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Abstract

This study aimed to clarify whether the reflex excitation of muscle sympathetic nerves induced by contractions of the
skeletal muscles modulates their contractility. In anesthetized rats, isometric tetanic contractions of the triceps surae
muscles were induced by electrical stimulation of the intact tibial nerve before and after transection of the lumbar
sympathetic trunk (LST), spinal cord, or dorsal roots. The amplitude of the tetanic force (TF) was reduced by approxi-
mately 10% at 20 min after transection of the LST, spinal cord, or dorsal roots. The recorded postganglionic sympa-
thetic nerve activity from the lumbar gray ramus revealed that both spinal and supraspinal reflexes were induced in
response to the contractions. Repetitive electrical stimulation of the cut peripheral end of the LST increased the TF
amplitude. Our results indicated that the spinal and supraspinal somato-sympathetic nerve reflexes induced by con-
tractions of the skeletal muscles contribute to the maintenance of their own contractile force.
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Introduction

During exercise, the autonomic nervous system regulates
varijous autonomic functions, such as circulation, respira-
tion, and body temperature, to maintain an internal envi-
ronment that is suitable for exercise. In humans, muscle
sympathetic nerves provide excitation during voluntary
exercise, which is thought to be the result of central com-
mand from the brain and a reflex initiated in the con-
tracting muscles [1-3]. In animals in which the effects of
central command have been excluded by decerebration or
anesthesia, the contraction of the triceps surae muscles
by motor nerve stimulation elicits reflex activity in sym-
pathetic efferents in the muscle nerve [4], lumbar sym-
pathetic trunk (LST) [5], and renal nerve [5, 6]. Group
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IIT and IV somatic afferent nerves that are responsive to
skeletal muscle contraction are involved as the afferent
limb of the reflex arc, whereas the brainstem and spinal
cord function as the reflex center [6—10]. However, it is
not clear how the reflex activation of these sympathetic
nerves induced by skeletal muscle contraction affects the
function of the contracting muscles.

The unmyelinated postganglionic sympathetic effer-
ent fibers, which represent 40% of all nerve fibers in the
muscle nerve [9], have been shown histologically to dis-
tribute not only to vascular smooth muscle cells, but also
to skeletal muscle fibers in the skeletal musculature [11,
12]. Clinically, sympathomimetics potentiate skeletal
muscle strength [13—15]. Recent studies of mouse mus-
cles showed that the size of neuromuscular junctions was
decreased [16] and the contractile force generated by
plantar nerve stimulation in in vitro nerve—muscle prepa-
ration was reduced [17] 1-2 weeks after sympathectomy,
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which suggests that sympathetic nerves are important for
maintaining skeletal muscle functions.

Based on the two research trends described above, we
hypothesized that the somato-muscle sympathetic reflex
associated with contractions of skeletal muscles helps
maintain their contractile force. To test this hypothesis,
we first compared the contractile force of the triceps
surae muscles induced by motor nerve stimulation before
and after acute disconnection of the sympathetic effer-
ent path in anesthetized rats. The results showed that
the contractile force was decreased after the transection,
indicating that sympathetic nerve activity may have an
inotropic effect on skeletal muscles. Therefore, we then
investigated the origin of the sympathetic nerve activ-
ity by disconnecting the afferent path or central path of
the reflex, and concurrently recording the sympathetic
efferent nerve activity going into the hind limbs. Last, we
examined whether the contractile force increases during
electrical stimulation of the sympathetic efferent nerve.

Methods

Experiments were performed on 22 male Fischer rats
(age, 4-10 months; weight, 310-395 g). The rats were
used in five different experiments, as summarized in
Table 1. To evaluate the effects of acute transection of the
efferent, central, or afferent path of the reflex arc on the
contraction force of the triceps surae muscles, the LST
(exp. 1), cervical spinal cord (exp. 2), or lumbar dorsal
roots (exp. 3) were, respectively, cut. Furthermore, we
recorded (exp. 4) and stimulated (exp. 5) the sympathetic
efferent nerve to the hind limb. These experiments were
conducted in accordance with the Guidelines for Proper
Conduct of Animal Experiments, which was established
by the Science Council of Japan in 2006 and approved by
the Animal Care and Use Committee of the Tokyo Met-
ropolitan Institute of Gerontology.

Basic preparation

All experimental procedures and observations were
performed under urethane anesthesia. Basic prepara-
tions, including anesthesia and artificial respiration,
and recordings of blood pressure and heart rate were

Table 1 Summary of the experimental protocols
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essentially identical to those described in a previous study
[18]. Animals were anesthetized with urethane (initial
dose, 1.1-1.2 g/kg of body weight, administered subcu-
taneously (s.c.)) after initial inhalation of 3-5% sevoflu-
rane at least for 3 min. Respiration was maintained using
a ventilator (SN-480-7, Shinano, Tokyo, Japan) via a tra-
cheal cannula, and end-tidal CO, level was monitored
using a gas analyzer (Capnostream 20P, Oridion Medi-
cal, Jerusalem, Israel) and maintained at approximately
3.5%. The rectal body temperature was kept at 37-38 °C
using an automatically regulated heating pad and lamp
(ATB-1100, Nihon Kohden, Tokyo, Japan). The jugular
vein was catheterized for the intravenous (i.v.) admin-
istration of supplemental anesthetics and other drugs.
Finally, the common carotid artery was catheterized to
record arterial blood pressure and heart rate with a pres-
sure transducer (TP-200T, Nihon Kohden) connected to
a preamplifier (PB-100, Unique Medical, Tokyo, Japan).

The depth of anesthesia was routinely judged by
observing the animal’s motion, respiration, blood pres-
sure, and heart rate. If these conditions became unstable,
0.1-1.0% sevoflurane was administered via inhalation
during surgery, or additional doses of urethane (0.06—
0.14 g/kg, i.v.) were administered during the experiment.
An electrolyte solution (Lactec D solution, Otsuka Phar-
maceutical, Tokushima, Japan) was administered i.v.
every hour to prevent dehydration. Rats were euthanized
by injecting an overdose of pentobarbital at the end of
each experiment.

Recording of isometric contraction force of hind limb
muscles

The left tibial nerve was isolated at approximately 25 mm
centrally from the knee joint, and two flexible silver wire
electrodes were attached to the intact tibial nerve, for
stimulation. To avoid the confounding effect of antago-
nistic muscle contraction, a portion of the common pero-
neal nerve (approximately 10 mm in length) located near
the electrodes was removed in advance. A sheet of para-
film (4 mm square) was placed under the electrodes to
prevent the diffusion of the current to the underlying tis-
sues. Subsequently, the electrodes and the nerve segment

Recording Condition n
Contraction force Exp. 1. before and after LST transection Exp. 5. stim. cut LST 8
Exp. 2. before and after spinal transection - 5
Exp. 3. before and after dorsal root transection - 5
Sympathetic nerve activity Exp. 4. before and after spinal transection - 4

LST: lumbar sympathetic trunk; stim.: stimulation; exp.: experiment
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that was located between them were shielded with fixa-
tive silicon glue.

Animals were placed on either a supine (exps. 1, 4, and
5) or prone (exps. 2 and 3) position. The left hind limb
was fixed to a metal frame in a plantar-flexed position,
and the left calcaneal tendon was exposed via a partial
skin incision and was tied with a thread connecting to
a force displacement transducer (Ultra Small-Capacity
Load Cell, LVS-20GA, Kyowa Electronics Instruments,
Tokyo, Japan, 200 mN capacity) combined with a pream-
plifier (AP-610], Nihon Kohden). A small weight (<1 g)
was used to make the thread horizontal without sagging.
Repeatability and linearity were checked using calibra-
tion weights within the measurement ranges.

The left tibial nerve was stimulated electrically with a
stimulator (SEN-7203, isolator; SS-202], Nihon Kohden)
using rectangular electrical pulses with a duration of
0.2 ms. At the beginning of each experiment, we tested
single 0.2-ms pulse stimulation with various current
intensities delivered to the left tibial nerve, to determine
the threshold intensity (T) that evoked a visible twitch
of the triceps surae muscle under a microscope. Current
intensity was set at twice the motor threshold (2T), to
stimulate motor fibers without directly activating small-
diameter fibers, such as sympathetic postganglionic effer-
ent and group III and IV afferent nerve fibers (Fig. 1).

A tetanic contraction of the left triceps surae muscles
was produced by train stimuli consisting of 10 pulses at
100 Hz, according to previous studies [19, 20]. To avoid
fatigue, 10 tetanic contractions at 1 Hz were repeated 3
times at an interval of 1 min (Fig. 2a). We averaged the
waveform of the 30 tetanic contractions and treated them
as one set of tetanic contractions.
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Transection of the LST

The abdomen was opened to expose the LST. Usually, the
renal artery on the left side lies near the L2 sympathetic
ganglion, and postganglionic sympathetic neurons to the
triceps surae muscles reportedly exist mainly in the L2—4
sympathetic ganglia in rats [21]; moreover, their pregan-
glionic neurons are present in the spinal cord at a more
rostral location, i.e., the T11-L2 level [22]. Therefore, we
transected the unilateral LST close to the left renal artery,
i.e., either rostral or caudal to the L2 ganglion (Fig. 1, a.
LST cut), to eliminate the majority of sympathetic effer-
ent nerve activity going to the ipsilateral triceps surae
muscles. In preparation for subsequent cutting, a ligature
was loosely attached to the LST. After obtaining control
sets of tetanic contractions using the intact LST, the LST
was transected (exp. 1).

Transection of the spinal cord

The dorsal neck was incised to expose the spinal cord
at the first cervical level. After obtaining control sets of
responses with intact central nervous system, the spinal
cord was transected (exps. 2 and 4). Systolic blood pres-
sure was maintained above 70 mmHg via the intravenous
administration of 4% Ficoll PM70 solution.

Transection of the dorsal root innervating the hind limbs
Laminectomy was performed at the L3 vertebrae to
expose the dorsal roots below L3, which includes affer-
ent nerve fibers from the triceps surae muscles [21]. After
obtaining control responses using intact dorsal roots,
the left L3-6 dorsal roots were transected (exp. 3). The
level of transection of the dorsal roots was confirmed
postmortem.
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Fig. 2 Effect of lumbar sympathetic trunk transection on the tetanic force of the triceps surae muscles. a, b Typical responses of the tetanic force of
the triceps surae muscles (lower traces) and mean arterial pressure (upper traces) induced by tetanic stimulation of the intact tibial nerve before (a)
and 20 min after (b) lumbar sympathetic trunk (LST) transection. Each upper horizontal bar indicates the tetanic stimulation (0.2 ms, 2T, 10 pulses at
100 Hz) repeated 10 times at 1 Hz. ¢ Averaged waveform of the 30 tetanic contractions before (dotted line) and after (solid line) LST transection. d
Summary (n =6 from six rats) of the changes in the amplitude of the tetanic force, expressed as a percentage of the mean of two controls obtained
before LST transection. Each column, vertical bar, or circle indicates the median, interquartile range, and individual data. **p <0.01 (Mann-Whitney
U test)

Recordings of the activity of the postganglionic
sympathetic nerve innervating the hind limbs

Mass nerve activity was recorded from the gray ramus
derived from lumbar sympathetic ganglia (Fig. 1, b. rec.),
which is the specific pathway of the sympathetic post-
ganglionic fibers innervating the hind limbs (exp. 4). A
nerve bundle from the caudal portion of the L2 or L3
paravertebral sympathetic ganglia on the left side was cut
as close as possible to the spinal nerve and covered with
liquid paraffin. Efferent discharge activity was recorded
from the central cut end of the nerve, which was placed
on a bipolar platinum—iridium wire electrode and ampli-
fied using a preamplifier (MEG-6100, Nihon Kohden).
Discharge activity was continuously monitored with an
oscilloscope and speaker, to prevent contamination with
any recording artifacts that might occur. The band of
200-1000 Hz was extracted and rectified using the Spike2
software (Cambridge Electronic Design, Cambridge,
UK). The reflex responses elicited by electrical stimula-
tion of the left tibial nerve were averaged (60 trials) using
the software. The reflex potentials were averaged every
5 ms, normalized as a percentage of prestimulus values,
and summarized in the intact CNS and spinalized condi-
tions. At the end of the experiments, we injected a gan-
glionic blocker, i.e., hexamethonium (20 mg/kg, i.v.), and
observed the disappearance of the nerve activity, thereby

confirming that the discharge was a postganglionic effer-
ent discharge.

Electrical stimulation of the LST

To stimulate the sympathetic nerve fibers that innervate
the hind limbs, the LST was cut unilaterally on the left
side, and the cut peripheral end of the LST was placed
on a bipolar platinum—iridium wire stimulation electrode
(Fig. 1, c. LST stim.). The nerve was covered with warm
liquid paraffin. Based on stimulus parameters that are
known to be supramaximal for all nerve fibers in the LST,
the stimulus intensity and pulse duration were main-
tained at 8-10 V and 0.5 ms, respectively [23]. Three to
five different frequencies ranging from 1 to 50 Hz were
tested in each rat. Sham stimulation was also tested in
four animals. The order of stimulus frequency was ran-
domized. To reduce the number of animals used in our
experiments, we performed this experiment (exp. 5) right
after completing experiment 1. We tested LST stimula-
tion more than 1 h after LST transection.

Analysis and statistics

All obtained analog signals were digitized (Micro 1401,
Cambridge Electronic Design) and displayed on a com-
puter monitor for online and offline analysis using the
Spike2 software. The force signal was sampled at 2 kHz
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and smoothed at a time constant of 5 ms. The values
obtained after transection (LST, spinal cord, or dorsal
root) or stimulation (LST) were compared with the val-
ues obtained before the transection or stimulation (pre-
test—posttest design). Sets of 30 tetanic contractions
were repeated at 10-min intervals and, if the amplitude
of consecutive sets was stable in the control condition,
the LST, spinal cord, or dorsal roots were transected.
After transection, the sets of tetanic contractions were
repeated at an interval of 10 min. The peak amplitude
of the averaged waveform of 30 tetanic contractions was
evaluated as the tetanic force (TF). Percent changes in TF
at 20 min after transection of the LST, spinal cord, and
dorsal roots, respectively, were compared to those of the
corresponding intact control (just before the transection)
using the Mann—Whitney U test. The Wilcoxon signed-
rank test was used to compare absolute values of TF or
mean arterial pressure between the prestimulus control
and the LST stimulation. Values are expressed as medi-
ans and interquartile ranges, unless otherwise stated.
Statistical difference of time course of reflex potentials
between the intact CNS and spinalized conditions was
analyzed by two-way repeated-measures analysis of vari-
ance (ANOVA) (Prism 6, GraphPad Software, CA, USA).
Statistical significance was set at p <0.05.

Results

Effects of the transection of the unilateral LST on the TF

of the triceps surae muscles (exp. 1)

The effects of the transection of the unilateral LST on the
tetanic contractions of the triceps surae muscles induced
by tibial nerve stimulation were examined in eight rats.
Figure 2a and b provides an example of the recording of
the tetanic contractions in the control condition, with an
intact LST (a), and of those recorded 20 min after LST
transection (b) on the left side, which was ipsilateral to
the contracting muscles. The maximum force in the case
of the intact LST is indicated by the horizontal dashed
line, which was higher than that of the maximum force
recorded after LST transection. Conversely, the sys-
temic mean arterial pressure recorded before and dur-
ing the tetanic tibial nerve stimulation was not different
between the two conditions (control with intact LST and
after unilateral LST transection), as shown in the upper
traces presented in Fig. 2a and b. The changes in arterial
pressure associated with tetanic contractions varied in
individual animals, i.e., increase, decrease, or unchanged,
but were consistent between the two conditions. Further-
more, for precise quantification, the TF waveforms were
averaged across all 30 repetitions in each condition and
were superimposed to compare the conditions, as shown
in Fig. 2c. After LST transection, the peak time of the
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TF generation remained unchanged, whereas the peak
amplitude was slightly smaller than that of the control TE.

A similar result was observed in all six rats that under-
went transection of the LST ipsilateral to the contracting
muscles. The attenuation was observed as early as 10 min
after the transection and was then further reduced
20 min later, and it subsequently remained at a low level
for 30 min. The graph depicted in Fig. 2d summarizes
the changes in TF amplitude from immediately before
to 20 min after LST transection, which are expressed
as a percentage of the averaged two sets of contrac-
tions recorded before LST transection in the six rats.
The force was significantly reduced by a median value of
10.2% (interquartile range, 6.9—-15.6%) after acute tran-
section of the LST ipsilateral to the contracting muscles
(»<0.01). The changes in TF occurred only when the LST
ipsilateral to the contracting muscles was transected. No
change in TF was observed when the LST contralateral to
the contracting muscles was transected in the remaining
two rats.

The tetanic force amplitude in the control condition
varied from 0.9 to 24 g in the individual rats described
above. However, regardless of the absolute value of
the original force amplitude, the force amplitude was
decreased following transection of the ipsilateral LST by
approximately 10% of the original force. The same effect
was also observed in an additional rat with a basal force
of 160 g (see Additional file 1 for modification of the
method for this case); therefore, there was a significant
correlation between basal force and delta changes follow-
ing transection of the ipsilateral LST (Additional file 1).

Effects of spinalization and/or dorsal root transection

on the TF of the triceps surae muscles (exps. 2 and 3)

The results of acute LST transection reported above sug-
gest that the sympathetic efferent nerve activity conveyed
in the LST potentiates the generation of TF in the triceps
surae muscles. To investigate the possibility that the sym-
pathetic nerve activity that modulates the TF is derived
from a descending input from the brain, the spinal cord
was severed at the cervical level in five rats. Figure 3a and
b shows an example recording of the tetanic contractions
and mean arterial pressure in the control condition, with
an intact CNS (a), and those recorded 20 min after spi-
nal cord transection (b). The basal level of systemic mean
arterial pressure was decreased by acute spinalization, as
expected. The maximum force recorded under the intact
CNS was decreased after spinalization. Although the
peak time of the averaged TF remained unchanged, the
peak amplitude after spinalization was smaller than that
of the control TF (Fig. 3¢c). Similar results were observed
in four of the five rats tested. In the remaining rat, TF
was not considerably affected after spinalization despite
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Fig. 3 Effect of spinal cord transection on the tetanic force of the triceps surae muscles. a, b Typical responses of the tetanic force of the triceps
surae muscles and mean arterial pressure induced by tetanic stimulation of the intact tibial nerve before (a) and 20 min after (b) spinal cord
transection. ¢ Averaged waveform of the 30 tetanic contractions before (dotted line) and after (solid line) spinal cord transection. d Summary (n=>5
from five rats) of the changes in the amplitude of the tetanic force, expressed as a percentage of the mean of two controls obtained before spinal
cord transection. Each column, vertical bar, or circle indicates the median, interquartile range, and individual data. *p <0.05 (Mann-Whitney U test)

a consistent decrease in blood pressure. In summary, TF
was significantly reduced by 11.8% 20 min after spinali-
zation compared with the control level (p <0.05), which
was detected before spinalization (Fig. 3d). However, the
extent of the reduction varied from 0.6% (minimum) to
48% (maximum), depending on the individual animals.
To examine whether the sympathetic nerve activity
conveyed by the LST that affects the TF reflects acti-
vation by afferent information from peripheral tis-
sues in response to the contraction of the triceps surae
muscles, the left ipsilateral L3—6 spinal dorsal roots,
through which afferent fibers from the hind limbs
pass, were cut. For this experiment, we used five rats
with an intact CNS and three of the five spinalized rats
described above. In these rats, the effect of dorsal root
transection was tested at more than 1 h after spinali-
zation. Figure 4a and b shows an example recording
of the tetanic contractions and mean arterial pressure
of the control condition before (a) and of 20 min after

(b) dorsal root transection in a rat with an intact CNS.
The basal level of systemic mean arterial pressure was
unchanged between the intact and cut dorsal roots
(Fig. 4a, b). The maximum force recorded under the
intact dorsal roots was decreased after transection. The
peak time of the averaged TF remained unchanged,
whereas the peak amplitude after dorsal root transec-
tion was smaller than that of the control TF (Fig. 4c).
Similar results were observed in the five rats tested
with the intact CNS condition, except for one rat in
which TF increased after dorsal root transection. The
effect of spinal dorsal root transection was similarly
observed in spinalized rats. In both cases, the degree
of changes varied among individuals, ranging from
4.9% increase to 19.0% decrease in rats with an intact
CNS (open circles in Fig. 4d), and from 1.1% to 25.7%
decrease in those with acute spinalization (closed cir-
cles in Fig. 4d). Altogether, TF was significantly reduced
by 9.3% (p < 0.05, Fig. 4d).
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Fig. 4 Effect of dorsal root transection on the tetanic force of the triceps surae muscles. a, b Typical responses of the tetanic force of the triceps
surae muscles and mean arterial pressure induced by tetanic stimulation of the intact tibial nerve before (a) and 20 min after (b) dorsal root
transection in a rat with an intact CNS. ¢ Averaged waveform of the 30 tetanic contractions before (dotted line) and after (solid line) dorsal root
transection in the same rat. d Summary (n=8 from eight rats) of the changes in the amplitude of the tetanic force, expressed as a percentage of
the mean of two controls obtained before dorsal root transection. Each column, vertical bar, or circle shows the median, interquartile range, and
individual data. Open circles: data from rats with an intact CNS; closed circles: data from rats with spinal cord transection. *p < 0.05 (Mann-Whitney

U test)

Recording of postganglionic sympathetic efferent nerve
activity innervating the hind limbs (exp. 4)

The results described above suggest that both supraspinal
and spinal somato-sympathetic reflexes are at the origin
of the sympathetic efferent nerve activity that potenti-
ates the contractile force of the triceps surae muscles.
Therefore, ipsilateral postganglionic sympathetic effer-
ent nerve activity to the hind limbs was recorded from
the gray ramus of the left L2 or L3 lumbar paravertebral
ganglia, to confirm whether reflex activities are elicited in
response to contractions. The reflex responses associated
with isometric contractions of the triceps surae muscles
were analyzed in both the intact CNS condition and the
acute spinalization condition in four rats.

In the intact CNS condition, a distinct rhythm of
sympathetic nerve activity synchronized to the heart-
beat was observed. The rhythm changed with the ini-
tiation of tetanic contractions of the triceps surae
muscles. Therefore, we averaged the nerve activity
triggered by the onset of tetanic stimuli of the tibial
nerve. As shown in Fig. 5a, the stimulation elicited

sympathetic reflex responses that consisted of two early
excitations, post-excitatory inhibition, and late exci-
tation. The latencies of the two early excitations were
83 ms (range 78-94 ms) and 146 ms (145-150 ms),
respectively, and the latency of the late excitation was
419 ms (370-435 ms) in the four rats.

In all four rats, the spinal cord was transected at the
first cervical level and reflex responses were recorded
0.5-2 h after spinal transection. In the spinalized con-
dition, the postganglionic sympathetic nerve activ-
ity lost synchronization with the heartbeat, and
spontaneous nerve activity was markedly reduced,
as reported previously for the rat adrenal nerve [24]
and the human muscle sympathetic nerve [25]. How-
ever, excitatory reflex potentials were clearly observed
in association with tetanic stimulation of the intact
tibial nerve. The latency of the reflex potential was
49 ms (range, 40-55 ms) (Fig. 5b), which was shorter
than that recorded in the intact CNS condition in all
tested cases. According to the two-way ANOVA, the
main effect of the condition was not significant, but
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Fig.5 Reflex potentials in postganglionic sympathetic nerves
evoked by tetanic stimulation of the tibial nerve. The reflex responses
in sympathetic nerves averaged for 60 trials were summarized in the
intact CNS (a) and spinalized (b) conditions (n =4 from four rats). The
lower horizontal bars indicate the tetanic stimulation (0.2 ms, 2T, 10
pulses at 100 Hz). The arrows indicate excitatory potentials. Vertical
bars indicate percent changes relative to the prestimulus values

time (p<0.01) and interaction (p<0.01) were signifi-
cant, indicating that there was a significant difference
in the time course of reflex potentials between the two
conditions.

At the end of experiments performed after spinali-
zation, the muscles were immobilized via the admin-
istration of a muscle relaxant (vecuronium bromide,
2 mg/kg, i.v.). With the loss of muscle contraction, the
reflex potentials detected after tetanic tibial stimula-
tion at the current intensity of 2T were almost abol-
ished (Additional file 2a). This result indicates that the
potentials were produced secondarily by muscle con-
tractions, rather than being caused by direct electrical
stimulation of the tibial nerve afferents. In this condi-
tion, the increase in the stimulus strength of the tibial
nerve to a supramaximal intensity (0.5 ms, 8-20 V),
which excites all nerve fibers, including group III and
IV afferent fibers, as reported previously [26], elic-
ited reflex potentials (tested in three of the four rats,
Additional file 2b). The latency was 43 ms (range,
40-45 ms), which was similar to that induced sec-
ondarily by muscle contractions, as described above
(Fig. 5b).
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Effect of LST stimulation on the TF of the triceps surae
muscles (exp. 5)

To confirm that the efferent activity of the sympathetic
nerve fibers contained in the LST enhances the TF of tri-
ceps surae muscles, we stimulated the cut peripheral end
of the LST in eight rats. In these experiments, we started
LST stimulation 1 min before the onset of 30 tetanic
contractions, and compared the averaged force of the 30
tetanic contractions of the prestimulus control with that
of the LST stimulation (Fig. 6).

Figure 6a—c depicts a representative recording of TF
and mean arterial pressure after repetitive stimula-
tion of the LST ipsilateral to the contracting muscles
at a frequency of 10 Hz and a supramaximal intensity
of 10 V. The systemic mean arterial pressure increased
during LST stimulation (Fig. 6a, b), as reported previ-
ously [23]. The TF induced by tibial nerve stimulation
also increased during LST stimulation (Fig. 6b, c). The
effects of LST stimulation were dependent on stimulus
frequency. The TF was minimally affected by LST stim-
ulation at 1 Hz, whereas it was enhanced at frequencies
above 5 Hz. Moreover, the TF was significantly increased
during LST stimulation at frequencies between 5 and
20 Hz compared with the corresponding prestimulation
control force. In addition, stimulation at 50 Hz increased
the TF in most cases; however, this result was not sig-
nificant because of a large variability. Figure 6d sum-
marizes the changes in TF during LST stimulation at
various frequencies, which are expressed as a percent-
age of the prestimulus control force. Stimulation at 5,
10, 20, and 50 Hz increased the TF by 2.9% (1.7%—4.3%,
n=7, p<0.05), 2.7% (0.3%—4.1%, n=8, p<0.05), 3.7%
(1.8%-5.1%, n=38, p<0.01), and 3.9% (0.7%—-6.5%, n=3§,
p=0.078), respectively. Concomitantly, the mean arterial
pressure increased by 9.1% (3.5%—15.3%, p<0.05), 18.7%
(17.4%-22.6%, p<0.01), 18.2% (14.7%—24.4%, p<0.01),
17.7% (14.4%-29.0%, p <0.01), respectively.

Discussion

In this study, we found that the force of motor nerve-
induced tetanic contractions was decreased by the elimi-
nation of sympathetic nerve activity, which was achieved
by transecting the LST, whereas it increased by its activa-
tion via the stimulation of the cut LST. The LST is a selec-
tive pathway of sympathetic nerve fibers and does not
include somatic motor axons [27], so that acute surgical
transection of the LST selectively eliminates lumbar sym-
pathetic nerve activity going to the lower body without
damaging the somatic motor axons. Therefore, our find-
ings indicate that the sympathetic nerve activity in the
LST has a positive inotropic effect on hind limb muscles.
Furthermore, we showed that sympathetic nerve activity
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originated in both the descending and segmental synap-
tic input to the sympathetic preganglionic neurons in the
spinal cord, because transection of either the spinal cord
or dorsal roots decreased the TF to a similar extent as did
LST transection. The reflex potentials observed in the
hind limb postganglionic sympathetic nerve discharges
induced by tetanic contractions supported this evidence.
Therefore, we concluded that the sympathetic reflexes
evoked via the brain and spinal cord and triggered by
afferent information from contracting muscles (somato-
autonomic reflexes) are involved in the potentiation of
the TF. Figure 7 summarizes the results and conclusions
of the present study.

Sympathetic efferent mechanisms

Our results showed that the TF in the triceps surae mus-
cles was reduced by approximately 10% after acute tran-
section of the LST. This result is consistent with a recent
study that reported a lower TF (by approximately 16%)
in a plantar nerves—lumbricalis muscle preparation dis-
sected from mice 7 days after the removal of L2 and
L3 lumbar sympathetic ganglia than that from control
mice with intact sympathetic ganglia [17]. However, in
that report, the cross-sectional area of the muscle was
decreased by approximately 20% because of chronic

sympathectomy; therefore, the decrease in TF may be
attributed to muscular atrophy. To the best of our knowl-
edge, the present results showed for the first time that
the sympathetic nerve activity in the LST ipsilateral to
the contracting muscles plays a role in the maintenance
of their contractile force in vivo in normal physiological
conditions without muscle atrophy.

The stimulation of the peripheral cut end of the LST at
frequencies of 5-20 Hz increased the contraction force
in rat triceps surae muscles by 3-4%. Similar results
were reported previously, e.g., the stimulation of the cer-
vical sympathetic trunk at 10 Hz induced an increase
of approximately 10% in the maximal twitch force in
directly stimulated rabbit mandibular muscles [28]; and
LST stimulation at 5 Hz increased the TF of rat gas-
trocnemius—plantaris muscles in parallel with increases
in arterial pressure [19]. In these studies, similar effects
were observed by local arterial injection of adrenocep-
tor agonists. Our results showed that changes in the TF
did not always occur in parallel with changes in arterial
pressure; both parameters increased and decreased after
LST stimulation and spinal cord transection, respec-
tively; however, the TF decreased without changes in
arterial pressure after transection of the LST or dorsal
roots. The changes observed in the TF in all four different
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conditions (LST transection, LST stimulation, spinaliza-
tion, and dorsal root transection) can be explained by
variations in muscle sympathetic nerve activity, but not
by variations in arterial pressure.

Central nervous system mechanisms

It is a well-known fact that in humans and animals with
chronic spinal cord transection, the TF is reduced in the
hind limb muscles. For example, 1 month after complete
spinal cord transection (at the T9-10 level), the TF was
decreased in most motor units of the medial gastrocne-
mius muscle of the rat [29]. In this chronic condition, the
muscles were atrophied to 60% of the spinal intact con-
trols. However, we were unable to find any studies that

examined the effect of acute spinal cord transection on
skeletal muscle contractility. We showed for the first time
that the reduction of the TF started as early as 20 min
after acute spinalization. Therefore, reduction of the
TF after spinal cord injury can be initiated before mus-
cle atrophy, possibly because of the decrease of sympa-
thetic efferent nerve activity innervating the hind limbs,
as observed in the present nerve-recording study. It was
also reported in humans that spontaneous muscle sym-
pathetic nerve activity was much lower in patients with
spinal cord lesions than in normal subjects [25].

The analysis of reflex potentials in the autonomic effer-
ent nerves evoked by somatic afferent nerve stimula-
tion is useful to examine the central reflex pathways of
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somato-autonomic reflexes [8]. In our recordings, the
sympathetic activities to the skin may have contaminated
the results; however, those to muscles seem to be pre-
dominant, based on clear heart-rate-related rhythmicity
[30] and responsiveness to muscle contractions. These
are features of muscle sympathetic nerves and are dif-
ferent from those of skin sympathetic nerves [4, 31, 32].
We showed that various reflex components were induced
in the postganglionic sympathetic efferents to the hind
limbs via contraction of the ipsilateral triceps surae mus-
cles, in both the intact CNS (latencies: 83 ms, 146 ms,
and 419 ms) and spinalized (latency: 49 ms) conditions.
The reflexes detected in the intact CNS condition seemed
to be mediated mainly by supraspinal pathways, as they
were nearly abolished by spinal transection at the cervi-
cal level. Another reflex component with a much shorter
latency observed after spinalization, i.e., the spinal reflex
component, seems to be suppressed, at least in part,
by supraspinal effects. Such central mechanisms were
similar to those reported in adrenal sympathetic nerve
induced by the single-shock stimulation of a hind limb
nerve [24].

The descending pathways of the muscle sympathetic
nerve, which were mapped by the injection of a transneu-
ronal tracer into the rat gastrocnemius muscles, include
several medullary areas, e.g., the raphe nuclei, the rostral
ventrolateral medulla, and the paraventricular nucleus of
the hypothalamus [33]. The injection of glutamate into
the ventral surface of the medulla activates the hind limb
muscle sympathetic nerves in felines [34]. Further stud-
ies are needed to determine which of these brain regions
are the centers of the descending regulation of the mus-
cle sympathetic nerve that is involved in the regulation of
muscle contractility, and whether they are distinct from
that involved in the vascular regulation.

Afferent mechanisms

Transection of the L3-6 dorsal roots of the spinal cord
attenuated the TF in the hind limbs, indicating the pres-
ence of reflexes triggered by peripheral afferent informa-
tion, most likely from the contracting hind limb muscles.
The nerve activity of group III and IV somatic afferents
in the dorsal roots, which affect autonomic nerve activity,
was excited in response to the contraction of hind limb
muscles [35-37]. Therefore, we predict that the exci-
tation of group III and IV afferent fibers in contracting
muscles reflexively modifies muscle sympathetic nerve
activity. This assumption was supported by our record-
ings of postganglionic sympathetic discharges, which
showed that the latency of the potential directly induced
by the supramaximal electrical stimulation that excites
group III and IV afferent fibers under immobilization
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(Additional file 2b) was similar to that indirectly induced
via muscle contractions (Fig. 5b).

Conclusion

In addition to the well-known functions of the autonomic
nervous system in the regulation of circulation, respi-
ration, and body temperature during exercise, a novel
physiological mechanism was identified in which the
activation of muscle sympathetic nerves during skeletal
muscle contraction helps maintain muscle strength in the
contracting muscles. The unmyelinated postganglionic
sympathetic efferent fibers, which are a major compo-
nent of the nerve fibers in muscle nerves, are activated by
tetanic muscle contractions. It is our understanding that
the physiological mechanism uncovered here is related to
the improvement of muscle function normally induced
by physical training. Conversely, a decline in this somato-
sympathetic reflex mechanism may be a causative factor
of muscle weakness in the elderly, in conditions of muscle
disuse, and in several muscle diseases.
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LST: Lumbar sympathetic trunk; TF: Tetanic force; CNS: Central nervous system.
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Additional file 1. Correlation between basal force amplitudes and
decrease in force amplitudes following transection of the ipsilateral LST. In
the present method, the triceps surae muscles were minimally stretched,
so that the basal force recorded (ranging between 0.9 g and 24 g in
individual rats) was much less than that of the maximum force. This graph
included an additional data, in which the nearly maximum force (160 g)
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Japan), the triceps surae muscles were stretched with a weight of 50 g
and connected to another model of transducer (LVS-1KA, Kyowa Electron-
ics Instruments, 10 N capacity). Strength of correlation was analyzed by
Pearson’s method.

Additional file 2. Lumbar sympathetic nerve activity in spinalized animals
after the administration of muscle relaxants. a: The tetanic stimulation

of the intact tibial nerve at 2 T, which caused tetanic contractions in the
triceps surae muscles, scarcely induced any reflexive activity in the lumbar
sympathetic nerve after muscle relaxation (n=4 from four rats). b: Reflex
discharges induced by single-pulse stimuli with a duration of 0.5 ms
delivered every 3 s, with a supramaximal intensity (8-20V) to excite group
lIland IV fibers of the tibial nerve after muscle relaxation (n =3 from three
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