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Abstract

Knee joint effusion results in quadriceps inhibition and is accompanied by increased excitability in the soleus musculature. The
purpose of this study was to determine if soleus arthrogenic muscle response is regulated by pre- or post-synaptic spinal mechan-
isms. Ten healthy adults (two females and eight males) were measured on two occasions. At the first session, subjects had their
knee injected with 60 ml of saline and in the other session they did not. Pre- and post-synaptic spinal mechanisms were measured
at baseline, immediately following a needle stick, immediately following a Xylocaine injection, and 25 and 45 min post-saline
injection. A mixed effects model for repeated measures was used to analyze each dependent variable. The a priori alpha level was
set a P < 0.05. The percentage of the unconditioned reflex amplitude for recurrent inhibition (P< 0.0001) and reflex activation
history (P < 0.0001) significantly increased from baseline at 25 and 45 min post-effusion. Soleus arthrogenic muscle response seen
following knee joint effusion is mediated by both pre- and post-synaptic mechanisms. In conclusion, the arthrogenic muscle
response seen in the soleus musculature following joint effusion is regulated by both pre- and post-synaptic control mechanisms.
Our data are the first step in understanding the neural networks involved in the patterned muscle response that occurs following
joint effusion.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Recent evidence suggests that increased motor
output to the soleus musculature, referred to as an
arthrogenic muscle response (AMR) [35], accompanies
quadriceps inhibition in the presence of knee joint
pathology [19,21]. An inverse relationship was found
between the soleus and quadriceps H-reflex following
induction of an experimental joint effusion, resulting in
a soleus H-reflex amplitude increase as the quadriceps
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H-reflex amplitude decreased. This is likely a com-
pensatory response to the quadriceps inhibition pro-
moting the maintenance of upright posture and
locomotion. A decreased knee extensor moment
accompanied by an increase in the hip extensor impulse
and hip extensor work was revealed during walking
gait in the presence of knee joint effusion, suggesting
compensatory neuromuscular strategies occur to facili-
tate motion and protect the injured joint [46]. It is of
clinical interest to determine the processes involved in
the soleus facilitation in order to better understand the
neuromuscular consequences that occur following joint
injury.

The neuromuscular system is an intricate network
operating to regulate motor output and control body
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movement. Interneurons are key components in the
spinal circuitry accounting for the majority of all neu-
rons in the spinal cord and function to transmit excit-
atory and inhibitory signals to other interneurons as
well as to alpha and gamma motoneurons [2]. Although
an increased alpha motoneuron output is ultimately
responsible for the soleus facilitation, the interneurons
involved in regulating the excitability of the soleus
motoneuron pool remain unknown. AMR has been
hypothesized to involve interneurons controlling both
pre- and post-synaptic mechanisms [17,27]. Two spinal
mechanisms responsible for regulating motor output
can be estimated using modified H-reflex protocols: (1)
recurrent inhibition mediated by Renshaw cells (a post-
synaptic mechanism) [4] and (2) reflex activation his-
tory (a pre-synaptic mechanism) [47].

Antidromic potentials in motor axons diminish alpha
motoneuron excitability in the same as well as syner-
gistic musculature [39]. This mechanism, known as
recurrent inhibition, is due to activation of recurrent
collaterals that excite Renshaw cells, which in turn
inhibit motoneurons [11,16]. Renshaw cells not only
inhibit alpha motoneurons, but also establish connec-
tions with gamma motoneurons [1,12-14,33], Ia inhibi-
tory interneurons [15,23-26,29], other Renshaw cells
[42-44], and ventral spinocerebellar neurons [15,30]. In
addition to the above connections, recurrent collaterals
monosynaptically cross-connect with other alpha moto-
neurons [6] and Renshaw cells also receive input from
descending pathways [38,40].

Previous activation of the Ia—motoneuron synapse
results in decreased neurotransmitter release and inhi-
bition of the reflex pathway [7]. The depression associa-
ted with reflex activation is thought to be involved with
other pre-synaptic mechanisms functioning to regulate
the gain of motoneuron output [47]. Modulation of
reflex depression associated with the frequency of reflex
activation may allow for summation of afferent impul-
ses and could potentially contribute to the soleus facili-
tation seen following knee joint effusion.

The functional importance of both recurrent inhi-
bition and reflex activation is unknown, but both are
thought to gate motoneuron output [8,9]. The ability to
modulate activity in lower extremity motoneurons fol-
lowing knee joint injury may allow for enhanced soleus
motor output, possibly compensating for the quadri-
ceps inhibition seen following knee joint effusion. Pre-
and post-synaptic pathways are possibly involved in
these neuromuscular responses following joint injury.
Therefore, the purpose of this investigation was to
examine two spinal regulatory mechanisms responsible
for gating motoneuron pool output before and after
the induction of an experimental knee joint effusion.
Specifically, reflex activation history and recurrent inhi-
bition were examined in the soleus musculature to

determine their role, if any, in the neuromuscular excit-
ability changes seen following knee joint effusion.

2. Methods

A 2 x 4 factorial design was used in this study. The
two independent variables were condition (effusion/
control) and measurement interval (post-needle stick,
post-Xylocaine, 25 and 45 min post-effusion). The
dependent variables were percentage of the uncondi-
tioned reflex amplitude expressed as a percentage
change from baseline for both recurrent inhibition and
paired reflex depression (PRD) (a measure of reflex
activation history).

2.1. Subjects

Ten healthy adult subjects (two females and eight
males; age: 24 + 4 years; height: 177.3 + 5.1 cm; mass:
76.2 £ 13.6 kg) with no previous lower extremity injury
resulting in surgery; no injury to the lower extremity
requiring treatment in the previous two years; and a
measurable soleus H-reflex and muscle response (M-
response) were recruited to volunteer for this study.
The volunteers had no history of an adverse reaction to
Xylocaine, neurological conditions, or blood disorders.
Subjects were not currently taking any medication that
could affect central nervous system function (i.e. anti-
depressants, barbiturates, narcotics, and sedatives).
Additionally, female subjects were not taking oral con-
traceptives. All females who qualified for this study
reported for testing during the early follicular phase of
their menstrual cycle in attempt to standardize testing
procedures, as the effect of hormone release on the H-
reflex is unknown. Subjects were assessed for inclusion
criteria via a pre-participation history questionnaire, a
physical examination, and a reflex screening. Informed
consent to participate in this study was obtained prior
to subject participation. Human subject approval
(#10322) was obtained from the Human Investigations
Committee at the University of Virginia prior to begin-
ning the study.

2.2. Instrumentation

H-reflex and M-response measurements were col-
lected using surface electromyography (MP150, BIO-
PAC Systems Inc., Santa Barbara, CA). Signals were
amplified (DA100B, BIOPAC Systems Inc.; gain 1000)
from disposable, 10 mm pre-gelled Ag—AgCl electrodes
(EL503, BIOPAC Systems Inc.). The EMG signal was
band-pass filtered from 10 to 500 Hz and sampled at
1024 Hz with a common-mode rejection ratio of
110 dB. Reflex measurements were elicited using the
BIOPAC stimulator module (STM100A, BIOPAC
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Systems Inc.) with a 200-V (maximum) stimulus iso-
lation adapter (STMISOC, BIOPAC Systems Inc.), 2
mm shielded disc electrode (EL254S, BIOPAC Systems
Inc.) and a 7 cm dispersive pad.

2.3. Reflex screening

A screening session was held in the Sports Medicine/
Athletic Training Research Laboratory for all volun-
teers prior to enrollment in the study. A general expla-
nation of the study and its significance was given along
with an explanation of the measurement protocol, the
risks involved in participation were explained, and
informed consent was obtained. H-reflex and M-
response measurements were recorded in the soleus
musculature to ensure subjects had readable measure-
ments necessary for data collection. If readable mea-
sures were not obtained the subject was dismissed (all
subjects had the needed measures and therefore none
had to be dismissed). After the H-reflex and M-
response were elicited the volunteers were randomly
assigned to a testing order (effusion/control). Each
subject was considered as a block, and the sequence of
the conditions was assigned to each subject by way of a
computer generated random permutation.

2.4. Subject preparation

Each subject was shaved, debrided, and cleaned with
isopropyl alcohol over the soleus musculature for recep-
tion of the EMG electrodes. Recording electrodes were
placed over the midline of the soleus and a ground elec-
trode positioned on the medial malleolus. A cathode
was placed over the tibial nerve and an anode posi-
tioned superior to the patella. Adhesive collars were
applied to the cathode in order to maintain its position
over the nerve for the duration of the data collection.

2.5. Testing procedures

2.5.1. Effusion/control testing sessions

Volunteers were admitted into the General Clinical
Research Center (GCRC) the evening prior to testing.
Subjects were shaved over the sites for EMG electrode
placement. Subjects were fed a standardized snack at
23:00, then fasted until the completion of the testing
protocol. Subjects were then asked to prepare for bed
and lights were turned off by 24:00. Subject were awo-
ken at 05:50 and asked to void. Subjects then returned
to bed and remained lying down until the completion
of testing. Beginning at 06:30 baseline neurophysiologi-
cal measures (M,.x, H-reflex at 25% of M,.«x, and con-
ditioned reflexes for pre- and post-synaptic inhibition)
were recorded. Volunteers were then prepared for the
knee injection. A 25 G 1 1/2" needle was inserted and

removed to mimic the puncture caused during the
Xylocaine injection. This injection was performed to
determine if the needle puncture itself or the pain that
possibly resulted from the needle stick influenced our
dependent measures. The Xylocaine injection was per-
formed followed by the injection of the sterile saline.
Neurophysiological measurements were recorded after
the first needle insertion and after the Xylocaine injec-
tion. Measurements were taken again at 25 and 45 min
post-saline injection. Upon completion of testing, the
electrodes were removed, subjects were fed, and then
discharged from the GCRC.

2.5.1.2. Control

Subject admission to the GCRC was the same as
described above. All measurements were time matched
to the effusion condition. No injections (needle stick,
Lidocaine, or saline) took place during this condition.

2.6. H-reflex and M-response procedures

Volunteers were in a semi-reclined position with the
involved knee in approximately 15% of flexion and
their ankle in a neutral position. Subjects were asked to
place their hands to their sides and to keep their head
facing forward [18,22].

A series of 1-ms [36] square wave pulses were deliv-
ered to each volunteer’s tibial nerve in order to obtain
the peak-to-peak amplitude of the H-reflex and M-
response. Stimuli were given with 10 s rest intervals in
between to ensure post-activation depression did not
interfere with the H-reflex amplitude [37]. The stimulus
intensity was set to elicit an H-reflex at 25% of the
maximum M-response (M,.x) and five measures were
then recorded.

2.7. Paired reflex depression procedures

The method to elicit PRD (a measure of reflex acti-
vation history) in humans has been described in detail
elsewhere [47]. Briefly, dual stimuli were delivered to
the posterior tibial nerve 80 ms apart to evoke soleus
H-reflexes while subjects lay supine (Fig. 1). Stimulus
intensity was set to elicit H-reflexes at ~25% of M .y.
The depression of the second H-reflex relative to the
first (% depression) was used for data analysis. The
decrease in the second reflex is referred to as PRD, and
represents modulation of processes controlling rate
dependent reflex depression and the influence of the
reflex activation history [47]. Eight measures were
recorded and averaged in order to improve the intra-
session reliability of the protocol [9].
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Fig. 1. Tracing of the paired reflex depression protocol. The stimuli to deliver the H-reflexes were set to the same intensity and delivered 80 ms

apart. Note the depression in the second reflex compared to the first.

2.8. Recurrent inhibition procedures

Recurrent inhibition to soleus alpha motoneurons
was brought about by a conditioning H-reflex (H1) and
was estimated by a subsequent test H-reflex (H'). To
elicit the conditioning H-reflex, stimulus 1 (S1) was
adjusted to an intensity that evoked an H-reflex of
approximately 25% of the M,,,. Stimulus 2 (S2) was
set at an intensity to evoke activity in all motor axons
(Mpax) and created the afferent volley resulting in H'.
The inter-pulse interval was set at 10 ms [4,9]. When S2
is applied alone, an H-reflex will not appear due to its
collision with the antidromic volley occurring in the
motor axons. However, when S2 is preceded by S1 at a
10 ms inter-pulse interval, H1 collides with the anti-
dromic volley, allowing H' to pass (Fig. 2). H' can only
pass along the motor fibers in which the collision
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occurred, therefore the observed H’ is produced by
only those motoneurons that give rise to H1. The per-
centage of recurrent inhibition was evaluated by com-
paring the amplitude of H' to HI1. Both reflexes were
subjected to the same type of influences that may mod-
ify soleus monosynaptic reflex excitability, but only H’
could be influenced by recurrent inhibition evoked by
the conditioning H-reflex discharge [4,9].

2.9. Joint effusion procedures

An area superolateral to the patella was cleaned with
alcohol and povidone-iodine. While lying supine in
bed, the subjects’ lower limb was extended. Using a
25 G needle, a needle stick was made subcutaneously.

H-reflex

——,

M-wave

Fig. 2. Tracing of the recurrent inhibition protocol. Top tracing is S1 delivered alone eliciting an H-reflex at 25% of the entire MN pool. Bottom
tracing S1 and S2 delivered together. H' is seen in the tracing due to the H-reflex elicited by S1 and the antidromic impulses generated by S2 col-
liding and eliminating each other. Note the depression of the H-reflex in the bottom tracing compared to the H-reflex in the top tracing. The
depression of the H-reflex in the bottom tracing is due to activation of Renshaw cells.
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Fig. 3. Injection of Xylocaine into the subcutaneous tissue sur-
rounding the knee.

This injection was necessary in order to evaluate the
effect of a needle stick on our dependent measures.
Using a sterile, disposable syringe with a 25 G 1 1/2”
needle, 3 ml of 1% Xylocaine was injected sub-
cutaneously for anesthetic purposes (Fig. 3). When
injecting the saline into the intra-articular space, the
physician manually everted and moved the patella lat-
erally using his free hand. Using a disposable syringe
with a 21 G needle attached, 60 ml of saline were injec-
ted. The needle was advanced between the articular
surface of the patellofemoral joint at the midpoint of
the patella [28]. The injection of the saline resulted in a
considerable effusion (Fig. 4). Sterile disposable gloves
were worn during each injection for all subjects.

2.10. Statistical analysis

An a priori power analysis based on our previous
work examining differences in the maximum soleus

Fig. 4. Bilateral knee joint comparison following the saline injec-
tion. Note the effusion in the left knee when compared to the right.

H-reflex prior to and after injection of saline into the
knee joint revealed an average effect size of 1.77 mV
and an average standard deviation of 1.38 mV. Using
the value 1.38 mV as the estimate for measurement dis-
persion and assuming a sample size of 10 knees per
group, we calculated a minimum detectable effect size
of 1.71 mV as the smallest within-subject change that
would lead one to reject the null hypothesis of no effect
when the hypothesis rejection criterion is based on a
statistical test with a two-sided type I error rate of 0.05
and a power of 0.80.

A mixed effects model for repeated measures was
used for each dependent variable. The model specifica-
tions included two independent variables: condition
and measurement interval. Condition was modeled as
the between subject factor, while measurement interval
was modeled as a within subject factor. Measurement
interval by condition interaction was also considered.
The model parameters were estimated by restricted
maximum likelihood. The covariance matrix was mod-
eled in a spatial power forum. Comparisons of interac-
tions were formulated by one degree of freedom
contrasts between the groups mean. Multiple compari-
son type I error rate adjustment was based on Fisher’s
least significant difference criterion (FLSD) with a type
I error rate of 0.05.

3. Results
3.1. Recurrent inhibition

A significant interaction was found between
measurement interval and condition (F3ss= 12.79;
P < 0.0001). The conditioned reflex during the effusion
condition increased from baseline (20.3 £ 21) at 25 min
(24.5+£22.5; P<0.0001) and 45 min (254 +22.2;
P < 0.0001) post-knee joint effusion (Fig. 5). The con-
ditioned reflex post-needle stick and post-Xylocaine did
not change from baseline (P > 0.05). Additionally, no
difference was detected between 25 and 45 min post-
knee joint effusion for the effusion condition
(P > 0.05). No differences were noted between any of
the measurement intervals during the control condition
(P> 0.05).

3.2. Paired reflex depression

A significant measurement interval by condition
interaction was found (F3ss=26.49; P< 0.0001). The
conditioned reflex during the effusion condition
increased from baseline (17.1+13.1 V) at 25 min
(24.5+£15.1; P<0.0001) and 45 min (29.4+19.6;
P < 0.0001) post-knee joint effusion (Fig. 6). The
conditioned reflex post-needle stick and post-Xylocaine
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Fig. 5. Averaged conditioned H-reflex amplitude as a percentage of unconditioned reflex amplitude expressed as a percentage change from the
baseline value. Values above 0 represent a decrease in recurrent inhibition and values below 0 represent an increase in recurrent inhibition (+£SD).
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Fig. 6. Conditioned H-reflex as a percentage of unconditioned reflex expressed as a percentage change from the baseline value. Values above 0
represent a decrease in paired reflex depression and values below 0 represent an increase in paired reflex depression (£SD).

did not change from baseline. Additionally, no differ- knee joint effusion for the effusion condition
ence was detected between 25 and 45 min post- (P > 0.05). No differences were noted between any of
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the measurement intervals during the control condition
(P > 0.05).

4. Discussion

Knee effusion has been shown to result in soleus
facilitation [19,21]. Our data suggest that this AMR is
due to both pre- and post-synaptic spinal mechanisms.
Specifically, Renshaw cells and potentially the inter-
neurons responsible for pre-synaptic inhibition contrib-
ute to the response of the musculature surrounding the
knee joint following injury. Our observations diverge
from previous hypotheses that arthrogenic muscle inhi-
bition (AMI)/AMR is due only to activation of the Ib
interneuron [20,27,50].

Previous activation of the la-motoneuron synapse is
thought to result in decreased transmitter release with
subsequent afferent volleys [7]. Additionally, it has been
proposed that modulation of reflex depression associa-
ted with previous reflex activation may allow for sum-
mation of spindle afferent feedback to contribute to an
increased neural drive allowing for a facilitated motor
output during movement [47]. This modulation of the
reflex depression associated with reflex activation his-
tory has been hypothesized to act with other pre-syn-
aptic mechanisms functioning to gate motoneuron
excitability [45,47].

The amount of reflex depression was reduced follow-
ing induction of the experimental effusion leading us to
speculate that a pre-synaptic regulatory control nor-
mally acting to decrease reflex excitability was modu-
lated accounting for the increased excitability of soleus
motoneurons. However, the mechanism by which this
pre-synaptic control acts remains unknown. Descend-
ing pathways are known to influence reflex activation
history through spinal interneurons. Specifically,
GABA-ergic interneurons responsible for pre-synaptic
inhibition are influenced by descending controls
[31,41,45]. Post-activation depression, previous acti-
vation of a muscle resulting in a decrease in the H-
reflex, can be viewed as being similar to the PRD pro-
tocol (both are the result of previous activation of mus-
cle) used in this study. The amplitude of the H-reflex
has been found to return to 66% of its original ampli-
tude within 400-500 ms which corresponds with the
time course for classic pre-synaptic inhibition [10] and
has lead investigators to speculate about its involve-
ment in post-activation depression [48]. Further work
is needed to determine the mechanism(s) by which both
post-activation depression and reflex activation history
are modulated.

Activation of quadriceps muscle afferents has been
shown to lead to pre-synaptic inhibition in the soleus
H-reflex [5,32]. The reflex inhibition present in the
quadriceps musculature prevents quadriceps activation

and likely reduces afferent activity arising from the
muscle. Depressed afferent activity arising from the
quadriceps muscle group may lead to the increased
excitability of the soleus due to a release of pre-synap-
tic inhibition.

Under normal conditions reflex activity caused by
afferent information is reduced by supraspinal systems
allowing for efficient and precise control of movement
[3]. Perhaps, when a joint effusion is present afferent
traffic originating from Ruffini endings decreases the
effectiveness of descending pathways. By ‘“‘shutting off”
supraspinal systems ultimately responsible for pre-syn-
aptic control of motor output afferent impulses may
summate and contribute to the increased motor output
to the soleus muscle.

The decrease in pre-synaptic control was
accompanied by reduced post-synaptic control to the
soleus alpha motoneurons in the presence of an
effusion. Recurrent inhibition of alpha motoneurons
has been described as a gating mechanism functioning
to reduce the sensitivity of alpha motoneurons to chan-
ges in their excitatory drive. Activation of Renshaw
cells are also thought to control the frequency of firing
of motor units [2,49]. The decrease in recurrent inhi-
bition potentially allows for afferent feedback from the
periphery to preferentially control the output of moto-
neurons. Descending pathways controlling Renshaw
cells may become less active (similar to what was
described above for the pre-synaptic mechanism) allow-
ing for afferent feedback to be a major contributor to
how the body responds to a perturbation or move-
ment.

The fact that both pre- and post-synaptic inhibition
is reduced to the soleus is likely a response by the cen-
tral nervous system allowing more motoneurons to be
available to the postural musculature in an attempt to
compensate for decreased availability of motoneurons
to the quadriceps muscle group. The decreased inhi-
bition seen with both pre- and post-synaptic control
mechanisms may allow for the triceps surae muscle
group to make rapid postural adaptations during gait
in an attempt to promote a stable standing posture
despite the quadriceps weakness and knee joint insta-
bility. However, it should be mentioned that this “lack
of”” central control to the soleus muscle may possibly
promote unstable and uncontrolled movement poten-
tially causing more harm to the extremity. Available
data examining the control of posture and gait follow-
ing knee effusion suggest the former to be true. Static
postural stability has been shown to improve following
induction of a knee joint effusion [34]. A study evaluat-
ing walking gait in the presence of an effusion noted a
quadriceps avoidance gait pattern in which subjects
demonstrated a decrease in knee joint torque and
quadriceps EMG, and an increase in hip extensor
work and hamstring EMG [46]. Although they did not
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evaluate the contribution of the lower leg musculature
to this gait pattern, one may speculate that activity in
the soleus musculature is enhanced assisting the hip
joint and surrounding musculature in providing lower
extremity support and allowing for propulsion during
walking. How lower extremity joint kinematics and
kinetics respond to perturbations when an effusion is
present remains to be answered and requires future
study. It should be noted that our measurements were
taken while subjects were lying supine and the results
may be different had they been performing a more
functional movement. However, we speculate that
soleus AMR would be mediated by both pre- and post-
synaptic spinal mechanisms during movement. The
amount of pre-synaptic vs. post-synaptic inhibition
present during function may differ depending on the
type of task (i.e. a power type movement compared to
one that requires endurance) [§].

Future work should be conducted to determine the
involvement of pre- and post-synaptic mechanisms in
patients who have sustained knee damage. Studies
examining the influence of therapeutic interventions on
muscle activation following knee injury are also needed
in order to aid clinicians in returning patients back to
pre-injury status.

In conclusion, the AMR seen in the soleus muscu-
lature following joint effusion is regulated by both pre-
and post-synaptic control mechanisms. These data pro-
vide valuable information about the spinal inhibitory
mechanisms contributing to the response of the lower
extremity musculature when a joint effusion is present.
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