
mRNA in the ipsilateral L4 DRG at 14 d after injury (Fig. 7),
when NGF content was significantly elevated in this area (Fig.
6A). The lack of an increase in the mRNA is understandable,
given that the L4 spinal nerve was not injured, only the L5 spinal
nerve. This raises the question of why NGF content increased in
the ipsilateral L4 DRG. Most probable explanation for these data
are that NGF is synthesized elsewhere and transported to the L4
DRG. A possible source of NGF is the directly injured L5 DRG,
in which NGF mRNA increased 14 d after L5 SPNL (Fig. 7A,B).
However, there is no direct anatomical connection between the
L4 and L5 DRG through which the synthesized NGF can be
transported. We found that NGF content transiently increased at
1 and 4 d after injury and then returned to normal (Fig. 6C),
whereas NGF mRNA is still clearly upregulated at 14 d after
injury in the ipsilateral sciatic nerve (Fig. 7A,B). These data
suggest that NGF may be synthesized in the sciatic nerve, perhaps
in the L5 spinal nerve distal to the ligation site, diffused into the
L4 spinal nerve that retrogradely transports NGF to the L4 DRG
neurons. However, we do not have direct evidence that NGF
synthesized in the sciatic nerve, perhaps in the L5 spinal nerve
distal to the ligation site, diffuses into the spared L4 spinal nerve.
There are also some problems in this explanation: BDNF expres-
sion significantly increases (as early as 3 d after L5 SPNL) (Fig.
3E) in the L4 DRG, before NGF content in the tissue significantly
elevates (14 d) (Fig. 6A). Local application of anti-NGF antibody
to the L4 spinal nerve prevented the development of thermal
hyperalgesia (Fig. 8), but did not block the increase in BDNF
expression in the L4 DRG in the present study (Table 3). There-
fore, NGF that was synthesized in the ipsilateral sciatic nerve, and
BDNF that increased in the spared L4 DRG may independently
contribute to thermal hyperalgesia in this model. In any case, the
relationship between these two neurotrophins seems not to be as
simple as that in inflammatory pain states.

In conclusion, we demonstrated the increase in BDNF expres-
sion in the spared L4 DRG neurons after L5 SPNL and suggest
that this phenotypical change likely contributes to thermal hyper-
algesia in this model. NGF that was synthesized in the injured
nerve also contributes to thermal hyperalgesia. The dynamic
changes in NGF content and BDNF expression in the uninjured
DRG might be important pathomechanisms of this neuropathic
pain model.
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