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Abstract Effects of low-threshold afferents from the
flexor digitorum superficialis (FDS) to the extensor carpi
radialis (ECR) motoneurons were examined using a post-
stimulus time-histogram (PSTH) and electromyogram-
averaging (EMG-A) methods in eight healthy human
subjects. In the PSTH study in five of the eight subjects,
electrical conditioning stimuli (ES) to the median nerve
branch innervating FDS with the intensity below the motor
threshold induced excitatory effects (facilitation) in 39 out
of 92 ECR motor units. In 11 ECR motor units, the central
synaptic delay of the facilitation was —0.1 & 0.3 ms longer
than that of the homonymous facilitation of ECR. Mechani-
cal conditioning stimuli (MS) to FDS with the intensity
below the threshold of the tendon(T)-wave-induced facili-
tation in 51 out of 51 ECR motor units. With the EMG-A
method, early and significant peaks were produced by ES
and MS in all the eight subjects. The difference between
latencies of the peaks by ES and MS was almost equivalent
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to that of the Hoffmann- and T-waves of FDS by ES and
MS. The peak was diminished by tonic vibration stimuli to
FDS. These findings suggest that a facilitation from FDS to
ECR exists in humans and group Ia afferents mediate the
facilitation through a monosynaptic path.
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Introduction

Spinal reflex arcs mediated by low-threshold afferent fib-
ers among muscles in the human upper limb have been
investigated extensively (Baldissera et al. 1983; Day et al.
1984; Cavallari and Katz 1989; Katz et al. 1991; Caval-
lari et al. 1992; Creange et al. 1992; Aymard et al. 1995;
Rossi et al. 1995; Naito et al. 1996, 1998; Marchand-Pau-
vert et al. 2000; Ogawa et al. 2005; Suzuki et al. 2005,
2012; Wargon et al. 2006; Lourenco et al. 2007; Miyasaka
et al. 2007; Nakano et al. 2014). The low-threshold affer-
ents explored in these studies include group I fibers from
muscle spindles (Ia) and Golgi tendon organs (Ib). These
reflex arcs should modulate excitabilities of motoneurons
to coordinate smooth voluntary movements (Rothwell
1994; Pierrot-Deseilligny and Burke 2012). A facilitatory
reflex arc (facilitation) should function for co-contraction
of the muscles and an inhibitory one (inhibition) for alter-
nating contraction among the muscles (Naito et al. 1998,
2012; Naito 2003, 2004a, b; Fujii et al. 2007). The reflex
arcs have been studied using a Hoffmann(H) reflex (Bald-
issera et al. 1983; Day et al. 1984; Creange et al. 1992;
Aymard et al. 1995; Wargon et al. 2006; Lourenco et al.
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Fig. 1 Electromyographic (EMG) activities of the extensor carpi
radialis (ECR), thenar muscles (TM), hypothenar muscles (HTM) and
flexor digitorum superficialis (FDS) during hand grasping movements
using surface electrodes. The bottom thick lines indicate the period
of the movements. Co-contraction of the muscles is observed during
the movements. Vertical and horizontal calibration bars represent
1.0mVand 1.0s

2007), electromyogram-averaging (EMG-A) method
(Ogawa et al. 2005; Suzuki et al. 2005, 2012), and post-
stimulus time-histogram (PSTH) method (Cavallari and
Katz 1989; Katz et al. 1991; Cavallari et al. 1992; Cre-
ange et al. 1992; Aymard et al. 1995; Naito et al. 1996,
1998; Marchand-Pauvert et al. 2000; Wargon et al. 2006;
Lourengo et al. 2007; Miyasaka et al. 2007; Nakano et al.
2014). The H-reflex and EMG-A method are employed
to evaluate effects of the reflex arcs on excitabilities of
the motoneuron pool and enable us to examine effects of
tonic vibration stimuli (TVS) on the transmission of group
Ia afferents (Ogawa et al. 2005; Suzuki et al. 2012). The
PSTH method is employed to evaluate the effects on each
individual motoneuron and enable us to estimate the central
synaptic delay of reflex arcs (Katz et al. 1991; Naito et al.
1996, 1998; Marchand-Pauvert et al. 2000; Miyasaka et al.
2007; Nakano et al. 2014).

Movements of hand grasping are frequently used as
activities of daily living. Our recent electromyographic
(EMG) study has confirmed that co-contraction of the
extensor carpi radialis longus and brevis muscles (ECR),
flexor digitorum superficialis muscle (FDS), thenar muscles
(TM), and hypothenar muscles (HTM) is observed during
the movements (Fig. 1). This observation seems to indicate
a possibility that facilitations among the muscles support
their co-activation during the movements. Previous stud-
ies using the PSTH and EMG-A methods showed that the
ECR motoneurons received facilitation from the intrinsic
hand muscles including TM and HTM (Marchand-Pauvert
et al. 2000; Ogawa et al. 2005; Suzuki et al. 2005, 2012).
Group la afferents should mediate the facilitation through
a monosynaptic path in the spinal cord. The facilitation
would function for supporting the hand during manipula-
tory movements. However, no author has presented an
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analysis of reflex arcs from FDS to the ECR motoneurons.
In the present study, we showed a facilitation of the ECR
motoneurons by low-threshold afferents from FDS using
the PSTH and EMG-A methods.

Subjects and methods
Subjects

The experiments were performed in eight healthy human
subjects (six males and two females; aged 20-30 years), all
of whom gave their informed consent to the experimental
procedures, which were approved by the Ethics Commit-
tee of Yamagata University School of Medicine, Yamagata,
Japan. The PSTH study was carried out in five (five males,
20-30 years) of the eight and the EMG-A study was in the
eight subjects. During the experiments, the subject seated
comfortably in an armchair. The examined right arm lay on
an armrest with the shoulder slightly flexed (about 20°) and
the elbow semi-flexed (about 45°). The PSTH and EMG-A
studies of each subject were performed on the separate
days.

Conditioning stimulation

In both the PSTH and EMG-A studies, electrical (ES) and
mechanical stimulation (MS) was used as conditioning
stimulation (Ogawa et al. 2005; Suzuki et al. 2005, 2012;
Nakano et al. 2014). For ES, electrical rectangular pulses
(1 ms duration) were delivered using an electrical stimu-
lator (SEN-7203, Nihon Koden, Tokyo, Japan) and an iso-
lator (SS-104J, Nihon Koden). The median nerve branch
innervating FDS (FDS nerve) was stimulated with bipolar
surface electrodes (0.8 cm diameter, 1.5 cm interelectrode
distance) placed on the FDS muscle belly 9-15 cm dis-
tal to the medial epicondyle of the humerus. The stimulus
intensity immediately below the threshold of the motor (M)
wave (1.0 x MT) of FDS was used. To confirm that we
stimulated the nerve branch to FDS instead of the muscle
tissue itself, we selected the stimulating position carefully
so that a small-step wise increase in stimulus intensity from
1.0 x MT resulted in a rapid increase in amplitude of the
M-response of FDS. It was checked that no contraction of
any other muscles was induced with the intensity of more
than 2.5 x MT. To test the effect of the cutaneous afferents,
ES with the same intensity was applied to the skin with the
electrodes placed 1.0 cm medial (ulnar) to the stimulation
site. For MS, a quick tap (within 5 ms) was delivered to
the distal tendon of FDS 2.5-4.0 cm proximal to the proxi-
mal wrist crease between the distal tendons of the pal-
maris longus muscle and flexor carpi ulnaris muscle with
a mechanical stimulator (DPS-280SP, Dia Medical System,
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Kunitachi, Japan). The tip of the actuator was covered by
hard rubber (0.5 x 1.0 cm). The stimulus intensity below
the threshold of a tendon(T) wave was used (depth of 0.8—
2.5 mm). It was carefully checked that the homonymous
facilitation of ECR was never provoked by MS with PSTH
or EMG-A methods. We took care that the tip of the actua-
tor did not deviate from the stimulation site throughout the
experiment. M- and T-waves were recorded with Ag/AgCl
surface electrodes (0.8 cm diameter) placed on the FDS
muscle belly 11-17 cm distal to the medial epicondyle of
the humerus.

The PSTH study

The PSTH method used in this study was previously
described by Fournier et al. (1986). We used a personal
computer with a PSTH analysis program developed by us
(MTS0014, Gigatex, Osaki, Japan). Each PSTH (bin width,
0.1-0.2 ms) of the discharge of a voluntarily activated ECR
motor unit was constructed for the period following the
conditioning stimuli to FDS. Stimuli were triggered with a
delay after voluntary activation of the motor unit. A histo-
gram of the firing probability was constructed in a control
situation without stimulation. The control and stimulus sit-
uations were alternated randomly using the same number of
triggers within a sequence. To examine the stimulus effect,
the number of triggers in each bin in the control situation
was subtracted from that obtained after stimulation. A x*-
test was performed for determining whether the firing prob-
abilities after the stimulation differed from those obtained
in the control situation within different time-interval win-
dows. The period of facilitation was defined as consecutive
bins by judging from a fluctuation of cumulative sum curve
(Ellaway 1978). Moreover, a x>-test was also performed for
the period from onset of the facilitation up to 1.0 ms.

Firings of an ECR motor unit were recorded with a pair
of needle electrodes (Seirin acupuncture needle, 0.16 mm
diameter, Seirin Kasei, Shizuoka, Japan) inserted into the
muscle belly (Naito et al. 1996, 1998; Miyasaka et al. 2007;
Nakano et al. 2014). The subject was requested to perform
static wrist extension in the prone position of the forearm
for recruiting the ECR motor unit firings. To isolate sin-
gle motor unit, the subject performed a very weak (below
3 % of maximal voluntary power) but steady contraction.
The contraction was achieved easily using the auditory and
visual feedback of the EMG potential. Because the needle
electrodes were very thin and flexible, the subject felt slight
or no pain during the contraction.

In motor units receiving facilitation, to estimate the
central synaptic delay of the facilitatory process, laten-
cies between the facilitations in PSTHs were com-
pared following stimuli to the respective FDS nerve and
homonymous ECR nerve in an ECR motor unit (Katz

et al. 1991; Naito et al. 1996, 1998; Marchand-Pauvert
et al. 2000; Miyasaka et al. 2007; Nakano et al. 2014).
The homonymous ECR nerve (radial nerve) was stimu-
lated at the proximal part of the medial intermuscular
septum of the arm (axilla) with the above-mentioned
surface electrodes. Since the efferent conduction time of
the effect by the FDS nerve stimulation and the homon-
ymous facilitation of ECR were identical, the difference
between the two latencies (A) reflects the afferent conduc-
tion time between the two stimulation sites (B) and the
central synaptic delay (C). B was determined by the dis-
tance between the two stimulation sites and the afferent
conduction velocity of the median nerve in each subject.
The velocity of each subject was determined by the dif-
ference between latencies of the homonymous facilitation
evoked by the median nerve stimulation at the FDS nerve
and axilla in an FDS motor unit using the PSTH method
and the distance between the two stimulation sites. The
subject was requested to perform static finger flexion in
the supine position of the forearm for recruiting the FDS
motor unit firings. The central synaptic delay (C) of the
facilitation was obtained through subtraction of B from A
(C=A-B).

The EMG-A study

The EMG-A technique used in this study has been
described in previous reports (Capaday et al. 1990; Meu-
nier et al. 1996; Miller et al. 1995; Petersen et al. 1998,
1999; Suzuki et al. 2005, 2012; Ogawa et al. 2005). We
used a personal computer with an EMG-averaging program
developed by us (TeraAve MTS00140, Gigatex). The EMG
signals were rectified and averaged at least more than 100
sweeps by this program. Under conditions of delivering the
conditioning stimuli to FDS, the subject performed static
wrist extension. The effects of ES and MS were examined
during the different sessions of the experiment. Either ES
or MS was delivered at random intervals of 0.8—1.2 s dur-
ing tonic voluntary contraction of ECR. The mean ampli-
tude of a peak after the stimuli was compared with that of
10-60 ms before the stimuli (100 % control).

EMG signals were recorded with pairs of Ag/AgCl
disk surface electrodes (0.8 cm diameter, NT-211U,
Nihon Kohden). The electrodes were secured to the skin
over the corresponding muscle belly of ECR. A ground
electrode (wet gauze) put around the forearm was used
as the reference. EMG signals were amplified (x2000),
bandpass filtered (15-1000 Hz), and sampled at 0.2 ms.
To obtain EMG activities of ECR, the subject performed
isometric contraction with the level of 5 % of the maxi-
mum voluntary contraction (%Max). The level was deter-
mined by ratio to the amplitude of rectified and integrated
EMG activities recorded during maximum voluntary
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contraction. During experiments, the level of 5 %Max
was displayed on an oscilloscope (VC-6723, Hitachi,
Tokyo, Japan).

To examine effects of TVS on the facilitation, TVS
(100 Hz) was delivered using a portable vibrator (MD-
011; Daito Electric Machine, Higashi-Osaka, Japan) for
about 5 min (Ogawa et al. 2005; Suzuki et al. 2012). A steel
screw bar (5 mm in diameter, 5 cm in length) was installed
with the vibrator using a plastic (Ezeform Sprinting Mate-
rial, Sakai Medical, Tokyo, Japan). A bell-shaped head
made of the plastic was fitted with the tip of the stick. The
head placed at the FDS muscle belly 18-25 cm distal to the
medial epicondyle of the humerus by the experimenter’s
hand. While giving the TVS with an intensity that a tonic
vibration reflex was not produced, ES and MS were deliv-
ered. The stimulus intensity was adjusted by changing pres-
sure of the head against the muscle belly for each subject.
Changes of the rectified and averaged EMG activity after
ES and MS with TVS were compared with those without
TVS. The EMG activity was recorded before and after
TVS.

To determine whether the fluctuation after the condi-
tioning stimuli differed from those obtained in the control
(LV), a paired ¢ test was performed for each individual
subject. To examine effects of TVS, one-way ANOVA with
Games-Howell post hoc tests was used. The level of sta-
tistical significance was established at a p < 0.05 (Suzuki
et al. 2012).

Results
The PSTH study

A total of 92 ECR motor units were studied with ES in the
five subjects. In 39 of the 92 motor units (42 %), an early
and significant (p < 0.05 for 20 motor units; p < 0.01 for
17 motor units; p < 0.001 for 2 motor units) peak (facili-
tation) was induced in every subject (Fig. 2). The latency
and duration of the facilitation ranged between 20.8 and
27.0 ms (24.0 £ 1.5 ms, mean 4+ SD) and 0.6 and 3.2 ms
(1.8 & 0.7 ms), respectively. When a y’-test was performed

F1g2 Changes in firing prob- 29A 2B
abilities of ECR motor unit
evoked by an electrical condi-
tioning stimulation (ES) to the
homonymous and heteronymous
group I afferents. a, b Time 1 14
histograms obtained in control
situation without stimuli (a) and
after stimuli to FDS nerve (b).
Number of triggers, 710 in a
and b. ¢ Each column repre- 0 0 -
sents the differences between
the two histograms, the value 2 C 6 - D
in a is subtracted from that in
b. d Cumulative sums of c. e 4
Time histograms were obtained 1
in the difference between the
control situation without stimuli R 2 4 .
and after stimuli to the radial 2 J
nerve at the axilla. Number of a 0 0 - :
triggers, 240 in e. f Cumulative © | 24.6ms
sums of e (f). Bin width was i
0.2 ms in a—c and e. Vertical -1 2 |
dotted lines indicate the laten- . :
cies of the facilitation (24.6 ms, ' 52ms !
p <001 ind; 19.4 ms, ¢ E 40 F !
p <0.001 in f). Abbreviations in 30 | '
this as well as Fig. 1 :
1
¢ 20 - |
| |
0 ll L ] lI “III III Ill L] IIIIII ] HIII | I"Ilj II IIIIII“ 10 i
1
° ! 19.4ms
-4 - T T 1
15 20 25 30 10 15 20 25 30
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for the period from the onset of the facilitation up to & 2
1.0 ms, there was also significant difference (p < 0.05 for = ‘
27 motor units, p < 0.01 for 12 motor units). In the remain- E Tg § =
ing 53 motor units, no significant facilitatory and inhibitory & §§ Cn o ~no = —=0mo ﬂ
effects were provoked by ES. Such facilitation was never = | % & g ececeeggeg
provoked by ES to the skin overlaying the FDS nerve. g 8 ié
The central synaptic delay was estimated in 11 ECR g &5
motor units receiving facilitation in four subjects (Table 1; T
Fig. 2). The central synaptic delay of the facilitation was “E
ranged between —0.6 and 0.5 ms (—0.1 £ 0.3 ms), which é = _
was similar as the delay of the homonymous facilitation of %‘ g § 2
FDS. E |2E H
A total of 51 ECR motor units were studied with MS in E % g ®n O AN~ %N e O g
the five subjects. In all the 51 motor units (100 %), an early “E © = A
and significant (p < 0.001 for all the 51 motor units) peak 3 «_: 2
(facilitation) was induced (Fig. 3). The latency and dura- g S &
tion of the facilitation ranged between 27.6 and 36.0 ms é E _§
(30.6 &+ 1.9 ms), and 5.0 and 13.4 ms (8.6 £ 2.2 ms), & § g
respectively. S gz
s |25% |gzgggzggese
TheEMG-Astudy g v > O O O O O O OV OV OV O &
B
Effects of ES and MS were studied in the eight subjects. g £
ES produced an early and significant peak in rectified and £ E §
averaged EMG of ECR in all the subjects (p < 0.05 for % —f =3 =
four subjects; p < 0.01 for four subjects) (Table 2; Fig. 4a). £ g é 3
The amplitude, latency, and duration of the peaks were A g §§ s2s233238s2
[ = o» N ononocnoonoocnononon N A
110-135 % (120 £+ 9 %), 18.2-23.0 ms (20.2 &+ 1.7 ms),
and 4.5-8.6 ms (6.7 £ 1.4 ms), respectively. Such effects 7§
were never provoked by ES to the skin overlaying the FDS €
nerve. MS also produced an early and significant peak 5 g _
in all the subjects (p < 0.001 for all the eight subjects) £ 52’ j:\(
(Table 2; Fig. 4b). The amplitude, latency, and duration of & E \E/ LTI TdrEe
the peaks were 172-230 % (200 £+ 21 %), 23.4-28.8 ms 3
(2577 £ 1.9 ms), and 14.6-20.2 ms (17.1 £ 1.9 ms), g o
respectively. The difference between latencies of the peaks = =
by ES and MS was almost equivalent to that of the H- and E 23
T-waves of FDS in each subject (Table 3; Fig. 4). g %é
In five subjects, the peak was diminished by TVS to FDS § gi:g - ot oAt O — oo o
(Fig. 5). The peak recovered 20-30 min after TVS (ES: 73 T[22 ERT LS d
Fy 175 =69.9, p <0.0001; MS: F 455 = 45.6, p < 0.0001). :é
£l
. . = ~ | &
Discussion E g ‘*é &
In the present PSTH study, ES with intensity just below 2 S|Ea|lnaocavexoxac
1.0 x MT produced facilitation in 39 of 92 (42 %) ECR % SRl 883333889y
motor unit in every subject. Such facilitation was never Z
provoked by ES to the skin. The remaining motor units = 5
received no effects. Since the stlmulus intensity eEctlvates éé § g =2 323I%e%a098ER
both group Ia and Ib afferents, it cannot be denied that _ 5 | _
group Ib afferents were responsible for the facilitation. 28 EA
On the other hand, MS using a quick tap with the intensity & g la < m o a)
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Fig. 3 Changes in firing probabilities of an ECR motor unit evoked
by mechanical conditioning stimulation (MS) to the FDS. a Time his-
tograms obtained the value in control situation is subtracted from that
after mechanical conditioning stimulation to FDS. Number of trig-

gers, 435. b Cumulative sums of a. Bin width was 0.2 ms. Vertical
dotted line indicates the latency of facilitation (30.8 ms, p < 0.001).
Abbreviations in this as well as Fig. 1

Table 2 Results of an electromyogram-averaging study with electrical (ES) and mechanical conditioning stimulation (MS) to FDS in eight sub-

jects
Subject Effect ES MS Difference of
- - - - latency between
Latency Duration Amplitude (%) Latency Duration Amplitude (%) two peaks (ms)
(ms) Peak Average (ms) Peak Average
A Facilitation 19.0 7.0 110 105%*  24.6 20.2 206 147%%% 5.6
B Facilitation 23.0 7.8 114 106%* 28.8 14.6 217 164%** 58
C Facilitation 20.6 8.6 111 107* 26.8 15.4 230 172%%* 6.2
D Facilitation 18.6 7.4 117 110*%* 234 19.2 218 157#%* 4.8
E Facilitation 21.8 6.4 119 110**  27.0 17.8 172 138*%* 52
F Facilitation 18.2 6.6 135 127%*% 234 16.4 189 143%*% 572
G Facilitation 19.6 4.5 128 116* 252 15.8 193 141#%% 5.6
H Facilitation 20.8 5.0 125 112% 26.4 17.4 177 130#** 5.6
Mean + SD 202+1.7 67+£14 1209 112+£7 257+19 17.1£19 200+21 149+ 14 55+04

Abbreviations in this as well as Table 1
* p <0.05; ** p <0.01; *** p < 0.001

below the threshold of T-wave produced the facilitation in
all (100 %) motor unit. Since a quick tap easily activates
muscle spindles of the homonymous muscle (Lundberg
and Winsbury 1960; Burke et al. 1983; Rothwell 1994), the
facilitation would be produced by an activation of group Ia
afferents rather than group Ib afferents from FDS. In the
present study, the central synaptic delay of the facilitation
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was estimated to be —0.1 £ 0.3 ms longer than that of the
homonymous facilitation of ECR. Incidentally, the affer-
ent conduction velocity of the median nerve was almost
equivalent to that of the radial nerve in each subject. This
finding suggests that the facilitation is provoked through
a monosynaptic path as well as the homonymous facilita-
tion. Since the duration of the facilitation produced by ES



Exp Brain Res (2016) 234:2235-2244 2241
Fig. 4 Results of electromyo- 140 1 A 01
gram-averaging study in a sub-
ject. a, b Early and significant
peaks of rectified and averaged
EMG activity of ECR produced 120 1
by ES (a, latency, 19.0 ms; peak
amplitude, 110 %; p < 0.01) and
MS (b, latency, 24.6 ms; peak 100 !
amplitude, 206 %; p < 0.001). 3 A |
The sweep is 1300 in a, and £ stim : 190 R
400 in b. ¢, d Hoffmann(H) (c, ) | 190 ms =
latency, 21.4 ms) and tendon(T) G 80 4 1 ° 150 4
waves (d, latency, 27.0 ms) of Q\O, 250 - : S 100 -
FDS produced by ES and MS. 3 ! =
Abbreviations in this as well as 2 E
Figs. 1,2 and 3 g 2001 50
<
150 -
0
100 - |
i 27.0 ms
50 -50
0 : . : . -100 . : )
-20 0 20 40 60 0 20 40 60

Time after the conditioning stimulation (ms)

Latency (ms)

Table 3 Latencies of Hoffmann(H) and Tendon(T) wave of FDS in eight subjects

Subject H-wave (ms) T-wave (ms) Difference Difference of latency D1 — D2
(ms) (D1) between two peaks (ms) (D2)*

A 214 27.0 5.6 5.6 0.0

B 27.2 32.8 5.6 5.8 -0.2

C 22.4 28.6 6.2 6.2 0.0

D 21.2 254 4.2 4.8 -0.6

E 21.2 26.6 54 5.2 0.2

F 20.8 25.8 5.0 5.2 -0.2

G 21.0 26.4 54 5.6 -0.2

H 28.8 34.0 5.2 5.6 -0.4

(Mean + SD) —-0.2+£0.2

Abbreviations in this as well as Table 1
? Those shown in Table 2

ranged between 0.6 and 3.2 ms, it may be claimed that
activities of non-monosynaptic path could be responsible
for this facilitation. However, because even the very early
part of facilitation (up to 1.0 ms from its onset) was sig-
nificant and the duration of peaks in PSTH will be longer
than the rise time of EPSPs when EPSPs are not large (Fetz
and Gustafsson 1983), it is most probable that the observed
facilitation was induced through a monosynaptic path. Sev-
eral other mechanisms may be raised as possible candidates
for producing facilitation: disynaptic Ib facilitation, oligo-
synaptic facilitation by cutaneous afferents, or long latency

facilitation through a propriospinal path. Contributions of
these mechanisms, however, are very unlikely. The central
synaptic delay was too short to pass for Ib afferents with
slower conduction velocity than Ia fibers or for the proprio-
spinal system with a long pathway in the spinal cord. Fur-
ther, the facilitation was never provoked by ES to the skin.
In the present EMG-A study, ES and MS produced facil-
itation in every subject. The latency of the facilitation in
the PSTH study seems to be limited within the latency and
duration of the peak in the EMG-A study in each subject
[As for the EMG-A method, an argument might be raised
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Fig. 5 Effects of tonic vibra- A
tion stimulation (TVS) to FDS
on facilitatory effects of ECR
by ES (a—d) and MS to FDS

in a subject (e-h). The peaks
produced by electrical (a: mean
amplitude, 109 %, p < 0.05)

Pre TVS

o~

o/ S Tk ket Y

and mechanical stimulation B F
(d: mean amplitude, 144 %,
p <0.001) are diminished
Rttt I L L DR W
, the peaks disappeared or A AN N NSNS e e A e o r~ N
decreased (c: mean amplitude, VTV VNSNS PN .
96 %, g: mean amplitude, C _} G
132 %). The peaks recovered
20 min after TVS (d: mean
amplitude, 107 %, p < 0.05, Post TVS f\,\
h: mean amplitude, 144 %, 0 min
AN BaaVa SO eS WA N e W i d i

p <0.001). The sweep is 300

in a-h. A vertical calibration

bar represents 10 V. Changes D
in the mean amplitude of peaks

before and after TVS (i: ES,

j: MS). There is no significant Pg(s)t VS
difference between before (a, :m A v N4 N 4a VU, V S U
e) and after TVS (d, h; 20 min
after TVS). Abbreviations in
this as well as Figs. 1, 2 and 3
20 0 20 40 60 -20 0 20 40 60
Time after the conditioning stimulation (ms)
130 T 200 — !
I | J = ‘
£ B —" 180 _
6 120
o 160
o
S 110 140
: '
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that the extensor carpi ulnaris muscle (ECU) was activated
as well as ECR during wrist extension and the facilitation
observed could have been on ECU motoneurons. However,
since ECU acted as wrist adductor with the prone fore-
arm (Sagae et al. 2010), the facilitation will most likely
be ascribed to that of ECR motoneurons]. The difference
between latencies of the facilitation by ES and MS was
almost equivalent to that of H- and T-waves of FDS. The
facilitation was diminished for 20-30 min after TVS. Since
TVS suppresses transmission of the homonymous group Ia
afferents and the effect lasts even after TVS, group Ia affer-
ents from FDS should be responsible for the facilitation
(Katz et al. 1977; Van Boxtel 1986; Rothwell 1994; Pierrot-
Deseilligny and Burke 2012; Suzuki et al. 2012). Consider-
ing the results of the present PSTH and EMG-A studies,
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it is suggested that ECR motoneurons receive a facilitation
from FDS. Group la afferents should mediate the facili-
tation through a monosynaptic path in the spinal cord. In
the present PSTH and EMG-A studies, we examined only
during weak contraction. We thus investigated facilitatory
effects on the low-threshold ECR motor units. The effects
on the high-threshold ECR motor units are still unclear.

In the present PSTH study, MS easily produced the
facilitation. The duration of the facilitation by MS was
seen to be longer than that by ES. In the present EMG-A
study, the peak by MS was larger in amplitude and longer
in duration than that by ES. These findings suggest that MS
provokes larger and longer excitatory post synaptic poten-
tials (EPSPs) of the ECR motoneuron pool than ES. Since
ES with the intensity immediately below MT activates
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low-threshold afferents that have lower threshold than o
motor fibers, it was not efficient enough to activate all of
group Ia afferents from FDS. Furthermore, it is known that
a single ES provokes one firing of afferents, although a sin-
gle MS provokes repetitive and desynchronized firings of
group I afferents (especially group Ia afferents) (Birnbaum
and Ashby 1982; Burke et al. 1983; Pierrot-Deseilligny and
Burke 2012). Probably, the repetitive and desynchronized
firings by MS should cause large and long-lasting EPSPs
in the motoneuron pool. Because MS may have diffused to
other muscle spindles, the possibility cannot be excluded
that activation of heteronymous group la afferents par-
ticipated in the facilitation. However, since the difference
between latencies of the facilitation by ES and MS was
almost equivalent to that of H- and T-waves of FDS, it is
considered that, at least, the initial component of the facil-
itation by MS was induced by group Ia afferents of FDS
through a monosynaptic path.

Fritz et al. (1989) and Caicoya et al. (1999) demonstrated
monosynaptic facilitations mediated by group Ia afferents
among muscles in the cat forelimb. Based on observations
of EMGs (English 1978a, b; Illert 1996; Prochazka and
Gorassini 1998a, b), they discussed the functional signifi-
cance of the facilitations for locomotion behaviors of the
forelimb. The present study showed a monosynaptic facil-
itation mediated by group Ia afferents from FDS to ECR
motoneurons in the human upper limb. Since co-contrac-
tion of TM, HTM, FDS, and ECR was observed during
hand grasping movement (Fig. 1), the facilitation would
function for maintenance of wrist position during manip-
ulatory movements as well as that from the intrinsic hand
muscles (Marchand-Pauvert et al. 2000; Ogawa et al. 2005;
Suzuki et al. 2005, 2012). Since wrist extension move-
ments result in an increase in grasping power with tenode-
sis action (Kapandji 1982; Johanson et al. 1990), it should
be very convenient for holding an object in the hand. Fur-
ther studies are required to elucidate the other reflex arcs
(e.g. reverse directions) among the muscles.
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