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Abstract

Sudden limb displacement evokes a complex sequence of compensatory muscle activity. Following the short-latency reflex
and preceding voluntary reactions is an epoch termed the medium-latency reflex (MLR) that could reflect spinal processing
of group II muscle afferents. One way to test this possibility is oral ingestion of tizanidine, an alpha-2 adrenergic agonist that
inhibits the interneurons transmitting group II signals onto spinal motor neurons. We examined whether group II afferents
contribute to MLR activity throughout the major muscles that span the elbow and shoulder. MLRs of ankle muscles were
also tested during walking on the same day, in the same participants as well as during sitting in a different group of subjects.
In contrast to previous reports, the ingestion of tizanidine had minimal impact on MLRs of arm or leg muscles during motor
actions. A significant decrease in magnitude was observed for 2/16 contrasts in arm muscles and 0/4 contrasts in leg muscles.
This discrepancy with previous studies could indicate that tizanidine’s efficacy is altered by subtle changes in protocol or
that group II afferents do not substantially contribute to MLRs.
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Introduction held cup. Corrective responses to a sudden displacement of

a limb segment depend on multiple neural pathways acting

A central aim of sensorimotor research is identifying the
neural pathways that underlie coordinated action including
the ability to make corrective responses to external distur-
bances such as the downward force of coffee poured into a
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at different rates. The fastest somatosensory-based correc-
tion is the short-latency reflex (SLR) which begins around
20 ms post-perturbation in the upper limb and around 40 ms
in the lower limb (Corna et al. 1995; Deiner et al. 1983;
Grey et al. 2001; Hammond 1956; Lee and Tatton 1982;
Lewis et al. 2005; Matthews et al. 1990; Nakazawa et al.
1997; Prusyznski et al. 2008; Sinkjaer et al. 1996). Its rapid
onset (somewhat longer for more distal muscles due to the
longer nerve tracks) unambiguously implicates the effect of
group I muscle afferents on a spinal circuit since this is the
only route fast and short enough to be responsible. Subse-
quent to the SLR is the medium-latency reflex (MLR) begin-
ning around 50 ms post-perturbation in the upper limb and
60-65 ms in the lower limb (Corna et al. 1995; Deiner et al.
1983; Grey et al. 2001; Hammond 1956; Lee and Tatton
1982; Lewis et al. 2005; Matthews et al. 1990; Nakazawa
et al. 1997; Prusyznski et al. 2008; Sinkjaer et al. 1996).
Care must be taken that the MLR at the upper and
lower limbs are not direct equivalents, however. At the
upper limb, the MLR is due to the continued influence of
the direct monosynaptic group I-spinal circuit (Lee and
Tatton 1982; Lewis et al. 2005; Schuurmans et al. 2009;
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Kurtzer et al. 2010) along with a group I-transcortical
circuit (Matthews et al. 1990; Day et al. 1991; Tsuji and
Rothwell 2002; Pruszynski et al. 2011; Evarts and Fromm
1981) which likely enables sophisticated capabilities like
multi-joint integration (Gielen et al. 1988; Soechting
and Lacquaniti 1988; Kurtzer et al. 2008), scaling with
mechanical instability (Doemges and Rack 1992; Kimura
et al. 2006; Shemmell et al. 2009), and tuning to the task
demands (Hammond 1956; Crago et al. 1976; Pruszynski
et al. 2008).

Due to the relative proximity of the relevant spinal cord
segments with the cortex, the different processing delays
through spinal and transcortical pathways are minimal and
responses at MLR latency can include slow or indirect spi-
nal mechanisms as well as transcortical mechanisms. At the
lower limb, there is considerably longer distance between
the relevant spinal segments and the cortex and, at 60—65 ms
latency, the lower limb MLR (or M2) has a latency which is
now too short to include a transcortical component (see for
instance Christensen et al. 2000, 2001, Petersen et al. 1998).
A subsequent response is found at around 90 ms (called M3)
and represents the processing done through the transcortical
pathway. Therefore, group II and transcortical processing are
specific to the M2 and M3 responses of the lower limb. This
motivates using the lower limb as a control when testing
the potential contribution of group II processing to upper
limb MLRs.

Physiological recordings in cats indicate that tizanidine
preferentially depresses the transmission of group II signals
to interneurons within the intermediate zone (Bras et al.
1990; Skoog 1996). If these spinal networks remain effec-
tive in the awake behaving human, then tizanidine should
also attenuate reflexes relying on group II afferents. Corna
et al. (1995) first tested this possibility in healthy human
subjects maintaining an upright stance on a tilting platform.
Toe-down rotations evoked MLRs in the stretched tibialis
anterior and these responses were indeed depressed follow-
ing a single oral dose of tizanidine.

A number of subsequent studies have reported that tizani-
dine selectively attenuates MLRs in the lower limb including
in muscles controlling the foot (Corna et al. 1995; Marque
et al. 2005), ankle (Grey et al. 2001; Uysal et al. 2009; Af
Klint et al. 2010) and knee (Marchand-Pauvert et al. 2005;
Friemert et al. 2010). Note that this effect was observed for
a range of motor tasks including walking, standing and pas-
sively sitting. For the upper limb, the evidence is restricted
to the wrist flexor (Lourenco et al. 2006; Meskers et al.
2010; Uysal et al. 2012). The one study which examined
proximal arm muscles reported depressed MLRs in elbow
muscles following intramuscular injection (Mackel et al.
1984), but this occurred with a 50% decrease in background
muscle activity which would automatically downscale reflex
excitability (Matthews 1986; Pruszynski et al. 2009); in fact,
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the authors observed depressed SLRs suggesting that their
procedure had a non-specific effect.

The goal of the present study was to use tizanidine to
elucidate the relative contribution of group II afferents to
the MLR of proximal upper limb muscles. To do so, MLR
were elicited in six different elbow and shoulder muscles,
before and after tizanidine ingestion. As a control, tizani-
dine’s effects were also assessed at the lower limb during
gait in the same participants during the same session, and
during sitting in a separate group of participants. Similar
protocols to earlier studies were used, with the exception that
muscle stretch parameters were optimized to obtain larger
MLR responses in the leg muscles. We found infrequent
effects of tizanidine on the MLR of proximal upper limb
muscles, and no impact of tizanidine on the MLR of ankle
muscles in either the walking or sitting, despite the usual
large central effects (drowsiness) of taking the drug. Possible
interpretations for these findings and for failure to replicate
previous work are discussed.

Materials and methods
Subjects

A total of 20 subjects performed different motor control
tasks following informed consent to procedures approved
by the ethics committee at New York Institute of Technol-
ogy, Queen’s University and University of Copenhagen.
14 subjects were male and 6 subjects were female (median
age =27 years). Nine subjects stabilized their upper limb
against mechanical perturbations (arm task) and also walked
in the presence of sporadic mechanical perturbations applied
at the ankle (walking task). Four additional subjects only
performed the arm task. Seven subjects stabilized their ankle
against mechanical perturbations applied during sitting (sit-
ting task). Subjects were pre-screened by a neurologist spe-
cialized in motor dysfunction; exclusion criteria included
liver disorders, medications affecting liver metabolism (esp.
fluvoxamine and ciprofloxacin), oral birth control, preg-
nancy, breast feeding, and low blood pressure. Subjects were
additionally screened for the lower limb task and excluded
if: they weighed over 250 lbs (robotic gait orthosis limit),
had larger than average lateral rotation of the feet during
stance, or had neurological or orthopaedic history that could
interfere with task execution. Experiments lasted~4 h and
subjects were paid for their time.

Apparatus
We utilized programmable robotic devices to study the con-

trol of the upper and lower limbs (Fig. 1). The arm task
involved an adjustable robotic exoskeleton (KINARM,
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Fig. 1 Robotic manipulanda. a Subject is seated with his arm placed
in the cuffs of the KINARM planar robot exoskeleton. The chair is
directly in front of the horizontal video projector for displaying the
target hand position in the arm’s plane of motion. b Subjects walking
on treadmill while wearing the robotic exoskeleton fitted to their leg.
The motor of the device is on the floor to the right of the treadmill

BKIN Technologies Ltd, Kingston, ON) whose troughs
encased the forearm and arm, rotating links allowed flex-
ion/extension movements of the shoulder and elbow in the
horizontal plane, and motors could selectively apply torques
to each joint (Scott 1999; Singh and Scott 2003; Kurtzer
et al. 2008); the right arm was examined in all cases. Visual
targets and a hand-aligned cursor were presented in the hori-
zontal plane via a virtual-reality system while a cloth bib and
metal partition obscured direct vision of the subject’s arm.
The lower limb tasks involved an adjustable robotic
ankle—foot orthosis enabling unrestricted dorsiflexion/
plantarflexion movements of the ankle and a motor to apply
torques to that joint (Blanchette et al. 2011; Bouyer 2011;
Noel et al. 2009). The robot used during the walking task
is fully described in Noel et al. 2008. The robot used dur-
ing the sitting task is fully described in Toft et al. (1991).
The right leg was examined in all cases. During the walk-
ing task, subjects stood and stepped forward on a motorized

treadmill (Horizon WT751) without holding the handle bar
(arms free).

Muscle recordings

We recorded the surface EMG from several arm and leg
muscles. Arm muscles included an elbow flexor (brachio-
radialis), elbow extensor (triceps lateral), shoulder flexor
(pectoralis major), shoulder extensor (posterior deltoid),
biarticular flexor (biceps brachii), and biarticular exten-
sor (triceps longus). Leg muscles included the ankle plan-
tarflexor (soleus) and ankle dorsiflexor (tibialis anterior).
Two-bar (DE-2.1 Delsys Inc., Boston, MA) or disposable
electrodes (Blue Sensor, Ambu Inc., USA) were affixed to
the skin overlying the muscle bellies following light abra-
sion with alcohol. Ground electrodes were placed on the
subject’s knee.

Perturbation conditions for the arm task

Each trial began with the appearance of a target (2.5 cm
radius) and application of a background torque ramped up
over 1000 ms. Subjects stabilized their hand-aligned cursor
(0.5 cm radius) at the target’s center—corresponding to a
shoulder angle of 45° and elbow angle of 90°. During the
hold period subjects were told to avoid co-contracting their
muscles. After a random time interval of 1-4 s, a 100 ms
torque pulse was applied to their arm. To achieve task suc-
cess subjects had to remain within the target for 500 of the
subsequent 1500 ms. Corrections were guided without vis-
ual feedback of their hand although the target was coloured
green or red when their hand was inside or outside the target,
respectively. The total applied torque then ramped down to
zero, remained off during an inter-trial period of 1500 ms,
and the hand-aligned cursor reappeared.

All trials involved the same sequence described above.
Several different background and perturbation torques were
utilized (see Table 2). These conditions were randomly inter-
mixed across trials. Note that the 4 subjects who only per-
formed the arm task were exposed to 16 conditions whereas
9 subjects who performed the arm and leg task were exposed
to 8 conditions. We focused on 8 conditions shared by all
subjects (highlighted in bold). For each muscle we exam-
ined the two conditions which (1) required low and high
levels of active compensation to the background torque and
(2) required increased activity to counter the perturbation
stretching that muscle. Elbow flexor (extensor) activity
was examined with the two background extension (flexion)
torques and the combined extension (flexion) torque per-
turbation; because of the arm’s intersegmental dynamics,
pure elbow motion resulted from the combined shoulder-
elbow torque perturbations (Graham et al. 2003; Kurtzer
et al. 2008). Biarticulars were weakly modulated by shoulder
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torque and were examined in the same manner as elbow
muscles. Shoulder flexor (extensor) activity was examined
with the two background torques and the shoulder extension
(flexion) torque perturbations. We also examined shoulder
flexor (extensor) activity with the combined extension (flex-
ion) torques since the MLR of shoulder muscles are evoked
by pure elbow motion (Kurtzer et al. 2008; Pruszynski et al.
2011). We collected 30 repeats of each condition.

Perturbation conditions for the walking task

The walking task followed standard procedures (Grey et al.
2001; af Klint et al. 2010). Subjects walked on the treadmill
at their preferred pace (3.2-3.6 km/h) within a fully illu-
minated room. Every 4—-6 gait cycles the subject received a
perturbation of their right ankle. 300 ms ramp-hold-release
displacements of ~6° with a rise rate % 110°/s were used.
The specific amplitude and speed was varied during a pre-
experimental period to find the subject-specific setting to
produce the largest MLR. During the walking experiments,
we found the optimal stretch velocity, timing and range
based on trial and error and picked the one where we saw
the largest M2 (area) response distinguishable from M1 (and
M3) that also were clearly distinguishable from no perturba-
tion trials. We used average traces overlying no perturbation
average traces to make this decision. We started with 8°
perturbation, 800 ms trigger delay and a velocity of 450°/s.
Then we worked around from there, changing on parameter
at the time, doing ten stretches each.

The dorsiflexing perturbation rotated the ankle upwards
and was triggered ~ 200 ms after heel strike: 5.5° (0.4SD) at
105°/s (11 SD). The plantarflexing perturbation rotated the
ankle downwards and was triggered in mid-swing: 7° (0.4
SD) at 116°/s (6 SD). Note that these perturbations were
slower than most earlier studies examining gait, 300—-400°/s
(Grey et al. 2001; af Klint et al. 2010) to optimize for an
MLR response (see Fig. 3 in Grey et al. 2001). We collected
20 repeats of each condition.

Perturbation conditions for the sitting task

Subjects were resting in a comfortable chair as described by
Toft et al. (1991) with their right foot placed on and firmly
strapped to a platform capable of producing perturbations
in both plantar and dorsiflexion directions with adjustable
speed and range. Five hundred ms ramp-hold-release per-
turbations of 6° from the neutral position were used. The
rise time was adjusted to produce the largest MLR possi-
ble (80-120 ms) with a background of 20% maximum vol-
untary contraction; the stretch velocity varied from 300 to
500°/s. A similar searching procedure was used as described
above. We collected 20 repeats in trains of 10 trials with a
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frequency of 1 Hz while subjects maintained the background
contraction throughout the session.

Protocol for tizanidine exposure and testing

The 8-condition arm task took 35 min (one average) whereas
completing the 16-condition arm task took 65 min (on aver-
age). The walking task required 10-15 min to complete.
We were able to transition between the two tasks within
5-10 min. The sitting task took 10—-15 min to complete. The
tasks were performed before and 90 min after a single oral
dose of tizanidine. When the arm and walking task were
both employed, then the walking task was always tested at
the earliest time following the dosage. Dose magnitude was
determined by body weight as 150 pg/kg, according to most
previous studies (see Table 1), leading to an absolute dosage
of 8—12 mg.

Data analysis

We processed the kinematic and electromyographic data
following procedures described in previous papers (Kurtzer
et al. 2008; Pruszynski et al. 2008). Angular positions were
lowpass filtered (25 Hz, 2-pass, 6th order Butterworth).
Processing of the EMG signals included an amplification
(gain=1-10 K), bandpass filter (10-350 Hz), digital sam-
pling at 1000 Hz (PCI 6071E, National Instruments, Austin,
TX), rectification, and normalization by the muscle’s mean
baseline activity during the pre-drug phase. Baseline activ-
ity for the arm task occurred during the hold period with
the smaller load. Baseline activity for the leg task occurred
during mid-stance and mid-swing of the gait cycle for the
dorsiflexion and plantarflexion perturbations, respectively.
The data were normalized to baseline and analysed as nor-
malized units (nu).

We focused on a post-perturbation epoch alternately
termed the M2, R2, or medium-latency reflex. We adopt the
MLR nomenclature for this epoch spanning 50-75 ms in
the arm (Crago et al. 1976; Lee and Tatton 1982; Marsden
et al. 1983; Nakazawa et al. 1997; Prusyznski et al. 2008)
and starting between 60 and 85 ms in the leg (Christensen
et al. 2000); note that for the lower limb, we selected a 20 ms
window centered at each subject’s peak response (Af Klint
et al. 2010; Grey et al. 2001). These narrow windows were
chosen to examine the MLR as specifically as possible since
previous claims have focused on the MLR and preceding
and subsequent muscle responses may not include signifi-
cant contributions from the group II afferents. Analyses also
considered an earlier time termed M1, R1, or short-latency
reflex, 20-45 ms in the upper limb and ~40-60 ms in the
lower limb.

Our experimental design allowed us to make straight-for-
ward comparisons between conditions to determine whether
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tizanidine impacted the MLR epoch. For the arm perturba-
tions, we utilized repeated-measures ANOVAs to tests for
a main effect of background load and dosage. For the arm
and leg perturbations, we utilized paired t-tests to ascertain
significant evoked activity against background and signifi-
cant changes in evoked activity with dosage. Significance
was set at P <0.05.

Results
Arm task

The arm task required subjects to maintain their hand within
a small target by countering a constant background torque
followed by a torque pulse of random onset and direction.
Figure 2 shows two examples of the applied loads and
induced motion from a representative subject. In one con-
dition, the subject countered a small flexion background
torque at both the shoulder and elbow followed by a flex-
ion torque suddenly applied to just the shoulder. Because of
the arm’s intersegmental dynamics this single-joint torque
displaced both the shoulder joint (flexion movement) and
the elbow joint (extension movement). In other trials, the

subject countered a large background extension torque at
both joints followed by an extension torque suddenly applied
to both joints. Because of the arm’s intersegmental dynam-
ics this multi-joint torque initially displaced only the elbow
joint (extension movement). For our primary analysis we
used shoulder torques to study the stretch-related activity
in the subject’s shoulder muscles and multi-joint torques to
study the stretch-related activity in the subject’s elbow and
biarticular muscles.

The peak joint displacement induced by the torque pulses
varied between subjects, by perturbation direction, and by
background load due to the different sizes of the subjects’
arms, each arm’s inertial anisotropy, and automatic scaling
of evoked activity to the muscle’s background activity/motor
neuron activity. Regardless, the peak displacements were
relatively small and transient. Across subjects and conditions
the minimum peak displacement was =~ 3° and the maximum
peak displacement was ~ 9°.

The low and high background torques for each perturba-
tion (Table 2) led to lower and higher background muscle
activity. The high background torque was twice the mag-
nitude as the low background torque leading to a ratio of
high to low background activity of 1.8 (0.4 SD) across
subjects and muscles. A two-way ANOVA confirmed a

Fig.2 Examples of torque
perturbations applied to the arm A 6 — Shoulder torque B 6 — shoulder angle
during postural maintenance. = = = elbow torque = = = elbow angle
a Constant flexion torque (low —~ 4r 4r
level) was applied at both § S
joints prior to a 100 pulse of o 2L - 3 2 F
additional shoulder flexion > o
torque; this perturbation was E 0F E) 0 —
utilized to stretch the shoulder = < N N +s°
extensor muscle. b The shoulder 5 2} oot N ’,
torque pulse initially flexed - 9 ~7
the shoulder and extended the 4 < 4t
elbow from the arm’s starting
position. ¢ Constant extension 6 L 6 L L
torque was ap[?lied at both joints 0 200 400 0 200 400
(high level) prior to a 100 pulse Time (ms) Time (ms)
of additional extension torque
at both joints; this perturbation
was utilized to stretch the elbow C 6 - D 6 -
flexor muscles. d The combined
torque pulse initially extended
the elbow from the arm’s start- E 4r . 4r
ing position Z fod

g 2+ ) 2 ¢ RN

g 2 ’ A

e 0r Z 0 N / N . -

£ = I

S-2r 52} \

3 “ ,
-4 ’ -4+ \
-6 1 -6 1 1
0 200 400 0 200 400
Time (ms)
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Table 1 Protocols of previous studies and current study using tizanidine to study R2/MLR

Study Dosage (ug/kg) Test delay (min) Muscle tested Method of evoking reflex
Corna et al. (1995) 150 10,55,100, and 145 Tibialis, soleus, and flexor d. brevis Platform rotation during standing. 3°
dorsi- or plantar-flexion at 50°/s
Grey et al. (2001) 150 120 Soleus Single ankle rotation during walking
8° dorsiflexion at 300°/s
Marque et al. (2005) 150 90 Peroneus brevis Electrical stimulation of tibial nerve during
steady plantarflexion
Lourenco et al. (2006) 150 60-90 Flexor carpi radialis Electrical stimulation of ulnar nerve during
steady wrist flexion
Uysal et al. (2009) 150 90 Soleus Electrical stimulation of deep peroneal nerve
during steady plantarflexion
Af Klint et al. (2010) 150 60 Soleus Single ankle rotation during walking
5° dorsiflexion at 400°/s
Friemert et al. (2010) 150 120 Biceps femoris Tibial translation by applying 300 N to back
of the proximal aspect of calf, 6 mm max
displacement in ~40 ms
Meskers et al. (2010) ~50 20-160 Flexor carpi radialis 3.4,5.7 8.0° wrist extension at 114°/s
Uysal et al. (2012) 150 90 Flexor carpi radialis Electrical stimulation of radial nerve
Current study 150 90 Soleus and tibilias Single ankle rotation during walking
5.5° dorsilexion at 105°/s
7° plantarflexion at 115°/s
90 Soleus and tibialis Single ankle rotation during sitting
6° plantarflexion at 300-500°/s
90-115 Tri. lateral, tri. longus, post. +2 Nm at the shoulder and/or elbow

deltoid, brachiorad., biceps, pect.

major

Table 2 Perturbation conditions for the subjects who performed the arm task, the walking task, and the sitting task

Background torque

Arm task perturbation torques

Leg task perturbations

SF/EF (2/2 Nm)
SF/EF (4/4 Nm)

SE/EE (—2/—2 Nm)
SE/EE (- 4/—4 Nm)

Arm task only

Arm and Walking tasks ~ SF/EF (1.5/1.5 Nm)
SF/EF (3/3 Nm)
SE/EE (—1.5/—1.5 Nm
SE/EE (—3/—3 Nm)
Sitting task only None

SF (2 Nm), EE (=2 Nm), SF/EF (2/2 Nm), SE/EE (~2/—=2 Nm)  None
SF (2 Nm), EE (=2 Nm), SF/EF (2/2 Nm), SE/EE (- 2/—2 Nm)
SE (=2 Nm), EF (2 Nm), SF/EF (2/2 Nm), SE/EE (- 2/—2 Nm)
SE (=2 Nm), EF (2 Nm), SF/EF (2/2 Nm), SE/EE (- 2/—2 Nm)
SF (2 Nm), SF/EF (2/2 Nm)

SF (2 Nm), SF/EF (2/2 Nm)

SE (=2 Nm), SE/EE (- 2/—2 Nm)

SE (=2 Nm), SE/EE (- 2/—2 Nm)

Dorsiflex, plantarflex
Dorsiflex, plantarflex
Dorsiflex, plantarflex
Dorsiflex, plantarflex
Dorsiflex, plantarflex
Dorsiflex, plantarflex
Dorsiflex, plantarflex

Dorsiflex, plantarflex

Shoulder flexion and shoulder extension torque is abbreviated SF and SE, respectively. Elbow flexion and elbow extension torque is abbreviated

EF and EE, respectively

significant effect of background load (P <0.001) for all
muscles (posterior deltoid, F(1,12):23-3§ triceps lateral,
Fy12=123.7; triceps longus, F; ;,,=35.9; pectoralis major,
Fy 12)=43.4; brachioradialis, F(; j,)=31.1; and biceps bra-
chii, F(; ;1,=25.7). In contrast to the substantial difference
in background muscle activity with background torque there
was a negligible impact of the tizanidine dosage—ratio
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of pre-dosage to post-dosage background activity was
0.98 (0.19 SD) across subjects and muscles (P> 0.05,
F(.11-12)<4.5). This pattern is evident in the two sample
muscles presented in Fig. 3.

The selected perturbations reliably evoked MLR activ-
ity in all the examined muscles. Prior to the tizanine dos-
age, the perturbation evoked an increase from baseline with
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Fig.3 Examples of evoked
activity in arm muscles. a
Evoked activity in an exemplar
subject’s shoulder extensor 3t
during a low background torque
and shoulder torque pulse, same
perturbation depicted in Fig. 2a,
b. Black and grey traces show
muscle activity obtained before
and after tizanidine intake,
respectively. Data normalized
to background activity with low
background torque, normalized
units (nu). The grey window
indicates the R2 time epoch

R2

N
——

EMG (nu)

A W

A Post Delt. (exemplar subject)

B Post Delt. (group data)

Y

1 ﬁ\p‘v\‘h

spanning 50-75 ms. b Group

data of shoulder muscle activ-

ity to the same conditions. ¢

Evoked activity in an exemplar

subject’s elbow flexor with a

high background torque and C
combined torque pulse, same 1
perturbation depicted in Fig. 2c,

d. d Group data of shoulder

muscle activity to the same ‘

50 O 50

Time (ms)

Biceps (exemplar subject)

50 100 150
Time (ms)

100 150 50 0

Biceps (group data)

conditions =) =)
5l U5 I ALY
2| M el | N WY
L l IV‘ T} ‘
n Y I 2. '\-‘ »:l k‘r‘
2\ W ) s !
v r
-50 O 50 100 150 50 O 50 100 150
Time (ms) Time (ms)

the low background load (P _4eq <0.001, 74;_15,>7.9)
and high background load (P _ 4e4 <0.001, 74,_15)>5.7).
Likewise, following the tizanine dosage, the perturbation
evoked an increase from baseline with the low background
load (P _4eq <0.001, 74, _15,>5.8) and high background
load(P _ 44eq <0.005, £1,_15)>4.3). For example muscles
see Fig. 3; for group data of all muscles see Fig. 4.

The MLR activity was often increased with the high back-
ground load compared to the low background load (Fig. 4).
A main-effect of background load was significant (P <0.05)
for the elbow and biarticular muscles (F; ;15> 6.9). The
shoulder muscles gave weaker changes that were not signifi-
cant (posterior deltoid, F(; j,,=1.45) or a significant trend
in the opposite direction (pectoralis major, F; 1,,=13.3).

The impact of tizanidine on the arm’s MLRs was
inconsistent (Fig. 4). A significant main effect (P <0.05)
of tizanidine dosage was found in one elbow muscle and
one biarticular (triceps lateral, F; ,)="7.8; triceps longus,
F(1.11y=6.5). In the other four muscles, a main effect of
tizanidine was not significant (P>0.05, F(; ;;_15)<1.8).
Although there was a mean decrease in MLR in most

comparisons with a particular background load (8/12),
these changes were weak and variable. A significant
difference was only obtained in 2 of 12 comparisons
(P _ gigeq < 0.05) which occurred with the two extensor
muscles previously mentioned, triceps lateral and triceps
longus. This pattern was not altered when examining the
first 10 trials post-dosage, nor was a significant difference
found between the MLRs observed for the first 10 and last
10 trials post-dosage (P, _ geq > 0.05). Furthermore, no
changes were present in the earlier SLR epoch generated
by a group I-spinal pathway (P, _ geq > 0.05).

As shown in several previous studies (Kurtzer et al.
2008; Pruszynski et al. 2011) the shoulder muscle’s MLR
was evoked by perturbations causing initial motion at just
the elbow (P _ 4eq <0.001, 7(45,>7.2) (Fig. 5). These multi-
joint reflexes increased with the high background load com-
pared to the low background load (P <0.001, F; ;5,>22),
but did not vary with tizanidine exposure (P> 0.10,
F(1.12)<1.9). Nor did any comparisons at a particular back-
ground load indicate a significant change with tizanidine
(Py_gigeq>0.05).
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Fig.4 Mean R2 activity in arm muscles before and after tizanidine
intake. Data from six muscles controlling the elbow and/or shoulder.
Each bar shows the group average baseline activity and evoked R2
separated by a horizontal line, vertical black line is the standard error
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of the evoked response. Black and grey bars indicate muscle activity
obtained before and after tizanidine intake, respectively. Data shown
for the low and high background torque conditions. P values for each
paired t-test are presented, bold italics for P <0.05
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Fig.5 Mean R2 activity in shoulder muscles to elbow displacement.
a Group evoked activity in the shoulder extensor to 100 pulse of flex-
ion torque at both joints, a perturbation which initially caused motion
at just the elbow. Black and grey traces show muscle activity obtained
before and after tizanidine intake, respectively. b Each bar shows the

Walking task

The walking task required subjects to freely walk at a
natural pace while ramp-hold-release displacements were

@ Springer

group average baseline activity and evoked R2 (with standard error)
separated by a horizontal line. Black and grey bars indicate muscle
activity obtained before and after tizanidine intake, respectively. P
value’s of each paired t-test are presented, bold italics for P <0.05

intermittently applied to their right ankle. These unpredicta-
ble perturbations (dorsiflexing at mid-stance to stretch soleus
and plantarflexing at midswing to stretch tibialis anterior)
did not disrupt their walking pattern before or after ingesting
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tizanidine. Figure 6 shows two examples of ankle motion
with and without the perturbations. Nor was the activity of
the two ankle muscles impacted by tizanidine during unper-
turbed trials (P, _ ggeq > 0.5, £ <10.61).

The dorsiflexing and plantarflexing perturbations reliably
evoked MLRs in the stretched ankle muscles. Both muscles
exhibited increased activity from baseline under normal con-
ditions (P; _ 4.4 <0.01, £>3.5) and following the tizanidine
dosage (P _qeq <0.005, £>4.3). However, these MLRs did
not change with drug intake (P, _ 4.4 > 0.3, <1.0l). Exam-
ples of individual subjects and group data are presented in
Fig. 7.

Sitting task

The sitting task required subjects to produce a dorsiflexion or
plantarflexion torque at 20% MVC in the presence of unpre-
dictable stretch perturbations. The dorsiflexing perturbation
reliably evoked a MLR in the soleus (P; _4eq <0.05,1=2.1)
whereas the plantarflexing perturbation had a less reliable
impact on the MLR of tibialis anterior (P _4.q=0.12,
t=1.8). In either case, the ingestion of tizanidine did not
diminish these reflex responses (P, _ igeq > 0.4, £ <10.71).

Subjective experience of tizanidine

Most subjects (18/20) reported alterations of their experi-
ential state following tizanidine ingestion. These changes
involved the common side-effects of somnolence, dry mouth,
and dizziness. Altered experiences were first noticed within
30 min of dosing and were noticeably lessened by the end
of data collection, approximately 150 min after ingestion.

Discussion

The primary purpose of our study was to use tizanidine,
an alpha-2 adrenegric agonist that preferentially depresses
transmission of group II signals to interneurons within the
intermediate zone of the spinal cord, to quantify the rela-
tive contribution of group II afferents to the MLR of proxi-
mal upper limb muscles. We also examined the MLR of
ankle muscles, initially as a control, since previous studies
reported decreased MLR activity with tizanidine. As the
MLR response is relatively small, we adjusted our muscle
stretch parameters (higher amplitude and lower velocity) to
optimize MLR response size (Grey et al. 2001).
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Fig.7 Evoked activity in ankle muscles before and after tizanidine
intake. a Evoked activity in an exemplar subject’s plantarflexor mus-
cle stretched by the dorsiflexing servo-displacement shown in Fig. 6a,
b. Data normalized to the peak activity of unperturbed gait (mid-
stance), normalized units (nu). Thin and thick black traces show data
obtained during unperturbed and perturbed trials, respectively, prior
to tizanidine intake. Thin and thick grey traces show data obtained
during unperturbed and perturbed trials, respectively, after tizanidine
intake. Grey window indicates the MLR time epoch. b Group data of
the plantarflexor’s MLR to these same conditions. Each bar shows the

The experiment yielded inconsistent effects: lowered
responses in the elbow extensors, but not in the elbow
flexors, shoulder muscles, or ankle muscles. Except for
the stretch profile, there was no obvious difference in our
procedures from previous work, however (Table 1). We
utilized mechanical perturbations which elicited robust
MLRs in all examined muscles. We provided a drug dos-
age identical to most previous studies and examined a
post-ingestion period that overlapped with previous stud-
ies. To further guard against missing a transient effect we
examined the earliest perturbations in the post-ingestion
period and found no change in the pattern of responses,
nor between the earliest and last batch of trials, nor in the
multi-joint response of shoulder muscles. Our two-sided
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group average baseline activity and R2 separated by a horizontal line,
vertical line is the standard error of the evoked response. Black and
grey bars indicate muscle activity obtained before and after tizani-
dine intake, respectively. P value’s of two-sided paired t-test are pre-
sented. ¢ Evoked activity in an exemplar subject’s dorsiflexor muscle
stretched by the plantarflexing servo-displacement shown in Fig. 6c,
d. Data normalized to the peak activity of unperturbed gait (mid-
swing), normalized units (nu). Same format as a. d Group data of the
dorsiflexor’s MLR to these same conditions

threshold of significance could be slighted as too severe
but would make no difference for most contrasts including
the ankle muscles.

A potential interpretation of our observations could be
that MLRs of elbow extensors are more sensitive to tiza-
nidine than for shoulder or ankle muscles. This would be
consistent with a group II-spinal role in reflex activity of
wrist flexion-elbow extension reminiscent of decerebrate
posturing following severe damage below the red nucleus
(Davis and Davis 1981). However, the fact that we failed to
reproduce the tizanidine depressive effects on the MLRs of
ankle muscles in 2 separate groups of subjects tested inde-
pendently in two laboratories when optimizing for a large
MLR response was unexpected.
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Looking at the literature, previous studies have not
reported uniform reliability of this drug on ankle mus-
cle MLRs. For example, Corna et al. (1995) reported a
depressed response in tibalis anterior during toe-down plat-
form rotations but not in soleus during toe-up platform rota-
tions. Yet, Grey and colleagues (2001) reported depressed
soleus MLR to toe-up perturbations during walking (but did
not examine tibialis responses to toe-down perturbations).
These results suggest that tizanidine could have a more idi-
osyncratic effect than previously recognized. It is quite pos-
sible that such variable effects of tizanidine might be under-
reported, as what may initially seem to be negative results
are difficult to publish.

We adjusted stretch parameters to get an optimal MLR
response during walking or sitting. This experimental choice
was made to better quantify MLR modulation. It is also an
attempt to recruit more group II afferents in the middle
latency reflex response. We are aware that due to overlap
in the sensitivity of the two muscle spindle systems (Edin
and Vallbo 1990), the MLR still included contributions from
both Group I and Group II inputs. Different stretch velocity
profiles were needed during walking and sitting, and tuning
was also done between participants. However, despite these
methodological differences, no change in MLR amplitude
was reported, suggesting that our findings are robust when
the MLR is optimized. To compare with other experiments
where MLR was not optimized would require applying a
wide range of perturbations velocities in the same partici-
pants and the same experiment. This was not possible in the
current experiment due to time constraints (we were already
testing the arm and the leg in the same participants), but
could constitute a logical next step in better characterizing
the relationship between Group I and II inputs and tizanidine
effects.

One should be careful to not over-interpret our results.
This paper provides evidence that the effect of tizanidine
on MLR attenuation might be more variable, and/or more
sensitive to experimental conditions than initially expected.
Interestingly, our results share interesting parallels with
older work trying to tease out a group II contribution to the
stretch reflex that used rapid stretches, vibration and nerve
cooling (Matthews 1970, 1984, 1989; Desmedt 1978; Evart
and Fromm 1981; Wiesendanger and Miles 1982; Mathews
1986). The conclusions from this work after many years of
debate was that group II contribution is difficult to tease
out and may vary according to several factors, including the
experimental conditions used for testing (Matthews 1989a,
b).

We do not posit that tizanidine is ineffectual. Specifi-
cally, the ambiguity of MLR attenuation in healthy sub-
jects does not minimize tizanidine’s efficacy in ameliorat-
ing spasticity exhibited in clinical conditions (Wagstaff
and Bryson 1997; Malanga et al. 2008; Mirbagheri et al.

2010). Brain trauma uncovers a number of reflex patterns
that are normally suppressed, including group II transmis-
sion under descending control (Noga et al. 1995; Riddell
etal. 1993, 1995). Tizanidine returns these patterns closer
to normal, possibly by decreasing the MLR responsive-
ness (Maupas et al. 2004). Furthermore, resolving the
ambiguity of MLR attenuation in healthy subjects does
not eliminate the other lines of evidence for a group II-
spinal contribution to the MLR. These include: (1) greater
delay by nerve cooling for the MLR than SLR (Schieppati
and Nardone1997; Simonetta-Moreau et al. 1999; Grey
et al. 2001; Marque et al. 2005; Friemert et al. 2010; Uysal
et al. 2009), (2) greater delay for the MLR than SLR for
muscles with longer peripheral nerves (Chan et al. 1979;
Nardone and Schiepatti 1998), (3) higher threshold for
electrical stimulation of MLR than SLR (Lourenco et al.
2006; Marque et al. 2005; Simonetta-Moreau et al. 1999),
and (4) less sensitivity to muscle vibration and presumably
presynaptic inhibition by the MLR than SLR (Hendrie and
Lee 1978; Bove et al. 2003). Still not all the evidence is
consistent since securing a tourniquet to the limb has led
to SLRs decreasing more than MLRs (Cody et al. 1987;
Grey et al. 2001; Friemert et al. 2010), MLRs decreas-
ing more than SLRs (Hayashi et al. 1987), and the two
responses showing an equal decrease (Fellows et al. 1993).
In conclusion, the impact of tizanidine on MLRs is rel-
evant to a host of issues, but induces idiosyncratic effects
in healthy subjects. We hope future studies will determine
whether this indicates that tizanidine’s efficacy is altered
by subtle changes in protocol or that group II afferents do
not substantially contribute to MLRs.
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