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Abstract

Pathological expression of movement and muscle tone in human upper motor neuron disorders has
been partly associated with impaired modulation of spinal inhibitory mechanisms, such as reciprocal
or presynaptic inhibition. In addition, input from specific afferent systems contributes significantly
to spinal reflex circuits coupled with posture or locomotion. Accordingly, the objectives of this study
were to identify the involved afferents and their relative contribution to soleus H-reflex modulation
induced by changes in hip position, and to relate these effects with activity of spinal interneuronal
circuits. Specifically, we investigated the actions of group | synergistic and antagonistic muscle
afferents (e.g. common peroneal nerve, CPN; medial gastrocnemius, MG) and tactile plantar
cutaneous afferents on the soleus H-reflex during controlled hip angle variations in 11 motor
incomplete spinal cord injured (SCI) subjects. It has been postulated in healthy subjects that CPN
stimulation evokes an inhibition on the soleus H-reflex at a conditioning test (C-T) interval of 2-4
ms. This short latency reflex depression is caused mainly by activation of the reciprocal la inhibitory
pathway. At longer C-T intervals (beyond 30 ms) the soleus H-reflex is again depressed, and is
generally accepted to be caused by presynaptic inhibition of soleus la afferents. Similarly, MG nerve
stimulation depresses soleus H-reflex excitability at the C-T interval of 6 ms, involving the pathway
of non-reciprocal group I inhibition, while excitation of plantar cutaneous afferents affects the activity
of spinal reflex pathways in the extensors. In this study, soleus H-reflexes recorded alone or during
CPN stimulation at either short (2, 3, 4 ms) or long (80, 100, 120 ms) C-T intervals, and MG nerve
stimulation delivered at 6 ms were elicited via conventional methods and similar to those adopted in
studies conducted in healthy subjects. Plantar skin conditioning stimulation was delivered through
two surface electrodes placed on the metatarsals at different C-T intervals ranging from 3 to 90 ms.
CPN stimulation at either short or long C-T intervals and MG nerve stimulation resulted in a
significant facilitation of the soleus H-reflex, regardless of the hip angle tested. Plantar skin
stimulation delivered with hip extended at 10° induced a bimodal facilitation reflex pattern, while
with hip flexed (10°, 30°) the reflex facilitation increased with increments in the C-T interval. This
study provides evidence that in human chronic SCI, classically key inhibitory reflex actions are
switched to facilitatory, and that spinal processing of plantar cutaneous sensory input and actions of
synergistic/antagonistic muscle afferents interact with hip proprioceptive input to facilitate soleus
H-reflex excitability. These actions might be associated with the pathological expression of neural
control of movement in individuals with SCI, and potentially could be considered in rehabilitation
programs geared to restore sensorimotor function in these patients.
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Introduction

It has been accepted for a long time that sensory afferent feedback integrated at several levels
of the central nervous system plays a principal role in regulating human movements
(Jankowska 1992). Sensory feedback might play even a more important role following a motor
incomplete spinal cord injury (SCI) in humans.

Research performed mainly in animal preparations has identified specific afferent systems such
as hip proprioceptors, group | muscle afferents, and plantar cutaneous afferents that control
muscle activity during movements. Both hip and ankle muscle afferents responding to stretch
and load respectively reset the locomotor rhythm, signifying their impact on the walking pattern
(Hiebert et al. 1996; Kriellaars et al. 1994; Conway et al. 1987). Practically, the hip joint has
to reach a certain extended angle for the swing phase to be initiated (Anderson and Grillner
1981), and the ankle extensor muscles to be unloaded (Duysens and Pearson 1980). In humans,
evidence suggests that hip angle is critical for soleus H-reflex modulation (Chapman et al.
1991a; Knikou and Rymer 2002b; Brooke et al. 1993, 1995), and for switching reflex inhibitory
actions to facilitatory (Knikou and Rymer 2002a).

Proprioceptive information from the foot sole contributes to the maintenance of erect posture
in humans (Kavounoudias et al. 2001), probably by re-enforcing extensor muscle activity
(Pierrot-Deseilligny et al. 1981), and by strengthening the ongoing motoneuronal activity
(Kernell and Hultborn 1990). In the cat, excitation of low-threshold afferents from the foot
delays or suppresses the initiation of swing, inhibits late flexion reflexes, and promotes stance
(Duysens and Pearson 1976; Duysens 1977; Conway et al. 1995). Recent studies in the spinal
cat further support the important role of the cutaneous afferents and show that these afferents
contribute to the recovery of stepping following spinalization (Bouyer and Rossignol 2003).

Activity in specific neuronal pathways and associated mechanisms can be indirectly assessed
in humans using specific electrophysiological techniques (reviewed in Hultborn 2003; Pierrot-
Deseilligny and Mazevet 2000). Using these methods, it is now possible to describe some of
the components that contribute to spinal pathophysiology of spasticity, when compared with
similar findings in healthy subjects. For example, earlier studies in healthy subjects have
described that the soleus H-reflex is depressed at conditioning test (C-T) intervals of 2—-4 ms,
when conditioned by electrical low-intensity strength stimulation of the ipsilateral common
peroneal nerve (CPN). These effects are mediated via the muscle spindle of the flexor group
la afferents, and the pathway involved is known as reciprocal la inhibition (Tanaka 1974;
Crone et al. 1987; see review in Crone 1993). This reflex inhibition is reported to decrease
considerably, and be eliminated during voluntary movement in individuals with established
SCI (Boorman et al. 1996a; Morita et al. 2001; Crone et al. 2003), contributing to spasticity
and to poor movement performance.

Further, presynaptic inhibition, which controls the transmission from la afferents gating
selectively the sensory feedback from the periphery (Rudomin and Schmidt 1999), can also be
indirectly assessed in humans. A conditioning volley to the CPN evokes a long lasting
inhibition in the soleus H-reflex (Crone and Nielsen 1994; Zehr and Stein 1996). This reflex
depression is attributed to presynaptic inhibition of soleus la afferents (reviewed in Katz
1999). In human SCI, modulation of la input is diminished under both static (Faist et al.
1994; Morita et al. 2001) and dynamic (Yang and Whelan 1993) conditions, suggesting that
the timely regulation of presynaptic inhibition at the onset of stretch or movement in these
patients might be lost.
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Autogenic group I inhibition is evidenced on the soleus H-reflex by a preceded conditioning
stimulus applied to the ipsilateral medial gastrocnemius (MG) nerve (Pierrot-Deseilligny et al.
1979). This reflex inhibition is reduced during voluntary activation (Pierrot-Deseilligny et al.
1982), and is replaced by group Ib excitation during walking (Stephens and Yang 1996) in
healthy subjects. The reports on this reflex inhibition in human spasticity are conflicting.
Delwaide and Oliver (1988) demonstrated that Ib inhibition is reduced in spasticity, while
Downes et al. (1995) could not confirm the reduction in Ib inhibition, probably because of
differences between cerebral and spinal spasticity. To summarize, changes in the organization
of spinal neuronal pathways contribute to the pathological expression of movement and muscle
tone after SCI. However, these spinal pathways have not been investigated under the influence
of the afferent systems aforementioned.

Accordingly, in the present study we investigated whether a combination of signals registering
hip position, excitation of synergistic and antagonistic muscle afferents and cutaneous afferents
interact to influence the magnitude of the soleus H-reflex as a function of hip angle under static
conditions in a group of subjects with motor incomplete SCI. Preliminary accounts of this work
have been reported only in abstract form (Knikou and Rymer 2004).

Materials and methods

Subjects

All experiments were approved by the Institutional Review Board (IRB), Office for the
Protection of Human Research Subjects at Northwestern University (Chicago IL, USA) and
conducted according to the 1964 Declaration of Helsinki. Informed consent was obtained from
all subjects or from their parents prior to testing. Eleven subjects with SCI ranging from C5 to
T11 participated in the study. The impairment scale of the American Spinal Injury Association
(ASIA) (Maynard et al. 1997) was employed to classify the completeness of the lesion. Clinical
tests were performed to determine if cutaneous and joint proprioception were present. Joint
and muscle proprioception was assessed by asking the subjects to identify the position and
direction of movement in the joints of both lower extremities with eyes closed, performed
passively by the experimenter. For assessing tactile sensation, subjects were asked to identify
with eyes closed the site where a peace of cotton and/or needle touched them. Of the 11 subjects,
one subject (S2) participated only in two tests before withdrawing from the study. None
displayed signs of lower motoneuron disorder. Subjects’ characteristics are summarized in
Table 1.

Subject position

Experiments were conducted with subjects supine. The right lower limb was secured to a knee
ankle foot orthosis (KAFO), previously used in similar studies in able-bodied and SCI subjects
(a, Knikou and Rymer 2002b). For each subject, adjustments were made to fit shank and thigh
lengths. The KAFO was connected to the motor head of an isokinetic dynamometer (Biodex
Medical Systems, Shirley, NY, USA). In all subjects, ankle and knee joints were set at 20° of
plantar flexion and 30° of flexion, respectively. With the KAFO secured to the lower limb, the
center of the subjects’ hip joint was then aligned with the center of the Biodex motor head unit.
The KAFO was moved in the sagittal plane by the experimenter. When the hip was placed in
the tested angle, the lower limb was stabilized by the Biodex system. During the experiment,
the head and arms were fully supported and subjects were instructed to relax.

Soleus H-reflex and M-wave (elicitation and recording protocol)

The soleus H-reflex was elicited by stimulating the right posterior tibial nerve in the popliteal
fossa through a monopolar electrode using a 1-ms rectangular pulse generated by a constant
current stimulator (DS7A; Digitimer Ltd., UK) and triggered once every 5 s. The indifferent
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electrode was placed just above the patella for selective stimulation of the nerve trunk (Hugon
1973).

Surface electromyograms (EMG) were recorded with single differential bipolar electrodes
(DelSys Inc., Boston, MA, USA) placed over the soleus muscle. EMG activity of MG and
tibialis anterior (TA) muscles was recorded in the experiments where the effects of MG and
CPN stimulation on the soleus H-reflex were investigated during hip angle changes,
respectively (for details on conditioning protocols see below). Light abrasion of the skin was
performed before placement of surface electrodes, which were secured with surgical adhesive
tape.

At the start of each test, a hand-held monopolar electrode was used as a probe to establish the
correct site for stimulating the posterior tibial nerve. This was identified as the one during
which the soleus H-reflex was present without the M-wave being present. Having established
this site, the probe electrode was replaced by a permanent one (N-10-A, Ambu Inc., Denmark)
under constant pressure, and the evoked responses were observed on the oscilloscope screen
(Tektronics, USA). In case the surface electrode did not evoke the same response behavior the
procedure was repeated. After this procedure was completed, the maximal M-wave was
measured. Then, the stimulus strength was adjusted to give an H-reflex of 15-30% of the
maximal M-wave, across subjects.

In this study, we used control H-reflexes of similar sizes (in percentages of maximal M-wave)
across subjects to assess the effects of different types of sensorimotor conditioning stimulation
(Crone et al. 1990) with hip positioned in different angles. This was based largely on that the
susceptibility of the reflex to inhibition and to facilitation and the amount of reciprocal la
inhibition depend on the size of the test reflex (Meinck 1980; Crone et al. 1985, 1990), while
imposed hip angle changes influence substantially the magnitude of the soleus H-reflex in
individuals with SCI (Knikou and Rymer 2002b). Based on these factors, at each hip angle
tested (30° flexion, 10° extension) the stimulus strength was carefully adjusted to evoke a
control H-reflex at each hip angle tested (Hoomonymousy (10° extension, 10° flexion, 30°
flexion) that had the same amplitude as the control reflex recorded with hip flexed at 10°, since
H-reflexes with these amplitudes have a minimal sensitivity to inhibition and facilitation
(Crone et al. 1990). The average size (pool data from all tested subjects) of the
Hohomonymous js nresented as a percentage of the maximal M-wave in Fig. 1. Data indicated
in this figure correspond to tests where the H-reflex was conditioned with plantar cutaneous
afferents (Fig. 1a) and CPN (Fig. 1b) stimulation (see ‘sensorimotor conditioning’ below for
specific protocols). Similar results were observed for MG nerve conditioning of the reflex. It
is clear that control H-reflexes recorded with hip set in different angles and across conditioning
protocols were of similar size. This allowed a valid comparison to be made on the amount of
facilitation/inhibition due to the conditioning stimulation across hip angles tested and subjects.

For each reflex recorded in this study (control or conditioned), 20 repeated reflex responses
evoked every 5 s were acquired and saved for further analysis. The recorded EMG signals were
amplified 1,000 times and band-pass-filtered (10 Hz-1 kHz), and subjected to an analogue to
digital conversion (PCI-MIO 16E, National Instruments Co., Austin, TX, USA). The digitized
EMG signals were rectified and the size of the evoked M-waves and H-reflexes was measured
as the area under the full-wave rectified waveforms (Matlab vs. 5.3., Mathworks).

The M-wave amplitude was used as a screening factor for accepting control H-reflexes across
hip angles and conditioned reflexes at different C-T intervals at each hip angle tested. By

keeping the M-wave amplitude stable, the number of group-la afferent fibers recruited by the
stimulus can be well-controlled (Boorman et al. 1996b). This resulted in a constant la afferent
test volley across hip angles tested. Control and conditioned soleus H-reflexes were recorded
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with the subjects supine and hip positioned randomly at 10°, 30° of flexion and extended to
10°.

Sensorimotor conditioning

Plantar cutaneous stimulation—Two Ag-AgCl surface electrodes (Ambu Inc., @lstykke,
Denmark) were placed transversely across the 1st and 3rd metatarsals. Using a constant current
stimulator (DS7, Digitimer Ltd., UK), the perceptual threshold (PT) that corresponded to the
stimulus intensity first perceived by the subject was established. All conditioning stimuli were
equivalent to 3xPT. At this stimulation intensity no movement of the intrinsic muscles of the
foot was elicited and no pain was reported, verifying that the conditioning afferent volley
excited mainly cutaneous afferents of the foot sole. Tactile units remain largely intact after
chronic SCI (Thomas and Westling 1995), thus transmission of plantar cutaneous sensation
was not regarded as problematic in the current study.

The conditioning stimulus train consisted of five pulses with an inter-stimulus interval of 4.8
ms and pulse train duration of 24 ms, similar to that previously employed in healthy subjects
to investigate the effects of plantar cutaneous afferents on the soleus H-reflex with the hip
positioned in different angles (Knikou and Rymer 2002a). Conditioning stimuli were delivered
every 5 s, and preceded the soleus H-reflex at variable C-T intervals. Each interval represents
the time between the end of the conditioning stimulus train and the single pulse delivered to
the posterior tibial nerve. Seven different C-T intervals were investigated when the soleus H-
reflex was conditioned by plantar cutaneous afferent excitation with hip positioned in different
angles. The intervals ranged from 3 to 90 ms (3, 6, 9, 15, 30, 60, 90 ms), so to observe early
and late effects on the soleus H-reflex with hip positioned at different angles. These intervals
were selected on the basis that non-nociceptive sural nerve (purely cutaneous) stimulation has
early and late facilitatory effects on the soleus H-reflex in motor complete SCI and able-bodied
subjects (Roby-Brami and Bussel 1990; Delwaide et al. 1981).

Antagonistic group | muscle afferent (CPN) stimulation—Methods for CPN
stimulation used in the present study were similar to those described in several studies
conducted in healthy subjects (Crone et al. 1987; Crone and Nielsen 1994). The stimulus to
the CPN was a single shock, 1-ms in duration, generated by a constant current stimulator
(DST7A, Digitimer Ltd., UK) and delivered with a bipolar electrode placed distal to the head
of the fibula. The conditioning stimulus was delivered every 5 s at motor threshold (MT) level
of the TA muscle, and was kept at this level during the experiment. Selective TA activation
ensured on that activity in the peroneal muscles was not present, and with increases in
stimulation intensity ankle dorsi flexion without eversion was evoked. Because the peroneal
muscles are not antagonists to the soleus muscle, activation of their afferents might obscure
the reciprocal inhibition. Thus, although TA and peroneus longus reflex arcs can be activated
independently (Pérot and Mora 1993), it was essential that in all tests the motor threshold in
the TA muscle was always lower than the one in the peroneal muscles. This was checked by
palpating the tendon of the peroneal muscles. Given a possible spread of TA activity, only
motor responses associated with a clear contraction in the peroneal muscles were taken as
evidence of peroneal motor axons activation.

The MT in the TA muscle was determined by the appearance of EMG activity recorded by a
differential bipolar surface electrode (DelSys Inc., MA, USA) placed over the TA muscle.
During H-reflex conditioning, TA H-wave amplitude was monitored online to ensure stability
of the conditioning afferent volley. In cases where the TA H-wave was absent constancy of
the conditioning stimulation was ensured by very small in magnitude TA M-waves.

The ipsilateral CPN stimulation always preceded the soleus H-reflex at C-T intervals of short
(2, 3, and 4 ms) and long (80, 100, and 120 ms) duration. These C-T intervals were selected
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on the basis that in quiescent healthy subjects the reciprocal la inhibitory pathway has the
shortest latency with 2 to 3 ms between activation of the agonist and inhibition of the antagonist
(Crone etal. 1987; Crone and Nielsen 1989), while the reflex inhibition produced by this weak
stimulation at such long C-T intervals is predominantly presynaptic (lles 1996; Zehr and Stein
1999).

Synergistic group | muscle afferents (MG nerve) stimulation—Methods for MG
nerve stimulation used in the present study were similar to those described by Pierrot-
Deseilligny et al. (1979). The stimulus to the MG nerve was a single shock, 1-ms in duration,
generated by a constant current stimulator and delivered with a bipolar electrode placed at a
site where a clear contraction of the MG muscle could be observed. This electrode was placed
6-10 cm below the cathode electrode to the posterior tibial nerve. The stimulus strength to the
MG nerve was set at 0.95xMT to avoid recurrent inhibition (Rossi et al. 1994). The intensity
of the MG stimulus was kept below the level that would generate an M-wave in the MG muscle.
Surface electrodes (DelSys, USA) recording MG muscle activity were placed over the muscle
site that showed contraction at minimal stimulation intensities.

The effects of MG nerve stimulation on the homologous muscle were observed online and
were checked several times throughout the experiment to ensure that MG nerve stimulation
did not change over the course of the experiment. MG nerve stimulation always preceded the
soleus H-reflex at a C-T interval of 6 ms, delivered every 5 s. This interval was selected on the
basis that in quiescent healthy subjects, MG nerve stimulation at 6 ms induces a stronger soleus
H-reflex depression compared to other C-T intervals (Pierrot-Deseilligny et al. 1979).

Experimental procedures

With the KAFO secured to the right lower limb, the hip joint was set at 10° of flexion passively
by the experimenter and was held stable in this position by the Biodex system. In this position,
control and conditioned H-reflexes were recorded according to the methods previously
described. The hip was then set to a new angle and reflexes (control and conditioned) were
recorded again. At every hip angle tested, the control H-reflex (Hohomonymous) was recorded
at least twice to establish reflex stability and was randomly alternated with the conditioned
reflexes. This experimental protocol was adopted for conditioning the soleus H-reflex with
CPN, MG, and plantar cutaneous afferents stimulation with the hip positioned in different
angles (10°, 30° flexion, 10° extension) across subjects. For each subject, each conditioning
protocol was completed in a different experimental session, and each test lasted 2 h.

Data analysis

For each subject, the 20 repeated responses of each of the conditioned H-reflex were expressed
as a percentage of the mean size of the control reflex recorded at each hip angle tested. A one-
way analysis of variance (ANOVA) along with post hoc Bonferroni tests were applied to the
experimental data sets to determine if significant differences existed between the control and
the conditioned H-reflexes at each hip angle, and to establish statistically significant differences
between the conditioned H-reflexes across C-T intervals. This analysis was performed for
every conditioning protocol separately.

The average size (n=20) of the conditioned H-reflex from each subject was then grouped by
the hip angle and C-T interval tested. For each conditioning protocol, a two-way ANOVA with
repeated measures was applied to the experimental data sets in order to establish changes in
the magnitude of the conditioned H-reflex across hip angles and C-T intervals investigated.

For each trial, the sizes of the M-waves of the control and conditioned H-reflexes were
expressed as a percentage of the maximal M-wave. A one-way ANOVA was used to test for
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differences between the M-waves of the reflexes recorded under control conditions and
following sensorimotor conditioning. If significant differences were encountered the trial was
rejected. Statistical analysis was also performed between the sizes of the M-waves in the
Hohomonymous reflexes. When significant differences were identified the trial was rejected.
Statistically significant differences between the control and the conditioned reflexes were
established at 95% of confidence interval. Results are presented as mean values along with the
standard error of the mean (SEM).

Effects of plantar cutaneous afferents stimulation on the soleus H-reflex during hip angle

changes

A summary of changes in the conditioned H-reflex following excitation of plantar cutaneous
afferents for all C-T intervals and hip angles is illustrated in Fig. 2. Data in this figure indicate
the average size of the conditioned H-reflex from all subjects tested. Excitation of plantar
cutaneous afferents with the hip extended at 10° resulted in a significant facilitation of the H-
reflex at the C-T interval of 3 ms. At this interval, the conditioned H-reflex reached an
amplitude of 160 + 36% of HoMomonymous (Fig. 2a). With increments in the C-T interval, the
conditioned H-reflex reduced to control reflex values (9 and 15 ms), and then facilitation re-
emerged during the longer C-T intervals investigated (e.g. 30-90 ms). It is thus apparent that
excitation of low-threshold cutaneous afferent of the foot sole induced an early and a late soleus
H-reflex facilitation with hip extended at 10°.

In contrast, hip flexed at 10° and at 30° induced a reflex facilitation that became stronger with
increments in the C-T interval. Specifically, with the hip flexed at 10° the conditioned soleus
H-reflex reached an overall amplitude of 140 + 19% and 180 + 18% of HoNomonymous gt the
C-T intervals of 6 and 90 ms, respectively (Fig. 2b). Only at the C-T interval of 3 ms no
significant changes in the conditioned soleus H-reflex were encountered (P>0.05). Similarly,
the conditioned H-reflex following stimulation of plantar cutaneous afferents with hip flexed
at 30° (Fig. 2¢), at the C-T intervals of 9 and 90 ms reached an overall amplitude of 120 =
9.18% and 195 + 34% of HoNoMonymous regpectively. At the C-T intervals of 3 and 6 ms no
significant changes in the size of the conditioned H-reflex were observed (P>0.05). The
magnitude of the conditioned soleus H-reflex in response to plantar cutaneous afferents
excitation was significantly different across C-T intervals and hip angles investigated

(F(s, 35=3.84, P<0.05).

Effects of CPN group | afferents excitation on the soleus H-reflex during hip angle changes

Figure 3 illustrates examples of EMG activity of TA and MG muscles recorded in one subject
(S3) with the hip set in different angles of flexion and extension. EMG activity is shown when
CPN stimulation was delivered alone and following conditioning of the soleus H-reflex with
CPN stimulation at the C-T intervals of 3 and 100 ms. MG muscle activity was present at a
latency of 33 ms, corresponding closely to that of the soleus H-reflex, indicating that a number
of gastrocnemius group | afferents were excited following posterior tibial nerve stimulation,
while no MG motor axons were excited.

TA H-reflexes were present in 6 of the 11 subjects following CPN stimulation and following
conditioning of the soleus H-reflex with CPN stimulation during imposed hip angle

positioning. CPN stimulation alone induced an H-reflex in the TA muscle of similar amplitude
at all hip angles tested (Fig. 3, left panel), demonstrating that excitation of antagonist group |
afferents did not vary with changes in hip angle, and that conditioning stimulation occurred at
low intensities exciting mainly flexor group la muscle afferents. The amplitude of the TA H-
reflex recorded with the hip flexed at 10° was similar across subjects (P=0.51) when the soleus
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H-reflex was conditioned at 3 ms or at 100 ms. These TA H-reflexes were not significantly
different from those recorded under control conditions (CPN stimulation alone). Similar
findings were observed at the remaining hip angles.

CPN stimulation resulted in a significant facilitation of the soleus H-reflex with the hip set at
different angles. Figure 4 shows the effects of CPN stimulation on the soleus H-reflex (dashed
lines; average of 20 reflex responses) for the C-T intervals of 3 and 100 ms when the hip was
positioned at 10° of flexion and extension (data are from subject 3). In all cases, reflex
conditioning occurred without significant changes in the M-wave, verifying stable stimulation
conditions. Moreover, the Hoomonymous (solid |ines, average of 20 reflex responses) recorded
with hip flexed at 30° and with hip extended at 10° were not significantly different from the
control reflex recorded with the hip flexed at 10° (P>0.05), signifying further that the inhibitory
and facilitatory effects of hip flexion and extension on the soleus H-reflex were counteracted
(Knikou and Rymer 2002b), and thus the observed effects on the soleus H-reflex at these hip
angles were due to the conditioning stimulation.

A summary of changes in the conditioned H-reflex size following CPN stimulation is illustrated
in Fig. 5. At the C-T interval of 2 ms, the conditioned H-reflexes reached overall amplitudes
of 150 + 18.3% and 120 + 13% of Hohomonymous (p<(.05) with the hip flexed or extended at
10°, respectively. Facilitatory effects on the H-reflex were also observed when the conditioning
stimulus was delivered with the hip flexed at 30° (126.4 + 11% of HoNomonymous at 2 ms
P<0.05). Likewise, CPN stimulation delivered at long C-T intervals (80, 100 and 120 ms)
induced facilitatory effects on the soleus H-reflex with the hip set at different angles (Fig. 5b).
The conditioned H-reflex reached an overall amplitude of 146 + 12%, 150 + 28% and 146 +
23% of Hohomonymous (p<( 05) for C-T intervals of 80, 100, and 120 ms, respectively when
the hip was extended at 10°. Facilitatory effects on the soleus H-reflex amplitude were also
observed at the remaining hip angles. Two-way ANOVA applied to the pool data grouped
according to the C-T interval and hip angle showed that the effects induced by CPN stimulation
at either short (2 and 3 ms) or long (80, 100, 120 ms) C-T intervals did not show statistically
significant differences across hip angles (P=0.266, P=0.112, respectively).

Effects of MG group | afferents excitation on the soleus H-reflex during hip angle changes

MG nerve stimulation delivered with subjects supine and hip set at various angles of flexion
and extension resulted in significant changes in the size of the soleus H-reflex (Fig. 6). MG
nerve stimulation with hip positioned at 30° of flexion resulted in facilitation of the reflex. The
reflex reached an overall amplitude of 150 + 17% of Hohomonymous gt the C-T interval of 6 ms.
Similarly, reflex facilitation was the only effect following MG nerve stimulation with the hip
flexed or extended at 10°.

Discussion

Effects of plantar cutaneous afferent activation and hip angle changes on the soleus H-reflex

In all subjects of this study, hip-mediated sensory feedback influenced neuronal pathways
conveying information from low-threshold plantar cutaneous afferents to soleus o
motoneurons. The soleus H-reflex displayed a bimodal facilitation pattern with hip extended
to 10°, while in the remaining two hip angles (10°, 30° flexion) the reflex facilitation was
increased with increments in the C-T interval (Fig. 2). Our findings are in line with studies
postulating changes in soleus H-reflex following activation of tactile afferents from the foot.
Stimulation of purely cutaneous nerves (sural and saphenous) induces early and late soleus H-
reflex facilitation in healthy subjects (Delwaide et al. 1981), and in intact and spinal cats
(Schieppati and Crenna 1984;Crenna et al. 1982). Similar effects have also been reported for
motor complete spinal-injured subjects (Roby-Brami and Bussel 1990). Nonetheless, no
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changes on the test H-reflex following excitation of plantar cutaneous afferents have also been
reported (Pierrot-Deseilligny et al. 1981;Rossi and Mazzocchio 1988). The difference between
these studies may be related to the protocol employed to excite cutaneous afferents, e.g. single
pulse vs. pulse train.

Compared to what we have previously observed in healthy subjects (Knikou and Rymer
2002a), it appears that cutaneous afferent input during imposed hip angle changes influences
spinal reflex excitability differently after SCI. So, it is possible that following SCI cutaneous
afferent input augments spinal reflex excitability, triggered by signals registering hip position
contributing in this way to exaggeration of muscle activity seen in these patients.

Plantar cutaneous afferents depress the actions of Ib reflex pathways to motoneurons supplying
muscles at the knee but not at the ankle (Pierrot-Deseilligny et al. 1981), increase the reciprocal
inhibition from TA onto soleus a motoneurons (Rossi and Mazzocchio 1988), and modulate
transmission in presynaptic inhibitory pathways (lles 1996). These findings suggest that tactile
cutaneous afferents from the foot have spinal oligosynaptic and polysynaptic connections with
the interneurons intercalated in the Ib, la reciprocal and presynaptic pathways. The contribution
of cutaneous afferents in these neuronal pathways verifies that their signal integration at spinal
level plays a significant role in the control of movement and posture in humans. This is clearly
demonstrated in cases where such input is absent as in patients with sensory polyneuropathy,
and postulated as large variations in their step cycle (van Wezel et al. 2000).

Potential mechanisms that contributed to the soleus H-reflex modulation following excitation
of tactile plantar cutaneous afferents during imposed hip angle changes include decrement of
presynaptic inhibition of la afferent terminals exerted by large cutaneous fibres (lles 1996;
Rudomin et al. 1974), interaction of cutaneous afferents with Ib inhibitory interneurons
(Pierrot-Deseilligny et al. 1981), and cutaneous facilitation of a motoneurons via segmental
interneuronal effects. At present however we have no evidence to support any of these
mechanisms preferentially. To summarize, activation of tactile plantar cutaneous afferents
increase soleus H-reflex excitability with the hip either flexed or extended, suggesting that
sensory input from cutaneous mechanoreceptors of the foot sole interacts with hip-mediated
sensory input to enhance H-reflex excitability in human SCI. The exaggerated H-reflex might
be related to the enhanced muscle activity seen in these patients, observed clinically as extensor
spasms.

modulation of spinal inhibitory mechanisms

CPN stimulation at either 2—4 ms or at 80-120 ms resulted in soleus H-reflex facilitation,
regardless of the hip angle tested in all subjects (Fig. 5). In healthy subjects at rest, CPN
stimulation induces soleus H-reflex depression at these C-T intervals. The reflex inhibition at
the C-T intervals of 2 and 3 ms, involves mainly the reciprocal la inhibition, while the long
latency reflex depression is primarily attributed to presynaptic inhibition of soleus la afferents
(Crone et al. 1987;Zehr and Stein 1999). Our results indicate that both reciprocal and
presynaptic inhibition were absent during hip angle changes, postulating a lack in key spinal
inhibitory mechanisms in chronic human SCI when hip proprioceptive input is concurrently
present.

The most prevalent possible mechanism to account for the manifestation of depression in
reciprocal inhibition is the disruption of the descending pathways that excite spinal
interneurons which in turn influence the reciprocal inhibition of a motoneurons (Crone and
Nielsen 1994). However, an existing facilitatory pathway that becomes more potent following
SCI should also be considered. This facilitatory pathway was evident with changes in hip
position. The presence of a facilitatory pathway is supported by the differential modulation
pattern of reciprocal and presynaptic inhibition during imposed static hip angle changes in
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neurologically intact subjects (Knikou and Rymer 2003), and the high incidence rate of the TA
H-reflexes observed here. TA H-reflexes have previously reported in healthy subjects but at a
much lower incidence rate (Crone et al. 1987; Pérot and Mora 1993). This suggests that TA
motoneuronal excitability is increased in human SCI, and probably be mediated by a similar
facilitatory pathway during which the actions of la reciprocal and presynaptic inhibitory
interneurons were suppressed or absent during imposed hip angle changes.

Previous human studies have demonstrated diverse excitatory inputs onto la and presynaptic
inhibitory interneurons in man, with their inhibitory actions to decrease or to increase
depending on the direction of the movement (Petersen et al. 1999; Morita et al. 2001; Nielsen
and Kagamihara 1993, Pierrot-Deseilligny 1997; Hultborn et al. 1987). These studies along
with our findings suggest that the strength of reciprocal la and presynaptic inhibition is
influenced by afferents of distal and proximal muscles and that some heteronymous
connections postulated in healthy subjects (Meunier et al. 1990) are preserved following SCI.

However, it was not only the reciprocal la or presynaptic inhibition that was depressed during
hip angle changes but also the non-reciprocal group | inhibition, suggesting of a generalized
suppression of the spinal inhibitory mechanisms following SCI during hip angle changes. MG
nerve stimulation is known to induce soleus H-reflex depression in healthy subjects at rest
(Pierrot-Deseilligny et al. 1979; Jami 1992). This reflex depression is evoked mainly from
Golgi tendon organ (Ib) afferents (Pierrot-Deseilligny et al. 1979); however, a contribution
from MG group la afferents cannot be excluded (Gritti and Schieppati 1989). During walking,
group Ib inhibition is replaced by a locomotor-related Ib excitation contributing to ankle
stability during stance (Stephens and Yang 1996). In all subjects of this study, the disynaptic
inhibitory input between MG and soleus o motoneurons was absent and was replaced by group
| excitation independent of the hip angle, in contrast to that reported in able-bodied subjects
(Knikou and Rymer 2002a). Group | excitation from the MG muscle during hip angle changes
may resemble the reflex reversal observed during walking. However, one might consider that
not only the conditions are different in several aspects, but also most importantly the absence
of concurrent load input might modulate this neuronal pathway differently. Thus, there is a
need for future studies on these reflex inhibitory actions during dynamic conditions in
individuals with SCI.

Overall, reciprocal la, presynaptic and non-reciprocal group | inhibition were depressed with
hip positioned at different angles. Practically, lack of these inhibitory mechanisms may be
related to the manifestation of the extensor spasms observed in these patients. It is known that
when patients with a SCI move from sit to supine, involving bilateral hip extension movement,
extensor spasms are observed (Kuhn 1950). Given that the extensor spasms are a multi-joint
response, some connections between distal and proximal afferents are preserved after SCI, and
that imposed hip angle changes affect reflex pathways and actions of inhibitory interneurons
coupled with human posture and locomotion, it is possible that the extensor spasms might be
mediated by similar mechanisms that led to the depression of actions in these spinal inhibitory
interneurons observed in this study.

Which afferents/receptors of the hip region were excited during imposed hip angle changes?

Given the current experimental protocol, it is difficult to identify the involved afferents that
participated in the modulation of the actions of inhibitory interneurons and tactile cutaneous
sensory input during imposed angle changes. Nonetheless, we should consider the most
prevalent ones. Based largely on observations in analogous reduced animal preparations, the
observed effects might be associated with the stretch of the muscles within the hip region.

Denervation of hip joint afferents does not affect the ability of the hip position to entrain the
fictive locomotor rhythm in the spinal cat (Kriellaars et al. 1994), while selective activation of
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group I hip flexor muscle afferents (iliopsoas, sartorius) have the potential to prolong the swing
phase of gait (Hiebert et al. 1996; Perreault et al. 1995). In a similar way, ankle muscle afferents
responding to stretch modulate significantly soleus H-reflex excitability (Pinniger et al.
2001). It is worth noting that muscle receptors have been reported as receptors for detecting
limb position, with their static discharges to depend on the amount of the muscle shortening
or lengthening (Ribot-Ciscar et al. 2003). Further, in the absence of any background force, it
is unlikely that group Ib afferents were activated during static hip angle changes. Thus, it is
possible that muscle spindle afferents responding to stretch contributed to the observed effects.

Another question that arises at this point is under which mechanisms the hip muscle spindle
afferents contributed to this reflex modulation. In this study we used the H-reflex as a test
reflex to assess the effects of conditioning afferent volleys on a pool of soleus motoneurons.
Reflex facilitation is likely to affect the motoneurons that were just recruited in the control
reflex or that just failed to discharge (Pierrot-Deseilligny and Mazevet 2000). These
motoneurons receive also oligosynaptic excitatory inputs (Burke et al. 1984). Given the
uniform reflex facilitation observed in all hip angles following different types of conditioning
stimulation, and that reflex modulation during hip angle changes coincides with shifts in reflex
latency (Knikou and Rymer 2002b), there is a theoretical possibility that hip proprioceptive
input increased the transmission of facilitatory interneurons and decreased the transmission of
inhibitory interneurons affecting o motoneuronal excitability. However, future studies are
necessary to address possible neuronal mechanisms using more detailed methods, such as the
post-stimulus time histograms method, in which a single motoneuron is investigated.

Possible effects from inter-subject variability

Based on the consistent modulation pattern of the soleus H-reflex, following excitation of
synergist/antagonist muscle afferents and tactile plantar cutaneous afferents with hip set at
different angles of flexion and at 10° of extension, no conclusion could be drawn about
differential effects due to the level or the nature of the injury. The spinal lesions were classified
as ASIA Cin 9 out of 11 subjects with their injury level to range from C5 to T9. Similarly,
although 7 out of the 11 subjects were taking varying amounts of antispastic medications at
the time of the study, across conditioning stimulations, we found no significant differences in
the magnitude of the conditioned H-reflex when comparing data from subjects on spasticity
medications to those without medications (P>0.05). However, the sample size for this
comparison was small (see Table 1). It is worth noting at this point that the antispastic effect
of baclofen, for example, in spastic multiple sclerosis patients has recently been demonstrated
not to be due to changes on the transmitter release from la afferents or on disynaptic reciprocal
la inhibition but from direct depression of motoneuronal excitability leading to decreased H-
reflexes (drsnes et al. 2000). This strongly suggests that in patients who were under baclofen,
their medication had minimal effects on the modulation pattern of reciprocal la and presynaptic
inhibition observed here. Nevertheless, the effects of spasticity medications on the expression
of these inhibitory/facilitatory reflex actions in response to imposed hip angle changes is an
important topic for future studies since hip proprioceptive input influences walking in
individuals with SCI (Dietz et al. 2002).

Conclusions

This study has demonstrated that hip afferent input interacts with post- and presynaptic
inhibitory interneurons, and also with distal tactile cutaneous afferents such as those of the foot
sole. The net effect on the soleus H-reflex expression following excitation of afferents from
synergist/antagonist muscles and plantar cutaneous afferents was excitatory, verifying that key
inhibitory reflex actions were switched to facilitatory, contributing to the pathological
expression of muscle tone and movement in human SCI. Given the uniform reflex facilitation
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under all types of sensorimotor conditioning, we propose that transmission in facilitatory
interneurons become more potent when input from hip proprioceptors is present, enhancing
spinal reflex excitability. This multisegmental interneuronal excitatory drive may account for
the manifestation of the extensor spasms seen in these patients. On the basis that combined
input from cutaneous afferents and signals transmitting hip position interact and shape the
walking pattern in individuals with established SCI (Dietz et al. 2002), there is a need for further
investigation on these neuronal pathways in individuals with SCI during dynamic conditions.
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A conditioning protocol: plantar cutaneous afferents stimulation
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a, b Pool data showing the average size of the control H-reflex (Ho"omonymousy recorded at
each hip angle tested as a percentage of the maximal M-wave from two different experimental
tests (H-reflex conditioning stimulation protocols). For all cases, no statistically significant
differences between the Hoomonymous recorded across hip angles were encountered (P>0.05).
Error bars denote the standard error of the mean(SEM)
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a—c Effects of plantar cutaneous afferent excitation on the soleus H™ reflex with hip positioned
at 10° of extension (a), 10° of flexion (b), and at 30° of flexion (c). For each conditioning test
interval, the overall (from all subjects) average amplitude of the conditioned soleus H-reflex
is presented as a percentage of the mean size of the Hohomonymous_ Asterisks indicate statistically

significant differences between the conditioned H-reflex size and the control H-reflex

(Hohomonymousy (p<(.05). Error bars represent the SEM
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Fig. 3.

Full-wave rectified EMG activity in TA and MG muscles is shown for one subject (S3) under
all conditions of testing. EMG activity of these muscles is shown with hip positioned at different
angles of flexion and at 10° of extension during common peroneal nerve (CPN) stimulation
alone and following conditioning of the soleus H-reflex (posterior tibial nerve stimulation)
with CPN stimulation at 3 ms and at 100 ms of conditioning test intervals. Under all conditions
motor axons were not excited while TA displayed a stable in amplitude H-reflex in all hip
angles investigated
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Fig. 4.

The average full-wave rectified H-reflex (n=20) recorded under control conditions (solid
lines) and during conditioning of the soleus H-reflex with common peroneal nerve stimulation
(dotted lines) at conditioning test intervals of 3 and 100 ms with hip flexed and extended at
10¢ are presented. Data shown are from subject S3. Note that the increment in the conditioned
H-reflex size in all trials occurred without significant changes in the M-wave, signifying stable
stimulation and recording conditions
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Fig. 5.

a, b Effects of variation on the conditioning action of common peroneal nerve stimulation on
the soleus H-reflex during short (a) and long (b) conditioning test (C-T) intervals with the hip
positioned at 10°, 30° of flexion and at 10° of extension. Data represent the overall mean size
(pool data from all subjects tested) of the conditioned H-reflex expressed as a percentage of
the Hohomonymous and grouped according to the C- T interval and hip angle. Asterisks indicate
cases of statistically significant differences between the control and the conditioned reflex. In
both graphs error bars designate the SEM
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Fig. 6.

Histogram shows the effects of MG nerve stimulation on the magnitude of the soleus H-reflex
at a conditioning test interval of 6 ms with the hip set at different angles. The overall (pool
data) average amplitude of the H-reflex (expressed as a percentage of the mean size of the
Hohomonymous) js plotted for each hip angle investigated. Asterisks indicate cases of statistically
significant differences established at 95% of confidence level. Error bars represent the SEM

Exp Brain Res. Author manuscript; available in PMC 2006 January 25.



Page 22

Knikou

SN IN

‘arewa 4 "Jaybiy Jo ¢ Jo apeu ajosnw e Buiney Ainful 8y Jo [9A8] Y} MOJa] SBJISNW BU} JO J[BY ISes] Te Y 83a|dwodul Jojow pue AIosuss @ YISY § 40 IN0 € uey) $sa] JO (IS8} 9[9SNW [enuew eiA
parewnsa) apelb ajosnw e Buiaey [aAs] Ainful mojag sajosnuu Jo Jjey Ueyl aiow Yim Ing ‘e19jdwoaul Jojow pue Aiosuss J YISY ‘@19]dwoour A1osuas Inq a1a|dwiod Jojow g VISY ‘(L66T '[e 18 pJeukeln)
a[eas (VISY) uonerdossy Ainfuj [eulds ueauswy ay} 01 Buipodde paljisse]d Sem uoiss| ayl JO Ssauaia|dwiod ayl "(#96T YUOMUSY) 3]eds YULOMUSY 8y} 03 Buipioade pajeds sem apjue ayl e Auonseds

Wwem/plod
- J0 uonesuss oN to] o} € 96T 0S N 118
WwJem/pjod
Bwi g usjoloeg JO uoljesuss oN S0} o} T 08T 05 N 0TS
B G/ sojodi xineld e 80 2 0 43 47 N 6S
WwJem/pjod
— JO uoljesuss oN €L o} 4 0c ST N 8S
Bw QT usjojorg 10e1U] 6L o] 0 (014 69 E| LS
Bw 0oz usjoloeg 10e1U] 90 a 0 12 LT N 9S
Bw oz usyoloeg 1oeu| TTL o) 4 ST 0¢ N asS
Bw 09 usjojoeg 10e1U] 90 o] 4 514 *14 N S
- 10BU| S0 o] 0 0z 12 N €S
Bw og wnijeA 10e1U] S0} 2| 0 6 144 N 4
— 10e1U] S0 o] T CL € N 1S
(syuow) Aunfui
Aep/uoiresipan uoljesuas |oA8] UoISa] 8]9S VISV 8409S YlIOMYSY -1s0d (s1eak) aby BETOIELS) s109lgns
SalIs1Iv1oRIRYd .muow.—n_:m 10S
TalqelL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Exp Brain Res. Author manuscript; available in PMC 2006 January 25.



