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Abstract

Objective—We investigated the effect of various doses of limb segment load on soleus H-reflex
amplitude and post activation depression in healthy individuals. We also explored the influence of
limb segment load on spinal circuitry in one individual with chronic SCI.

Methods—28 healthy adults and one SCI subject received compressive loads applied to the top
of their knee at varied doses of load (10%, 25%, and 50% of the body weight). Soleus H-reflexes
were measured before (baseline) and during the loading phase.

Results—There were no significant differences in H-reflex amplitudes during the 50 % BW
load-on phase as compared to either baseline session or the load-off phase. However, the post
activation depression was decreased over 9% (p < 0.05) during the load-on phase compared to the
load-off phase and scaled according to load (50%>25%>10%). The post activation depression
ratio also appears less responsive to varying loads after chronic SCI.

Conclusions—Limb segment load decreases post-activation depression in humans. These
findings suggest that the mechanism associated with post activation depression is modulated by
limb segment load, and may be influenced by spinal reorganization after SCI.

Significance—Future studies will determine if various levels of spasticity modulate the response
of limb segment load on post activation depression in those with acute and chronic SCI.
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INTRODUCTION

It is well known that spinal circuitry reorganizes over the ensuing months after a spinal cord
injury (SCI), causing a velocity dependent increase in muscle stiffness (spasticity) that is not
present early after the injury (Ashby et al., 1974; Calancie et al., 1993; Skinner et al., 1996;
Hiersemenzel et al., 2000; Schindler-Ivens and Shields, 2000; Shields, 2002). Early
mechanical loading interventions have successfully prevented the loss of bone, loss of
muscle mass, and changes in spinal excitability in individuals with SCI (Shields and
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Dudley-Javoroski, 2006; Shields et al., 2006; Dudley-Javoroski and Shields, 2008a, b;
Adams et al., 2011; Shields et al., 2011). Functional load through weight bearing activities
plays a significant role in modulating spinal motor neuron excitability during human posture
and movement. However, few studies have examined the effect of direct limb segment load
on spinal motor neuron excitability.

Low-threshold cutaneous afferent receptors and joint mechanoreceptors are activated by
mechanical stimuli during weight bearing activities. Limb load is an important mechanical
stimulus that induces a sensory feedback volley to control body dynamics during both static
standing and walking (Andersen and Sinkjaer, 1999; Petersen et al., 1999; Trimble et al.,
2001; Faist et al., 2006; Phadke et al., 2006; Huang et al., 2009; Knikou et al., 2009a, b).
Although several studies suggest that skin and knee joint receptors modulate the alpha motor
neuron pool during upright weight bearing tasks, the results remain wide-ranging (Ali and
Sabbahi, 2000; Field-Fote et al., 2000; Kawashima et al., 2003; Nakazawa et al., 2004;
Phadke et al., 2006; Hwang et al., 2011). Specifically, some authors report a systematic
decrease in motor neuron excitability in response to increments of body-weight loads
(Kawashima et al., 2003; Nakazawa et al., 2004; Hwang et al., 2011); whereas others report
no effect of body-weight load (Ali and Sabbahi, 2000; Field-Fote et al., 2000; Phadke et al.,
2006). During weight bearing tasks, supra spinal systems are active at various levels (lles
and Pisini, 19923, b; Lowrey and Bent, 2009). A short latency pre-synaptic inhibition (400
ms) to the motor neuronal pool is one mechanism thought to contribute to the modulation of
the H-reflex pathway during whole body weight bearing studies (lles, 1996; Knikou, 2007).

We developed a method to deliver compressive loads to the lower extremity while
minimizing supra spinal drive and controlling for central set to assess if limb load directly
modulates spinal reflex excitability. Our long term goal is to understand spinal reflex
modulation in response to physiologically applied mechanical loads in people with CNS
impairment. However, in this study we examine the effect of limb segment mechanical load
in people without CNS impairment, and contrast these findings with a single subject with
SCI. Post activation depression, a phenomenon responsible for long-lasting H-reflex
depression via a pre-synaptic inhibitory pathway (Crone and Nielsen, 1989; Hultborn et al.,
1996; Kohn et al., 1997), is present in able-bodied humans, but lost in humans with long
term spinal cord injury (Schindler-Ivens and Shields, 2000; Grey et al., 2008). The impact of
isolated repetitive mechanical loads on reflex modulation has important implications as new
strategies are developed to improve the health of paralyzed extremities (Shields and Dudley-
Javoroski, 2006).

The purpose of this study is to 1) determine the reproducibility of limb segment load on
alpha motor neuron excitability, 2) establish the relationship between post activation
depression and limb segment load in healthy adults, and 3) explore the influence of limb
segment load on spinal excitability in an individual with a chronic, reorganized spinal cord,
from a longstanding injury. We hypothesize that limb segment load will decrease alpha
motor neuron excitability and decrease post activation depression and the response will be
sensitive to the dose of the compressive load. We also hypothesize that the modulating
capacity of load will be lost as a result of chronic spinal cord reorganization after SCI.

METHODS

Subjects

A total of 28 healthy adults participated in the study. In the first experiment, 13 subjects
aged 22 — 45 years (mean and SD, 29.8 + 6.9 years; five females and eight males) were
tested using a single level of compressive load to determine the reproducibility of the
unloaded condition. In the second experiment, 15 subjects aged 22 — 46 years (26.1 + 6.1
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years; eight females and seven males) and one individual with chronic SCI (aged 26 years;
T8/complete lesion; ASIA A, 15 years post injury) were recruited to examine the
modulation of soleus H-reflex by various levels of load. All able bodied subjects enrolled in
the study had no known acute or ongoing orthopedic, neuromuscular, or neurological
deficits or disorders. Each individual gave informed consent before participation and the
University of lowa Human Subjects Institutional Review Board approved the study.

Experiment 1—The study consisted of three testing sessions in order: two baseline
sessions followed by a single loading session (Top panel, Figure 1A). Each baseline
recording was separated by 5 minutes. A one-minute rest period was given before
proceeding to the loading session. The purpose of the repeated baseline testing was to
examine the stability of the soleus H-reflex responses within each individual prior to
introducing the loading stimuli. Paired-pulse electrical stimulations (doublets) with inter-
pulse intervals of 500 ms were delivered every 15 seconds to elicit H-reflexes across all
three sessions (Bottom panel, Figure 1A). In each baseline session, there was no
compressive load applied on the lower leg segment and 10 doublets were delivered to
establish baseline H-reflexes (Middle panel, Figure 1A). After completion of two baseline
H-reflex measures, a compressive force, equivalent to 50% of the individual’s body weight,
was applied over top of the right knee for 15 seconds (/oad-on phase; gray areas, Figure 1A)
followed by a 15-second rest period (foad-off phase; White areas, Figure 1A). The doublet
was always delivered exactly in the middle of each phase in which the compressive force
was continuously initiated or terminated for 7.5 seconds (dash lines, Figure 1A). Thus, the
loading session involved ten 30-second cycles constituted by ten 15-second /oading phases
and ten 15-second recovery phases. As such, subjects experienced a constant compressive
force intermittently applied on their right lower leg segments throughout the entire loading
session. Hence, each subject underwent three testing sessions where 40 doublet activations
were delivered in total: 20 doublets before loading stimuli (10 doublets in each, two baseline
sessions) and 20 doublets during loading stimuli (10 doublets in each, two phases in the
loading session).

Experiment 2—Because baseline H-reflexes were stable, we were confident we could
deliver various doses of load to establish a dose (load)-response (H-reflex) relationship. We
studied the relationship between post activation depression and varied levels of limb
segment loads. Therefore, the second study occurred on a separate day with a different
cohort of subjects. The protocol was comprised of a baseline session followed by three
loading sessions (top panel, Figure 1B). Each session was separated by one minute. Each
loading session consisted of one of three pre-determined compressive forces: 10%, 25%, and
50% of the individual’s body weight (middle panel, Figure 1B). The order of the three
loading sessions was random. The protocol always tested the soleus H-reflexes in a 2.5-
minute baseline session (i.e. no compressive force) followed by three loading sessions in a
random order (bottom panel, Figure 1B). Each subject underwent four testing sessions
where 70 doublets were delivered in total: 10 doublets in a baseline session and 60 doublets
during three loading sessions (10 doublets in each phase, two phases in each loading session,
and three loading sessions).

Instrumentation

Bipolar Ag-AgCl surface electrodes (8 mm in diameter, with a fixed inter-electrode distance
of 20 mm) were used to record H-reflexes and M waves from the soleus muscle of the right
leg. Electromyographic (EMG) signals were on-site preamplified with a gain of 35. The
EMG signals were then further amplified by a GCS 67 differential amplifier (Therapeutics
Unlimited, lowa City, 1A) with a gain range from 1000 to 10,000. The differential amplifier
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had an input impedance of 15 MQ at 100Hz, a frequency response of 15 to 1000Hz, a
common mode rejection ratio of 87 dB at 60 Hz, and a bandwidth of 20 to 4000Hz.

A constant-current electrical stimulator (DS7A, Digitimer Ltd, Welwyn Garden City, Herts,
UK) with a constant current range from 50pA to 1A and a total output capacity of 400V was
used to deliver square waves with a pulse width of 1000ps. The stimulator was triggered by
a digital pulse from a data acquisition board (USB-6259, National Instruments Corp.,
Austin, TX) controlled by custom LabVIEW software (National Instruments, Austin, TX).
Through custom LabVIEW programming, the stimulator delivered paired-pulse electrical
stimulation (doublets) with inter-pulse intervals of 500 ms every 15 seconds. Stimulation
was administered via a single surface probe (cathode, 1 cm in diameter) secured over the
tibial nerve in the right popliteal fossa. The anode was positioned (10 x 10 cm) over top of
the femoral condyles as the dispersive electrode.

Servo-Controlled Limb Loading

The custom designed servo-controlled system utilized an air compressor (Super Silent 20A,
Silentaire Tech, Houston, TX), an electronic pressure regulator (550X Miniature E/P
Transduder, ControlAir Inc, Amherst, NH), a pneumatic cylinder (Clippard USA Corp,
Cincinnati, OH), a load cell (1210, Interface, Scottsdale, AZ), and custom-built integrated
circuit to control the system under software control. The design allows precise control of the
duration and amplitude of a compressive load over the lower leg for a pre-determined
number of cycles. The compression control system generated the compressive loads in less
than 500 milliseconds. In addition, the compression control system employed a unique
safety mechanism in which the pressure was continuously monitored by a pressure switch
(Solon Manufacturing Co, Chardon, OH) and was allowed to shut off instantaneously when
necessary. The pneumatic cylinder was positioned directly over the knee in a seated position
and programmed to deliver the compressive load.

Data Collection

Subjects sat on a custom designed chair with the hip and knee flexed at 120° and the ankle
in the neutral position (Figure 2). The testing leg was secured by a Velcro strap around the
foot to maintain a fixed position on the platform attached to the compressor system. It is
known that the excitability of motor neurons is influenced by central set, characterized as the
“preparatory set” within the central nervous system before execution of a motor act (Frank,
1986; Meunier and Pierrot-Deseilligny, 1989; Leis et al., 1995). The central set is affected
by many factors such as environmental noise (Delwaide and Schepens, 1995; Kolev and
Milanov, 1995), the level of arousal and anxiety(Ribot-Ciscar et al., 2000; Rossi-Durand,
2002; Sibley et al., 2007), body position (Hayashi et al., 1992; Mynark and Koceja, 1997;
Phadke et al., 2006), and sensory inputs (lles and Pisini, 1992b; Hoffman and Koceja, 1995;
lles, 1996; Knikou, 2007; Conway and Knikou, 2008). To minimize the influence from
supra spinal and vestibular systems on motor neuron excitability, subjects were instructed to
relax and sit quietly throughout the entire experiment. To eliminate the noise from the
compressor system and maintain a similar level of auditory feedback across all testing
sessions, subjects wore ear plugs, a headset, and engaged in light reading. The skin over the
soleus muscle was abraded with sandpaper and cleaned with alcohol swabs. The recording
EMG electrode was placed 2 cm lateral to midline of the posterior calf and 2 cm distal to the
lowest end of the palpable border of the gastrocnemius muscle. A reference electrode was
placed on the anterior aspect of the tibia of the right leg.

For soleus H-reflex measures, the tibial nerve was electrically activated via a stimulating
electrode positioned in the popliteal fossa. The location for the stimulating electrode was
determined by the conditions whereby H-reflexes were elicited without M waves at very low
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stimulation intensities and M waves appeared as increasing stimulation intensity. The
maximal M wave (M-max) was first defined as the peak-to-peak value at the time when the
M wave amplitude failed to increase with increasing stimulation current. To ensure the tibial
nerve was activated supra maximally, the stimulation intensity was then adjusted to a value
greater than 120% of the last current intensity, and at least three pulses were delivered. To
compare the H-reflex depression elicited by doublets across sessions, the stimulation
intensity was adjusted to the level that elicited a stable soleus H-response equivalent to
~50% of the maximal H-reflex response. The H-reflexes corresponded to 25 — 35% of the
M-max. All data were recorded at 4000 Hz using custom LabVIEW software and time-
synchronized with the compressor system.

Data Analysis

All analyses were conducted using Custom Matlab software (MathWorks, Natick, MA).
Offline, raw EMG signals were first zero offset prior to any advanced processing. The
paired H-reflexes were separated by 500-ms and defined as the test H-reflex (H1) and
conditioned H-reflex (H2) (bottom panels, Figure 1A and 1B). The peak-to-peak amplitude
of each H-reflex was then computed and expressed as a percentage of M-max across all
available trials for each testing session. To quantify post-activation depression of soleus H-
reflexes, we calculated the depression ratio by dividing the amplitude difference between the
test H1 reflex and the conditioned H2 reflex divided by the test H1 reflex amplitude. A
depression ratio of O indicated that no post-activation depression occurred; whereas a ratio
of 1.0 indicated that the greatest depression occurred such that the decrement of H2 was
equal to the H1 amplitude.

In order to evaluate the reproducibility of the H-reflexes, we evaluated two baseline
measures (H1 and depression ratios) prior to the loading session. In addition, to monitor
changes in neural excitability at the peripheral site across all testing sessions, background
soleus muscle activity was quantified by calculating the root-mean square (RMS) over a 50-
ms window prior to each stimulus. The RMS values were then expressed as a percentage of
the maximal M-wave. To quantify the modulation of the soleus H-reflex corresponding to
cyclical compressive loads, H-reflex amplitudes and depression ratios were computed
independently during each Load-on phase and Load-off phase within each loading cycle.
Thus, we could determine whether the modulation of soleus motor neuron excitability
coincides with the presence of load stimuli cyclically.

The test H1 reflex, conditioned H2 reflexes, and the depression ratios obtained during the
three loading sessions were normalized to baseline values and expressed as ratios. This
allowed us to normalize across the various load levels. A ratio greater than 1.0 indicates that
the depression ratio is increased during the load session as compared to the baseline session.
A ratio less than 1.0 indicates that the depression ratio is decreased during the load session
as compared to the baseline session. A ratio of 1.0 indicates that the H-reflex amplitude or
depression ratio during the load-on phase is unchanged from the baseline. All variables were
first averaged across all available trials from each subject and then were averaged over all
subjects to create group means for each session.

Statistical Analysis

Statistical comparisons were made using SAS/STAT software (SAS, Cary, NC, USA). A
one-way mixed model ANOVA with repeated measures on one factor (time) was used.
When the ANOVA was significant, post hoc analyses were performed using Tukey’s honest
significant difference test. The level for statistical significance was set at £ < 0.05.
Correlation Analysis was carried out to determine the relationship between load and
depression ratio.
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Individual traces of H reflexes elicited by doublet stimuli across the baseline session, the
load-on phase, and foad-offphase during the loading session are depicted in Figure 3 from a
typical subject. Stable M-waves were observed throughout the entire test supporting that
stimulation conditions remained constant. Also noteworthy is that the test H1 amplitudes
were consistent across all testing sessions (the first H-reflex shown in each overlaying trace;
Figure 3A— 3C, respectively). It is clear that the conditioned H2 amplitudes were less
suppressed (Gray zone, Figure 3B) during the /oad-on phase (50% BW load) as compared to
the baseline and /oad-off phase, despite stable stimulation conditions (M-waves).

Experiment 1

Similar trends were also observed in group averages of H-reflex amplitudes across different
sessions (Figure 4A). The average test H1 amplitude was similar across all sessions, which
ranged from 29.7% to 33.5% of M-max. By comparing across sessions, there was no
significant effect of time (2= 0.36) on the test H1 amplitude (black bars, Figure 4A).
Interestingly, there was a significant effect of time (= 0.007) on the conditioned H2
amplitude (white bars, Figure 4B). The average conditioned H2 amplitude during the Load-
on phase was significantly greater than the two baseline sessions (post-hoc, #=0.01 and P=
0.03, respectively); whereas the conditioned H2 amplitude during the /oad-off phase was
indifferent from two baseline sessions (post-hoc, £=0.23 and P= 0.46, respectively).

The depression ratio also showed a significant main effect of time (P = 0.006) when
comparing across different sessions (Figure 4B). The average depression ratio was
comparable between two baseline sessions (54.8% and 54.2%, respectively). In contrast, the
average depression ratio changed in accordance with the loading cycle: the extent of
depression was less during the /oad-on phase (Gray area; Figure 4B) compared to the /oad-
offphase (42.8% and 51.8%, respectively; post-hoc, £=0.038). The depression ratio during
the load-on phase was also significantly smaller than two baseline sessions (post hoc, P=
0.01 and £=0.02, respectively) whereas the depression ratio in the load-off phase was
indifferent from baseline sessions (post hoc, A= 0.82 and £ = 0.9, respectively).

The analysis of average background muscle activity confirmed that altered descending
neural drive did not influence the post-activation depression. The average RMS values were
similar across baseline, /oad-on phase, and /oad-off phase, ranging from 0.17% to 0.19% of
the M-max (Figure 4C). Statistically, background muscle activity was not different when
compared across different sessions (P= 0.26 and 2= 0.53 for test H1 and conditioned H2
measures, respectively). The persistent low-level of background muscle activity supported
that post-activation depression was suppressed in the presence of minimal descending CNS
drive and, therefore, attributable to the modulation of afferent inputs (i.e. loading).

Experiment 2

Figure 5A shows the relationship between the soleus H-reflex amplitudes and levels of
compressive load. Notice that H1, H2, and the depression ratios obtained during three
loading sessions were divided by their baseline mean values and expressed as ratios of the
baseline means. There is a clear trend demonstrating that an increment of the compressive
load systematically facilitates the conditioned H2 amplitude in healthy adults. Group
averages of the conditioning stimulus, H1 amplitude, did not change across different loads.
Statistically, there was no significant effect of load (P = 0.25) on the normalized test H1
amplitude (black bars, Figure 5A), but there was a significant effect of load (£= 0.001) on
the normalized conditioned H2 amplitude (white bars, Figure 5A). The average conditioned
H2 amplitude during the 25% and 50% BW /oad-on phase was significantly greater than the
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baseline session (post-hoc, A= 0.027 and A= 0.0009, respectively); whereas the test H1
amplitude during the 10% of the BW /oad-on phase was indifferent from the baseline
session (post-hoc, A= 0.36).

Figure 5B illustrates a scatter plot of all normalized depression ratios across varied loads
from a typical subject. A clear pattern of the data points on the scatter plot reveals a negative
relationship between depression ratios and compressive loads. That is, the depression ratio
systematically decreases with increments of load, and it decreases to a greater extent at the
50% of BW load. Group averages for depression ratios showed main effects for load (P <
0.0001; Figure 5C). Normalized depression ratios during three loading conditions were
significantly smaller than the baseline (post-hoc, £=0.04, £=0.0001, and £< 0.0001 for
10%, 25%, and 50% of BW load, respectively). Post-hoc analysis also indicated that load
influenced the excitability such that the normalized depression ratio was significantly
smaller at 50% of BW load as compared to 10% of BW load (P = 0.01). There was a
significant inverse correlation (Pearson) between load and depression ratio (r= - 0.46, P=
0.0002).

Individual with SCI

Figure 6 shows the mean H-reflex responses and depression ratios across baselines and three
loading sessions from an individual with chronic SCI. There is a consistent trend
demonstrating that an increment in the compressive load systematically inhibits both H1 and
H2 amplitudes in the SCI subjects (Figure 6A, 6C). Importantly, the depression ratios are
less responsive to different doses of loads (Figure 6B). Figure 6D illustrates a scatter plot of
all normalized depression ratios across varied loads from this SCI subject. A clear pattern of
the scatter plot reveals a negative relationship between depression ratios and compressive
loads. That is, the depression ratio systematically decreases with increments of load, and it
decreases to a greater extent at the 50% of BW load.

Taken together, these findings support that isolated limb segment load modulates post-
activation depression (homosynaptic inhibition) in healthy humans, but may be altered by
the reorganization associated with chronic spinal cord injury.

DISCUSSION

In this study, we investigated the effects of lower limb segment load on spinal neuronal
excitability in healthy individuals. The results from healthy adults showed that: (1) the test
H1 amplitude was stable during unloaded and loaded conditions, before, during, or after
episodes of load, (2) segmental load decreased post-activation depression to a conditioning
stimulation, (3) post-activation depression was load dependent with less depression of the
conditioned H2 at higher loads, and (4) the background soleus muscle activity from
descending motor drive remained constant and presumably did not influence the modulation
to load. The preliminary findings from one subject with SCI showed that: (1) limb segment
load inhibits both the test H1 and conditioned H2 responses, and (2) the dose-response for
the effect of load on post activation depression may be less in a reorganized spinal cord
following chronic SCI. These findings suggest that limb segment load, induced through
either cutaneous or joint receptors, decrease post activation depression. These findings have
implications to those with SCI, who lose post activation depression as a result of spinal cord
reorganization, several months following SCI. Importantly, post activation depression loss
after SCI is associated with the level of spasticity (Grey et al., 2008).

In the absence of volitional muscle contraction, we demonstrated that segmental loading had
no effect on soleus test H1 reflex amplitude in healthy humans. This finding is consistent
with results from studies showing no modulation of soleus H-reflex to the level of body-
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weight loading during quiet standing (Ali and Sabbahi, 2000; Field-Fote et al., 2000; Phadke
et al., 2006), but different from soleus H-reflex amplitude during a sitting or prone-lying
position (Hayashi et al., 1992; Koceja et al., 1993; Angulo-Kinzler et al., 1998; Ali and
Sabbahi, 2000; Kawashima et al., 2003; Nakazawa et al., 2004; Hwang et al., 2011). A
reduction of the H-reflex amplitude during standing may be attributed to inhibitory effects
derived from supra-spinal systems due to a change in body orientation, rather than absolute
body-weight load (Hayashi et al., 1992; Mynark and Koceja, 1997; Phadke et al., 2006). The
vestibular system interacts with multiple spinal inhibitory pathways during postural control,
which may influence motor neuron pool excitability according to different postural positions
(Aiello et al., 1983; lles and Pisini, 1992a, b). Postural position is associated with increased
background muscle activity and an increment of soleus H-reflex amplitude regardless of
whether in the loaded or unloaded conditions (Hayashi et al., 1992; Angulo-Kinzler et al.,
1998; Hwang et al., 2011). Background muscle activity (EMG) is typically increased when
moving from a sitting position to a standing position (Mynark and Koceja, 1997; Knikou et
al., 2009a). Thus, the direct influence of limb load on spinal reflexes during different
postural positions is complicated by the modulating descending drive during upright weight
bearing tasks, which is known to change H-reflex excitability. It is known that the H-reflex
is not only dependent on the characteristics of sensory inputs but also on the state of the
spinal inter-neuronal circuits (Knikou, 2007).

Possible neural mechanisms modulate the H-reflex during loading

It is arduous to ascribe specific neuronal mechanisms to the findings in this study. Even
though we controlled several factors by 1) applying load directly to the limb segment, and 2)
assuring a common descending drive (EMG), we acknowledge that H-reflex excitability still
relies on the interplay of multiple peripheral sensory resources. For example, afferent input
from the tibial-femoral joint and the talo-crural joint may have contributed to reducing post
activation depression with load. Importantly, cutaneous afferent signals from the skin above
the knee, in contact with the compression applicator, or the afferent input on the sole of the
foot may have contributed to the modulation observed in post activation depression in this
study. Indeed, we observed a similar trend from one SCI subject with complete lesion (i.e.
without any supra-spinal drive), demonstrating that post activation depression decreases at
the higher dose of compressive load, but clearly not to the same extent. Hence, although we
eliminated several sources that can influence reflex modulation (multiple joints, supra-spinal
drive, vestibular input, and visual input) there remained two joints and two cutaneous
afferent sites where applied load may have contributed to the modulation of post activation
potentiation observed in this study.

Previous studies support that cutaneous afferent input from the sole of the foot can modulate
soleus H-reflex responses in humans (Knikou and Conway, 2001; Hiraoka, 2003; Knikou,
2007; Conway and Knikou, 2008; Sayenko et al., 2009; Bastani et al., 2010). It is also well
established that joint receptors facilitate pre synaptic inhibition of la fibers to the soleus
motor neurons in humans (Nakazawa et al., 2004) and that increasing intra-articular joint
pressure augments neural discharges of joint receptors in the knees of cats (Wood and
Ferrell, 1984, 1985). Based on these previous studies, we expected that the test H1
amplitude during the loading phase, as compared to the baseline sessions, would be
suppressed due to enhanced pre synaptic inhibition. The magnitude of the compressive load
(50% BW) was expected to activate sensory afferents on the sole of the foot and the top of
the knee, and increase intra-articular pressure of the knee and ankle joints to modulate the
H-reflex (H-1). To our surprise, however, we found the test H1 amplitudes were not changed
with limb segment load, which may be related to a site specific effect (lles, 1996; Hiraoka,
2003; Nakajima et al., 2006; Sayenko et al., 2007; 2009). It is well known that applying low-
intensity sensory stimulation around the heel results in a facilitation of soleus H-reflexes;
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whereas stimulating the metatarsal region of the sole of the foot induces inhibition of soleus
H-reflexes (Sayenko et al., 2009). In addition, the effects of cutaneous stimulation on H-
reflexes have also been found to be time dependent (lles, 1996; Sayenko et al., 2009). For
example, a conditioned cutaneous stimulus delivered 50 ms prior to a test H-reflex
facilitated the soleus H-reflex, whereas a cutaneous stimulus delivered more than 50 ms
before the H-reflex caused inhibition (Sayenko et al., 2009). In the current study, the applied
load was centered over the top of the knee joint and was directly in line with the longitudinal
axis of the lower leg segment, including the heel region of the foot. As a result of load over
the knee, low-threshold cutaneous afferent receptors, which induce a heteronymous
facilitation of the soleus H-reflex via interneuronal circuits of the femoral nerve, were likely
triggered (Delwaide and Crenna, 1984). It is plausible that our finding of no change in test
H-reflex amplitude (H1) during the loading phase reflects a mixed effect of both presynaptic
facilitation and inhibition derived from cutaneous afferent receptors and mechanoreceptors
firing concurrently from multiple sites activated by this novel method of applying
compressive loads in human tissue.

Inhibition, via group Ib afferents, increased in response to a 300 N load to the foot in the
supine position (Faist et al., 2006). Supra spinal descending commands may also modulate
the excitatory state of the soleus alpha motor neurons via interneuron pathways (Aymard et
al., 2000; Bretzner and Drew, 2005). Although we verified a constant low level of
background EMG in this study, we do not know the status of the inter-neuronal networks in
response to small changes in background EMG across the entire experimental session.
However, randomly introducing the loads precluded any systematic changes and suggests
that descending influences had a minimal impact on the findings. Taken together, the
sensory inputs from the skin and joints, generated during various doses of limb segment
compressive loads, minimally influenced the excitability of the motor neuron pool as
supported by the constant test H-reflex amplitude (H1).

Despite no change in soleus test H1 amplitudes across all sessions, we showed that post
activation depression was decreased from the limb segment load. Because we used a long
inter-stimulus interval (15 seconds) between each doublet stimulation, all test H1 amplitudes
elicited by a train of doublets were allowed to fully recover before subsequent activation
conditions (i.e. homonymous depression at the presynaptic la terminals) (Crone and Nielsen,
1989; Hultborn et al., 1996; Kohn et al., 1997; Aymard et al., 2000; Cortes et al., 2011).
Given the understanding that the H-reflex amplitude is depressed at short latencies following
a conditioning stimulus, the decrease of the second conditioned H-reflex amplitude (H2),
expressed as the depression ratio, provided support that the typical pre-synaptic inhibition
causing post activation depression was present.

The novel finding from this study, however, was the decreased depression ratio during the
loading phase, which suggested that load diminished the capacity to gate afferent input via
pre-synaptic inhibitory pathways. Importantly, the decreased post activation depression was
modulated by the magnitude of compressive load (i.e. 50% of BW load caused greater loss
of depression as compared to 10% or 25% of BW loads). In unpublished pilot data, we
disrupted cutaneous afferent input at the sole of the foot (by numbing with ice) but still
observed the same loss of depression during limb segment loading. This finding suggests
that joint receptors, rather than cutaneous afferent input may be responsible for decreasing
post activation depression. Overall, limb segment load, via cutaneous afferent and/or joint
mechanoreceptor input, decreased the capacity to depress a monosynaptic pathway to a
conditioning stimulus.

The preliminary findings from one individual with chronic complete SCI indicate that H-
reflex amplitudes (both H1 and H2) are less sensitive to the dose of loading. Contrary to
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findings in the healthy adults, H2 amplitudes decrease as the level of load increases (Figure
6A). In addition, the healthy adults showed no changes in the test H1 amplitudes across all
levels of loads whereas the test H1 amplitudes decrease as the compressive load increases in
the individual with chronic complete SCI. This finding may be attributed to the spinal cord
reorganization that occurs several months following SCI (Schindler-lvens and Shields, 2000;
Shields, 2002; Shields et al., 2011). It is also possible that the reduced supra spinal drive
contributes to the impaired dose response of the H-reflex to load (Capaday et al., 1999).
Although the findings for this one subject must be considered exploratory, they raise the
question as to whether repetitive use of mechanical load may regulate the loss of post
activation depression that occurs several months after SCI. Future studies are necessary to
understand the extent to which the spinal cord can be reorganized by timely mechanical
inputs after loss of supra spinal drive from spinal cord injury.

Clinically, a decreased ability to depress the alpha motor neuron pool via pre synaptic
inhibition is one mechanism associated with spasticity in people with SCI (Schindler-Ivens
and Shields, 2000; Grey et al., 2008). The current study demonstrated that limb segment
load impairs the post activation depression mechanism, a presynaptic inhibition at the la
afferent-motor neuron synapse, which was induced by repetitive activation. Accordingly, if
limb segment load further impairs the capacity to depress an H-reflex via post activation
depression in people with SCI, then we would expect enhanced spasticity when limbs are
loaded. Therefore, we would expect to observe increased muscle stiffness when individuals
with complete SCI load their limbs, an observation confirmed anecdotally by clinicians.
Further study is necessary, however, to determine if people with spasticity, who lose the
ability to suppress their H-reflexes from a reorganized spinal cord, will have a further loss of
suppression during limb segment load. We speculate that this load-induced reduction of post
activation depression will be nonexistent in people with chronic SCI because, as a result of
spinal cord reorganization, because they have already lost the capacity to depress the H-
reflex to a conditioning stimulus.

CONCLUSION

The present study demonstrated that, in the absence of muscle contractions, limb segment
load significantly decreases post activation depression of the soleus H-reflex in healthy
adults. Furthermore, the magnitude of the loss of post activation depression is greatest with
the 50% limb load and least with a 10% limb load. Our findings support that limb segment
load induces spinal modulations via multiple neural pathways and influences synaptic
efficiency of large diameter afferents. Future studies will determine if individuals with SCI,
who have lost post activation depression, also show a limb load response as demonstrated
preliminarily in this single subject with SCI. Mechanical stimuli may play an important role
in capitalizing on neuronal tissue plasticity after spinal cord injury.

Highlights

e Limb segment load resulted in a predominant inhibition of post activation
depression in humans, but minimally modulated the response in a subject with
SCI.

* The inhibition of post activation depression was directly related to the
magnitude of the limb segment load.

*  These findings highlight whether limb load can influence spinal neuronal
reorganization from the acute to the chronic state after SCI.
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Figure 1. Illustrations of study paradigm, cyclically compressive loads, and electrical stimulation

protocols

The first experiment consisted of two baseline and one loading session (A). The second
experiment consisted of one baseline session and three loading sessions (B). The middle
panels illustrate the amplitudes and timing of the compressive load applied to the subject’s
leg across all testing sessions. The bottom traces depict soleus muscle activity and H-
reflexes elicited by doublets over time (in A and B). Arrows indicate the timing when
electrical stimuli were delivered to the tibial nerve. H1: test reflex; H2: conditioned reflex,

BW: body weight.
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Figure 2. Lateral view of the experimental setup

An air cylinder connected to a force transducer was placed on the top of the right knee joint
and aligned perpendicularly to the longitudinal axis of the lower leg to deliver a cyclically
compressive load (gray panel); the force transducer then recorded the net force acting on the

lower leg.
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Figure 3. M-waves and H-reflexes from atypical participant across a baseline session, load-on,

and load-off session

Top panels show time series data of paired-pulse electrical stimulation (doublet) in which
voltage signals were plotted 10 ms before and 60 ms after each electrical stimulus was
delivered. The amplitude of the maximal M-wave (M-max) was overlaid on the bottom right
in the top panel as a reference. Dashed vertical lines indicate the time when each electrical
stimulus was delivered for each doublet. Ten traces of M-waves (M) and H-reflexes (H1:
test reflex and H2: conditioned reflex) repeatedly elicited by doublets were overlaid across
baseline (A), load-on (B), and load-off (C) phases. BW: body weight.
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Figure 4. Experiment 1: Average H-reflexes (A), depression ratios (B), and background soleus
muscle activity acr oss different sessions (C)

Gray areas indicate the testing condition in which the compressive load equal to 50% of the
individual’s body weight was applied (Load-on phase). Error bars, + 1 SEM. Asterisks
indicate significant post-hoc differences between conditions. H1: test reflex; H2:
conditioned reflex; RMS: root-mean-square.
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Figure 5. Experiment 2: Therelationship between the excitability of soleus motor neuronsand
compressive loads

Group averages of normalized H-reflex amplitudes and normalized depression ratios at
various levels of compressive forces are shown in A and C, respectively. Normalized
depression ratios for all available trials at each level of the compressive force from a typical
individual are illustrated in B. H-reflexes and depression ratios obtained during three loading
sessions were divided by their baseline mean values and expressed as ratios of the baseline
means. Gray areas indicate the loading conditions. H1: test reflex; H2: conditioned reflex;
BW: body weight. Error bars, £ 1 SEM. Asterisks indicate significantly post-hoc differences
between conditions.
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Figure 6. H-reflexes and post activation depression ratios from an individual with SCI
Average normalized H-reflex amplitudes (A) and normalized depression ratios (C) during
load-on phases across three levels of compressive forces for one subject with chronic SCI.
B, the scatter plot of normalized depression ratios from all available trials at each level of
the compressive force from the same SCI subject. Gray areas indicate the loading
conditions. Error bars, £ 1 SEM. H1: test reflex; H2: conditioned reflex; BW: body weight.
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