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Abstract: Millions of patients worldwide suffer from gastrointestinal (GI) motility disorders such
as gastroparesis. These disorders typically include debilitating symptoms, such as chronic nausea
and vomiting. As no cures are currently available, clinical care is limited to symptom management,
while the underlying causes of impaired GI motility remain unaddressed. The efficient movement
of contents through the GI tract is facilitated by peristalsis. These rhythmic slow waves of GI
muscle contraction are mediated by several cell types, including smooth muscle cells, enteric neurons,
telocytes, and specialised gut pacemaker cells called interstitial cells of Cajal (ICC). As ICC dysfunction
or loss has been implicated in several GI motility disorders, ICC represent a potentially valuable
therapeutic target. Due to their availability, murine ICC have been extensively studied at the molecular
level using both normal and diseased GI tissue. In contrast, relatively little is known about the biology
of human ICC or their involvement in GI disease pathogenesis. Here, we demonstrate human gastric
tissue as a source of primary human cells with ICC phenotype. Further characterisation of these cells
will provide new insights into human GI biology, with the potential for developing novel therapies to
address the fundamental causes of GI dysmotility.
Keywords: gastrointestinal motility; peristalsis; interstitial cells of Cajal; ICC; molecular
characterisation; bioinformatics; mouse; human; pluripotent stem cells.

1. Introduction
Gastrointestinal (GI) motility disorders can occur throughout the length of the gut—from the
oesophagus to the colon. Accordingly, GI motility disorders can present with a range of chronic
symptoms, including nausea and vomiting, that greatly affect a patient’s quality of life [1]. Difficulties
in obtaining large amounts of human GI tissue for research have limited our understanding of GI
motility. Currently, there are no cures for GI motility disorders, and symptom management primarily
relies on lifestyle changes and medications.
The GI tract is an essential system for the digestion of food, absorption of nutrients and release of
waste. These processes occur in different segments of the GI tract, requiring the movement of content
between segments. This movement is facilitated by active and passive peristalsis—coordinated slow
waves of muscle contraction and relaxation [2,3]. Cells responsible for GI motility involve smooth
muscle cells, enteric neurons, and interstitial cells, including telocytes and interstitial cells of Cajal
(ICC). A range of studies suggest that ICC act as specialised GI pacemaker cells [4,5]. For example,
abnormalities in ICC numbers and structure have been associated with several GI motility disorders
such as gastroparesis [6,7]. While ICC are recognised as essential for normal GI motility, the fundamental
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molecular biology of human ICC in normal or diseased GI function is yet to be fully defined. As a
consequence, the development of novel therapies for GI motility disorders has been restricted.
In this review, we discuss the differences known between human and mouse ICC and present data
demonstrating enrichment of human ICC-like cells from primary gastric tissue. We also examine gaps
in the current understanding of human ICC—their sources, molecular characterisation, and potential
involvement in GI disorders and therapy—in order to propose a framework for better understanding
the biology of human ICC in GI motility.
2. Anatomical Locations of ICC
Originally described as ‘primitive neurons’ by Santiago Ramón y Cajal [8], ICC have since been
shown to be mesenchymal-derived cells. ICC are primarily located within the muscle layer of the GI
tract, and while they are somewhat morphologically heterogeneous [9], they are typically characterised
by elongated cell bodies with several cell processes. Various studies have noted similarities between
ICC and smooth muscle cells, as they share common ultrastructural features including caveolae
and a basal lamina [10–13]. An abundance of mitochondria has also been observed within ICC
close to the endoplasmic reticulum (ER) and plasma membrane. This led to the suggestion that the
mitochondria form part of the pacemaker system within ICC to provide energy for regulating ICC
membrane potential [14]. Close associations between adjacent ICC as well as with other GI cells
also support the hypothesis that ICC may regulate GI motility. ICC interactions with neighbouring
ICC, with smooth muscle cells (via gap junctions), and with enteric neurons (via nerve varicosities)
have been described throughout the GI tract within mice and humans [12,15–20]. An additional gut
cell type—previously called telocytes and now referred to as platelet-derived growth factor receptor
alpha-positive (PDGFRα+ ) cells—has also been observed in close proximity to ICC (reviewed in [21,22]).
These PDGFRα+ cells are morphologically similar to ICC and were initially referred to as ‘ICC-like
cells’. Although PDGFRα+ cells are considered to be distinct from ICC, the relationship between ICC
and PDGFRα+ cells, as well as their role in GI motility, are yet to be fully investigated.
ICC Subtypes
In the 1990s, a cell surface receptor tyrosine kinase—KIT (also known as KIT proto-oncogene,
c-KIT and CD117)—was identified as an ICC marker in the GI tract [23]. This discovery was instrumental
in enabling detailed study of ICC throughout the GI tract [24–28]. It has since been shown that KIT
signalling (via stem cell factor; SCF) is necessary for the development and maintenance of mature
functional ICC, and that ICC are required for the initiation of electrical activity in the GI tract [29–31].
However, KIT is not exclusively expressed on ICC. Other, non-ICC cell types, such as macrophages
and mast cells, also express high levels of KIT [25,27,32]. This has led to a search for additional ICC
markers, and more recently, anoctamin 1 (ANO1)—a calcium-activated chloride channel—has been
validated as a more selective ICC marker in the GI tract [32]. Moreover, ANO1 has been shown to be
required for generating slow-wave activity in GI muscles [33,34].
ICC can also be categorised into subtypes based on their varying locations, morphology, functions,
and cell-specific markers within the GI tract—with more molecular details understood for mouse ICC,
as shown in Table 1 and reviewed by Komuro et al. [9,35]. For example:
•

•

Myenteric ICC (ICC-MY) are located surrounding the circumference of the myenteric plexus.
They are multipolar cells with branched processes that form a network around the myenteric
plexus. ICC-MY have been suggested to be the primary pacemaker cells of the stomach and small
intestine muscles, involved in generating and propagating slow-wave activity through smooth
muscle cells [4].
Intramuscular ICC (ICC-IM) are found within the circular and longitudinal muscle. They are
bipolar or spindle-shaped cells that align with the long axis of surrounding smooth muscle cells.
ICC-IM play a key role in mediating enteric neurotransmission [36].
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ICC of the deep myenteric plexus (ICC-DMP) are found exclusively in the small intestine. They are
multipolar cells that are closely associated with nerve bundles of the DMP. Similar to ICC-IM,
ICC-DMP also mediate enteric neurotransmission [36]. Neurokinin-1 receptor (NK1R) has been
used as a marker to identify and isolate murine Kit+ ICC-DMP [28].
Other ICC subtypes have been described, including submucosal ICC (ICC-SM; located at the
interface between the submucosa and circular muscle of the stomach), subserosal ICC (ICC-SS;
found between the serosa and longitudinal muscle of small intestine and colon) and septal ICC
(ICC-SEP; located between and surrounding muscle bundles, particularly in larger animals like
humans). ICC-SEP have also been implicated in propagating pacemaker activity into muscle
bundles of the human jejunum [45]. More recently, a small stem cell-like population of ‘ICC
progenitors’ were defined as ‘Kitlow CD44+ CD34+ Insr+ Igf1r+ ’ within the mouse stomach [38].
Table 1. Key molecular characterisation studies using interstitial cells of Cajal (ICC) isolated from
murine GI tissue.
Ref(s) 1

Source

Purification
Method

[26]

Small intestinal
cultures and tissue

Collected Kit+ cells
through
micro-pipette

[25]

[27,37]

[28]

Small intestinal
cultures and tissue

MACS-purified
Kit+ ICC

Small intestinal
and gastric tissue

MACS- and/or
FACS-purified Kit+
ICC

Small intestinal
tissue

FACS-purified
substance P+ Kit+
ICC-DMP

Downstream
Technique(s)

Major Finding(s)
•

Cultured ICC expressed
smooth muscle myosin
mRNA, while freshly
isolated ICC did not

•

Better purification of Kit+
ICC from
primary cultures
Retained pacemaker
activity after re-culturing

RT-PCR

Flow cytometry
Rhod-2 (calcium) and
TMRM imaging

•
•

FACS was the most
effective method for
purifying freshly isolated
Kit+ ICC depleted of
contaminating cells

•

Selectively identified
ICC-DMP as fluorescent
substance-P-internalising
Kit+ cells within tissue
and cell suspension
Purified ICC-DMP
expressed Kit and Tacr1
(encodes NK1R)

Flow cytometry
RT-PCR

Immunofluorescence
RT-PCR
•

•
Kit+

[24]

Small intestinal
tissue

FACS-purified
ICC-MY and
substance P+ Kit+
ICC-DMP

RT-PCR
Microarray

•

•

[38]

Gastric tissue

FACS-purified Kit+
ICC

•
Flow cytometry
•

First to show Ano1 as a
highly expressed gene
in ICC
Verified ICC-MY as
pacemakers and
ICC-DMP as mediators
of neurotransmission
Identified
Kitlow CD44+ CD34+
Insr+ Igf1r+ as
‘ICC progenitors’
Expanded and matured
into ICC with SCF and
IGF-1 in vitro
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Table 1. Cont.
Ref(s) 1

Source

Purification
Method

Downstream
Technique(s)

[39]

Small intestinal
tissue
(Kit+/copGFP )

FACS-purified
GFP+ cells

RT-PCR

[40]

Small intestinal
and colon tissue
(Kit+/copGFP )

FACS-purified
GFP+ ICC

RNA-sequencing
(RNA-seq)

[41,42]

Small intestinal
cultures

Identified single
Kit+ ICC

Whole-cell patch
clamping

[43]

Small intestinal
tissue

Identified single
Kit+ ICC

Whole-cell patch
clamping

[34,44]

Small intestinal
tissue
(Kit+/copGFP )

Identified single
GFP+ ICC

Whole-cell patch
clamping

Major Finding(s)
•
•
•

1

•

First to develop a
GFP-labelled ICC model
Verified isolated GFP+
cells as ICC
First ICC
RNA-seq datasets
Identified potentially
novel ICC-specific
markers e.g., Thbs4
and Hcn4

•

Exhibited rhythmic
activity in ICC similar to
intact muscle

•

Observed large inward
currents in ICC
following depolarisation

•

Pacemaker activity in
ICC may be regulated by
intracellular Ca2+ via
Ano1 channels

References are representative examples of key literature in the field and thus are not a comprehensive listing.

3. Potential Sources of ICC
Together with their dispersed anatomical locations, the relatively small numbers of ICC within
the gut has made investigating ICC biology highly challenging. As a result, a number of ICC sources
have been investigated, each with its own advantages and disadvantages.
3.1. Murine GI Tissue
Murine GI tissues have been widely utilised as both in vitro and in vivo sources of ICC.
Early research observed Kit+ cells within primary GI cultures, although these studies were limited as the
cells began to lose Kit immunoreactivity and tended to trans-differentiate into a smooth muscle cell-like
phenotype [25,26]. Nonetheless, this approach has been used to demonstrate that immuno-labelling
with anti-Kit and anti-Ano1 antibodies have consistently identified ICC throughout gastric (stomach),
small intestine and colon tissue [25,27,28,32,46]. Furthermore, several mouse models have been
established to study ICC under normal and abnormal motility conditions. Ro et al. [39] were the
first group to develop a transgenic model of GFP-labelled ICC (Kit+/copGFP ). These mice have been
extensively used to investigate the molecular and functional phenotypes of healthy ICC in the gut.
Loss-of-function mutations within the Kit or Scf locus (e.g., W/Wv , Sl/Sld and W(jic)/W(jic)) have been
used to study the absence of certain types of ICC throughout the GI muscle, showing phenotypes
including disrupted pacemaker activity [23,47,48]. Mice with complete or conditional Ano1-knockouts
have shown loss of Ano1 immunoreactivity but continued development of Kit+ ICC networks, albeit
with reduced slow-wave activity [33,49,50]. Mouse models of ICC in GI diseases, including models of
diabetic gastroparesis [51] and surgical manipulations [52,53], have also been explored.
3.2. Human GI Tissue
Access to sufficient amounts of fresh normal and diseased human GI tissue for research has been
a major challenge. Such tissue is often restricted to small amounts obtained from patient biopsies.
In some cases, larger quantities of human GI tissue can be accessed from sleeve gastrectomy resections
or GI cancer surgeries. Various studies have histologically identified KIT+ and ANO1+ ICC within
gastric tissue from sleeve gastrectomy [32,54,55] and gastric cancer patients [56–58]. Similar studies
have also been performed on small intestinal tissue from gastric bypass patients [28,32,33,59,60]
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and colon tissue from colon cancer patients [32,54,61,62]. Despite ICC appearing to display normal
morphologies in these GI tissues, the sources of these tissues are not from healthy donors but are
representative of a specific population (e.g., obesity or cancer). Moreover, possible variations in clinical
characteristics among different patients have been noted. For example, Gomez-Pinilla et al. [54]
reported that reduced numbers and collective volumes of KIT+ ICC were associated with ageing in
both gastric and colon tissue. In other studies, similar ICC numbers were observed between obese
and non-obese individuals [63], but increased KIT and ANO1 expression were found in gastric muscle
biopsies of obese subjects [64].
3.3. Bioengineered GI Tissue
While ICC from primary GI tissues can be harvested and cultured in vitro, loss of cell/tissue
phenotype and function typically occurs [25,26,34,41]. Given the potential advantages of maintaining
ICC and gut tissue in vitro for functional assessment and drug development, a number of attempts
have been made at bioengineering GI tissue. For example, a serum-free method to culture ‘intestinal
muscularis complexes’ using cells isolated from primary murine and human intestinal smooth muscle
has been described [65]. These primary cultures were maintained for up to 28 days and exhibited a
range of gut-like properties. This included spontaneous contractions and the presence of gut cell types
including Kit+ cells. To further maintain the functionality of ICC in vitro, STO (SIM, Sandos Inbred
Mouse) embryonic fibroblast feeder cells have been co-cultured with enriched murine Kit+ ICC (purified
from primary mouse intestinal smooth muscle cell mixture through the use of magnetic-activated cell
sorting and an anti-Kit antibody) [66]. Intriguingly, this model maintained contractility and contained
Kit+ Ano1+ cells for up to 14 days. Moreover, these observations were replicated when enriched Kit+
ICC were replaced with the primary intestinal smooth muscle cell mixture (containing Kit+ Ano1+
cells). While these bioengineered GI tissues represent an opportunity to harvest large quantities of ICC,
they are complex in vitro systems involving several cell types, and the degree to which they mimic
primary GI organs in vivo needs to be characterised in more detail.
More recently, advancements in pluripotent stem cell technology have led to the generation of
three-dimensional gut organoid units using a multi-stage differentiation protocol that attempts to
recapitulate elements of embryonic GI development in vitro. The resulting human gut organoids are
reported to be comprised of most gut cell layers, possess functions reminiscent of peristalsis, and display
the presence of KIT+ cells [67,68]. The potential of this pluripotent stem-cell-based approach, while yet
to be fully validated, has been extensively reviewed elsewhere [69,70].
4. ICC and Molecular Characteristics
Access to large numbers of ICC is essential for advancing our molecular understanding of
ICC biology. ICC characterisation studies have typically relied upon antibody-based purification
methods, namely magnetic-activated cell sorting (MACS) and fluorescence-activated cell sorting (FACS)
(reviewed in [70]). To date, FACS has proven to be the most effective approach for purifying Kit+
ICC from mouse GI tissue [24,27,28,37,39,40] or human GI tissue [55,61]. These isolated ICC have
been consistently validated through real-time polymerase chain reaction (RT-PCR) analysis of genes
considered to be ICC markers (e.g., Kit and Ano1).
4.1. Murine ICC
The isolation of sufficient numbers of purified murine ICC has led to fairly extensive
characterisation via transcriptomics and functional studies (Table 1). Whole transcriptomic expression
profiling—such as microarray and RNA-sequencing (RNA-seq)—is a powerful tool for investigating
the molecular mechanisms that underpin cellular functions and biological processes. Using microarraybased transcriptomics of FACS-purified small intestinal ICC-MY and ICC-DMP, Chen et al. [24] were
the first to show that Ano1 was a highly expressed gene in ICC. The differential gene expression
profiles this study revealed supported the idea of different functional properties of ICC-MY and
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ICC-DMP, i.e., as pacemakers and mediators of neurotransmission, respectively. More recently,
RNA-seq performed on populations of FACS-purified GFP+ ICC from the small intestine and colon of
Kit+/copGFP mice demonstrated a potential new set of ICC-specific genes [40]. For example, Thbs4 and
Hcn4 were identified as two new putative ICC markers. This same group compared their ICC datasets
with datasets from smooth muscle cells and Pdgfrα+ cells to generate a proposed ‘smooth muscle
transcriptome browser’ [71]. However, given that each transcriptional profile arose from pooled cell
populations obtained from 30–40 mice, the level of intra-sample heterogeneity of each gut cell type is
not known.
Numerous in vivo mouse studies have established a functional role for ICC as GI pacemakers and in
GI neurotransmission as reviewed by several authors [4,5,72]. Others have investigated the pacemaker
activity of isolated ICC, using electrophysiology and calcium imaging. Early electrophysiology studies
demonstrated spontaneous rhythmic activity in Kit+ cells within small intestinal cultures, showing
the activity of these cells to be similar to intact muscle [41,42]. When MACS-purified Kit+ cells from
primary small intestinal cultures were re-cultured, electrical pacemaker activity was retained [25].
However, it has been noted that some pacemaker mechanisms may have been lost within primary
ICC cultures (e.g., [34,41]). Issues relating to loss of ICC phenotype upon culture can, to some extent,
be circumvented by analysis of freshly isolated ICC. Goto et al. [43] identified large inward currents by
activating depolarisation in single Kit+ cells isolated from the small intestine, although identification of
characteristic ICC morphology amongst the Kit+ population (that potentially included hematopoietic
cells) was challenging. More recent studies made use of GFP+ ICC isolated from the small intestine
of Kit+/copGFP mice to more easily identify definitive ICC. Large inward currents were also observed
in these cells, and Ano1 was suggested to regulate their pacemaker activity [34]. Furthermore,
blocking ryanodine receptors (Ca2+ channels on the ER membrane) inhibited slow-wave activity [44].
Collectively, these functional studies on isolated ICC provide evidence that ICC pacemaker activity may
be generated by intracellular Ca2+ release from the ER within ICC, thereby activating Ano1 channels.
4.2. Human ICC
In contrast to our understanding of mouse ICC, the fundamentals of human ICC biology are only
emerging from recent studies (Table 2). This, in part, is attributed to the limited access to normal human
GI tissue and clinical variability from surgically resected tissue. To date, only one transcriptional
analysis of human ICC has been reported: a microarray analysis of gastric-derived, FACS-purified KIT+
human ICC [55]. Another study has reported morphological and histological analysis of FACS-purified
KIT+ ICC progenitors from human colonic cancer resections [61]. Both studies noted the small number
of isolated ICC—approximately 1000–10,000 cells per patient sample.
The limited, human-specific detail we have of ICC function has ramifications for the development
of new therapies for GI motility disorders. Electrophysiology and calcium imaging have shown similar
pacemaker activity in ICC-MY within human small intestinal muscle strips compared to the mouse
small intestine [59]. However, other aspects of human ICC biology do not appear to occur in mouse ICC.
For example, immunohistochemical identification of freshly isolated mouse ICC has been difficult as
the dissociation procedure affected the ability to visually identify ICC [43]. On the other hand, ICC were
easier to identify in freshly dissociated human jejunum, whereby ICC processes were preserved [60].
KIT mRNA was also detected in individual cells visually identified as ICC. Additionally, the sodium
channel, SCN5A, mRNA and a Na+ current were identified in these ICC that had electrophysiological,
pharmacological, and mechano-sensitive properties similar to human jejunum circular smooth muscle.
This Na+ current was essentially absent in mouse ICC, suggesting that SCN5A activity may represent
human-specific ICC biology. In a different study, fluorescent substance P (a ligand for NK1R) was used
to histologically identify ICC-DMP in murine and human small intestinal tissue [28]. While substance
P fluorescence was selectively found in Kit+ ICC-DMP of murine small intestine, a similar attempt to
label KIT+ ICC-DMP within human small intestine was found to be incomplete and non-exclusive as
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ICC-IM may have also been labelled. Taken together, these studies indicate a need to further develop
and optimise molecular techniques specific for the investigation of human ICC biology.
Table 2. Key molecular characterisation studies using interstitial cells of Cajal (ICC) isolated from
human GI tissue.
Purification
Method

Downstream
Technique(s)

Small intestinal
tissue
(gastric bypass)

Identified single
KIT+ ICC

Single-cell RT-PCR
Whole-cell patch
clamping

Small intestinal
tissue
(gastric bypass)

Identified ICC-MY
within muscle
strips 2

Electrophysiology
Calcium imaging

Ref(s) 1

Source

[60]

Major Finding(s)
•

[59]

Small intestinal
tissue
(gastric bypass)

Identified
Substance P+ KIT+
ICC-DMP

Immunofluorescence

[55]

Gastric tissue
(sleeve
gastrectomy)

FACS-purified
KIT+ ICC

Microarray

[61]

Colon tissue
(colon cancer)

FACS-purified
KIT+ ICC

Flow cytometry
Immunofluorescence

[28]

1
2

•

Individual isolated ICC
expressed KIT and
SCN5A
Identified Na+ current
within ICC

•

Observed pacemaker
mechanisms similar to
murine ICC

•

Substance P staining in
KIT+ ICC-DMP was
incomplete
and non-exclusive
Some ICC-IM may have
also been labelled

•

•

Validated isolated ICC by
gene expression profiling

•

Identified
Kitlow CD34+ Igf1r+ and
Kit+ CD34+ Igf1r+ ‘ICC
progenitors’ within
human colon

References are representative examples of key literature in the field and thus are not a comprehensive listing.
Note that experiments were conducted on myenteric interstitial cells of Cajal (ICC-MY) within intact tissue.

5. ICC and GI Disorders
By defining the biology of ICC within the normal GI tract, some important links have been
reported between ICC and GI disorders. Decreased or injured ICC have been documented in several
human GI motility disorders, such as ageing [54], diabetic gastroparesis [63,73], Hirschsprung’s
disease (HSCR) [74,75], and slow transit constipation [62,76,77]. However, direct translation between
animal models and human GI physiology is yet to be fully established. A major limitation has been
monitoring ICC loss or dysfunctions in the live human GI tract during disease development and
progression. While animal models may be poor predictors of how novel therapies will perform in
humans, they nevertheless have been useful in developing cellular and molecular frameworks to use
in understanding normal biology and disease pathogenesis in humans.
5.1. ICC and Ageing
Alterations in GI motility have been linked to ageing, with a number of GI motility complications
(such as constipation) occurring more frequently in the elderly population (reviewed in [78–80]). In one
of the first studies to investigate the role of ICC in ageing, Gomez-Pinilla et al. [54] sampled gastric and
colon tissue from patients aged 25–70 and 36–92 years old, respectively. The number and collective
volume of KIT+ ICC networks declined by 13% per decade of life in the muscle layer of gastric and
colon tissue. Such findings have also been demonstrated in ageing mice. In the stomach, jejunum and
colon, Kit+ ICC numbers and networks decreased over a 24-month time period, which was correlated
with reduced Kit protein levels [81]. Interestingly, loss of ICC was first observed in the stomach,
followed by the intestine and colon, indicating that gastric ICC functionality may be the first affected
during ageing. Additionally, similar changes in ICC network volumes have been found in the terminal
bowel of ageing mice [82]. Whilst thorough molecular information regarding ICC and ageing is yet to
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be elucidated, these data indicate that a change in ICC functionality may, in part, affect GI motility
with age.
5.2. ICC and Diabetic Gastroparesis
Reduced KIT+ ICC numbers have been reported in the gastric muscles of diabetic patients [56],
which is often linked to GI motility disorders such as gastroparesis. In humans, diabetic gastroparesis
presents as delayed gastric emptying in the absence of obstruction or any other identifiable, non-diabetic
cause [83]. Investigation of type 1 or type 2 diabetic patients has shown approximately that 42% exhibit
normal gastric emptying and 58% abnormal emptying (36% with delayed emptying and 22% with
accelerated emptying) [84]. Similar outcomes were seen in type 2 diabetic patients with poor glycaemic
control; i.e., ~66% had abnormal (though not always symptomatic) gastric emptying [85]. Other studies
of gastroparesis have shown ultrastructural changes in ICC and disrupted slow-wave activity within the
gastric antrum and corpus, termed ‘ICC-opathy’ (reviewed in [86]). More recently, some studies have
suggested a link between inflammation and ICC loss in diabetic gastroparesis patients. Low numbers
of CD206+ macrophages were found to be correlated to loss of KIT+ ICC within the gastric corpus
of diabetic gastroparesis patients [87]. Moreover, transcriptomic and proteomic analyses on gastric
muscle biopsies from diabetic gastroparesis patients have further supported this hypothesis that innate
immune signalling and inflammation may play a role in disease pathogenesis [88,89].
Delayed gastric emptying has also been observed in mouse diabetic models. Interestingly, reduced
numbers of gastric Kit+ cells and disrupted GI pacemaker activity have been reported in type 2
diabetic (db/db) mice [90], as well as diabetic GFP+ ICC (Kit+/copGFP ; Lepob/ob ) mice [39] and non-obese
diabetic gastroparesis (NOD) mice [51]. Furthermore, a loss of Ho-1 (a cytoprotective molecule
against oxidative stress) up-regulation was associated with decreased gastric Kit protein expression
and delayed gastric emptying in NOD mice, suggesting a role of oxidative stress in diabetes [91].
Interestingly, administration of interleukin-10 (which activates the expression of Ho-1 protein) into
NOD mice led to increased gastric emptying and more organised gastric Kit+ ICC networks [92]. In a
different study, depleted ICC in NOD mice were also accompanied by reduced Scf production and
smooth muscle atrophy [93]. Moreover, in organotypic gastric muscle cultures, such ICC loss was
inhibited by insulin or Igf-1 via rescue of smooth muscle cells and Scf expression, suggesting a potential
role of smooth muscle cells in diabetic-associated loss of ICC. On the other hand, in female obese
type 2 diabetic leptin receptor-mutant (Leprdb/db ) mice, hyperglycaemia and hyperinsulinemia were
observed with elevated oxidative stress, rapid gastric emptying and increased gastric Kit+ ICC [94].
Thus, while diabetes may be associated with both ICC gain and loss, the mechanisms underpinning
these phenomena in humans are yet to be fully explored.
5.3. ICC and Other GI Motility Disorders
ICC loss has also been observed along with disrupted slow-wave activity in mouse models of
intestinal surgical resection [52] and small bowel obstruction [53]. Interestingly, after removing the
insult, ICC networks and slow-wave activity began to recover.
Hirschsprung’s disease (HSCR) is a congenital colon disorder that causes chronic constipation.
Altered KIT+ ICC networks have been documented in the bowel [75] and colon [74] of HSCR
patients. Additionally, reduced ANO1 immunoreactivity and protein levels were found in the colon
of HSCR patients [95]. Intriguingly, in human colon samples from both normal and HSCR patients,
Kitlow CD34+ Igf1r+ candidate ‘ICC progenitors’ were identified at a frequency of 0.7% of total cells [61]
(similar to the Kitlow CD34+ Igf1r+ candidate ‘ICC progenitors’ identified in the mouse stomach [38]).
Reduced proportions of mature and progenitors of ICC were reported, along with ultrastructural ICC
injury, in the narrow part of the HSCR colon.
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5.4. ICC and Gastrointestinal Stromal Tumours (GISTs)
Gastrointestinal Stromal Tumours (GISTs) are the most common mesenchymal tumour of the gut.
Some 60–70% of GISTs occur in the stomach and contain activating mutations in the KIT or PDGFRA
genes [96]. GISTs have been treated with imatinib, a tyrosine kinase inhibitor, but many patients
eventually develop imatinib-resistance.
One hypothesis for the development of GISTs is that they may arise from KIT+ CD34+ ICC in the
human GI tract [97,98]. However, this hypothesis is controversial as others have reported that KIT+
ICC are distinct from CD34+ cells [99,100]. Nonetheless, in mouse models of GIST, knock-in mutations
in the Kit gene (K641E and KIT-Asp818Tyr) resulted in hyperplastic ICC and the development of
GISTs, suggesting ICC may be involved in disease pathogenesis [101,102]. Lőrincz et al. [38] isolated
Kitlow CD44+ CD34+ Insr+ Igf1r+ ‘ICC progenitors’ (representing 0.6% of the total cells) by FACS from
mouse gastric tissue. Interestingly, these cells were able to expand with Scf and differentiate into mature
functional ICC with Igf-1 in vitro. Transplantation of this cell population into nude mice showed that
these ‘ICC progenitors’ induced the formation of malignant tumours containing Kit+ Ano1+ cells [103].
Furthermore, in vitro assessment of these cells indicated they were resistant to imatinib as well as
being resistant to neutralising antibodies against Kit and Scf—treatments that would normally inhibit
proliferation of mature ICC. A 2016 human microarray study showed that genes in the hedgehog
signalling pathway, molecular regulators of GI mesenchymal development, were altered within GIST
tissue compared to FACS-purified gastric-derived ICC [55]. It was suggested that dysregulated
hedgehog signalling—possibly within ICC—may be involved in GIST development. At present,
these data suggest a potential role of ICC in GIST pathogenesis. In particular, the mouse data suggests
that ‘ICC progenitors’ may be GIST precursors and potential targets for GIST therapy.
6. ICC and GI Therapy
It is clear from numerous studies that loss of normal ICC functioning is implicated in a range
of GI-related diseases. Despite this, the specific role of ICC in disease pathology is still poorly
understood—indicating more detailed molecular characterisation of normal and diseased ICC at
different stages of disease is required. Such increased knowledge of ICC biology could identify novel
drug targets and candidate small molecules to restore impaired ICC function. Towards this end,
some initial steps have been made towards regeneration of rudimentary ICC networks and restoration
of pacemaker functions, particularly with murine ICC.
6.1. Cell-based ICC Therapy
Mouse stem-cell-like ‘ICC progenitors’—isolated from gastric tissue by FACS—have been shown
to regenerate and maintain mature ICC networks under certain conditions in vitro [38]. However,
as such a cell population is rare, further research is required to identify and characterise these cells
in the human GI tract. Nevertheless, these ‘ICC progenitors’, and other possible stem-cell-derived
ICC [69,70], may represent a promising route to investigate potential regenerative therapies as well as
personalised medicine for GI disorders.
Several groups have investigated ICC transplantation as an alternative approach. One of the
first attempts involved allotransplantation of isolated ICC from Kit+/copGFP mice into small intestinal
muscle strips of W/Wv mutant mice [104]. This resulted in development of Kit+ ICC-MY networks
along with functional pacemaker activity. Other groups have used both a different potential source
of ICC progenitors and a different method of transplantation. Bone-marrow-derived mesenchymal
stem cells have been shown to recolonise injured organs including the intestinal epithelium [105,106].
Interestingly, transplanted mouse GFP+ bone marrow-derived cells were able to migrate into the GI
tract, where they appeared to differentiate into Kit+ ICC-like cells within the myenteric plexus of
the small intestine following intestinal injury [107]. Similar findings were also reported along with
improved gastric emptying in W/Wv mutant mice [108]. However, McCann et al. [109] found that when
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GFP+ Kit+ bone-marrow-derived cells (from Kit+/copGFP mice) were transplanted into the small intestine
of W/Wv mutant mice, they did not observe these cells differentiate into network-forming ICC-like
cells. These contradictory findings indicate more detailed molecular and functional characterisation of
the transplanted cells is needed before the potential utility of this approach can be properly assessed.
6.2. Scaffold-Based ICC Therapy
As ICC are a mesenchymal-derived cell type, a 2018 study seeded mouse mesenchymal stem
cells onto a hydrogel scaffold and then placed it onto the luminal side of gastric explants in vitro [110].
Some of the mesenchymal stem cells appeared to successfully migrate into the gastric tissue, as evidenced
by Kit+ staining. However, typical ICC networks were not seen to develop. When primary cultured
mouse ‘intestinal muscularis complexes’ (containing Kit+ cells) were combined with electrospun
poly-caprolactone scaffold sheets in vitro, spontaneous contractions were observed [65]. Similar
findings occurred when electrospun poly-caprolactone scaffold sheets were seeded with STO feeder
cells and primary MACS-purified mouse Kit+ ICC [66], thus demonstrating attachment and alignment
onto the scaffold sheets in vitro. In addition, when a primary mouse intestinal smooth muscle
cell mixture was cultured on STO-seeded electrospun poly-caprolactone scaffold sheets, rhythmic
contractions developed, and Kit+ Ano1+ cells were observed after 10 weeks. While this approach
may represent a more clinically relevant approach, improved in vitro ICC maintenance conditions for
scaffolds may need to be established prior to assessment in animal transplantation studies.
7. Establishing a Source of Candidate Human ICC for Molecular Characterisation
As a step towards obtaining a large source of human ICC, we have used immunofluorescence and
flow cytometry to search for ICC in gastric tissue derived from human sleeve gastrectomy patients
(Figure 1A). Immunofluorescence showed KIT+ /ANO1+ cells present within the gastric muscle layer
(Figure 1B–E), consistent with previous reports of ICC in human gastric tissue [32,58]. Dissociation of
the gastric muscle tissue into single-cell suspensions enabled capture of KIT+ /CD45- /CD11b- cells via
flow cytometry (Figure 1F,G), similar to published analysis of gastric-derived FACS-purified human
ICC [55]. On average, these candidate ICC represented ~0.8% of the total sorted live cell count,
with ~2700 ICC obtained per sample (Figure 1G). Encouragingly, these KIT+ /CD45- /CD11b- candidate
ICC were significantly enriched (11-fold) in ANO1 mRNA expression. They also had retained KIT
mRNA expression and had reduced (to 0.1-fold) mRNA expression of both the hematopoietic markers
CPA3 and CD68 (Figure 1H).
Based on these initial findings, primary human gastric ICC can be obtained in sufficiently high
numbers for molecular characterisation via immunofluorescence, transcriptomics, and proteomics,
and also functional analyses such as electrophysiology and calcium imaging (Figure 2). Such fundamental
characterisation will assist in identifying the transcriptional networks, and also growth factors and
signalling pathways, that are important for controlling human ICC biology. In turn, these future
studies will help to identify new drug targets (e.g., ion channels) and related candidate drugs
relevant to ICC-associated GI disorders. Molecular characterisation of primary human gastric ICC
will also provide other useful information, such as identification of transcription factors responsible
for maintaining a human ICC subtype. This information could then be used to generate a much
larger source of human ICC. For example, through optimisation of human stem-cell-differentiation
strategies [67–70], or through trans-differentiation mediated by over-expression of ICC-expressed
transcription factors [111]. A sustainable source of human ICC will help to (i) define the molecular
pathology of GI disorders using human cells rather than animal models and (ii) facilitate development
of ICC transplantation strategies (with or without cell scaffolds) for GI disorders.
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Figure 1. Identification and capture of candidate interstitial cells of Cajal (ICC) from human gastric
muscle tissue. (A) Outline of the experimental workflow for processing human sleeve gastrectomy
samples for immunofluorescence or flow cytometry. (B–E) Immunofluorescence data obtained from
cryosections of human gastric muscle stained with DAPI nuclear stain (blue) and antibodies that
detect ICC marker proteins ANO1 (B; green) and KIT (C; red), with overlapping expression observed
(D; ANO1+KIT+DAPI). A representative negative control (E; secondary antibody only control+DAPI)
shows no background staining, thereby supporting the specificity of the staining patterns seen in
B–D. Images were taken at 40× objective on the Zeiss Axio Imager M2 microscope. Scale bar = 50 µm.
(F) A representative fluorescence-activated cell sorting (FACS) plot illustrating key human sleeve
gastrectomy cell populations including: KIT+ /CD45- /CD11b- ICC (red box); hematopoietic cells (HP;
KIT- /CD45+ /CD11b+ ) (grey box); and mast cells (MC; KIT+ /CD45+ /CD11b+ ) (grey box). (G) Plot
of ICC frequency and total sorted ICC numbers. Each dot represents an individual patient sample.
(H) RT-PCR verification of cell marker genes in the FACS-captured ICC population: ANO1 (ICC),
KIT (ICC, mast cells), CPA3 (mast cells), and CD68 (hematopoietic cells). Data were normalised against
GAPDH mRNA levels, expressed relative to unsorted cells (dotted line), and represented as mean fold
change ± standard error of the mean from three biological samples. Data were analysed using paired
t-test; * p < 0.05, ** p < 0.01.
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Figure 2. Workflow for characterisation of patient-derived human gastric interstitial cells of Cajal (ICC).

8. Conclusions and Future Prospects
Current treatments for GI motility disorders are limited and inadequate. This leads to chronic
and debilitating GI symptoms that cause long-term reductions in the quality of life for millions of
patients worldwide. While ICC are recognised as necessary for normal GI motility, they also exhibit
key pathologies within several GI diseases. Encouragingly, ICC also show potential for regenerative
medicine and present an important cellular target for therapy.
Over the last few decades, an extensive body of work has established some fundamental molecular
characteristics of murine ICC in both normal and diseased GI tissue. However, it is unclear how
closely these findings can be translated to human GI physiology and disease treatment. The scarcity of
large sources of normal and diseased human GI tissues for molecular analysis has greatly limited our
fundamental understanding of human ICC and their involvement in GI-related diseases. Here, we show
that human gastric tissue is an appropriate source of FACS-purified primary human ICC. Future
research that focuses on further characterising these primary human ICC will help define mechanistic
details of their role in human GI biology. In turn, this will assist in developing potential cell- or
drug-based therapies to treat GI disorders.
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Lőrincz, A.; Redelman, D.; Horváth, V.J.; Bardsley, M.R.; Chen, H.; Ördög, T. Progenitors of Interstitial Cells
of Cajal in the Postnatal Murine Stomach. Gastroenterology 2008, 134, 1083–1093. [CrossRef]
Ro, S.; Park, C.; Jin, J.; Zheng, H.; Blair, P.J.; Redelman, D.; Ward, S.M.; Yan, W.; Sanders, K.M. A model to
study the phenotypic changes of interstitial cells of Cajal in gastrointestinal diseases. Gastroenterology 2010,
138, 1068–1078. [CrossRef]
Lee, M.Y.; Ha, S.E.; Park, C.; Park, P.J.; Fuchs, R.; Wei, L.; Jorgensen, B.G.; Redelman, D.; Ward, S.M.;
Sanders, K.M.; et al. Transcriptome of interstitial cells of Cajal reveals unique and selective gene signatures.
PLoS ONE 2017, 12, e0176031. [CrossRef]
Koh, S.D.; Sanders, K.M.; Ward, S.M. Spontaneous electrical rhythmicity in cultured interstitial cells of cajal
from the murine small intestine. J. Physiol. 1998, 513 Pt 1, 203–213. [CrossRef]
Thomsen, L.; Robinson, T.L.; Lee, J.C.; Farraway, L.A.; Hughes, M.J.; Andrews, D.W.; Huizinga, J.D. Interstitial
cells of Cajal generate a rhythmic pacemaker current. Nat. Med. 1998, 4, 848–851. [CrossRef] [PubMed]
Goto, K.; Matsuoka, S.; Noma, A. Two types of spontaneous depolarizations in the interstitial cells freshly
prepared from the murine small intestine. J. Physiol. 2004, 559, 411–422. [CrossRef] [PubMed]
Zhu, M.H.; Sung, T.S.; O’Driscoll, K.; Koh, S.D.; Sanders, K.M. Intracellular Ca2+ release from endoplasmic
reticulum regulates slow wave currents and pacemaker activity of interstitial cells of Cajal. Am. J. Physiol.
Cell Physiol. 2015, 308, C608–C620. [CrossRef] [PubMed]
Lee, H.T.; Hennig, G.W.; Fleming, N.W.; Keef, K.D.; Spencer, N.J.; Ward, S.M.; Sanders, K.M.; Smith, T.K.
Septal interstitial cells of Cajal conduct pacemaker activity to excite muscle bundles in human jejunum.
Gastroenterology 2007, 133, 907–917. [CrossRef] [PubMed]
Chen, Y.; Shamu, T.; Chen, H.; Besmer, P.; Sawyers, C.L.; Chi, P. Visualization of the interstitial cells of cajal
(ICC) network in mice. J. Vis. Exp. 2011, e2802. [CrossRef]
Ward, S.M.; Burns, A.J.; Torihashi, S.; Sanders, K.M. Mutation of the proto-oncogene c-kit blocks development
of interstitial cells and electrical rhythmicity in murine intestine. J. Physiol. 1994, 480 Pt 1, 91–97. [CrossRef]
Iino, S.; Horiguchi, S.; Horiguchi, K. Interstitial cells of Cajal in the gastrointestinal musculature of W(jic)
c-kit mutant mice. J. Smooth Muscle Res. 2011, 47, 111–121. [CrossRef]
Malysz, J.; Gibbons, S.J.; Saravanaperumal, S.A.; Du, P.; Eisenman, S.T.; Cao, C.; Oh, U.; Saur, D.; Klein, S.;
Ordog, T.; et al. Conditional genetic deletion of Ano1 in interstitial cells of Cajal impairs Ca2+ transients and
slow waves in adult mouse small intestine. Am. J. Physiol. Gastrointest. Liver Physiol. 2017, 312, G228–G245.
[CrossRef]
Singh, R.D.; Gibbons, S.J.; Saravanaperumal, S.A.; Du, P.; Hennig, G.W.; Eisenman, S.T.; Mazzone, A.;
Hayashi, Y.; Cao, C.; Stoltz, G.J.; et al. Ano1, a Ca2+ -activated Cl− channel, coordinates contractility in mouse
intestine by Ca2+ transient coordination between interstitial cells of Cajal. J. Physiol. 2014, 592, 4051–4068.
[CrossRef]
Ordog, T.; Takayama, I.; Cheung, W.K.; Ward, S.M.; Sanders, K.M. Remodeling of networks of interstitial
cells of Cajal in a murine model of diabetic gastroparesis. Diabetes 2000, 49, 1731–1739. [CrossRef] [PubMed]
Yanagida, H.; Yanase, H.; Sanders, K.M.; Ward, S.M. Intestinal surgical resection disrupts electrical rhythmicity,
neural responses, and interstitial cell networks. Gastroenterology 2004, 127, 1748–1759. [CrossRef] [PubMed]
Chang, I.Y.; Glasgow, N.J.; Takayama, I.; Horiguchi, K.; Sanders, K.M.; Ward, S.M. Loss of interstitial cells of
Cajal and development of electrical dysfunction in murine small bowel obstruction. J. Physiol. 2001, 536,
555–568. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2020, 21, 4540

54.

55.

56.

57.

58.
59.

60.
61.

62.

63.

64.

65.

66.
67.

68.

69.

70.
71.

16 of 19

Gomez-Pinilla, P.J.; Gibbons, S.J.; Sarr, M.G.; Kendrick, M.L.; Shen, K.R.; Cima, R.R.; Dozois, E.J.; Larson, D.W.;
Ordog, T.; Pozo, M.J.; et al. Changes in interstitial cells of cajal with age in the human stomach and colon.
Neurogastroenterol. Motil. 2011, 23, 36–44. [CrossRef]
Tang, C.M.; Lee, T.E.; Syed, S.A.; Burgoyne, A.M.; Leonard, S.Y.; Gao, F.; Chan, J.C.; Shi, E.; Chmielecki, J.;
Morosini, D.; et al. Hedgehog pathway dysregulation contributes to the pathogenesis of human
gastrointestinal stromal tumors via GLI-mediated activation of KIT expression. Oncotarget 2016, 7,
78226–78241. [CrossRef]
Park, K.S.; Cho, K.B.; Hwang, I.S.; Park, J.H.; Jang, B.I.; Kim, K.O.; Jeon, S.W.; Kim, E.S.; Park, C.S.; Kwon, J.G.
Characterization of smooth muscle, enteric nerve, interstitial cells of Cajal, and fibroblast-like cells in
the gastric musculature of patients with diabetes mellitus. World J. Gastroenterol. 2016, 22, 10131–10139.
[CrossRef]
Yun, H.Y.; Sung, R.; Kim, Y.C.; Choi, W.; Kim, H.S.; Kim, H.; Lee, G.J.; You, R.Y.; Park, S.M.; Yun, S.J.; et al.
Regional Distribution of Interstitial Cells of Cajal (ICC) in Human Stomach. Korean J. Physiol. Pharmacol.
2010, 14, 317–324. [CrossRef]
Rhee, P.-L.; Lee, J.Y.; Son, H.J.; Kim, J.J.; Rhee, J.C.; Kim, S.; Koh, S.D.; Hwang, S.J.; Sanders, K.M.; Ward, S.M.
Analysis of pacemaker activity in the human stomach. J. Physiol. 2011, 589, 6105–6118. [CrossRef]
Lee, H.T.; Hennig, G.W.; Fleming, N.W.; Keef, K.D.; Spencer, N.J.; Ward, S.M.; Sanders, K.M.; Smith, T.K.
The Mechanism and Spread of Pacemaker Activity Through Myenteric Interstitial Cells of Cajal in Human
Small Intestine. Gastroenterology 2007, 132, 1852–1865. [CrossRef]
Strege, P.R.; Ou, Y.; Sha, L.; Rich, A.; Gibbons, S.J.; Szurszewski, J.H.; Sarr, M.G.; Farrugia, G. Sodium current
in human intestinal interstitial cells of Cajal. Am. J. Physiol. 2003, 285, G1111–G1121. [CrossRef]
Chen, Z.-H.; Zhang, Y.-C.; Jiang, W.-F.; Yang, C.; Zou, G.-M.; Kong, Y.; Cai, W. Characterization of Interstitial
Cajal Progenitors Cells and Their Changes in Hirschsprung’s Disease. PLoS ONE 2014, 9, e86100. [CrossRef]
[PubMed]
Kashyap, P.; Gomez-Pinilla, P.J.; Pozo, M.J.; Cima, R.R.; Dozois, E.J.; Larson, D.W.; Ordog, T.; Gibbons, S.J.;
Farrugia, G. Immunoreactivity for Ano1 detects depletion of Kit-positive interstitial cells of Cajal in patients
with slow transit constipation. Neurogastroenterol. Motil. 2011, 23, 760–765. [CrossRef] [PubMed]
Grover, M.; Farrugia, G.; Lurken, M.S.; Bernard, C.E.; Faussone-Pellegrini, M.S.; Smyrk, T.C.; Parkman, H.P.;
Abell, T.L.; Snape, W.J.; Hasler, W.L.; et al. Cellular Changes in Diabetic and Idiopathic Gastroparesis.
Gastroenterology 2011, 140, 1575–1585. [CrossRef] [PubMed]
Herring, B.P.; Chen, M.; Mihaylov, P.; Hoggatt, A.M.; Gupta, A.; Nakeeb, A.; Choi, J.N.; Wo, J.M. Transcriptome
profiling reveals significant changes in the gastric muscularis externa with obesity that partially overlap
those that occur with idiopathic gastroparesis. BMC Med Genom. 2019, 12, 89. [CrossRef]
Wang, Q.; Wang, K.; Solorzano-Vargas, R.S.; Lin, P.Y.; Walthers, C.M.; Thomas, A.L.; Martín, M.G.; Dunn, J.C.Y.
Bioengineered intestinal muscularis complexes with long-term spontaneous and periodic contractions.
PLoS ONE 2018, 13, e0195315. [CrossRef]
Kobayashi, M.; Khalil, H.A.; Lei, N.Y.; Wang, Q.; Wang, K.; Wu, B.M.; Dunn, J.C.Y. Bioengineering functional
smooth muscle with spontaneous rhythmic contraction in vitro. Sci. Rep. 2018, 8, 13544. [CrossRef]
Uchida, H.; Machida, M.; Miura, T.; Kawasaki, T.; Okazaki, T.; Sasaki, K.; Sakamoto, S.; Ohuchi, N.;
Kasahara, M.; Umezawa, A.; et al. A xenogeneic-free system generating functional human gut organoids
from pluripotent stem cells. JCI Insight 2017, 2, e86492. [CrossRef]
Workman, M.J.; Mahe, M.M.; Trisno, S.; Poling, H.M.; Watson, C.L.; Sundaram, N.; Chang, C.-F.; Schiesser, J.;
Aubert, P.; Stanley, E.G.; et al. Engineered human pluripotent-stem-cell-derived intestinal tissues with a
functional enteric nervous system. Nat. Med. 2017, 23, 49–59. [CrossRef]
Meng, W.; Zhou, J.; Elliott, R.; Murphy, P.; Ho, V.; O’Connor, M. Is there a role for human pluripotent stem
cells in modelling interstitial cells of Cajal and gut motility disorders? Curr. Stem Cell Res. Ther. 2015, 10,
251–257. [CrossRef]
Zhou, J.; O’Connor, M.D.; Ho, V. The Potential for Gut Organoid Derived Interstitial Cells of Cajal in
Replacement Therapy. Int. J. Mol. Sci. 2017, 18, 2059. [CrossRef]
Breland, A.; Ha, S.E.; Jorgensen, B.G.; Jin, B.; Gardner, T.A.; Sanders, K.M.; Ro, S. Smooth Muscle Transcriptome
Browser: Offering genome-wide references and expression profiles of transcripts expressed in intestinal
SMC, ICC, and PDGFRα+ cells. Sci. Rep. 2019, 9, 387. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2020, 21, 4540

72.
73.

74.
75.
76.

77.

78.
79.
80.
81.

82.
83.
84.
85.

86.
87.

88.

89.

90.

91.

17 of 19

Sanders, K.M.; Ward, S.M. Nitric oxide and its role as a non-adrenergic, non-cholinergic inhibitory
neurotransmitter in the gastrointestinal tract. Br. J. Pharm. 2019, 176, 212–227. [CrossRef] [PubMed]
Faussone-Pellegrini, M.S.; Grover, M.; Pasricha, P.J.; Bernard, C.E.; Lurken, M.S.; Smyrk, T.C.; Parkman, H.P.;
Abell, T.L.; Snape, W.J.; Hasler, W.L.; et al. Ultrastructural differences between diabetic and idiopathic
gastroparesis. J. Cell. Mol. Med. 2012, 16, 1573–1581. [CrossRef] [PubMed]
Vanderwinden, J.M.; Rumessen, J.J.; Liu, H.; Descamps, D.; De Laet, M.H.; Vanderhaeghen, J.J. Interstitial
cells of Cajal in human colon and in Hirschsprung’s disease. Gastroenterology 1996, 111, 901–910. [CrossRef]
Rolle, U.; Piotrowska, A.P.; Nemeth, L.; Puri, P. Altered Distribution of Interstitial Cells of Cajal in
Hirschsprung Disease. Arch. Pathol. Lab. Med. 2002, 126, 928–933. [CrossRef]
Lyford, G.L.; He, C.L.; Soffer, E.; Hull, T.L.; Strong, S.A.; Senagore, A.J.; Burgart, L.J.; Young-Fadok, T.;
Szurszewski, J.H.; Farrugia, G. Pan-colonic decrease in interstitial cells of Cajal in patients with slow transit
constipation. Gut 2002, 51, 496. [CrossRef]
Wedel, T.; Spiegler, J.; Soellner, S.; Roblick, U.J.; Schiedeck, T.H.K.; Bruch, H.-P.; Krammer, H.-J. Enteric
nerves and interstitial cells of Cajal are altered in patients with slow-transit constipation and megacolon.
Gastroenterology 2002, 123, 1459–1467. [CrossRef]
Bhutto, A.; Morley, J.E. The clinical significance of gastrointestinal changes with aging. Curr. Opin. Clin.
Nutr. Metab. Care 2008, 11, 651–660. [CrossRef]
Salles, N. Basic mechanisms of the aging gastrointestinal tract. Dig. Dis. 2007, 25, 112–117. [CrossRef]
Soenen, S.; Rayner, C.K.; Jones, K.L.; Horowitz, M. The ageing gastrointestinal tract. Curr. Opin. Clin. Nutr.
Metab. Care 2016, 19, 12–18. [CrossRef]
Sun, T.; Li, D.; Hu, S.; Huang, L.; Sun, H.; Yang, S.; Wu, B.; Ji, F.; Zhou, D. Aging-dependent decrease in the
numbers of enteric neurons, interstitial cells of Cajal and expression of connexin43 in various regions of
gastrointestinal tract. Aging 2018, 10, 3851–3865. [CrossRef] [PubMed]
Gamage, P.P.K.M.; Patel, B.A.; Yeoman, M.S.; Ranson, R.N.; Saffrey, M.J. Interstitial cell network volume is
reduced in the terminal bowel of ageing mice. J. Cell. Mol. Med. 2018, 22, 5160–5164. [CrossRef] [PubMed]
Horvath, V.J.; Izbeki, F.; Lengyel, C.; Kempler, P.; Varkonyi, T. Diabetic gastroparesis: Functional/morphologic
background, diagnosis, and treatment options. Curr. Diabetes Rep. 2014, 14, 527. [CrossRef] [PubMed]
Bharucha, A.E.; Camilleri, M.; Forstrom, L.A.; Zinsmeister, A.R. Relationship between clinical features and
gastric emptying disturbances in diabetes mellitus. Clin. Endocrinol. 2009, 70, 415–420. [CrossRef]
Bharucha, A.E.; Kudva, Y.; Basu, A.; Camilleri, M.; Low, P.A.; Vella, A.; Zinsmeister, A.R. Relationship between
glycemic control and gastric emptying in poorly controlled type 2 diabetes. Clin. Gastroenterol. Hepatol. 2015,
13, 466–476. [CrossRef]
Bashashati, M.; McCallum, R.W. Is Interstitial Cells of Cajal–opathy Present in Gastroparesis?
J. Neurogastroenterol. Motil. 2015, 21, 486–493. [CrossRef]
Bernard, C.E.; Gibbons, S.J.; Mann, I.S.; Froschauer, L.; Parkman, H.P.; Harbison, S.; Abell, T.L.; Snape, W.J.;
Hasler, W.L.; McCallum, R.W.; et al. Association of low numbers of CD206-positive cells with loss of ICC
in the gastric body of patients with diabetic gastroparesis. Neurogastroenterol. Motil. 2014, 26, 1275–1284.
[CrossRef]
Grover, M.; Gibbons, S.J.; Nair, A.A.; Bernard, C.E.; Zubair, A.S.; Eisenman, S.T.; Wilson, L.A.; Miriel, L.;
Pasricha, P.J.; Parkman, H.P.; et al. Transcriptomic signatures reveal immune dysregulation in human diabetic
and idiopathic gastroparesis. BMC Med. Genom. 2018, 11, 62. [CrossRef]
Grover, M.; Dasari, S.; Bernard, C.E.; Chikkamenahalli, L.L.; Yates, K.P.; Pasricha, P.J.; Sarosiek, I.;
McCallum, R.; Koch, K.L.; Abell, T.L.; et al. Proteomics in gastroparesis: Unique and overlapping
protein signatures in diabetic and idiopathic gastroparesis. Am. J. Physiol. Gastrointest. Liver Physiol. 2019,
317, G716–G726. [CrossRef]
Yamamoto, T.; Watabe, K.; Nakahara, M.; Ogiyama, H.; Kiyohara, T.; Tsutsui, S.; Tamura, S.; Shinomura, Y.;
Hayashi, N. Disturbed gastrointestinal motility and decreased interstitial cells of Cajal in diabetic db/db
mice. J. Gastroenterol. Hepatol. 2008, 23, 660–667. [CrossRef]
Choi, K.M.; Gibbons, S.J.; Nguyen, T.V.; Stoltz, G.J.; Lurken, M.S.; Ordog, T.; Szurszewski, J.H.; Farrugia, G.
Heme oxygenase-1 protects interstitial cells of Cajal from oxidative stress and reverses diabetic gastroparesis.
Gastroenterology 2008, 135, 2055–2064. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 4540

92.

93.

94.

95.
96.
97.

98.
99.

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

18 of 19

Choi, K.M.; Gibbons, S.J.; Sha, L.; Beyder, A.; Verhulst, P.J.; Cipriani, G.; Phillips, J.E.; Bauer, A.J.; Ordog, T.;
Camp, J.J.; et al. Interleukin 10 Restores Gastric Emptying, Electrical Activity, and Interstitial Cells of Cajal
Networks in Diabetic Mice. Cell. Mol. Gastroenterol. Hepatol. 2016, 2, 454–467. [CrossRef] [PubMed]
Horvath, V.J.; Vittal, H.; Lorincz, A.; Chen, H.; Almeida-Porada, G.; Redelman, D.; Ordog, T. Reduced stem
cell factor links smooth myopathy and loss of interstitial cells of cajal in murine diabetic gastroparesis.
Gastroenterology 2006, 130, 759–770. [CrossRef] [PubMed]
Hayashi, Y.; Toyomasu, Y.; Saravanaperumal, S.A.; Bardsley, M.R.; Smestad, J.A.; Lorincz, A.; Eisenman, S.T.;
Cipriani, G.; Nelson Holte, M.H.; Al Khazal, F.J.; et al. Hyperglycemia Increases Interstitial Cells of Cajal via
MAPK1 and MAPK3 Signaling to ETV1 and KIT, Leading to Rapid Gastric Emptying. Gastroenterology 2017,
153, 521–535. [CrossRef] [PubMed]
Coyle, D.; Kelly, D.A.; O’Donnell, A.M.; Gillick, J.; Puri, P. Use of anoctamin 1 (ANO1) to evaluate interstitial
cells of Cajal in Hirschsprung’s disease. Pediatr. Surg. Int. 2016, 32, 125–133. [CrossRef]
Corless, C.L.; Barnett, C.M.; Heinrich, M.C. Gastrointestinal stromal tumours: Origin and molecular oncology.
Nat. Rev. Cancer 2011, 11, 865–878. [CrossRef]
Robinson, T.L.; Sircar, K.; Hewlett, B.R.; Chorneyko, K.; Riddell, R.H.; Huizinga, J.D. Gastrointestinal stromal
tumors may originate from a subset of CD34-positive interstitial cells of Cajal. Am. J. Pathol. 2000, 156,
1157–1163. [CrossRef]
Sarlomo-Rikala, M.; Kovatich, A.J.; Barusevicius, A.; Miettinen, M. CD117: A sensitive marker for
gastrointestinal stromal tumors that is more specific than CD34. Mod. Pathol. 1998, 11, 728–734.
Vanderwinden, J.M.; Rumessen, J.J.; De Laet, M.H.; Vanderhaeghen, J.J.; Schiffmann, S.N. CD34+ cells in
human intestine are fibroblasts adjacent to, but distinct from, interstitial cells of Cajal. Lab. Investig. J. Tech.
Methods Pathol. 1999, 79, 59–65.
Vanderwinden, J.M.; Rumessen, J.J.; De Laet, M.H.; Vanderhaeghen, J.J.; Schiffmann, S.N. CD34
immunoreactivity and interstitial cells of Cajal in the human and mouse gastrointestinal tract. Cell Tissue Res.
2000, 302, 145–153. [CrossRef]
Nakai, N.; Ishikawa, T.; Nishitani, A.; Liu, N.N.; Shincho, M.; Hao, H.; Isozaki, K.; Kanda, T.; Nishida, T.;
Fujimoto, J.; et al. A mouse model of a human multiple GIST family with KIT-Asp820Tyr mutation generated
by a knock-in strategy. J. Pathol. 2008, 214, 302–311. [CrossRef]
Rubin, B.P.; Antonescu, C.R.; Scott-Browne, J.P.; Comstock, M.L.; Gu, Y.; Tanas, M.R.; Ware, C.B.; Woodell, J.
A knock-in mouse model of gastrointestinal stromal tumor harboring kit K641E. Cancer Res. 2005, 65,
6631–6639. [CrossRef] [PubMed]
Bardsley, M.R.; Horvath, V.J.; Asuzu, D.T.; Lorincz, A.; Redelman, D.; Hayashi, Y.; Popko, L.N.; Young, D.L.;
Lomberk, G.A.; Urrutia, R.A.; et al. Kitlow stem cells cause resistance to Kit/platelet-derived growth factor
alpha inhibitors in murine gastrointestinal stromal tumors. Gastroenterology 2010, 139, 942–952. [CrossRef]
[PubMed]
McCann, C.J.; Hwang, S.J.; Bayguinov, Y.; Colletti, E.J.; Sanders, K.M.; Ward, S.M. Establishment of pacemaker
activity in tissues allotransplanted with interstitial cells of Cajal. Neurogastroenterol. Motil. 2013, 25, e418–e428.
[CrossRef] [PubMed]
Jiang, Y.; Jahagirdar, B.N.; Reinhardt, R.L.; Schwartz, R.E.; Keene, C.D.; Ortiz-Gonzalez, X.R.; Reyes, M.;
Lenvik, T.; Lund, T.; Blackstad, M.; et al. Pluripotency of mesenchymal stem cells derived from adult marrow.
Nature 2002, 418, 41–49. [CrossRef] [PubMed]
Liu, D.; Wang, F.; Zou, Z.; Dong, S.; Shi, C.; Wang, J.; Ran, X.; Su, Y. Long-term repopulation effects of donor
BMDCs on intestinal epithelium. Dig. Dis. Sci. 2010, 55, 2182–2193. [CrossRef]
Liu, D.; Wang, F.; Zou, Z.; Dong, S.; Wang, J.; Ran, X.; Li, C.; Shi, C.; Su, Y. Bone marrow derivation of
interstitial cells of cajal in small intestine following intestinal injury. J. Biomed. Biotechnol. 2010, 2010, 164986.
[CrossRef]
Ishii, S.; Tsuji, S.; Tsujii, M.; Nishida, T.; Watabe, K.; Iijima, H.; Takehara, T.; Kawano, S.; Hayashi, N.
Restoration of gut motility in Kit-deficient mice by bone marrow transplantation. J. Gastroenterol. 2009, 44,
834–841. [CrossRef]
McCann, C.J.; Hwang, S.J.; Hennig, G.W.; Ward, S.M.; Sanders, K.M. Bone Marrow Derived Kit-positive
Cells Colonize the Gut but Fail to Restore Pacemaker Function in Intestines Lacking Interstitial Cells of Cajal.
J. Neurogastroenterol. Motil. 2014, 20, 326–337. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 4540

19 of 19

110. Joddar, B.; Tasnim, N.; Thakur, V.; Kumar, A.; McCallum, R.W.; Chattopadhyay, M. Delivery of Mesenchymal
Stem Cells from Gelatin-Alginate Hydrogels to Stomach Lumen for Treatment of Gastroparesis. Bioengineering
2018, 5, 12. [CrossRef]
111. Rackham, O.J.L.; Firas, J.; Fang, H.; Oates, M.E.; Holmes, M.L.; Knaupp, A.S.; The, F.C.; Suzuki, H.;
Nefzger, C.M.; Daub, C.O.; et al. A predictive computational framework for direct reprogramming between
human cell types. Nat. Genet. 2016, 48, 331. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

