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Substance P Induced by Peripheral Nerve Injury in Primary Afferent
Sensory Neurons and Its Effect on Dorsal Column Nucleus

Neurons

Koichi Noguchi,' Yoshinori Kawai,? Tetsuo Fukuoka,” Emiko Senba,? and Kenji Miki’
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Using in situ hybridization and the retrograde tracer, Fluo-
rogold, we examined the expression of preprotachykinin
(PPT) mRNA in the rat dorsal root ganglion neurons pro-
jecting to the gracile nucleus. Seven days after unilateral
sciatic nerve transection, some medium- to large-sized
neurons in the rat dorsal root ganglia projecting to the
gracile nucleus express PPT mRNA, whereas very few
gracile nucleus-projecting neurons on the contralateral
side express PPT mRNA. Immunohistochemistry revealed
an increase in substance P (SP) immunoreactivity in the
gracile nucleus and large myelinated fibers in the dorsal
root 2 weeks after unilateral sciatic nerve transection. The
results suggest that medium to large DRG celis that project
to the gracile nucleus express PPT mRNA de novo in re-
sponse to peripheral nerve injury, and increased SP is
transported to the gracile nucleus through large myelinat-
ed fibers. To determine whether the increased SP might
affect the excitability of the gracile nucleus neurons post-
synaptically, Fos expression after electrical stimulation of
the injured sciatic nerve was examined. Multiple injections
of the NK-1 receptor antagonist, CP-96,345, suppressed
stimulus-induced Fos expression in gracile nucleus neu-
rons including thalamic relay neurons. The inactive enan-
tiomer, CP-96,344, had no effect on stimulus-induced Fos
expression. These data indicate that the de novo synthe-
sized SP in the lesioned primary afferent neurons may be
involved in an augmentation of excitability in the dorsal
column-medial lemniscus sensory pathway. This hyperex-
citability may play a role in the pathogenesis of abnormal
neuropathic sensations following peripheral nerve injury.

[Key words: dorsal root ganglion, preprotachykinin
mRNA, substance P, nerve injury, gracile nucleus, NK-1 re-
ceptor antagonist]

Peripheral nerve injury in humans may lead to abnormal pain
sensations and other sensory abnormalities. Although it is
thought that alterations in central neuronal processing play an
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important role in the development of such pathological pain, a
key mechanism, viz., how injured primary afferents contribute
to abnormality in the sensory pathway, is not fully understood
(Woolf, 1983, 1992; Basbaum et al., 1992; Gracely et al., 1992;
Coderre et al., 1993; Wiesenfeld-Hallin et al., 1993; Thompson
et al., 1994). One possible mechanism whereby primary affer-
ents might influence spinal or supraspinal sites following pe-
ripheral nerve injury is a change in the expression of neuropep-
tides (Hokfelt et al., 1994). In the spinal cord, substance P (SP)
appears to be involved in the mechanism of hyperexcitability of
dorsal horn neurons via a direct action on the postsynaptic cells
or via potentiation of the excitatory effects of glutamate (Kan-
grga and Randic, 1990; De Koninck and Henry, 1991; Haley
and Wilcox, 1992; Levine et al., 1993). Neurons containing SP
as well as other neuropeptides exhibit changes in gene expres-
sion and peptide levels in the dorsal root ganglia (DRG) and the
spinal cord dorsal horn after axotomy. It has been shown that
both mRNA and peptide levels of SP, somatostatin, and calci-
tonin gene-related peptide (CGRP) in the DRG decrease after
axotomy (Jessel et al., 1979; Nielsch et al., 1987; Noguchi et
al., 1989, 1990, 1993; Henken et al., 1990; Baranowski et al.,
1993), whereas the levels of galanin, vasoactive intestinal poly-
peptides, and neuropeptide Y are induced (Shehab and Atkinson,
1986; Hokfelt et al., 1987; Villar et al., 1989; Noguchi et al.,
1989, 1993; Wakisaka et al., 1991, 1992). It seems likely that
the downregulation of SP and CGRP will attenuate the trans-
mission of peptide-related information at the first synapse in the
dorsal horn (Hokfelt et al., 1994). However, more recently, we
have demonstrated that some large- and medium-sized DRG
cells are labeled for PPT mRNA, whereas PPT mRNA in small
DRG cells are depressed, following peripheral nerve transection
(Noguchi et al., 1994). Parallel changes in SP immunoreactivity
(SPir) are present in similarly sized populations of DRG neu-
rons. The present study was initiated to further characterize these
large DRG neurons labeled for PPT mRNA after axotomy.
DRG neuronal size is correlated with the caliber of primary
afferent axons, and normally tachykinin peptides, SP in partic-
ular, are localized to small neurons, which are usually associated
with unmyelinated axons (Willis and Coggeshall, 1991). These
axons terminate mainly in superficial laminae I and II of the
spinal dorsal horn and carry information from peripheral noci-
ceptors. Medium and large cells in the DRG have myelinated
axons that carry information from low-threshold mechanorecep-
tors and terminate mainly in laminae III and IV of the spinal
dorsal horn and dorsal column nuclei of the medulla oblongata
(Brown, 1981; Willis and Coggeshall, 1991). In this article, we
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Figure 1.

A and B, Dark-field photomicrographs showing the distribution of PPT mRNA in A contralateral and (B) lesioned L5 DRGs. Animals

received a transection of the L5 spinal nerve 7 d previously. Note that several large cells in the lesioned DRG expressed PPT mRNA (B), while
the number and signal intensity of small neurons expressing PPT mRNA were clearly decreased as compared with control DRG (A). C-E,
Demonstration of DRG neurons projecting to the gracile nucleus labeled for PPT mRNA by in situ hybridization and the retrogradely transported
tracer, Fluorogold. Animals received a (C) sham operation or (D and E) transection of the L5 spinal nerve. Arrows (D and E) indicate medium- or
large-size cells showing double labeling with PPT mRNA and Fluorogold. Scale bars (A-E), 50 um.

describe an increase in SPir in the gracile nucleus and in large
myelinated fibers in the dorsal root after peripheral axotomy.
Moreover, the effect of increased SP in the gracile nucleus on
neuronal excitability after axotomy was examined using an
NK-1 receptor antagonist and Fos expression induced by elec-
trical stimulation to the injured nerve.

Materials and Methods

Animal procedures. Male Sprague-Dawley rats (200-250 gm) were
used in this study. Two types of peripheral nerve axotomy operations
were performed (Noguchi et al., 1993, 1994). Under deep anesthesia
(sodium pentobarbital, 50 mg/kg, i.p.), the left spinal nerve (L5) of one
group of animals was exposed and cut at its exit from the intervertebral
foramen, a few millimeters distal to the DRG. The completeness of the
transection was assessed after the animals were sacrificed. A second
group of animals received a ligation and transection of the left sciatic
nerve at the level of the upper thigh. Naive animals and sham-operated
animals were used as controls. The animals were allowed to survive for
1to28d.

In situ hybridization with retrograde tracer, Fluorogold. Animals
were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and re-

ceived an injection of 1.0 pl of 2% Fluorogold (Fluorochrome, CO) in
saline into the left gracile nucleus. Animals received a L5 spinal nerve
transection or a sham operation 7 d after Fluorogold injection. Seven
days later (14 d after Fluorogold injection), the animals were terminally
anesthetized and perfused with 4% paraformaldehyde in 0.1 M phos-
phate buffer (PB) (pH 7.4). The L5 DRGs were dissected out and post-
fixed overnight in the same fixative followed by immersion in 20%
sucrose in PB for cryoprotection. After a few days the tissue was frozen
with powdered dry ice, cut transversely with a cryostat at 16 wm thick-
ness, thaw mounted onto Silane (Sigma, St. Louis, MO)-coated slides,
and stored at —80°C until ready for use. To begin the in situ hybrid-
ization, tissue sections were digested with proteinase K (1 mg/ml) (Sig-
ma) at 37°C for 30 min in 0.1 M Tris containing 0.05 M ethylenediamine
tetra-acetic acid (pH 8.0), rinsed briefly in distilled water followed by
0.1 M triethanolamine (TEA) (pH 8.0), acetylated with 0.25% acetic
acid (pH 8.0), and dehydrated through graded ethanols. The hybridiza-
tion was performed overnight at 37°C in a buffer containing 4X SSC,
50% formamide, 0.12 M phosphate buffer, 1 X Denhardt’s solution, 0.2%
sodium dodecyl sulfate, 250 pg/ml yeast tRNA, 10% dextran sulfate,
and 100 mm dithiothreitol with 10° cpm of labeled probe/100 wl buffer/
slide. The probe was labeled with *S-labeled deoxyadenosine [a-thio]
triphosphate (NEN) and terminal deoxynucleotidyltransferase (Takara,
Shiga, Japan). The specific activity of the resultant probe was 8-15 X
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Figure 2. A, Cross-sectional areas of the lesioned L5 DRG neuronal profiles double labeled for PPT mRNA and Fluorogold (white columns; n
= 265, 82-92 cell profiles from each of three animals), together with normal L5 DRG cell profiles expressing PPT mRNA (black columns; n =
258 from three control animals). B, Percentage of Fluorogold (FG)-labeled neuronal profiles showing double labeling in control or lesioned DRGs.
Bars indicate mean £ SEM. Data were obtained from 16-19 sections from three animals of each group.

10® cpm/pg. Following hybridization, the sections were washed four
times for 15 min each at 55°C in 1X SSC, 30 min at room temperature
in 1X SSC, and briefly in 70% ethanol, and then dried. For autora-
diography, the sections were coated with Ilford G-5 emulsion (Ilford;
diluted 1:1 with distilled water at 40°C) and exposed for 3—4 weeks in
light-tight boxes at 4°C. After development in D19 (Kodak) and fixing
in 24% sodium thiosulfate, the sections were rinsed in distilled water
and coverslipped with glycerin-PBS. The oligonucleotide probe con-
sisted of 48 bases complementary to bases 124-171 of the B-prepro-
tachykinin mRNA sequence (Krause, 1987). The specificity of the PPT
oligonucleotide probe used in this study was confirmed in a previous
report (Noguchi and Ruda, 1992).

Immunoelectronhistochemistry. Animals received a transection of the
left L5 spinal nerve under deep anesthesia. Twelve days later, the L5
dorsal roots were exposed and ligated bilaterally to cause an accumulate
of SP in the dorsal root fibers. Animals were perfused through the heart
with 4% paraformaldehyde in 0.1 M PB 2 d after dorsal root ligation.
Small pieces of dorsal root taken a few millimeters distal to the ligation
were excised and postfixed overnight in the same fixative at 4°C. They
were then immersed in 30% sucrose in 0.1 M PB at 4°C for 2 d. Cryostat
sections were cut at a thickness of 50 um. The sections were incubated
at 4°C for 72 hr in SP antiserum (1:5000; Incstar, Stillwater, MN). Then
they were incubated overnight at 4°C in biotinylated IgG (1:200; Vector,
Burlingame, CA). After several rinses, they were incubated in avidin-
biotin—horseradish peroxidase complex (1:200; Vector), and then react-
ed in diaminobenzidine tetrahydrochloric acid plus H,0,. The sections
were fixed at room temperature for 1 hr in 1 % OsO, in 0.1 m PB,
dehydrated through graded ethanols, and embedded in Epon 812. Ul-
trathin sections were cut on a ultramicrotome (Sorvall, Norwalk, CT),
collected on single-slot (1 X 2 mm) grids, and stained with uranyl
acetate (10% in 50% ethanol) and lead citrate. They were observed in
an electron microscope (JEOL 100C, Tokyo, Japan) operating at 80 kV.

Immunohistochemistry. Animals received a unilateral ligation and
transection of the sciatic nerve at the midthigh level or a sham opera-
tion, and were sacrificed 4-28 d later by cardiac perfusion with 4%
paraformaldehyde in 0.1 M PB. The medulla oblongata and L4-5 spinal
cord were dissected out, postfixed 1-2 d in the same fixative, and then
transferred to 20% sucrose in PB for cryoprotection. Tissue was cut
with a cryostat at 30 pm and processed for immunohistochemistry for
SP, Fos, or SP receptor (SPR) using the avidin-biotin complex (ABC)

method, as described elsewhere (Noguchi et al., 1994). Briefly, tissue
sections were incubated in polyclonal antiserum to SP, Fos (Ab-2, On-
cogene Science, Manhasset, NY) or SPR (kindly donated by Dr. Man-
tyh) for 2 d at 4°C, followed by incubation in biotinylated anti-rabbit
antibody (1:200; Vector) for 60 min at room temperature. Following
incubation in ABC solution (Vector) for 60 min at room temperature,
the sections were rinsed and reacted with 0.05% 3,3’-diaminobenzidine
tetrahydrochloride (DAB, Sigma) in the presence of 0.01% hydrogen
peroxide (6-12 min). Tissue sections were then washed, mounted on
slides, dried, and coverslipped.

In order to induce Fos in the gracile nucleus, bilateral electrical stim-
ulation to the sciatic nerves, just distal to the level of the hip joint, was
delivered (10 min pulse train of 5 Hz; pulses: 0.5 msec, 0.1 mA) 2 hr
before sacrifice. Since there was considerable heterogeneity of labeling
for SP and Fos within the rostrocaudal extent of the gracile nucleus, we
used every second section (30 wm thick) from 300 wm rostral to the
obex to 300 pm caudal to it; labeling was most conspicuous in this
region.

In the double-labeling experiment, Fluorogold (1.0 pl of 2% solution)
was injected into the VPL nucleus contralateral to the side of the nerve
lesion 10 d after sciatic nerve transection. Four days later, animals were
sacrificed 2 hr after electrical stimulation and immunohistochemistry
for Fos was performed.

NK-1 receptor antagonist. In order to examine the effect of increased
SP on cellular activity in the gracile nucleus, two methods of application
of the NK-1 antagonist were used before electrical stimulation and im-
munohistochemistry for c-fos. According to the first method, animals
(100-150 gm) received injections of saline, CP-96,345, or CP-96,344
(each 5 mg/kg, s.c.; Pfizer) 30 min before electrical stimulation of the
sciatic nerve (single injection group). CP-96,345 is a nonpeptide antag-
onist of the NK1 receptor and CP-96,344 is its inactive enantiomer
(Snider et al., 1991). According to the second method, animals received
injections of saline or CP-compounds 30 min prior to, and every 12 hr
after, unilateral transection of the sciatic nerve for 1 week, with the final
injection given 30 min before electrical stimulation of the sciatic nerve
(periodic injections group). Electrical stimulation and processing of tis-
sue were as described above.

Quantification. Background density of silver grains was obtained for
each section from 20 10 pm? areas of emulsion away from labeled
neurons. These values were 1.1-1.5 grains/10 wm? Neurons with grain
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Figure 3. A and B, Immunoelectron
microscopy of the L5 dorsal root on the
side contralateral (A) and ipsilateral (B)
to transection of the L5 spinal nerve.
C, Light photomicrograph of the same
area of the L5 dorsal root as shown in
B. Note SPir in a large myelinated fiber
(B and C, arrows). The contralateral
dorsal root contained SPir only in un-
myelinated fibers (A, arrowheads). A
marked collapse of the myelin sheath,
an expected transganglionic change,
was observed (B, white arrow). Scale
bars, 5 wm (A and B), 10 pm (C).

densities at least five times higher than the background densities were
considered positively labeled. Cross-sectional areas of cell profiles were
obtained using a computer-based image analysis system (IBAS, Zeiss).
Neurons with a visible nucleus in every third 10 pwm section of the L5
DRG were measured.- Since a stereological approach was not used in
this study, quantification of the data may represent a biased estimate of
the actual numbers of neurons.

To determine changes in SPir and SPR immunoreactivity (SPRir) in
the gracile nucleus, the density of SPir was quantified using an IBAS
image-analysis system. While viewing the monitor, upper and lower
thresholds of gray level density were set such that only specific SP
immunoreaction product was accurately discriminated from the back-
ground in the outlined gracile nucleus, and read pixel by pixel by the
computer. Subsequently, area of each discriminated structures was mea-
sured, which was divided by the area of outlined gracile nucleus. Per-
centages of the discriminated areas in the gracile nucleus were com-
pared between the operated and sham-operated sides. Change in SPir
in laminae IIT-IV of the spinal cord was quantified by the same method
that was used for the gracile nucleus.

The number of neurons with Fos immunoreactivity (Fos-ir) in the

gracile nucleus and laminae III-IV of the spinal cord ipsilateral and
contralateral to operation were counted in randomly selected sections
(N = 3 rats per treatment group at each time point, 15-20 sections per
rat). Pair-wise comparison (¢ test) was used to determine ipsilateral ver-
sus sham-operated differences. An analysis of variance compared the
number of Fos-ir neurons with visible nuclei ipsilateral to the operation
(mean number of neurons per section in each animal) in the CP-96,345,
CP-96,344, and saline-treated animals.

Results
PPT mRNA in DRG neurons projecting to the gracile nucleus
In ipsilateral DRGs of rats that received spinal nerve transection
7 d previously, the overall level of PPT mRNA signal was clear-
ly decreased, but some medium- and large-sized cells were la-
beled for PPT mRNA (Fig. 1B), in contrast to the intense con-
stitutive expression of PPT mRNA in mainly small DRG cells
(Fig. 14) (Noguchi et al., 1994).

In experiments using in situ hybridization with fluorogold in-
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Figure 4. A and B, Photomicrographs showing SPir in the L5 spinal cord (A and B) and the gracile nucleus (C and D) of rats that had received
a unilateral transection of the sciatic nerve 14 d previously. In the spinal cord (A and B), there was no consistent increase in SPir in any lamina of
the dorsal horn. In the gracile nucleus (C and D), SPir in fibers and terminals on the lesioned side (D) was increased, as compared with the

contralateral side (C). Scale bars: A and B, 200 pm; C and D, 50 pm.

jected into the gracile nucleus, a number of medium- (Fig. 1D)
and large-sized (Fig. 1E) neurons were seen that expressed both
PPT mRNA and Fluorogold-label on the nerve-lesioned side.
Very few neurons showed double labeling in control DRGs (Fig.
1C). The double-labeled cells were larger than the neurons
showing constitutive expression of PPT mRNA (Fig. 2A4); large
double-labeled cells were detectable exclusively in lesioned
DRGs (Fig. 2B).

The average cross-sectional area of Fluorogold-labeled cell
profiles expressing PPT mRNA (double-labeled cells) in the ip-
silateral DRG was 1554 * 24 pm? in contrast, that of PPT
mRNA-labeled cells in control DRG was 657 = 11 pum? The
cell size distribution in lesioned DRGs did not show any ten-
dency for increased cell size. These data indicate that medium-
to large-sized DRG neurons that project to the gracile nucleus
express PPT mRNA de novo in response to peripheral nerve

injury, whereas the expression of PPT mRNA in small neurons
is suppressed.

Substance P immunoreactivity

First, we examined the localization of substance P (SP) immu-
noreactivity, a common final product of the three PPT mRNAs
(Krause et al., 1987), in dorsal root fibers. Some large myelin-
ated fibers in the L5 dorsal root contained SPir 2 weeks after
spinal nerve transection (Fig. 3B,C), whereas SPir was found
mainly in unmyelinated fibers in control dorsal roots (Fig. 34).
The proximal branches of many lumbar DRG neurons are be-
lieved to reach to both the spinal dorsal horn and the gracile
nucleus (Willis and Coggeshall, 1991). However, in L4-5 spinal
cord, significant increase in SPir was not detected in any lamina
of the dorsal horn on the lesioned side, although SPir in laminae
I-1II was decreased (Figs. 44,B) following sciatic nerve transec-
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Figure 5. A and B, Time course of the increase in SPir in the ipsilateral gracile nucleus (A) and laminae III-IV of the L4-5 spinal cord (B) after
unilateral transection of the sciatic nerve (squares) or a sham operation (circle). The percent increase was obtained from the difference in labeling
between the two sides, as measured by a computer-based image analysis system. Data are the mean = SEM (38—45 sections from three animals at
each time point). C and D, Time course of the number of Fos-labeled profiles in the ipsilateral gracile nucleus (C) and laminae III-TV of the L4—
5 spinal cord (D) induced by electrical stimulation of the lesioned (squares) or sham-operated (circle) sciatic nerve. Data indicate mean + SEM
of the number of Fos-labeled profiles per section (42-50 sections from three animals of each time point). *Significant difference (p < 0.01, ¢ test)

between lesioned and sham-operated groups.

tion. Although SPir in laminae III-IV of the spinal cord (Fig.
5B) showed a small increase 2 weeks after axotomy, this in-
crease was not significant compared to the sham-operated ani-
mals. In the gracile nucleus, there was a significant increase in
SPir on the lesioned side, as compared with the contralateral
side, 2 weeks after sciatic nerve transection (Figs. 4C,D). Figure
5A shows the time course of increase in SPir in the gracile nu-
cleus, which peaked 2 weeks after axotomy. PPT mRNA ex-
pression in medium- to large-sized DRG neurons, which was
first detectable a few days after spinal nerve transection and

peaked around 7-10 d (unpublished observation), precedes the
increase in SPir in the gracile nucleus.

Fos expression after electrical stimulation

Fos expression in the gracile nucleus was detectable only on the
lesioned side (Fig. 6B) when electrical stimuli at AB-fiber
strength (0.1 mA) were delivered bilaterally to the sciatic nerves,
as has been shown previously (Molander et al., 1992; Persson
et al., 1993). No or very few Fos-labeled nuclei were found in
the gracile nucleus contralateral to the axotomy (Fig. 6A). There
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Figure 6. A and B, Photomicrographs of the gracile nucleus showing Fos expression induced by bilateral electrical stimulation (0.1 mA) of the
sciatic nerve 14 d after unilateral transection. Note that the gracile nucleus expressed a number of Fos-labeled profiles only on the lesioned side
(B), while very few profiles were visible on the contralateral side (A). C, Effect of periodic injections of CP-96,345 (5 mg/kg, s.c.; Pfizer) on Fos
expression in the gracile nucleus after electrical stimulation of the injured sciatic nerve. Note that Fos expression in the gracile nucleus of rats
treated with CP-96,345 was suppressed, as compared with that in untreated rats (B). D, Fluorescent photomicrograph showing Fos-labeled gracile
neurons projecting to the thalamic VPL nucleus. Note that a number of gracile neurons contain Fos in the nucleus and Fluorogold in the cytoplasm

(arrows). Scale bars (A-D), 50 pm.

were few Fos-labeled nuclei in the gracile nucleus ipsilateral to
the axotomy without electrical stimulation. One day after sciatic
nerve transection, electrical stimulation (0.1 mA) induced an
increase in the number of Fos-labeled profiles (17.6 = 1.2 per
section) in the ipsilateral gracile nucleus. The time course (Fig.
5C) of the number of Fos-labeled profiles in the gracile nucleus
peaked at 2 weeks after operation (81.7 £ 1.9 per section). Al-
though there was an uneven labeling of SPir and Fos in the
gracile nucleus among sections, the overall distributions of both
labels were very similar and corresponded to the sciatic terminal
area (Willis and Coggeshall, 1991). For both substances, the
most intense and frequently observed labeling was in the dorsal
part of the nucleus at the level of the obex.

A double-labeling study for Fos expression in the gracile nu-
cleus, in which neurons projecting to the ventral posterior lateral

nucleus (VPL) of the contralateral thalamus were labeled in ad-
vance with Fluorogold, revealed that 45.5 * 1.3% of Fos-labeled
cells also contained Fluorogold (Fig. 6D, n = 28 sections from
three animals).

In laminae ITI-IV of the spinal cord, an increased number of
Fos-labeled nuclei was found on the side ipsilateral to the axo-
tomy, which is consistent with a previous report (Molander et
al., 1992). The time course (Fig. 5D) of the number of Fos-
labeled nuclei was similar to the increase in the gracile nucleus

(Fig. 5C).

NK-1 receptor antagonist

In animals that received a single injection of CP-96,345 (5 mg/
kg, s.c.) 30 min before electrical stimulation to the injured sciatic
nerve, the number of Fos-labeled profiles per section (n = 49-
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52 sections from three animals in each group) showed a small
(10-12%) but statistically significant decrease, as compared with
those in control (saline-injected) animals. Treatment with CP-
96,344 induced no decrease of Fos expression (Fig. 7A).

In animals receiving periodic injections of CP-96,345, the
number of Fos-labeled profiles was reduced dose dependently
(Figs. 6C and 7B); 20% decrease for 2 mg/kg and 33% decrease
for 5 mg/kg compared to control rats. The same dose of CP-
96,344 (5 mg/kg) showed no effect (Fig. 7B).

Substance P receptor in the gracile nucleus

A postsynaptic effect of SP in the gracile nucleus would require
the existence of substance P receptors. Immunohistochemical
examination using a polyclonal SPR antibody revealed that there
are moderately labeled fibers and cell bodies (Fig. 84,B), con-
sistent with previous findings (Nakaya et al., 1994). One or 2
weeks after axotomy, some sections showed a small decrease in
SPRir in the gracile nucleus, but this decrease was not significant
compared to the sham-operated animals (Fig. 8C).

Discussion

De novo expression of PPT mRNA

In a previous report (Noguchi et al., 1994), we demonstrated by
in situ hybridization that peripheral axotomy of lumbar DRG
neurons results in the appearance of PPT mRNA. We also
showed that substance P immunoreactivity appeared in a sub-
population of medium- to large-sized DRG neurons. The present
experiments confirmed both of these observations, and in addi-
tion, showed the presence of SP in large myelinated dorsal root
axons after peripheral nerve transection. Spinal nerve transec-
tion, which axotomizes almost all the ganglion’s neurons, pro-
duced more labeling of large-sized cells than did sciatic nerve
transection, which axotomizes roughly one-half of the ganglion’s
neurons.

Cells double labeled with Fluorogold and PPT mRNA were
very rare or absent in control and contralateral DRGs. We thus
conclude that double-labeled cells seen after peripheral axotomy
are displaying de novo expression of PPT mRNA. Our findings
suggest that the expression of the PPT gene is differentially reg-
ulated in subpopulations of DRG neurons after peripheral axo-
tomy: repression in small cells and induction in medium to large
cells. The mechanism of differential regulation of the PPT gene
is obscure. However, it is known that the expression of tachy-
kinin peptides is regulated by several transcription factors (Lind-
say and Harmar, 1989; Nawa and Patterson, 1990), which may
affect different DNA elements in the promoter region of the PPT
gene (Kageyama et al., 1991).

Increase in substance P immunoreactivity

Immunoelectronhistochemistry revealed that large-sized myelin-
ated fibers in L5 dorsal root contained SPir only on the side
ipsilateral to the LS5 spinal nerve transection. This shows that
newly synthesized SP in large DRG cells is transported, via large
myelinated fibers, toward the CNS.

We observed increased SPir in the gracile nucleus, which is
consistent with the de novo synthesis and transport of PPT gene
product from medium to large DRG cells. The time course of
increase in SPir in the gracile nucleus, which followed the in-
duction of PPT mRNA in DRG cells, peaked at 2 weeks after
axotomy and was significantly increased for at least 4 weeks.
We note that the level of increase in SPir was less than that of
another upregulated neuropeptide, neuropeptide Y (NPY) (Wak-
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Figure 7. A and B, Effect of single (A) and periodic (B) injections of
CP-96,345 (CP5) or CP-96,344 (CP4) (2 or 5 mg/kg, s.c.) on Fos ex-
pression in the gracile nucleus. Animals received electrical stimulation
(0.1 mA) to the injured sciatic nerve 7 d after operation. In the periodic
injection group (B), the compounds were given every 12 hr for 1 week.
Data are the mean = SEM of the number of Fos-labeled profiles. per
section (n = 45-48 sections from three animals in each group). *Sig-
nificant difference (p < 0.01) between experimental and control groups.

isaka et al., 1991; Zhang et al., 1993). It may be that the number
of DRG cells expressing PPT mRNA after peripheral axotomy
are much fewer than that expressing NPY mRNA (Noguchi et
al., 1993; Zhang et al., 1993). It is unclear whether there is a
population of DRG cells that expresses both PPT and NPY
mRNAs.

The lack of a significant increase in SPir in laminae ITI-TV of
the spinal cord, the terminal region for large myelinated affer-
ents, is inconsistent with our observations in the ganglia, dorsal
roots, and gracile nucleus. Although about one-third of sections
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Figure 8. A and B, Photomicrographs showing substance P receptor immunoreactivity (SPRir) in the gracile nucleus contralateral (A) and ipsilateral
(B) to the axotomy. Animals received a unilateral transection of the sciatic nerve 7 d previously. Scale bar, 50 pm. C, Time course of the change
in SPRir in the ipsilateral gracile nucleus after unilateral transection of the sciatic nerve (squares) or a sham operation (circle). The percent change
is the ratio of SPRir in the ipsilateral side relative to the contralateral side. Data are the mean = SEM (28-32 sections from three animals at each

time point).

showed a small increase in SPir in the medial parts of lamina
III-1V ipsilateral to axotomy, this increase was neither consistent
nor statistically significant. One possible explanation is that the
increase is small relative to the normal SPir labeling in laminae
II-1IV, so that the SP derived from the de noveo expression in
the DRG was undetectable. Divergent terminations of central
branches of lumbar DRG cells into the multiple levels of the
spinal cord (Willis and Coggeshall, 1991) as well as the scarcity
of PPT mRNA expressing cells after axotomy (this study), might
also account for the lack of a detectable increase in dorsal horn
SPir. An alternative explanation is that the DRG neurons ex-
pressing SP after axotomy send branches only to the gracile
nucleus and not to the spinal cord. However, there has been no
report in the literature suggesting the existence of such DRG
neurons.

Fos expression and increased SP in gracile nucleus

Gracile nucleus neurons expressed c-fos protein after electrical
stimulation of the previously injured sciatic nerve (Molander et
al.,, 1992; Persson et al., 1993). Intense stimulation (C-fiber
strength) of normal sciatic nerve is not able to induce c-fos in
the gracile nucleus. We examined the time course (interval from
sciatic nerve transection and electrical stimulation) of c-fos ex-
pression in the gracile nucleus, and found a small number of
c-fos—labeled profiles a few days after axotomy and a peak re-
sponse at 2 weeks after axotomy (Fig. 5C).

The SP released by large DRG neurons may affect the excit-
ability and gene expression of postsynaptic neurons in spinal
cord and gracile nucleus via cooperative actions with glutamate
(Kangrga and Randic, 1990; Haley and Wilcox, 1992) or by
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activating phospholipase C activity (Yokota et al., 1989). Using
the NK-1 antagonist, CP-96,345, SP has been shown to mediate
a prolonged excitation of nociceptive neurons in the dorsal horn
following noxious peripheral stimulation (De Koninck and Hen-
ry, 1991). The induction of c-fos in the gracile nucleus by elec-
trical stimulation of the injured nerve may be derived from an
increased release of SP as a result of sustained activation of SP-
containing large myelinated fibers. Parallel time courses for the
increase in SPir (Fig. 5A4) and the number of Fos-labeled nuclei
(Fig. 5C) also suggest a possible relationship between increased
SP and activation of gracile nucleus neurons. The existence of
SP receptor in the gracile nucleus (Figs. 84,B) (Nakaya et al.,
1994) is consistent with this idea.

NK-1 receptor antagonist and c-fos expression

To verify the hypothesis mentioned above, the effect of an NK-1
antagonist on the stimulus-induced c-fos expression in the grac-
ile nucleus was examined. c-fos expression has been established
as a marker of cellular activation (Hunt et al., 1987; Menetrey
et al., 1989; Morgan and Curran, 1989; Bullitt, 1990). A single
injection of CP-96,345 at 5 mg/kg 30 min before electrical stim-
ulation reduced significantly the number of c-fos—labeled profiles
in the gracile nucleus. Periodic injections of CP-96,345 30 min
before surgery and every 12 hr for 1 week further reduced c-fos
expression.

The affinity of NK-1 receptor antagonists exhibits marked dif-
ferences between species (Beresford et al., 1991; Gitter et al.,
1991, Snider et al., 1991). CP-96,345 has 100-fold higher affin-
ity for NK-1 receptor sites in bovine, guinea pig, and human
tissue, compared to rat or mouse. Moreover, CP compounds are
known to interact with L-type calcium channels at relatively low
concentrations; and this may complicate the interpretation of ex-
perimental results, particularly in rat or mouse (Schmidt et al.,
1992; Guard et al., 1993). However, CP-96,345 and its enantio-
mer, CP-96,344, have the same affinity for the Ca?* channel, but
CP-96,344 has no effect on the NK-1 receptor. Thus, when a
dose of CP-96,345 is effective and the same dose of CP-96,344
is not, it is reasonable to conclude that the effect mediated
through NK-1 receptor activity (Lembeck et al., 1992; Yashpal
et al., 1993). In this study, CP-96,344 had no effect, at 5 mg/kg
s.c., on c-fos expression. Our preliminary study revealed that 5
mg/kg s.c. is close to the maximal dose, beyond which CP-
96,344 showed an inhibitory effect on c-fos expression in the
gracile nucleus. '

Functional significance

Peripheral nerve injury is known to trigger hyperexcitability in
neurons in the DRG-dorsal horn—thalamic pathway that trans-
mits information about noxious stimuli (Wall and Devor, 1983,
Guilbaud et al., 1990; Seltzer et al., 1991; Palecek et al., 1992;
Woolf, 1992; Laird and Bennett, 1993). In the normal case, the
sensory pathway from large myelinated primary afferents
through the dorsal column nuclei to the thalamus is primarily
involved in the transmission of information about tactile stimuli
(Willis and Coggeshall, 1991). However, information originating
in nociceptors can reach the thalamus via the spinal cord’s post-
synaptic dorsal column neurons (e.g., Ferrington, 1988; Cliffer
et al., 1992).

Our data indicate that SP is synthesized in injured DRG neu-
rons and contributes to hyperexcitability of neurons and changes
in gene expression in gracile nucleus neurons, including those
that project to the thalamus. It is probable that the effects seen

in the gracile nucleus are directly related to activity in large
myelinated primary afferents that express SPir after nerve injury
and ascend the dorsal columns. However, we cannot discount a
contribution from an indirect source—increased input to the
gracile nucleus from intrinsic dorsal horn projection neurons
(e.g., the postsynaptic dorsal column system; Cliffer and Giesler,
1989). Recent work (J Brown et al., 1993, Soc Neurosci Abstr)
shows that sciatic nerve transection increases NK-1 receptor im-
munoreactivity in the spinal gray matter, suggesting that de novo
input from SP-containing primary afferents might evoke a great-
er than normal response in spinal neurons. As shown here, the
increase in Fos expression in laminae III-1V after electrical stim-
ulation of the injured peripheral nerve also suggests an elevated
sensitivity of spinal neurons. It is important to note that these
results do not imply that it is only SP in primary afferent neurons
that is involved in regulation of postnerve injury changes in
excitability in the dorsal column pathway.

The changes in excitability of gracile nucleus neurons is very
likely to affect the activity of neurons in the thalamus and so-
matosensory cortex (Guilbaud et al., 1990), so that de novo SP
in damaged primary afferent neurons may contribute to abnor-
mal neuropathic sensations, e.g., dysesthesiae and mechano-al-
lodynia (Baron and Maier, 1995).
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