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Introduction

The regenerative capacity of damaged peripheral nerves enables the central nervous system 

(CNS) to regain neuromuscular connections and control over muscle contraction. Although 

necessary, muscle reinnervation alone is not sufficient to restore normal control of 

movement1-3. Limb movements during walking, for example, can exhibit persistent ataxia4-6 

together with abnormal co-contraction of antagonist muscles, i.e. in-phase activation instead 

of the normal alternating or shifted-phase patterns of activation7-9. Unusual co-contraction 

would seem readily explained by the incompatible motor commands received by muscles 

that are non-selectively reinnervated by motoneurons from multiple, possibly antagonist 

motor pools1-3. The sufficiency of this explanation is challenged, however, on finding nearly 

continuous co-contraction of antagonist muscles in walking rats, even when severed nerves 

are surgically constrained to reinnervate corresponding flexor and extensor muscles10. The 

latter finding suggests that the CNS is complicit in antagonist discoordination, an inference 

supported by wide-ranging aberrations observed in CNS neurons and circuits following 

peripheral nerve injury and repair2. However, the circuit dysfunction responsible for 

abnormal antagonist coordination remains unknown.

Among the neural circuits distributed throughout the CNS that coordinate antagonist 

muscles11-14, reflex pathways in the spinal cord seem likely contributors to antagonist 

discoordination. Circuits in the spinal cord are the first to utilize mechanosensory 
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information from primary afferents to regulate patterns of antagonist muscle activation. 

Acting on feedback from group Ia muscle spindle afferents, the disynaptic Ia inhibitory 

circuit mediates reciprocal inhibition that relaxes antagonists during contraction of 

agonists15-17. In normal animals, suppression of this pathway by central neural networks 

plays a permissive role in facilitating cocontraction of agonist and antagonist muscles18,19. 

Pathological reduction of reciprocal inhibition is associated with abnormal co-contraction of 

antagonists in human subjects with spasticity, spinal cord injury, stroke, and dystonia13,20-22. 

These observations led us to hypothesize a reduction in reflex inhibition between antagonist 

muscles after nerve injury and muscle reinnervation.

The present study was designed to test for abnormality in spinal reflex pathways that 

coordinate activation of muscles acting as mechanical antagonists at the ankle joint in adult 

rats. In a condition-test paradigm, stretch reflexes evoked in extensor muscles were 

conditioned by stretch activation of sensory receptors from flexor muscles reinnervated by 

the severed common fibular nerve. Acute decerebration in terminal experiments rendered 

rats reflexively responsive to mechanical activation of muscle sensory receptors and 

eliminated potential influences from several supraspinal regions. Results led us to reject our 

original hypothesis, because reflex suppression between antagonists was strengthened and 

not weakened as predicted. In addition, we found that reflex conditioning switched between 

suppression and facilitation from trial to trial with no predictable pattern, but with greater 

incidence and strength of facilitation than that also found, surprisingly, in control rats. 

Collectively, these findings suggest extensive dysregulation in spinal cord circuits that 

coordinate reflex activation of agonist and antagonist muscles. In discussion, we consider 

how dysregulation of spinal reflex circuits might yield abnormal expression of co-

contraction among antagonist muscles following nerve injury and repair.

2. Methods

2.1 Animals

Data were obtained from 10, adult female Wistar rats aged 11-18 months (Charles Rivers 

Laboratories, Wilmington, MA), ranging in weight from 340-480 g. Rats were randomly 

assigned to one of two groups: an antagonist reinnervation group (5 rats) subjected to 

survival nerve surgery described below or a control group (5 rats), receiving no treatment 

prior to terminal experimentation. All rats were studied during single terminal experiments, 

after which they were euthanized by isoflurane overdose and exsanguination. All procedures 

for animal care and experimentation were approved by the Wright State University 

Institutional Animal Care and Use Committee.

2.2 Survival Surgery

Surgical nerve section and repair were performed during survival surgeries on 5 rats (ages 

4.2-4.7 months) assigned to the antagonist reinnervation group. With rats deeply 

anesthetized by isoflurane delivered via nose cone (1.0-2.5% in 100% oxygen), the left 

common fibular peroneal nerve was surgically exposed by skin incision over the head of the 

fibula, cut through using microscissors, and immediately joined end-to-end through the 

epineurium with one to two sutures (10-0 ethilon). The skin incision was sutured closed, and 
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a subcutaneous injection of buprenorphine (0.1 mg/kg) was given before anesthesia was 

discontinued. Animals were then returned to their cages and monitored throughout the 

recovery period. Additional buprenorphine was given prophylactically every 12 hours for the 

first 48 hours after surgery in order to alleviate the possibility of pain. Regularly scheduled 

veterinary observations and care revealed no signs of pain, distress, or infection of the 

treated rats throughout the 9.4-14.0 months following survival surgery.

2.3 Terminal Experiments: Preparation

Identical terminal experiments were performed on the reinnervation and control groups 

when the ages of member rats ranged, respectively from 13.4-18.6 months and 11.3-15.3 

months. Experiments were similar to those described in earlier studies from this 

laboratory23. Briefly, rats were deeply anesthetized by isoflurane inhalation (1-3% in 100% 

oxygen) adjusted to maintain appropriate values for continuously-monitored vital signs, 

including heart rate, blood O2 saturation, expired CO2, temperature (37 ± 1° C), and 

respiratory rate. Surgical preparations under these conditions included freeing the TA and 

gastrocnemius (G) muscles (both lateral and medial gastrocnemii) and their nerves from 

surrounding tissues. After marking the resting lengths (Lr) of TA and G muscles with knee 

and ankle positioned at 90° flexion and plantar flexion, respectively, their tendons of 

insertion were severed. The rat was then fixed in a stereotaxic frame by clamps at the snout, 

lumbar spinous processes, and at the femur, just above the knee and ankle (both fixed at 

90°). Next, the TA and G muscles were attached through their cut tendons directly to the 

lever arms of individual servo-motors which, in length servo mode, delivered computer 

driven muscle stretches while monitoring force and length (Fig. 1A). Bipolar wire electrodes 

were inserted into each muscle to record EMG. In final preparation for recording, the dorsal 

surface of the brain was surgically exposed for mid-collicular decerebration which rendered 

the rat insensate yet reflex responsive to muscle stretch when isoflurane was discontinued 

for the duration of data collection.

2.4 Terminal Experiments: Protocol

The function of antagonist reflex pathways was examined using a test-condition design (Fig. 

1C), whereby the G muscle stretch reflex (test response) was conditioned in alternate trials 

by stretch applied to the ipsilateral (left) TA muscle (Figs 1A,B). Parameters of stretch were 

identical for each muscle: ramp-hold-release, with ramp and release each 50ms in duration 

at constant velocity (20mm/s), hold phase 500ms, amplitude 1mm, repeated at 2s intervals in 

order to minimize reflex history dependence and maximize data collection. Stretches were 

applied on a background of no muscle contraction preceding stretch, verified by the absence 

of EMG. Data were collected with the G muscles stretched out to different fixed lengths and 

corresponding levels of passive muscle tension (0.2 – 1.0N), in order to examine the effect 

of varying magnitude of the test stretch reflex. Several additional measures were taken at the 

end of each experiment. First, the nerves supplying the left G and TA muscles were cut and 

muscles were stretched at different fixed levels of background force and length just as they 

were with nerves intact, in order to estimate the passive force component of stretch 

responses24. Second, maximum force was recorded during tetanic electrical stimulation 

(0.04ms pulses at 50Hz) of the distal ends of the cut muscle nerves. Finally, muscle wet 
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weights were obtained from TA and G muscles extracted bilaterally before rats were 

euthanized.

2.5 Measuring strength of test and conditioned reflexes

Muscle force, muscle length, and EMG obtained during the experiments were recorded, 

digitized (20 kHz) and stored on a computer for later analysis using CED Spike 2 software. 

The force muscle stretch attributable to reflex pathways was estimated by subtracting 

passive force measured when the nerve was cut (see above)25,26. Analysis was restricted to 

reflex force measured at the peak of ramp stretch (Fig. 1D). Reflex responses after ramp 

peak were not analyzed, because of high variability among individual rats in both control 

and antagonist reinnervation groups. These measures were taken from test and conditioned 

stretch trials. Each trial of G test stretch was compared with the succeeding TA conditioning 

trial. Conditioning that reduced test reflex force was labeled suppression, while increased 

test reflex force was labeled facilitation (Fig. 3).

2.6 Bayesian Data Analysis

Analyses focused on the strength, proportion and force dependency of suppression and 

facilitation for both reinnervation and control groups. We employed Bayesian models to 

compute parameters in order to explicitly test our working hypothesis that nerve injury and 

repair reduces suppression in antagonist reflex circuits. We empirically derived the full joint 

posterior probability distributions of model parameters simultaneously (e.g. means, standard 

deviations, and effect sizes) and directly examined the posterior distributions. This enabled 

intuitive statistical judgments regarding the strength of the evidence in favor of either the 

alternative or null hypothesis27-29. Bayesian analytic techniques were chosen because they 

present noteworthy advantages over frequentist analysis such as null hypothesis statistical 

testing (NHST) e.g. t-test and ANOVA. Bayesian analytics do not require making 

assumptions that traditional ANOVA necessitates (e.g. normally distributed data, 

heteroscedasticity, multiple-test correction)28-30.

Bayesian inference was performed by inspecting the highest density interval (HDI), such 

that values inside the 95% of the HDI are more credible than outside values30. HDI was used 

to make unbiased decisions on parameter values. For example, when performing a mean 

comparison test (i.e. determining experimental group difference), an HDI of a credible 

difference distribution that does not span zero indicates that the model predictions for the 

two conditions of interest are different from each other. This reallocates evidential support in 

favor of the alternative hypothesis that the parameters for both populations are unequal. 

Alternatively, if an HDI of a credible difference distribution spans zero, that indicates the 

model predictions for the two conditions do not differ. By defining a region of practical 

equivalence (ROPE) range (values between −0.1 and 0.1), Bayesian analytic techniques 

afford the ability to accept the null hypothesis. In practice, when the 95% HDI falls 

completely within the ROPE region we declare the ROPE value accepted and determine that 

group differences are practically equivalent to zero.

All models were developed in fully Bayesian framework with the rstanarm package 

(2.18.1)31 in the R environment (3.5.0)32. Rstanarm implements regression models in stan33, 
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which are fit using Hamiltonian Markov Chain Monte Carlo sampling to compute credible 

parameter values (θ) e.g. means, standard deviations, regression coefficients, effect 

sizes34,35. For intercepts and predictors we use Student’s t-distribution with mean zero and 

four degrees of freedom as the prior distribution. The scale of the prior distribution is 10 for 

the intercept and 2.5 for the predictors. Each model was run with four independent chains 

for 1,000 warm-up and 4,000 sampling steps. For all parameters, the number of effective 

samples was >500. Convergence was assessed and assumed to have reached the stationary 

distribution by ensuring that the Gelman–Rubin shrinkage statistic for all reported 

parameters was <1.0536. We report the expected mean parameter values alongside 95% 

credible intervals using (HDI). We estimate the percent of variance explained by regression 

models by computing the Bayesian equivalent to R2 37.

Results

To test for reduced reflex suppression after nerve injury and repair, we measured the 

modulation of agonist muscle stretch reflexes by stretch applied to antagonist muscles in 

control and antagonist reinnervation groups 5 untreated and 5 treated reflex-reactive 

decerebrated rats. Focusing study on nerve injury and reinnervation restricted to pre-tibial 

flexors eliminated confounding influences introduced in previous studies of more extensive 

nerve injury10. This experimental design also gains clinical relevance, because damage to 

the common fibular nerve is among the most frequently occurring peripheral nerve 

injuries38.

3.1 Homonymous stretch reflexes of G and reinnervated TA muscles

G muscles when stretched alone consistently responded reflexively, as measured by force 

and EMG (e.g. test responses in Fig. 1B, D). Values for homonymous G stretch reflexes for 

control and antagonist reinnervation groups averaged, 0.448N and 0.761N, respectively. 

Posterior distributions of means of the test stretch reflex amplitudes were comparable 

between experimental groups at resting background force (0.2N). Test stretch reflex 

amplitudes from rats with reinnervated antagonist were on average 0.31N greater than 

control with a 95% probability of the effect residing between 0.261-0.363N.

Consistent with earlier reports26,39-41, all rats with reinnervated TA muscles (5 out of 5) 

demonstrated the expected impotence of homonymous muscle stretch to evoke reflex 

contraction (Fig. 2A, B). Stretch areflexia occurred despite effective reinnervation evidenced 

by comparison with contralateral (normally innervated) TA muscles: wet weights were 

within 18% and tetanic contractions elicited by electrical stimulation were bilaterally 

comparable (Fig. 2C).

3.2 Antagonist Modulation of G Stretch Reflex

In control rats, conditioning stretches of TA muscles predominantly suppressed the G stretch 

reflex (Fig. 3A) during test-conditioned trials at given fixed levels of background G force 

(1N). Suppression was reflected in both force and EMG records (Fig. 3B). Note the 

unexpected occurrence of facilitation in some trials interspersed during the time series (Fig. 

3A) as evidenced by a modest increase in both force and EMG responses (Fig. 3C).
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Rats with reinnervated TA muscles exhibited conspicuous differences from controls. One 

was the emergence of strong G reflex facilitation produced by stretching the reinnervated 

antagonist (Fig. 3D, F). Another was an apparent increase in proportion of trials producing 

facilitation interspersed stochastically in the time series (Fig. 3D). Finally, the strengths of 

both facilitation and suppression were appreciably amplified (Fig. 3A vs 3D), and evident in 

comparison of force as well as EMG in paired single trials of test vs conditioned stretches 

(Fig. 3E, F).

3.3 Statistical analyses of group differences

Data were pooled from rats within groups and evaluated at a matched background force (1N) 

to investigate the population-level effects of reinnervation on stretch reflex modulation. 

Across all control rats and all trials, stretching TA predominantly suppressed the G stretch 

reflex, assign illustrated by the negative (left) shift in distribution (Fig. 4A). While 

suppression dominated control responses, a fraction of facilitatory responses were observed, 

as demonstrated by the control population to the right of red null line (Fig. 4A). By contrast, 

rats in the antagonist reinnervation group exhibited a substantial increase in facilitation over 

all trials. Figure 4B illustrates the relative positive (right) shift in population level response 

distribution (Fig. 4B), indicating greater facilitation.

For statistical inference, Bayesian parameter estimation was implemented to empirically 

derive the posterior distributions of means and standard deviations for both control and 

reinnervated antagonist groups (Fig. 4C). Inference by mean comparison testing gave 

evidence that reinnervation significantly disrupted antagonist conditioning of G stretch 

reflex. When compared to control, reinnervated TA conditioning of G resulted in a positive 

(0.381N) shift in conditioned response even when controlled for sample size (note number 

of observations). Detailed examination of the 95%HDI (0.234-0.529) revealed 0% of the 

posterior overlaps the null distribution indicating all credible parameter estimates support 

increased facilitation (Fig. 4C).

Next, to test for the reduced reflex suppression we hypothesized, we evaluated both the 

frequency of occurrence and strength of agonist reflex suppression from a reinnervated 

antagonist.

3.4 Suppression:Facilitation proportion decreased after nerve injury and repair

The percentage of trials in a time series at fixed G background force in which reflex 

suppression or facilitation occurred was calculated for control and antagonist reinnervation 

groups. Mean percentages were then aggregated across all background forces for initial 

comparison. Two-group comparison was used to derive the posterior distributions of all 

parameters for frequency effect comparisons. Examination of the control posterior 

distributions of mean, revealed that stretching TA suppressed the G stretch reflex in 72% of 

trials and facilitated the G stretch reflex in 28% of trials (Fig. 5A). Detailed examination of 

95%HDIs reveals 0% overlap in probability distributions, indicating suppressive responses 

dominated TA conditioning of G. Examination of the reinnervation-group posterior 

distributions of mean frequency, revealed that stretching TA suppressed the G stretch reflex 

in 40% of trials and facilitated the G stretch reflex in 60% of trials. Detailed examination of 
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95%HDIs reveals 0% overlap indicating facilitation dominates responses. Extending 

inference to intergroup comparisons of means revealed substantial evidential support for a 

dramatic reduction in the frequency of suppression and increase in the frequency of 

facilitation, i.e. a reversal in proportion relative to control.

Data were examined carefully in an attempt to gain insight into inter-trial switching between 

suppression and facilitation (Fig. 5B, C), which, to our knowledge, has not been reported 

before. First, it was determined that switching was stochastic, i.e. that the sign of 

conditioning, facilitation positive and suppression negative, in successive trials was not 

predictable from earlier ones. Second, there was no evidence in force or EMG records that 

rats were in an oscillatory locomotor state. Third, whatever the mechanism of switching may 

be, its normal relationship with background force changes. Examination of force 

dependency in control rats, revealed force dependent increase in suppressive response and 

parallel decrease in facilitatory responses. All credible estimates of regression coefficients 

were substantially larger than the null distribution for suppression and less than the null for 

facilitation, indicating strong force dependent increase in the proportion of suppression, 

accompanied by a corresponding decrease in facilitation (Fig. 6). Rats with reinnervated 

antagonists demonstrated reduced force dependent sensitivity. Comparing 95% posterior 

probability distributions of mean regression coefficients between groups revealed no 

credible overlap, (Fig. 6) which provides strong support for a reduction, and possible loss of 

force dependent-sensitivity following reinnervation. This change is yet another expression of 

circuit dysregulation.

3.5 Strength of both Suppression and Facilitation increased after nerve injury and repair

Changes in strength of reflex modulation were evaluated using Bayesian parameter 

estimation to empirically derive the posterior distributions for both experimental groups 

across all rats at a matched background force (1N). Figure 7A illustrates suppressive and 

facilitatory responses for individual rats in both groups and documents that the strength of 

both facilitation and suppression are substantially amplified following reinnervation. Group 

means for facilitation and suppression are documented in Figure 7B. Inference by mean 

comparison reveals a credibly non-zero positive amplification in the strength of facilitation 

by 1.17N following reinnervation (Fig. 7B). Detailed examination reveals strong evidential 

support for this effect residing between a 1.04-1.31N increase (Fig. 7B top inset).

Inference by mean comparison reveals a credibly non-zero negative amplification in the 

strength of suppression by 0.839N following reinnervation (Fig. 7B). Detailed examination 

reveals strong evidential support (95% probability) for this effect residing between a 

0.692-0.982N amplification (Fig. 7B bottom inset). Data presented in Figure 7 provide 

strong evidential support to explicitly reject our hypothesis, by documenting substantially 

stronger reflex suppression evoked by reinnervated as compared with normally innervated 

muscles. Coincident with strengthened suppression, was the unexpected emergence of strong 

facilitation following reinnervation.

By extending analysis to multiple background forces, we tested whether the amplification of 

suppression42 and facilitation described above depends on G background force. All data 

from conditioned trials were pooled per experimental group and plotted vs. background 
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force in Fig. 8. Two-factor, hierarchical Bayesian ANOVA was implemented to derive the 

independent and combinatorial effects of background force and treatment on the strength of 

suppression and facilitation. Interaction effects are illustrated by dramatic amplification of 

the strength of facilitation and suppression as background force increases between control 

and antagonist reinnervation groups (Fig. 8). Note the highly non-linear interaction of 

reinnervation as background force increases, highlighting further evidence of circuit 

dysregulation.

3.6 Partial dependence of conditioning effects on test amplitude

The magnitude of reflex suppression or facilitation is expected to depend on G motor pool 

excitability43,44, which we estimated from amplitudes of the unconditioned (test) stretch 

reflex. The Robust Bayesian linear regression model was employed to calculate percent of 

variance (Bayesian equivalent to R2 37of strength of suppression and facilitation explained 

by unconditioned (test) stretch reflex amplitudes. In all instances, test stretch reflex 

amplitudes (excitability of G motor pools) predicted only a minority of the strength of 

conditioned stretch reflex. Predictions for control and antagonist reinnervation groups 

respectively were: (a) for facilitation 29% (95% HDI: 23.9-33.9%) (Fig. 9A) and 15% (95% 

HDI:12.2-17.9%) (Fig. 9B) and (b) for suppression, 45% (95% HDI:41.6-48.1%) (Fig. 9C) 

and 41.5% (95% HDI:38.2-44.6%) (Fig. 9D).

Discussion

Findings presented here demonstrated severe dysregulation in mechanosensory reflex 

coordination of agonist and antagonist muscles following peripheral nerve injury and muscle 

reinnervation in rats. Stretch applied to reinnervated antagonists produced much greater than 

normal levels in both suppression and facilitation, of agonist muscle activity, together with a 

reversal in the normal dominance in occurrence of suppression over facilitation. These 

findings led us to reject our hypothesized reduction in spinal reflex inhibition between 

agonist and antagonist motor pools, and to suggest candidate origins of dysregulation in 

spinal reflex pathways that govern antagonist motor pool activation.

Dysregulation of Reflex Conditioning

Discussion of possible mechanisms underlying dysregulated reflex conditioning builds on 

Figure 10. The figure highlights a simplified version of spinal reflex pathways relevant to 

test and conditioned stretch reflexes. We confine inferences to ones supported by findings 

presented here, while recognizing the potential importance of various other possible 

contributors, e.g. presynaptic inhibition and interneuronal excitability not examined in this 

study.

Test Reflex: Figure 10A identifies afferent contributors to the test stretch reflex in 

uninjured agonists, i.e. gastrocnemii muscles. All three types of large-diameter muscle 

proprioceptors, groups Ia and II muscle spindle afferents and group Ib tendon organ afferents 

had potential to contribute to the net strength of the test reflex. Each afferent type exhibits 

robust firing when the ramp-hold-release stretch parameters used in the present study are 

applied to passive, i.e. non-contracting gastrocnemius muscles in rats23. During the eccentric 
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muscle contraction evoked by the stretch reflex, evidence shows that firing continues both 

for muscle spindle afferents25 and for tendon organ afferents, which are most responsive to 

active contraction45. Muscle spindle afferents, primarily group Ia, contribute prominently to 

stretch reflex force through their monosynaptic connections with the homonymous motor 

pool in LIX (Fig. 10B). All three afferent types had the potential to influence stretch reflex 

force through oligosynaptic pathways converging inhibition and excitation to the G motor 

pool (Fig. 10B) via premotor interneurons in LV,VI (Fig. 10C)23. Transmission through 

segmental oligosynaptic pathways to motor pools introduces central synaptic delays of no 

more than 5ms46,47, making it possible for them to influence reflex force within the 50ms 

duration of the ramp portion of stretch eliciting the test reflex. The test stretch reflex 

potentially reflected, therefore, the sum of reflex force initiated or modified by combinations 

of three afferent types and transmitted to the agonist motor pool via both mono- and 

oligosynaptic pathways.

Test reflex amplitudes were larger in the antagonist reinnervation group compared to control. 

The reason for increased responsiveness of the uninjured G muscles to homonymous stretch 

in animals with reinnervated antagonists is thought provoking, but its meaning requires 

speculation outside the scope of the present study. Important to interpretation presented 

below is the result that test reflex amplitude was partially predictive of the magnitude of 

reflex conditioning: relatively enlarged test reflexes in the antagonist reinnervation group 

corresponded with amplified suppression and facilitation (see Results, sect. 3.1; Fig 9). This 

dependency of conditioning on test reflex magnitude has been observed and attributed to a 

variety of factors e.g. variation in excitability within a motor pool43,44. Unlike many, but not 

all48 previous studies in human and cat43, however, we found that test reflex amplitude 

explained less than half of the increase in strength of facilitation and suppression (see 

Results, sect 3.6), and we assign the major portion of amplification to changes in pre-motor 

interneuronal circuits discussed below.

Conditioned Reflex: The conditioning effects of antagonist muscle stretch on the G 

stretch reflex were qualitatively similar in both control and antagonist reinnervation groups. 

If not by novel circuits, then amplified suppression and facilitation would result from 

adjustments to normal spinal pathways. Referring to Fig. 10D, we begin by considering the 

afferents activated by stretch of the reinnervated TA muscles. Recovery of sensory signaling 

was verified by the strong reflex conditioning effects, both suppression and facilitation 

evoked by stretch of the reinnervated TA muscle (e.g. Fig. 7). Although the modality and 

tissue origin of the regenerated afferents were not determined here, ample evidence from 

earlier studies supports the following suppositions. Partial recovery of sensory signaling 

from groups Ia, II and Ib was likely49-52, but, owing to non-selective reinnervation3 by the 

common fibular nerve, the TA muscle undoubtedly acquired a mix of sensory neurons, both 

original and foreign, i.e. from other muscles and from skin52. Importantly, axons conveyed 

through the common fibular nerve normally innervate proprioceptors in muscles, which 

mostly share actions at the ankle that are mechanically antagonistic to the gastrocnemius 

muscles10,53. Cutaneous afferents are also shown to reinnervate muscle and respond to 

stretch52, and ones conveyed by the common fibular nerve would commonly transmit 

inhibition to gastrocnemius muscles54.
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In addition to peripheral alterations, regenerated afferents also undergo substantial central 

changes2. Figures 10 E,F,G illustrate changes in the synaptic terminations of regenerated 

primary afferents, specifically Ia afferents55 and possibly others56,57. Following section and 

regeneration of their major limb nerve trunk, group Ia afferents lose ca. 80% of their 

synaptic connections with homonymous motoneurons and retract their collateral axons from 

LIX (Fig. 10D)58. These central synaptic loses of Ia afferents in LIX, together with 

peripheral deficits described above, rendered stretch of the reinnervated TA motor pool 

insufficient to activate the homonymous motor pool, as evidenced by a complete absence of 

stretch-evoked force or EMG (see Fig. 2). Significant to interpretation of the conditioning 

effects discussed below, the failure of stretch to activate the TA motor pool would also 

release Ia inhibitory interneurons from Renshaw cell (RC) inhibition of Ia inhibitory 

interneurons (Figure 10H)59. Other segmental targets of Ia afferents are retained. In LVII, 

which contains Ia inhibitory interneurons, synapses of regenerated Ia afferents are 

conserved, and in LV,VI, where inhibitory and excitatory premotor interneurons are located, 

the number of Ia synapses doubles compared to control58. Adding these changes in afferent 

input to a simplified model of known spinal circuits in Fig. 10 supports provisional 

explanations presented below for amplified suppression and facilitation.

To explain the three-fold increase in reflex suppression conveyed to an agonist from its 

reinnervated antagonist muscle, we forward three possible mechanisms acting individually 

or in concert. One potential mechanism is an increase in reciprocal inhibition, which would 

be disinhibited by the failure of reinnervated muscle stretch to activate RC’s (Fig. 10H, see 

above). Another possible source of enhanced suppression arises from erroneous 

reinnervation of the TA muscle by common-fibular cutaneous afferents. Through their 

anomalous activation by muscle stretch (see above), these cutaneous afferents might initiate 

the suppression of ankle extensor motor pools found in normal rats54, routed through pre-

motor interneurons in dorsal horn, including those in LV,VI. One further pre-motor pathway 

for inhibition includes inhibitory interneurons in LV,LVI60,61, and this known source of 

reflex suppression16,62 might be amplified by the doubling of synaptic input it receives from 

regenerated primary afferents (Fig. 10H)58. All of these mechanisms would be expected to 

oppose co-contraction of agonists and antagonists, which must result, therefore, from 

additional mechanisms.

We consider three possible explanations for the 7-fold increase in reflex facilitation 

mediated through spinal pathways linking antagonists. First, we rule out the pathway known 

as reciprocal facilitation63. In normal animals, controlled reduction of Ia inhibition has been 

a focus of attention for its potential to promote co-activation of antagonists59,60,64,65. In the 

present experiments, however, this route of facilitation was lost when Ia inhibitory 

interneurons were released from RC inhibition (see above and Figure 10E). Second, 

facilitation observed in test-conditioning protocols might have been amplified, 

hypothetically, as a result from stimuli interacting non-linearly within the G motoneurons 

(Figure 10A and see Figure 1C)44. However, TA afferents are not monosynaptically coupled 

to G motoneurons, and TA muscle stretch as the sole stimulus does not activate the G 

motoneurons43,44. These observations rule out the G motor pool as the site of interaction and 

shift attention to interaction at pre-motoneuronal levels, which becomes a third candidate 

locus for amplified facilitation43,44. In this case, excitatory interneurons gain favor, possibly 
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those in LV,VI60,61, that respond to mechanosensory primary afferents, group Ib most 

acknowledged for conveying reflex excitation from agonists to antagonists (see Figure 10I).
16,62,66 With this as the only established pathway capable of explaining the reflex facilitation 

from antagonists that we observed here, we turn to the doubling of synaptic connections 

with LV,VI excitatory interneurons as a possible basis for amplification of facilitation 

(Figure 10G).

Inter-trial Fluctuation between Facilitation and Suppression

The stochastic switching found here between suppression and facilitation in sequential test-

condition trials of muscle stretch was unexpected and, to our knowledge, not previously 

reported. Switching might have originated from any portion of the neuraxis, supraspinal or 

spinal, that remained in continuity after acute decerebration. We observed no temporal 

structure in fluctuating reflex sign, and no correlation with other measured parameters, e.g. 

test or conditioned reflex amplitude, that might provide mechanistic clues. It is possible that 

reflex fluctuation originated from rhythmic modulation of spinal circuits operating in a 

background spinal locomotor state17,67. While we found no evidence of locomotor activity 

in our records of muscle force and EMG, we cannot rule out possible influences of 

subthreshold locomotor activity.

Notwithstanding its unidentified mechanism, fluctuation in reflex sign and its modification 

after muscle reinnervation should significantly affect muscle coordination. Suppression that 

dominated in the control group (72% of trials) reversed to more facilitation but greater 

variability (60% of trials). With its doubling incidence in combination with the 7-fold 

amplification in strength, reflex facilitation emerges from nerve injury and repair as the 

predominant functional coupling of antagonist muscles evoked by mechanosensory 

stimulation. The contrast with constrained expression of facilitation in normal animals 

reflects severe dysregulation of the coordination after nerve injury and repair.

Functional Implications

The dysregulation described here for segmental spinal circuits linking agonist and antagonist 

motor pools has the potential to profoundly change the expression of limb movement and its 

neural control. Coordination among muscles acting as mechanical antagonists normally 

plays a major role in controlling the timing, speed, accuracy and precision of movement, as 

well as stiffness and impedance of limbs68-73. The normal reliance of coordination upon 

mechanosensory feedback from muscle proprioceptors would be seriously challenged by the 

emergence of antagonist reflex facilitation that outweighs suppression in strength and 

occurrence. On average, co-contraction would result from the overbalance of facilitation, 

instead of by weakening suppression in spinal circuits held responsible for co-contraction in 

dystonia and Parkinson’s disease, and after trauma in spinal cord injury and 

stroke13,20-22,74,75. For individual movements, the unpredictable switching between 

facilitation and suppression that we found should significantly interfere with CNS control of 

movement. This unpredictability might even be the driver for co-contraction employed as an 

intentional strategy by behaving animals to regain control of joint stiffness and stability. 

Present findings indicate that any of these or other possibilities assign a decisive role of 
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spinal reflex circuits in determining the movement disabilities that persist following nerve 

injury and repair.
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Abbreviations

CNS central nervous system

TA tibialis anterior

G gastrocnemius

EMG electromyography

SR stretch reflex

HDI highest density interval

ROPE region of practical equivalence

N newton unit of measure for force

L laminae

ANOVA analysis of variance
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Highlights

• Dysregulation of spinal circuits regulating inhibition between antagonist 

motor pools

• Increase strength and frequency of reflex facilitation

• Concurrent amplification of reflex suppression

• Aberrant dependence of reflex suppression and facilitation on agonist muscle 

stretch

• Spinal circuits exposed as likely contributors to abnormal co-contraction of 

antagonist muscles
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Figure 1. 
Stretch reflex test-condition paradigm. A: Key features of in vivo recording: gastrocnemius 

(G) and tibialis anterior (TA) muscles attached through tendons to length servo motors 

controlling muscle stretch; electrodes in both muscles record electromyographic (EMG) 

signals. B: Continuous record segments of force, length, and EMG for G and TA muscles 

taken from control rat. Stimulus paradigm alternating test stretch of G muscle alone, with 

conditioning stretch to TA during G muscle stretch. C: Simplified illustration shows the 

convergence of test and conditioning stimuli onto G motor pools. Arrows indicate the sum of 

excitatory and inhibitory input from both test and conditioning stretches. D: Reflex force 

estimated at the peak of ramp stretch as the difference in force (a) measured with the muscle 

nerve intact (black line) vs cut (grey line). The force occurring immediately before stretch is 

referred to as the background force (b).
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Figure 2. 
Responses of reinnervated TA muscle. A: No detectable reflex response to homonymous 

stretch: absence of EMG and active TA contractile force (TA force identical before and after 

section of TA nerve (data not shown)). Data taken from one rat 12 months after common 

fibular nerve section and repair. B: Values for TA stretch reflex amplitude pooled from 

control (n=5 rats) and antagonist reinnervation (n=5 rats) groups (p<0.001, nested ANOVA 

with Tukey’s HSD). C: Maximum electrically-evoked tetanic force measured from left TA 

muscle in 5 rats in control and 3 rats in antagonist reinnervation groups (data not collected 

from 2 rats).
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Figure 3. 
Reflex Modulation by Antagonist Muscle Stretch. A: illustrates time-series (~4min) record 

from one control animal. Vertical bars represent the strength (amplitude) of TA conditioning 

of G. Negative values represent suppression while positive values represent facilitation. 

Individual examples of suppression (B) and facilitation (C). Isometric force, G EMG, and G 

length at matched background forces. Conditioned response flanked by test response. Note 

the occurrence of facilitation in some trials. D: illustrates time-series (~4min) record from 

one rat in antagonist reinnervation group. Note the stochastic pattern of facilitation and 

suppression occurring throughout the time-series. Individual examples of suppression (E) 

and facilitation (F). Isometric force, G EMG, and G length at matched background forces.
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Figure 4. 
Reflex Modulation Re-Distributed Following Nerve Regeneration. Histogram of pooled 

values of modulated reflex force for rats in control (A) and antagonist reinnervation (B) 

groups using 0.25N bins from all experiments over matched background ranges (1N). 

Results of Hierarchical One-way Bayesian ANOVA (C) reveal credible differences between 

empirically derived posterior distributions of group means were all greater than the null 

distribution 0+−0.1N and centered on .381N greater amplitude facilitation in antagonist 

reinnervation group. Asterisk denotes Bayesian Inference by Difference of Means 

Comparison where 95% highest density interval (HDI) does not cross zero.
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Figure 5. 
Frequency of Facilitation Increased. A: The percentage of trials in which G experienced 

suppression or facilitation in response to TA conditioning was calculated for individual 

experiments over a matched background forces. One testconditioned test pair constitutes a 

single trial. The mean percentage was then calculated for both the control group (white bars, 

n=5) and the treated group (gray bars, n=5) and compared. Asterisk denotes empirically 

derived posterior distributions of means are credibly different from each other (Bayesian 

Inference by Difference of Means Comparison following Hierarchical Bayesian ANOVA). B 

& C illustrate raw time-series (~3min) records from all animals (N=5) in both control (B: 

individuals animals C1-5) and reinnervated antagonists groups (C: individuals animals 

R1-5). Vertical bars represent the modulated stretch reflex induced by antagonist (TA) 

stretch. Negative values represent suppression while positive values represent facilitation.
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Figure 6. 
Suppression and Facilitation Frequency Depend on Background G Force. (A) Expected 

force dependent decrease in facilitatory response (A) and parallel increase in suppressive 

responses in control group (C). Reduced dependence on force for facilitation (B) and 

suppression (D). Examining the posterior distributions of mean regression coefficients 

revealed no overlap in 95%HDI values between groups and indicates that force dependency 

sensitivity is blunted following reinnervation.
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Figure 7. 
Strength of both suppression and facilitation increased in antagonist reinnervation group. A: 

Means and SEs of modulated G stretch reflex force due to TA conditioning for individual 

experiments over a matched range of background forces (1N) in both control (white bars, 

n=5) and antagonist reinnervation (gray bars, n=5) groups. Negative values represent 

suppression while positive values represent facilitation. B: Pooled means for control and 

antagonist reinnervation groups for the data set in A for both facilitation (top) and 

suppression (bottom). Connecting lines are for visual aid only. Results of Hierarchical One-

way Bayesian ANOVA (B) reveals empirically derived posterior distributions of means are 

credibly different from each other. Asterisk denotes Bayesian Inference by Difference of 

Means Comparison where 95% highest density interval (HDI) does not cross zero.
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Figure 8. 
Strength of Suppression and Facilitation Depend on Background G Force in Antagonist 

Reinnervation Group. All data from conditioned trials were pooled per control (A) and 

antagonist reinnervation (B) groups and plotted vs. background force in Fig 8. C: Effects of 

background G force on the strength of facilitation (top) and suppression (bottom). Lines 

represent change from observed pooled means of control to reinnervated antagonist groups 

for three background forces. Results of Hierarchical Factorial Bayesian ANOVA reveals 

empirically derived posterior distributions of means are only credibly different between 0.2 

to 1N background G forces for control as compared to all contrasts in antagonist 

reinnervation groups.
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Figure 9. 
Partial Dependence of Conditioning on Test Response Amplitude. All data from conditioned 

trials were pooled for facilitation and suppression strength in control (A,B) and treated rats 

(C,D) and plotted vs. test reflex amplitude. Robust Bayesian linear regression model was 

employed to calculate percent of variance (Bayesian equivalent to R2) of strength of 

suppression and facilitation explained by test response amplitude. In all instances, test 

response amplitudes predicted <50% of the strength of conditioned stretch reflex. The test 

reflex amplitude contributions were as follows: (a) for the strength of facilitation, 29% (95% 

HDI: 23.9-33.9%) of control (A) and 15% (95% HDI:12.2-17.9%) of treated rats (B) and for 

the strength of suppression, 45% (95% HDI:41.6-48.1%) of control (C) and 41.5% 

(95%HDI:38.2-44.6%) of treated rats (D).
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Figure10. 
Dysregulation in mechanosensory spinal circuits coordinating agonist-antagonist motor 

pools following muscle reinnervation. Simplified diagram identifies pathways producing (a) 

homonymous test stretch reflex in agonist (gastrocnemii, G) and (b) conditioning by stretch 

of reinnervated antagonist (tibialis anterior, TA). Diagram depicts (from top to bottom) pre-

motor interneurons in LV,VI and VII, motor pools in LIX, and muscles supplied; lines 

represent established synaptic interconnections among afferents, neurons and muscles. 

Elements of test reflex (G stretch reflex): (A) afferents activated by passive muscle stretch; 

(B) monosynaptic input to G motor pool from G group Ia and II afferents; (C) monosynaptic 

input to LV,VI inhibitory (red I) and excitatory (green E) premotor interneurons from G 

group Ia, II, Ib afferents. Conditioning reflex (stretch reinnervated TA): (D) regenerated 

afferents activated by TA stretch; (E) monosynaptic input from TA stretch-activated 

afferents, Ia synapses reduced by 80% ( ); (F) monosynaptic input to LVII Ia inhibitory 

interneurons from TA stretch-activated afferents; (G) monosynaptic input (synapses 2x 

normal) to LV,LVI I and E pre-motor interneurons; LV,VI, and VII pre-motor interneurons 

synapse with motoneurons in G motor pool; (H) stretch of reinnervated TA muscle fails to 

activate TA motor pool and Renshaw cells (RC) in turn.
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