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Temporal facilitation of spastic stretch reflexes following
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Recent evidence suggests that alterations in ionic conductances in spinal motoneurones,
specifically the manifestation of persistent inward currents, may be partly responsible for
the appearance of hyperexcitable reflexes following spinal cord injury (SCI). We hypothesized
that such alterations would manifest as temporal facilitation of stretch reflexes in human SCI.
Controlled, triangular wave, ankle joint rotations applied at variable velocities (30120 deg s ')
and intervals between stretches (0.25-5.0s) were performed on 14 SCI subjects with
velocity-dependent, hyperexcitable plantarflexors. Repeated stretch elicited significant increases
in plantarflexion torques and electromyographic (EMG) activity from the soleus (SOL) and
medial gastrocnemius (MG). At higher velocities (> 90 deg s '), reflex torques declined initially,
but subsequently increased to levels exceeding the initial response, while mean EMG responses
increased throughout the joint perturbations. At lower velocities (< 60 degs™), both joint
torques and EMGs increased gradually. Throughout a range of angular velocities, reflex responses
increased significantly only at intervals < 1s between stretches and following at least four
rotations. Ramp-and-hold perturbations used to elicit tonic stretch reflexes revealed significantly
prolonged EMG responses following one or two triangular stretches, as compared to single
ramp-and-hold excursions. Post hoc analyses revealed reduced reflex facilitation in subjects
using baclofen to control spastic behaviours. Evidence of stretch reflex facilitation post-SCI
may reflect changes in underlying neuronal properties and provide insight into the mechanisms

underlying spastic reflexes.
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Following brain or spinal cord injury (SCI), a prominent
feature of the ‘upper motor neurone syndrome’
is spasticity (Katz & Rymer, 1989), characterized
as velocity-dependent, hyperexcitable stretch reflexes
(Lance, 1980). Spasticity is but one component of
a spectrum of involuntary motor behaviours broadly
characterized as spastic hypertonia (Priebe et al.
1996; Meythaler, 2001), which can include hyperactive
multijoint reflexes (spasms), agonist—antagonist co-
contraction, and dystonia or abnormal posturing.
Although there are changes in passive muscle stiffness
following neurological injury (Dietz et al. 1981; Lieber et al.
2004), the pathology and primary mechanisms underlying
stretch reflex hyperexcitability (i.e. spasticity) are neural
in origin (Sheean, 2002; Kamper et al. 2003). Specific
potential mechanisms responsible for spasticity include
alterations in motoneuronal excitability (Katz & Rymer,
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1989; Heckman et al. 2005) or augmented synaptic inputs
with muscle stretch (Dietrichson, 1971a,b; Iles & Roberts,
1986; Koerber et al. 1994; Calancie et al. 2002; Jankowska
& Hammar, 2002), although the contributions of each are
unknown.

Animal models of SCI have provided substantial insight
into mechanisms underlying exaggerated spinal reflexes.
For example, following chronic (> 2 weeks), complete
spinalization at the S2-S3 spinal cord level in the rat,
the animal’s tail demonstrates signs of hyperreflexia,
including clonus and spasms (Bennett ef al. 1999, 2004).
Such behaviours occur concomitantly with alterations in
intrinsic motoneurone (MN) properties. In particular,
persistent inward (Ca?*t and Na™) currents (PICs) are
observed in MNs and may be partly responsible for
the spastic behaviours (Li & Bennett, 2003). Following
blockade of action potentials, PICs are often observed
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as voltage-gated, sustained periods of depolarization (i.e.
plateau potentials) that can amplify and prolong the effects
of brief excitatory inputs (Crone et al. 1988; Hounsgaard
etal. 1988; Bennett et al. 2001). In addition, PIC activation
is time dependent, manifesting as temporal facilitation (i.e.
wind-up or warm-up) of neuronal excitability following
brief repeated excitation. Such behaviour is characterized
by a decrease in the depolarization required to activate
PICs (i.e. reduction of PIC threshold) with repeated
stimuli, with little increase in PIC magnitude (Svirskis &
Hounsgaard, 1997; Bennett et al. 1998). As such, wind-up
is observed as a time-dependent reduction in the synaptic
inputrequired for previously quiescent MNs to reach firing
threshold, therebyresulting in earlier recruitmentand anet
amplification of the motor output (Bennett ef al. 1998).

In mammalian spinal MNs, the presence of PICs is
facilitated by descending serotonergic and noradrenergic
inputs from brainstem pathways (Conway ef al. 1988;
Hounsgaard et al. 1988), and may reduce the need for
continuous synaptic drive during sustained voluntary
contractions (Kiehn & Eken, 1998). In the absence of
such inputs, as occurs following acute SCI, PICs are
typically observed only following exogenous application of
monoamines. Two to four weeks following SCI, however,
PICs re-emerge spontaneously (i.e. without descending
modulatory inputs) and simultaneously with the onset of
hyperreflexia (Bennett et al. 2001).

Consistent with the above results, the presence
of PIC-like phenomena has been implicated in the
manifestation of involuntary spinal reflexes in humans
following SCI. For example, low-threshold, percutaneous
muscle stimulation elicits sustained motor output that
outlasts the stimulus period (Nickolls et al. 2004),
although there is no apparent relationship with spastic
motor activity. Motor unit discharge patterns observed
during long-lasting spasms reveal low discharge rates with
extremely low variability, and are thought to originate
from intrinsic MN PICs (Gorassini et al. 2004). In
addition, repeated electrical stimuli at the medial arch of
subjects with complete SCI elicits temporal facilitation
of hyperactive flexion reflexes (or flexor spasms; Hornby
et al. 2003; Schmit et al. 2003), the time constant of
which is similar to wind-up observed in spinal neurones
displaying PICs (Svirskis & Hounsgaard, 1997; Bennett
et al. 1998). The combined results suggest that PIC-like
activity in spinal circuits can be elicited in subjects with
SCI and may contribute to long-lasting spasms. Whether
such behaviours contribute to velocity-dependent,
hyperexcitable stretch reflexes (i.e. spasticity) following
human SCI is unknown.

The following study was undertaken to determine if
exaggerated stretch reflexes observed in plantarflexors of
individuals with SCI demonstrate properties consistent
with PIC-like activity. Specifically, we hypothesized that
the reflex motor output to repeated plantarflexor stretch
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in individuals with spasticity following chronic SCI would
demonstrate temporal facilitation. Repeated joint rotation
at variable velocities and intervals between perturbations
were performed, while joint torques and EMG activity of
selected lower extremity muscles were collected. Evidence
of stretch reflex facilitation may provide information
regarding the mechanisms underlying spasticity following
SCIL

Methods

Subjects

Individuals with SCI (> 6 months duration) were
recruited through the outpatient clinics of the

Rehabilitation Institute of Chicago. Subjects with
sagittal plane passive ankle range of motion > 40 deg were
included, with the presence of increased passive and/or
reflex responses to manually imposed plantarflexor
stretch. Specifically, subjects with an Ashworth score > 1
(Ashworth, 1964), or those individuals with the presence
of plantarflexor clonus (i.e. involuntary rhythmic joint
oscillation initiated by rapid, maintained stretch; Benz
et al. 2005) were eligible. Exclusion criteria included
multiple CNS lesions, lower extremity nerve injury,
including subjects with a neurological level of injury
below the 10th thoracic level, or a history of lower
extremity fracture. Informed consent was obtained for
each subject, and all procedures were conducted in
accordance with the Declaration of Helsinki and approved
by the Institutional Review Board of Northwestern
University.

Fourteen subjects (13 males) classified as motor
complete (n=38) or incomplete SCI were enrolled in
this study (see Tablel for summary). Mean subject
age was 36years and mean duration post injury was
81 months. Sixindividuals were prescribed the anti-spastic
medication baclofen. Thirteen subjects presented with
sustained clonus > 10s duration, while the other had
an Ashworth score of 2. As a comparison, five subjects
(4 males; ages 28—45 years) without neurological injury
were tested for reflex responses to repeated plantarflexor
stretch.

Experimental design

The details of the experimental set-up have been previously
described (Hornby et al. 2003; Schmit et al. 2003). Briefly,
participants were seated in an adjustable height chair of the
testing apparatus (Biodex Rehabilitation Testing System 2;
Biodex Medical Systems, Shirley, NY, USA). The foot of
the tested extremity was secured to a footplate, which was
attached to a 6 degrees of freedom load cell to calculate
ankle, knee and hip torques. All force—torque signals were
low-pass filtered (200 Hz), and sampled at 1000 Hz.
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Table 1. Subject characteristics for stretch reflex wind-up

Duration Neuro- ASIA

Age of SCl logical classifi- Anti-spasticity
Subj. (years) (months) level cation medications
1 40 42 C6 A 110 mg baclofen
2 35 136 T6 A None
3 47 24 T10 A None
4 30 48 c8 C 160 mg baclofen
5 41 324 c2 D 60 mg baclofen
6 49 48 c7 B 120 mg baclofen
7 26 46 T2-4 C None
8 44 36 ) D None
9 25 14 C8 C None
10 36 16 T4 A None
1 25 70 c5 A 160 mg baclofen
12 34 65 T4 A None
13 32 62 C4-5 C None
14 39 204 T7 A 100 mg baclofen

Subject characteristics for assessment of stretch reflex wind-up are provided,
including age, duration of spinal cord injury (SCl), neurological level and
classification, as determined by the American Spinal Injury Association
(ASIA; Maynard et al. 1997), and total daily dose of anti-spastic medication

(specifically baclofen).

Surface electromyograms (EMGs) were recorded from
the medial gastrocnemius (MG) and soleus (SOL) of
the tested extremity. In addition, EMGs from the tibialis
anterior, vastus lateralis, rectus femoris and medial
hamstrings were recorded to detect multijoint spasms.
Active electrodes (model DE2.1, Delsys, Boston, MA, USA)
were applied to the skin over the muscle. Signals were
amplified (x1000), filtered (20-450 Hz), and sampled at
1000 Hz on the same computer system as that used to
acquire the torque data.

With subjects instructed to relax, stretch reflexes were
elicited through controlled ankle rotations imposed by
the Biodex using constant-velocity (‘ramp’) perturbations.
The range of movement was 30 deg during all testing,
with the maximum dorsiflexion (DF) angle established
at 5 deg from end range (range: 80—105 deg). The knee of
each participant was flexed (range 45-85 deg) such that
maximal ankle range of motion into DF could be elicited
(i.e. with ashortened MG muscle length). Starting position
was in the most plantarflexed position and MG or SOL
reflex activity was robust in all subjects.

Experimental protocol

Three separate protocols were performed on each
subject and tested in the order described below. The first
protocol (14 SCI subjects, 5 intact subjects) examined the
effects of repeated, ramp perturbations on stretch reflex
responses. Six consecutive cycles of DF and plantarflexion
(PF) movements at constant angular velocities (30,
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60, 90, 120degs™') were performed with no delay
between movement directions. Trials at each velocity were
randomized and performed 3 times with > 2 min between
stretches to minimize reflex adaptation. Any trial with
detectable EMG activity prior to the first stretch reflex was
rejected.

The second protocol (13 subjects) investigated reflex
responses to repeated, constant velocity (120 degs™')
movements into DF followed by movements into PF at
variable velocities. Each perturbation sequence consisted
of six consecutive DF movements at 120 degs™! followed
immediately by PF perturbations at 60, 30, 15, 10 or
6 degs™' (intervals between stretches were 0.5, 1, 2, 2.86
or 5, respectively).

The third protocol (9 subjects) investigated the effects
of repeated joint rotation on the magnitude and duration
of stretch reflex responses during ‘ramp-and-hold’
perturbations (i.e. tonic stretch reflexes). Ramp-and-hold
perturbations consisted of 120 deg s~! movements into DF
followed by a static hold at the end range of perturbation.
Such movements were applied singly or following one or

two additional triangular wave rotations at 120 degs™".

Data collection and analysis

During repeated joint rotation, SOL and MG EMG
responses were present primarily during DF perturbations,
with less activity evident with PF movements, particularly
during the first few rotations. The 60 Hz noise was
removed from the EMG signals using a band-stop filter
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at 55-65 Hz (4th order Butterworth filter applied back-
ward and forward to remove phase delays; filtfilt function
in Matlab; Mathworks, Inc., Natick, MA, USA). The
signal was rectified and smoothed using a 4th order,
10 Hz low-pass Butterworth filter (also applied forward
and backward), and the area of the smoothed signal was
calculated for both the DF and PF excursions. For single
and repeated ramp-and-hold perturbations, SOL and MG
EMG were often present following cessation of movement
during the final DF hold position. Integrated EMG area
was calculated for 3 s, starting from the beginning of the
final joint rotation into DF (0.25 s) extending into the hold
phase (2.75s).

Sagittal plane angles of the hip, knee and ankle, and
segment lengths of the thigh, shank, and foot-to-load
cell were determined to calculate joint torques using
equations previously described (Schmit et al. 2000). All
torques were low-pass filtered at 20 Hz using an 8th
order Butterworth filter with zero phase delay (filtfilt
function). Passive and gravitational torques were obtained
from the slow stretch perturbations and subtracted from
the rapid stretches to calculate the reflex response. A
4th order polynomial was fitted to the data and the
coefficients were used to calculate the passive torques for
the fast movement trials, which accounted for gravitational
torques and at least partially removed passive elastic
resistance (see Discussion). Stretches were segmented for
each DF and PF excursion, minimum and maximum
torques were identified, and peak torque was defined
as the difference in the values. Small inertial artefacts
were assumed constant between repeated perturbations
at similar velocities. For ramp-and-hold perturbations
(protocol 3), the peak torque and integrated area under
the torque signal for 2.75 s following the last joint rotation
was calculated.

Statistical analysis

For repeated joint rotations, the first six reflex responses
(torque and EMG) were analysed for the DF direction.
The velocity dependence of the reflex responses was
assessed using the peak torque and SOL and MG EMG
during the first DF perturbation of each sequence.
EMG responses from other muscles and hip and knee
torques were typically minimal in most subjects and are
not included in data presentation. Peak rectified root
mean square (RMS) EMG was used for calculation of
velocity-dependent measurements, and is presented in
absolute values. Correlation coefficients were determined
to identify relationships between angular velocity and
reflex responses. Subsequently, a multiple regression
analysis was used to determine the relationship of SOL
and MG activity to joint torque. For repeated stretch
reflex responses (protocols 1 and 2), EMG responses were
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normalized to the initial (1st) response, and are expressed
asa percentage in all repeated perturbation conditions. For
ramp-and-hold perturbations (protocol 3), peak torque,
integrated torque area, and EMG integrated area during
the initiation of the final DF excursion to 3s into the
hold phase were analysed. Joint torque responses are
presented in absolute values. Joint torques and EMG
responses were compared statistically using repeated
measures ANOVAs with significance noted at P < 0.05,
with post hoc Tukey-Kramer analyses to determine
individual differences.

Results

Responses to repeated stretch reflex elicitation
at different velocities

In the first protocol, stretch reflex responses were
elicited for at least six consecutive cycles at four
different angular velocities (30-120degs™'). Figurel
demonstrates responses to 120 degs™' repeated stretch
reflex perturbations in two different subjects with motor
incomplete (Fig.1A) and complete (Fig.1B) SCI. For
the first subject, PF torque and SOL and MG activity
increased during the first joint rotation (i.e. indicative of
a stretch reflex response), although both torque and SOL
activity were smaller in response to the second stretch.
With repeated perturbations, SOL activity and torque
increased to levels exceeding the initial response, while MG
remained constant. In the second subject, gradual increases
in joint torque and SOL activity were observed, while MG
decreased during the trials and did not appear related to
joint torque. In both subjects, however, joint torque and
SOL (but not MG) activity remained elevated above base-
line levels during the final joint perturbation, in which
the ankle was held into dorsiflexion (eliciting a prolonged
tonic stretch reflex).

Mean torque responses to repeated PF stretches
were similar to the individual data shown in Fig. 1.
Following initial responses, averaged joint torques elicited
at higher velocities (> 90 degs™!) decreased upon the 2nd
stretch, followed by a gradual increase with subsequent
rotations (Fig. 2A). A repeated measures ANOVA revealed
significant increases in torque responses at both
120 degs™' (2nd and 3rd responses versus 6th response)
and at 90degs™' (Ist and 2nd responses versus 5th
and 6th stretches; both P < 0.01). At slower velocities
(<60degs™!), mean joint torques increased gradually
with no initial decline (P < 0.01). Differences were
observed between the 1st and 2nd versus 5th and 6th
responses.

In contrast to joint torques, SOL and MG activity
increased gradually at all velocities (Fig.2B and C).
Significant increases were apparent at> 90 degs™' for
both muscles, although the differences were greater for
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MG (P < 0.01 for both velocities) versus SOL (P < 0.05
at 120degs™!, P <0.01 at 90degs™'). The depression
of joint torque responses for the 2nd stretch reflex at
higher velocities with increasing EMG probably indicates
adaptive processes at the muscle and joint connective tissue
(Nuyens et al. 2002). At slower speeds (< 60 degs™), only
MG EMG activity was significant at 60 degs™' (P < 0.01;
SOL EMG P =0.06 at 60degs™'). Despite the slight
differences in reflex responses demonstrated between the
subjects in Fig. 1A versus Fig. 1B, there were only small,
non-significant differences in the extent of facilitation
between motor complete versus incomplete subjects.

As observed in Fig. 1A for MG activity, one possible
cause for the observed reflex facilitation may be the
progressive depolarization of PF motor pools, such that
synaptic summation or supra-threshold increases in MN
PICs may contribute to the gradual increase in reflex
excitability. While the use of EMG cannot detect gradual,
subthreshold depolarization, SOL and MG EMG activity
was analysed 100 ms prior to each joint rotation to
detect if supra-threshold activation increased between
joint rotation. With repeated stretch at all velocities,
there was no significant increase in SOL and MG
EMG prior to each stretch as compared to the level of
EMG activity before the first stretch, when the muscle
was quiescent (repeated measures ANOVA). Further, at
120 degs™' (i.e. the shortest interval between stretches),
four subjects demonstrated elevated MG or SOL activity
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prior to the second versus first stretch (determined by
EMG activity > 2 standard deviations above baseline).
Following removal of these subjects from the data set, a
significant reflex facilitation in EMG activity during the
stretch was still observed (P < 0.05). The data indicate
that increased reflex responses are unlikely to be due
to supra-threshold summation of MN activity, although
subthreshold facilitation of PICs or synaptic summation
cannot be ruled out.

Velocity dependence of stretch reflex behaviours

The velocity dependence of the stretch reflexes is suggested
in Fig. 2A by the increasing joint torques at higher angular
velocities. To quantify this association, peak joint torques
and peak rectified, smoothed EMGs from the MG and
SOL during the initial DF perturbation at all velocities
were quantified and normalized to responses elicited at
30degs™' (i.e. typically the smallest reflex response).
Calculation of correlation coefficients revealed significant
relationships between angular velocity versus torque
(r=10.62, P < 0.0001), SOL activity (r =0.53, P < 0.001)
and MG activity (r =0.40; P < 0.01). A multiple linear
regression used to determine the relative contribution of
SOL and MG EMG activity to the joint torque revealed
a significant relationship between combined SOL and
MG activity versus peak torques at various velocities

A fPF
Ankle Torque ‘15 Nm
i I 0.1 mV
MG EMG TR AP A AT A | m
SOL EMG aisbluumsibsnnsbdiuaimd bl illw.m.u b |005MV
LIV VNV
Ankle Angle
Figure 1. Example of reflex facilitation with
120 deg s ! repeated triangular wave
perturbations performed in two subjects
A, in the first subject (subject 8), an initial depression B ?PF
and gradual increase in joint torque was observed, with A AN |
soleus (SOL) activity modulated with the torque 15 Nm
responses. In contrast, MG was active during both Ankle Torque
dorsiflexion (DF) and plantarflexion (PF) perturbations, M m u i ‘
, " 0.1 mV
and did not appear to be related to joint torque. B, in MG EMG sk ‘ el [ L bobododvind |
the second subject (subject 2), PF torque demonstrated
slight increases with repeated stretch, while SOL activity SOL EMG N [ m L M /. \‘HH ‘ | 0.2 mV

gradually increased. In contrast, MG responses were
reduced during the repeated stretch. Changes in MG
activity out of proportion with alterations in joint torque
may be indicative of the flexed knee posture of subjects
during testing.
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(r=0.39, F =4.31, P =0.02). However, the standardized
coefficients () were significant only for normalized SOL
activity (B for SOL activity =0.31, P =0.03; 8 for MG
activity = 0.15, P =0.27). The combined data suggest
the presence of velocity-dependent modulation of joint
torque, SOL EMG and, to a lesser extent, MG activity.
The stronger relation of SOL versus MG activity to joint
torque is not completely unexpected due to the flexed knee
posture of subjects during the testing procedures.
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Figure 2. Mean torque and EMG responses to repeated stretch
at 30-120 deg s~

A, means and s.e.M. of ankle torques in 14 subjects during 6 repeated
stretches at 120, 90, 60 and 30 deg s~'. Significant increases in
torque are shown at all velocities (P < 0.01 for 120, 90 and
30degs~' and P < 0.05 at 60 deg s~ ). B, normalized medial
gastrocnemius (MG) EMG for 13 subjects with significant differences
at 120, 90 and 60 deg s~', P < 0.01. C, normalized SOL EMG in 11
subjects with reliable recordings, with significance shown for
120degs~', P < 0.05, and 90 degs~', P < 0.01. Peak torques
declined immediately following the initial stretch but demonstrated
gradual increases with additional stretches. In contrast, EMG activity
gradually increased with repeated stretch.
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Responses to repeated stretch in control subjects

To evaluate whether the observed phenomena were related
to SCI, we evaluated EMG and torque responses to
repeated joint rotation in five subjects without neuro-
logical injury. The protocol for eliciting reflex responses
was identical to that previously described, with subjects
relaxed during all testing and no evidence of muscle
activity prior to stretch. In all control subjects, there was
no EMG activity above baseline levels during repeated
joint rotation at all velocities. As expected, joint torque
responses were low upon the first joint rotation, with
the highest mean response at 1.2 £+ 0.5 N m at 120 deg s
and remained small with no EMG observed above
baseline. The very low peak torque responses are likely
to be the result of an uncorrected movement artefact,
rather than a reflex response. The results confirm that
subjects without neurological injury do not generate reflex
responses to imposed repeated stretch of plantarflexors at

velocities < 120 degs™'.

Effects of repeated stretch at variable stretch
reflex intervals

To determine the time course of reflex facilitation,
responses to repeated 120 degs™' stretches were obtained
at variable intervals in 13 subjects. Specifically, reflexes
were generated at a constant 120 degs™! into DF, with the
velocity of joint rotation into plantarflexion at 120, 60, 30,
15, 10.5 and 6 degs™! (intervals between stretches were
0.25,0.5,1,2,2.86and 5 s, respectively, with the 120 deg s
data used from the first protocol). Figure 3 demonstrates
an example of reflex responses to repeated stretch at
120 deg s~! with 0.5 s intervals between DF perturbations.
In this particular subject, reflex torque was reduced
following the 2nd joint rotation, but rebounded following
the 6th perturbation. Such changes were smaller than those
observed with shorter intervals between stretches (Fig. 1).
In addition, a large increase in EMG activity from the
SOL and MG at the 5th versus 1st response with similar
torque responses indicates the potential contributions of
thixotropic (Hagbarth et al. 1985; Taylor et al. 1990)
behaviours of passive mechanical structures to the small
changes in joint torque responses.

The small increment in net reflex responses with longer
intervals was consistent across the subject population.
In Fig.4, averaged torque and EMG responses to
repeated stretch reflexes at various intervals are presented.
Significant increases in PF torques and MG and SOLEMGs
were observed at 0.25 and 0.5s intervals, while reflex
responses with longer intervals between joint rotations did
not elicit significant changes. In addition, EMG activity
prior to repeated stretches was not elevated. Specifically,
stretch intervals of 1s duration did not elicit increases
in reflex responses with DF perturbations at 120 degs™"
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Ankle Torque

MG EMG Hl.mk AL ikl M\.H'u i Ju“u ‘ "MLMMMKMMMMMMMMW ‘ 0.05 mV

Figure 3. Single subject responses to repeated
120 deg s ! stretch at delayed intervals
Single subject (subject 12) example of stretch reflex

SOL EMG \l‘ . AT (TR
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‘50 Nm

‘ 0.25 mV

facilitation during repeated 120 deg s~' joint rotations T

into DF, with 60 deg s~ rotations into PF (0.5 s delay ?

between stretches). Reduced reflex facilitation is Ankle Andl DF | 304
observed during this protocol as compared to shorter nKie Ang e/\/\/\/\/\/\/—_ 9

duration intervals (Fig. 1).

(P > 0.50 of all torque and EMG responses), although
significant changes in reflex torques were observed during
repeated, 30 deg s™! constant-velocity perturbations (also
1 sstretch intervals; Fig. 2). Such differences may be related
to the effects of stretch velocity on passive tissue changes
(McNair et al. 2002) or to the differences in the temporal
dynamics of the two stretch protocols. The combined
data indicate that stretch reflex facilitation occurs only
at intervals < 1s and following at least four consecutive
stretches. These data are in contrast to the time course of
flexion reflex facilitation in human SCI, in which elevated
responses were observed upon the 2nd or 3rd responses at
intervals up to 3 s (Hornby et al. 2003).

Prolonged stretch reflex responses to single versus
repeated stretch reflexes

The hallmark of PIC-like behaviour is the presence of
long-lasting activity following a brief excitatory stimulus
(Hounsgaard et al. 1988). Such activity is at least
partly responsible for the velocity-dependent, prolonged
motor activity from the triceps surae observed during
tonic stretch reflexes in decerebrate feline preparations
(Crone et al. 1988). The experimental protocol of
repeated, continuous muscle stretch described above could
minimize the observation of long-lasting tonic stretch
reflexes, and its potential facilitation with repeated stretch.
In both subjects in Fig. 1, for example, long-lasting torque
and SOL EMG responses were evident when the ankle was
held in dorsiflexion following consecutive rotations.

To establish whether tonic stretch reflexes are facilitated
with repeated prior stretches, we compared the reflex
responses of single ‘ramp-and-hold’ joint perturbations
at 120degs™' to those elicited following repeated
triangular-wave stretches in a subset of 9 subjects (6
incomplete). The peak and integrated area of ankle torque
and EMG activity from the SOL and MG were measured
following averaged trials of single perturbations during
the final ramp-and-hold phase (3s), and compared to
ramp-and-hold stretches elicited following 1 or 2 repeated,
triangular wave perturbations. (Note: MG and SOL EMG
were obtained from only 7 subjects (5 incomplete) with
reliable recordings during the ramp-and-hold trials.) An
example of the reflex responses is demonstrated in Fig. 5. In
response to a single ramp-and-hold stretch, elevated MG
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0.5s

and SOL EMG and PF torques associated with a stretch
reflex response were observed. Following two (Fig. 5B) or
three (Fig. 5C) stretches, an increase in the amplitude and
duration of stretch reflex responses (torque and EMG) was
present (Fig. 5D).
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Figure 4. Mean reflex responses to repeated stretch at variable
intervals

A, means and s.e.M. of ankle torques in 13 subjects with repeated
stretch at 120 deg s~ using varying return velocities. The duration of
the return phase into PF range of motion affected the reflex responses.
Significance was shown at 0.25 s and 0.5 s intervals only, P < 0.01.
MG EMG for 13 subjects with reliable recordings (B) and SOL EMG for
10 subjects with reliable recordings (C) also increased with return time
up to 0.5 s only, with P < 0.01 for MG and P < 0.05 for SOL.
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To quantify changes in tonic stretch reflexes, mean
changes in joint torque and EMG responses following
single ramp-and-hold perturbations versus those elicited
following 1 or 2 additional triangular wave stretches were
obtained. Peak torques and integrated torque area (over 3 s
from the start of the last stretch) increased by up to 27%
following ramp-and-hold perturbations with repeated
jointrotation, although the changes were not significant. In
contrast, increases in integrated EMG from MG (P = 0.02)
and SOL (P =0.01) muscles were significant following
repeated stretch reflexes (differences detected between the
Ist and 3rd stretches; again measured during a 3 s epoch
from the start of the last stretch). MG and SOL EMG
analysed 100 ms prior to the imposed 1st to 3rd joint
rotations were again not significantly different. With a
presumed similar synaptic input during the final
‘ramp-and hold’ perturbations, prior joint rotation
facilitated the net reflex activity.
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Figure 5. Single subjects responses to single vs repeated
ramp-and-hold perturbations

A, example of MG and SOL EMG, and PF torque following a single
ramp-and-hold perturbation or preceded by one (B) or two (C)
repeated triangular wave inputs. D, ankle PF torque responses overlaid
following the final ramp-and-hold perturbations (subject 7).
Longer-lasting joint torque and EMG responses were evident during
the final hold phase with repeated stretch.
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Effects of baclofen on stretch reflex wind-up

The effects of baclofen on stretch reflex facilitation have
not been assessed in human SCI. In our study, six subjects
were prescribed baclofen at variable doses to control
spastic behaviours (Table 1). Figure 6 demonstrates the
reflex responses with the subject population separated on
the basis of baclofen use. In subjects not using baclofen
(Fig. 6A), initial reflex responses following the first
perturbation were not significantly greater than observed
insubjects receiving baclofen (P > 0.30; Fig. 6B). However,
repeated stretch responses of subjects not prescribed
baclofen increased significantly at all angular velocities
(increase of 34-71%, P < 0.02), while non-significant
changes were observed in those taking baclofen (—2
to 29% change, P > 0.30 at all velocities). In addition,
integrated SOL activity at 60120 degs™' in subjects not
taking baclofen was increased significantly (P < 0.05,
Fig. 6C), while changes in subjects using baclofen was
not significant (Fig. 6D). In one subject, however, a large
(> 600%) increase in SOL EMG activity was observed
during the last stretch at 120 degs™', thereby resulting
in a large mean increase in SOL activity that was not
significant. Changes in MG activity were not significantly
different at any angular velocity for either group, except at
90 deg s™! for those taking baclofen (P < 0.01; Fig. 6E and
F). Analysis of all subjects’ data revealed that the extent of
facilitation (determined by the peak percentage increase in
joint torques or EMG activity from initial value) was not
correlated with the initial reflex torque or EMG responses
(all correlation coefficients < 0.30, P > 0.50). The results
indicated that use of baclofen may have contributed to
reduced reflex facilitation.

Discussion

Repeated plantarflexor stretch resulted in reflex facilitation
in a manner consistent with other reflex behaviours
that implicate a role for PICs in spastic reflexes. In
particular stretch reflex facilitation is similar to wind-up
of flexor reflexes observed with repeated electrocutaneous
stimulation in human SCI (Hornby et al. 2003). Both
behaviours are consistent with PIC-like activity, in which
brief afferent inputs produce long-lasting outputs (Schmit
& Benz, 2002; Gorassini et al. 2004). Together, these studies
suggest that repeated or prolonged afferent stimuli in
human SCI might result in uncontrolled facilitation of
neural pathways that could disrupt motor function.
Temporal facilitation of spastic stretch reflexes contrasts
with previous studies that describe a decline of stretch
reflex responses to repeated joint rotation. Specifically, in
subjects with stroke (Schmit ef al. 2000; Nuyens et al. 2002)
and SCI (Burke et al. 1971) repeated stretch of spastic
extremities generated responses that decreased initially
and remained depressed with continued perturbations.
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Primarily mechanical (i.e. thixotropic; Taylor et al. 1990;
Bressel & McNair, 2002), but also afferent (Hagbarth et al.
1985; Haftel et al. 2004), and spinal (Thompson et al. 1992;
Sawczuk et al. 1995) mechanisms may account for this
depression. For example, in the study by Burke et al. (1971),
sinusoidal stretches were applied at intervals similar to
those applied here, although a larger excursion was applied
(up to 100 deg) at the knee, which may have elicited greater
thixotropic changes. In studies in subjects with stroke
(Schmit et al. 2000; Nuyens et al. 2002), the duration
between repeated perturbations were up to 5 s, providing
ample time for mechanical creep of connective or muscle
tissues.

In the present study, adaptive processes probably
contributed to some of the changes in the reflex responses,
particularly at higher velocities. However, repeated stretch
produced torque responses that rebounded to levels
exceeding the initial response, while EMG activity
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increased progressively. The mechanisms underlying
stretch reflex facilitation must therefore counteract
and overcome the neuromechanical factors underlying
habituation. This finding is of particular interest and may
provide insight into the mechanisms underlying spasticity
in human SCI.

Potential mechanisms underlying stretch
reflex wind-up

Augmented muscle activity in response to prolonged or
repeated electrical stimuli in humans has been observed
previously under different experimental conditions. In
intact subjects (Collins et al. 2001, 2002; see also
Nozaki et al. 2003) and individuals with SCI (Nickolls
et al. 2004), low threshold, high frequency (> 50 Hz)
electrical stimulation applied directly over shank muscles
elicits long-lasting muscle contractions that appear to
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Figure 6. Comparison of PF torque responses for 6 repeated stretches at 120 deg s—' in subjects not
using anti-spastic medications (A) and subjects taking anti-spastic medications (B)

Significance was demonstrated only in the group not taking anti-spastic medications for all velocities. EMG
responses from the MG (C and D) and SOL (£ and F) of subjects not using anti-spastic medications versus those
who required baclofen. For MG activity, significant increases were observed at only 90 deg s~ in subjects using
baclofen. In contrast, significant increases in SOL EMG was observed at 60-120 deg s~' for subjects not using
baclofen (E), whereas only one subject at 120 deg s~' demonstrated a large increase in SOL activity when using
baclofen (note large increase in SOL EMG at final stretches).
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be unrelated to descending or muscular factors. These
findings are attributed to PICs in spinal neurones,
although the time course of the reflex potentiation with
repeated stimulation in subjects with SCI is prolonged
(1-3min) and observed inconsistently (Nickolls et al.
2004). Facilitation of flexor spasms following human SCI
is also observed (Hornby et al. 2003), and the time course
(up to 3s) is similar to that observed in spinal neurones
demonstrating PICs (Svirskis & Hounsgaard, 1997;
Bennett et al. 1998), suggesting that PICs may mediate
long-lasting reflex behaviours.

Although PIC-like activity in spinal neurones may
account for the stretch reflex facilitation observed here,
other mechanisms may also contribute to the prolonged
excitability. For example, while flexor reflex facilitation
is thought to be mediated by PIC-like activity in spinal
neurones, specific neuroactive agents have also been
implicated. Substance P, for example, probably contributes
to flexor reflex wind-up (Herrero et al. 2000), although
it may be pain-pathway specific and contribute little to
stretch reflex excitability. NMDA-mediated inputs could
also contribute to the stretch reflexes, although these
currents decay rapidly (< 300 ms) (Dale & Roberts, 1985;
Dale & Grillner, 1986). It is therefore unlikely that sub- or
supra-threshold depolarization due to ionotropic synaptic
inputs alone could account for reflex facilitation at longer
intervals.

Another potential mechanism of the observed
facilitation of stretch reflex pathways could be an
augmentation of afferent input with repeated joint
rotations. However, in conditions of both repeated
triangular wave and ‘ramp-and-hold’ perturbations,
increased and/or longer-lasting responses observed with
prior stretch activation occurred with similar or, more
likely, depressed afferent input (e.g. see Hagbarth et al.
1985; Haftel et al. 2004). Only in conditions of gradually
increasing y-MN drive with repeated stretch should the
afferent input increase from the initial stretch. However,
y-MN drive does not playa major role in spasticity (Wilson
et al. 1999) and is unlikely to contribute substantially to
the observed behaviours.

The primary cause of the enhanced and prolonged
reflex activity associated with repeated stretch appears
to be the history of prior joint rotation. This temporal
facilitation cannot be accounted for by changes in passive
electrical properties of spinal MNs or interneurones (i.e.
alteration in resting potential or input resistance), which
may occur even in ‘resting’ conditions in subjects with
SCI versus uninjured controls (Katz & Rymer, 1989;
cf. however, Hochman & McCrea, 1994; Bennett et al.
2001). Rather, repeated joint rotation probably caused
depolarization-induced facilitation via PICs, which caused
long-lasting, subthreshold depolarization and/or lowering
of the PIC threshold and progressively recruited previously
quiescent MNs. These prolonged single-joint responses
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are akin to the long-lasting muscle activity associated
with multijoint spasms observed following other stimuli
(Schmit & Benz, 2002; Hornby et al. 2003; Gorassini et al.
2004).

PIC-like activity in spinal neurones may therefore be
a plausible explanation for reflex facilitation in human
SCI, as both stretch and flexor reflexes display temporal-
and stimulus-dependent properties indicative of PICs.
One prominent difference between stretch and flexor
reflex facilitation is the brief time course of enhanced
stretch reflexes, which may be due to the method of reflex
activation. Stretch of passive tissues (Taylor er al. 1990)
and extra- and intrafusal muscle fibres could contribute
to Ia adaptation (Haftel et al. 2004) thereby reducing the
magnitude of stretch reflex facilitation. In decerebrate cats,
PIC wind-up with repeated stretch has been observed
(Bennett et al. 1998), although the time course was not
investigated. However, a gradual increase in EMG was
elicited, similar to the present results. Unfortunately,
stretch reflex facilitation in chronic models of spasticity
(Bennett et al. 1999; Thompson et al. 2001) has not yet
been demonstrated. Despite the lack of comparable animal
data, our results demonstrate reflex facilitation similar to
motor behaviours in preparations with established PIC
activity.

Effects of anti-spasticity medications on stretch
reflex facilitation

Facilitation of joint torques and SOL EMG with repeated
stretch in subjects using baclofen was reduced as
compared to subjects not using anti-spastic medications.
The effects of baclofen on hyperexcitable reflexes in
individuals with neurological injury are well established
(Campbell et al. 1995; Gracies et al. 1997; Meythaler
et al. 2001), although the precise locus of action (i.e. pre-
versus postsynaptic) remains uncertain. In acute spinal
preparations, baclofen reduces PICs associated with
long-lasting discharge and depolarization-induced
facilitation (Svirskis & Hounsgaard, 1997), consistent
with previous reports of a postsynaptic action of baclofen
in humans (Azouvi et al. 1993; Orsnes et al. 2000).
In contrast, data from rat MNs following chronic,
complete SCI suggests baclofen operates primarily
through presynaptic mechanisms (<1 pum) (Li et al
2004), particularly at lower doses.

Reflex facilitation with repeated stimuli is thought to
originate at postsynaptic sites in MNs or interneurones
(Svirskis & Hounsgaard, 1997; Bennett et al. 1998), while
the role of presynaptic facilitation on PIC-like activity
in humans is rarely discussed (Gorassini et al. 2002,
2004; Nickolls et al. 2004). The observation of reduced
reflex facilitation in subjects using baclofen would suggest
a postsynaptic mechanism as well, although such data
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contrast with those of Li et al. (2004), indicating a
presynaptic action. Further research is required on human
SCI using additional electrophysiological methods to
elucidate the precise mechanisms (Orsnes et al. 2000).

Summary and conclusions

The data suggest that temporal facilitation of stretch
reflexes in human SCI may be indicative of alterations
in intrinsic spinal PICs. Consistent with data in animal
models of spasticity, this observation may provide further
evidence that alterations in intrinsic neuronal properties
are partly responsible for velocity-dependent spasticity.
Despite these findings, it remains unclear whether the
mechanisms underlying hyperexcitable stretch reflexes
are similar in individuals with spasticity of cerebral
origin. As described earlier, previous data in subjects
with stroke (Schmit er al. 2000; Nuyens et al. 2002)
suggest habituation of stretch reflexes with repeated
perturbations, although the temporal dynamics of the
perturbations were not similar. Using the same protocol as
described above, the study of reflex responses to repeated
perturbations is required to ascertain whether similar
time-dependent behaviours are observed in individuals
with similar clinical presentation but different loci of
neural injury. Such observations may provide insight
into the mechanisms underlying spasticity in a variety of
neurological diagnoses.
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