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Effects of Serotonergic Medications on Locomotor
Performance in Humans with Incomplete Spinal Cord Injury
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Abstract

Incomplete spinal cord injury (iSCI) often results in significant motor impairments that lead to decreased functional
mobility. Loss of descending serotonergic (SHT) input to spinal circuits is thought to contribute to motor impairments,
with enhanced motor function demonstrated through augmentation of SHT signaling. However, the presence of spastic
motor behaviors in SCI is attributed, in part, to changes in spinal SHT receptors that augment their activity in the absence
of S5HT, although data demonstrating motor effects of SHT agents that deactivate these receptors are conflicting. The
effects of enhancement or depression of SHT signaling on locomotor function have not been thoroughly evaluated in
human iSCI. Therefore, the aim of the current study was to investigate acute effects of SHT medications on locomotion in
10 subjects with chronic (> 1 year) iSCI. Peak overground and treadmill locomotor performance, including measures of
gait kinematics, electromyographic (EMG) activity, and oxygen consumption, were assessed before and after single-dose
administration of either a selective serotonin reuptake inhibitor (SSRI) or a SHT antagonist using a double-blinded,
randomized, cross-over design. Results indicate that neither medication led to improvements in locomotion, with a
significant decrease in peak overground gait speed observed after SHT antagonists (from 0.8+0.1 to 0.7+0.1 m/s;
p=0.01). Additionally, 5-HT medications had differential effects on EMG activity, with SHT antagonists decreasing
extensor activity and SSRIs increasing flexor activity. Our data therefore suggest that acute manipulation of SHT sig-

naling, despite changes in muscle activity, does not improve locomotor performance after iSCI.
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Introduction

INCOMPLETE SPINAL CORD INJURY (ISCI) results in significant
impairments in volitional and reflexive motor function that can
lead to loss of independent functional mobility. Though the time
course and extent of motor recovery after SCI vary substantially,
initial depression of reflex and volitional motor output (i.e., ‘‘spinal
shock™) is thought to result, in part, to the loss of descending
serotonergic (SHT) input from brainstem pathways. In animal
models of chronic SCI, structural changes in SHT receptors on
motoneurons below the lesion can result in supersensitivity to re-
sidual 5HT input' and constitutive activity (receptor activity in the
absence of 5HT).? Ultimately, this leads to poorly regulated mo-
toneuron excitability and responsiveness to afferent input or re-
sidual descending commands. Such changes may also to contribute
to the development of spastic motor behaviors in both animals and
humans with SCL>? Spastic motor behaviors in human SCI consist
of spastic hypertonia, which includes both spasticity (velocity-

dependent increases in stretch reflex excitability* and exaggerated
tendon-tap reﬂexes5) and spasms, which manifest as sustained, in-
voluntary, multi-joint muscle activation in response to multiple sen-
sory inputs.>®’ The presence of spastic motor behaviors is thought by
many to negatively affect locomotor function in patients with iSCI,**
primarily through resultant abnormal muscle activation patterns
during gait."® Conversely, other studies have reported no effect of
spastic motor behaviors on gait performance.'""

The potential effect of spastic behaviors on motor function has
driven the use of pharmacological therapies to reduce spastic motor
activity.'? This long-standing practice continues despite conflicting
data on the effectiveness of antispastic treatments to improve
functional performance, including walking ability, in those with
iSCL'*!5 Inconsistent evidence for the effect of antispastic treat-
ments on function may be secondary to the pharmacological
agents tested, as those often used in the clinical setting (baclofen
and benzodiazapines)'® depress excitability throughout the neur-
axis.'”™"” Such widespread suppression of neural excitability may
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affect volitional performance of functional tasks.'®?° However, the
use of selective pharmacological agents that target SHT receptor
subtypes thought to underlie spastic motor behaviors may more
specifically reduce spastic motor activity and improve walking
ability. For example, administration of cyproheptadine, a SHT»,.
antagonist and inverse agonist, has been shown to improve walking
in iSCI and hemiplegia.>' > Specific changes in human iSCI
include improved walking without assistance,”>>> increase pre-
ferred gait speed,”****° and more-normalized muscle activity
patterns.23 24260 1 contrast, however, more recent studies in animal
models and humans with SCI indicate that administration with SHT
antagonists may suppress spastic activity?’ as well as volitional
strength®® and locomotor function.>* This is consistent with the
suggestion that the presence of spastic motor behaviors may pro-
mote the recovery of locomotor activity® and the functional use of
these involuntary, reflexive mechanisms during locomotion to
compensate for volitional weakness.

Despite conflicting evidence for the effect of SHT antagonists on
locomotor function, SHT agonists have been shown to facilitate
locomotor output and modulate locomotor kinematics, including
joint angle excursion, step length, foot placement, and intralimb
coordination.>'* Similarly, agents that increase endogenous SHT
signaling in humans have been shown to be effective modulators of
volitional and reflexive motor output, leading to increases in clin-
ical measures of strength and spasticity.”®* Though the role of
spastic motor activity on locomotion is unclear, increases in voli-
tional strength with augmented SHT signaling may potentiate lo-
comotor performance, because selective lower extremity strength
has been positively correlated to locomotor function in humans
with SCL'"*>

Current data detailing the effects of pharmacological modulation
of SHT signaling on locomotor performance is unclear. The present
study was designed to evaluate acute effects of SHT medications on
locomotor performance in subjects with iSCI. Acute responses to
single doses of SHT medications were utilized in this study because
previous data have suggested rapid changes in neural excitability
and motor function in patients with neurological injury.?® Acute
single-dose administration was also employed to circumvent the
desensitization of SHT receptors that occurs with chronic dosing.*®
In light of recent data,”® the primary hypotheses were that a SHT
agent that increases endogenous SHT would enhance locomotor
performance, whereas an agent that blocks SHT receptor activity
would suppress locomotor performance. Improving our current
understanding of how these agents affect locomotor performance
after SCI may affect how these agents are utilized clinically to
promote the recovery of functional ambulation.

Methods

Ten ambulatory subjects with iSCI, classified by the American
Spinal Injury Association Impairment Scale (AIS) as D,*® partici-
pated in a double-blinded, randomized, cross-over design to assess
the effects of acute pharmacological manipulation of SHT trans-
mission on various measures of locomotor performance. A total of
10 subjects were considered sufficient to elicit changes in loco-
motor behavior based on our preliminary estimates.”® The agents
used were overencapsulated, orally administered doses of a selec-
tive serotonin reuptake inhibitor (SSRI; 10 mg of escitalopram
oxalate; Forest Pharmaceuticals, Inc., Earth City, MO) and a SHT
antagonist (8 mg of cyproheptadine, Periactin; Merck & Co. Inc.,
West Point, PA), with dosages chosen based on previously pub-
lished and preliminary data.>*%4° Escitalopram acts on presynaptic
terminals to inhibit the reuptake of SHT, thereby increasing the con-
centration of endogenous SHT in the synaptic cleft. Cyproheptadine
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acts on postsynaptic neurons to block ligand-mediated and constitu-
tive SHT receptor activity.

Inclusion criteria for participation were subject age between 18
and 75 years, history of iSCI >1 year, and spinal lesions above
neurologic level T10 (although no individuals with thoracic injuries
were enrolled). Exclusion criteria consisted of concurrent illness
that may limit exercise or walking performance, including the
following conditions: unhealed decubiti; uncontrolled cardiopul-
monary disease, including orthostatic hypotension and recurrent
autonomic dysreflexia; active heterotopic ossification; other pe-
ripheral or central neurologic injury; and previous sensitivity to
either medication. Recent use (<2 weeks previous) of antispastic
agents, antidepressants, or other agents known to interact with
study medications also excluded subjects from participation. Fur-
ther, subjects who were receiving physical therapy or were enrolled
in a training study less than 3 months previous were also excluded.
All subjects obtained medical clearance to participate and provided
written informed consent before participation. All procedures were
conducted in accord with the Declaration of Helsinki and approved
by the local institutional review board.

Data collection

Subjects participated in 2 days of testing separated by at least 1
week. Before initial locomotor testing, a licensed physical therapist
assessed standardized measures of strength, spastic motor activity,
and walking ability. Lower-extremity strength was assessed
through the summed AIS Lower Extremity Motor Scores of key
lower-extremity muscles.*! Spastic motor activity was evaluated
using the Spinal Cord Assessment Tool for Spastic Reflexes® and
modified Ashworth testing of bilateral knee flexors and extensors.**
Both ordinal measures capture the magnitude of spastic motor
behaviors (spasms and spasticity, respectively) while the subjects
are at rest. The Walking Index for Spinal Cord Injury II**** was
used to quantify walking ability through the use of braces, assistive
devices, and therapist assistance for overground locomotion.
Walking speed was collected over a 3.85-m instrumented walkway
(1.8m on each end for acceleration/deceleration; GaitMat II;
Equitest, Chalfont, PA) with instructions to participants to walk
their normal, comfortable pace.

After this initial evaluation, each visit consisted of two loco-
motor testing sessions that were performed before and 4.5h after
randomized administration of either SHT medication. The timing
of the postmedication testing was chosen to coincide with the mean
peak plasma concentrations of the two SHT agents.***> Testing
sessions included quantitative evaluation of peak locomotor per-
formance overground and on a motorized treadmill, performed by a
physical therapist blinded to drug condition. To evaluate peak
overground locomotor performance, subjects were cued to walk
““as fast as safely possible’” over the instrumented walkway with
assistive devices and braces below the knee as required. Approxi-
mately 30min after overground walking trials, peak treadmill
locomotor performance was evaluated during a modified graded-
intensity treadmill testing paradigm. Subjects were fitted with an
overhead safety harness without weight support and instructed to
walk on the treadmill at 0.1 m/sec for 2 min, with the speed in-
creased by 0.1 m/sec every 2 min until they required support from
the safety harness or voluntary test termination. Primary measures
included peak treadmill speed, with secondary measures of gait
kinematics, electromyographic (EMG) activity of selected lower-
extremity muscles, and metabolic activity.

During treadmill testing, kinematic data (spatiotemporal and
angular joint excursions) were collected using 32 spherical reflec-
tive markers affixed to the subjects’ lower extremities using a
previously described modified Cleveland Clinic marker set*® and
sampled at 100Hz with a six-camera motion capture system
(Motion Analysis, Santa Rosa, CA). Lower-extremity EMG ac-
tivity was assessed with bilateral surface recordings from rectus
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femoris (RF), vastus lateralis (VL), medial hamstrings (MH), ti-
bialis anterior (TA), medial gastrocnemius (MG), and soleus (SOL)
using a 32-channel dynamic EMG system (Noraxon Inc., Scotts-
dale, AZ). EMG data were sampled at 1000Hz and collected
synchronously with kinematic data using Cortex software (Motion
Analysis). Data were collected in two intervals of 30 sec for a max-
imum collection interval of 1 min at each speed. To allow accom-
modation to each treadmill speed, data collection was initiated 30 sec
after each speed increase. Oxygen consumption (VO,; mL/kg/min)
was determined using a portable metabolic system (CosMed USA
Inc., Chicago, IL) calibrated before testing using room air and
a reference gas mixture (16% oxygen and 5% carbon dioxide).
Metabolic data were collected on a breath-by-breath basis and
stored for subsequent analysis.

Data analysis

All data processing and analyses were performed before the data
were unblinded. For overground ambulation, primary (peak gait
speed) and secondary (stride length and cadence) measures of gait
performance were determined by averaging 3 trials. During treadmill
testing, the primary assessment was also peak gait speed, defined as
the highest speed at which the subject could walk for at least 1 min.
For secondary measures derived from kinematic data, a bilateral 6-
degree-of-freedom model of each subject’s lower limbs (pelvis,
thighs, shanks, and feet) was created from the reflective marker data
during static standing on each testing day using Visual 3D (three-
dimensional) software (C-Motion Inc., Germantown, MD). This
model was applied to filtered marker data (low-pass, second-order
recursive Butterworth filter; cut-off frequency, 10 Hz) from walking
trials, and 3D joint positions and intersegmental angles were calcu-
lated from transformations between model segments.

Kinematic metrics were averaged across multiple normalized gait
cycles (heel strike to heel strike, defined by the maximum anterior
position of the calcaneal marker) during the two 30-sec collection
windows. A minimum of 10 full gait cycles were utilized for all
analyses, with the exception of 3 subjects who walked at very slow
gait speeds after SHT antagonists; in these cases, only 5-7 full gait
cycles were available for analysis. Kinematic analyses focused on
bilateral limbs, with EMG activity analyzed from the more impaired
limb as determined by strength scores (or spasticity scores, if strength
was equal bilaterally). Specific metrics of interest included stride
length, cadence, and sagittal plane joint kinematics, including peak
angular excursions and total range of motion at the hip, knee, and
ankle (note: 2 participants wore ankle foot orthoses and data were
included in analysis). In addition, the average coefficient of corre-
lation (ACC) was calculated to quantify the intralimb consistency of
coordination between hip and knee joint across multiple normalized
gait cycles. The ACC uses a vector coding technique to analyze the
consistency of sagittal-plane hip and knee angles on an angle-angle
plot, as described by others,***” and performed in our previous
work.*® Values of 1.0 represent perfectly consistent coordination of
the joint trajectories between gait cycles, whereas values of 0.0 in-
dicate no consistency. Individuals without neurological injury
demonstrate ACC values from 0.94 to 0.97.74°

Additional secondary measures included EMG activity during
graded-intensity treadmill ambulation, which were post-processed
using custom software (Visual 3D; C-Motion Inc.; and MATLAB;
The MathWorks, Inc., Natick, MA). Raw EMG signals were fil-
tered (fourth-order recursive Butterworth; band pass, 30-450 Hz;
band stop, 58-62 Hz), rectified, and smoothed using a low-pass
filter (fourth-order recursive Butterworth; 20 Hz) to create linear
envelopes. EMG data were normalized to gait cycle as a percent
from heel strike to heel strike. These data were averaged over all
step cycles completed within the collection windows to create and
average step profile.

EMG measures from the more impaired limb included the av-
erage integrated area throughout the gait cycle for specific muscles.
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Data from specific muscle groups were pooled together according
to their functional synergistic actions during walking, as defined
previously in a healthy and neurologically impaired population.50
Generally, flexor and extensor muscle groups were grouped sepa-
rately, with specific biarticular muscles with both flexor and ex-
tensor actions analyzed depending on their exli)ected activity during
predetermined phases of the gait cycle.’®>' Specific functional
groupings for extensor muscles included SOL, MG, VL, RF (during
stance; 0-50% of gait cycle), and MH (during stance; 0-65% of gait
cycle). Although MG is biarticular, recent studies have demon-
strated limited function as a knee flexor during upris%ht locomotion;
MG was therefore considered only as an extensor.”>' For flexors,
TA, RF (during preswing through swing; 50-100% of gait cycle),
and MH (during swing; 65-100% of gait cycle) were grouped.
Same-day pre- and postdrug testing sessions with EMG electrodes
secured in position throughout the testing sessions allowed for pre-
to postdrug comparisons of integrated EMG area in flexor and
extensor musculature.

In addition, the Spastic Locomotor Disorder Index (SLDI) was
calculated to evaluate muscle timing throughout the gait cycle
before and after SHT modulation. Briefly, integrated EMG area
during predetermined normative activation (“‘on’’) and inactivation
(““off”") times for each recorded muscle throughout the gait cycle™
were calculated. The SLDI was determined for each muscle as the
ratio of the integrated EMG area during the summed off time to the
area of the summed on time for that muscle: SLDI values closer to
0.0 represent appropriate muscle timing consistent with normative
data from intact subjects, whereas higher values indicate abnormal
muscle activation patterns during gait (i.e., the presence of muscle
activity during the portion of the gait cycle when the muscle should
be off)."

Kinematic and EMG metrics were averaged over all steps taken
within the collection window at the fastest speed reached in each
testing session as well as the fastest speed met in both testing
sessions within 1 day (fastest matched speed). As an example, if a
subject reached 0.7 m/sec on the predrug assessment and 0.5 m/sec
on the postdrug assessment, metrics were compared between 0.7 m/s
predrug and 0.5 m/sec postdrug, as well as between 0.5 m/sec pre-
and postdrug. Comparison of metrics at the fastest matched speed
allowed for the determination of the effects of SHT medications
without the confounding influence of velocity.

Measurements of VO, were averaged across the last 1 min of
each speed interval. Baseline metabolic values collected during
2min of sitting were subtracted from each VO, measurement
during walking.

Statistical analysis

All statistical analyses were performed in StatView software
(version 5.0.1; SAS Institute Inc., Cary, NC). Multiple comparisons
for each drug (SSRI and SHT antagonist) necessitated Bonferroni’s
corrections for all primary and secondary measures, such that the
corrected o was set to 0.025. Primary statistical analysis tested the
differences in fastest speed of overground and treadmill locomotion
before and after the administration of each SHT agent using paired
t-tests. Paired 7-tests were also utilized to evaluate differences in
overground spatiotemporal measures (cadence and stride length) at
fastest speed. For cadence, stride length, and sagittal-plane joint
kinematics collected on the treadmill, comparisons were made
between pre- to postdrug measurements at fastest speed and fastest
matched speeds. Pre- to postdrug comparisons of lower-extremity
EMG activity and timing were assessed using Wilcoxon’s non-
parametric signed-rank test given the limited sample size and
variability of EMG. Potential correlations between changes in
fastest speed versus spatiotemporal patterns during overground and
treadmill testing as well as baseline clinical measures of spastic
motor behavior were assessed with Pearson’s correlation. Poten-
tial correlations between changes in fastest speed and oxygen
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TABLE 1. SUBJECTS’ CLINICAL AND DEMOGRAPHIC CHARACTERISTICS
Subject No. LOI DOI (months) Gait speed (m/sec) LEMS mAsh SCATS WISCI-11
1 C5 301 0.78 36 6 7 19
2 C5 156 0.59 49 9 6 16
3 C3 43 0.11 37 5 13 6
4 C2 12 0.57 44 3 5 13
5 C5 133 0.89 38 6 16 13
6 C3 53 0.68 47 8 3 13
7 C5 96 0.52 36 11 10 13
8 C6 27 0.24 46 14 12 16
9 Co6 102 0.58 47 0 3 20
10 C7 30 0.23 23 9 8 9

Categories include: neurologic level of injury (LOI), duration of injury (DOI), gait speed, Lower Extremity Motor Score (LEMS; range, 0-50),
modified Ashworth assessment (mAsh; range, 0-16), the Spinal Cord Assessment Tool for Spastic Reflexes (SCATS; range, 0-18), and the Walking
Index for Spinal Cord Injury-II (WISCI-II; range, 0-20). Measures that capture scores for individual muscle strength or spastic motor activity are
provided as the summation of scores from each tested muscle on bilateral lower extremities. For all measures, larger scores indicate increased strength,

spastic motor behavior, or independence with ambulation.
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FIG. 1. Pre- and postdrug assessments of gait speed during

overground (A) and treadmill (B) ambulation. Trends for de-
creased peak gait speed are observed across drug conditions
during both overground (A) and treadmill (B) ambulation, with a
significant decrease only demonstrated during overground ambu-
lation after SHT antagonist (SHT ant) dosing. *Significant dif-
ference from predrug measures; p<0.025. SSRI, selective
serotonin reuptake inhibitor; SHT, serotonergic.

consumption versus lower-extremity EMG activity during tread-
mill testing (normalized to predrug values) were assessed using
Spearman’s rank (o=0.05).

Results

Ten male subjects with chronic motor iSCI participated in this
study, with average age of 44 + 10 years and an average duration of
injury of 95 +87 months, and all with cervical lesions classified as
AIS D (summed AIS lower extremity motor score range, 36—49).
Clinical characteristics of these participants and baseline walking
values are provided in Table 1.

Effect of serotonergic agents on overground
locomotor performance

After either SHT agent, participants demonstrated a small decrease
in fastest overground gait speed (Fig. 1A), although only significantly
after SHT antagonists (p=0.01), but not SSRIs (p=0.15). Changes
with SHT antagonists were associated with a significant decrease in
stride length (1.1£0.13 to 1.0£0.21 m; p=0.01) and a decrease in
cadence that approached significance (84 30 to 77 £32 steps/min;
p=0.06). Greater correlation was observed between changes in gait
speed and cadence (r=0.90; p<0.001), as opposed to stride length
(r=0.85; p<0.01). With SSRIs, significant decreases in stride length
(1.1£0.15 to 1.0+0.15m; p=0.01) were observed with no change
cadence (85%32 to 86+34 steps/min; p=0.90). Accordingly,
changes in speed were better correlated with stride length (r=0.81;
p<0.01) than cadence (r=0.72; p<0.05). Baseline clinical charac-
teristics of spasticity or strength were not associated with changes in
walking performance after either drug (all »<0.55; p>0.10).

Effect of serotonergic agents on treadmill
locomotor performance

Consistent with results from overground walking, subjects ex-
hibited similar decreases in speed during graded treadmill testing,
although changes were not significant for either SHT antagonists
(p=0.04) secondary to the strict o-level used or SSRIs (p=0.09;
Fig. 1B). Changes in stride length and cadence during fastest
speeds also paralleled changes in overground performance, but were
not statistically significant (Table 2). Correlation analysis revealed
moderate-to-good associations between changes in peak treadmill
speed and stride length (r=0.83) as well as cadence (r=0.77) after
SSRIs (both p<0.01). In contrast, very strong correlations were
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TABLE 2. PRE- AND POSTDRUG MEASUREMENTS OF SPATIOTEMPORAL PARAMETERS
OF GAIT AT FASTEST AND FASTEST MATCHED SPEEDS DURING TREADMILL AMBULATION

SSRI SHT antagonist
Pre Post p value Pre Post p value

Fastest speed

Stride length (m) 1.17+0.16 1.09+0.16 0.04 1.19+0.16 1.08+0.23 0.07
Cadence (steps/min) 75.2+28.6 72.7+28.3 0.30 76.31£29.0 68.9+32.0 0.05
Fastest matched speed

Stride length (m) 1.12+0.19 1.09+0.16 0.16 1.08+0.22 1.09+£0.22 0.71
Cadence (steps/min) 70.6+28.0 72.2+28.0 0.21 69.2+31.5 69.6+£30.2 0.84

Comparisons of spatiotemporal measures at fastest matched speeds demonstrated no differences with either SHT medication. At fastest speeds,
decrease in stride length after SSRIs and cadence after SHT antagonists approach significance (=0.025). Values are means * standard deviation.

observed between peak treadmill speed and cadence (r=0.94;
p<0.001) after SHT antagonists, with slightly less association to
stride length (r=0.72; both p <0.05). Spatiotemporal parameters at
Jastest matched speeds were not different after either SHT agent
(Table 2).

Detailed analysis of lower-extremity kinematics during fastest
treadmill performance revealed minimal differences after either
SHT agent for the less- and more-impaired limb. For peak joint
ranges of motion, only peak ankle dorsiflexion range of motion in
the more-impaired limb was found to increase after administration
of SSRI (p=0.01; Table 3A), without changes at the knee and hip.
Total joint excursion did not change at any joint (Table 4). Eva-
luation of joint kinematics at fastest matched speeds revealed
similarly limited changes, with differences demonstrated only for
total ankle range of motion after SSRIs in the more-impaired limb
(p=0.02; Table 4).

For muscle activity at fastest speeds, comparisons between pre-
and post-5SHT agent administration demonstrated no significant
changes in pooled flexor or extensor EMG activity. Specifically, SSRI
administration led to nonsignificant increases in flexor (34 +68%;

p=0.20) and extensor (26+43%; p=0.37) activity, whereas SHT
antagonists led to nonsignificant decreases of EMG activity in both
flexor (—15+40%; p=0.08) and extensor (—20%18%; p=0.05)
activity that approached significance. Very weak correlations were
observed between changes in gait speed and normalized flexor or
extensor activity (all tho <0.30; p>0.40).

Comparisons of muscle activity at fastest matched speeds were
also performed to evaluate SHT medication effects on walking
without influence of treadmill speed. Interestingly, SSRI admin-
istration was found to significantly augment flexor activity by
40£40% (p=0.01), with no significant difference in extensor
activity (17£22%; p=0.11; Fig. 2A,B). In contrast, SHT antag-
onist administration led to significant decreases in EMG activity
in extensors (— 14+ 15%; p=0.01), but not flexors (—15+24%;
p=0.04; Fig. 2A,B). Additionally, calculations of the SLDI for
the six lower-extremity muscles of interest revealed a range of
values previously reported to occur in individuals with spastic
paresis,'” although there were no significant changes in any in-
dividual lower-extremity muscle with either SSRI or SHT an-
tagonists (Table 5).

TABLE 3A. PRE- AND POSTDRUG MEASUREMENTS OF PEAK SAGITTAL-PLANE JOINT RANGE
OF MOTION OF THE HiP, KNEE, AND ANKLE AT FASTEST SPEED

SSRI SHT antagonist
Fastest Pre Post p value Pre Post p value
More impaired limb
Ankle dorsiflexion 158 22+10 0.01 197 19+9 0.82
Ankle plantarflexion -23+11 -17+10 0.12 -22+11 -17%15 0.19
Knee flexion -60x16 -56x16 0.53 —-64+23 -61%15 0.61
Knee extension -7%16 -5+18 0.9 -9+16 -6+12 0.34
Hip flexion 3715 35+11 0.91 39+12 42+12 0.45
Hip extension -17+17 -11+9 0.16 -10x7 -6%8 0.3
Hip-knee ACC 0.8810.04 0.881+0.04 0.61 0.86+0.07 0.86+£0.08 0.36
Less impaired limb
Ankle dorsiflexion 15+5.7 18+8.6 0.23 17+6.5 17+9.3 0.95
Ankle plantarflexion -18+14 -10x14 0.06 -17x14 -15+12 0.47
Knee flexion -57£7.5 -62+9.9 0.04 -60£8.4 -61%6.3 0.79
Knee extension -3.1£15 -7.6x16 0.02 -43+x16 -39+13 0.85
Hip flexion 35+16 42+6.7 0.24 394+9.0 44199 0.34
Hip extension -16+17 -7.9%9.1 0.12 -11x12 -7.3%8.1 0.58
Hip-knee ACC 0.88+0.08 0.90£0.07 0.33 0.89+0.07 0.88+0.09 0.88

Negative values represent plantarflexion at the ankle, flexion at the knee, and extension at the hip. Values are presented in degrees (mean + standard

deviation).

SSRI, selective serotonin reuptake inhibitor; SHT, serotonergic; ACC, average coefficient of correlation.
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TABLE 3B. PRE- AND POSTDRUG MEASUREMENTS OF PEAK SAGITTAL-PLANE JOINT RANGE
OF MOTION OF THE Hip, KNEE, AND ANKLE AT FASTEST MATCHED SPEED
SSRI SHT antagonist
Fastest matched Pre Post p value Pre Post p value
More impaired limb
Ankle dorsiflexion 18+7 18+5 0.98 20+£10 20+10 0.84
Ankle plantarflexion -21£10 -16%+13 0.07 -22+14 -23+14 0.70
Knee flexion —-60£13 —-56+%16 0.16 -62£19 —-6l1£16 0.75
Knee extension -6%16 -5+18 0.84 -8%15 -61+12 0.44
Hip flexion 3714 35+11 0.75 3811 42+12 0.29
Hip extension —-14+£15 -11£9 0.38 -9+7 -6%8 0.48
Hip-knee ACC 0.88+0.04 0.88+0.04 0.61 0.86%£0.07 0.86£0.08 0.36
Less impaired limb
Ankle dorsiflexion 16+6.2 18+7.8 0.16 18£6.2 17£10 0.57
Ankle plantarflexion —-12+11 -82%+93 0.06 -14+14 -17+15 0.43
Knee flexion —58+8.5 —-62%10 0.09 -59+89 -60+6.6 0.51
Knee extension —-6.8+18 —11£19 0.07 -82+£19 —-69+£16 0.39
Hip flexion 35+16 41+6.7 0.27 38+7.4 42674 0.18
Hip extension —15£16 -7.6+£89 0.18 —11£12 -73+74 0.32
Hip-knee ACC 0.88+0.08 0.90£0.06 0.27 0.88+0.07 0.88+0.10 0.79

Negative values represent plantarflexion at the ankle, flexion at the knee, and extension at the hip. Values are presented in degrees (mean = standard

deviation).

SSRI, selective serotonin reuptake inhibitor; SHT, serotonergic; ACC, average coefficient of correlation.

For measures of metabolic activity, both study medications led
to nonsignificant decreases in VO, at fastest speeds, with changes
after SHT antagonists approaching significance (SHT antagonist,
15£5.3 to 11+4.4mL/kg/min; p=0.03 and SSRI, 17£6.6 to
16 £5.2 mlL/kg/min; p=0.16). Change in peak VO, was not sig-
nificantly correlated to the change in flexor (tho=0.19; p=0.57) or
extensor (rtho=—-0.43; p=0.20) muscle activity (postdrug nor-

TABLE 4. PRE- AND POSTDRUG MEASUREMENTS OF TOTAL JOINT
RANGE OF MOTION IN THE SAGITTAL PLANE oF THE Hipr, KNEE,
AND ANKLE AT FASTEST AND FASTEST MATCHED SPEEDS

SSRI SHT antagonist

Fastest Pre Post  pvalue  Pre Post  p value
More impaired

Ankle 38+11 39+11 039 40+11 36%9 0.11

Knee 53+13 51+19 0.62 55+18 55%+15 0.72

Hip 54x16 47£13 0.10 49%+9 49+11 0.64
Less impaired

Ankle 31+13 27+74 058 33+11 32+9.3 045

Knee 5414 55+17 098 56%x13 5714 048

Hip 51+10 49+13 028 50+83 51+12 047
Fastest matched
More impaired

Ankle 40+8 34%+11 0.02 42+14 43+10 0.76

Knee 5413 51%£19 041 54%£17 55+15 0.59

Hip 51t16 4748 0.13 47+£8 48%£12 0.35
Less impaired

Ankle 28+8 27£8 0.64 3112 32+10 047

Knee 49+19 48+16 095 48%+18 52+16 0.28

Hip 49+10 47£12 036 48%£9 50%x12 0.31

Values are presented as degrees of joint motion (mean  standard
deviation).
SSRI, selective serotonin reuptake inhibitor; SHT, serotonergic.

malized to predrug activity). Comparisons of VO, at fastest mat-
ched speeds demonstrated significantly less oxygen consumption
with SHT antagonist administration (13+4.9 to 11+4.4 mL/kg/
min; p =0.02) and no difference in VO, with SSRI dosing (16 6.7
to 16 £5.3 mL/kg/min; p=0.71).

Discussion

This pilot investigation evaluated the effects of acute SHT
modulation on locomotor performance in subjects with chronic
iSCI. Administration of a SHT antagonist resulted in significantly
decreased peak overground speed, whereas SSRI resulted in no
significant changes. Detailed evaluation of muscle activity and gait
kinematics demonstrated few differences at fastest treadmill
speeds, whereas comparisons at fastest matched speeds revealed
increased flexor muscle activity after SSRI and decreased extensor
activity with SHT antagonists. No significant drug-dependent effect
on lower-extremity muscle timing was observed.

The changes in peak gait speed demonstrated here are consistent
with recent data,”® with alterations in specific spatiotemporal pa-
rameters appearing to account for speed changes in both drug
conditions. After SSRI administration, differences in stride length
appear to better account for trends in gait speed, whereas changes in
cadence better account for changes in speed after SHT antagonists,
with relatively consistent spatiotemporal changes overground and
treadmill ambulation (although changes during treadmill ambula-
tion were not significant secondary to the strict a-level). Despite
these changes, individual joint kinematics were not substantially
altered across testing conditions. Previous reports have demon-
strated that treatment of spastic motor behaviors with SHT antag-
onists leads to changes in joint angular displacement.'®**2* These
studies describe more-upright posture and decreased hip and knee
flexion during ambulation after administration of SHT antagonist,
which was interpreted as a consequence of decreased flexor spasms.
In contrast, the only significant change demonstrated in this study
was a decrease in total ankle range of motion on the more-impaired
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FIG. 2. Pre- and postdrug assessments of average integrated
area of EMG activity for lower-extremity flexor (A) and extensor
(B) musculature at fastest matched speeds. SHT medications re-
sulted in divergent effects on lower-extremity muscle activity.
SSRIs led to significant increases in pooled flexor EMG activity
(A) and 5HT antagonists led to significant decreases in pooled
extensor EMG activity (B), with similar trends in overall muscle
activity. *Significant difference from predrug measures; p <0.025.
EMG, electromyography; SSRI, selective serotonin reuptake in-
hibitor; SHT, serotonergic.

limb with SSRIs in fastest matched conditions, apparently mediated
largely by the decrease in peak plantarflexion range of motion
(Table 3B). The limited changes in hip and knee excursion bilat-
erally do not readily account for the trend for decreasing stride
length, possibly suggesting that the combined effects of minor

LEECH ET AL.

differences in all joint excursions contributed to altered spatio-
temporal patterns.

Despite limited changes in kinematics, the SHT agents utilized
demonstrated opposite effects on overall lower-extremity muscle
activity. SSRI administration increased lower-extremity flexor
EMG activity, with nonsignificant increases in extensor activity,
whereas SHT antagonists decreased extensor EMG, with nonsig-
nificant decreases in flexor EMG. The greater effect of SSRIs
on flexors versus extensors is consistent with recently published
data suggesting preferential effects of SHT signaling in a rodent
model.”® Another possibility is that augmented SHT transmission
with SSRIs had less of an effect on extensor musculature secondary
to pronounced increases in extensor tone and spastic motor be-
haviors characteristic in iSCI, such that further increases may be
limited.”>* However, further investigation into the mechanisms
that underlie this potentially selective effect SHT signaling on
flexor versus extensor activity is necessary.

Changes in muscle activity after SHT agents tested at either
fastest or fastest matched speed may account for observed differ-
ences in VO,. Specifically, the trend of SHT antagonists to decrease
muscle activity may contribute to the reduction of VO, at either
fastest or fastest matched conditions. Conversely, after SSRIs, in-
creases in EMG activity with reduced peak speeds at fastest con-
ditions could account for the unchanged VO, measurements.

Despite net changes in lower-extremity muscle activity, the
present results indicate that the timing of muscle activity (as
measured by the SLDI; shown in Table 5) was unaffected by either
medication. In contrast, previous studies highlight improved acti-
vation patterns as a primary effect of both SHT agonists™ and
antagonists.*>** Regardless, the present finding may help explain
why administration of either SHT agent did not translate into im-
provements in locomotor function. Despite greater EMG activity
after SSRIs, subjects may have been unable to utilize this acutely
increased motor output to achieve higher walking speeds secondary
to continuous abnormal muscle timing. Similarly, the combined
effects of maintained abnormal muscle activation patterns and the
trend for decreased activity in both flexors and extensors after SHT
antagonists may explain the decrease in peak gait speed. These
hypotheses are consistent with the recent findings of these SHT
agents on nonwalking, clinical assessments of strength and spastic
motor behavior in this population.”® However, future research is
required to determine the relationship between locomotor function
and lower-extremity strength and muscle activity (magnitude and
timing), because the current evidence is unclear,''3¢-37-35-38

Little change or reduction in peak gait speed demonstrated in
this study after administration of both SHT agents in humans with
iSCI varies substantially from previous animal and human studies
assessing locomotor effects of SHT agents.?***2%-3133 Differences

TABLE 5. SLDI VALUES FOR EACH MUSCLE AT THE FASTEST MATCHED SPEEDS

SSRI 5HT antagonist
Muscle Pre Post p value Pre Post p value
Rectus femoris 0.90+0.37 0.87£0.27 0.89 0.97+£0.21 1.1£0.20 0.18
Vastus lateralis 0.74+0.29 0.75+0.22 0.92 0.90£0.29 0.92+0.25 0.21
Medial hamstring 0.51+0.33 0.54%+0.3 0.89 0.37£0.12 0.38+0.13 0.75
Medial gastrocnemius 0.37£0.14 0.43+0.12 0.33 0.39+£0.18 0.43+0.27 0.58
Soleus 0.29+0.17 0.35+0.27 0.60 0.40£0.29 0.38+0.31 0.58
Tibialis anterior 1.1£1.9 0.49+0.25 0.89 0.49£0.20 0.53+£0.22 0.26

SLDI, Spastic Locomotor Disorder Index; SSRI, selective serotonin reuptake inhibitor; SHT, serotonergic.
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between the present study and published results may be, in part,
because of differences in experimental designs. Using single-
subject investigations, Wainberg and colleagues previously reported
beneficial effects of SHT antagonists on locomotor function using
extended, unblinded dosing and provided some indication that the
effects may be specific to the clinical presentation of any particular
patient.*? Specifically, subjects with a higher level of locomotor
function at baseline were noted to demonstrate minimal changes with
SHT antagonists, whereas subjects with severely limited locomotor
capacity secondary to spastic motor behaviors exhibited significant
walking improvements. Our findings, however, indicate no rela-
tionship between baseline clinical measures of spasticity and chan-
ges in locomotor function with ether SHT medication in this pool of
subjects who are less severely injured (AIS D). Differences between
studies may be because of differences in baseline function or spastic
motor behaviors in the subject pools, although there are little data to
suggest a differential effect of these medications based on clinical
characteristics, and future studies are necessary.

Another possible explanation for the contrasting effects of SHT
antagonists from previous studies®>** may be the chronicity of the
medication administration. The current investigation measured
locomotor performance at the peak plasma concentration after a
single dose of SHT medication to evaluate acute effects on loco-
motor function and circumvent the effects of accommodation and
desensitization with repeated dosage. However, improvements in
locomotion observed with chronic antispastic treatment,>>*%’
might also be explained by the continuation of therapy allowed
during treatment and, possibly, not the medication itself.

The finding of primary clinical importance was that neither SHT
medication led to improvement in locomotor function with single-
dose administration, but rather resulted in a decreased or no change in
locomotor function with SHT antagonist and SSRI dosing, respec-
tively. These findings with SHT antagonists are consistent with more-
recent evidence in human and animal models for the suppression of
locomotor function.>?® Such findings with SSRIs, however, are dis-
parate from other single-dose investigations demonstrating improved
motor ability and function in both intact® and neurologically im-
paired® individuals. Importantly, SSRI use has also been shown to
promote motor recovery after neurologic injury,61 an effect that is
potentiated when pharmacological and physical interventions are
paired.*>%>%* The current and previous data highlight the need for
additional research to determine the effect of pairing pharmacological
agents with specific interventions in humans with iSCI.
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