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ORIGINAL ARTICLE

Calcitonin gene-related peptide
immunoreactive neurons

with dichotomizing axons projecting
to the lumbar muscle and knee in rats

Abstract Dorsal root ganglion
(DRG) neurons with dichotomizing
axons have been reported in several
species and are thought to be related
to referred pain. However, these neu-
rons, which have dichotomizing ax-
ons to the lumbar muscles and to the
knee, have not been investigated.
Clinically, pain from the lumbar
muscles is sometimes referred to the
lower extremities. Two kinds of neu-
rotracers [1,1’-dioctadecyl-3,3,3",3’-
tetramethyl-indocarbocyanine per-
chlorate (Dil) and fluoro-gold (FG)]
were used in the present double-la-
belling study. Dil crystals were
placed in the left lower back muscle,
and FG was applied to the medial
side of the knee. Bilateral DRGs
from L1 through L6 were immunore-
acted with calcitonin gene-related
peptide (CGRP) antibodies and ob-
served under a fluorescence micro-

scope. DRG neurons double-labelled
with Dil and FG were recognized
only in the ipsilateral DRGs from
levels L1 to L6. Approximately 1%
of DRG neurons innervating the low
back muscles had other axons to the
medial side of the knee. In double-
labelled neurons, the ratio of CGRP-
immunoreactive DRG neurons was
60%. This finding provides a possi-
ble neuroanatomical explanation for
referred knee pain from the lower
back since CGRP is a marker of sen-
sory neurons typically involved with
pain perception. However, these neu-
rons are rare, and mechanisms of re-
ferred pain may be explained by the
convergence—projection hypothesis.
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Introduction

Many studies have reported that lumbar muscles, interver-
tebral discs, and facet joints are a source of low back pain
[5, 17, 19, 36]. Occasionally, pain from these structures is
referred to the lower extremities, as far as the area distal
to the knee, as leg pain can be elicited by injection of con-
trast medium or hypertonic saline into the structures de-
scribed [6, 13, 14, 19].

With a double fluorescent labelling technique, dorsal
root ganglion (DRG) neurons with dichotomizing axons
projecting to two different peripheral nerves have been
found in divergent body areas in different species [25, 29,
34, 35]. Dichotomizing fibres have also been demonstrated

electrophysiologically in the peripheral nerves [10, 24].
Thus, dichotomizing nerve fibres of sensory neurons are
considered to be a possible substratum of referred pain [1,
32].

DRG neurons with dichotomizing axons have been in-
vestigated mostly in visceral organs [25, 29, 34, 35]. Re-
cently, it has been reported that, in rats, approximately 3%
of DRG neurons innervating the lumbar facet joints have
dichotomized axons projecting to the sciatic nerve [28].
However, no dichotomizing axons projecting to the facet
joint and the skin have been observed, which suggests that
collateral axons of the DRG neurons to the sciatic nerve ter-
minate in tissues other than the skin, such as muscles or
bones. Furthermore, the primary sensory neurons examined
included both large and small proprioceptive neurons [28].
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CGRP is a marker of sensory neurons typically involved
in pain perception [11, 16]. It has been reported that CGRP-
immunoreactive (ir) nerve fibres are present within the
lumbar muscle, intervertebral discs, and facet joints [2, 3,
4, 33]. There have also been reports of the presence of
CGRP-ir DRG neurons innervating the lumbar interverte-
bral discs and facet joints [20, 23].

The purpose of the present study was to investigate and
characterize DRG neurons with dichotomizing axons pro-
jecting to both the lumbar muscles and the knee in rats us-
ing double and triple fluorescent labelling techniques.

Materials and methods

The studies described in this report were authorized by the appro-
priate local Ethics or Animal Experimentation Committees of
Chiba University. Ten male Sprague-Dawley (SD) rats weighing
250-300 g were used. They were anaesthetized with sodium pen-
tobarbital (40 mg/kg, i.p.) and treated aseptically throughout the
experiments. A midline dorsal longitudinal incision was made over
the lumbar spine. The left multifidus muscles at the L4 level were
exposed under a microscope [9]. A 26-gauge needle with a tip
filled with 1 mg of crystals of 1,1’-dioctadecyl-3,3,3",3’-tetram-
ethyl-indocarbocyanine perchlorate (Dil) (Molecular Probes, Inc.,
Eugene, Ore.) was advanced into the muscles. The fascia and skin
were then closed. Next, a medial incision was made over the left
knee, and a 26-gauge needle with a tip containing two fluoro-gold
(FG; Fluorochrome, Denver, Colo.) crystals was advanced into the
medial muscles (vastus medialis, gracilis and semimembranosus)
and outside of the capsule [9]. The skin was then closed.

Twelve days after surgery, these ten rats were anesthetized
with sodium pentobarbital (40 mg/kg, i.p.) and perfused transcar-
dially with 0.9% saline, followed by 500 ml of 4% paraformalde-
hyde in phosphate buffer (0.1 M, pH 7.4). Bilateral DRGs from lev-
els L1 to L6 were resected. The specimens were immersed in the
same fixative solution overnight at 4 °C. After storing in 0.01 M
phosphate buffer saline (PBS) containing 20% sucrose for 20 h at
4°C each DRG was sectioned at a thickness of 40 um on a cryo-
stat. We analysed all the sections that were obtained from each
DRG. The number of sections was not always the same from each
DRG, but it was always around 30.

Immunohistochemistry of CGRP

Sections of DRGs were collected in PBS. We used the same sec-
tion to visualize two fluorescence markers and the immunohisto-
chemistry of CGRP. Endogenous tissue peroxidase activity was
quenched by soaking the sections for 30 min in 0.3% hydrogen
peroxide solution in 0.01 M PBS. Then the specimens were treated

Fig.1 Dil-labelled neurons in-
nervating the lumbar muscles
(a) and FG-labelled neurons
innervating the medial portion
of the left knee (b) in the L4
DRG. Bar=500 um

for 90 min in blocking solution, 0.01 M PBS containing 0.3% Tri-
ton X-100 and 1% normal goat serum, at room temperature. They
were processed for CGRP immunohistochemistry with a free-
floating ABC technique using rabbit antibody for CGRP (1:2000;
Chemicon, Temecula, Calif.) diluted with a blocking solution for
20h at 4 °C, biotinylated goat anti-rabbit IgG (1:100; Vector Labs,
Burlingame, Calif.), and fluorescein isothiocyanate (FITC) avidin
D (1:100; Vector Labs, Burlingame, Calif.). After each step, the
sections were rinsed three times in 0.01 M PBS. The sections were
observed under a fluorescence microscope. Dil- or FG-labelled
neurons and neurons double-labelled with Dil and FG (Dil/FG) were
counted. In these double-labelled neurons, the ratio of the CGRP-ir
neurons was counted. The cross-sectional areas of cell profiles of
double-labelled neurons and double-labelled CGRP-ir neurons
were also measured with a computer-assisted imaging analysis
system (NIH Image software).

Statistical analysis

The data were compared using the non-paired Welch’s #-test. A
P value of less than 0.05 was considered statistically significant.

Results

Dil- or FG-labelled DRG neurons

In Dil-labelled DRG neurons transported from the lumbar
muscles, labelled neurons were present in the ipsilateral
DRGs from L1 through L6 (Fig. 1a, Table 1). No labelled
neurons were present in the contralateral DRGs from L1
through L6. Of the Dil-labelled neurons, 70% were recog-
nized in the L2 and L3 DRGs, and the remaining 30%
were seen in the L1, L4, L5 and L6 DRGs. Neurons la-
belled with FG transported from the medial portion of the
knee were distributed in the L1-L5 DRGs; 90% were rec-
ognized in the L2, L3 and L4 DRGs (Fig. 1b, Table 1).

Neurons double-labelled with Dil and FG (Dil/FG)

Double-labelled neurons were present in the ipsilateral
L1,L2,L3, L4 and L6 DRGs (Fig. 2a, b, Table 1). Among
Dil-labelled neurons, the proportion of double-labelled
neurons in DRGs was 0.9% and among FG-labelled neu-
rons, the proportion of double-labelled neurons was 1.3%
(Table 1). The proportion of double-labelled neurons was
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Table1 Average number of Dil-labelled, FG-labelled, Dil/FG-labelled neurons and Dil/FG-labelled CGRP-ir neurons (n=10)

Level Dil-labelled FG-labelled Dil/FG (double)- Dil/FG-labelled
of DRGs neurons neurons labelled neurons CGRP-ir neurons
L1 300450 7010 0.840.1 (0.3%", 1.2%**) 0.3£0.1 (38%%***)
L2 550164 254433 3.240.2 (0.6%, 1.3%) 210.3 (63%)

L3 577160 524462 8.1£0.9 (1.4%, 1.5%) 5+0.7 (62%)

L4 155+18 175421 1.8+£0.2 (1.2%, 1.0%) 1.0£0.1 (56%)

L5 305 2145 020 (0%, 0%) 020 (0%)

L6 2145 340 0.3+0.04 (1.4%, 10%) 0.2+0.3 (67%)
Total 16341214 1047+£129 14.2+1.8 (0.87%, 1.34%) 8.5+1.0 (60%)

* Proportion of Dil/FG-labelled neurons among Dil-labelled neurons
** Proportion Dil/FG-labelled neurons among FG-labelled neurons

Fig.2 Dil-labelled neurons innervating the lumbar muscles (a)
and FG-labelled neurons innervating the medial portion of the left
knee (b) in the L3 DRG. CGRP immunoreactivity is shown in ¢
Arrow indicates a double-labelled, CGRP-ir neuron. Bar=500 um

significantly less than among Dil- or FG-labelled neurons
(P<0.01). There were no significant differences in propor-
tions of double-labelled neurons between the L2, L3 and
L4 DRGs (Table 1).

CGRP-ir neurons double-labelled with Dil and FG

CGRP-ir double-labelled neurons with Dil/FG were present
in the ipsilateral L1, L2, L3, L4 and L6 DRGs (Fig. 2c,
Table 1). Among neurons double-labelled with Dil/FG,
CGRP-ir neurons made up 60% (Table 1). The proportions
of double-labelled CGRP-ir neurons were not significantly
different from those of double-labelled non-CGRP-ir neu-
rons (P<0.05).

Cross-sectional area of cell profiles

We measured a total of 135 neurons from L1-L6 DRGs
from the ten rats we used. The cross-sectional areas of cell
profiles of Dil/FG-labelled neurons ranged from 150 wm?
to 3520 um?. Of the Dil/FG-labelled neurons, CGRP-ir
neurons ranged from 150 um? to 1285 um?. The mean cell
profile of Dil/FG-labelled CGRP-ir neurons was 775+
50 um? (meanSE) (Fig.3). CGRP immunoreactivity was
mainly observed in small neurons.

*#% Proportion of double-labelled CGRP-ir neurons among double-
labelled neurons
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Fig.3 Histograms showing the distribution of size (cross-sec-
tional area) of double-labelled (white columns, n=135) and double-
labelled, CGRP-ir neurons (black columns, n=85) in L1-LL6 DRGs

Discussion

Many investigators have reported that lesions of the lum-
bar muscles, intervertebral discs, and facet joints cause
pain not only in the lower back but also in the leg [6, 13,
14, 19]. Injection of hypertonic saline into the interverte-
bral disc or facet joint produces referred pain in the entire
leg and foot, which is resolved by injection of lignocaine
(lidocaine) into the intervertebral disc or facet joint [17,
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19]. These facts indicate that lower back and leg pain can
be referred from these structures.

Many muscle pain models in human have been used.
Injection of hypertonic saline is a well-established method
of inducing experimental local and referred muscle pain
[12, 13]. Intraneural microstimulation of nociceptive af-
ferent fibres in muscle tissue has been described and var-
ious muscle pain phenomena have been studied using this
method [31]. It has been reported that local and referred
muscle pain can be elicited by intramuscular electrical
stimulation, and indicated that temporal and spatial sum-
mation may be involved in eliciting referred muscle pain
[7, 8, 15].

Neural mechanisms of referred pain have not yet been
clarified, although two hypotheses have been proposed.
Firstly, the convergence—projection hypothesis proposed
by Ruch suggests that somatic and visceral fibres from
each of the primary neurons converge upon one dorsal horn
neuron in the spinal cord, and several experimental stud-
ies have supported the authenticity of this hypothesis [26,
27, 30]. Secondly, Sinclair’s concept of referred pain sug-
gests that there are primary afferent fibres bifurcating into
somatic and visceral structures [32]. Referred pain has
been studied both in animal models and humans. How-
ever, in this study, we used rats since the structure of the
low back and knee joint in rat is similar to that in humans
[9].

In Dil-labelled DRG neurons transported from the
lumbar muscles, labelled neurons were present in the ipsi-
lateral DRGs from L1 to L6. According to a previous re-
port, the rat lumbar intervertebral disc is innervated by
multi-segmental and bilateral dorsal root ganglia [21],
whereas the cervical and lumbar facet joints are inner-
vated by ipsilateral DRGs [22, 33]. In the present study,
the left lumbar back muscle and the left knee were inner-
vated only by left DRGs. These findings lead us to believe
that the lumbar structure and knee may have only ipsilat-
eral sensory innervation.

Approximately 3% of DRG neurons innervating the
lumbar facet joints have dichotomized axons projecting to
the sciatic nerve [28]. Therefore, double-labelled neurons
may cause referred leg pain originating from the facet joint
through the sciatic nerve [28]. Interestingly, the primary
sensory neurons examined included both large and small
neurons transmitting position sense. In the present study,
approximately 1% of DRG neurons innervating the low
back muscles have dichotomized axons projecting to the
medial portion of the knee. Dil-labelled neurons or FG-la-
belled neurons in L5 and L6 DRGs were rare. Therefore,
the proportion of double-labelled neurons in L5 is 0% and
that in L6 is 0.3%. In the 1% of DRG neurons innervating
the low back muscles and having dichotomized axons
projecting to the medial portion of the knee, the propor-
tion of the CGRP-ir neurons that represent pain transmis-

sion was 60%. CGRP-ir neurons are distributed among
DRG neurons of various sizes. However, the CGRP-ir DRG
neurons innervating the lower back muscles have di-
chotomized axons to the knee that are distributed only
among small and intermediate-sized neurons. A study of
electrophysiologically characterized neurons in lumbar
dorsal root ganglia using dye injection revealed CGRP-
like immunoreactivity in 46% of C-fibre neurons, 33% of
A b-fibre neurons, and 17% of A o/B-fibre neurons [18].
These data indicate that CGRP is mainly a marker of pain
perception, although CGRP may also be a marker of pro-
prioception. In the present study, double-labelled CGRP-ir
neurons innervating the lumbar muscle and knee were only
small neurons. We did not examine the electrophysiologi-
cally characterized neurons precisely; however, anatomi-
cal measurement of cell size leads us to conclude that
most CGRP-ir DRG neurons transmit pain sensation, not
position.

Pain provoked by the irritation of deep tissues has a
characteristic quality and tends to be diffuse. Distribution
of pain from the lumbar muscle has been reported to be
referred to the thigh and calf [6, 13, 14]. This clinical
event is believed to be partly caused by the dichotomizing
axons, but as these neurons are rare, it cannot be explained
by their existence alone. Graven-Nielsen et al. showed that
referred anterior ankle pain developed during saline infu-
sion into the anterior tibial muscle [7]. They observed that
the referred pain was delayed compared to the local mus-
cle pain and excluded the possibility that the referred pain
can be explained by the simple bifurcation of sensory neu-
rons. They also denied that the convergence of afferent sen-
sory neurons onto single projection neurons could have
differential effects on the sensation in the referred area.
They concluded that referred pain was due to sensitization
of projection neurons, so that normally noxious input may
drive the projection neuron to fire at an intensity and fre-
quency normally associated with pain. Thus, our present
finding provides, in part, a possible neuroanatomical ex-
planation for pain referred to the knee from the low back.
However, part of the mechanism of referred pain may be
explained by the convergence—projection hypothesis or by
sensitization of projection neurons.

In conclusion, many DRG neurons innervated the lum-
bar muscle and medial portion of the knee. In DRG neu-
rons only 1% of DRG neurons innervating the low back
muscles had other axons projecting to the medial side of
the knee. Half of the DRG neurons innervating both areas
contained CGRP, a neuropeptide associated with pain
transmission. This finding provides a possible neuro-
anatomical explanation for referred knee pain from the
lower back. However, these neurons are rare, and mecha-
nisms of referred pain may be explained by the conver-
gence—projection hypothesis.
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