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1 | INTRODUCTION

Gastroparesis is a symptomatic motility disorder characterized by del-
ayed gastric emptying without any physical barrier. The common
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Abstract

Transplantation of neural stem cells is a promising approach in treatment of intestinal
dysfunctionality. The interstitial cells of Cajal (ICCs) are also critical in conditions such
as pyloric dysfunctionality and gastroparesis. The objective of this study was to replen-
ish neurons and ICCs in a dysfunctional pylorus as cell-based therapy to restore func-
tionality. ICCs and enteric neural progenitor cells (NPCs) were isolated from rat
duodenum and transduced with fluorescent proteins. Rat pylorus was harvested, and
an ex-vivo neuromuscular dysfunctional model was developed by selective ablation of
neurons and ICCs via chemical treatments. Cellular repopulation and restoration of
motility were assessed by immunohistochemistry, qPCR, and functional analysis after
delivery of fluorescently tagged cells. Chemical treatment of pylorus resulted in signifi-
cant depletion of ICCs (67%, P = .0024; n = 3) and neural cells (83%, P = .0012; n = 3).
Delivered ICCs and NPCs survived and integrated with host muscle layers. Co-
injection of ICCs with NPCs exhibited 34.4% (P = .0004; n = 3) and 61.0% (P = .0003;
n = 3) upregulation of ANO1 and Blll tubulin, respectively. This regeneration resulted
in the restoration of agonist-induced excitatory contraction (82%) and neuron evoked
relaxation (83%). The functional studies with specific neuronal nitric oxide (NO)
synthase blocker confirmed that restoration of relaxation was NO mediated and neu-
ronally derived. The simultaneous delivery of ICCs observed 35.7% higher neuronal
differentiation and functional restoration compared with injection of NPCs alone.
Injected NPCs and ICCs integrated into the dysfunctional ex vivo pylorus tissues and
restored neuromuscular functionality. The co-transplantation of NPCs and ICCs can

be used to treat neurodegenerative disorders of the pylorus.

KEYWORDS
cell interactions, cell transplantation, cellular therapy, differentiation, experimental models,

neural differentiation, tissue regeneration

symptoms include epigastric pain, early satiety, postprandial fullness,
with nausea, and vomiting."? In an age-adjusted study, the prevalence
of definite gastroparesis per 100 000 persons was 9.6 (95% confi-
dence interval [CI], 1.8-17.4) in men and 37.8 (95% Cl, 23.3-52.4) in
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women (approximately four times higher than men).2 The etiology of
gastroparesis is complex, with the reduction of interstitial cells of Cajal
(ICCs) and the disappearance and disorganization of neuronal nitric
oxide synthase (nNOS) cells in the stomach most common.>*¢ Inhibi-
tory nitrergic neurons are responsible for relaxation of smooth muscle
via nitric oxide (NO) secretion, resulting in accommodation of the fun-
dus, relaxation of the pylorus, and peristaltic reflex of the small intes-
tine.”® NO appears to be a survival factor for ICCs as well. It was
evident in a study, where 50% to 70% of myenteric-ganglia-related

ICCs were decreased in all nNOS™~

mice and later increased by NO
donors.” Furthermore, the loss of NNOS and ICCs affects the activity
and endurance of smooth muscle cells (SMCs) as well.*¢

Currently, the standard treatment options for gastroparesis ranges
from cholinergic agents, metoclopramide, botulinum toxin injections,
implantation of gastric electrical stimulators,° total parenteral nutrition
to pyloroplasty, vagotomy, myotomy, and gastrectomy.>?* The current
treatments are palliative solutions and inadequate for the long-term
relief in gastroparesis.

In this context, regenerative medicine offers an alternative
method, where direct cell delivery may provide an efficient and endur-
ing solution to gastrointestinal motility disorders. In a recent cell
transplantation report, neonatal gut-derived neural crest progenitors
reconstructed the ganglionic function in benzalkonium chloride (BAC)-
treated homogenic rat colon.*? In another study, transplanted progen-
itors generated functional neurons in the postnatal colon.*** Central
nervous system (CNS)-derived neural stem cells survived after trans-
plantation into pylorus of mice.'® Different studies have reported sur-
vival and functional differentiation of various stem/progenitor cells in
the embryonic gut or postnatal colon; however, it is not yet known
whether the enteric nervous system (ENS)-derived adult NPCs can
migrate, proliferate, and generate functional neurons in the postnatal
pylorus. Moreover, ICCs are another critical factor in neuromuscular
dysfunction and essential for long-term restoration of the neuronal
functionality of pylorus.

In the present study, the objective was to evaluate the effect of
co-transplantation of ENS-derived adult NPCs and ICCs in a
gastroparesis model. In the present study, an ex vivo neuromuscular
dysfunction pylorus was developed by selective depletion of neurons
and ICCs. The ENS derived NPCs, and ICCs injected to the ex vivo
neuromuscular dysfunction pylorus to restore and repopulate the cell
population. Cell survival, differentiation, and functional restoration
were evaluated and compared with native tissues.

2 | MATERIALS AND METHODS

2.1 | Experimental design

NPCs and ICCs were isolated from the duodenum and fluorescently
tagged with cyan fluorescent protein (CFP) and green fluorescent protein
(GFP), respectively. An ex vivo dysfunctional pylorus model was devel-
oped via treatment with BAC and imatinib mesylate (IM). The NPCs and
ICCs were delivered intramusclular and evaluated for cell survival,

Significance statement

In regenerative medicine, it is possible to use the patient's
own interstitial cells of Cajal (ICCs) and neural progenitor
cells (NPCs) to be injected into the pylorus as cellular ther-
apy. The functional ex vivo diseased model of the pylorus
was developed, and ICCs and NPCs delivered as treatments
for neuromuscular dysfunctionality. Detailed quantitative
and qualitative analysis confirmed reinstatement and resto-
ration of functionality. The current preliminary study with
the ex vivo diseased model proposed the next level of cell
therapy for the treatment of gastroparesis.

integration, and physiological functionality. The in vivo experiments were
carried out on euthanized rats after endpoint of another study. The ani-
mal experiments were reviewed and approved by the Institutional Animal
Care and Use Committee at the Wake Forest School of Medicine.

22 | Reagents

Cell culture reagents were obtained from Life Technologies (Grand
Island) unless specified otherwise. Neural growth media consisted of
neurobasal, 1 x N2 supplement, recombinant human epidermal
growth factor, recombinant basic fibroblast growth factor. Neural dif-
ferentiation media consisted of Neurobasal-A supplemented with 2%
fetal bovine serum (FBS), 1xB27 supplement. ICC growth media con-
sisted of Dulbecco's modified Eagle's medium (DMEM) with 10% FBS,
2mM L-glutamine, and stem cell growth factor. All the media
supplemented with 1x antibiotic-antimycotic. Tetrodotoxin (TTX) and
N,-nitro-L-arginine methyl ester hydrochloride (.-NAME) were

purchased from Sigma (St. Louis, Missouri).

2.3 | Cellisolation

Both NPCs and ICCs were isolated from duodenum of the rat as pre-
viously described.*® The biopsies were washed thrice with HBSS (with
2x antibiotic-antimycotic solution) followed by mincing. Then biopsies

were divided into two parts for separate isolation of NPCs and ICCs.

23.1 | |Isolation of enteric NPCs

Minced tissues were digested twice for an hour each, in a mixture of
0.85 mg/mL type Il collagenase, 0.85 mg/mL dispase Il, and 20 pL/mL
DNAse-1 in DMEM. The digested tissues washed and passed through
70 and 40 pm nylon cell strainer before incubation at 37°C in a 7%
CO,. The isolated cells stained positive for neural crest-derived cell

5NTR

marker p7 and nestin.
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2.3.2 | Isolation of ICCs

The minced biopsies were digested using a mixture of type Il collage-
nase, bovine serum albumin, trypsin inhibitor, with adenosine triphos-
phate for 1 hour. The digested tissues were washed and plated into
collagen (2.5 pg/mL; Falcon/BD, Franklin Lakes, New Jersey) coated
plates, incubated at 37°C in a 5% CO,. The isolated cells were charac-

terized for ANO1-positive marker.

2.4 | Cell transfection

The NPCs and ICCs were transduced with lentiviral particles for CFP
and GFP, respectively (GeneCopeia, Rockville, Maryland) followed by
puromycin treatment to select stably transduced cells. The transfec-

tion was quantified using fluorescence-activated cell sorting (FACS).

24.1 | Development of ex vivo neuromuscular
dysfunctional pylorus

The rat (1-year old; n = 3) pylorus was harvested, cleaned, cut into two
parts, and pinned on Sylgard-coated dishes. One piece of the pylorus
(control group) was treated with phosphate-buffered saline (PBS),
whereas the experimental group was treated with a mixture of 0.9%
BAC and 1.2 mM of IM (1:1 ratio). The treated tissues were washed

and incubated in smooth muscle growth media at 37°C with 5% CO,.

2.5 | Delivery of transduced cells to ex vivo
neuromuscular dysfunctional pylorus

Each BAC + IM-treated pylorus was divided into three parts.
(a) injection of CFP-NPCs (NPCs group); (b) injection of CFP-NPCs
and GFP-ICCs (NPC + ICC group), and (c) normal saline without any
cells (BAC + IM-treated tissue).

The GFP-ICCs and CFP-NPCs were harvested, counted, and
1 x 10* cells/pL suspended in normal saline following washing. The
cells were delivered via multipoint injections using a hypodermic
syringe (22 gauge) into the myenteric plexus layer of the pylorus tis-
sue (100 pL; 1 x 10° cells of each type). After injection, the tissues
were placed into separate culture wells in neural differentiation media
and incubated at 37°C with 5% CO..

2.6 | Assessment of cell survival, differentiation,
and functional restoration

2.6.1 | Microscopic characterization

Cell survival and differentiation were evaluated via immunohistochemi-

cal studies. After 15 days of incubation, tissue was fixed, embedded,

sectioned, and processed for staining. The tissue integrity was

¥ TRANSLATIONAL MEDICINE

evaluated via hematoxylin and eosin (H&E). The tissues were stained
for neural cell differentiation markers beta-IlI tubulin (Blll-tub; polyclonal
antiserum, 1:200), nNOS (polyclonal antiserum, 1:200), and ICC markers
such as ANO1 (polyclonal antiserum, 1:200) to characterize the survival
and restoration of neurons and ICCs in the tissues. The Nikon Eclipse Ti
inverted microscope was used for observation and image acquisition.

2.6.2 | Biological characterization

Cell survival and differentiation were quantified via genetic expressions
of beta-lll tubulin, ANO1, nNOS, choline acetyltransferase (ChAT)
using quantitative reverse transcriptase-polymerase chain reaction
(gRT-PCR). RNA was extracted using Qiagen RNeasy Mini Kit (Qiagen,
Valencia, California), and the complementary DNA (cDNA) was
prepared with 2 pg of RNA using high-capacity cDNA Reverse
Transcription Kits (Applied Biosystems, California). Around 50 ng of
cDNA was used to perform qPCR studies using 2 pL of premixed primers
and 10 pL of PowerUp SYBR Green master mix (ThermoFisher Scientific,
California) at 7300 Real-Time PCR System (Applied Biosystems). The
GAPDH and 18s-ribosomal kept as the housekeeping gene and ANO1,
beta-lll tubulin, NNOS, and ChAT were target genes. Resulting protein
expression was normalized to the housekeeping gene, and the average
expression fold change was calculated with the standard gene.

2.6.3 | Physiological functional characterization
Tissues were analyzed for physiological functionality before and after
cell delivery. Tissues were hooked in a horizontal tissue bath (F10;
Harvard Apparatus, Holliston, Massachusetts). Force data were
acquired using LabChart 7 software (AD Instruments, Colorado
Springs, Colorado). The spontaneous basal tone was measured. Con-
traction and relaxation were evaluated with the addition of acetylcho-
line (ACh; 1uM) and electrical field stimulation (EFS; 5 Hz,
0.5 milliseconds), respectively. Pretreatment with TTX (1 pmolL/L;
voltage-gated Na + nerve channels blocker) and L-NAME (300 pM;
nNOS inhibitor) were carried out to validate neo-innervation. The ICC
activity was evaluated by pretreatment of tissues with TMEM16A-
inhibitor (T16; 10 uM), ICC-specific calcium-activated chloride channel
blocker.

2.7 | Statistical analysis

All the studies were carried out in triplicates, statistically analyzed by
two-tailed Student's t-test, and data represented mean + SE unless
noted otherwise. One-way analysis of variance was performed with
Bonferroni post hoc analysis for statistical significance of differences
between the experimental groups. The correlation between different
time interval studies was determined using Pearson's correlation coef-
ficient. Longitudinal functional outcomes within a group were com-

pared using the Wilcoxon test and reconfirmed with paired T-test
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following normalization. All authors had access to the study data,

reviewed and approved the final manuscript.

3 | RESULTS
3.1 | Isolation, tagging, and characterization
of NPCs

NPCs were isolated from duodenum biopsies (150 + 20 pug, n = 5)
using a previously described method.*® The circular shaped cell bodies
proliferated in suspension condition, formed clusters known as neuro-
spheres. The isolated NPCs were successfully transfected with fluo-
rescent stable CFP lentiviral particles (with puro selection marker)
using spinoculation method. The stably transduced cells successfully
expressed cyan fluorescence under microscope (Figure 1A), quantita-
tively 98.5% + 1% positive under FACS. Isolated NPCs were positive
for both nestin (Figure 1B) and p75NTR (Figure 1C). The image analysis
(ImageJ software) confirmed that 90% + 3% and 95% + 2% cells were
positive for p75"™R and nestin, respectively. The cellular properties

(viability, proliferation; methods are in Appendix S1) were unaffected

after transfection. The rate of cell proliferation was consistent
between transfected and non-transfected cells. (Figure 1G). The cells
were >95% * 2% viable, and an average rate of proliferation was con-

sistent up to five generations (92.3% + 1.5%).

32 |
of ICCs

Isolation, tagging, and characterization

The ICCs were successfully isolated from duodenum and displayed
characteristic fusiform cell bodies with prominent nuclei (Figure 1D).
The ICCs were tagged with fluorescent stable GFP lentiviral particles
(with puro selection marker). The stably transduced cells after puro-
mycin selection displayed green fluorescence under the microscope
(Figure 1E) were quantitatively 97.5% + 2% positive during FACS. The
cells were 97.5% + 2% positive for the Ca®"-activated CI™ channel
cell marker ANO1 (TMEM16A) (Figure 1F). The isolated cells were
negative for the smoothelin (data not shown). The reactivity against
ANO1 was further validated via gPCR (Figure 1l). Isolated cells posi-
tively expressed ANO1, without any significant differences for three

generations (Figure 1). The viability and rate of cell proliferation were
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Immunocytochemical characterization of isolated enteric NPCs and ICCs from rat pylorus. A, Immunofluorescent images

showing that CFP-transduced NPCs were exhibited characteristic; B, nestin and C, p75NTR immunoreactivity; D, GFP-transfected ICCs with
apparent nucleus and triangular cell body with thin, moniliform processes; E, characteristic immunoreactivity of transfected ICCs with Anol
F, merged image. The graphs represented no significant difference in cell proliferation kinetics after transfection of G, NPCs and H, ICCs.
I, The graph represents no significant difference in genetic expression of P75 and ANo1 after transfection of NPCs and ICCs, respectively
(P < .05, n = 3); scale bar 100 pm. CFP, cyan fluorescent protein; GFP, green fluorescent protein; ICC, interstitial cells of Cajal; NPC, neural

progenitor cell
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consistent up to three generation as >96.2% * 3% and 94.3% + 3.5%
(Figure 1H), respectively.

3.3 | Development of ex vivo tissue model
for neuromuscular dysfunctional pylorus

The application of BAC is a standard method to induce denervation in
a tissue (in vivo and ex vivo) and the development of gastroparesis tis-
sue model for research.?1*17 This method of denervation does not
affect ICCs.” BAC was combined with IM, a c-Kit inhibitor, to target
ICCs. There was 0.9% BAC, and 1.2 mM of IM was optimized to cause
maximum denervation and ICCs depletion, without affecting the
SMCs. The time of BAC + IM treatment was also optimized for
1 hour. The higher concentration of BAC + IM solution and longer
exposure of treatment affected the serosal integrity and SMCs viabil-

ity (data not shown).

3.4 | Characterization of ex vivo tissue model
for dysfunctional pylorus

34.1 | Microscopic characterization

H&E-stained sections demonstrated the constitution of four distinct
layers of the pylorus (Figure 2). A continual and intact serosa in all the
tissues confirmed that BAC + IM did not affect the structural integrity
of the outer layer (Figure 2).

Immunostaining of PBS-treated tissues displayed continuous, retic-
ulated neuronal network with Blll-tub (Figure 2B), nNOS neuronal net-
work (Figure 2C), and multiple connected fusiform ICCs bodies with
ANO1 (Figure 2D). BAC + IM-treated tissues displayed poor immune-
reaction and confirmed the decrease of the neuronal (Figure 2F), nNOS
(Figure 2G), and population ICCs (Figure 2H). The semi-quantitative
histomorphometric analysis of the sections resulted in 70% and 86%
reduction in ANO1 and Blll-tub (n = 3, P = .015) reactivity.

BAC + IM Treated-
NPCs Delivered

BAC + IM Treated-

NPCs+ICCs elwiyergg
y i

PBS Treated

BAC + IM Treated

BllI-
Tubulin

FIGURE 2 Immunocytochemistry and immunohistochemistry of tissues. A, E, |, and M. The H&E staining displayed a continual and intact serosa in all
the tissues confirmed that BAC + IM did not affect the structural integrity of the outer layer; PBS-treated tissue displayed robust expression of B, plll-tub;
C, nNOS; and D, Ano1 indicated undamaged neurons and ICCs in the tissue. The BAC + IM-treated tissue showed ablation of F, functional neurons
including G, nNOS and H, ICCs by poor expression to respective antibodies. J, The conjunction expression of CFP (in inset) with Blll-tub (in red) confirmed
survival, differentiation, and innervation of injected NPCs in BAC + IM-treated tissues, the arrowhead represented undifferentiated circular shaped

NPCs. K, The differentiated neurons displayed positive reactivity with nNOS neurons. L, The poor expression of Anol exhibited a limited self-regeneration
of ICCs. N, The concomitant expression of CFP (in inset) and lll-tub (in red) confirmed survival, differentiation, and innervation of injected NPCs with ICCs,
without any significant undifferentiated cells. O, Differentiated neurons displayed robust reactivity with nNOS. P, The concomitant expression of GFP

(in inset) and Ano1 (in Cyan) confirmed survival and differentiation of injected ICCs with NPCs, the arrowhead represented fusiform cell orientation of
ICCs. Scale bar 100 pm. BAC, benzalkonium chloride; CFP, cyan fluorescent protein; GFP, green fluorescent protein; ICC, interstitial cells of Cajal; IM,
imatinib mesylate; nNOS, neuronal nitric oxide synthase; NPC, neural progenitor cell; PBS, phosphate-buffered saline
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3.4.2 | Biological characterization 3.4.3 | Physiological functional characterization

The denervation and reinnervation were quantitatively analyzed The characteristic spontaneous basal tone generated by PBS-

using qPCR, where specific protein expressions for neuronal cells treated tissues (force: 298 + 129 uN; area under the curve [AUC]:

(p75NTR, Blll-tub) and ICCs (ANO1) were evaluated. Compared with 186545 + 3586) was reduced to an average minimum of
the PBS-treated group (Blll-tub: 24.5+0.31; and ANO1: 28.3 (force: —66 +4.4uN; AUC: -16 551+ 57) after treatment of
+ 0.38), BAC + IM treatment exhibited a decrease in protein expres- TMEM16A (ICC-specific calcium-activated chloride channel
sion of Blll-tub (4.7 + 0.24) and ANO1: (8.9 + 0.35). It was a signifi- blocker). The basal tone in BAC + IM-treated tissues (force: 163.3
cant reduction in both Blll-tub (83%; P = .0012; n = 3) and ANO1 + 53 uN; AUC: 105368 + 4135; P = .0007; n = 3) was significantly
(67%; P = .0024; n = 3) compared with PBS-treated tissues low and did not exhibit any effect on TMEM16A treatment

(Figure 3A). (Table 1).
(A)  Tubulin plll and Ano1 Expressions (B)_  nNOS and ChAT Expressions
c 40 after Cell Therapy = 20 after Cell Therapy
<] 2
2 2
g 30 9'03
S s
o 20 i)
2 2
§ 10 =
& &
Tubulinglll Ano1 nNOS ChAT
I PBS Il BAC+IM 3 NPCs Inj. @ NPCs+ICCs Inj.
(C) 600y . KClinducedresponse ~ (E) .0~ Ach-induced response (G) EFS-induced response
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T N NPCs Inj.
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FIGURE 3 Restoration of functionality. A, Effects of cell injection on protein expression of plll-tub and ANO1. The BAC + IM treatment
resulted in significant loss of lll-tub expression, the NPC + ICC-injected and NPC-injected tissues displayed significant improvement (P = .0004).
NPC and ICC group expression of ANO1 showed improvement over the BAC + IM-treated tissue. Values shown as mean + SEM (n = 3). B, The
specific neural differentiation toward nNOS and ChAT expressions were also increased after cell injection. C and D, Summary of KCl-induced
contractions suggest mild, nonsignificant differences in smooth muscle functionality in BAC + IM-treated, and cell-injected tissues, when
compared with the PBS-treated tissue. E and F, Summary of ACh-induced contractions suggested significant differences in cholinergic responses
among groups. Comparing ACh-induced contractions of PBS-treated tissue, the BAC + IM-treated tissue displayed loss of contraction (49.4%),
whereas the NPC-injected group (P = .002; n = 3) and NPC + ICC-injected group (P = .001; n = 3) exhibited significant restoration of contraction.
Pretreatment with tetrodotoxin (TTX, an inhibitor of voltage-gated Na + nerve channels) caused a decrease in ACh-induced contractile force in all
groups except BAC + IM-treated tissue remained unaffected. Pretreatment with TMEM16A (T16, an ICC-specific calcium-activated chloride
channel blocker) diminished contraction in the NPC + ICC-injected group (comparable to PBS-treated tissue) confirmed restoration of
ICC-mediated contractions. G and H, Upon electrical field stimulation (EFS), rapid relaxation occurred in the PBS-treated tissues, NPC

+ ICC-injected tissues, and the NPC-injected tissues. EFS led to statistically significant relaxation in NPC + ICC-injected tissue (P = .001; n = 3)
and NPC-injected tissue (P = .003; n = 3) compared with the PBS-treated tissue. The pretreatment of L-NAME (nNOS-specific blocker) led to
diminished relaxation in the aforementioned groups, thus indicating the presence of functional nitrergic neurons. The summary graph of the force
maximum of the area under the curve depicted in the bar graph. KCI, ACh, and EFS were directly applied to the organ bath at the dotted line.
Values are shown as mean + SEM. Each parameter value was obtained following a triplicate experiment with three independent tissue samples.

* Values indicated P < .05 with BAC + IM treatment; **with NPC-injected treatment after BAC + IM treatment. ACh, acetylcholine;

BAC, benzalkonium chloride; ChAT, choline acetyltransferase; ICC, interstitial cells of Cajal; IM, imatinib mesylate; L-NAME, N, -nitro-L-arginine
methyl ester hydrochloride; nNOS, neuronal nitric oxide synthase; NPC, neural progenitor cell; PBS, phosphate-buffered saline
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Summary of physiological functional response in all groups

TABLE 1

ACh TTX-ACh T16-ACh EFS L.-NAME-EFS T16-Tone

KCI

PBS-treated (n = 3)

-95+5
-16 551 + 57

-160 + 11
—64 453 + 2065

-360 + 12
—-144 711 + 250

247 £ 9
144 445 + 2571

190+ 6
113 561 + 668

350+ 6
186 016 + 363

3575
255 849 + 1009

Force + SE

AUC + SE
BAC + IM-treated (n

=3)

-10+5
—-4891 + 1415.8

-81.6+6
—32454.3 +8494.1

-90+6
—-35511.6 + 9652.8

143.3+3.3
110 047 + 4442.1

153.3+3.3
101 694.3 + 1404.3

173+7
116 354.6 + 3035

300+ 11.5
195 874.3 £ 7283.6

Force + SE

AUC * SE
ICC + NPC-injected (n

3)

-100+5
—13 674.5 £ 2946.5

-110+ 6
—57 544 + 9740

-300+6
—137 755.5 £ 6457.5

221+5
133 677 £ 5750

180+ 6
110982 + 1477

290+ 6
177 393 + 8833

3369
239 703.5 + 15 205.5

Force + SE

AUC + SE
NPC-injected (n = 5)

-30+10
5410.0 + 1204

-90 + 10
-53122.0 + 3987

—260 + 20
—129 427.0 + 5623

240 + 20
140 983 + 4567

150 + 15
105 046.0 + 1350

250 + 20
159 689.0 + 5431

350 + 10
239 351.0 + 5354

Force + SE
AUC £ SE

Abbreviations: ACh, acetylcholine; AUC, area under the curve; BAC, benzalkonium chloride; EFS, electrical field stimulation; ICC, interstitial cell of Cajal; IM, imatinib mesylate; L-NAME, N, -nitro-L-arginine

methyl ester hydrochloride; NPC, neural progenitor cell; PBS, phosphate-buffered saline; SE, standard error; TTX, tetrodotoxin.
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The treatment of potassium chloride (KCl, 60 mM) induced
myogenic contraction primarily through depolarization of mem-
brane'® and confirmed the integrity and functionality of muscles.
The PBS-treated tissue (force: 357 £5; AUC: 255849 + 1009;
n = 5) and BAC + IM-treated tissue (force: 336+ 9; AUC:
222541 + 6315; n =
The results indicating that BAC + IM treatment did not affect
SMCs functionality (Figure 3C,D) and preserved the calcium

5) produced a robust and rapid contraction.

channels.

The neuron-mediated contraction was evaluated using ACh (1 uM).
The PBS-treated tissues displayed strong contraction (force: 350 + 8;
AUC: 186016 + 363; n = 5), which was reduced significantly (force: 190
+6; AUC: 113561 + 668) on pretreatment potent neurotoxin TTX
(40 pM). The ACh-induced contraction in BAC + IM-treated tissues
(force: 173 £ 7 uN; AUC: 116354.6 + 3035) was unaffected by TTX pre-
treatment (force: 153 + 3 pN; AUC: 101694 + 1404; P = .0002; n = 3).
ACh-induced response generated through muscarinic receptors, which
are present on both SMCs (M2R and M3R) and neurons (M1R).*¢ The
BAC + IM-treated tissues, resulted in significantly low (P = .0007; n = 3)
contraction compared with PBS-treated tissues, and remained unaffected
with TTX, validated the depletion of the neuronal population. Further-
more, this contraction was not affected by TTX validated the absence of
neuronal population in the BAC + IM-treated tissues (Figure 3E,F).
ACh-induced contraction was further evaluated with pretreatment of
TMEM16A. The objective of this analysis was to evaluate the neuron-
induced contraction mediated through ICCs. The PBS-treated tissues dis-
played an average maximum force of 247 + 9 uN (AUC: 144445 + 2571),
which was remarkably (P = .0016; n = 3), low compared with ACh treat-
ment due to ICC inactivity. This type of trend was absent after BAC + IM
treatment, where tissues displayed 143 + 3 uN (AUC: 110047 + 4442),
confirming depletion both of neurons and ICCs (Table 1).

EFS (5 Hz, 0.5 milliseconds) was used to evaluate neuron-evoked
relaxation. EFS-induced excitation causes rapid and robust relaxation in
PBS-treated tissues (force: —360 + 12 uN; AUC: -144 610 + 397;
n = 3). The BAC + IM-treated tissue experienced a limited to nonexistent
relaxation response in terms of force as well as magnitude (force: —90
+ 6 pN AUC: —35 511 + 9652; n = 3; P = .0017) (Figure 3G,H). To con-
firm nNOS neurons, the tissues were pretreated with .-NAME (nNOS-
inhibitor) prior to EFS stimulation. .-NAME treatment led to a significant
decrease (green trace) in relaxation magnitude for PBS-treated tissues
(force: —160 + 11; AUC: —64 453 + 2065), whereas BAC + IM-treated
tissues were unaffected (Table 1). These results further confirmed inac-

tivity and loss of neurons in the BAC + IM-treated tissues.

3.5 | Cell delivery and restoration of functionality

The PBS-treated tissue was kept as native tissue. The BAC + IM-treated
tissues were divided into three groups. First group received 2 million
NPCs/cm? in normal saline; second group received 2 million NPCs/cm?®
with 1 million ICCs/cm® in normal saline. The third group of tissues kept
as diseased control, and only normal saline was injected. The injected

cell population was optimized based on our previous studies.*?2°
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3.5.1 | Microscopic characterization

The immunohistochemical analysis displayed that injected fluorescent
transduced cells survived, integrated, differentiated, and innervated at
the site of injection without any migration. The fluorescent-tagged
injected cells were visible at submucosal and muscular layers. The
injected CFP-transduced NPCs (Figure 2J,N inset) stained positive
against plll-tub and confirmed differentiation into functional neurons
in all cell-injected tissues (Figure 2J,N). The cell-delivered tissues dis-
played differentiation of NPCs and formation of reticulated neural
population. The semi-quantitative histomorphometry analysis con-
firmed that 50% of neuronal network repopulated compared with
BAC + IM-treated tissues.

The tissues injected with NPCs + ICCs exhibited higher diff-
erentiation compared with the tissues delivered with NPCs only. The
pylorus tissues injected with NPCs without ICCs displayed
undifferentiated circular shaped NPCs (arrowhead in Figure 2J) along
with differentiated neural network. The histomorphometry analysis of
images (three different tissues, three images of each tissue) of tissues
concluded that coinjection of ICCs helped in NPCs differentiation and
resulted in 38% * 3% higher expression of fllI-tub.

A similar trend was evident in staining with a specific marker of
nNOS. The sections of coinjected (NPCs + ICCs) tissues (Figure 20)
displayed significantly higher (P = .0312) nNOS expression compared
with NPCs only (Figure 2K). The histomorphometry analysis of images
confirmed 40% higher expression of nNOS in NPCs +ICCs co-
injected tissues groups.

The concomitant expression of GFP and ANO1 in the cells deliv-
ered tissues, confirmed the survival and integration of ICCs in pylorus
(Figure 2P). The NPCs + ICCs injected tissues displayed small fusiform
cell orientation of ICCs (arrowhead in Figure 2P), which was absent in
BAC + IM-treated tissues (Figure 2H) and NPC-injected tissues
(Figure 2L).

3.5.2 | Biological characterization

After cell delivery, the ICC-injected tissues displayed significantly
(34.4 £ 4.1%) upregulation in ANO1 (18.94 + 0.5;
P = .0004; n = 3) compared with the native expression of BAC +
IM-treated tissues (8.9 + 0.35) (Figure 3A).

Compared with denervated tissues, the plll-tub expression was
improved by 39.91% +2.5% after NPC delivery (14.53 £0.3;
P =.0004; n = 3) and 61% + 3.4% after the dual cell delivery (19.73
+0.22; P = .0004; n = 3) (Figure 3A). These results validated with
p75NTR expression (undifferentiated NPCs), where the dual cells deliv-

expression

ered tissues exhibited 35% higher neuronal differentiation compared
NPCs only. The specific expression for nNOS in dual cell-injected tis-
sues and NPC-injected tissues was 6.9 + 0.33 and 4.6 + 0.4, respec-
tively (Figure 3B). These expressions confirmed restoration of ~50%
nNOS population of the denervated tissues. The ChAT expression in
dual cell-injected tissues and NPC-injected tissues was 7.55 + 0.24
and 5.7 + 0.28, respectively (Figure 3B).

3.5.3 | Physiological functional characterization
Physiological functional analysis was critical to determine the success-

ful integration of delivered cells into the tissues (Table 1).

Basal tone

The dual cell-injected tissues exhibited the restoration of basal tone
(force: 248.3 + 27 uN; AUC: 155683 + 9865). Similar to PBS-treated tis-
sues, the treatment of TMEM16A reduced the basal tone (force: —100
+5uN; AUC: —13 674 + 2946) in dual cell-injected tissues, confirmed
the restoration of ICCs functionality in the dual cell-injected tissues.

Electromechanical coupling integrity

The treatment with potassium chloride (KCIl, 60 mM) induces myo-
genic contraction primarily through depolarization of membrane!® and
confirms the integrity and functionality of muscle. The NPC + ICC-
injected tissues (force: 336 + 9; AUC: 239703.5 + 15 205; n = 3) and
NPC-injected tissues (force: 350 + 10; AUC: 239351 + 5354; n = 3)
produced a robust and rapid contraction, which was similar to the
PBS-treated tissue (force: 357 = 5; AUC: 255849 + 1009; n = 5) and
BAC + IM-treated tissue (force: 336 +9; AUC: 222541 + 6315;
n = 5). The results indicating that chemical treatment did not affect

SMC functionality and preserved the calcium channels (Figure 3C,D).

Cholinergic response
After cell delivery, ACh induced a remarkable contraction response in
both the NPC-injected group (force: 250 + 20; AUC: 171689 + 5431,
n = 3), and the NPC + ICC-injected group (force: 290 + 6; AUC:
177393 + 8833; n = 3). Compared with native PBS-treated pylorus,
there was 71% (P = .002) and 82% (P = .001) restoration of contraction
in NPC-injected tissues and NPC + ICC-injected tissues, respectively.
This reinstatement of contraction confirmed the differentiation of NPCs
to functional neurons. The ACh-induced contraction following TTX pre-
treatment was significantly attenuated (red trace) in both NPCs deliv-
ered tissues (force: 250 + 20; AUC: 159689 + 5431; P = .0013; n = 3)
and NPC + ICC-injected tissues (force: 290 + 6; AUC: 177393 + 8833;
P =.0011; n = 3). This trend was similar yet lower to PBS-treated tis-
sues (Figure 3E,F). It indicated that the contractile response in these tis-
sues was mediated through both myogenic and neurogenic component.
The neuron-induced ICC-mediated contractions were studied
with pretreatment with TMEM16A. The dual cell-injected group
(force: 221 + 5 uN; AUC: 133677 + 5750) were similar to PBS-treated
tissues (force: 247 + 9 uN; AUC: 144445 + 2571) owing to restoration
of ICCs. This indicates that these tissues had ICCs mediating
ACh-stimulated neuromuscular contractions, was absent in BAC +
IM-treated tissues (force: 143 + 3 uN; AUC: 110047 + 4442; P = .0016;
n = 3), or NPC-only injected tissues (force: 240 + 20 uN; AUC: 150983
+ 4567; P = .0016; n = 3) (Figure 3F).

Neuron evoked relaxation

After cell injection, both the treated groups restored the relaxation
response. The average maximum force generated by NPC + ICC-injected
tissues (force: —300 + 6; AUC: —137 755 + 6457) was higher, but
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AUC was not significantly different (P = .0011; n = 3) compared with
NPC-injected tissues (force —260 + 20; AUC: —129 427 + 5623).
Compared with native PBS-treated pylorus, there was 83%,
(P =.001; n =3),and 72% (P = .003; n = 3) reinstatement of relaxa-
tion in NPC + ICC-injected tissues and NPC-injected tissues, respec-
tively. The EFS-induced relaxation in tissues is primarily through
NO-mediated pathways (28). These results validated regeneration of
relaxing nNOS expressing neurons in the cell-injected groups
(Figure 3G,H).

To confirm nNOS neurons, the tissues were pretreated with
L-NAME (nNQOS-inhibitor) prior to EFS stimulation. .L-NAME treatment
led to a significant decrease (green trace) in relaxation magnitude for
the NPC + ICC-injected group (force: —110 * 6; AUC: —57 544 + 9740)
and NPC-injected group (force: —90+ 10; AUC: -53 122 + 3987)
(Table 1). This attenuation of relaxation indicated the presence of
functional nitrergic neurons. It confirmed that injected NPCs in all the
cell-delivered groups differentiated to functional nitrergic neurons and
functionally integrated with muscles.

4 | DISCUSSION

Normal pyloric motility depends on the coordinated activity of intrin-
sic and extrinsic neurons, SMCs, and ICCs.2! The pylorus plays an
important role in the gastric emptying process, the opening of the
pylorus varies due to a modulation of the tonic activity of cells. There-
fore, any irregularities affecting this coordinated process may give rise
to abnormalities that differ according to the degree of damage. Deple-
tion or dysfunction of one type of cells or different types of cells may
result in pylorus dysmotility that contributes to delayed gastric empty-
ing or gastroparesis. The simultaneous loss of both neurons and ICCs
is almost universal in dysfunctionality and dysmotility of pylorus such
as gastroparesis.®2?

The benefits of conventional treatment (medication and implanta-
tion of devices/inert materials) are temporary and provide symptomatic
relief to most of the patients, whereas the surgical procedures (endo-
scopic myotomy) destroys the sphincter tone, and results are
unpredictable as patients may develop rapid gastric emptying and
dumping syndrome. Therefore, alternative approaches to pyloric thera-
pies are needed. Regenerative medicine approach offers cellular
replenishment by direct cell delivery. Human enteric NPCs were differ-
entiated into neurons and glia after injection into aganglionic gut
explants.?? CNS-derived neural stem cells survived and differentiated
into nNOS neurons after transplantations into the pylorus of mice.?®
Human embryonic or postnatal neurospheres like cells developed
ganglia- like structures and enteric neurons after injection into
aganglionic recipient guts of chick embryos.2® The current cell therapy
studies typically based on transplantation of neural stem cells or embry-
onic neural crest cells and not on adult enteric NPCs. Additionally, the
network of ICCs is responsible for intrinsic pacemaker activity and also
a critical intermediate between nerves and SMCs in organizing peristal-
sis and coordinate gastrointestinal motility.X” Therefore, we developed

a hypothesis that the simultaneous injection of ICCs and adult enteric
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NPCs cells could potentially improve survival of the cells as well as
enhance the restoration of function to the diseased area.

In this objective, both ICCs and NPCs were isolated and demon-
strated the appropriate morphology with genetic expression of the
respective cell types. The dedifferentiation or loss of multipotent poten-
tial of NPCs in culture is challenging.*>*> We demonstrated continual
multipotent characteristics of our cultured NPCs as neurospheres. Sub-
sequently, high-efficacy fluorescent tagging of the cultured cells was
observed. These fluorescent protein-expressing cells were used for cell
tracking studies after transplantation into the experimental tissues.

Previous studies on gastroparesis typically mimic the dysfunctionality
through the application of BAC, which produces aganglionic conditions.
But, neuropathy by itself does not constitute the typical situation encoun-
tered by gastroparesis patients. Gastroparesis is more accurately repre-
sented by the loss of both neurons and ICCs. It has found that BAC does
not entirely obliterate ICC networks. To improve the accuracy of the
ex vivo gastroparesis tissue model, BAC with IM were utilized during the
chemical ablation of cells. Treatment of tissues with chemicals did not
affect the structural integrity of the pyloric tissue nor damaged the
smooth muscle, as demonstrated by H&E staining and KCl-induced con-
tractions, respectively. Combined chemical treatment leads to the degra-
dation of both neurons and ICCs.

This is the first report of co-delivery of ICCs and adult enteric
NPCs in denervated dysfunctional pylorus tissues. In the present study,
the immunoreactivity with neural differentiation marker in the co-
injected group was 38% + 3% higher compared with tissues delivered
only NPCs without ICCs. It was further confirmed in qPCR studies,
where injection of both cell types exhibited elevated expression of plll-
tub as a surrogate marker of neuron integration. This is consistent with
other research which suggests that NPC and ICC co-transplantation
promotes neuronal differentiation in aganglionic colon.!” The extracel-
lular matrix is vital for survival, colonization, migration, and replenish-
ment of delivered neural stem cell in an aganglionated bowl. It has been
reported that nonneuronal elements of an aganglionic region prevent
the colonization and differentiation of neural crest cells.?*%> Therefore,
the presence of ICCs was critical for higher survival and differentiation
of delivered NPCs. Compared with the delivery of enteric NPCs, the
coinjection of duodenum-derived ICCs promoted differentiation of
delivered NPCs in the denervated pylorus. These results indicated that
the combination of ICCs to NPCs enhanced the efficacy of neuronal
differentiation in an ex vivo denervated pylorus.

In the context of functionality, the contractile response to
agonist-induced contraction and EFS-induced relaxation after cell
delivery was successfully evoked and confirmed that the differenti-
ated neurons were physiologically active and reinstated the function-
ality. The formation of synaptic connections between injected neural
cells and native tissue was detected through diminished response to
ACh upon inhibition of neurons in both cell-injected groups. However,
ICC mediation of neurotransmission was demonstrated through
decreased ACh-induced contraction through inhibition of ICCs in
NPC + ICC-injected tissues. Relaxation was induced by blocking
TMEM16A, confirmed the role of survival and functionality of ICCs in

tissue tone.*®
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The importance of ICCs during functional development of ENS is
yet to be proven. An in vitro study confirmed augmented differentia-
tion of neural epithelial stem cells and intimate synapses with ICCs
in rat aganglionic colon.?® Recent reports suggested that the
ENS-induced contractility is mediated through 1CCs.?” The higher
force generation during ACh treatment compared with the
pretreatment of TMEM16A inhibitor in dual cell-delivered tissues was
consistent with the reported studies. These results indicated that
neuronal evoked contractility is mediated through three different
ways: (a) neuromodulator via muscle, (b) ICCs, and (c) neuronal inter-
action, compared with the classical synaptic neurotransmitter. The
specific synapse formation between delivered NPCs and muscles or
NPCs-ICCs needs to be investigated in detail.

The results of this study acknowledged as a short-term study due
to the possibility of attrition of ex vivo tissues over longer period. But,
the results can be useful to address neuromuscular dysfunctional dis-
eases like gastroparesis in humans due to similarity in disease condi-
tion. The use of BAC +IM treatment model of neuromuscular
dysfunctional pylorus as well as to the potential cell therapy efficacy
can help pave the way toward a future treatment. In order to move
this research toward translation to patient care, the next step would
be to investigate NPCs and ICCs combination cell therapy on
gastroparesis in vivo. In this endeavor, there are several challenges to
overcome such as standardization of personalized cellular dosages,
uniform distribution, and orientation of cells after injection, bio-
distribution, host cell integration, and long-term safety, without
adverse effect such as fibrosis and tumorigenicity.

In summary, an ICC- and NPC-depleted ex vivo neuromuscular
dysfunctional pylorus model was developed. The study demonstrated
that simultaneous delivery of ICCs and NPCs could be used as an
effective method to promote survival, differentiation, and integration
of NPCs in a denervated and dysfunctional pylorus. The resulted rein-
statement and restoration of functionality would be critical in the
treatment of pylorus dysfunctionality. This preliminary study with
the ex vivo diseased model proposed the next level of cell therapy for
the treatment of gastroparesis.
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