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Fig. 8. Stimulus-response curves for C-nociceptors in response to heat
stimuli. Open circle: nociceptors from the control rats (n = 13), closed
circle: those from inflamed rats (n = 23). Data are expressed as mean
impulses/s = S.E.M. No significant difference was observed between con-
trol and inflamed groups in each temperature sector (P > 0.05, Student’s
-test).

3.3.4. C-cold units

Location of the receptive field of C-cold units was the
same as that of C-nociceptors. Typical C-cold units had
spontaneous firing of ~10 Hz (maximum instantaneous fre-
quency: ~85 Hz; Fig. 4, left panel) at 32 °C, and the cuta-
neous temperature had to be increased up to 35.4 °C (range:
32.1-35.4°C) to stop this firing. For evaluation of the cold
response, 10 out of 12units in the control group and six
out of eight in the inflamed group were used, because the
baseline temperature was set to >32 °C in the four units ex-
cluded. Four of 10 units in the control group and 2 of 6 in the
inflamed group had no spontaneous activity at 32 °C. Once
stimulus temperature dropped, even by <0.5 °C, cold fibers
quickly increased their discharge rate up to near 100 Hz (in-
stantaneous frequency, see Fig. 4, left panel) irrespective of
the existence of resting discharge at 32 °C. When the stim-
ulus temperature reached the noxious range (<15°C), the
discharge rate decreased, and in some cases the discharge
even disappeared completely. There was no significant dif-
ference in the cooling response between the control and in-
flamed groups at any time (data not shown).

Next, we analyzed the heat response of C-cold units.
These fibers usually showed continuous activity at normal
skin temperature as described above. When a heat ramp
was started, they immediately stopped firing, although
some showed ‘paradoxical discharge’ when heated further
to >47°C. In the current study, 6 out of 8units from the
inflamed group showed the paradoxical discharge, while 4
out of 12 units from the control group did. The proportion
of paradoxical discharge-positive units seems to be higher
in the inflamed group, but the difference was not statisti-
cally significant (P = 0.085). The ‘heat thresholds’ of these
units did not differ, either (46.1 £ 1.0 and 47.8 + 1.2°C,
respectively; P > 0.05).

4, Discussion

The major finding of the present study is that the cold re-
sponse is facilitated in two types of C-primary afferent fibers
(CLTMs and C-nociceptors) in persistently inflamed rats. [t
might be reasonable to conclude that this change is not me-
diated by hypoxia resulting from cold-induced constriction
of blood vessels, because the controlled cold stimulation was
used for control as well as for inflamed preparations.

In contrast to the changed sensitivity to cold of cuta-
neous CLTM and C-nociceptors, the heat response of no-
ciceptors was not facilitated in these animals (2-3 weeks
after inoculation of CFA) even though inflammation per-
sisted. This observation is in accordance with the previous
observation that showed disappearance of heat hyperalgesia
in 5 days after CFA inoculation (Hylden et al., 1989). The
mechanical threshold of nociceptors measured with nylon
monofilaments did not differ between the two groups, either.
CLTM units were excited by the weakest nylon monofila-
ments used in both groups; thus, smaller differences in me-
chanical threshold would not have been detected. However,
CLTMs of inflamed animals showed higher activities when
the thermode was placed on the receptive field. This obser-
vation might indicate increased sensitivity of this receptor
to mechanical stimulation in inflamed tissue. In the follow-
ing section, we discuss the changed cold responses of the
two types of C-afferent neurons (CLTMs and nociceptors)
studied.

4.1. Low-threshold mechanoreceptors

We found that innocuous cold of 25 °C evoked increased
nociceptive behavior in persistently inflamed rats. The
present experimental responses are considered to have sim-
ulated the symptoms in human patients exposed to moderate
cold. The time course of development of this cold allodynia
is similar to that of the cold hyperalgesia observed in rats
given subcutaneous injection of mycobacterium tuberculo-
sis to the hind paw, using a 5°C cold plate (Jasmin et al.,
1998).

This study is the first to show that the cold response of
CLTM units was increased in inflamed rats, and interest-
ingly, that their maximum response to cold was observed at
about 27-23 °C, temperatures that are innocuous and close
to that used for the behavioral pain test. We also found that
the proportion of cold-responsive C-nociceptors increased
in inflamed rats, but their cold threshold was 10.0 £2.6°C,
which is nearly noxious and far below the temperature used
for the behavioral test. These findings together might sug-
gest that facilitated response of CLTM units is involved in
the increased number of paw shakes in response to 25°C
cold stimuli. Change in the response magnitude of CLTM
was, though statistically significant, small; therefore, impli-
cation of another fiber type(s) cannot be excluded.

Under normal conditions, these CLTM neurons are con-
sidered to convey sensations of light touch, such as gentle,
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slow stroking (Bessou and Perl, 1969). A recent finding even
suggests that their activation induces a pleasant sensation
(Olausson et al., 2002). However, in pathological conditions,
these neurons may be involved in pain signaling, assisted
by alterations in the central nervous system. Myelinated af-
ferent fibers, which normally convey information of light
touch and pressure, have well documented involvement in
pain signaling after axotomy and inflammation. A proposed
mechanism for this is A-fiber sprouting into the lamina II
in the spinal cord (Woolf et al., 1992; Koerber et al., 1994).
Besides, sprouting of C-fibers is reported to be induced by
nerve growth factor (NGF) (Diamond et al., 1992), which
increases in the nervous tissues in rats with hind paw in-
flammation induced by Freund’s adjuvant (Donnerer et al.,
1992; Kasai and Mizumura, 1999). CLTMs are reported to
terminate in the lamina 11 in normal guinea pigs (Sugiura
et al., 1986). They also may form new synaptic contacts or
strengthen the pre-existing contacts with nociceptive sec-
ondary neurons in inflamed conditions, and transmit pain.
Such morphological and/or functional changes may have oc-
curred in inflamed animals, and excitation of CLTMs might
have induced nociceptive behaviors. Elucidation of this point
will require further study in the future.

The mechanism of facilitated cold sensitivity of CLTMs
remains a matter of speculation: the mechanical transducer
channel of CLTMs might be sensitive to cold, or it might
detect mechanical change induced by temperature decrease
and the activity of this channel might be modulated by some
inflammatory mediators. The latter possibility is supported
by the fact that a temperature decrease but not absolute cold
temperature can be a stimulus to CLTMs. One of the can-
didates for this channel would be DRASIC, which is con-
sidered to play some role in mechanical transduction (Price
et al., 2001) and has sensitivity to cold (Askwith et al,,
2001). Another candidate would be TREK-1, described in
the next section. Alternatively, some cold transducer chan-
nel might be expressed in CLTMs, and the activity of this
channel might be modulated after inflammation.

4.2, C-nociceptors

The percentage of cold-responsive C-nociceptors sig-
nificantly increased in monoarthritic rats in the present
experiment. Changed sensitivity to mechanical and/or heat
in inflamed conditions or after repetitive stimulation has
been well documented (Schaible and Schmidt, 1988; Hébler
et al., 1990; Koltzenburg et al., 1999), but there have been
no reports on changed cold sensitivity in inflammation.
Therefore, the present report is the first to demonstrate
altered cold sensitivity of nociceptors in inflammation.

The threshold temperature of nociceptors in response to
cold was 10.0 4= 2.6°C in the inflamed rats, far below the
temperature used for the current behavioral test. There are
several reports showing that persistent inflammation elicits
cold hyperalgesia. Perrot et al. (1993) reported that struggle
latency in response to immersion in 10 °C water decreased in

polyarthritic rats. In addition, Jasmin et al. (1998) reported
that the number of paw lifts on a 5°C cold plate increased
in monoarthritic rats. The presently observed change in cold
sensitivity in nociceptors might be responsible for the hy-
peralgesia to noxious cold observed in these earlier reports.

How was the proportion of nociceptors sensitive to cold
increased? There would seem to be two possibilities. One is
that the cold threshold of seemingly cold-insensitive units
shifted to a higher temperature. Some nociceptors might
have had a threshold below 2°C (Simone and Kajander,
1996), the lowest temperature used in the present experi-
ment, and so appear to be cold insensitive. These units might
then have been sensitized, and become sensitive to cold
>2 °C. Another possibility is that originally cold-insensitive
units acquired new cold sensitivity.

One possible mechanism for lowered cold threshold
of C-nociceptors is modulation by inflammatory media-
tors, similar to the sensitization of nociceptors to heat by
bradykinin (Kumazawa et al., 1991; Sugiura et al., 2002).
The cold transducers already identified or as-yet unidenti-
fied might also be modified by inflammatory mediator(s).
A possible candidate for the inflammatory mediator that
may induce cold hypersensitivity is glutamate. Leung et al.
(2000) reported that intravenous application of ketamine,
an NMDA receptor antagonist, ameliorated cold allodynia
in human neuropathic patients, and they briefly discussed
the possibility of its action in the periphery. The existence
of the NMDA receptor in cutaneous unmyelinated sensory
axons, the nociceptive behavior of rats in response to sub-
cutaneously applied glutamate (Carlton et al., 1998) and the
existence of glutamate at peripheral sites of inflammation
(Omote et al., 1998) suggest the possibility that glutamate is
associated with cold hyperalgesia in inflammation. Whether
or not these inflammatory mediators modulate cold sensitiv-
ity of C-nociceptors should be addressed in future studies.

It was recently demonstrated that blockade of 4-AP-sen-
sitive K channels (IKD) alters the cold-insensitive trigem-
inal ganglion neurons so that they become cold sensitive
(Viana et al., 2002). This might also be a possible mecha-
nism for the increased number of cold sensitive nociceptors.
Some inflammatory mediators might block this K channel.

The molecular substrates of cold transduction are now
being clarified. One of them is TREK-1, an outward recti-
fier KT channel (Fink et al., 1996; Maingert et al., 2000;
Koh et al., 2001) sensitive to mechanical events; another
is CMR1, a non-selective cation channel (McKemy et al.,
2002; Peier et al.,, 2002) sensitive to menthol. Besides,
Story et al. (2003) reported quite recently another cold
sensitive ion channel, ANKTMI, a distant family member
of TRP channels. Increased or de novoe expression of these
molecules would explain the increased percentage of cold
sensitive nociceptors in the monoarthritic rat. However, the
optimum temperatures for activation of the TREK-1 and
CMRI1 do not completely match that for C-nociceptor chan-
nels. The TREK-1 current is strongly suppressed at 22 °C,
and little suppression is observed with further decreases
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in temperature (Maingert et al., 2000). The CMRI1 cur-
rent reaches its maximum at about 10°C, and no further
increases are seen when the temperature is decreased
(McKemy et al., 2002; Peier et al., 2002). By contrast, the
majority of C-nociceptors were not excited by 2°C cold
in normal animals in the current experiment, and a consid-
erable number of C-nociceptors had cold thresholds lower
than 10 °C (or even <0 °C) in other experiments in the nor-
mal rat (Simone and Kajander, 1996). On the other hand,
the cold response of ANKTMI starts at 17 °C and increases
along the temperature decrease down to at least 5°C. As
this ion channel is expressed in a subpopulation of nocicep-
tive neurons (Story et al., 2003), it might be implicated in
the cold hypersensitivity in nociceptive neurons observed
in this study. Further studies are needed to determine the
molecular mechanism of cold transduction.

In conclusion, the facilitated cold response of CLTM units
might be associated to the cold allodynia to innocuous cool-
ing seen in the current behavioral experiment, while that of
C-nociceptive units might be involved with hyperalgesia to
noxious cold. The cold transduction mechanism might be
altered at the primary afferent level. To prove this hypothe-
sis, further research (e.g. expression of transducer molecules
and/or their functional modulation, etc.) should be done.
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Abstract

The innervation of the temporomandibular joint (TMJ) has attracted particular interest because of the close association with
complex mandibular movement. Although the pathological changes of disk innervation may have a crucial role in the development
of TMJ pain, the innervation of the TMJ disk by experimentally induced arthritis has rarely been examined in detail. Arthritic rats
were induced by injection with 0.1 ml solution of Complete Freund’s adjuvant (CFA). We investigated three-dimensional distri-
bution of nerve fibers in the TMJ disk using immunohistochemistry for protein gene product-9.5 (PGP-9.5) and calcitonin gene-
related peptide (CGRP) in naive and arthritic rats. To clarify the possible role of nerve growth factor (NGF) and its receptor on
changes in peripheral innervation of the TMJ, the expressions of trkA and p75 receptor in trigeminal ganglia were examined.
Although PGP-9.5 and CGRP immunoreactive (ir) fibers were seen in the peripheral part of the TMJ disk, they were not seen in its
central part. The total length and the length density of PGP-9.5 ir and CGRP ir nerve fibers increased in arthritic rats. The in-
nervation area of fibers proliferating in the rostro-medial part merged with that of fibers in the rostro-lateral part in the arthritic rats.
In addition, the ratio of trkA- and p75-positive small- and medium-sized cells increased in trigeminal ganglia. It is assumed that
increasing innervation of the TMJ disk may be important for the pathophysiology of TMJ pain. NGF and its receptors are likely
involved in pathological changes of the TMJ disk.
© 2003 European Federation of Chapters of the International Association for the Study of Pain. Published by Elsevier Ltd.
All rights reserved.

Keywords: TMJ disk; PGP-9.5; CGRP; Trigeminal ganglion; Complete Freund's adjuvant arthritis

1. Introduction the TMJ disk accepts various kinds of pathological

stress in mobility. It is important to understand the

The temporomandibular joint (TMJ) consists of the
temporal articular tubercle, the mandibular fossa in the
upper part, and the mandibular condyle in the lower
part. The TMJ disk is an oval plate of fibrous tissue,
which completely divides the TMJ into its upper and
lower parts. Many muscles in this joint produce com-
plicated joint movements including depression, eleva-
tion, protrusion, retraction and lateral movement. These
peculiar arthrological features of the TMJ indicate that
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physiological and pathological aspects of the TMJ, es-
pecially the innervation of the TMJ disk in patients
suffering from temporomandibular joint disorders
(TMD).

Previous studies reported various results regarding
the innervation of the TMJ disk and the synovial
membrane of the TMJ. Nerve fibers reportedly extended
into the synovial villus and contacted the synovial cells
of the TM1J disk in monkeys (Keller and Moffett, 1968).
No nerve fiber was found in the synovial lining layer of
the mouse TMJ disk (Dreessen et al., 1990), even at the
electron-microscopic level. Virtually all morphological
observations of the innervation of the TMJ disk have

1090-3801/$30 © 2003 European Federation of Chapters of the International Association for the Study of Pain. Published by Elsevier Ltd. All rights
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been obtained from silver impregnation techniques.
However, silver impregnation does not stain nerve fibers
specifically (Fundin et al., 1995). Current immunobhis-
tochemical studies have served to identify the peptider-
gic innervation in the TMJ disk and its surrounding soft
tissues. Substance P (SP)-like immunoreactive (ir) fibers
exist in the joint capsule, disk attachment, and perios-
teum in monkey TMJ (Johansson et al., 1986). The
central part of the TMJ disk contains no nerve fibers
from postnatal days 0 through 24 (Shimizu et al., 1996).
Although these studies have described the distribution
of nerve fibers, the pathological changes of innervation
over the whole body of the TMJ disk are still unclear.

Recent arthroscopic and histopathological investiga-
tions on painful TMJ in humans have demonstrated the
occurrence of inflammatory reactions in synovial mem-
brane (Murakami et al., 1991). Experimental models of
arthritis have been available for clarifying the initial
stage of the inflammatory process. Several studies have
documented morphological changes in the synovial
membrane (Nozawa-Inoue et al., 1998) or other peri-
articular tissues (Kapila et al., 1995; Kapila and Xie,
1998) of the TMJ following experimentally induced ar-
thritis in animals. Other investigations have shown in-
creasing concentrations of tachykinins or prostaglandins
in the synovial fluid of the inflamed TMJ (Alstergren
and Kopp, 1997; Appelgren et al., 1998; Carleson et al.,
1997; Swift et al., 1998). Although these studies have
described pathological changes in the TMJ and sur-
rounding tissue, changes in innervation of the TMJ disk
in experimental arthritis have not been extensively
studied.

Nerve growth factor (NGF) is the prototypic mole-
cule of the neurotrophin family of polypeptide trophic
factors. NGF has been established as a required trophic
factor for the differentiation and survival of sympathetic
and some sensory neurons in the peripheral system
(Barde, 1989). In addition to its effect on neuronal sur-
vival, NGF locally regulates the amount of axonal
branching (Campenot, 1987). For example, injury to
tooth pulp often results in extensive sprouting of sensory
nerve fibers at the site of wound repair in response to the
local increase in NGF concentration (Byers et al., 1990;
Byers et al., 1992). Increased expression of NGF has
also been implicated in the nociceptive response (Dyck
et al., 1997, Wheeler et al., 1998). When NGF was in-
duced in the peripheral tissue, the NGF receptor (trkA
and p75 receptor) on the membranes of responsive
neurons would change in the peripheral nervous system.
A recent study has indicated that trkA expression in-
creased in the trigeminal ganglia innervated in injured
teeth by retrograde transport of NGF (Wheeler and
Bothwell, 1992).

In the present study, we investigated nerve distribu-
tion to clarify the changes under pathological condi-
tions, and the overall features of innervation were

examined in the TMJ disk of both naive and complete
Freund’s adjuvant (CFA) arthritic rats. In addition, to
clarify the possible role of NGF and its receptor on
changes of peripheral innervation in the TMJ, the ex-
pressions of trkA and p75 receptor in trigeminal ganglia
were examined in the CFA arthritic rats. Characteriza-
tion of this molecular system that mediates both repair
and pain perception is important to develop novel
clinical tools for promoting repair and relief of TMJ
pain.

2. Methods
2.1. Animals

Twenty-five male Lewis rats weighing around 230g
were used in this study. Rats were exposed to a light-
dark cycle (L:D 12:12-h) and kept in a temperature-
controlled room (23 °C). This study was conducted in
accordance with the guidelines of the International As-
sociation for the Study of Pain (Zimmermann, 1983).

2.2. Complete Freund's adjuvant arthritis

Under anesthesia with inhalation of diethyl ether,
twenty rats were intracutaneously injected with 0.1 ml
solution of CFA at both the parietal scalp and base of
tail (Nozawa-Inoue et al., 1998). The adjuvant solution
contained 6 mg of heat-killed Mycobacterium butyricum
(Difco Laboratories, Detroit, MI, USA) in lml of
paraffin oil (Wako, Tokyo, Japan). After the injection,
rats were given laboratory chow and tap water ad libi-
tum in conventional laboratory conditions. Five non-
treated naive rats weighing around 230 g were used as
the control. Sequential changes in body weight, food
and water consumption were measured daily in five
CFA-treated rats and five naive rats. Five rats each were
sacrificed at 2, 3, 4 and 5 weeks post-CFA injection for
immunochistochemistry of trigeminal ganglia. The im-
munohistochemistry was carried out for the TMJ disks
of five rats sacrificed at 5 weeks post-CFA injection.

2.3. Tissue preparation

Rats were anesthetized with an intraperitoneal injec-
tion of sodium pentobarbital (50mg/kg, Nembutal,
Abbot Laboratories, Chicago, IL, USA), and transcar-
dially perfused with heparinized saline followed by a
cold fixative containing 4% paraformaldehyde in 0.1 M
phosphate buffer (PB, pH 7.4). Bilateral TMJ and tri-
geminal ganglia were immediately dissected out after
perfusion, and immersed in the same fixative for 4 h at
4°C. The TMJ disk with its surrounding synovial tissues
was carefully removed from the maxillary and mandib-
ular bones. Post-fixed disks were rinsed with 0.1 M
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phosphate-buffered saline (PBS) and dehydrated
through an ascending series of ethanol (70%, 80%, 90%,
95%, 100%). Disks were then delipidized with xylene
until they became transparent, and were rehydrated with
a descending series of ethanol to PBS (pH 7.4).

To visualize the pathological changes after CFA
treatment, tissues of TMJ in the naive and S-week rats
after CFA treatment were stained by Hematoxylin—
Eosin.

Post-fixed trigeminal gangha were kept in PBS con-
taining 20% sucrose for cryoprotection. The specimens
were then embedded in Tissue Mount (Chiba Medical,
Japan) and stored until cryosectioning at —30°C.

The trigeminal ganglia were cut in the horizontal
plane along the long axis of the ganglion on a cryostat at
a thickness of 15um. Every twentieth section - ap-
proximaltely five sections per trigeminal ganglion — was
chosen for each rat. In the trigeminal ganglia at 5-weeks
post-CFA injection, the frozen trigeminal ganglia were
serially cut. Sections were mounted on glass slides
coated with chrome alum gelatin and dried at room
temperature overnight.

2.4. Immunohistochemistry

2.4.1. TMJ disk

Anti-PGP-9.5 rabbit IgG against synthetic rat PGP-
9.5 (Ultra Clone, UK) and anti-CGRP rabbit IgG
against synthetic rat CGRP (Serotec, Japan) were used
as a primary antibody. Each antibody was diluted at a
concentration of 1:1000 in 0.1 M PBS containing 4%
normal goat serum and 0.3% Triton X-100 (Sigma, St.
Louis, MO, USA). Whole tissues of the TMJ disk were
incubated in a solution of either anti-PGP-9.5 or anti-
CGRP antisera for a week at 4°C.

After rinsing with 0.1 M PBS, all samples were re-
acted with biotinylated goat anti-rabbit 1gG (Vector
Laboratories, Burlingame, CA, USA) at a dilution of
1:200 in 0.1 M PBS for 2h at 4°C. After rinsing with
0.1 M PBS, they were immersed in a solution of avidin
and biotin—peroxidase complex (Vector Laboratories) at
a dilution of 1:100 in 0.1 M PBS for 90min at 4°C.
Disks were then immersed in PBS containing 0.1% 3,3'-
diaminobenzidine dihydrochloride (DAB) (Sigma). An-
tigen-binding sites were made visible by adding 0.004%
hydrogen peroxide. After staining, disks were treated
with 0.05% osmium for 30 min at room temperature. As
a control, the TMJ disk of another CFA arthritis rat was
processed using rabbit serum without each primary an-
tiserum using the same process described above.

Immunoreactive fibers in the TMJ disk were manu-
ally traced, and reconstructed three-dimensionally by a
light microscope-equipped, computer-aided imaging
system (Neurolucida, MicroBrigthtfield, VT, USA).
This system allows three-dimensional mapping of nerve
fibers within thick TMJ disk while focusing and tracing

fibers by using stage position encoders. The total length
of ir fibers were automatically calculated by this system.
The length density of nerve fibers was calculated by the
formula: (total length of nerve fibers (mm)/area of TMJ
disk (mm?)).

2.4.2. Trigeminal ganglia

For the immunohistochemistry of trigeminal ganglia,
anti-trkA rabbit IgG against synthetic rat trkA
(Chemicon International, Temecula, CA, USA), anti-
p75 rabbit IgG against synthetic human p75 (Promega,
Madison, WI, USA) were used after dilution at a con-
centration of 1:1000 in 0.1 M PBS containing 4% normal
goat serum and 0.3% Triton X-100 (Sigma). Sections
were reacted with either anti-trk A or anti-p75 antibodies
for 3 days at 4°C. After rinsing with 0.1 M PBS, all
samples were reacted with biotinylated goat anti-rabbit
IgG (Vector Laboratories) at a dilution of 1:200in 0.1 M
PBS for 2h at 4°C. After rinsing with 0.1 M PBS, they
were immersed in a solution of avidin and biotin—per-
oxidase complex (Vector Laboratories) at a dilution of
1:100 in 0.1 M PBS for 90 min at 4 °C. Then, the sections
were immersed in PBS containing 0.1% 3, 3’-diam-
inobenzidine dihydrochloride (DAB) (Sigma). Antigen-
binding sites were made visible by adding 0.004%
hydrogen peroxide. Diameters of the labeled cells were
measured by a computer-aided imaging system (Neu-
rolucida).

In the trigeminal ganglia at 5-weeks post-CFA in-
jection, adjacent sections were stained with antibodies to
trkA, CGRP or p75. Pairs of adjacent sections were
assessed to determine double labeling of ganglion cells.
The anti-trkA (Chemicon International), anti-p75
(Promega Corp) and anti-CGRP rabbit IgG (Serotec)
were used for primary antibody after dilution at a con-
centration of 1:1000 in 0.1 M PBS containing 4% normal
goat serum and 0.3% Triton X-100 (Sigma). Antigen-
binding sites were made visible by the above method.

2.5. Statistical analysis

The results were expressed as means - standard error
(SEM). Results were analyzed by Student’s unpaired ¢
test, one-way ANOVA, or two-way ANOVA for re-
peated measures where appropriate, followed by Tu-
key’s test for multiple comparisons, if warranted. A P
value of < 0.05 was considered significant.

3. Results
3.1. Body weight, food and water consumption
Polyarthritis was induced by CFA injection. About

one week later, the elbow joints and ankles swelled, and
became immobile. The rats in which CFA arthritis
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showed no more body weight gain at about 250 g after
CFA administration. In contrast to the arthritis group,
naive rats showed a continuous increase in body weight
during the experimental period (Fig. 1A). Food intake
of the arthritis group was significantly decreased after
CFA treatment compared to the naive rats (Fig. 1B).
Also, water intake of the arthritis group was signifi-
cantly lower than the naive rats at 6, 12 and 18 days
(Fig. 1C).

3.2. Observations of synovial membrane

Fig. 2 showed the synovial membrane of post-in-
flammatory features in arthritic rats.

In arthritic rats, a few lymphatic (arrowheads) or
granular cells (arrows) were scattered throughout the
subintimal synovial tissue. There was no infiltration by
inflammatory cells, and no proliferation of the syno-
vium. Increased fibroblasts (white arrowheads) and
dense collagenous fibers (white arrows) were observed in
the synovial membrane in the arthritic rats.

3.3. Macroscopic observations of TMJ disk innervations
Three kinds of nerve bundles were found to enter the

TMJ disk. The deep temporal nerve entered the joint
capsule at the rostro-lateral margin of the disk. The
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masseteric nerve entered at the rostro-medial margin of
the disk, while a nerve bundle of the auriculotemporal
nerve and its small branches entered the joint capsule at
the caudal margin (Fig. 3). In specimens with whole-
mount preparation, immunopositive nerve fibers were
observed in the similar relation to the distribution of
three nerves. The distributional overlapping and nerve
origins in TMJ disk are identified by tracing nerve fibers
in the carefully oriented disk.

3.4. Immunohistochemical observation

Although PGP-9.5 immunoreactive (ir) fibers were
found in the rostro-lateral, rostro-medial, and caudal
parts of the TMJ disk in naive rats, they were not seen in
the central part of the disk (Figs. 4A, B and 5A). The
PGP-9.5 ir fibers took a meandering route in the rostral
and caudal part of the disk, but in the medial and lateral
part they showed different features; several nerve fibers
forming nerve fascicles ran together and then branched
off thin nerve fibers to the peripheral portion of the disk.
In the medial and lateral part, on the other hand, the
nerve fascicles were thin, consisted of a few fibers and
branched out into a thin fiber plexus. Observations of
the specimens processed immunohistochemically by
whole-mount preparation methods revealed that fibers
had no special terminals and showed free nerve endings.
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Fig. 1. Rat behavior following injections of complete Freund’s adjuvant (CFA). Graphs showing changes in body weight (A), food intake (B), water
intake (C). n = 5 for each group. Black point, CFA arthritic rats; White point, Naive rats. For statistical analysis, Student’s ¢ test and standard error

were used. ¥ P < 0.05,
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Fig. 2. Synovial membrane stained by Hematoxylin-Eosin. Naive (A), five weeks after CFA treatment (B). Lymphatic cells (arrowheads), granular
cells (arrows), fibroblasts (white arrowheads) and dense collagenous fibers (white arrows) were seen in B.

Rostral 7Za

Lateral

Fig. 3. Ventral aspect of the TMJ disk and peripheral tissue of left
temporomandibular joint of the rat (joint capsule is open). Za, zygo-
matic arch; Dt, deep temporal nerve; Mn, masseleric nerve; An, au-
riculoternporal nerve; Td, TMJ disk; Tg, trigeminal ganglion.

In both naive and arthritic rats, nerve fibers were
observed in the rostro-medial, rostro-lateral and caudal
parts of the disk. In the naive rats there was no over-
lapping of the distribution area, whereas in the arthritic
rats the proliferating fibers overlapped their distribution
area (arrowheads in Fig. 5). The arthritic rats showed
fiber extension toward the central part of the TMJ disk
in comparison with the naive rats, in which the nerve
fibers never extended to the central part of the disk

(arrows in Fig. 5). The total length of PGP-9.5 ir nerve
fibers increased from 80.9 to 98.1 mm in arthritic rats.
Similarly, the length density increased from 9.8 to
11.8 mm/mm? (Fig. 6A).

Similar to PGP-9.5 ir fibers, the CGRP ir fibers were
seen in the peripheral part of the TMJ disk (Figs. 4C, D
and 7A). No fibers were observed in the central part of
the TMJ disk. Nerve fibers meandered along the rim in
the rostral and caudal parts of the TMJ disk. The dis-
tribution pattern of CGRP ir fibers was also similar to
that of PGP-9.5 ir fibers. The nerve fascicles consisted of
two or three nerve fibers and branched off into terminal
fibers (Fig. 4C, D). Microscopic observation revealed
CGRP ir nerve fibers to be thinner than PGP-9.5 ir
fibers.

The length density of the CGRP ir fibers was smaller
than that of the PGP-9.5 ir fibers (Fig. 6). Compared to
those of the naive rats, the total length of CGRP ir fibers
increased from 35.7 to 44.7mm, and the length density
increased from 4.3 to 5.4 mm/mm?, as seen among the
PGP-9.5 ir fibers in arthritic rats (Fig. 6B). The fiber
distribution area in the rostro-medial part merged with
that of the rostro-lateral part of the disk (Fig. 7).

3.5. Trigeminal ganglion

After the immunohistochemistry for trkA and p75
NGF receptors, immunopositive cells were stained dark
or light brown in color and could be easily distinguished
from the non-positive cells (arrowheads in Fig. 8). We
arbitrarily classified the cell sizes according to the fre-
quency distribution of the ganglion cells and data in the
literature (Lee et al., 1985). The imaging system can
measure cell size by tracing cells. TrkA- and p75-positive
cells were found in varying percentages in the small to
large cells in the trigeminal ganglia (Fig. 9).
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Fig. 4. Photomicrographs of PGP-9.5 (A,B) and CGRP(C,D) immunoreactive nerve fibers of the TMJ disk in the whole-mount preparation of naive
rats. (A,C) rostral part, (B,D) lateral part. Arrow indicates PGP-9.5 positive (A,B) and CGRP positive (C,D) thin nerve fibers. The bottom illus-
tration indicates the parts of the disk displayed in A, B, C and D. Size scale bar, 1 mm.

After 2 weeks of CFA treatment, the trkA-positive
cells strikingly increased to 9.2% in the small cell group
(< 20 um); they showed a consistently higher level than
naive rats throughout the experimental period (Fig. 9).
In the medium cell group (20-30 um), trkA-positive cells
significantly increased from 3 (8.8%) through 5 (9.9%)
weeks after CFA injection. In the large cell group
(> 30um), the ratio of trkA-positive cells slightly but
significantly increased at week 4 (2.3%).

Similar to the findings of trkA-positive cells, p75-
positive cells in the small cell group increased to 8.9% at
week 2 after CFA injection, and kept increasing after
week 5. The p75-positive cells increased at week 4 (8.4%)
after CFA injection in the medium cell group. There was
no change in ratio of p75-positive cells in the large cell
group after CFA injection (Fig. 9).

In trigeminal ganglia at week 5 after CFA injection,
there were CGRP-positive cells with trkA or p75 (Fig. 10).
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PGP-immunoreactive fibers

Naive disk

Arthritis disk

Fig. 5. Computer-aided, camera lucida drawing of PGP-9.5 immunoreactive fibers in the whole-mount preparation of the TMJ disk of naive rat (A,B)}
and arthritic rat (C,D). (A,C) Dorsal view. (B,D) Lateral view. R, rostral; C, caudal; D, dorsal; M, medial; V, ventral. Size scale bar, ] mm.
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Fig. 6. Quantification of PGP-9.5 and CGRP immunoreactive fibers in the TMJ disk. Fiber length and length density were compared between the

naive and CFA arthritic rats. (n = 5) *P < 0.05.

4. Discussion
4.1. Assessment of CFA arthritic rats

Body weight and food intake decreased and water
intake slightly decreased in the CFA-injected groups
compared with the naive rats. Food intake was espe-
cially difficult for rats probably due to the pain of TMJ
arthritis, whereas their water intake was less affected
because only slight TMJ movement was required for

drinking. The data suggested that the decrease in body
weight, food and water intake correlated with the de-
velopment of TMJ arthritis.

In our morphological study, we also confirmed that
the arthritic rats had several changes in TMJ. In a
clinical case, marked fibrosis and degenerative cartilage
were observed (Kobayashi et al., 2001). In the mon-
oarthritic TMJ induced by CFA injection into the su-
perior joint space of the rats, a very active chronic
inflammation developed.
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CGRP-immunoreative fibers
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Fig. 7. Computer-aided, camera lucida drawing of CGRP immunoreactive fibers in the whole-mount preparation of the TMJ disk of naive rat (A,B)
and arthritic rat (C,D). In the arthritic rats the proliferating fibers overlapped (arrowheads) and the nerve fibers never extended to the central part of
the disk (arrows) similar to PGP-9.5 immunoreactive fibers. (A,C) Dorsal view. (B,D) Lateral view. R, rostral; C, caudal; D, dorsal; M, medial; V,

ventral. Size scale bar, | mm.

In the synovial membrane in the ankle joint of CFA
polyarthritic rat, mononuclear cells infiltrated signifi-
cantly (Wu et al,, 2000). A previous report confirmed
that the synovial membrane in polyarthritic rat showed
enhanced vascularization in the sublining layer in the
rostro-caudal portion of the synovial membrane at 3
weeks after CFA injection but no progressive inflam-
matory findings such as synovial hypertrophy or in-
flammatory cell infiltration in TMJ (Nozawa-Inoue
et al., 1998). Our results were rather similar, except that
a few lymphatic cells or granular cells were scattered
throughout the subintimal synovial tissue.

4.2. Innervations of TMJ and TMJ disk

The TMJ was innervated caudally by the auriculo-
temporal nerve, rostro-medially by the masseteric nerve,
and rostro-laterally by the deep temporal nerve (Ko-
bayashi et al,, 1994). In the present study, we have
macroscopically confirmed that the disk was also in-
nervated by the same nerves.

Some investigators have examined the innervations of
the TMJ by silver impregnation techniques (Dreessen
et al., 1990; Johansson et al., 1986; Wink et al,, 1992),
Nerve distribution in the disk has been variously re-
ported, presumably depending on the technique used.

Current immunohistochemical studies have served to
identify the peptidergic innervations in the TMJ disk
and its surrounding soft tissues. We have focused on
nerve fibers containing neuropeptides such as PGP-9.5
and CGRP in the joints using immunohistochemical
methods. PGP-9.5 is a major protein component of the
neuronal cytoplasm (Doran et al., 1983; Thompson
et al., 1983), and is the most sensitive marker of nerve
fibers (Dalsgaard et al., 1989; Gulbenkian et al., 1987;
Maeda et al., 1994). CGRP is predominantly present in
small and medium-size primary sensory neurons, and is
a good marker of peripheral sensory nerve fibers (Mc-
Carthy and Lawson, 1990).

All of the innervations of the TMJ using antiserum to
PGP-9.5 and CGRP in 18-day-old rat have been iden-
tified (Shimizu et al., 1996). Moreover, the distribution
of CGRP ir fibers in the rat TMJ was investigated fo-
cusing in particular on the disk and synovial membrane
by the whole-mount preparation method from the dor-
sal and ventral view (Kido et al., 1993). These reports
provided a wealth of information on the nerve fibers in
the TMJ, but the three-dimensional distribution and
detailed innervation of the disk remain unclear. Nerve
fibers were innervated toward the central part of the
TMJ disk with complex meandering in the rostral and
caudal parts, but with less meandering in the medial and
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Fig. 8. Photomicrographs of TrkA (A,C,E) and P75 (B,D,F) immunopositive cells in the trigeminal ganglion in naive and CFA arthritic rats. (A,B)
naive rats. (C,D) 3 weeks after CFA injection. (E,F) 5 weeks after CFA injection . Size scale bar, 100 um.

lateral parts. The reason for the different nerve extension
was suspected to be the variety of animal conditions in
which the TMJ disk is forcefully expanded and con-
tracted in the rostro-caudal direction by the movement
of the TMJ. A dense innervation was observed in the
rostral and caudal edges of the disk. The TMJ mainly
moves in the rostro-caudal direction (Byrd and Chaj,
1988). These innervation patterns may be important to
receive sensory inputs to modulate the TMJ movement.

PGP-9.5 ir fibers were distributed more densely than
CGRP 1r fibers in the TMJ disk. This results suggested
that PGP-9.5 positive- but CGRP negative-nerve fibers
were innervating the TMJ disk. Previous studies indi-

cated the existence of other peptidergic nerve fibers such
as substance P (Kido et al., 1993), neuropeptide Y
(Shimizu et al., 1996), tyrosine hydroxylase (Kido et al.,
2001), and vasoactive intestinal polypeptide (Kido et al.,
2001) in the TMJ disk. These fibers were suspected to be
involved in metabolic function as well as nociception.

4.3, Increased innervation in TMJ disk

We studied innervation of TMJ disk 5 weeks after
CFA. It was reported that substance P and CGRP ex-
traction in the arthritic TMJ were increased 28 days
after CFA injection ( Carleson et al., 1997). Numerous
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Fig. 9. Ratio of TrkA and P75 immunoreactive cells in the trigeminal ganglion. N, 2, 3, 4 and 5 indicated naive, 2, 3, 4 and 5 weeks after injection of
CFA, respectively; small, medium, large indicate the cell diameter classified (<20, 20-30, > 30pum) by cell diameter frequency distribution. (n = 5)

*P < 0.05.

Fig. 10. Photomicrographs of trkA (A) and CGRP (B) or p75(C) and CGRP (D) immunopositive cells in the trigeminal ganglia at 5 weeks after CFA
injection in serial section. The co-expressing cells indicated (arrowheads). Size scale bar, 100 um.

CGRP or PGP-9.5 immunoreactive fibers were observed
on day 21 in tarsal joints (Imai et al., 1997). Compared
with the naive rats, the total length and length density of
PGP-9.5 and CGRP ir fibers increased in the arthritic
rats. Although each fiber plexus of the rostro-medial,
rostro-lateral and caudal parts are located separately on
the disk in naive rats, the proliferated fiber plexus in the

rostro-medial part merged with the rostro-lateral part of
the disk in the arthritic rats. Fiber plexus of caudal part
did not seem to be affected by arthritis. Further exper-
iments were needed to clarify regional difference of in-
creased innervation.

Compared to naive rats, nerve fibers were distributed
in the central part of the TMJ disk of arthritic rats, and
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the sprouted fibers coursed toward the central part of
the disk. This fact suggested the possibility that some
trophic factors promoted the nerve extension.

We explored the possibility that neurotrophic factors
may have been involved in this plastic change of the
nerve fibers. The inflammatory cytokines such as inter-
leukin-1 (Kopp, 1998; Nordahl et al., 2001), interleukin-
6 (Kubota et al., 1998), interleukin-8 (Nanki et al.,
2001), and tumor necrosis factor-o (Fu et al., 1995) in-
creased in peripheral tissue following CFA injection.
Interleukin-1 and tumor necrosis factor-o also contrib-
uted to the secretion of NGF in peripheral nervous
systems (Bennett et al., 1998; Carman-Krzan et al,
1991; Hattori et al.,, 1993; Koltzenburg et al., 1999
Lindholm et al., 1987; Oddiah et al., 1998; Steiner et al.,
1991). NGF promoted the sprouting of peripheral
nerves (Albers et al., 1994; Kinkelin et al., 2000). CGRP
ir fibers were shown to sprout in the peripheral tissue in
inflammation (Weihe et al., 1988; Reinert et al., 1998). It
was assumed that the sprouting occurred as a result of
the infiltration of cytokines and neurotrophins in the
peripheral tissue after inflammation such as TMJ ar-
thritis.

The fibers sprouted toward the central part of the
TMJ disk, and distributed on the surface of the disk in
the arthritic rats. The trophic factor may intensively
promote the sprouting of fibers on the surface of the
disk. This factor supplied from synovial membrane may
be kept in the synovial fluid contacting the disk. In-
flammatory cells in the synovial membrane secreted
NGF (Wu et al., 2000) and infiltrated the joint cavity
with synovial fluid of arthritic rats. Previous studies
reported that NGF increased in synovial fluid in ar-
thritis (Aloe et al., 1992; Dicou et al., 1996; Falcini et al.,
1996).

Neurotrophin-sensitized sensory neurons-induced
hyperalgesia (Shu and Mendell, 1999), and NGF-in-
duced hypersensitivity by the sprouting of peripheral
nerves in peripheral tissue (Bennett et al., 1998; Donn-
erer et al., 1992a; Donnerer and Stein, 1992b; Leslie
et al., 1995; Woolf et al., 1997). With TMJ arthritis in
the CFA arthritic rats, sensitization and hyperalgesia of
sensory neurons reflectively induced behavioral changes
such as lower food and water intake.

4.4. Up-regulation of trkA and p75 in trigeminal ganglia
of CFA arthritic rats

The proportion of neurons with p75 and trkA was
rather low in the present study compared to data re-
ported in the literature (Kashiba et al., 1995; McMahon
et al., 1994). From observing the specimens to determine
strictly immunopositive cells, when no clear decision
could be made, we opted for negative. Any difference
may be explained by the variety of spinal levels or rat
species.

We showed that expression of trkA and p75 increased
in small and medium trigeminal ganglia neurons from
weeks 2 to 5 after CFA injection. However, there is no
evidence that the increase in expression of trkA and p75
among trigeminal ganglia neurons was directly related
to arthritis of the TMJ per se. But it is proper that up-
regulation of trkA and p75 in trigeminal ganglia related
to arthritis of the TMJ since all of the sensory nerves
innervating TMJ disk was originated from trigeminal
ganglia. These facts suggest that small and medium
neurons may be sensitive to NGF and that the sprouting
fibers are mostly thin. We confirmed that the trkA- or
p75-positive cells in the trigeminal ganglion are also
CGRP-positive, which suggests the possibility that the
sprouting CGRP fibers in the TMJ disk originated from
trkA- or p75-positive cells in the trigeminal ganglia.

Earlier studies showed that trkA could be up-regu-
lated after exposure to NGF (Goodness et al., 1997,
Holtzman et al., 1992). NGF increased in the synovial
membrane and synovial fluid after CFA injection, and
was retrogradely transported to dorsal root ganglia
(DRGs) (Goedert et al., 1981). Our result supported
that the NGF receptor, trkA and p75 expression in-
creased in trigeminal ganglia reacting to the transported
NGF. However, some investigators reported a decrease
in p75 in L3-L5 DRGs after CFA injection (Pezet et al.,
2001). This difference may be caused by the variety of
joints, spinal levels or rat species. We indicated that
CFA arthritis increased NGF receptors in the trigeminal
ganglia and had the potential ability to extend nerve
terminals in the TMJ disk.

Expression of trkA and p75 at the TMJ disk is still
unclear. The presence of these receptors on the sprout-
ing fibers should be investigated in future.
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ABSTRACT

We have demonstrated the central projections of muscle C or group IV afferent fibers in
the guinea pig by tracing arborizations in the spinal cord. C afferent fibers from the gastroc-
nemius muscle (GCM) were electrophysiologically identified by conduction velocity (less than
1 m/second). A single neuron in the lumbar 5 dorsal root ganglion (L5 DRG) was intracellu-
larly labeled with Phaseolus vulgaris leucoagglutinin (PHA-L). After iontophoretic injection
of PHA-L, we processed the lumbar cord and L5 DRG for PHA-L immunohistochemistry. Six
muscle C afferent fibers from 40 animals were labeled, and whole trajectories were recovered.
Labeled fibers were reconstructed by tracing of the arbor in serial parasagittal sections. The
GCM C afferents projected rostrocaudally for two or three segments and ran at the surface of
the dorsal funiculus, giving off collaterals into laminae I and II and sometimes into parts of
lamina III. We determined, based on the branching pattern and form of the terminal plexus,
that the branching of muscle C afferent fibers showed an intermediate pattern that fell
morphologically between the terminal patterns of somatic and visceral afferents. The num-
bers and sizes of fiber swellings and terminal swellings were measured on all collateral
branches. We found that the area of distribution of the terminal swellings of muscle C
afferent fibers is larger than that of somatic terminals but that the density of terminal
swellings in the terminal area was lower than that of the somatic terminals. J. Comp. Neurol.
461:140-150, 2003. © 2003 Wiley-Liss, Inc.

Indexing terms: group IV afferent fiber; muscle; spinal termination; intracellular labeling; PHA-L

The spinal terminations of fine afferent fibers from mus-
cle mediate mechanical sensation, including perceptions
of local pressure and pain. Thinly myelinated (group III)
and unmyelinated (C and group IV) fibers are known to be
major components of muscle afferent fibers (Mense, 1993).
A few reports have dealt with central terminals of C af-
ferent fibers from muscles, but anatomical information in
this regard is still fragmentary (Ygge, 1989; Hirakawa et
al., 1992; Torre et al., 1995).

The distribution of central terminations of afferent fi-
bers has previously been demonstrated using horseradish
peroxidase (HRP) or wheat germ agglutinin (WGA)-HRP,
either injected directly or applied to the identified organs
or muscles (Light and Perl, 1979a; Carson and Mesulam,
1982; Craig and Mense, 1983; Ygge and Grant, 1983;
Abraham et al., 1984; Cervero and Connell, 1984; Pfaller

© 2003 WILEY-LISS, INC.

and Arvidsson, 1988; Capra and Wax, 1989; Arvidsson
and Pfaller, 1990; Arvidsson and Rice, 1991; Castro-Lopes
and Coimbra, 1991; Prihoda et al., 1991). Abraham and
Swett (1986) reported that neck and forelimb muscle af-
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CENTRAL PROJECTIONS OF MUSCLE C-AFFERENT FIBERS

ferents terminated in laminae I and V. However, different
results have been obtained from labeling gastrocnemius
(GC)-soleus muscle; Brushart et al. (1981) demonstrated
dense projections terminating in substantia gelatinosa,
whereas Kalia et al. (1981) showed diffuse projections
terminating in laminae I-V. Other studies showed that
GC muscle fibers terminated in laminae I and V but not in
lamina II (Mense and Craig, 1988). These conflicting re-
sults, however, are due to the different transport charac-
teristics of HRP and WGA-HRP and the differences in the
species and GC muscles studied.

In other studies, single primary afferent fibers from
skin and muscles were labeled with HRP that had been
injected in the dorsal funiculus in order to demonstrate
different morphological features of terminal collaterals in
the spinal cord (Snow et al.,, 1976; Brown et al., 1978,
1980, 1991; Light and Perl, 1979b; Ishizuka et al., 1979;
Brown, 1981; Gobel et al., 1981; Réthelyi et al., 1982;
Fyffe, 1984; Mense and Prabhakar, 1986; Hongo et al.,
1987). The intraaxonal labeling with HRP demonstrated
that the projections of fibers originating in muscle or other
deep tissue terminated in lamina I only or in laminae I,
IV, and V (Mense et al., 1981; Hoheisel et al., 1989). By
contrast, the nonproprioceptive receptors of deep tissues
terminated in laminae II and IV-VI. This differential
termination pattern (myelinated vs. unmyelinated) may
reflect a variation of receptor modality or different types of
afferent fibers. In fact, in guinea pigs, unmyelinated (C)
fibers whose receptive fields are located in skin and toe
terminated mainly in laminae I and II of the cervical,
thoracic, and lumbar cord (Sugiura et al., 1986, 1989).
Similarly, Alvarez et al. (1993) noticed that central termi-
nations of C fibers in monkey skin also located to laminae
I and 1I. On the other hand, visceral C afferent branches
in guinea pigs terminated in laminae I, V, and X (Sugiura
et al., 1989, 1993).

Electrophysiological recordings of dorsal root ganglion
neurons and iontophoretic injection with Phaseolus vul-
garis leucoagglutinin (PHA-L; Gerfen and Sawchenko,
1984; TerHorst et al., 1985) into cell bodies demonstrated
terminal arbors of several kinds of unmyelinated C-fibers
from skin and viscera (Sugiura et al., 1986, 1989, 1993).
However, whole trajectories into the spinal cord of C or
group IV afferent fibers from muscle have not been dem-
onstrated. Here, we sought to elucidate the entire ar-
borization of central terminals of unmyelinated C fibers
from lateral gastrocnemius (LGC) muscle in guinea pigs.

MATERIALS AND METHODS

Animals and surgical techniques

The experiments were carried out under the control of
the local animal ethics committee in accordance with The
Guidelines for Animal Experiments in Nagoya University
Graduate School of Medicine (No. 13030) and the Animal
Protection and Management Law of the Japanese Govern-
ment (No. 105). The experiments were performed on 40
female guinea pigs, each weighing from 200 to 300 g.
While an animal was deeply anesthetized with sodium
pentobarbital (50 mg/kg, ip), we inserted a cannula into
the trachea and a catheter into the external jugular vein
under surgically clean conditions. After we administered
the paralytic suxamethonium chloride (0.4 mg/hour, iv),
we maintained respiration by means of a positive-pressure
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Fig. 1. a: The intracellular recording setup. A micropipette was

inserted in an L5 DRG (L5) cell for intracellular recording and ionto-
phoretic injection with the PHA-L solution. Stim, electric stimulation;
Comm. per N., common peroneal nerve; Mus. br. tib. N., muscle
branch of tibial nerve; Lat, lateral; Gastrocnem, gastrocnemius; cut,
cutaneous. b: Action potentials of the intracellular recording in the L5
DRG cell. St, electric stimulation; 5-mA stimulation evoked about
80-mV action potentials with a 100-msec duration at —60-mV resting
potential in unit No. 010201 and a 90-msec latency at ~50-mV resting
potential in unit No. 010206.

pump; additional doses of sodium pentobarbital and suxa-
methonium chloride were given as necessary. Heart rate
was monitored throughout the experiment. During the
experiment and anesthetic-recovery period, we main-
tained the body temperature at 38°C * 1°C by means of a
heating pad. After securing the animal in a prone position
within a stereotaxic frame, we prepared the LGC muscle
and muscular branches of the tibial nerve for stimulation
and the lumbar 5 (LL5) DRG for recording using a micro-
electrode amplifier (Nihon-Kohden MEZ-8201) as shown
in Figure la. Fine glass micropipettes filled with a 2.5%
solution of PHA-L dissolved in 0.1 M KCl were used to
record the neuronal activity from DRG cell bodies.

After we stimulated the LGC muscle branch of the tibial
nerve with an electrical pulse (0.05-0.1 msec) above C
fiber threshold (6-10 V or 5 mA), we recorded the re-
sponses of cell bodies in the L5 DRG (Fig. 1b). We calcu-
lated both the conduction velocity from the recorded re-
sponse latency and the conduction distance (40-50 mm)
between the stimulation electrode (LGC muscle branch)
and the L5 DRG neuron. In this study, the conduction
velocities of unmyelinated C fibers were less than 1
m/second. After confirmation of action potentials with C
fiber latency, we applied PHA-L intracellularly by positive
iontophoretic current (5 X 1072 A) for 5 minutes or more
(Sugiura et al.,, 1986). Only one neuron was intracellularly
labeled in each animal. At the end of the electrophysiolog-
ical experiment, the wounds of animals were closed by
standard surgical techniques, and antibiotics were topi-
cally administered. Animals were kept under optimal re-
covery conditions for 3-5 days afterward. As a final exper-
iment, animals deeply anesthetized with sodium
pentobarbital (50 mg/kg, ip) were perfused transcardially
with a fixative containing 2% paraformaldehyde and 10%
saturated picric acid in 0.1 M phosphate buffer (pH 7.4).
After perfusion, the lumbar enlargement and the injected
L5 DRG were removed and placed in the same fixative
overnight. All tissue blocks were processed after cryopro-
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Fig. 2. Photomicrographs showing labeled fibers and terminal
swellings. Arrows indicate labeled fiber or terminals. a: Terminals
between dorsal funiculus (DF) and lamina I. b: Terminals between
laminae II and III, which showed complicated, short terminal

tection in 20% sucrose and frozen in O.C.T. compound
(Tissue Tek Sakura, Tokyo, Japan).

Immunohistochemistry

The L5 DRG was cut on a cryostat at 20 pm, and L1-L6
spinal segments were sectioned serially at 50 um in the
parasagittal plane on a freezing microtome. All tissue
sections were processed for PHA-L immunohistochemis-
try. Tissue sections were immersed in a goat anti-PHA-L
solution (1:1,000; Vector, Burlingame, CA) for 3 days.
After rinses with phosphate-buffered saline (PBS; 0.1 M),
sections were incubated with a biotinylated rabbit anti-
goat IgG solution (1:200; Vector) for 2 hours, then incu-
bated in a solution containing avidin and biotin-
peroxidase complex (ABC; 1:200) at room temperature for
90 minutes. To visualize the presence of the PHA-L anti-
body, we immersed the sections in a solution of 0.1%
3-3'-diaminobenzidine tetrahydrochloride (DAB; Sigma,
St. Louis, MQO) with 0.023% hydrogen peroxide.

Analysis of results

Composite camera lucida drawings were made of the
arbors of each labeled central process in the spinal cord as
found in each parasagittal section. Three-dimensional re-
constructions of fiber projections were also produced by
tracing the arbors in individual sections and then combin-
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branches. ¢: Faintly stained terminals between laminae II and III,
covering a terminal field of 300—400 pm. d: Collaterals given off from
the main branch running on the surface of the DF. Terminal field was
formed at the border between DF and lamina I. Scale bars = 100 jm.

ing them in a composite (Réthelyi and Capowski, 1977).
The numbers and sizes of the terminal boutons on recov-
ered central projections were measured on all collateral
branches in each lamina.

RESULTS

Muscle C fibers or group 1V fibers were identified in 40
female guinea pigs by the latency of the unitary response
after electric stimulation of the LGC muscle branch of the
tibial nerve (Fig. la). In the present study, unitary re-
sponses of all C fibers showed 80-100 msec latency (Fig.
1b). The conduction distance from the electric stimulation
site to the L6 DRG was 40-50 mm. Mean conduction
velocity of the muscle C fiber units was approximately 0.5
m/second. After confirmation of the intracellular record-
ing, we attempted to identify the sensory modality. How-
ever, we could not find any responses elicited by natural
stimuli (fouch or pinch by forceps) from the skin, muscle,
tendon, or deep connective tissues, nor any spontaneous
response relating to the input of muscle tonus.

We then recovered the central terminal projections of
six C fibers arising from the 40 labeled C afferent neurons.
No labeled DRG cells could be found after PHA-L immu-
nohistochemistry.



