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dependent modulation of primary afferent depolarization (PAD) was
studied in the cervical spinal cord of two monkeys performing a wrist
flexion and extension task with an instructed delay period. We
implanted two nerve cuff electrodes on proximal and distal parts of
the superficial radial nerve (SR) and a recording chamber over a
hemi-laminectomy in the lower cervical vertebrae. Antidromic volleys
(ADVs) in the SR were evoked by intraspinal microstimuli (ISMS,
3-10 Hz, 3-30 pA) applied through a tungsten microelectrode, and
the area of each ADV was measured. In total, 434 ADVs were evoked
by ISMS in two monkeys, with onset latency consistently shorter in
the proximal than distal cuffs. Estimated conduction velocity suggest
that most ADVs were caused by action potentials in cutaneous fibers
originating from low-threshold tactile receptors. Modulation of the
size of ADVs as a function of the task was examined in 281 ADVs
induced by ISMS applied at 78 different intraspinal sites. The ADVs
were significantly facilitated during active movement in both flexion
and extension (P < 0.05), suggesting an epoch-dependent modulation
of PAD. This facilitation started 400—900 ms before the onset of EMG
activity. Such pre-EMG modulation is hard to explain by movement-
induced reafference and probably is associated with descending motor
commands.

INTRODUCTION

Presynaptic inhibition regulates transmission at synapses in
the central nervous systems of vertebrates and invertebrates
(Rudomin and Schmidt 1999). By modulating the release of
transmitter from presynaptic terminals, it controls the effec-
tiveness of specific inputs to postsynaptic neurons. Several
neurotransmitters mediate presynaptic inhibition (Miller 1998); the
most extensively studied mechanism involves the GABA ,
receptor (Curtis and Lodge 1982; Curtis et al. 1995; Eccles et
al. 1963a). In the spinal cord, activation of GABA , receptors
on the intraspinal terminals of afferent axons produces so-
called primary afferent depolarization (PAD) by opening chlo-
ride channels and allowing the efflux of Cl™ ions from the
terminals (Alvarez-Leefmans et al. 1988; Gallagher et al.
1978). This depolarization increases the terminal membrane
conductance (Curtis et al. 1995) and inactivates sodium chan-
nels (Graham and Redman 1994) and voltage-gated Ca’”"
channels (Graham and Redman 1994; Walmsley et al. 1995),
all of which may reduce neurotransmitter release. PAD has
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been shown in the intraspinal terminals of afferents from Ia
(Eccles et al. 1962b), Ib (Eccles et al. 1963b), group II
(Harrison and Jankowska 1989), and cutaneous (Eccles et al.
1962a) receptors of cat hindlimb.

The GABAergic neurons that induce PAD in afferent ter-
minals are activated mainly by peripheral afferents and de-
scending systems. PAD of cutaneous afferent terminals is
induced by stimulating other cutaneous afferents (Eccles et al.
1963c¢), descending tracts from motor cortex (Andersen et al.
1964; Carpenter et al. 1962; Eguibar et al. 1994), the nucleus
raphe magnus, and reticular formation (Martin et al. 1979;
Quevedo et al. 1995). The central control of PAD suggests that
presynaptic inhibition plays a significant role in regulating
peripheral sensory input during volitional behavior, a function
that remains to be experimentally studied. Studies using com-
bined reflex tests in human subjects (Hultborn et al. 1987)
suggested the modulation of presynaptic inhibition of Ia affer-
ents during voluntary movement, but PAD itself cannot be
directly evaluated by such noninvasive techniques. Presynaptic
inhibition of cutaneous afferents has never been examined in
these studies.

Several lines of evidence suggest that the PAD system may
be involved in the control of dynamic motor behaviors. During
fictive and real locomotion, intra-axonal recordings of cutane-
ous (Gossard et al. 1990) and muscle afferents (Duenas and
Rudomin 1988) in cat showed that the size of PAD changed as
a function of the locomotor cycle. Similar modulation has also
been reported in cat lumbar segments during fictive scratching
(Baev et al. 1978; Cote and Gossard 2003). These results
suggest that central pattern generators for autonomous rhyth-
mic movement can modulate the size of PAD in a task-
dependent manner (Cote and Gossard 2003).

In 1958, Wall first proposed that PAD could be documented
by “excitability testing” (Wall 1958). In Wall’s test, the ter-
minals of primary afferents are electrically stimulated via an
extracellular microelectrode in the spinal cord. The number of
axons antidromically activated, and consequently the size of
the antidromic volley (ADV) measured in a peripheral nerve, is
dependent on the level of depolarization in the terminals. This
method has shown that PAD in group I afferents is modulated
during fictive locomotion in the cat (Duenas and Rudomin
1988). Ghez and Pisa (1972) reported that, during reaching in
the awake cat, the afferent volley in the medial lemniscus was
reduced and the ADVs in cutaneous nerves were increased,
showing for the first time that PAD is involved in presynaptic
inhibition in the dorsal column nuclei during voluntary move-
ments.
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Using methods to record and stimulate the cervical spinal
cord in awake, behaving monkeys (Perlmutter et al. 1998), we
showed that the monosynaptic responses of first-order cutane-
ous interneurons were suppressed during active wrist move-
ment (Seki et al. 2003). This suppression was associated with
facilitation of ADVs. In this study, we used excitability testing
to evaluate the size of spinal PAD of different peripheral
afferents during performance of an instructed delay task. Re-
sults indicate that the PAD in cutaneous afferent terminals is
modulated during voluntary movement in a functionally rele-
vant manner. Preliminary results were presented in abstract
form (Seki et al. 2004).

METHODS

Subjects

We obtained data from two male Macaca nemestrina (monkeys K
and M). The technique for recording ADVs in cutaneous afferents was
optimized in the first animal (monkey K), and the basic characteristics
and behavioral modulation of ADVs were obtained using that tech-
nique in the second monkey (monkey M). Experiments were approved
by the Institutional Animal Care and Use Committee at the University
of Washington. During training and recording sessions, the monkeys
sat upright in a primate chair with the right arm restrained and elbow
bent at 90°. The hand was held in a cast with the fingers extended and
the wrist in the mid-supination/pronation position. The cast holding
the monkey’s hand was attached to a servomotor-driven manipulan-
dum that measured flexion-extension torques about the wrist. The left
arm was loosely restrained to the chair.

Behavioral paradigm

The monkeys performed a wrist flexion-extension task with an
instructed delay period (Fig. 1). The position of a cursor displayed on

Task

start Cue Go

\ \ \

a video monitor in front of the monkey was controlled by flexion-
extension torque about the wrist. Trials began with the monkey
holding the cursor in a center target window, corresponding to zero
torque, for 1.3-1.6 s (rest). Next, flexion and extension targets were
shown to the left and right of the center target. One target was filled
transiently for 0.3 s (cue), indicating the correct movement to be
performed at the end of the instructed delay period (delay), which was
signaled by the disappearance of the center target (go). Trials were
accepted only if no wrist movement occurred during the delay period
(1.5-2 s). Following a brief reaction time (RT) after the go signal, the
monkey moved (active move) the cursor to the desired target quickly
(<1.5 s including RT) and held the cursor in the target window for a
period of 1.5 s (active hold). The movements were made against an
elastic load applied by the servo motor. At the end of the active hold
period, the torque target disappeared and the center target reappeared
(2nd go). After a second reaction time (RT), the monkey relaxed the
forearm muscles, allowing the servo-spring to passively return the
wrist (passive move) to the zero torque position (rest). After keeping
the cursor within the center target for 0.8 s, the monkey was rewarded
with applesauce (reward) for successful trials.

Surgical implants

After training, surgeries were performed aseptically with the ani-
mals under 1-1.5% isoflurane anesthesia. Head stabilization lugs were
cemented to the skull with dental acrylic, anchored to the bone via
screws. A stainless steel recording chamber was implanted over a
hemi-laminectomy in the lower cervical vertebrae (C,—T,; Perlmutter
et al. 1998). Pairs of stainless steel wire (AS632, Cooner Wire) were
implanted subcutaneously in 10—12 muscles [extensor carpi ulnaris
(ECU), extensor carpi radialis (ECR), extensor digitorum communis
(EDC), extensor digitorum-2,3 (ED-2,3), extensor digitorum-4,5 (ED-
4,5), flexor carpi radialis (FCR), flexor carpi ulnaris (FCU), flexor
digitorum profundus (FDP), flexor digitorum superficialis (FDS),
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Wrist flexion-extension task. Typical torque trace during a single flexion trial is shown with task epochs. Diagrams below depict the cursor controlled

by the monkey (small filled square) and targets (larger squares) on video screen for the 10 epochs: 1st rest, cue, delay, 1st reaction time (RT), active move, active

hold, 2nd RT, passive move, 2nd rest, reward.
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palmaris longus (PL), pronator teres (PT), abductor pollicis longus
(APL), supinator (SUP), and brachioradialis (BR)] that were active in
one or both directions. Each muscle was identified on the basis of its
anatomic location and characteristic movements elicited by trains of
low-intensity intramuscular stimuli.

Nerve cuffs

Two cuff electrodes (Haugland 1996) were implanted on the
superficial radial nerve (SR; see Fig. 3): a distal bipolar cuff for
stimulation (approximately midway between elbow and wrist) and a
tripolar cuff for recording antidromic volleys [evoked by intraspinal
microstimulation (ISMS)] and orthodromic volleys (evoked by stim-
ulation through distal cuff). The proximal cuff was implanted ~4-5
cm proximal to the distal cuff. Movement-induced activity and evoked
potentials of the SR were recorded in the proximal cuff by three
circumferential electrodes (platinum foil, 25-um thickness, 1-mm
width, 6-mm spacing) embedded in the silicone rubber tubing. The
differential recording was obtained from the central electrode refer-
enced to the two outer electrodes, which were connected together.
This “center versus tied ends” recording geometry proved optimal for
reducing pickup of EMG and other noise generated by sources
external to the nerve cuff (Hoffer 1990). Typical examples of SR
activity recorded by this electrode are shown in Fig. 2A. Clear bursts
of activity were recorded during extension movements. Nerve record-
ings may be susceptible to remote pick up of surrounding muscle
activity. To test this possibility, EMG-triggered averages of the SR
electroneurogram (ENG) were aligned on the positive motor unit
potentials in the EMG from four extensor muscles. As shown in Fig.
2B, there was no significant peak in the average ENG, suggesting that
burst activity recorded differentially by the nerve cuff during active
extension arose from activated cutaneous receptors, not from sur-
rounding muscle.

ISMS

During recording sessions, the head and vertebral implants were
secured to the primate chair and a microdrive was attached to the
chamber via an X-Y positioning stage. Tungsten microelectrodes were
advanced into the C4—T, segment while the monkey performed wrist
flexion and extension movements in an instructed delay task. To find
intraspinal sites where SR afferent terminals were located, SR was
stimulated through the distal cuff (Fig. 3A), evoked volleys were
recorded in the proximal cuff and cord dorsum, and synaptic re-
sponses of spinal neurons were recorded as single unit activity and
local field potentials (LFPs) by the tungsten electrode. The intraspinal
locations of SR terminal afferents were identified as sites where
monosynaptic responses of single units (Seki et al. 2003) and/or LFPs
were found. We applied ISMS (0.1-ms bipolar pulses, 3—10 Hz, 3-30
rA) through the microelectrode during task performance and re-
corded and averaged the antidromic action potentials in the proximal
SR cuff electrode (Fig. 3B). One hundred fifteen (monkey K) and 112
(monkey M) tracks were made during a period of 5 mo. None of the
animals exhibited observable behavioral deficits at any time.

Excitability testing during voluntary movement

Stimulus-triggered averages (StTAs) of SR ADVs elicited from
individual spinal sites were compiled separately for the 10 behavioral
epochs (Fig. 1). The magnitude of an ADV was defined as its area
(Fig. 3B, inset). The bins with maximal (peak) and minimal (trough)
amplitudes were first identified from a comprehensive average of the
ADV compiled for all stimuli and all behavioral epochs. This average
was also used to identify onset and offset times and the time of the
inflection between the peak and trough of the volley. The inflection
was defined as the time that the average waveform crossed the mean
of the baseline, taken as the period from 10 to 5 ms before the

intraspinal stimulation. The area of individual nonaveraged ADVs
was measured by summing the values of each bin from onset to
inflection and from inflection to offset and subtracting the latter from
the former. This method is better than adding absolute values because
it avoids contribution from noise. For each behavioral epoch, the
mean areas of individual ADVs were statistically compared relative to
the control period (rest; see Fig. 1) using Student’s #-test or ANOVA.

RESULTS

Task-related activity of SR nerve (ENG) and forearm
muscles (EMG)

We first examined the task-related activity of SR afferents
and forearm muscles by ENG and EMG recordings, respec-
tively (Fig. 2). EMG activity generally started toward the end
of the delay period or during the reaction time, reached its
maximum during active movement, and decreased during the
hold period (Fig. 2, C and D). In contrast, SR activity started
after the onset of active extension movements and was main-
tained until the onset of passive flexion (Fig. 2E). This pattern
is consistent with stimulation of SR receptive fields on the
dorsum of the hand, which was pressed against the cast holding
the monkey’s hand during extension movements. The onset of
SR activity after EMG onset suggests that it is a movement-
induced reafferent signal.

Antidromic volleys evoked in the primate SR nerve

Stimuli were applied at intraspinal sites and evoked re-
sponses were recorded with two cuff electrodes separated by
45 mm (center-to-center) on SR (Fig. 4). The timing of the
responses recorded by the proximal and distal cuffs confirmed
that the volleys were conducted antidromically. For the rep-
resentative stimulus-triggered averages shown in Fig. 4B,
the onset latency of the response in the proximal cuff (3.5
ms) was earlier than that in the distal cuff (4.3 ms). StTAs
of EMG activity (data not shown) did not show any stimu-
lus-locked features that could contribute to the volleys.
ISMS at all 22 tested sites evoked responses with statisti-
cally significantly shorter latencies in the proximal than
distal cuffs (Fig. 40C).

ADVs appearing in StTAs (e.g., Fig. 4B) can be generated
by two possible mechanisms. The volley could be 7) the
antidromic response of a single axon, in which case its ampli-
tude would reflect the axon’s response probability to the
stimulation, or 2) a compound action potential representing the
summed action potentials evoked in different axons with sim-
ilar conduction velocity (CV). One example that may represent
the former mechanism is shown in Fig. 5. This example shows
sizable ADVs that could be seen without averaging (Fig. 5A).
Using a dual time-amplitude window discriminator to detect
these potentials (Fig. 5A, blue lines), we compiled raster plots
and peristimulus time histograms aligned with the stimulus
(Fig. 5B). These ADVs showed negligible jitter in latency.
When ISMS was delivered with increasing current intensity,
the ADVs appeared in an all-or-none fashion (Fig. 5, C and D),
as would be expected for the firing probability of a single
afferent. Further examples shown in Fig. 6 may represent both
mechanisms. ISMS with large enough stimulus intensity often
recruited multiple volleys at separate latencies (Fig. 6A). For
some individual volleys, plotting the size of the volley as a
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FIG. 2. Activities of superficial radial nerve (SR) and muscles during wrist flexion and extension. A: typical records of average wrist torque, activity in
superficial radial nerve (SR) and muscles (flexor, extensor) during flexion (left) and extension (right) trials (11 trials). Low-pass filter (3 Hz) was used to smooth
EMG and electroneurogram (ENG) profiles. Flexor [palmaris longus (PL)] and extensor [extensor carpi ulnaris (ECU)] muscles generally showed reciprocal
pattern of activity during task, and SR was active during extensor torque. B: test for possible cross-talk between EMG and ENGs. Averages of unrectified ENG
were triggered from wrist extensor muscle or nerve activity when EMG exceeded a threshold level, just above the baseline noise of unrectified EMG. Note that
there were no significant peaks in any EMG-to-SR average (i.e., <10% of the SR-to-SR peak). C--E: mean = SE EMG (arbitrary units) of PL, ECU, and ENG
of SR during each behavioral epoch (14 flexion, 13 extension trials were summed). *Significantly different from activity during pretrial rest, P < 0.05.

function of stimulus current (Fig. 6, B and C) showed sharp
recruitment curves (Fig. 6C) that saturated at the highest
current strengths. These properties resemble the response
probability of a single SR axon. On the other hand, the area
of some antidromic volleys increase linearly with increasing
stimulus current. This property suggests the recruitment of
multiple SR axons with similar CV were recruited at higher
currents.

Afferent fibers conveying information of specific modalities
have preferential ranges of CV. The CV of ADVs was esti-
mated as the distance from the proximal cuff to the dorsal root

entry zone of the cervical spinal cord (measured postmortem)
divided by the latency of the volley recorded in the proximal
cuff. Figure 7 shows that the CVs from the two monkeys were
distributed between 3.8 and 91.6 m/s. The mean CV was 55.2
m/s in monkey M (Fig. 7A) and 66.5 m/s in monkey K (Fig. 7B).

Task-dependent modulation of afferent fiber excitability

At 78 intraspinal sites in monkey M, we applied ISMS while
the monkey performed the wrist flexion-extension task and
compared the size of ADVs across behavioral epochs. Typical
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Orthodromic and antidromic responses from SR. A: before the excitability testing, intraspinal terminals of SR were localized by finding interneurons

that responded monosynaptically to electrical stimulation of SR. Single-unit or field potentials were recorded using a microelectrode inserted into the spinal gray
matter. Bottom inset: successive monosynaptic responses of interneuron to stimulation at dashed line. B: microstimuli were applied to the electrodes at the
recording sites to activate the terminal of SR afferents. Antidromic volleys (ADVs) evoked by the stimulation were recorded by the cuff electrodes. Inset: size

of the ADVs was measured by area of positive and negative peaks.

results of such excitability testing are shown in Fig. 8. In these
averages computed for different epochs, the first volley was not
modulated significantly during the phases of flexion trials (Fig.
8B). The second volley showed significant facilitation (P <
0.05) during active flexion movement (Fig. 8C). This result
suggests that the excitability of the terminals of two SR
afferents near the electrode tip were modulated differently
during active flexion (but see Fig. 10 for an alternative inter-
pretation of this result).

Similar task dependence was analyzed for all ADVs re-
corded (n = 281). The results of the excitability testing were
subdivided into three groups according to the modulation
pattern during the task. The volleys that showed facilitation or
suppression in at least one behavioral epoch were categorized
as ADV+ and ADV—, respectively, and the remaining non-
modulated volleys were categorized as ADVO0. Sixteen ADVs
were facilitated during one epoch and suppressed during an-
other; these were included in both ADV+ and ADV— cate-
gories. Figure 9 shows the average size of ADVs evoked from
all spinal sites, separated into category, movement direction,
and behavioral epoch. Significant facilitation of the volley was
found during active movement in both flexion and extension
and during the reaction time before active flexion and passive

extension (P < 0.05; Fig. 9, A and B). In both ADV— and
ADVO groups, no significant modulation was found for the
population (P < 0.05; Fig. 9, C—F). These results suggest that
ADV was frequently facilitated during active movement in
both flexion and extension but that there were no preferred
epoch for ADV suppression.

Specificity of afferents involved in the
task-dependent modulation

To determine the target specificity of ADV modulation, we
compared the size of ADVs compiled during rest (control) in
the ADV+, ADV—, and ADVO groups (Fig. 9, G and H). The
size of the control volleys in the ADV+ group was smaller
than that in the ADV — and ADVO groups. This result suggests
that ADV facilitation during active movement (Fig. 9, A and B)
occurs preferentially in afferent terminals responding with
lower probablility at rest.

In addition, Fig. 91 shows that the modulation of ADV size
was preferentially detected when we used a lower stimulus
current. It is possible that high currents applied at rest activated
afferents with a firing probability near 100%, masking any
modulation of ADV during the task. To select a stimulus
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FIG. 4. Antidromically conducted
responses in SR induced by intraspinal
microstimulation (ISMS). A: Tri-polar
(proximal) and bipolar (distal) cuff
electrodes implanted on SR. B: Re-
sponses in the proximal and distal
cuffs evoked by intraspinal stimulation
(4 pA). C: comparison of the onset
latencies of the responses recorded in
the 2 cuff electrodes (n = 22). Open
circles and vertical lines show mean *+
SD of the data. ***P < 0.001.
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current that is optimal to evaluate ADV modulation, it is
necessary to document the recruitment curve of each ADV (as
shown in Figs. 5 and 6). However, it was usually impossible to
maintain recording stability long enough to elicit ADVs with a
number of different stimulus currents, so we used a single fixed
current randomly selected between 5 and 15 pA for many of
the excitability tests. Therefore in some cases, ADV modula-
tion was probably evaluated using stimulus current outside of
the recruitment range. Two examples for which both ADV
modulation and recruitment range were measured (Fig. 10,
A-FE and F-J) support this interpretation. The behavioral mod-

J Neurophysiol « VOL 102 »

ulation of these two volleys was tested with different stimulus
currents. The recruitment range of one ADV (Fig. 104) seemed
to be <8 nA (Fig. 10, B and C). Facilitation during active
movement occurred only when the volley was evoked using 4-
to 5 wA current and not at 10 pA. In this case, we would not
have been able to observe behavioral modulation had we tested
excitability with currents of 2 or 10 wA. The dynamic range of
the volley shown in Fig. 10, F—H, seemed to be <6 pA (Fig.
10, G and H), and significant reduction of its size during active
movement was only observed for 2 wA currents. These exam-
ples suggest that our results underestimate the extent of behav-
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FIG. 5. Antidromic responses in single afferent. A: superposition of 100 raw traces recorded from SR aligned with ISMS; mean waveform is shown in red.

A dual time-amplitude window discriminator was used to discriminate individual antidromic responses (threshold level and 2 time windows shown in blue).
B: dot raster and peristimulus time histogram (PSTH) of all discriminated events in A show time-locked responses around 3.8 ms (red arrow). C: responses evoked
by different stimulus currents: 12-13 uA evoked no volley; 14-20 nA evoked volleys with a fixed amplitude. Overlapping plots of traces shown at bottom
(yellow box). D: peak area of the ADVs as a function of stimulus current. A.U. means arbitrary units. This “all-or-none” recruitment pattern suggests that
responses were from a single SR afferent. *Significantly different from the background noise measured 2-3 ms after each stimulus, P < 0.05.

ioral modulation of ADV. Some ADVs in the ADVO (e.g., the
Ist component of Fig. 8§, A and B) group might have shown
modulation had we used lower currents within their dynamic
range.

We also compared the estimated CV for the ADVs that
showed significant facilitation, suppression, or no modulation
(Fig. 11). As shown in Fig. 11, A-C, the distribution of CVs for
the ADVO group was shifted to slower speeds. The difference
between the mean velocities for the groups was statistically
significant (Fig. 11D). This suggests that faster-conducting
afferents may be a preferential target for behavioral modula-
tion.

Potential source of the ADV modulation

In an awake animal performing voluntary movement, the
spinal cord receives inputs from descending tracts (e.g., corti-
cospinal tract) that convey motor commands and from periph-
eral afferents that carry feedback signals from sensory recep-
tors that are stimulated by self-induced movement (reaffer-
ence). Contributions from these two sources of modulation can
be distinguished by comparing the onset latency of the modu-
lation to the earliest onset latencies of muscle activity during
wrist movements. Any modulation before the onset of earliest
muscle activity should be associated with the motor command
because there is no reafference signal during this period. Using
this criterion, we examined the potential source of the signif-
icant modulation of the ADVs during active movement and

reaction time (Fig. 9). This analysis concerned only volleys
that were facilitated or suppressed during the reaction or active
movement periods.

Figure 12 shows the size of ADVs relative to the onset time
of the activity of PL (flexor) and ED45 (extensor) muscles,
separated into ADV* groups and flexion and extension trials.
None of the other agonist muscles had earlier onset times.
ADYV enhancement started before EMG, and the size of the
volleys continued to increase after EMG onset. In contrast,
ADV suppression was only evident after EMG onset. There is
also a difference between ADV modulation before flexion and
extension movements. Increases in ADV area start signifi-
cantly earlier in flexion (900 ms) than extension (400 ms)
trials. These results suggest that reafference can facilitate or
suppress the size of ADV, but motor commands exclusively
facilitate the ADV during preparation and initiation of move-
ments.

DISCUSSION

ISMS induced antidromic volleys in cutaneous afferents of
awake, behaving monkeys

This study showed that ADVs induced by ISMS can be
recorded in the awake behaving monkey using implanted nerve
cuff electrodes. Previous studies with anesthetized or decere-
brated animals documented ADVs evoked by ISMS through
intra-axonal recordings in the spinal cord (Eccles and Krnjevic
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FIG. 6. Recruitment curves of ADVs. A: increasing stimulus currents usually recruited multiple volleys with different latencies. B and C: sizes of ADVs as a function
of the stimulus currents for 2 sites. B refers to sweeps in A. Note that the amplitudes of volleys 3 and 4 in B and 2 and 5 in C saturated at the higher currents tested.

1958; Gossard et al. 1989; Jimenez et al. 1988) or the proximal
stump of transected dorsal rootlets (Beloozerova and Rossignol
1999, 2004; Cote and Gossard 2003). Ghez and Pisa (1972)
first used cuff electrodes to document modulation of ADVs
evoked by stimulation of cuneate nucleus in cats performing
forelimb movements. Similarly, we used pairs of cuff elec-
trodes and stimulus-triggered averaging to document ADVs in
the intact SR.

What determines the size of the antidromic volley?

As described above, the size of an averaged ADV can be
changed during voluntary movement or by applying differ-
ent strengths of electrical stimuli. Amplitude changes could
reflect /) changes in firing probability of a single SR axon,

J Neurophysiol « VOL 102 »

2) variable recruitment of multiple axons with nearly iden-
tical CVs, or 3) both.

Changes in the firing probability would pertain if ADVs
represent action potentials of single cutaneous afferents, as
suggested by the evidence in Figs. 5 and 6. Threshold current
to recruit these volleys was usually <10 pA (Figs. 6 and 10),
which is comparable to the intraspinal threshold for antidromic
activation of single muscle afferents by glass microelectrodes
placed near the afferent terminals (Duenas and Rudomin
1988). The areas of ADVs increased in a sigmoid manner with
increasing stimulus current (Figs. 5 and 6, B and C), probably
representing the enhancement of firing probability of these
afferent terminals in response to the ISMS. These ADVs
saturated at currents (e.g., 5—10 pA in Fig. 6, B and C) well
below the intensities needed to maximize the area of compound
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FIG. 7. Conduction velocity of recorded antidromic responses. Distribution

of conduction velocity of ADVs in monkey M (A) and monkey K (B). Second
axis also shows onset latency from ISMS. A: mean = SD (open circles and
lines) was 55.2 = 13.9 m/s (4.95 = 4.99 ms from stimulus). B: mean * SD
was 66.5 = 9.9 m/s (5.58 = 1.27 ms).

antidromic action potentials of cat lateral gastrocnemius nerve
(160 wA) (Enriquez-Denton et al. 2004).

Alternatively, ADVs may reflect multiple recruited axons
that have essentially the same conduction velocity. In that case,
a change in the amplitude of ADV could be ascribed to changes
in the number of recruited axons, not only the modulation of
firing probability of each terminal. In this study, activation of
separate afferents can be detected if their CVs were different,
as shown in Fig. 6A, consistent with a broad range of CVs (Fig.
7). Peak-to-peak time of a typical ADV is ~0.1-0.3 ms.
Differences in axon latencies of this duration could signifi-
cantly reduce the size of averaged ADVs and make them
difficult to detect among the noisy background. In monkey M,
the ADVs of axons with CVs of 50 and 55 m/s would have a
latency difference of 0.4 ms. Therefore to create a significant
ADV by summation of multiple action potentials, the axons

must have essentially identical conduction velocities. It is
known that the effective radius of current spread for a 10 pA
stimulus is ~80 wm for cortical PT cells (Stoney et al. 1968)
or 200-300 wm for intraspinal axons (Gustafsson and
Jankowska 1976). Considering the highly divergent pattern of
intraspinal branching of primary afferents (Willis and Cogge-
shall 1991), it is possible that the terminals of SR axons with
similar CVs (i.e., differing by <5 m/s) are localized within this
range. Therefore the modulation of the size of ADV could be
ascribed, at least in part, to changes in the recruitment of SR
axons with similar CVs.

These two mechanisms are hard to dissociate definitively in
our experimental conditions, but fortunately in both cases a
change in PAD leads to a covarying change in the ADV. If the
ADYV is the action potential of a single afferent, increased PAD
would increase its firing probability, leading to increased size
of the average ADV. If the ADV represents a superposition of
multiple action potentials with the same CV, increased PAD
could, in addition, lead to an increase in the number of axons
recruited. Because our goal is to detect changes in PAD, which
underlies both mechanisms, we will not attempt to distinguish
between them in the rest of the discussion.

Antidromic volley and conduction velocity

The range of CVs for ADVs in this study agrees well with
those reported previously for the SR in squirrel monkeys
(4-88 m/s) (Perl 1968). The CVs of >97% of ADVs were
larger than that of nociceptors (28 m/s) (Perl 1968). This result
is consistent with the fact that most ADVs were evoked from
intraspinal sites at which cells showed monosynaptic responses
to low levels of SR stimulation (<2 times threshold for dorsal
root afferent volley). Therefore most ADVs were probably
caused by action potentials in cutaneous fibers originating from
low-threshold tactile receptors.

Another mechanism that could conceivably contribute to the
ADVs is the dorsal root reflex, namely recurrent potentials in
peripheral nerve triggered by sufficiently intense PAD. A
dorsal root reflex would induce antidromic potentials with
longer latencies (for review, see Willis 1999) and with signif-
icant jitter in their timing because of the variability in synaptic
transmission (Shefner et al. 1992). Such fluctuations in latency
were not seen in successive averages of the same ADVs (Figs.
5, 6, 8, and 10). Therefore the ADVs with stable longer
latencies were unlikely to be caused by a dorsal root reflex but
probably represent antidromic volleys of slowly conducting
fibers, possibly unmyelinated nociceptive fibers. These long-
latency ADVs were relatively rare (3% in the nociceptor
range), possibly because the intraspinal site of ISMS were
deeper than layers I-III, where small fibers terminate most
densely (Willis and Coggeshall 1991).

Modulation of PAD during voluntary movement

We previously reported that the monosynaptic responses of
spinal first-order interneurons evoked from SR are suppressed
during active wrist movements and that descending motor com-
mands probably contribute to the suppression, because it starts
400 ms before the onset of EMGs (Seki et al. 2003). We further
showed preliminary evidence that ADVs evoked by ISMS can be
facilitated during active movement in the same task, suggesting
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that presynaptic inhibition contributes to the suppression of mono-
synaptic responses. The results presented here document more
fully the facilitation of ADVs found during active flexion and
extension (Fig. 9), its onset before EMGs (Fig. 12), and its
dependence on stimulus intensity (Figs. 5 and 6).

MODULATION AFTER EMG ONSET. As shown in Fig. 12, the
ADV size increased rapidly after the onset of muscle activity.
This probably reflects increased PAD from self-induced affer-
ent feedback after movement onset. Activity in SR occurred
predominantly during active extension and the hold period of
extension trials. We recently found that natural stimulation
(brushing) applied to the receptive field of SR increases the
PAD of SR (Seki and Takei 2006). (for effects on the PAD of
muscle afferents, see Aimonetti et al. 2000). Therefore during
active extension ADV facilitation is probably induced, at least
in part, by reafference. However, ADV size also increased
during flexion trials. We recently found that the intraspinal
terminals of some SR afferents can be depolarized by
brushing the palm, in the receptive field of the median nerve
(Seki and Takei 2006). Active wrist flexion could mechanically
stimulate the palmar skin, allowing reafference through the
median nerve to facilitate PAD in SR terminals. It seems that
reafference from both the same and different afferents (Eccles
et al. 1963c¢) can contribute to PAD modulation of SR afferents
after the onset of movements.

MODULATION BEFORE EMG ONSET. ~ As shown in Fig. 12, the size
of ADVs started to increase before the onset of EMG in both
flexion and extension trials. Such pre-EMG modulation cannot

J Neurophysiol « VOL 102 »

(148)

(59)

(197)

FIG. 8.  Excitability testing during wrist flexion-extension task.
(53) A: ADVs in SR induced by ISMS of a single intraspinal site in each
behavioral epoch during flexion trials; stimulus time is at the left of
the traces. Two distinct volleys (gray lines) were apparent in all
behavioral epochs. B and C: mean * SE of the amplitude of ADVs
with earlier (B) and later (C) latencies in each behavioral epoch.
*Significant difference relative to rest (P < 0.05). Number of
responses averaged for each trace is shown in parentheses.

(180)

be explained by movement-induced reafference and conse-
quently is attributed to descending motor commands. The
results identify two interesting features of PAD modulation in
awake behaving monkeys.

First, in extension trials, the size of ADVs increased 400 ms
before EMG onset. The suppression of the monosynaptic
responses of interneurons to SR stimulation during active
movement (cf. Fig. 5 in Seki et al. 2003) follows the same time
course. However, 100 ms before the onset of EMG, the size of
the ADVs returned to control levels and then increased again
after EMG onset (Fig. 12). It is possible that a transient
suppression of PAD of cutaneous afferents may contribute to
the changes of reflex output at movement initiation, as in the
case of presynaptic inhibition on the muscle afferents of human
subjects (Hultborn et al. 1987; Kagamihara and Tanaka 1985;
Nielsen and Kagamihara 1993). Because most intraspinal sites
that receive monosynaptic responses from SR have inhibitory
projections to motoneuron pools, the facilitation of presynaptic
inhibition may induce disinhibition of agonistic muscles (Seki
et al. 2003). As shown previously (Seki et al. 2003), inhibitory
projections from these intraspinal sites are widespread and
suppress both agonist and antagonist muscles. Therefore re-
ducing disinhibition to both agonistic and antagonistic muscles
just before voluntary movements could reduce the stiffness of
the wrist joint and facilitate movement initiation.

Second, in flexion trials, the facilitation of ADVs began 900
ms before the onset of EMG (Fig. 12) and increased gradually
during the instructed delay and reaction time periods (Fig. 9A).
This suggests that, during an instructed delay period, descend-
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ing commands preferentially suppress the input from SR for
flexion but not extension movements. Recently, it has been
shown that spinal interneurons show instructed delay activity
using the same behavioral paradigm as this study (Prut and
Fetz 1999). Many interneurons exhibit increases in activity

ADVO0

during the delay, and these changes are mostly unidirectional.
Unidirectional facilitation of PAD may also contribute to
“set-related” activity of spinal neurons.

It has been proposed that normal ADVs may serve to
control sensory input during fictive (Beloozerova and Ros-
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signol 1999) and treadmill (Beloozerova and Rossignol
2004) locomotion. If such ADVs occur during voluntary
wrist movement and collide with orthodromic discharge
(Gossard et al. 1999) in the SR afferent, the descending
command for voluntary movement could also control affer-
ent input by inducing ADVs. Further study is needed to
confirm this possibility.
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Target specificity of PAD modulation in SR afferents

Growing evidence suggests that presynaptic modulation of
synaptic transmission is rather target specific (Rudomin and
Schmidt 1999; Schmidt 1971). For example, the degree of
presynaptic inhibition on the terminal of group II afferents are
different between the dorsal horn and intermediate zone of the

ADVO

FIG. 11. Conduction velocities. Histograms
0 0 20 40 6080 100 of conduction velocities (CVs) of ADVs with
Conductlon Velocny m/sec Conduction Velocity (m/sec) task-dependent facilitation (A, ADV+), sup-
pression (B, ADV—), and no modulation (C,
141 B 60- D * ADVO0). The mean = SE CVs of these groups
124 * were statistically different (D, P < 0.05).
ADV— ADVs with CVs of <20 m/s (open bars in
104 g A-C) were not included in the statistical test.
n
£
8 =
: :
61 )
@]
8
g
2
o
o

8-
4
2
0_

Conduction Velocity (m/sec)

ADV+

J Neurophysiol « VOL 102 «

ADV- ADVO

Category

JULY 2009 + WWW.jn.org

0T0Z ‘22 Arenugad uo Bio ABojoisAyd-ul wouy papeojumod



http://jn.physiology.org

PAD MODULATION DURING VOLUNTARY MOVEMENT 97

Flexion

(au)

Peak Area

. (sec)

Peak Area
e .
—QO—i

4 4
T ¥
2 - : *
] I n=13
0 a !
-1.0 -5 0 5 1.0

Time from EMG onset (PL) (s€¢)

Extension

(au)
10,

ADV+

ADV-

(sec)
Time from EMG onset (ED45)
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*Mean amplitude significantly different from rest, P < 0.05. Vertical axis, area of ADV (au); horizontal axis, time from onset of EMG (ms).

lumber spinal cord in the cat (Jankowska et al. 2002). We
found two properties that might suggest the target specificity of
presynaptic inhibition of cutaneous afferent during voluntary
movement.

First ADVs showing task-related facilitation had smaller
amplitudes at rest than those which were suppressed or un-
modulated during the task (Fig. 9, G and H). This suggests that
the terminals with large ADVs that could not be facilitated may
have PAD at rest that is saturated. On the other hand, ADV +
and ADV— volleys were both evoked by relatively low stim-
ulus currents (Fig. 9I). Therefore it seems likely that the
amplitude of the applied current does not account entirely for
the size of the evoked ADVs. Instead, there seems to be a
difference in the intrinsic properties of the ADV+ and ADV—
terminals.

Second, as shown in Fig. 11, task-related modulations of the
ADVs were more frequently observed in faster-conducting SR
afferents, suggesting that sensory feedback from tactile recep-
tors is suppressed by presynaptic inhibition during movement.
This result may contradict the hypothesis that feedback from
tactile receptors coding limb position is an important signal for
movement control (Edin and Abbs 1991). However, it has also
been proposed (Collins et al. 1998) that without some attenu-
ation, the magnitude of sensory inflow to the CNS during
movement would be so large as to be unusable. It is possible
that that PAD-mediated presynaptic inhibition may reduce

sensory feedback from tactile receptors to keep its modulation
in a functional range.

As mentioned above, we cannot reject the possibility that the
size of some ADVs reflects the number of recruited axons with
the same CVs, not just the firing probability of single terminals.
In this case, the smaller amplitudes of the ADV + than ADV—
volleys suggests a smaller average PAD in the terminals of the
axons making up the ADV+ than ADV— groups (resulting in
recruitment of fewer axons for a given stimulus current).
Furthermore, it seems likely that the average level of PAD of
the terminals of axons with the faster CVs could be preferen-
tially modulated during movement.

Comparison with behavior related modulation of PAD in
other systems

In their ground-breaking study, Ghez and Pisa (1972) were
the first to apply excitability testing in an awake behaving
animal. They stimulated the cuneate nucleus with an implanted
metal electrode and recorded antidromic responses in the
superficial radial nerve in cats performing voluntary move-
ments with the ipsilateral forelimb. Their results in feline
dorsal column nuclei were quite similar to ours in primate
cervical spinal cord. They showed that facilitation of the ADV
occurred for both flexor and extensor movements and preceded
the onset of EMG by >100 ms. The similarity of the results in
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these two studies indicates that inputs from cutaneous afferents
are attenuated in similar fashion at both major first-order relay
points. At both sites, attenuation of sensory input is mediated
at least partially by presynaptic inhibition and induced by
descending motor commands before movement. This phenom-
enon explains the increase in sensory detections thresholds
observed during active movements (Chapman and Beauchamp
2006; Milne et al. 1988). In addition to modulating ascending
conduction, presynaptic inhibition at the spinal level also
serves to protect the descending motor commands to interneu-
rons from interference from variable reafferent input (Seki et
al. 2003). To the extent that supraspinal motor centers are also
subject to such interference, the same protective function could
result from presynaptic inhibition of ascending conduction at
both relay sites.

In addition to the somatic cutaneous pathways, presynaptic
inhibition is also known to operate in various relays of the
visual (Pecci-Saavedra et al. 1966), olfactory (Ennis et al.
2001), and trigeminal (Baldissera et al. 1967) systems. Com-
parison of the functional roles of presynaptic inhibition at other
sensory relays could show general principles of sensorimotor
integration during voluntary behavior.
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