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Abstract

Background: Neurogenic bowel is a dysmotility disorder following spinal cord injury (SCI) that
negatively impacts quality of life, social integration, and physical health. Colonic transit is directly
modulated by the enteric nervous system. Interstitial Cells of Cajal (ICC) distributed throughout
the small intestine and colon serve as specialized pacemaker cells, generating rhythmic electrical
slow waves within intestinal smooth muscle, or serve as an interface between smooth muscle cells
and enteric motor neurons of the myenteric plexus. Interstitial Cells of Cajal loss has been reported
for other preclinical models of dysmotility, and our previous experimental SCI study provided
evidence of reduced excitatory and inhibitory enteric neuronal count and smooth muscle neural
control.

Methods: Immunohistochemistry for the ICC-specific marker c-Kit was utilized to examine
neuromuscular remodeling of the distal colon in male and female rats with experimental SCI.

Key Results: Myenteric plexus ICC (ICC-MP) exhibited increased cell counts 3 days following
SCI in male rats, but did not significantly increase in females until 3 weeks after SCI. On average,
ICC-MP total primary arborization length increased significantly in male rats at 3-day, 3-week,
and 6-week time points, whereas in females, this increase occurred most frequently at 6 weeks
post-SCI. Conversely, circular muscle ICC (ICC-CM) did not demonstrate post-SCI changes.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which
permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no
modifications or adaptations are made.

Correspondence: Gregory M. Holmes, Department of Neural and Behavioral Sciences, Penn State University College of Medicine,
500 University Dr., H109, Hershey, PA 17033, USA. gmh16@psu.edu.

AUTHOR CONTRIBUTIONS

CMW and GMH designed the experiments. CMW, LBW, and SLS, Jr. were involved in ICC, confocal microscopy collection and
interpretation. CMW and HJG performed histology and brightfield microscopy analysis. CMW and GMH were involved in the
interpretation of data. CMW, SLS, Jr., and GMH drafted the manuscript. All authors read, edited, and approved the final version of
manuscript.

CONFLICT OF INTEREST STATEMENT
No competing interests declared.


https://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Werner et al. Page 2

Conclusions and Inferences: These data demonstrate resiliency of the ICC-MP in neurogenic
bowel following SCI, unlike seen in other related disease states. This plasticity underscores the
need to further understand neuromuscular changes driving colonic dysmotility after SCI in order
to advance therapeutic targets for neurogenic bowel treatment.
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1| INTRODUCTION

Spinal cord injury (SCI) is a devastating chronic disorder that results in widespread, multi-
organ system dysfunction. Aside from decreased sensorimotor function, SCI frequently
results in autonomic nervous system (ANS) dysregulation, such as gastrointestinal (GI)

tract dysfunction, of which neurogenic bowel (NB) is the most common comorbidity. In
individuals with SCI, NB is associated with symptoms such as constipation, overflow

fecal incontinence, hemorrhoids, and disruptions in evacuation. Bowel-related symptoms
greatly diminish quality of life and are therefore rated by individuals with SCI as high
treatment priorities in physical and psychological capacities.1=3 Presentation frequency of Gl
symptoms vary from 27% to 62%, and subsequent complications can vary from minor to
severe symptoms, including hospitalization.# Therapeutic interventions and life-management
strategies for NB are often anecdotal and suboptimal, reflecting fundamental knowledge
gaps in the postinjury remodeling of the colonic ANS.

The enteric nervous system (ENS) provides quasi-autonomous reflex propulsion of Gl
contents that are further under the control of extrinsic innervation to achieve the homeostatic
regulation of the Gl tract. The wall of the distal colon has an outer longitudinal muscle

and an inner circular muscle, which are separated by an intrinsic neural network known

as the myenteric plexus. A key component of this neuromuscular interface is provided by
Interstitial Cells of Cajal (ICC), which interface between smooth muscle cells and enteric
neurons.®8 Throughout the Gl tract, ICC consist of several heterogeneous subtypes that can
be segregated by their morphology, location, and extent of electrical coupling through gap
junctions with smooth muscle cells.®” The myenteric plexus ICC (ICC-MP or ICC-MY)
largely drive propulsive functions along the Gl tract with the intramuscular ICC of the
longitudinal (ICC-LM) and circular (ICC-CM) smooth muscle, whereas other ICC of the
submucosal plexus potentiate vascular and secretory function.8:8:9 During the peristaltic
reflex, primary afferent neurons within the GI wall respond to chemical and mechanical

Gl changes, activating proximal (ascending) excitatory and distal (descending) inhibitory
enteric neurons comprising the circuitry required to propel luminal contents.10

Interstitial Cells of Cajal express the receptor tyrosine kinase (c-Kit) and application of c-Kit
antibody permits anatomical identification of ICC for functional studies of physiological
regulation of gastrointestinal smooth muscle cells.1* The ICC distributed within the ICC-
MP as well as both intramuscular subtypes!? generate slow-wave smooth muscle activity
through ANO1 Ca2*-activated chloride channels.13 This interface drives smooth muscle
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slow-wave activity by phasic calcium release, while simultaneously being under the
influence of excitatory (ACh) and inhibitory (NO, ATP) neural inputs from the ENS.

Our previous work demonstrated that following experimental T3-SCI in male Wistar

rats, the distal colon undergoes changes to the neuromuscular compartment comparable

to human bowel diseases.}4 These changes include increased collagen, thickening of the
smooth muscle, and neuronal cell loss within the myenteric plexus.1> These anatomical
changes were accompanied by reduced in vivo distal colon contractions.1> We subsequently
demonstrated reduced excitatory (cholinergic, ACh) and inhibitory (nitrergic, NO)
neuromuscular transmission ex-vivo, at the enteric neuromuscular interface.18 Collectively,
the data indicate pathophysiological remodeling to the final common neural pathway to
smooth muscle responsible for colonic transit.

In this study, we used male and female rats with T3-SCI or laminectomy-only control
surgery to quantify ICC-MP and ICC-CM at 3-days, 3-weeks, and 6-weeks following
surgery. Our results demonstrate that ICC-MP undergo post-SCI expansion in both cell
number and the extent of primary arborizations, whereas no changes are seen in the ICC-
CM. We propose that cell loss within the colonic neuromuscular compartment may provoke
remodeling of ICC-MP following SCI.

2| MATERIALS AND METHODS

2.1

2.2

2.3

Experimental groups and objectives

The principal objective of this study was to quantify the impact of severe, high-thoracic
SCI on the ICC distribution and morphology of the distal colon ICC-MP and ICC-CM.

All rats were randomly assigned to receive a surgical control (T2 laminectomy) or T3
spinal segment contusion SCI (1= 32 males, 7= 34 females). This level of injury is most
translational to the human population of injuries and additionally, this injury disrupts all
sympathetic innervation to the colon. Postoperatively, animals were further divided into an
acute 3-day, stabilizing 3-week, or chronic 6-week time point; this variable will be referred
to as “duration” following surgery. There was a minimum of five animals per group.

Animals

Male and female Wistar rats entered experimentation between 6 and 8 weeks of age
(Hsd:WI, Stock 001; Envigo). Rats arrived weighing 150-174 g and were housed two to

a cage with food and water ad libitum. Following surgical intervention, rats were singly
housed. They were maintained at 21-24°C, with a 12:12-h light-dark cycle. All animal
research procedures followed the National Institute of Health guidelines and were approved
by the Penn State College of Medicine Institutional Animal Care and Use Committee.

Surgical procedures and care

Prior to surgical procedures, animals were administered deep 3%-5% Isoflurane and oxygen
(1 L/min) anesthesia, maintained at 35.5-37.5°C on a heating pad, and received ophthalmic
ointment. Based on weight, they were administered subcutaneous (s.c.) Buprenorphine Slow
Release (1 mg/kg; Reckitt Benckiser Pharmaceuticals Inc.) for post-operative pain and
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Enroflox antibiotic (10 mg/mL concentration at 1 mL/kg; Bayer), and a local anesthetic
cocktail consisting of a 1:1 preparation of Lidocaine/Bupivacaine (Lidocaine Hydrochloride
inj 2%; Vedco Inc. and Bupivacaine HCI inj 0.25%; Hospira Inc.) at the incision site. The T1
spinous process was palpated and an incision was made extending from T1 to T3 after being
shaved and cleaned twice with Chlorhexidine Acetate (Fort Dodge Animal Health) and 70%
ethanol. The underlying musculature was cleared with blunt dissection to reveal the T1-T3
spinous processes and vertebral laminae. Using fine tipped rongeurs, a T2 laminectomy was
conducted to expose the T3 spinal level.

Following laminectomy, only rats randomly selected for SCI were placed in the Infinite
Horizon controlled impact device (Precision Systems and Instrumentation, LLC). For SCI
rats, the T1 and T3 vertebrae were clamped, after which the spinal cord and overlying dura
mater was hit with a rapid 300 kdyn force for a 15-s dwell time. At the conclusion of
surgery, all rat’s musculature was sutured with polyglactin and overlying skin was closed
with 9 mm wound clips. Rats were then administered 5 mL s.c. of lactated Ringer’s solution
and placed in a 37°C incubation chamber for recovery until anesthesia subsided.

Following surgery, all animals were singly housed for the purpose of food intake
measurements, with SCI animal cages placed on a warming unit (Gaymar T-pump; Stryker)
to maintain body temperature. Rats were provided enrichment tubes or enclosures depending
upon size and mobility. Postoperatively, all animals received s.c. Enroflox antibiotic

once daily for 5 days and wound clips were removed after 5-7 days. SCI rats received
supplemental fluids (5-10 mL b.i.d.) and manual compression of the bladder was performed
until spontaneous voiding returned. To facilitate ease of access, SCI rats were provided chow
in their bedding, and caloric intake and body weight were monitored daily in all animal
groups to access overall well-being.

Spinal cord harvest and histological processing

Upon euthanasia, the vertebrae and spinal cord at the level of SCI lesion or control surgery
were harvested en bloc and postfixed in 4% paraformaldehyde. Following fixation, the
spinal cord was extracted and embedded in OCT to be cryosectioned at 40 um to confirm
the extent of T3 lesion. Transverse cross-sections were mounted on gelatin-coated slides
and stained with Luxol Fast Blue (LFB) to visualize spared, myelinated fibers. The slides
were digitally imaged on a Zeiss Axioscope light microscope and Axiocam CCD camera,
where they were imported into Adobe Photoshop. To determine percent white matter spared,
spinal cord tissue boundaries were outlined to determine total cross-section area. Next, a
threshold histogram was utilized to identify the pixels corresponding to LFB staining and
quantified. LFB-stained myelin in injured tissue is represented as percent of total spinal cord
cross-sectional area.

To confirm completeness of the injury, animals sacrificed 3 days postoperatively were
considered a severe T3-SCI when <25% LFB-stained white matter remained in cross-
section, while those presenting with >25% LFB-stained white matter were excluded

from the study as previously described.1”18 In the days following injury, the remaining
myelinated fibers are due to myelin debris along with the small percentage of surviving
myelinated fibers.19 In contrast, animals euthanized postoperatively at the 3-or 6-week time
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point are considered a severe T3-SCI when <5% LFB staining remains as myelin debris

has been cleared and animals with lesion centers >5% were excluded from the study.

After 3 weeks, any remaining LFB staining is usually confined to a thin band within the
ventro-lateral white matter in a manner consistent with previous reports characterizing a 200
kdyn injury.1” In all time points, animals classified as surgical controls must have >95%
myelin sparing at T3 cross-sectional analysis.

Distal colon harvest and immunohistochemistry

Immediately following euthanasia, an incision was made along the linea alba to expose the
abdominopelvic cavity. A segment of the distal colon (~1 cm long) was extracted and placed
in ice cold oxygenated Krebs solution as previously described.1® The extracted colon was
placed in a Sylgard lined petri dish and fresh Krebs solution was replaced every 15 min.
The tissue was cut with microscissors along the mesenteric border to expose the lumen,
stretched, and pinned taut. The mucosal and submucosal layers were bluntly dissected

away with angled micro-forceps and separated from the smooth muscle layers. After the
completion of dissection, the inner circular and outer longitudinal smooth muscle remained
stretched and were fixed with 4% paraformaldehyde for at least 2—4 h (up to overnight) and
then placed into 0.05% sodium Azide in 1x PBS for long term storage.

For indirect immunofluorescent labeling, free floating incubation of dissected distal colon
smooth muscle (~0.5% cm) was rinsed (3x) with PBS (pH 7.4). Tissue was then blocked
with Ultravision Protein Block (Thermo Sci TA-060-PBQ). A 24-h primary incubation with
cKIT/CD117 (R&D Systems AF1356 Polyclonal Goat 1gG) was utilized to fluorescently
label the network of ICC at a 1:500 dilution at 4°C. The following day, tissue was rinsed
(3x) with PBS before dark secondary incubation (Alexa Fluor 488: Invitrogen/LifeTech
A11055 Donkey-anti-goat) 1:600 with 2%BSA/PBS for 2 h. Following three washes with
1x PBS, tissue was mounted with the serosal side facing downward onto gelatin subbed
slides and 1.5 mm coverslips with Aqua Poly/Mount (Polysciences). To verify specificity of
the secondary antibody, controls were prepared by omitting the primary antibody during the
incubation.

Confocal imaging and analysis

Images of c-Kit immunohistochemistry were acquired with a Nikon C2+ confocal head
mounted to an Eclipse FN-1 microscope (Nikon Instruments) equipped with three laser line
excitation (488, 543, and 633 nm), Nomarski contrast, and controlled by Nikon Elements
software (ver. 4.3). Full tissue thickness z-stack images of two randomly selected regions
of the ~0.52 cm tissue piece was acquired per animal with a Plan Apochromat 40x/1.30

Oil DIC objective. Most confocal images were acquired at an approximate optical thickness
of 0.5 um. To create a pseudo-3-dimensional relief of the sample, bright field differential
interference contrast (DIC) images were simultaneously obtained with a corresponding
objective-matched DIC analyzer (prism) using the 488 nm laser as the light source and
were collected using the transmitted light/diascopic detector (C2-DUT) mounted between
the halogen light source and the microscope.
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The entire 40x field of view was subsequently analyzed with Fuji ImageJ, and the myenteric
ganglion layer was identified with Alexa Flour 488 labeling by noting the transition in fiber
direction between circular and perpendicularly-oriented longitudinal smooth muscle (Figure
1). This was then confirmed by DIC images. Five z-stack slices prior to and past the point
of transition were compressed into a maximum projection z-stack to uniformly capture the
myenteric plexus for analysis of ICC-MP. In a similar manner, ICC-CM were isolated for
analysis by creating a maximum projection z-stack by compressing slices from the outer
extent of the ICC-MP to the inner luminal extent of the tissue.

The following variables were quantified for ICC-MP and ICC-CM for each animal: (1)

all visible cell bodies were counted for each 40x image; (2) primary ICC arborizations
whose entire cell projections fell within the field of view were counted per cell and

then primary arborizations were (3) measured using the plugin NeuronJ (semi-automated
neuronal process tracer). Primary arborizations were defined as those arising directly from
the cell body and therefore, no secondary or tertiary branches were analyzed. Primary
arborization branches from the maximum projection images were confirmed by scrolling
through individual z-stack slices to better visualize the 3-dimensional morphology. For each
variable, quantifications were done for two z-stacks per experimental animal. For variables
1 and 2, values were averaged. For variable 3, projection lengths were converted to microns
and added for each traced ICC, generating a total primary arborization length per cell.

Preparation of figures

Line art was generated with Adobe Photoshop 2021 (Adobe Systems). Individual
photomicrograph images were converted from the proprietary Nikon file format to tagged
image file format (TIF) and opened with Photoshop to organize the layout and apply text.

Statistical analysis

All statistical calculations were performed in the GraphPad Prism 9 software (San

Diego, CA). Groups were compared by two-way ANOVA followed by Tukey’s multiple
comparisons test. Interaction p-values are two-way ANOVA results and asterisks are
representative of multiple comparison values. Results are expressed as mean + SEM with
significance defined as p < 0.05. All data were assessed for outliers using a Grubbs

test macro written in GraphPad. Four individual cells were identified as outliers for ICC-
MP total primary arborization length (two male, two female cells) and were excluded.
Additionally, one rat for male multipolar ICC-CM cell count and one individual cell from
male ICC-CM total primary arborization length were identified as outliers, so they too were
excluded from analysis.

3| RESULTS

3.1

Experimental rats were confirmed as surgical controls or complete T3-SCI

Based upon previously outlined criteria, the final number of male rats for each group were as
follows: 3-day T3-SClI, n=5; 3-day control, 7=5; 3-week T3-SClI, n=5; 3-week control,
n=75; 6-week T3-SClI, n= 6; 6-week control, 7= 6. The cohort of female rats utilized were:
3-day T3-SCI, n=5; 3-day control, n=5; 3-week T3-SCI, n=7; 3-week control, 7=5;
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6-week T3-SCI, n= 6; 6-week control, 7= 6. Following lesion analysis, all criteria was met
and no animals were excluded from the study.

Distal colon ICC-MP cell body counts increase after T3-SCI

Maximum projection visualization of the full thickness distal colon smooth muscle for
c-Kit immunohistochemistry revealed a qualitative increase of overall ICC network in male
(Figure 2) and female (Figure 3) rats following SCI. Upon quantification of cell bodies of
the ICC-MP (all multipolar), two-way ANOVA revealed that both sexes have significant
surgical model relationships (Psyrgery Male < 0.0001, Female 0.0003) and females have a
significant interaction value between duration and surgery (Pjnt = 0.0005). Tukey post hoc
analysis revealed that on average, male rats show a significant increase in cell body count
at 3-day (p=0.04), 3-week (p< 0.0001), and 6-week (p < 0.05) time points following SCI
(Figure 4A). There was no significant difference between any surgical control groups. The
female rats on average demonstrated a significant increase in cell body count from 3-week
surgical control to 3-week SCI (p < 0.0001), with no significant change between control
groups (Figure 4B). Additionally, there was an observed significant increase in cell counts
from 3-day to 3-week SClIs (p = 0.0007). Increases in ICC-MP cell counts were most notable
at the 3-week time point for both male and female rats. These qualitative and quantitative
results are indicative of significant ICC-MP proliferation following SCI. Also notable, there
are different trends seen between sexes. Generally, females present with delayed ICC-MP
cell body increases compared to corresponding male rats.

Distal colon number of projections per ICC-MP remain unchanged after T3-SCI

The number of primary (cytoplasmic) projections arising directly from the soma of each cell
body were counted. Following SCI, there is no significant change in the number of primary
projections arising from ICC-MP cell bodies in either male (Figure 5A) or female groups
(Figure 5B). In fact, the number of primary projections were conserved when compared
across all animal groups, with the average number of ICC-MP projections arising from
individual cell bodies ranging from 3.14 to 3.64 projections. These data suggest that despite
the increased number of ICC-MP following SCI, cell bodies do not generate additional
cytoplasmic projections contributing to ICC-MP plasticity.

Distal colon ICC-MP total primary arborizations increase after T3-SCI

The length of total primary arborizations were quantified for individual ICC-MP cells. A
total of 379 cell primary arborizations lengths were recorded, of which 194 were male

and 185 were female. Two male and two female ICC-MP individual cell total arborization
lengths were identified as outliers and were excluded from analysis. In male rats, on average,
there was a significant increase in primary arborizations following SCI at the 3-day (p <
0.0001), 3-week (p < 0.0001), and 6-week (p = 0.02) time point (Figure 6A). In contrast to
males, on average, the female rats displayed no significant increase in primary arborization
following SCI until the 3-week (p=0.02) and 6-week time points (p= 0.0001) (Figure

6B). These results demonstrate sex differences similar to the ICC-MP cell body counts, with
females trending to have delayed lengthening of primary arborizations compared to males.
Please note that on average, primary arborization lengths are increasing following SCI for
both sexes, but this does not hold true for every single cell documented for a given animal.

Neurogastroenterol Motil. Author manuscript; available in PMC 2024 August 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Werner et al.

35|

Page 8

Distal colon ICC-CM cell body counts and primary arborizations remain unchanged
after T3-SCI

The ICC within the circular smooth muscle fibers form a heterogeneous subtype that differ
in morphology. The cell bodies of the ICC-CM were counted in male and female rats using
the same criteria employed for ICC-MP cells. Measurements were performed independently
for bipolar and multipolar ICC-CM due to known differences in their presentation frequency.
One animal outlier was excluded from male multipolar cell count analysis. The majority of
intramuscular ICC in male and female rats were identified as bipolar (72%), with a smaller
population of multipolar cells (28%) (Figure 7). There were no significant differences in cell
body counts across any groups. There was, however, a significant effect of time following
surgery on male bipolar cell counts (Ppyration = 0.01).

In the ICC-CM, total primary arborization lengths per cell displayed no significant
differences based on cell morphology and therefore total arborization cannot be used to
differentiate between cell types (Figure 8). A total of 181 cell primary arborizations lengths
were recorded, of which 80 were male and 101 were female. One individual cell was found
to be an outlier among male primary arborization length and was excluded from analysis.
Unlike the ICC-MP, there was no significant effect of time point or surgical model on
ICC-CM primary arborization length in males or females.

4| DISCUSSION

4.1

Our study explored the hypothesis that NB following T3-SCI is accompanied by extensive
depletion and/or remodeling of the distal colon ICC networks, reminiscent of the loss of
enteric neurons we previously reported.1>:16 The net depletion of ICC is widely recognized
to occur in GI motility disorders and has received considerable attention.20-23 However,

no studies up to this point have investigated if this depletion occurs following SCI. The
results of this study revealed a time-dependent increase in ICC-MP cell number and

primary arborizations lengths following T3-SCI. Furthermore, we found that female rats
consistently demonstrate a slower rate of post-SCI ICC-MP proliferation compared to males.
Interestingly, the ICC network expansion was not observed for the ICC-CM in male or
female rats.

Potential mechanisms of ICC-MP proliferation and increased primary arborization

The mechanisms underlying the localized maintenance and remodeling of the enteric
neuromuscular junction are not fully understood. One potential explanation for our observed
increase in ICC-MP and their associated primary arborizations relates to the renewal
process of these cells. Like the ENS,24 ICC in the healthy gut undergo considerable
self-renewal through a tightly controlled process of regeneration and depletion.2> It is
important to note that the development and preservation of ICC is dependent upon activation
of ¢c-Kit.26-30 The ligand for c-Kit is stem cell factor (SCF), and SCF-deficient mice
demonstrate loss of development and function in ICC-MP,28:31 while other ICC populations
do not display such deficits.32 A previous study explored SCF and a complementary
hematopoietic cytokine, granulocyte colony-stimulating factor (G-SCF), for functional
motor efficacy following SCI,33 but GI gain of function was not addressed. Subsequent

Neurogastroenterol Motil. Author manuscript; available in PMC 2024 August 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Werner et al.

Page 9

studies34 emphasize SCI functional recovery following G-CSF therapy that is mediated
through anti-inflammatory and anti-apoptotic mechanisms. The therapeutic efficacy of these
cytokines on GI neuromuscular integrity remains to be determined.

The neuroeffector nitric oxide (NO) is both cytotoxic and cyto-protective,3® and may
provide another potential explanation for our observed ICC-MP proliferation and increased
primary arborizations. The cytotoxic effects of NO may be more a function of the duration
of availability rather than the local concentration.38 In addition to effects upon enteric
inhibitory neuronal transmission, diminished NO or the neuronally derived enzyme, NO
synthase (NNOS), is associated with a reduction of ICC.3738 Specifically, an in vivo
reduction of NO in nNOS™~ mice was accompanied by a reduction of ICC-MP in the gastric
body, whereas in vitro exposure of organotypic muscularis explants from the same nNOS™
~ strain mice to a NO donor expanded ICC-MP volume.37 Conversely, oxidative stress
induced by NO impairs pacemaker function of murine ICC during inflammation through a
mechanism of trans-differentiation rather than apoptotic ICC reduction.39 Considering that
much of the study of NO cytotoxicity and cytoprotection has utilized in vitro techniques
and Gl tissue other than the colon, further investigation of this molecule is warranted in the
context of the multiple parallel aerobic pathways found in vivo as well as the heterogeneous
distribution and physiology of ICC subtypes.

One additional explanation for our upregulated ICC-MP ties to serotonin, as it exhibits a
dual-effect upon vagal and enteric neuro-physiology#%-44 and ICC proliferation. One study
showed ICC activation by serotonin through the 5-hyroxytryptamine (5-HT),g receptor
dose-dependently promoted ICC proliferation®® using in vitro approaches, but they did

not differentiate between regionally different subtypes of ICC. Conversely, the deletion

of 5-HT g receptor reduces the density of ICC networks in vivo.#6 The gastrointestinal
localization of the 5-HT, receptor has been described using immunolabeling. Abundant 5-
HT4-positive labeling was seen in ICC-MP of the proximal and distal colon, while ICC-CM
at the submucosa junction was sparsely labeled.#’ Similarly, the co-localization of 5-HT5
receptor on ICC-MP has been reported for the rat ileum,*8 though in neither case has a role
in ICC proliferation been analyzed.

In summary, the contributions of ICC to the coordinated reflex contraction of the GI tract
are widely accepted.>:6 Most of our understanding is derived from loss-of-function studies
that report reduced ICC numbers,49-52 though the complex interplay of ICC number and ion
channel density on surviving ICC must be considered with regard to the functional relevance
of such findings.>3 Modeling studies propose that network oscillations are resistant to

some degree of ICC loss,>* while other studies have identified diabetic gain-of-function
accompanied by 1CC expansion.>® In this later study the signaling pathway contributing

to ICC expansion was demonstrated to involve the actions of mitogen-activated protein
kinase 1 (MAPK1) and MAPK3 upon a master transcription factor for ICCs.>®> However,
this mechanism was only demonstrated through the use of isolated ICC-lineage cells

and organotypic cultures exposed to hyperglycemia. Our in vivo model of SCI does not
induce long-term hyperglycemia in rats fed a standard laboratory diet but only when

fed a high fat diet.>6:57 Furthermore, only the responsiveness to a cholinergic agonist

was explored and cell counts for cholinergic excitatory and nitrergic inhibitory enteric
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neurons were not performed nor were evoked responses in the form of smooth muscle
junction potentials. Our previous report of reduced cholinergic and nitrergic myenteric
neuron populations in SCI rats would be consistent with a loss-of-function, despite the
increase in ICC networks.1® Electrophysiological recording of smooth muscle membrane
potential in response to pharmacologically targeted ICC activation would begin to clarify our
understanding of how these increased ICC-MP networks effect colonic function.

Sex differences impacting the regulation of ICC

Numerous sex-related differences in Gl physiology are recognized in clinical and preclinical
models and females are known to have a higher prevalence of Gl-related disorders
overall.8-60 Despite these known differences, the influence of sex on enteric nervous
system anatomy and function has been inconsistently studied, or not clearly isolated in
mixed-sex studies. Additionally, steroid hormone receptors have been identified throughout
the GI tract, which may have effects independent of CNS neurons that are typically thought
to govern Gl reflexes.61-63 Functionally, estrogen receptors and estrogen receptor ligands
have been shown to be inhibitory to colonic motility through actions on both inhibitory
nitrergic and excitatory cholinergic junction potentials.62:64

This present study demonstrates female rats have delayed ICC-MP cell proliferation and
primary arborization following SCI compared to male rats. Estrogen has been suggested to
serve a neuroprotective role following SCI,%° with some studies reporting better neurologic
recovery compared to males.56 These reports are complicated by the occurrence of
amenorrhea in roughly 50% of new female SCI cases,%’ thereby eliciting an uncontrolled
temporary hypoestrogenic state. Regardless of injury level or extent, amenorrhea lasts
approximately 8 months in humans,58 where a female T8 SCI rat model revealed estrous
cycle returned roughly 9 days®7 following injury.

A hypoestrogenic state has also shown to impact ICC plasticity in a menopausal rat model
studying detrusor overactivity.89 Within the bladder wall, ICC populations were shown

to decrease following ovariectomy, but were restored to control levels upon estrogen (17
B-estradiol) treatment.89 Another study, Bassotti et al.,’® collected human rectal tissue from
individuals (16 women, 1 man) suffering from chronic constipation, localizing estrogen
and progesterone receptors, enteric neurons, enteric glial cells, and all ICC subtypes.
Echoing our present study, they found that individuals with obstructed defecation had a
significant increase in ICC-MP and no change in intramuscular ICC, accompanied by a
loss of enteric glial cells. Similarly to White et al.,6 the study suggested that this increase
in ICC populations could be a compensatory response to lack of neuronal input.”® There
was also a significant reduction in estrogen receptor B in the chronic constipation group,
suggesting further connections between estrogen and ICC plasticity. Collectively, these
studies support our current findings of ICC-MP and primary arborization increase after
SCI. They also demonstrate the significance of experimentally monitoring estrous cycle
disruption and hormonal levels following SCI. Therefore, the role of sex hormones on ICC
plasticity deserves further investigation.
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4.3 | Shortcomings and limitations

The current understanding of ICC structure and function is derived heavily from studies of
the gastric and small intestinal networks, leaving much to be further investigated. One of
our study’s primary limitations was the absence of tracking estrous cycle. The variability in
estrous cycle disruption following SCI, along with our findings that ICC in females remodel
at rates slower than rat estrous cycle length collectively suggests that estrous cycle did not
affect our results. We were also unable to analyze the ICC-LM, as this layer is difficult to
visualize with c-Kit immunohistochemistry given that longitudinal muscle is significantly
thinner than circular and therefore few cells can be identified in this layer.

5| CONCLUSION

In summary, our data reveal that experimental SCI provokes a pronounced level of

ICC plasticity. Significant male and female distal colon ICC proliferation and increased
primary arborization lengths are specific to the myenteric plexus, while the ICC-CM

remain unaltered. Increased ICC-MP networks coupled with the reduction of excitatory and
inhibitory enteric neuromuscular transmission® demonstrates significant dysfunction in the
final common pathway that generates propulsive contractions in the distal colon. Identifying
that not all Gl insults lead to the loss of cells, but rather that the ICC can be remarkably
resilient is a unique finding among Gl-related disease states. Further investigation is
warranted to determine the point of dysregulation that results in functionally compromised
bowel reflexes and motility after SCI. Consideration of the implications of this remodeling is
essential for future application or development of therapeutic interventions for NB following
SCI.
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Key Points

. High-thoracic spinal cord injury (T3-SCI) induces proliferation of Interstitial
Cells of Cajal located within the myenteric plexus.

. T3-SCI induces lengthening of primary arborizations for Interstitial Cells of
Cajal within the myenteric plexus.

. Interstitial Cells of Cajal within the colonic smooth muscle layer do not
exhibit significant changes after T3-SCI.

. There are sex differences in the rate of Interstitial Cells of Cajal remodeling
after T3-SCI.
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FIGURE 1.
(A) Schematic illustration of the layers of the distal colon smooth muscle (m.) with

Interstitial Cells of Cajal (ICC) depicted in green. The mucosa and submucosa, including the
multipolar ICC (ICC-SM) are removed for immunohistochemical processing. Intramuscular
ICC are primarily bipolar and are distributed along the axis of the smooth muscle cells
throughout circular muscle (ICC-CM) and perpendicularly-oriented longitudinal muscle
(ICC-LM). The cells of the myenteric plexus (ICC-MP) are multipolar with numerous
secondary and tertiary cytoplasmic branching. (B) Single z-stack image of DIC channel
highlighting smooth muscle fiber orientation of the circular muscle at that plane of focus
(white arrowheads) upon which intensity threshold-isolated ICC-CM visualized from the
corresponding FITC channel have been superimposed to illustrate orientation. (C) Similar
processing of the DIC channel to highlight the perpendicularly oriented longitudinal smooth
muscle (arrowheads) and ICC-LM. Representative original c-Kit fluorescent image of
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isolated (D) ICC-CM; (E) ICC-MP; and (F) ICC-LM as visualized for quantitative analysis.
Images are 40x; calibration bar = 50 um.
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CONTROL

SCl

FIGURE 2.
Representative male rat surgical control and spinal cord injured (SCI) maximum projection

confocal images of whole mounted distal colon processed for c-Kit immunofluorescent
identification of myenteric and smooth muscle Interstitial Cells of Cajal (ICC). c-Kit
immunofluorescence demonstrates an increase in pixel density beginning 3-days post-SCI
compared to corresponding surgical controls, and this pattern is maintained at the 3 and 6-
weeks time points. Images are 40x with scale bar = 50 pm.
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FIGURE 3.
Representative female rat surgical control and spinal cord injured (SCI) maximum projection

confocal images of whole mounted distal colon processed for c-Kit immunofluorescent
identification of myenteric and smooth muscle Interstitial Cells of Cajal (ICC). c-Kit
immunofluorescence demonstrates an increase in pixel density beginning at 6-weeks post-
SCI compared to corresponding surgical controls. Images are 40x with scale bar = 50 um.
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FIGURE 4.

Summary representation of surgical control and spinal cord injured (SCI) average number
of myenteric plexus Interstitial Cells of Cajal (ICC-MP) within a randomly-selected field of
view of uniform size. Graphs depict the average cell body count per animal in (A) male (n=
32) and (B) female (7= 34) rat distal colon. Compared to surgical controls, ICC-MP display
the most notable increase at the 3-week time point following SCI for both sexes, although
males demonstrate an increase at all time points postinjury. Values are expressed as mean *
SEM and considered significant at p < 0.05. All asterisks (*) are representative of Tukey’s
multiple comparisons test. Interaction values are representative of two-way ANOVA.
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FIGURE 5.

Summary representation of surgical control and spinal cord injured (SCI) average number
of primary (cytoplasmic) projections arising from individual myenteric Interstitial Cells of
Cajal (ICC-MP) cell body per animal in (A) male (7= 32) and (B) female (7= 34) rat distal
colon. No significant differences were identified between any groups as revealed by two-
way ANOVA. Values are expressed as mean + SEM. Interaction values are representative of
two-way ANOVA.
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FIGURE 6.

Summary representation of surgical control and spinal cord injured (SCI) total primary
arborization length per myenteric plexus Interstitial Cells of Cajal (ICC-MP) in (A) male (n
= 32) and (B) female (n7= 34) rat distal colon. While the number of primary arborizations
do not increase following SCI, the cumulative primary arborizations increase in length for
all male rat time points post-injury, and at chronic time points for females. Values are
expressed as mean = SEM and considered significant at p < 0.05. All asterisks (*) are
representative of Tukey’s multiple comparisons test. Interaction values are representative of
two-way ANOVA.
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FIGURE 7.

Summary representation of surgical control and spinal cord injured (SCI) average number
of circular muscle Interstitial Cells of Cajal (ICC-CM) within a randomly selected field of
view of uniform size. Graphs depict the average cell body count per animal in (A) male
(n=32) and (B) female (n7=34) rat distal colon. Statistics were run independently for
bipolar vs. multipolar cells due to known differences in their percentage of presentation.
No significant differences were found between any groups. Values are expressed as mean +
SEM. Interaction values are representative of two-way ANOVA.
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Summary representation of surgical control and spinal cord injured (SCI) average number of
circular muscle Interstitial Cells of Cajal (ICC-CM) per animal in (A) male (7= 32) and (B)
female (n7 = 34) rat distal colon. Plotted points represent both bipolar and multipolar cells, as
no significant relationship was found between morphology and arborization lengths. Values

are expressed as mean + SEM. Interaction values are representative of two-way ANOVA.
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