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ABSTRACT

The external anal sphincter (EAS) is important for the maintenance of bowel continence and
may be compromised by a variety of neuropathic conditions. However, large animal models for
the study of EAS functions have been sparse. The EAS guarding reflex was examined by
electromyography (EMG) in neurologically intact rhesus macaques (n=6) and at 4-6 weeks after
a unilateral EAS denervation from an L6-S3 ventral root avulsion (VRA) injury (n=6). Baseline
EAS EMG recordings were quiescent in all subjects, and evoked responses showed an initial
large amplitude EMG activity, which gradually returned to baseline within 1-2 minutes. At 4-6
weeks post-operatively, the EAS guarding reflex showed a significantly reduced EMG response
duration of 4715 seconds and area under the curve (AUC) of 0.198+0.097 mV-s compared to
the corresponding evoked EAS EMG duration of 102+19 seconds and AUC of 0.803+0.225 mV-
s (p<0.05) in the control group. Detailed time and frequency domain analysis of the evoked EAS
EMG responses for the first 40 seconds showed no difference between groups for the maximum
amplitude but a significant decrease for the mean amplitude across the study period and an
early AUC reduction for the first 10 seconds in the VRA injury group. Time-frequency analysis
and power spectrum plots indicated decreased intensity and a harrower mid-range of
frequencies in the VRA injury group. We conclude that the EAS guarding reflex in rhesus
macaques shows characteristic EMG features in control subjects and signs of partial target

denervation after a unilateral L6-S3 VRA injury.

Key words: Non-human primate; pelvic floor; electromyography; cauda equina injury; partial

denervation

New and Noteworthy

The external anal sphincter (EAS) guarding reflex showed initial large amplitude peaks and a
gradual return to a quiescent baseline after a rectal probe stimulus in rhesus macaques. At 4-6
weeks after a unilateral ventral root avulsion (VRA) injury, the EMG duration, mean amplitude,
and area under curve measurements were decreased. Time frequency analysis and power
spectrum plots indicated decreased intensity and a narrowed mid-range of frequencies in the

VRA injury cohort.
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INTRODUCTION

The pelvic floor diaphragm and external anal sphincter (EAS) provide anatomical support for the
abdominal viscera, including the rectum, and an EAS constrictor function contributes with an
important mechanism for continence to prevent accidental leakage of intestinal contents
(Raizada and Mittal, 2008). The external anal sphincter (EAS) consists of a circular skeletal
muscle, is normally in a constricted state, and receives somatic motor innervation by the
pudendal nerve in higher primates (Sherrington, 1892; VanderHorst et al., 2000; Wunderlich
and Swash, 1983). Bowel dysfunction with incontinence may result from a partial or complete
EAS denervation, which may be caused by for instance, a thoracolumbar spine trauma with
crush injury to the conus medullaris portion of the spinal cord, a cauda equina injury after
compression, transection, or avulsion of lumbosacral nerve roots, or child-birth related injuries to
the pudendal nerve (Park et al., 2016; Podnar, 2006; Rao, 2004). However, large animal models
for the functional assessment of the EAS in the setting of lower motor neuron injuries have been

sparse.

Previous electromyography (EMG) studies of the EAS in both humans and experimental models
have shown the presence of tonic discharges at rest, and that the baseline rectal tone may be
subject to modulation. For instance, the resting EAS tonic activity may be inhibited by distending
the colon with an inflated balloon in cats (Bishop et al., 1956; Bishop, 1959; Dubrovsky, 1988).
In contrast, augmented responses with increased EAS EMG activity may be induced in the cat
by tactile stimulation of the circumanal region, compression of the abdomen, or the introduction
of a rectal probe into the anus with activation of the guarding reflex response (Bishop, 1959). A
similar augmentation of EAS EMG activity has been demonstrated in the rat following a rectal
probe insertion (Holmes et al., 1998). Human subjects also show a reflex activation of the EAS
muscle in response to inflation of the rectum (Denny-Brown and Robertson, 1935; Arhan et al.,
1976; Vilensky et al., 2004). However, some caution is needed when directly comparing
functional features of pelvic floor muscles between animal species, even between different
primate species, as the physiological demands on the EAS and pelvic floor may vary greatly as
a result of differences in e.g. posture, locomotion, and diet (Dubrovsky and Filipini, 1990;
Fooden, 2000).

Macaque monkeys represent the most commonly used non-human primate model in biomedical
research (Carlsson et al., 2004; Lankau et al., 2014), but functional studies of its pelvic floor and

EAS have been in short supply. Therefore, a first goal for the present study was to characterize
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EMG activity associated with the EAS guarding reflex in rhesus macaques. A second goal was
to determine the effects of a unilateral avulsion injury of lumbosacral ventral roots in rhesus
macaques on evoked EAS EMG activity as a potential model system for translational studies on

partial denervation of pudendal nerve-innervated targets.
METHODS

Research subjects. A total of 10 female rhesus macaques (Macaca mulatta) were included in
the study (Table 1). All subjects were adults, in good health, and without any history of
neurological injury or impairments. The animals were divided into two study groups. One cohort
of 6 subjects were neurologically intact and served as a control group. A total of 6 animals
served as an experimental study group at 4-6 weeks after a unilateral lumbosacral ventral root
avulsion (VRA) injury. Pre- and post-operative recordings from two of the animals contributed to
both study groups. All animal procedures and study protocols were reviewed and approved by
the Institutional Animal Care and Use Committee (IACUC) at the University of California at

Davis and by the United States Department of Defense.

All subjects were housed and all experimental procedures performed at the California National
Primate Research Center (CNPRC), a facility accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International (AAALAC). All animal care was performed
in compliance with the Guide for the Care and Use of Laboratory Animals provided by the
Institute for Laboratory Animal Research (2011). The animals were housed indoor in stainless
steel cages (Lab Product, Inc., Seaford, DE) and were exposed to a 12 hour light/dark cycle.
Paired housing was attempted for all animals. The room temperature was maintained at 65-
75°F, and the room humidity ranged between 30-70%. All subjects had free access to water and
received commercial chow (High protein diet, Ralston Purina Co, St. Louis, MO) and fresh fruit
supplements. The animals were fasted overnight before spine surgery and before EAS

electromyography studies.

Surgical procedures. All spine surgery subjects (n=6) underwent an elective pre-operative and
magnetic resonance imaging (MRI) study of the thoracolumbar spine under ketamine sedation
(10 mg/kg IM) (Ohlsson et al., 2017). The imaging studies were performed to visualize the
relationship between the lumbosacral spinal cord and the vertebral column. On the day of
surgery, each subject was initially sedated using ketamine (10 mg/kg IM) and an endotracheal
tube was placed. The spinous processes of the thoracolumbar spine were palpated and

identified using surface anatomy landmarks. The identification of individual vertebral levels was
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122 supported by a subsequent radiographic series in anteroposterior and lateral views. The

123  subsequent spine surgery followed our established surgical procedures for lumbosacral ventral
124  root dissections and injury (Ohlsson et al., 2013; Nieto et al., 2018). Each subject was next

125  placed under a surgical plane of anesthesia provided by 1-2% isoflurane in O, via endotracheal
126  tube and fentanyl (7-10 pg/kg/min IV). A skin incision was placed along the L1-L5 spinous

127  processes and the fascia cut on the left side. The para-spinous muscles were dissected free on
128  the left side to expose the dorsal surface of the lumbar spine, laminae, pedicles, and facet

129  joints. A left-sided laminectomy from the caudal surface of the L1 vertebra to the rostral part of
130 the L3 vertebra using rongeurs and a high-speed diamond-bit drill. The dura mater was opened
131  and the lumbosacral dorsal roots were moved to the midline to expose the spinal cord and to
132 visualize the ventral roots exiting from the ventral surface of the spinal cord. The L6-S3 ventral
133 roots were identified based on their relationships to anatomical landmarks and characteristic
134  caliber differences. The left L6-S3 ventral roots were next avulsed from the surface of the

135  lumbosacral spinal cord by using a pair of fine forceps and gentle traction along the normal

136  course for each root. The avulsed roots were deflected from the spinal cord, the dura mater
137  closed using a continuous 6-0 Ethilon® suture, the paraspinous muscles and fascia closed in
138 layers, and the skin closed using 4-0 Vicryl® sutures. All subjects recovered well after the

139  procedures and received oxymorphine (0.15 mg/kg IM TID X 3 days) and ketoprofen (5 mg/kg
140 IM daily X 5 days) for post-operative pain control as well as cefazolin 25 mg/kg IM BID X 5

141  days) intra-operatively and post-operatively as prophylactic treatment for infection.

142  EAS Electromyography. All subjects (n=12) were initially immobilized by an intramuscular

143  injection of ketamine (approximately 10 mg/kg) followed by the placement of a peripheral

144  intravenous access, and administration of ketamine by constant rate infusion (CRI) at

145  approximately 12 mg/kg/hr. The CRI dose of ketamine was subsequently adjusted to maintain a
146  light and stable plane of anesthesia and immobilization of each subject during the electrode

147  placement and recording procedures.

148  Paired 22 gauge, 2"/51 mm length, Large Hub Removable Needles, (Hamilton Company, Reno,
149  NV) were used as bipolar electrodes and inserted into the left side of the EAS muscle. A

150 separate ground electrode was placed into the gastrocnemius muscle of the left hind limb. The
151  electrodes were next connected to a data acquisition system (MP150, Biopac Systems, Inc.,

152  Goleta, CA) equipped with the EMG amplifiers (Biopac Systems, Inc). An analog notch filter was
153  used at 60 Hz to remove the powerline noise. In addition, the analog band pass filter was used

154  between 10 and 500 Hz to remove the low-frequency and high-frequency noise. The high-pass
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155 filtering was performed in attempts to remove movement artifacts, which may occur mostly as
156  low-frequency components, whereas the low-pass filtering was performed to remove high

157  frequency noise not originating from the EMG signal and to avoid aliasing (Gerdle et al., 1999;
158 De Luca et al., 2010). Based on the Nyquist rate Sampling Theorem, postulating that data
159  should be sampled with at least 2 points of the highest frequency, the sampling rate for EAS

160 EMG activity was set at 1k Hz and digitized data were stored on a computer for analysis.

161 Baseline and evoked EAS EMG activity was recorded with each animal in prone position. For
162 the evoked EAS EMG recordings, a lubricated glass probe, with a 10, 13, or 16 mm outer

163  diameter, was inserted about 10-15 mm into the rectal opening to provide a gentle distension of
164 the EAS. The probe was held in place for 5 seconds and next removed to allow for the EAS to
165 relax. EAS EMG activity evoked by the brief insertion and removal of the glass probe was

166  recorded and allowed to return to baseline levels before another attempt was made to activate
167 this reflex response. At least three consecutive trials were performed and EAS EMG recordings
168  collected. All subjects tolerated the procedure well and received a single dose of ketoprofen (5

169  mg/kg IM) upon recovery as discomfort prevention.

170  Data analysis. Time-frequency analysis of EAS EMG power was assessed using the zero-

171  interval subtraction algorithm (Marchenko and Rogers, 2006), which uses a sliding zeroed

172 segment to generate a series of fast Fourier transforms (FFTSs) to calculate their difference

173  spectra for adjacent time intervals. The zero-interval subtraction algorithm was chosen based on
174  its speed and ability to more accurately calculate time-varying power at lower frequencies

175  compared with parametric FFTs. Obtained time-frequency analysis were visualized in

176  MATLAB® (The MathWorks, Inc., MA, USA) using the isocontour plots. A customized program
177  was created and integrated by using Graphical User Interface (MATLAB®, The MathWorks,

178 Inc., Natick, MA) in order to quickly analyze recordings and time-frequency analysis. The

179  program had the ability to separate user-inputted time intervals from the whole data obtained by
180  AcKnowledge (Biopac Systems, Inc.) to analyze. Also added to the program were the mean and
181 maximum amplitude, and area under the curve (AUC) measurements. The signal was rectified
182  for the amplitude measurements and AUC calculations. For the time-frequency analysis

183  program, FFTs were performed using the inherent MATLAB functions to calculate the spectral
184  density. Before the FFTs, however, the data were ran through digital notch filters at 180, 300,

185 and 360 Hz to remove the harmonics of 60 Hz powerline noise.

186  Termination of experiments
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187  All post-operative animals underwent intravascular perfusion using a paraformaldehyde solution
188  at the end of the experimental studies, and the spine was harvested. Careful dissection of the
189  spine allowed for the identification of avulsed ventral roots and validation of segmental level of

190 injury and completeness of the VRA procedure.

191  Statistical analysis. Quantitative data are expressed as mean + standard error. Time domain
192  outcome measures included maximum and mean amplitude, and frequency domain outcome
193  measures included peak, mean, and median frequencies. The peak frequency corresponded to
194  the frequency of greatest intensity based on the power spectrum studies. For all parameters, a
195 total of three measurements from consecutive evoked responses were averaged to create a
196  mean value for each animal. One-way ANOVA was first applied to detect any statistical

197  significance between samples, and the Tukey’s multiple comparison tests were next used for
198  comparisons among different time points by using Prism 4.0 (GraphPad Software, Inc, San

199 Diego, CA). We regarded p < 0.05 to indicate a statistically significant difference between the
200  experimental groups.

201
202

203
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204 RESULTS

205  Electromyographic (EMG) recordings were obtained from the external anal sphincter (EAS) in
206  neurologically intact rhesus macaques (n=6) and at 4-6 weeks after a unilateral L6-S3 VRA
207  injury (n=6) (Table 1). Both baseline EMG recordings and responses following the activation of
208 the EAS guarding reflex were studied in both groups. All subjects were female and the

209 recordings were performed under a light sedating plane of ketamine anesthesia.
210 EAS EMG recordings from neurologically intact rhesus macaques

211 EMG recordings from the EAS in all neurologically intact subjects (n=6) showed a quiescent
212 baseline at rest and an evoked response to the activation of the EAS guarding reflex (Figure 1).
213 Specifically, a rectal probe with a diameter of 10 mm was inserted for 5 seconds to produce a
214  brief and moderate distension of the EAS. Each rectal probe insertion resulted in an immediate
215  and high amplitude EMG response. The probe removal resulted in a second high amplitude

216  response followed by a gradual return of the evoked response to a quiescent baseline over 1-3
217  minutes. The amplitude reduction took place in a visually detectable and step-like pattern with a
218  relatively shorter duration for each step of amplitude decline during the early portion of the

219  evoked response and was followed by a low amplitude tail of longer duration before the end of
220 the evoked response (Figure 1). Repeated probe stimulations resulted in highly reproducible

221  responses (Figure 2).

222 To determine whether the magnitude of the evoked EAS EMG response may be influenced by
223 the rectal probe size, comparative testing was performed in individual subjects using probes
224 with an outside diameter of 10, 13, and 16 mm. The inner circumference of the rectal sphincter
225  varied between subjects, and the use of larger sized probes was omitted in smaller subjects.
226 Evoked EAS EMG activity was demonstrated in response to the insertion of rectal probes

227  across a wide caliber range (Figure 2). The qualitative pattern of the evoked responses

228 remained consistent between the different probe sizes, but the duration and/or AUC

229 measurements may decline in response to a rectal distension stimulus provided by a larger

230 probe, suggesting a non-linear relationship between the probe size and rectal distension-evoked
231  EAS EMG response. As all subjects demonstrated evoked EAS EMG activity in response to the
232 smallest probe used for testing, the 10 mm rectal probe size was used for all subsequent

233  quantitative studies.

234
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235
236  Effects of VRA Injury on EAS guarding reflex

237  Toinvestigate the effects of a partial EAS denervation in rhesus macaques, EAS EMG

238  recordings were compared between neurologically intact subjects (n=6) and at 4-6 weeks after
239  aunilateral L6-S3 VRA injury (n=6) (Figure 3). A rectal probe was used to provide a gentle

240  stretch of the EAS for 5 seconds and served as a stimulus to evoke the EAS guarding reflex.

241 At 4-6 weeks post-operatively, the EAS guarding reflex showed a significantly reduced EMG
242  response duration of 47 + 15 seconds and area under curve (AUC) of 0.198 + 0.097 mV-s

243  compared to the corresponding evoked EAS EMG duration of 102 £+ 19 seconds and AUC of
244 0.803 £ 0.225 mV-s (p<0.05) in the control group (Figure 4). In both cohorts, most of the evoked
245  EAS EMG activity took place during the early stages of the response periods. Therefore, a

246  combination of time and frequency domain studies were next performed during the first 40

247  seconds of the evoked responses in all animals (Figure 5).

248 In the control group, the maximum EMG amplitude was 0.154 + 0.016 mV at 0-5 seconds after
249  the activation of the EAS guarding reflex, and the maximum amplitude had decreased

250  significantly at 5-10 seconds (P<0.05) and at 10-20, 20-30, and 30-40 seconds (P<0.001) after
251  the stimulus onset. However, there was no difference in the EAS EMG maximum amplitude

252 between the control and VRA groups at any of the time points.

253 In the control group, the mean EMG amplitude was 0.023 + 0.002 mV at 5 seconds after the
254  EAS EMG activation, and it was significantly decreased at 10 seconds (P<0.01) and at 20, 30,
255 and 40 seconds (P<0.001) after the stimulus onset. The mean EAS EMG amplitude was

256  significantly reduced in the VRA group compared to controls at 5, 10, 20, 30, and 40 seconds
257  after the EAS EMG activation (P<0.01).

258 In the control group, the area under the curve (AUC) measurement was 0.194 + 0.040 mV-s at
259 10 seconds after the EAS EMG activation, and it was significantly reduced at 20, 30, and 40
260  seconds (P<0.01) after the reflex activation. The AUC measurement at 10 seconds was

261  significantly reduced in the VRA group compared to the control group, but there was no

262  difference between the groups at 20, 30, and 40 seconds after the EAS EMG activation.

263  In the control group, the peak, mean, and median frequencies were 130 + 10 Hz, 180 + 7 Hz,

264  and 161 £ 8 Hz, respectively, at 0-5 seconds after the EAS EMG activation, and they remained
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265 unchanged at 5-10, 10-20, 20-30, and 30-40 seconds after the stimulus onset. When comparing
266  the corresponding frequency domain data between the control and post-operative groups, there
267  were no differences for the peak and median frequencies between the two cohorts at any of the
268  time points. The mean frequencies at 10-20 and 20-30 seconds after the stimulus onset were

269  significantly reduced in the VRA group compared to controls.

270  Time-frequency analysis and assessments of evoked EAS EMG power were performed to

271  determine which different frequencies were present at different time points during the first 40
272  seconds of the evoked EAS EMG responses in both the control and experimental groups

273  (Figure 6). The resultant power spectrum plots were next compared to the corresponding

274  evoked EAS EMG recordings for the same time period in each subject. The power spectrum

275  analysis showed that frequencies ranged from below 100 Hz to over 350 Hz during the

276  recordings with the broadest range of frequencies present during the first 5-10 seconds. In all
277  subjects, the highest intensity of spectral analysis was evident during the first 5 or 10 seconds of
278  the recordings, corresponding to the insertion and removal of the rectal probe and the

279  associated high amplitude EAS EMG responses. Compared to the control group, the subjects of
280 the VRA injury series showed frequencies that were more centered in the mid-range of the

281  spectrum and an overall decreased intensity of their spectral analysis.

282
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DISCUSSION

The EAS guarding reflex was studied in neurologically intact rhesus macaques and after a
unilateral L6-S3 VRA injury. A characteristic and robust time and frequency domain response to
the insertion and removal of a rectal probe was demonstrated. Residual EMG activity
ipsilaterally to the VRA injury provide support to the notion of the EAS being innervated by the
bilateral pudendal nerves. A marked reduction of the evoked EMG activity after a unilateral VRA

injury is consistent with a partial denervation of the EAS response.
Baseline and evoked EAS EMG activity

Continuous contractile activity at rest has been demonstrated in the EAS muscle in many
species. In humans, resting EAS EMG activity is present during awake and sleep states
(Kawakami, 1954; Podnar and Vodusek, 2000; Podnar et al., 2000, 2002). Tonic and persistent
discharges have also been demonstrated during EMG recordings from the EAS in decerebrate
cats (Bishop, 1959; Bishop et al., 1956). In rats, spontaneous EMG activity was detected in the
EAS for only a subset of neurologically intact subjects, which had recovered from a combination
of ketamine and xylazine anesthesia used for EMG electrode placement, with the baseline
muscular tone of the sphincter being sufficient to keep the anal orifice closed (Holmes et al.,
1998). In the present study, all rhesus macaques were lightly sedated by ketamine, and no
spontaneous EAS EMG activity was present during baseline recordings in any of the subjects.
The utility of EAS EMG recordings for the identification and mechanistic studies of spinal cord
injury-induced EAS hyperreflexia was first demonstrated in the rat model (Holmes et al., 1998,
2005). The present studies introduce a motor neuron injury model in the non-human primate
and provide additional support for the notion that EAS function may be evaluated in
experimental models using evoked EMG responses. Prior studies have also demonstrated that
other stimuli, including a sensory stimulus to the perianal area may evoke the guarding reflex
Dubrovsky and Filipini, 1990). Care was taken not to include other triggers of EAS EMG

activation outside of the rectal probe in the present studies.

It is possible that the use of anesthesia may influence EAS EMG recordings in non-human
primates. Previous studies have demonstrated that the use of anesthesia choice, depth, and
delivery method may influence physiological studies, including EMG recordings in experimental

models. For instance, a variety of anesthetic agents have been evaluated in studies of pelvic
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functions in rats and shown to suppress both bladder contractions and EMG activity detected in
the external urethral sphincter (Matsuura and Downie, 2000; Cannon and Damaser, 2001,
Chang and Havton, 2008). The ano-anal reflex function is similarly affected by several different
anesthetic agents, including ketamine/xylazine, urethane, and chloral hydrate, as demonstrated
in studies of EAS hyperreflexia in spinally transected rats (Holmes et al., 1998). For the present
study, we used a ketamine CRI protocol to immobilize and provide a stable plane of light
sedation of each subject for the EAS EMG studies. Ketamine is well tolerated by rhesus
macaques and is the most commonly used anesthetic in nonhuman primates for brief clinical
procedures and physiologic studies (Steelman et al., 1991; Ghoniem et al., 1996; Lee et al.,
2010; Christe et al., 2013). Although baseline EAS EMG activity was not detectable in the
present study, evoked EMG activity was readily evoked in all subjects.

The magnitude of evoked responses by skeletal muscles may also depend on the degree of
rectal distension. The output can in experimental situations be estimated in the form of
generated force or EMG activity. A comprehensive review on the relationship between
sarcomere length and relative muscle force in several different muscles and across multiple
species has suggested that many muscles normally operate over a relatively narrow sarcomere
length and that the operating range may different between muscles carrying out different
functions (Burkholder and Lieber, 2001). The normal operational length for a muscle may also
be different from the length at which it generates the most force, the optimal length, as has been
suggested by studies of length-tension relationships of the EAS in cats (Krier et al., 1989). In
combined in vitro and in vivo studies in the rabbit, it was demonstrated the insertion of a rectal
probe of increasing size resulted in increased anal canal pressure and increased sarcomere
length, suggesting that the operational length for the EAS sarcomeres is significantly shorter
than its optimal length (Rajasekaran et al., 2008). In subsequent studies on length-tension
relationships for the EAS in humans, it was similarly demonstrated that anal canal stress
increased with increasing rectal probe size, whereas EAS EMG activity did not change (Mittal et
al., 2011). However, as a robust activation of the guarding reflex was obtained in all subjects
using a 10 mm in diameter probe, quantitative EMG studies were performed based on the
responses to this probe size. Interestingly, the present study showed two amplitude peaks
representing probe insertion and removal, suggesting that distension and relaxation may both
serve as a stimulus for increased EAS EMG activity. A similar reflex response with two peaks of
activation has previously been demonstrated during EMG studies in human subjects with

evoked EAS muscle contractions noted during both rectal inflation and deflation (Shafik, 1997).
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347 However, an alternative possibility for the observed variation in EAS EMG response to probes of
348  different size is that the EAS guarding reflex is under increased inhibition under conditions of

349  greater rectal distension.
350
351  Effects of a unilateral VRA injury on EAS EMG activity

352  Inthe present study, a unilateral avulsion injury of lumbosacral ventral roots resulted in a

353  markedly decreased, but not absent, ipsilateral EMG activation of the EAS guarding reflex. The
354  residual EMG responses may be explained by an incomplete injury to the ipsilateral motor

355 axons innervating the EAS or by the presence of bilateral pudendal nerve innervation of the
356 EAS. Although both the control and experimental groups were within the adult age range, the
357 injured cohort showed a significantly higher body weight and number of live births. However,
358 there was no difference in BCS between the groups, suggesting that there was no difference in
359  body fithess between the groups. The number of prior conceptions were not different between
360 the groups. A possible contribution by these demographic differences cannot be ruled out and
361  efforts for future studies will aim at randomizing subjects based on multiple aspects of subject

362  demographics.

363  Rhesus macaques show seven lumbar vertebrae and corresponding spinal cord segments, but
364  about 20% of rhesus macaques demonstrate a set of supernumerary ribs attached to the L1
365  vertebra (Ohlsson et al., 2017), and motoneurons contributing to the pudendal nerve typically
366  reside in the lower lumbar and upper sacral spinal cord (Akita et al., 1995; VanderHorst et al.,
367  2000). For instance, EAS contractions took place in response to stimulation of the cut ends of
368 the L7, S1, and S2 ventral roots in rhesus macaques (Sherrington, 1892), and stimulation of the
369  EAS-innervating branch of the pudendal nerve resulted in evoked response in primarily the L7-
370 S2 ventral roots and a rare response in the L6 ventral root of rhesus macaques (Rockswold et
371 al., 1980). These functional mapping reports have been supported by subsequent anatomical
372  studies. The somata of retrogradely labeled motoneurons innervating the pudendal nerve in

373 male and female macaque monkeys were detected in the ventral horn of the L7 and S1

374  segments with rare labeled cells encountered in the S2 segment (Roppolo et al., 1985; Ueyama
375 etal., 1985). It would therefore be expected that the unilateral L6-S3 VRA injury performed in
376  the present study will sever the axons of all EAS-innervating motoneurons, and that the residual
377 EAS EMG activity on the ipsilateral side of the injury is provided by motoneurons on the

378  contralateral side of the spinal cord and with peripheral axons crossing the midline in the EAS
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379 muscle. However, a component of sprouting with spread of motor axons to the denervated EAS

380 areas cannot be excluded at 4-6 weeks after the ipsilateral VRA injury in the present studies.

381 In order for a complete unilateral denervation of the EAS to take place, it is critical that the

382  correct ventral roots were identified during surgery. In order to identify the correct lumbosacral
383  ventral roots intro-operatively, despite normal anatomical variation between subjects with

384 regards to the relationship between the lumbar spine and the lumbosacral spinal cord

385  segments, several measures were taken. Pre-operatively, all subjects underwent radiographic
386 and MRI imaging of the spine to identify the L6-S3 spinal cord segments and their relationship
387 to the spine (Ohlsson et al., 2017). Intra-operatively, characteristic caliber differences between
388 the L6-S3 ventral roots were also taken into consideration in determining segmental levels
389  (Ohlsson et al., 2013; Nieto et al., 2018). At the end of the experiments, the spine was

390 harvested and anatomical studies validated the anatomical levels and completeness of injury.

391 A bilateral pattern of EAS innervation has also been proposed in prior studies of large

392 mammals. Early physiologic studies in rhesus macaques showed bilateral EAS muscle

393  contractions in response to unilateral stimulation of lumbosacral nerves (Sherrington, 1892). In
394 the cat, EMG activity was similarly detected on both sides of the EAS following unilateral

395  stimulation of the pudendal nerve (Bishop, 1959). Anatomical studies of the EAS muscle has
396  provided additional support for the notion that each pudendal nerve contributes with innervation
397 to both sides of the sphincter. Specifically, histological analysis of the EAS showed denervation
398  atrophy of skeletal muscle fibers and a mixed pattern of normal and degenerated intramuscular
399 nerve fibers on both sides of the sphincter after a unilateral transection injury of the pudendal

400 nerve in macague monkeys (Wunderlich and Swash, 1983).

401  Comparisons between the control and experimental groups showed a significant reduction in
402  select time domain parameters, including overall duration and AUC measurements, after a

403  unilateral VRA injury. In contrast, frequency domain parameters, including peak, mean, and

404  median frequencies remained stable in the experimental group. However, time-frequency

405 analysis of evoked EAS EMG activity in all subjects showed both similarities and differences
406  between the control and experimental groups. All subjects showed a differential pattern of signal
407  intensity. Specifically, there was a wide range of frequencies and a high intensity of firing

408  associated with the rectal probe insertion and removal as was supported by power spectrum
409 plots. Later phases of the evoked EAS EMG recovery showed a more restricted and mid-range

410 of frequencies to appear most prevalent. Although the frequency domain analysis showed no
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411 change in peak, median and mean frequencies after the unilateral VRA injury, the frequency
412  variability was reduced as demonstrated also by the power spectrum plots. Increased EMG

413  synchronization after VRA injury may be a consequence of reduced neuromuscular jitter

414  (Stalberg, 2012). The present time-frequency analysis support the notion that this approach may
415  be a useful tool to identify major frequency bands and their relationship to various stimuli and
416  physiological response patterns, as has been suggested in prior studies on, for instance, pelvic-
417  to-pudendal nerve and pudendo-to-pudendal nerve reflexes in rats (Chang et al., 2004) and

418  electrocorticogram recordings in a reversible cortical inactivation model for assessments of

419  bladder hyperreflexia in cats (Pikov and McCreery, 2009). Although the unilateral VRA injury did
420 not result in a compromise in continence, the detected VRA-induced changes in both time and
421  frequency domain parameters suggest identification of physiologic signatures that may serve as
422  diagnostic biomarkers to identify partial denervation of the EAS.

423
424 Conclusions

425  We conclude that the evoked EAS guarding reflex may be recorded under a light and stable
426  plane of ketamine anesthesia and shows a characteristic EMG activation pattern in adult rhesus
427  macagues. A unilateral avulsion injury of the L6-S3 ventral roots resulted in a markedly reduced
428  EAS guarding reflex on the ipsilateral side at 4-6 weeks after the injury. The presence of

429 residual EAS EMG activity on the ipsilateral side of the injury was consistent with EAS

430 innervation by the bilateral pudendal nerves. Our findings support the use of a unilateral

431 lumbosacral VRA injury as a model system for partial denervation studies of pudendal nerve-

432  innervated target tissues.
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FIGURE LEGENDS

Figure 1. Representative tracing of evoked EAS EMG activity. Following the insertion and
removal of a rectal probe (10 mm outer diameter), EAS EMG activity was evoked. Two peaks of
large amplitude EMG activity were present at the beginning of the tracing and corresponded to
the probe stimulus and removal. The amplitude of the evoked response subsequently followed a
step-like decrease over time until a quiescent baseline was re-established. Each step was
identified visually by a sharp shift to a lower amplitude plane. A-K indicate the different

components and phases of a typical EAS EMG response to the probe stimulus.

Figure 2. A. Evoked EAS EMG activity using rectal probes of different sizes. Rectal probes with
an outside diameter of 10, 13, and 16 mm were used to evoke EAS EMG responses. Probe size
may influence response duration and AUC measurements. B. Representative example of three

consecutive evoked responses in same subject using a 10 mm probe size. Note similar duration

and AUC measurements for all three responses.

Figure 3. Evoked EAS EMG activity in neurologically intact rhesus macaques (n=6) and at 4-6
weeks after a unilateral L6-S3 VRA injury on the ipsilateral side (n=6). A rectal probe was used
to activate the EAS guarding reflex. Note a markedly decreased response duration and mean

amplitude for the VRA series.

Figure 4. Comparison of EAS EMG response duration and area under curve (AUC)
measurements between neurologically intact rhesus macaques (n=6) and in subjects after an
L6-S3 unilateral VRA injury (n=6). At 4-6 weeks post-operatively, the EAS guarding reflex
showed a significantly reduced EMG response duration of 47 £ 15 seconds and area under
curve (AUC) of 0.198 + 0.097 mV-s compared to the corresponding evoked EAS EMG duration
of 102 £ 19 seconds and AUC of 0.803 + 0.225 mV-s (p<0.05) in the control group. The
guarding reflex was activated by a 10 mm in diameter rectal probe. The AUC was calculated for

the full duration of the evoked response. * indicates p<0.05.

At 4-6 weeks post-operatively, the EAS guarding reflex showed a significantly reduced EMG
response duration of 47 £ 15 seconds and area under curve (AUC) of 0.198 + 0.097 mV-s
compared to the corresponding evoked EAS EMG duration of 102 + 19 seconds and AUC of
0.803 £ 0.225 mV-s (p<0.05) in the control group
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479

480 Figure 5. Time and frequency domain analysis of evoked EAS EMG activity in intact rhesus
481 macaques and in subjects at 4-6 weeks after an L6-S3 unilateral VRA injury. Data were

482  collected for the time periods of 0-5, 5-10, 10-20, 20-30, and 30-40 seconds after stimulus onset
483  using a rectal probe to activate the EAS guarding reflex. The maximum and mean amplitudes
484  and AUC measurements were most prominent at the onset of the recordings and decreased
485  significantly over time in both control and experimental groups. In contrast, the peak, mean, and
486  median frequencies remained without change across the studied time periods for each group.
487  The symbols *, **, and *** indicate p<0.05, p<0.01, and p<0.001, respectively, for statistical

488  comparisons between indicated time point and first time point for control subjects. The + symbol
489 indicate a significant difference between control and experimental groups at indicated time

490 point.

491  Figure 6. Time-frequency analysis and power spectrum plots for evoked EAS EMG activity in
492  two representative rhesus macaques of the control series and two representative subjects of the
493  VRA post-operative cohort. Each power spectrum plot is displayed with its corresponding

494  tracing of an evoked EAS EMG recording. The highest intensity of signals and broadest range
495  of frequencies were present during the early portion of each tracing, corresponding to the time
496  of probe stimulation and probe removal. Note that the subjects of the VRA series show

497  decreased intensity of responses and a narrower range of frequencies compared to the control
498  subjects.

499
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Table 1. Demographic information for study subjects; VRA = ventral root avulsion; BCS = body composition scoring
(Clingerman and Summers, 2012); P values indicate statistically significant difference between groups; ns = not
statistically significant.

Condition Subjects | Gender | Anesthesia | Age Weight BCS Conceptions | Live births
(vears) | (kg)

Control N=6 Female | Ketamine 6.4 £+05 |9.6+0.7 |3.2120.1 3.3+0.6 3.2+0.5

VRA N=6 Female | Ketamine 7.7 £05 | 74+05 |29+0.2 2.1+1.0 1.3+0.7
ns P<0.05 ns ns P<0.05
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