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Abstract

Aims—The external anal sphincter (EAS) is essential for maintaining fecal continence.
Neurological disorders or traumatic injuries to muscle and nervous systems could lead to EAS
denervation. Currently there are no techniques available to document global innervation changes in
the EAS /n vivo. The aim of this study was to develop a novel approach to non-invasively estimate
the number of functioning motor units (MUs) in the EAS and validate with immunofluorescent
techniques in rats.

Methods—Intra-rectal surface electromyography (EMG) signals of the EAS, induced by a series
of intra-vaginally delivered pudendal nerve stimulations with different intensities, were recorded.
Variation in EMG responses at different intensities was used to estimate the value of a single
motor unit potential (SMUP) in order to perform the proposed EAS motor unit number estimation
(MUNE) approach. The EAS MUNE was tested in 12 female Sprague-Dawley rats, and validated
by comparing against the EAS myofiber counting results achieved by performing immunostaining
of acetylcholine receptors in 7 of the 12 rats.

Results—The mean MU number was 35 * 9, with an averaged SMUP size of 52.49 + 20.39 pV.
The mean number of successfully identified myofibers was 652.7 + 130.6 myofiber/EAS.
Significance of linear regression between the immunofluorescent results and the MUNE was
confirmed (p<0.01).

Conclusions—Our study represents the first effort to non-invasively assess the innervation of
the EAS J/n vivo using the rat as a pre-clinical model. This approach can potentially enable future
clinical applications for advanced diagnosis and treatment of neurogenic EAS disorders.

"Corresponding author: Yingchun Zhang, Ph.D., Department of Biomedical Engineering, University of Houston, 360 HBS Building,

4811 Calhoun Rd., Houston, TX 77004 USA, yzhang94@uh.edu, Telephone: +1-713-743-6127.
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INTRODUCTION

Regulated colonic function is maintained by the coordinated myogenic work between the
bowel, sphincters and other pelvic muscles. Reflexive and active control of the external anal
sphincter (EAS) and rectal smooth muscles help with maintaining continence by sealing the
rectal openingl. Aging, physical damage to the nervous system and/or degenerative
disorders such as multiple system atrophy can result in loss of motor neurons and muscle
denervation in the EAS, and consequently compromising the capacity of maintaining
continence?.

Current clinical investigations of the EAS involve morphological evaluations, anorectal
manometry studies, and electrophysiology techniques such as electromyography (EMG) and
terminal motor latency (TML)3. Morphological evaluation employs imaging methods such
as ultrasound or magnetic resonance imaging (MRI) to detect the structural defects in the
EAS. However, neurological disorders do not necessarily lead to muscle atrophy that can be
discerned by morphological evaluations. Anorectal manometry measures pressures of the
anal sphincter muscles and neural reflexes that are needed for normal bowel movements.
However, the pressure change does not specify the origin of the EAS weakness. Moreover,
normal ranges of various parameters measured with anorectal manometry are highly variable
and poorly reproducible®. Pudendal nerve TML is a neurologic examination that can be used
for diagnosing nerve damage, where a prolonged latency often suggests neuropathy. The
pudendal nerve TML has not been recommended for evaluation of fecal incontinence
because of its limited sensitivity and specificity, and the results were highly operator
dependent3. Intramuscular EMG (iEMG) can be used to document neurogenic sphincter
injury as well as denervation-reinnervation processes that may indicate neuropathy. Its
application is limited by its invasiveness nature, poor spatial coverage and reproducibility®.
None of above described techniques is capable of documenting the actual number of motor
units innervating the sphincter. Therefore, there is clearly an unmet need of a novel and
reliable method for evaluating /77 vivo and non-invasively the global innervation of the EAS.

Motor unit number estimation (MUNE) is an EMG-based approach for assessing the motor
unit (MU) number in specific target muscles®. MUNE can be implemented by calculating
the ratio between electrically elicited maximal compound action potential (CMAP), and the
estimated mean single motor unit potential (SMUP). As of today various MUNE methods
have been developed to provide a reliable biomarker to track the progression of neurological
dysfunctions. These methods, such as incremental stimulation, multipoint stimulation,
decomposition’, spike triggered averaging (STA)8 and statistical MUNE?, mainly differ
from one another in the way used for estimating the SMUP. Decomposition and STA extract
action potential from voluntary contraction, while the incremental, multipoint stimulation
and statistical MUNE employ multiple stimulations to determine the SMUP. In the
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aforementioned existing MUNE methods, the statistical MUNE stands out for its high
reproducibility and low coefficient of variation because of the larger percent of MU pool it
samples?0.

MUNE has been employed as a reliable index reflecting progressive alterations in
pathological conditions such as amyotrophic lateral sclerosis (ALS) or strokell. Although
high sensitivity and reliability for neuromuscular alterations in limb muscles has been
reported in many MUNE studies, no effort has been taken to apply this approach on
anorectal muscles. The absence of reports on anorectal MUNE may be related to the
complexity of the pelvic anatomy, which significantly hampers an efficient access to the
innervating nerve axons of pelvic muscles, including the EAS. In this study, a novel non-
invasive EAS MUNE technique was successfully developed by combining intra-vaginal
pudendal nerve stimulation, intra-rectal surface EMG recording, and statistical MUNE
techniques. The feasibility of our EAS MUNE approach was tested in 12 female rats and its
performance evaluated by comparing against corresponding immunostaining of EAS
myofibers in 7 of the 12 animals tested.

MATERIALS AND METHODS

Animals

The experimental protocol was approved by the IACUC from Houston Methodist Research
Institute and performed in accordance with the guidelines established in the Guide for the
care and use of laboratory animals (National Research Council of the National Academies).
The EAS MUNE technique was tested in 12 female virgin Sprague-Dawley rats (200-250g).
Animals were housed in a pathogen free environment, with 12h light/dark cycles, controlled
room temperature of 25 °C, and had ad-libitum access to food and water in plastic cages
containing corn cob bedding.

Electrophysiological recordings

After reaching complete anesthesia following a subcutaneous injection of urethane (1.2 g/kg,
diluted in normal saline solution) animals were immobilized on a surgical platform placed
inside of an isolated Faraday’s cage. The skin hair close to the vaginal and rectal openings
was removed using a hair clipper. The experiment configuration is shown in Fig 1a—c.
Briefly, two ring-shaped copper electrodes were fixed onto the vaginal probe (~3.3 mm outer
diameter) to trans-vaginally deliver electrical stimulus to the pudendal nerve (Fig 1b). On the
other hand, four evenly-spaced bar-shaped copper electrodes were mounted on a rectal probe
(~3.3 mm outer diameter; Fig. 1c) for intra-rectal acquisition of surface EMG signals. The
design of the rectal probe was inspired by previous studies, where similar probes with high-
density EMG recording were used for investigating EAS pathologies in humans!213, The
rectal probe was inserted and immobilized, with recording sites located around the neck of
anal canal'®. The EAS of the rat directly encircles the anus at the rectal opening, ensuring a
close contact of the muscle with the recording electrodes. Recording ground was set at the
proximal end of the tail using a 30G needle electrode. An appropriate amount of conductive
gel was applied on the probe to facilitate insertion and to guarantee reliable electrode-tissue
contact.
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Positive square stimuli (pulse width 0.1 ms) were applied through a SIU5 stimulus isolation
unit (Grass Instrument, Warwick, RI) and a Grass-88 dual channel stimulator (Grass
Instrument). Surface EMG signals were amplified and recorded using a RHD2000 amplifier
(Intan Technologies, Los Angeles, CA), with a gain of 200 and sampling frequency of 5
kHz. Optimal placement of the vaginal probe was considered when the largest CMAP
response was achieved at specific stimulation intensity. Position of the vaginal probe was
then fixed using a magnetic stand holder.

Another set of incremental stimulations were applied to determine 0% (the maximum
intensity that elicit no CMAP) and 100% (the minimum intensity that elicited supramaximal
CMAP) intensities. Stimulations were set to fit the CMAP responses into three recording
windows: 5-25%, 25-45% and 45-65% of CMAP generation. Then, electrical stimulations
were repeatedly performed in sets of 30 at a frequency of 1-2 Hz with the intensity
determined by the pre-set percentage windows. For each recording window, 4-5 sets (i.e.
120-150 stimulations) were applied and intra-rectal surface EMG signals of the EAS were
recorded and stored for offline signal processing. A photo of our experimental EMG
assemble is shown in Figure 1(d), also illustrating the two probes in place.

MUNE Calculation

Recorded EMG signals were processed using a second order, 1 Hz high-pass and 60 Hz
notch Butterworth filters. Stimulation artifacts were detected automatically using a
Salvasky-Golay filter, and an Otsu thresholding protocol®. The amplitude of the first
negative peak following the stimulation onset was extracted as the CMAP value for further
MUNE calculation. Recorded data were excluded if more than 50% of the CMAP responses
fell out the pre-set CMAP window18. Briefly, the statistical MUNE employs the variance of
CMAP value under the same stimulation intensity to estimate the value of SMUP. This
variance is considered to follow a Poisson distribution®17. The relationship between
recorded CMAPs and variance can be expressed as:

="~ z)’/n))/(n—1) (1)

Where X is the vector of extracted CMAP values, n is the number of trials (in this case 30),
and v is the estimated variance. The SMUP value can be estimated as:

SMUP=%/(Z— min(z)) 2)

Where xis the mean CMAP value, and min(x) represents the minimum CMAP value in this
set. The effect of the MUs that were always active during this specific trial was excluded by
subtracting the min(x) from the mean. Thus, the MU number can be estimated by dividing
the maximal CMAP value by the averaged SMUP value across three recording windows,
representing the global MU activity and averaged single MU activity, respectively. The
statistical MUNE were calculated separately for each EMG recording channel, and the final
SMUP and MUNE results are presented as the mean of all the 4 channels.
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Immunofluorescence studies

After electrophysiological characterization, the EAS of the tested rats were overnight fixed
in 10% formalin at 4°C, and cryoprotected in 30% sucrose for staining purposes. The
immunostaining of motor end plates was based on a procedure described by Song et al for
external urethral sphincter staining’8. Briefly, anorectal tissue was dissected (approximately
1 cm length) and embedded in optimal cutting temperature compound (Fisher Scientific,
Waltham, MA)). Every 10t cross section (thickness = 10 pm) was saved until a 4 mm depth
is reached (in relation to the rectal opening). Glass slides containing the tissue were washed
and blocked overnight at 4°C with blocking solution (10% Goat serum, 2% Bovine serum
albumin, 0.1% triton X-100 and 0.05% Tween®20). Samples were incubated overnight at
4°C in a 1:100 dilution of a primary antibody against neurofilaments (mouse anti-
neurofilament 68 and 200 kDa antibody; Sigma, St. Louis, MO) and followed by secondary
antibody incubation for 1 hr at room temperature (1:500, FIT-C donkey anti-mouse,
Invitrogen, Eugene, OR). Acetylcholine receptors (AChRs) were labeled on the same slides
using tetramethyldhordamine-conjugated a.-bungarotoxin (a-BTX, 4ug/ml; Invitrogen) for 1
hr at room temperature. An Alexa Fluor conjugated phalloidin solution (0.1%, Invitrogen)
was used to identify myofibers in the EAS. Finally, all slides were mounted with antifade
reagent and examined under fluorescence microscopy, acquiring high definition images with
a CCD camera controlled by the NIS-Advanced Research software (Nikon, Brighton, Ml).

Calculation of myofibers

After staining we excluded from the analysis those EAS sections where an incomplete
sphincter and/or a folding of the section were established. Consequently, only 7 of the 12
EAS remained fully intact and thus included in the analysis. The number of myofibers was
counted according to the number of labeled AChRs on the myofibers. Multiple neighboring
AChRs located on the same myofiber were considered as belonging to the same myofiber,
unless obvious different innervating neurofilament axons were observed. In cases like these,
AChRs were considered as belonging to a different neuromuscular junction (NMJ) therefore
a different muscle fiber. The number of myofibers was counted twice by the same observer
on two separate occasions (the second evaluation occurred 4-5 days after the first one). We
managed to reduce bias in counting the number of endplates by blinding both the
identification information of animals and the section set ID number to the observer during
the second assessment. The mean values of two measurements were used for comparison
with the corresponding MUNE results from each animal.

Statistical Analysis

The MUNE and SMUP are expressed as the mean * standard deviation. Linear regression

with zero intercept was performed to evaluate the relationship between MUNE results and
corresponding myofiber counting. A significance level was set at p <0.05 using non-paired
student’s t-tests.

RESULTS

Submaximal CMAP responses were successfully recorded in all 12 rats with our pudendal
nerve stimulation and intra-rectal surface EMG recording techniques. Figure 2 shows an
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example of overlapping recorded CMAP responses in three different recording windows
(shown as red, green, and blue, respectively). Most of the CMAP values varied within the
pre-set recording window. The EAS MUNE was successfully calculated in all 12 rats based
on their submaximal CMAP responses. Table 1 summarizes the EAS MUNE values across
all animals. The averaged estimated value for SMUP was 52.49 + 20.39 uV, and the average
MU number was calculated as 35 + 9 MUS/EAS.

A typical example for a labeled NMJ is shown in Figure 3. The number of myofibers was
counted based on the number of a-BTX-labeled AChRs regions. Multiple neighboring
AChRs located on the same myofiber were considered from the same myofiber (Figure 3d),
unless obvious different innervating neurofilament axons were observed!®. The average
number of myofibers per EAS is shown in Table 1, where the mean number was determined
as 652.7 + 130.6 myofiber/EAS.

Figure 4 shows a linear fitting between MUNE and the number of myofibers in the EAS of
the rat. Only seven fully-intact EAS were successfully processed from the 12 animals tested.
Significance for linear regression was achieved (p<0.01, R?=0.88), suggesting a good
correlation between myofibers and the MUNE results.

DISCUSSION

In this study, a statistical MUNE approach was employed to estimate the number of MUs in
the EAS through intra-rectal signals elicited by intra-vaginal electrical stimulation in rats.
The statistical MUNE does not require either multi-site stimulation or voluntary contraction
of the EAS muscle, as such reduces the complexity of the animal experimental procedure in
this validation study. The recording windows of 10-25%, 25-35%, 40-50%, and 55-65%,
which are typically employed in the standard statistical MUNE technique, were not adopted
in this study, because the EAS is a relatively weak skeletal muscle when compared with the
limb musculature, and slight changes in MU recruitment can result in large variance
(percentage to the maximal value) of the CMAP values. Therefore, the standard 10%
window should be expanded to guarantee that the CMAP value falls into the recording
window?®. In this study, the recording window was set to 20% of the maximal CMAP
amplitude. This is also the case in performing statistical MUNE in ALS or stroke patients?6.
In those patients, denervation and re-innervation progression of the skeletal muscle results in
enlarged MU size, and the variation in the amplitude of CMAPSs increases by recruiting
those large MUs.

A direct counting of myofibers was difficult because of the discontinuity of the myofibers on
the same EAS section. One possible reason is that the myofibers were not perfectly aligned
in parallel with the section panel. In intact rats, it has been reported that most myofibers
contained only one AChR-positive region or motor endplate!®; therefore, the number of
stained endplates can be considered as a marker reflecting the number of myofibers. As the
endplate (marked by AChR-positive region) generally extends over 10 um and can extend
over 50 um, particular attentions is needed to avoid over-estimating the number of endplates,
which would likely be generated by counting a single endplate more than once over
continuous sections (thickness = 10 pm). With the strategy of saving every 10t section as a
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representative of the 10 continuous sections, the impact of over-counting can be minimized
and the results were considered proportional to the real number of the endplates. In this
study, a batch of 60-80 sections were typically prepared from each animal, and the EAS
myofibers were evaluated in 2040 sections depending on the size of the intact EAS. Despite
that the innervation ratio for single motor neurons varies greatly due to MU intrinsic
characteristics, a relatively consistent average innervation ratio in limb muscle (number of
myofiber per motor neuron) in EAS has been reported in the literature20. Therefore a lower
but consistent average innervation ratio was assumed for validation purposes between the
MUNE and the number of myofibers. The significance of the regression between
immunofluorescent staining and MUNE results verifies the accuracy of the MU number
estimated using the proposed EAS MUNE technique.

A different concern of our study may be related to the fact that transcutaneous stimulation
could potentially activate other pelvic muscles such as the external urethra sphincter, or the
levator ani (LA) muscle, which are also innervated by the pudendal nerve. Considering the
anatomical proximity of these muscles, evoked potentials from these origins could be
potentially picked up by the intra-rectal recording probe. The good linear fitting
demonstrated that the CMAPs used for calculating MUNE is mostly coming from the EAS
muscle. Although our study showed promising validation proof of EAS MUNE, the
experiment sample size should be enlarged to further stablish our conclusions. Other
staining methods, such as retrograde tracing, can label motor neurons in the lumbosacral
spinal cord that specifically innervate EAS muscles. Previous reports using retrograde
tracing have reported that the number of motor neurons innervating the EAS of the rat varies
between 31.7 + 8.5 21 and 51.7 + 12.022 (for L6) to 73 + 9.96 23. The estimated number (35
+ 9) fits into the lower portion of the previously reported range. A bilateral activation of the
pudendal nerve should be expected with a ring-shape electrode employed in our study.
However, there is still a possibility that the pudendal nerve was activated only on the side
with better electrode-tissue contact in some cases in our study. This might explain the
relatively low estimation.

The proposed non-invasive MUNE methods bring a novel perspective for evaluating EAS
neuromuscular function, while also met the challenge of measuring EMG signals of pelvic
muscles and sphincters. Because of the complicated anatomy of pelvic floor muscles, our
approach can also be used for delivering electrical stimulations to their innervating nerves.
The rationale for using vaginal stimulation is that the delivery of an intra-vaginal stimulus
could, according to previous reports, better suppress the stimulation artifact, compared with
simultaneous intra-rectal stimulation and recording3. Previous study has reported the
feasibility of trans-vaginally delivery of stimuli to the pudendal nerve using St. Mark’s
electrodes and simultaneous surface recording of CMAPs from the EAS24. Undoubtedly, an
electrical stimulus applied transcutaneously requires higher voltage to generate the same
current density, and can result in a broader spatial activation, while direct electrode contact
with the pudendal nerve can have better stimulation accuracy but provide lower stimulation
voltage. Nonetheless, the MUNE method developed in this study enables the possibility for
long term tracking of disease progression, while greatly reducing the complexity, duration
and cost of experiment procedure compared with applying traditional MUNE approaches to
EAS. The alterations in MU number or SMUP will reveal the process of muscle denervation
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and reinnervation. With the intra-rectal surface EMG probe and intra-vaginal stimulating
probe developed in this study, we should be able to perform multiple MUNE of the EAS in a
non-invasively way on the same animal.

The system configuration in this MUNE technique also mimics the clinical setup, and the
validation using immune-histochemical staining provided the potential feasibility to future
clinical studies and diagnosis. Moreover, the established animal model described can be
further extended to study the impact of aging, degenerative diseases or spinal cord injury
(SCI) on the neuromuscular functionality of EAS muscles. For instance, previous studies
have reported a post-SCI reduction on MU number in rat?. These results suggested that the
gradual degradation of post-SCI neuromuscular function can be assessed using MUNE
techniques. However, there remains a knowledge gap to find out whether similar
degenerative changes stand remain true for the EAS. Applying the proposed technique to an
SCI model, we will be able to track pathological alterations in MU number, SMUP size and
myofiber number in the EAS. These valuable data will be helpful to reveal the post injury
neurological process including motor neuron loss, muscle denervation and reinnervation, to
advance our understanding of SCI-induced fecal incontinence.

CONCLUSIONS

A novel EAS MUNE technique was successfully developed to, for the first time, non-
invasively evaluate the EAS innervation /in7 vivo after assessing the number of MUs. The
EAS MUNE approach was rigorously tested and validated, and the results demonstrate the
high performance of this approach in estimating the number of MUs in the EAS. Our
MUNE technique can potentially be applied to human studies for long-term tracking of
alterations in the innervation of the EAS in patients with diabetes, spinal cord injury and
other diseases which may lead to neurological dysfunction of the EAS.
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(b) Vaginal Probe
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Electrode
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(¢) Rectal Probe
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Electrode

B
9

Stimulator
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Figure 1.
Experiment setup for MUNE determination. (a) Diagram of the experimental system

configuration. (b) Vaginal probe for trans-vaginal electrical stimulation (orange box) and (c)
rectal probe for trans-rectal EMG recording (blue box). The red symbols represent the
electrode contact sites for either electrical stimulation or EMG recording. (d) Photograph of
a real experiment procedure after placement of both probes in a rat.
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25-45%
45-65%

Figure 2.
Example of overlapping CMAP responses. In this example three recording windows are

shown: 5-25% (red), 25-45% (green), and 45-65% (blue). The sharp spikes on the left part
of the traces correspond to the electrical stimulation artifact.
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ACh Receptors Neurofilaments

Combined

Figure 3.
Immunofluorescent characterizations of motor endplates and neurofilaments in the rat EAS.

(a) Example of EAS motor endplates characterized by AChRs-positive regions (green) on
muscle myofibers (blue). (b) Corresponding innervating axons that were positive for
neurofilaments antibody (red). (c) Combined images showing the location of neuromuscular
junctions marked by white arrows. (d) Example showing the distribution for AChRs on EAS
myofibers. The red rectangular indicates two endplates on a single myofiber. Calibration bar
represents 50 um.
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Linear correlation between MUNE and the number of EAS myofibers. Red dots show the
pair-set for MUNE and corresponding NMJ counting. Using a linear correlation analysis
between presented data we found a R2 = 0.88 and a p<0.01.
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Table 1
Values for SMUP, MUNE and myofiber calculations

A total of 12 animals were used to calculate the amplitude of SMUP, which were used for calculating MUNE.
The number of myofibers (NMJ/EAS) was determined in 7 out of 12 rat tissue preparations that retained a
complete EAS. Results are shown as mean + standard deviation. N/D indicates not-determined due to an
incomplete EAS.

Rat ID Number SMUP(uV) MUNE Myofiber/EAS

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

1 67.95+4.04 4942 766
2 33.80+2.77 33+1 528.5
3 39.85+11.71 4242 608
4 57.36+8.21 36+3 564.5
5 68.91+4.50 28+1 N/D
6 37.18+4.06 3148 N/D
7 31.60+2.69 4142 604
8 99.14+24.66  20+1 N/D
9 41.87+1.77 3743 N/D
10 46.08+15.56  22+3 N/D
11 36.73+4.81 48+5 837.5
12 69.36+6.40 29+1 471.5
Mean Values: 52.49+20.39  35%9 652.7+130.6
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