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Introduction 

1.1. Interstitial cells of Cajal: a historical overview and recognition of their functional 
significance 

A great body of experimental and clinical evidence indicates that the interstitial cells of 

Cajal (ICC) play an important role in gastrointestinal physiology as crucial determinants 

of gastrointestinal motility. Ramon Y Cajal, who first described these cells through the 

use of methylene blue and silver chromate staining (1893), suggested that these cells 

were primitive neurons (1, 2). Electron microscopy allowed a distinction of ICC from 

neurons, macrophages and Schwann cells (3), though their true nature and origin 

remained unclear. Some investigators regarded ICC as specialized smooth muscle cells 

(4, 5), while others considered them fibroblast-like (6-12). The ICC of the small bowel 

were classified into four different types on the basis of their myofilament contents (11). 

In later studies, their morphological features and their connection with smooth muscle 

cells and nerves suggested that the ICC of the human esophagus and stomach were 

specialized smooth muscle cells and not connective tissue elements (12). Important 

however, that in contrast with smooth muscle cells the ICC were observed to be richly 

endowed with cytoplasmic organelles such as mitochondria but were poor in contractile 

elements - similar to the pacemaker cells in the heart. These findings were considered to  

support the notion previously proposed by Tiegs (13) that ICC may be responsible for the 

origin and conduction of the rhythmic activity of the gastrointestinal smooth muscle and 

could serve as pacemaker cells throughout the alimentary canal (12). 

Researchers who set out to describe the anatomy and identify the role played by ICC had 

the disadvantage of not possessing a specific marker for labeling these cells in their 

environment and distinguishing them from other cell types similar in their appearance to 

ICC. The development of immunohistochemical techniques and the availability of highly 

specific antibodies opened up new possibilities for the discovery of a specific marker for 

the labeling of ICC. In the 1990s several research groups recognized that ICC express the 

gene product of the proto-oncogene c-kit that encodes the type III receptor tyrosine 



             2 

kinase, Kit (15-18), which is located in the white spotting (W) locus. Labeling of Kit (or 

in later studies amplification of c-kit mRNA) furnished an efficient tool with which to 

study the morphology and function of this highly specialized cell type throughout the 

entire gastrointestinal tract of different species, including man, guinea pig, mouse, rat and 

birds, by using light microscopy. Immunohistochemistry involving the use of c-kit 

labeling has provided a means of investigating the structure and distribution of ICC 

networks and has improved our understanding of the anatomic relationships among ICC, 

enteric neurons, smooth muscle cells and other resident cells, such as macrophages in the 

tunica muscularis. With this new technique it became possible to study the role of ICC in 

pathophysiological conditions, and the changes that the ICC undergo in certain disorders 

(19). It has emerged that ICC are disrupted in several motility disorders and there is 

growing evidence that these cells play an essential part in the pathophysiology of human 

gastrointestinal disorders, such as ulcerative colitis (20), achalasia (22), Chagas` disease 

(21) and diabetic gastroparesis (25, 26). It has also been demonstrated that 

gastrointestinal stromal tumors may originate from c-kit-positive cells (23). Another 

important advance in the recognition of the c-kit positivity of ICC was the realization that 

cell signaling via c-kit receptor is essential for the development and maintenance of ICC 

networks (16, 18). Block c-kit function with neutralizing antibodies (e.g. ACK2, the 

antibody most commonly used in ICC research) impaired the development of ICC (16), 

and several studies have revealed that animals carrying non-lethal mutations in c-kit (18, 

27) or stem cell factor (SCF or steel factor, 27, 28), the natural ligand for c-kit, have 

defects in ICC networks. Experiments on these animal models, which lack specific 

populations of ICC, but do not appear to have neural or smooth muscle defects, have 

provided important insight into the function and pathophysiological significance of ICC. 

 

1.2. Morphology and function of the ICC 

 

Through the c-kit positivity of the gastrointestinal ICC, evidence has been acquired for a 

pacemaker role of ICC in producing contractions of the gastrointestinal muscles of the 

stomach, small intestine and colon (40). Although these cells account for only about 5 % 

of the total cell number of the tunica muscularis layer, they play an important role in the 
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gastrointestinal physiology. With the use of specific c-kit antibodies (ACK2, 2b8) against 

the cells building up the gastrointestinal tunica muscularis layer several types of network-

forming Cajal cells can be distinguished. ICC can be classified according to their shape 

or localization within the muscle layers (anatomical classification) but their primary 

function also allows the distinction of certain ICC subtypes (functional classification). In 

the region of myenteric plexus (between the circular and longitudinal muscle layers), 

multipolar ICC form a two-dimensional network with variable density. These cells in the 

myenteric region generally referred to as IC-MY are the dominant pacemaker cells, 

although other ICC classes can also contribute to the pacemaker function (35). IC-MY 

and ICC in submucosal region (IC-SM) form extensive networks within pacemaker 

regions. These cells also extend into the bulk of the muscle layers in the septa that divide 

bundles of smooth muscle cells. Thus, pacemaker activity is not necessarily confined to 

the myenteric and submucosal pacemaker regions, but these pacemakers are dominant in 

intact muscles. Pacemaking by ICC depends on cycling of Ca2+ between intracellular 

compartments (endoplasmic reticulum and mitochondria) mediated by specialized 

channels and pumps (29, 30) and rhythmic electrical activity per se is the consequence of 

periodic openings of voltage-insensitive, nonselective cation channels driven by the 

intracellular Ca2+ oscillations (30, 31). Other investigators have suggested a role for Ca2+-

regulated Cl- channels in pacemaker activity (30, 33). Fine processes of pacemaker ICC 

are interconnected via gap junctions, and electric connections are also made with 

neighboring smooth muscle cells. Thus, electric events occurring in ICC may be 

conducted to smooth muscle cells. Simultaneous recordings of electric activity from IC-

MY and nearby smooth muscle cells have demonstrated that electric activity occurs first 

in IC-MY and then it initiates electric responses in the smooth muscle cells (34). 

Connections between ICC are necessary for the regenerative propagation of slow waves, 

and extension of ICC networks into the septa between muscle bundles may provide 

propagation pathways for transmission of slow waves through the tunica muscularis 

(perhaps analogous to the Purkinje fibers in the heart).  

Other types of ICC occur throughout the thicknesses of phasic and tonic muscles of the 

gastrointestinal tract. These spindle-shaped or elongated ICC are intermingled with the 

fibers of the circular and longitudinal muscle layers in the esophagus, stomach, colon, 
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and sphincters. They are referred to as intramuscular ICC (IC-IM). IC-IM are extensively 

and closely associated with nerve fibers of the enteric nervous system (27) and form very 

close (<20 nm) synapse-like contacts with varicose nerve terminals of excitatory and 

inhibitory motor neurons. Cells with similar characteristics, called IC-DMP, are likely to 

be specialized types of IC-IM and are found in the region of the deep muscular plexus in 

the small intestine. IC-IM and IC-DMP are functionally innervated by the fibers of 

gastric enteric nervous system and mediate a significant proportion of the motor input 

from the enteric nervous system. By relaying excitatory inputs to the fundus and 

mediating nitrergic relaxation of the pyloric sphincter (36), intramuscular ICC together 

with the enteric neurons contribute to the "pressure pump" that regulates gastric emptying 

of liquids (37). In mutant mice lacking IC-IM, field stimulation of intrinsic neurons in the 

stomach resulted in greatly reduced postjunctional responses to cholinergic and nitrergic 

nerve stimulation (18, 39). This type of ICC under the influence of extensive cholinergic 

stimulation (mediated by M3 muscarinergic receptors) or during passive stretch 

(mediated by EP3 prostanoid receptors) can even become the dominant pacemakers by 

entraining slow waves generated by myenteric ICC (41). In contrast, myenteric ICC 

never mediate neural inputs as IC-IM do, but residual nitrergic neuromuscular 

neurotransmission occurs in mutant mice where this ICC type is not present (41). This 

type of ICC has been reported to play a role in vagally mediated mechanoreception (38). 

This function of ICC is the least known, but clearly involves local enteric (42) and vagal 

(43) neuronal circuits and prostaglandin release (41), and mechanosensitive ion channels 

(44) are possibly also essential participants in the vagus mediated mechanoreception. 

 

The different types of  ICC in the stomach are shown in Figure 1. 
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Figure 1.  ICC in the murine gastric corpus and antrum. c-kit immunohistochemistry. 
“A”: representative confocal image of ICC located in the myenteric region of murine 
antrum (IC-MY). The cells with several processes generate and propagate electrical slow 
waves. “B” representative confocal image of ICC located within the circular and 
longitudinal muscle layer (IC-IM). Bipolar, spindle-shaped cells mediate neuromuscular 
neurotransmission. 
 

 

1.3. Diabetes-induced changes in gastrointestinal motor functions are associated with an 

impairment of the Cajal cells 

 

Diabetic gastropathy, termed broadly as gastric neuromuscular dysfunction, and 

gastroparesis, defined as symptomatic or asymptomatic gastric retention, occur in up to 

50% of patients with type 1 diabetes and 30% of patients with type 2 diabetes (45, 46). 

The spectrum of symptoms includes postprandial discomfort, bloating, fullness, 

abdominal pain, and the classic symptoms of gastroparesis: early satiation and recurring 

nausea and vomiting, which may be self-limiting, recurrent, or unrelenting (45). 

Asymptomatic gastroparesis may only manifest as poor glycemic control, including 

hypoglycemia (46). Although diabetic gastropathy is rarely life threatening, it seriously 

affects the patient’s quality of life (45), a prime concern in an aging population.  

Normal gastric emptying requires the coordinated work of several cell types, including 

neurons (both extrinsic and enteric motor neurons), smooth muscle cells and interstitial 

cells of Cajal. Since pyloric relaxation is dependent on intact nitrergic inhibitory neurons 

(48, 49) it was understandable that NOS-/- knockout mice have delayed gastric emptying 

(50) and the pharmacological inhibition of NOS can also affect the normal gastric 

AA  BB  
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motility (51, 52). The contribution of ICC to the pathogenesis of gastropathy is also not 

surprising. It has been clearly proved experimentally that in spontaneously diabetic 

NOD/LtJ mice, gastroparesis is associated with depletions of networks of ICC in the 

distal stomach (53). In other studies on human tissues damage to ICC have since been 

demonstrated in the stomach (54, 55), jejunum (25), and colon (26) of patients with 

gastroenteropathy due to either type 1 (25) or type 2 (26) diabetes. It has previously also 

been shown that depletion of pacemaker ICC can result in functional abnormalities 

(bradygastria, antral tachygastria, arrhythmias, and uncoupling) that are considered 

hallmarks of diabetic gastroparesis (53, 56, 58). In general, the tunica muscularis layer is 

thicker in diabetic gastropathy than in normal controls and there is evidence that the 

disruption of protein kinase C activation causes smooth muscle dysfunction (63) in a 

region specific manner in the human diabetic stomach (64). In human studies, 

autoantibodies found against smooth muscle L-type Ca2+ channel  raise the possibility of 

the contribution of an autoimmune mechanism to diabetic gastroparesis (65).  

To prevent or reverse ICC loss in diabetes, it is essential to understand the 

pathomechanism of this process. Similarly to other long-term complications, chronic or 

recurring hyperglycemia (47, 60) and resultant oxidative damage, nonenzymatic 

glycation, and inappropriate activation of protein kinase C, nuclear factor κB, and aldose 

reductase (59) may play a role. There is also ample evidence that lost (type 1) or reduced 

and ineffective (type 2) insulin signaling (60, 61), reduced levels of the proinsulin C-

peptide (61), and abnormal levels of growth factors, e.g. insulin-like growth factor I  

(IGF-I) and possibly IGF-II significantly contribute to the pathomechanism of diabetic 

complications for (61). Indeed, in diabetic mice, infusion of insulin for 1 week has been 

shown to improve reduced pyloric relaxation and delayed liquid emptying by stimulating 

neuronal nitric oxide synthesis independent of the concurrent normalization of glucose 

levels (62). However, ICC depletion and gastroparesis in NOD/LtJ mice occur within 1.5 

and 3 months after the onset of diabetes (53), and dissection of the relative significance of 

hyperglycemia and impaired insulin signaling in chronic in vivo studies has been 

notoriously difficult. For this purpose we developed an organotypic culture model that 

permits the independent control of insulin, glucose, and growth factor levels over several 
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months to investigate the mechanism of diabetes-associated ICC depletion in the murine 

stomach.  

 

1.4. The aims of the study 

 

In a murine genetic model of diabetes (35), ICC depletion and gastroparesis occurs within 

1.5 and 3 months after the onset of diabetes which means that for the purpose of checking 

the effects of hyperglycemia and impaired insulin signaling in ICC we needed an in vitro 

approach which allows to be kept intact ICC for months. Accordingly, the first aim of 

this study was to develop a reliable long-term organotypic culture model for the study of 

ICC under normal and pathological conditions. With this method our primary aim was 

the evaluation of the relative significance of hyperglycemia, insulin or IGF-1 signaling in 

the pathomechanism of diabetes-induced depletion of ICC in murine stomach. 

Since these experiments were performed in gastric muscles placed in culture, the effects 

of insulin and IGF-I may not have been mediated by specific receptors expressed by ICC. 

Hence, the second aim of the study was to examine whether ICC are direct targets of 

insulin and IGF-I signaling or whether the effects of these cytokines are mediated by 

SCF, the only established growth factor for ICC. 

 

Materials and methods 

 

BALB/c mice (9–18 days old) were obtained from breeder pairs purchased from either 

Simonsen Laboratories (Gilroy, CA), Harlan Sprague-Dawley (Indianapolis, IN) or 

Charles River Laboratories (Wilmington, MA) or were obtained from our institutional 

breeding program. BALB/c mice 5–6 wk old were purchased from Charles River or 

Jackson Laboratories. The animals were anesthetized by isoflurane inhalation (AErrane, 

Baxter Healthcare, Deerfield, IL) and killed by decapitation. Mice were maintained and 

the experiments performed in accordance with the National Institutes of Health Guide for 

the Care and
 
Use of Laboratory Animals and the American Physiological Society's 

“Guiding Principles in the Care and Use of Animals”. All protocols were approved by the 

Institutional Animal Use and Care Committee at the University of Nevada, Reno.  
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2.1. Preparation of organotypic cultures 
 
 
After decapitation, the stomachs of the juvenile (D9-18) BALB/c mice were removed and 

the mucosal and submucosal layers were removed by peeling. After the removal of these 

layers, the intact continuous corpus and antrum tunica muscularis tissues (6–7 mg) were 

pinned, mucosal side up, onto the surface of 35-mm culture dishes coated with Sylgard 

184 (Dow Corning, Midland, MI) and incubated at 37 °C in normoglycemic (1 g/l; 5.55 

mmol/l) M199 medium (Sigma, St. Louis, MO) containing 2% antibiotic-antimycotic and 

2 mmol/l L-glutamine (Invitrogen, Carlsbad, CA). Other supplements (used alone or in 

combination; see Results) included D-glucose (final concentration: 6 g/l, 33.3 mmol/l, or 

10 g/l, 55.5 mmol/l), bovine insulin (5 µg/ml; Cambrex BioScience, Walkersville, MD, or 

Invitrogen), fetal bovine serum (5%; HyClone, Logan, UT), or murine IGF-I (100 ng/ml; 

Sigma). All treatments were started within 48 h after establishment of the cultures and 

maintained throughout the entire experiment. Levels of the supplements were kept 

constant by changing the culture media every 48 h. This frequency was determined 

empirically by measuring glucose levels in the spent media with an Accu-Chek Complete 

blood glucose monitor (Roche Diagnostics, Indianapolis, IN) (57). After 48 h, glucose 

concentrations did not fall >15 mg/dl (0.8 mmol/l) in the normoglycemic cultures, and no 

measurable decline could be detected in the hyperglycemic cultures. 

 

2.2. Immunohistochemistry 

 

After acetone fixation of the cultured and freshly dissected tissues, ICC were identified 

with monoclonal (rat) c-kit antibodies (ACK2; 5 µg/ml) and Alexa Fluor 488 anti-rat IgG 

(10 µg/ml; Molecular Probes, Eugene, OR) as previously described (30, 53, 56, 66). 

Other primary antibodies were used in the experiments: rat IgG2b monoclonal anti-c-Kit 

clone ACK2 (5 µg/mL), rabbit polyclonal anti-insulin receptor α, anti–IGF-I receptor α, 

anti-SCF, goat polyclonal anti-insulin receptor α (Santa Cruz Biotechnology; 2 µg/mL), 

and rabbit polyclonal anti-PGP 9.5 (Biogenesis, Brentwood, NH; 1:200). Secondary 

antibodies were conjugated with either Alexa Fluor 488, 594, or Texas red (Molecular 

Probes, Eugene, OR). Live immunolabeling was performed by incubating gastric and 



             9 

jejunal tunica muscularis tissues with antibodies against SCF (2 µg/ml) and neural cell 

adhesion molecule (CD56; clone: H28.123; 2 µg/ml; Beckman Coulter, Fullerton, CA) at 

4°C for 3 hours. Secondary antibodies were applied after fixation with 4% 

paraformaldehyde-saline. Confocal images of the whole-mounts were taken with a Bio-

Rad MRC 600 and a Zeiss LSM 510 META confocal system. To control for the gradients 

in ICC network densities that occur along both the longitudinal axis and the 

circumference of the normal murine stomach, images were taken in three representative 

regions along the greater curve (orad corpus, corpus–antrum border, distal antrum) of 

each tissue (56). ICC network densities were analyzed quantitatively in superimposed 

two-dimensional projections of optical sections representing the entire thickness of the 

whole-mounts by a technique modified from He et al. (25) and validated described in a 

previous study (56). Briefly, cellular and background fluorescence were separated by 

thresholding on the peak of the distribution of cellular fluorescence. To eliminate 

variations in brightness within and between images, fluorescence values above and below 

the threshold were assigned 1 (white) and 0 (black), respectively. ICC densities were 

expressed as the percent white pixels over a standard area (289 x 193 µm) in the two-

dimensional projections and averaged for each tissue (56). Values obtained by this 

technique are numerical expressions of ICC network densities as they appear in the 

superimposed confocal sections and neither represent the proportion of ICC nor the 

fraction of tissue volume occupied by these cells (56).  

 

2.3. Qualitative and quantitative PCR   for the analysis of gene expression 

 

Quantitative RT-PCR analysis was also performed to assess the c-kit expression in the 

freshly dissected and cultured murine gastric antrum and corpus tunica muscularis tissue. 

After the tissue had been cut into small pieces the Trizol (Invitrogen, Carlsbad, CA) 

method was used to obtain the RNA following the manufacturer’s instructions with minor 

modification. Genomic DNA was removed by incubating total RNA either with RNase-

free DNase (5 U per 1 µl per tube; PanVera, Madison, WI) for 20 min at 25 °C, followed 

by heat inactivation for 5 min at 75 °C, or with the Stratagene Absolutely RNA Nanoprep 

Kit (La Jolla, CA). Total RNA was reverse transcribed with 200 units of SuperScript II 
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RNase H- Reverse Transcriptase (Invitrogen) in a reaction containing 500 ng of oligo 

d(pT)18 primer (New
 England Biolabs, Beverly, MA), 10 mM of each dNTP, 5x First-

Strand Buffer, and 100 mM dithiothreitol (DTT), followed by heat inactivation. The 

cDNA was amplified with specific primers by using the following protocol:  95 °C for 10 

min to activate the AmpliTaq polymerase (Applied Biosystems, Foster City, CA), and 

then 40 or 50 cycles of 95 °C for 15 s and 60 °C for 1 min. Real-time quantitative PCR 

was performed by using SYBR Green chemistry on a GeneAmp 5700 sequence detector 

(Applied Biosystems). Standard curves were generated for each primer set by regression 

analysis of RT-PCRs performed on log10-diluted cDNA. Unknown quantities of primers 

were compared to the housekeeping gene β-actin (GenBank accession no. X03672). 

Primers were used in the experiments as follows: c-kit (Y00864, ICC): sense, nt 2706–

2726; antisense, nt 2847–2867; CD68 [NM_009853; macrosialin, a pan-macrophage 

marker also expressed by some myeloid-derived dendritic cells (68)]: sense, nt 41–65; 

antisense, nt 201–225; mast cell tryptase (MCT; M57626; mast cells): sense, nt 264–283; 

antisense, nt 433–454; smooth muscle myosin heavy chain (MyHC; NM_013607; smooth 

muscle cells): sense, nt 5721–5745; antisense, nt 5930–5954; protein gene product 9.5 

(PGP 9.5) or ubiquitin carboxy-terminal hydrolase L1 (a pan-neuronal marker; 

AF172334): sense, nt 22–44; antisense, nt 171–190; prolyl-4-hydroxylase (BC018411; 

fibroblasts): sense, nt 1012–1031; antisense, nt 1144–1162, CD34 (NM_133654; 

fibroblasts, endothelial cells): sense, 109-126; antisense, 280-298, insulin receptor (Insr; 

NM_010568): sense, 3279-3290; antisense, 3386-3405, IGF-1-receptor (Igf1r; 

AF056187): sense, 2208-2227; antisense, 2385-2407. Because of alternate mRNA 

splicing, SCF (Kitl, NM_013598) exists in 2 transmembrane forms: the longer one is 

subject to rapid proteolysis, which gives rise to soluble SCF. The shorter form remains 

membrane-bound and forms homodimers important for the activation of its receptor, c-

Kit. We calculated the expression of the membrane-bound isoform in each sample by 

subtracting the amount of soluble SCF message (primers: 716–739, 820–843) from the 

amount of a transcript common to both isoforms (primers: 492–515, 639– 662) (72). All 

primers were obtained from Keystone Labs (Camarillo, CA). For qualitative analysis the 

amplified products (10 µl) were separated by electrophoresis on a 2% agarose/1x TAE 

(Tris, acetic acid, EDTA) gel and the DNA bands were visualized by ethidium bromide 
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staining. In case of quantitative RT-PCR the transcriptional quantification of gene 

products was accomplished relative to the ß-actin standard curve and expressed in ß-actin 

units as transcript per corpus + antrum tunica muscularis. To confirm the specificity of 

the primers, PCR products generated from each pair of primers were extracted and 

sequenced. We tested for genomic DNA contamination in the source RNA by PCR assay 

with cytoglobin (AJ315163) primers that span an intron (sense, nt 268–289; antisense, nt 

497–519) (68). Nonspecific amplification and spurious primer-dimer fragments were 

controlled for by omitting the template from the PCR amplification. 

 

2.4. Analysis of gene expression by hybridization 

 

Affymetrix (Santa Clara, CA) Mouse Genome 430 2.0 microarrays, which cover the 

mouse transcriptome (over 39,000 transcripts) on a single array, were used for expression 

profiling of diabetic and nondiabetic gastric muscles. Total RNA was isolated and 

purified using Trizol (Invitrogen) and the RNeasy Mini Kit (Qiagen), respectively. RNA 

was quantified by spectrophotometry and its quality was tested by formaldehyde gel 

electrophoresis. One-cycle complementary RNA synthesis and hybridization were 

performed by the Nevada Genomics Center, following the manufacturer’s protocols. 

Chips were scanned with an Affymetrix GeneChip 3000 System. Data were analyzed by 

using the Affymetrix GeneChip Operating Software and verified by quantitative RT-

PCR. 

 

2.5. Purification of ICC by fluorescence-activated cell sorting (FACS) 

 

The approach to sort ICC was described previously (69). Briefly, ICC and macrophages 

in the intact gastric corpus +  antrum tunica muscularis were labeled with Alexa Fluor 

488- ACK2 and monoclonal phycoerythrin-cyanine 5 (PC5)-anti-F4/80 (Caltag, 

Burlingame, CA), respectively. After the tissues were dispersed into single-cell 

suspensions, macrophages and dendritic cells were labeled with superparamagnetic 

monoclonal antibodies (Miltenyi Biotec, Auburn, CA) against CD11b and CD11c, 

respectively, and the labeling of macrophages was reinforced with a monoclonal PC5-
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anti-CD11b antibody (Caltag). Mast cells and other leukocytes were labeled with 

monoclonal PC5-anti-CD45 antibodies (eBioscience, San Diego, CA). Macrophages and 

dendritic cells were then depleted by immunomagnetic selection (Miltenyi). ICC were 

sorted on either a Beckman Coulter EPICS Elite or a Becton Dickinson (San Jose, CA) 

FACSVantage instrument. A small aliquot of the 20,000 –100,000 ICC harvested in each 

experiment was reanalyzed by flow cytometry (FCM) on a Beckman Coulter XL/MCL 

for purity. Approximately 50,000 cells removed before the immunomagnetic depletion 

were used as unsorted control. 

 

2.6. Electrophysiological methods  

 

The electrical slow-wave activity in cultured and freshly dissected corpus + antrum 

tissues obtained from 14-day-old mice was analyzed by intracellular recording as 

described earlier (32, 53, 56,). Transmembrane potential of circular muscle cells impaled 

with KCl-filled glass microelectrodes was recorded at 37.5 ± 0.5 °C by using an Intra 767 

amplifier (World Precision Instruments, Sarasota, FL) and a BIOPAC (Santa Barbara, 

CA) MP100 data acquisition system. 

2.7. Solutions 

Krebs-Ringer bicarbonate solution contained (in mmol/l) 120.35 NaCl, 5.9 KCl, 2.5 

CaCl2, 1.2 MgCl2, 15.5 NaHCO3, 1.2 NaH2PO4,
 and 11.5 glucose, pH 7.3–7.4 when 

bubbled with 97% O2
 and 3% CO2. CaPSS contained (in mmol/l) 135 NaCl, 5 KCl, 2 

CaCl2,
 1.2 MgCl2, 10 glucose, and 10 HEPES, adjusted to pH 7.4 with

 Tris. CFH 

contained (in mmol/l) 125 NaCl, 5.36 KCl, 15.5 NaHCO3,
 0.336 Na2HPO4, 0.44 KH2PO4, 

10 glucose, 2.9 sucrose, and 11 HEPES, adjusted to pH 7.2 with NaOH. Sorting buffer 

consisted of CFH containing 2% BSA and 2 mM EDTA. 
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2.8. Statistics 

For the purpose of statistical analysis of the sorted cells, SigmaStat statistical software for 

Windows (version 2.03; SPSS Science, Chicago, IL) was used for all statistical analyses. 

Data are expressed as means ± SE; n signifies the number of tissues in the experiment. In 

approach 4, we used cells pooled from 6 stomachs; therefore, the error bars in Fig. 5b 

reflect the variability among the triplicates in the assay, and no tests of significance were 

performed. In the other studies, before tests of significance were performed, data were 

examined for normality and equal variance to determine whether parametric or 

nonparametric tests should be employed. The unpaired Student's t-test and the Mann-

Whitney rank sum test were performed on the raw data. A probability value of P < 0.05 

was used as a cut-off for statistical significance in all procedure. In tissue culture 

experiments percentage data were transformed [arcsin(√x)] before statistical analysis. 

One-way ANOVA or Kruskal-Wallis one-way ANOVA on ranks followed by all-

pairwise multiple comparison (Tukey test or Dunn’s method, respectively) were used for 

statistical comparisons. 

Results 

 

3.1. Changes in networks of interstitial cells of Cajal in organotypic cultures  

 

It has already been proven juvenile corpus + antrum tunica muscularis tissue can be 

cultured for 34 days in unsupplemented normoglycemic media without the detection of 

any ICC loss (57). Our experiments revealed that using c-kit–like immunoreactivity 

reflecting ICC in the superimposed binarized confocal sections occurred throughout the 

entire thickness of the whole-mounts occupying 45.5 ± 2.7% of the image area in the 

freshly dissected controls (n = 11) and 37.6 ± 5.1 % in the normoglycemic cultures (n = 

7; NS).  ICC network densities were also not affected under hyperglycemic conditions 

(33.3 mmol/l for the first 17 days and 55.5 mmol/l for the second 17 days: 44.0 ± 6.0%, n 

= 4; NS). Thus, in the next set of experiments, we extended the culture period to 68–72 

days (Figs. 2 and 3). During this prolonged culturing period we detected significant 

changes in ICC density under both culturing condition relative to freshly dissected 
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controls. ICC networks (both intramuscular and myenteric) were significantly depleted in 

the unsupplemented normoglycemic cultures (Figs. 2 and 3, unsupplemented 

normoglycemic media [NG]). Instead of triggering further depletion of ICC 

hyperglycemia (55.5 mmol/l throughout the culture period) partially, but significantly, 

prevented the reduction of both classes of ICC (Figs. 2 and 3, hyperglycemic media 

[HG]). By the addition of insulin to the culturing media the loss of ICC could be 

completely prevented. (Figs. 2 and 3, insulin [Ins]), and the networks maintained with the 

aid of insulin remained unaffected by chronic hyperglycemia (Figs. 2 and 3, 

hyperglycemic media supplemented with insulin [InsHG]). Measurements of glucose 

concentrations in 2-day spent media indicated that they were essentially unaffected by 

tissue utilization. Thus, the lack of effect was not due to a fall of glucose levels by the end 

of the culture period between media changes. Addition of 5% fetal bovine serum to 

insulin-supplemented normoglycemic (n = 3) or hyperglycemic (n = 3) media did not 

influence the results (not shown). IGF-I supplementation mimicked the effects of insulin 

and completely prevented the depletion of ICC networks under normoglycemic 

conditions (Figs. 2 and 3, IGF-I). 

To confirm our immunohistochemistry data we also assessed ICC cultured for 75 days by 

using quantitative RT-PCR analysis of c-kit expression. The results were similar to those 

obtained by c-Kit immunohistochemistry: Total c-kit expression was significantly 

reduced in unsupplemented normoglycemic cultures relative to freshly dissected controls 

(3.0 ± 1.2 ß-actin units, n = 5; controls: 64.7 ± 12.6, n = 8; P = 0.011), and hyperglycemia 

did not cause a further decrease in c-kit mRNA (8.9 ± 5.3, n = 5). Both insulin (n = 5) and 

IGF-I (n = 5) treatment prevented the reduction seen in the unsupplemented cultures, 

although the degree of protection varied greatly (insulin 46.2 ± 19.1; IGF-I 70.7 ± 35.1; 

NS vs. freshly dissected controls). 

 

3.2. Changes of electrical rhyhmicity in organotypic cultures 

 

Finally, we examined the effects of hyperglycemia, insulin, and IGF-I on electrical slow-

wave activity recorded from circular smooth muscle cells in tissues cultured for 83–86 

days (Figs. 4 and 5). In cultures not supplemented with insulin or IGF-I, resting 
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membrane potentials were depolarized and slow waves could not be recorded, except for 

a single impalement made in a tissue maintained under hyperglycemia, where arrhythmic 

activity of very low amplitude was detected. Both insulin and IGF-I prevented 

depolarization and the loss of slow waves. However, while slow-wave amplitudes were 

efficiently maintained by either insulin or IGF-I, their frequencies remained at ~50% of 

those detected in freshly dissected controls, an effect likely caused by culturing per se 

(57). The slower activity was accompanied by a noticeable but statistically insignificant 

increase in slow-wave duration. 

 
 
Figure 2. Long-term effects of hyperglycemia, insulin, and IGF-I on ICC networks in 
organotypic cultures of gastric corpus and antrum tunica muscularis. Representative 
confocal images of c-Kit–like immunofluorescence in freshly dissected controls (Ctrl) 
and in tissues cultured for 68–72 days with one or other of the following media are 
shown: unsupplemented normoglycemic (NG) or hyperglycemic (HG) media, 
normoglycemic media containing insulin (Ins), hyperglycemic media supplemented with 
insulin (InsHG), or normoglycemic media containing IGF-I (IGF-I). The images show all 
ICC that occur within the entire thickness of the tissues projected onto a two-dimensional 
plane. The scale bar in the bottom left panel applies to all panels.  
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Figure 3. Long-term effects of hyperglycemia, insulin, and IGF-I on ICC networks in 
organotypic cultures of gastric corpus and antrum tunica muscularis. ICC network 
densities in the two-dimensional confocal composite images (e.g., those shown in Fig. 2) 
obtained by quantitative image analysis are shown. Labels correspond to those in Fig. 2. 
The numbers of cultures in the different treatment groups were as follows: Ctrl: 11, NG: 
9, HG: 5, Ins: 8, InsHG: 7, IGF-I: 4. Groups not sharing the same superscript (a or b) are 
significantly different by multiple comparisons. ICC networks were depleted in long-term 
unsupplemented normoglycemic cultures, and this reduction could be prevented by 
insulin (regardless of glucose levels) or IGF-I. Note the partial prevention of ICC loss by 
high glucose concentrations. 
 

 

 



             17 

 

 
 
Figure 4. Long-term effects of hyperglycemia, insulin, and IGF-I on gastric slow waves 
in organotypic cultures. Representative recordings made in freshly dissected controls 
(Ctrl) and in tissues cultured for 83–86 days in unsupplemented normoglycemic (NG) or 
hyperglycemic (HG) media or in normoglycemic media containing insulin (Ins) or IGF-I 
(IGF-I) are shown. Note the lack of slow waves and depolarization of resting membrane 
potentials in the unsupplemented, normoglycemic, or hyperglycemic cultures. Both 
depolarization and the loss of slow wave activity were prevented by insulin or IGF-I, 
although the frequencies in these cultures remained at ~50% of those detected in freshly 
dissected controls, an effect likely caused by culturing per se (57). 
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Figure 5. Long-term effects of hyperglycemia, insulin, and IGF-I on gastric slow waves 
in organotypic cultures. Slow-wave parameters obtained by intracellular impalements (n 
= 9–16; two tissues per treatment) are shown. Labels correspond to those in Fig. 3. Slow-
wave duration was measured at one-half amplitude. ANOVA P < 0.001 in all panels; 
groups not sharing the same superscript are significantly different by multiple 
comparisons. Slow waves were largely missing in unsupplemented normoglycemic and 
hyperglycemic cultures. Both insulin and IGF-I prevented the loss of slow-wave activity. 
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3.3. Gene expression of FACS purified Cajal cells 
 

In in vitro experiments the depletion of ICC could be completely prevented by the 

addition of insulin or IGF-1. We were interested in discovering whether ICC express 

insulin/IGF-1-receptor or not. For this purpose we used ICC populations completely 

devoid of other cell types present in the gastric tunica muscularis. We harvested these 

cells by using a fluorescence-activated cell sorting technique as described previously 

(69). We analyzed the expression of messenger RNA (mRNA) for insulin and IGF-I 

receptors in poor ICC populations and for SCF in ICC populations that were purified 

from dispersed juvenile (n = 6) or adult (n = 3) BALB/c gastric tunica muscularis tissues 

by FACS (69). In cell  suspensions immunomagnetically depleted of CD11b+ and 

CD11c+ cells, ICC were identified by FCM as strongly c-Kit+ cells lacking the myeloid 

markers F4/80 and CD11b and the hematopoietic marker CD45 (Fig. 6A). These 

procedures excluded macrophages and dendritic cells that may take up fluorescent labels 

nonspecifically and mast cells that also express c-Kit but are strongly CD45 positive (69). 

The purity of the sorted populations was tested by FCM (Fig 6B) and verified by RT-

PCR detection of cell-specific markers (Fig 6C). Only preparations showing increased c-

kit expression relative to unsorted cells and lacking mRNA for mast cell chymotryptase 

(protease 6, Mcpt6), smooth-muscle myosin heavy chain 11 (Myh11), the neuronal 

marker protein gene product 9.5 (PGP 9.5; ubiquitin carboxy-terminal hydrolase L1, 

Uchl1), the glial/neuronal marker S100b, the fibroblast/endothelial marker CD34, and the 

macrophage/dendritic cell marker CD68 (Fig. 6C) were analyzed further. Unsorted cells 

and intact tissue were used as positive controls. ICC populations fulfilling the criteria for 

purity listed previously (n = 9) did not express mRNA for insulin receptor (Insr) or IGF-I 

receptor (Igf1r) (Fig. 6D). Likewise, pure ICC also did not express either soluble SCF 

(Kitl[s]) or membrane-bound SCF (Kitl[m]), assessed by measuring total (soluble – 

membrane-bound) SCF mRNA (Kitl[s - m]) (72).  
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Figure 6. Murine gastric ICC do not express SCF or receptors for insulin or IGF-I. A, 
Gastric ICC were identified by FCM as cells that labeled with anti-c-Kit antibodies 
(Alexa Fluor 488-ACK2); other potentially c-Kit positive cells were depleted. B, 
Verification by FCM of the purity of ICC populations obtained by FACS. C, Verification 
of the purity of the sorted ICC populations by RT-PCR analysis of the cell-specific 
mRNA species c-kit (ICC, mast cells), Mcpt6 (mast cells), Myh11 (smooth muscle), 
Uchl1 (neurons), S100b (glia, neurons), Cd34 (fibroblasts, endothelium), and Cd68 
(macrophages, dendritic cells). Unsorted cells and whole tissue were used as positive 
control. NTC, “no-template” control. Note that sorted ICC only expressed c-kit and β-
actin mRNA. D, Lack of Insr, Igf1r and Kitl mRNA in purified ICC. ICC did not express 
either Kitl(s) or Kitl(m) as inferred from the absence of Kitl(s+m). 
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3.4. Localization of insulin-receptor, insulin-like growth factor-I receptor and stem cell 

factor in gastric tunica muscularis 

 

Since ICC do not have receptors for insulin and IGF-I, the effects of these growth 

hormones must be mediated by other cell types having receptors for these growth 

hormones and possibly producing stem cell factor. Therefore, we next localized insulin 

and IGF-I receptor and SCF proteins in adult BALB/c (n = 32) and NOD (nondiabetic, n 

= 5) gastric tunica muscularis tissues. These studies included antibodies to recombinant 

polypeptides from the insulin receptor α and β subunits, the IGF-I receptor α subunit, and 

the extracellular portion of SCF (Fig. 7). The results obtained with antibodies to insulin 

receptor α and β subunits were identical, and, therefore, only results obtained with 

antibodies to the α subunit are shown. For comparison, Fig. 7A–D depict specifically 

labeled myenteric and intramuscular ICC, myenteric neurons, and intramuscular nerve 

fibers in the distal stomach. In the gastric corpus and antrum, insulin receptor α 

immunoreactivity (Fig. 7E and F) was present throughout both the circular and 

longitudinal muscle layers. Besides smooth muscle cells, intramuscular fibroblasts may 

have been stained, too. Strong immunoreactivity was detected in the entire myenteric 

plexus including ganglion cells (Fig. 7, asterisks), nerve trunks (arrow in Fig. 7E) and 

fine, elongated structures (Fig. 7, arrowheads) that appeared to be intramuscular nerve 

fibers (Fig. 7D) but also resembled intramuscular ICC (Fig. 7B). However, double 

labeling of cryosections with anti–c-Kit antibodies clearly indicated that insulin receptor 

α- (Fig. 7F) and c-Kit-like immunoreactivities (Fig. 7G) occurred in closely associated 

but distinct structures (Fig. 7H) and identified the former as nerve fibers that typically 

accompany intramuscular ICC (70, 71). Anti–IGF-I receptor α antibodies also stained the 

entire smooth musculature and myenteric plexus (ganglia and nerve trunks) but not 

intramuscular nerve fibers (Fig. 7I and J). Similarly to insulin and IGF-I receptors, 

uniform immunoreactivity for SCF (Fig. 7K and L) was detected throughout both 

smooth-muscle layers. Labeled cells may have included intramuscular fibroblasts. 

However, consistent with earlier reports (77), only the perikarya of a subset of myenteric 

neurons contained SCF protein.  
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Figure 7. Expression pattern of different markers possibly involved in the diabetes 
associatied ICC loss of gastric tunica muscularis. Scale bars in F-H denote 25 µm; in all 
other panels, 50 µm. It is important to note that cell types which express insulin or IGF-I 
receptors also have the capability to produce SCF. IR-α: insulin receptor-α. IGF-I 
receptor-α: IGF-IR-α. See detailed explanation in text (p. 21). 
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3.5. Investigation of SCF expression and loss of interstitial cells of Cajal in the stomach 

of diabetic NOD mice 

 

The lack of insulin and IGF-I receptors in ICC and their presence in cell types that also 

express SCF raised the possibility that the effects of these cytokines on ICC could be 

mediated by SCF. Therefore, we next investigated whether ICC loss in the stomachs of 

diabetic NOD mice is accompanied by a decline in SCF expression. NOD mice used in 

this study became diabetic at 182±7 days of age. Gastrointestinal complications 

developed 56±4 days after the onset of diabetes and, as reported earlier (53) were 

signified by distended abdominal and gastrointestinal tracts distal to the gastric corpus. 

The distal colon was always packed with hard feces. Blood glucose levels at the time of 

sacrifice were above the upper limit of detection (>33.3 mmol/L) in the diabetic mice but 

were normal in their age-matched littermates used as controls (5.12± 0.19 mmol/L). The 

depletion of ICC networks was verified by c-Kit immunofluorescence (Fig. 8A–F). ICC 

were clearly reduced in the gastric corpus and antrum of the diabetic animals (Fig. 8D–F, 

n = 9) relative to the corresponding regions in their nondiabetic littermates (Fig. 8A–C, n 

= 11). Although the myenteric networks were more severely depleted, intramuscular ICC 

were also affected. The depletion was variable in size and location but always occurred 

distal to the midcorpus. To examine the role of SCF in these changes, we first extracted 

data relevant to this problem from genomics databases created by Affymetrix Mouse 

Genome 430 2.0 GeneChip analysis of gastric corpus+antrum tunica muscularis tissues 

(fold changes in group means relative to the corresponding control groups are shown in 

Fig. 8G). The depletion of ICC networks in long-term diabetic (60 days) NOD mice 

(n=3) was reflected by a significant decrease in c-kit mRNA expression relative to their 

nondiabetic littermates (n=3). The decrease in c-kit was accompanied by a profound 

reduction in SCF mRNA, which was detected by 3 different probe sets (Kitl1-3). 

Importantly, the expression of mRNA for smooth-muscle myosin heavy chain (Myh11) 

was also dramatically decreased. In contrast, and consistent with previous reports (6, 7, 

11) we found no decline in the expression of the general neuronal marker Uchl1. None of 

these mRNA species changed in short-term diabetes (18 days, n=2 per group; Fig. 8G). 

After 33 days of diabetes (n=2), only Myh11 was reduced (Fig. 8G), thus being the first 
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marker to decline. The changes in celltype markers were verified by triplicate 

quantitative RT-PCR analyses of the same samples. SCF and c-kit expression was studied 

in detail by quantitative RT-PCR in a separate set of long-term diabetic (56±4 days, n=8) 

and nondiabetic mice (n = 9). The results showed that the levels of mRNA for c-kit and 

both the soluble and membrane-bound isoforms of SCF were significantly reduced in the 

diabetic stomachs (Fig 8H). The reduction in smooth muscle myosin and SCF expression 

in the long-term diabetic animals reflected true atrophy because the dry weight of 

corpus+antrum tunica muscularis tissues was significantly less in diabetic mice (5.0±0.5 

mg, n = 5) than in their nondiabetic, age-matched littermates (7.3±0.5 mg, n = 3, 

P=0.019). 

 

 

 

Figure 8 A-F. See explanations on next page. 
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Figure 8. Reduced expression of c-Kit, SCF and smooth muscle myosin in the stomachs 
of diabetic NOD mice. A-F, Representative confocal images of c-Kit 
immunofluorescence in the greater curvature of full-thickness whole-mounts of gastric 
tunica muscularis tissues of nondiabetic NOD mice (A-C) and their long-term diabetic 
littermates (D-F). A and D, midcorpus; B and E, orad antrum; C and F, distal antrum. 
Scale bar in F denotes 50 µm and applies to all panels. Note reduction of c-Kit+ ICC 
networks in the diabetic mice. G, Affymetrix Mouse Genome 430 2.0 GeneChip analysis 
of c-kit, Kitl, Myh11 and Uchl1 gene expression in NOD mice with short- (18 days), 
medium- (33 days) and long-term (60 days) diabetes. Fold changes in mean expression 
levels in groups of diabetic mice relative to groups of their nondiabetic littermates are 
shown. Values labeled D to be significantly decreased revealed by Affymetrix GeneChip 
Operating Software analysis (all others: “no change”). Probe sets, statistical definitions, 
and additional data from the long-term diabetic group are shown in Table 1. H, 
Quantitative RT-PCR analysis of c-kit and SCF expression in gastric corpus+antrum 
tunica muscularis tissues of nondiabetic NOD mice (open bars) and their long-term 
diabetic littermates (closed bars). Expression of Kitl(m) was calculated as the difference 
between Kitl(s+m) and Kitl(s) in each mouse. P values are from Mann−Whitney rank 
sum tests. Note that the reduction in c-kit was mirrored by a similar change in the 
expression of SCF isoforms. 
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TABLE 
 

Table 1. Effect of long-term diabetes (60 days) on the expression of selected genes 
in the gastric corpus+antrum tunica muscularis detected by hybridization to 
Affymetrix Mouse Genome 430 2.0 GeneChip microarrays and analyzed by 
Affymetrix Gene Chip Operating Software 
 
 

 
 
 
A A measure of transcript abundance. The signals in the individual microarrays 
were  background-subtracted, adjusted for noise, and scaled to the same target 
before comparison. 
 

B Gene expression is called “present” (P) if detection P<0.05 and “absent” (A) if 
P≥0.065. In each case, all available probe pairs (n=11) were used for making the 
call. 
 

C The change in the diabetic dataset relative to the nondiabetic dataset is called a 
“decrease” (D) if change P>(1-0.002) and “no change” (NC) if 0.002667≤P≤(1- 
0.002667). In each case, intersections of all available probe pairs (n=11) were 
used. 
 

0.000244 P 2519.5 1448260_at Uchl1 

0.000244 P 1393.9 1418122_at MyHC1 

0.000244 P 4062.0 1448117_at Kitl3 

0.023926 P 85.7 1426152_a_at Kitl2 

0.000244 P 7449.9 1415855_at Kitl1 

0.001221 P 248.6 1415900_a_at c-kit 

0.757415 NC 0.2 0.000244 P 3772.0 

0.999308 D -2.1 0.095215 A 305.1 

0.99998 D -3.9 0.080566 A 231.8 

0.998799 D -2.8 0.665527 A 16.3 

0.998923 D -1.1 0.000244 P 3199.7 

0.99998 D -2.4 0.633789 A 38.1 

NOD diabetic vs 
nondiabetic 

NOD diabetic NOD nondiabetic 
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3.6. Smooth muscle atrophy and consequent loss of stem cell factor lead to depletion of 
interstitial cells of Cajal in long term organotypic gastric tunica muscularis cultures 
 

We further investigated the relationship between ICC depletion, loss of SCF and smooth 

muscle atrophy using long-term organotypic cultures of intact juvenile (14-day-old) 

BALB/c gastric corpus+antrum muscles (61) (Fig. 9). As it was shown in this study ICC 

networks and electrical slow waves are maintained in these tissues for 4-6 weeks of 

culture in unsupplemented normoglycemic media, but deteriorate after 6-10 weeks, by 

which time ICC, c-kit expression, and electrical slow waves are significantly reduced or 

missing. First we cultured the tissues for 74-75 days in unsupplemented, normoglycemic 

(5.55 mmol/l) basal media (Fig. 9, NG), or in basal media supplemented with either high 

glucose (55.5 mmol/l; HG) or 5 µg/ml insulin (Ins) or 100 ng/ml IGF-I. The effects of 

these treatments on SCF isoforms (n = 5/group) and markers specific for ICC, smooth 

muscle cells and neurons (n = 7/group) were analyzed by quantitative RT-PCR. The 

effects on c-kit expression were similar to our previous findings. Relative to freshly 

dissected control tissues (Fig. 9, Ctrl), c-kit was dramatically reduced in cultures 

maintained with unsupplemented, normoglycemic or hyperglycemic media, and this 

decrease was significantly prevented by insulin and IGF-I supplementation. By 

immunohistochemistry we have demonstrated in this study that these changes in c-kit 

expression are paralleled by corresponding changes in ICC network densities. Significant 

contribution of mast cells to c-kit mRNA in these studies is also unlikely because normal 

murine gastric tunica muscularis tissues devoid of mucosal or submucosal contamination 

only contain negligible amounts of Mcpt6 transcripts (note lack of Mcpt6 expression in 

unsorted tunica muscularis cells in Fig. 6C and see Ref 72). The changes in c-kit were 

mirrored by similar trends in SCF (Kitl) expression except that IGF-I stimulated the 

membrane-bound isoform well beyond control levels, whereas changes in Kitl(s) did not 

reach statistical significance. The effects of the treatments on the expression of the 

smooth muscle-specific gene Myh11 were similar to the changes in c-kit and Kitl. In 

contrast, mRNA for the neuronal marker Uchl1 was undetectable in most cultures 

regardless of media supplementation (Fig. 9). 
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Figure 9. Role of SCF produced by smooth muscle cells in the long-term maintenance of 
ICC: Long-term effects of growth factor deprivation (in the presence of normo- or 
hyperglycemia) and insulin or IGF-I supplementation on the expression of c-kit, Myh11, 
Uchl1 and SCF (Kitl) isoforms (soluble (s); membrane bound (m)) measured by 
quantitative RT-PCR. Ctrl: freshly dissected control gastric tunica muscularis tissues. 
The other groups are tissues cultured for 74-75 days with either unsupplemented, 
normoglycemic media (NG), hyperglycemic media (HG), normoglycemic media 
containing insulin (Ins), or normoglycemic media supplemented with IGF-I (IGF-I). P 
values are from Kruskal–Wallis one-way ANOVA on ranks; groups labeled with 
asterisks are significantly different from Ctrl by Dunn’s post-hoc multiple comparisons. 
The decrease in c-kit expression in the long-term normo- and hyperglycemic cultures and 
the prevention of this change by insulin or IGF-I were paralleled by similar changes in 
Myh11 and SCF isoforms. Uchl1 expression was lost in all cultures regardless of 
treatment. 
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3.7. Relationship between ICC loss and stem cell factor producing cells  

 

The data presented in Fig. 8G and 9 clearly indicate that smooth-muscle cells and 

myenteric neurons, the two main sources of SCF in the gut (72-74) differ in their 

relationship to ICC; whereas changes in the smooth muscle always mirrored the changes 

in ICC and Kitl expression, neuronspecific gene expression remained normal in long-term 

diabetic NOD mice with depleted ICC (Fig. 8G) and stayed near undetectable levels in 

the insulin- and IGF-I–treated organotypic cultures despite the rescue of the ICC 

networks (Fig. 9). We investigated whether intracellular localization of SCF in myenteric 

neurons (74) could account for the dramatic dissociation between the fates of neurons and 

ICC. As shown in Figure 10, live immunolabeling of tunica muscularis tissues from 

BALB/c and nondiabetic NOD mice (n = 7) only stained the membranes of circular and 

longitudinal smooth-muscle cells, and no surface labeling of myenteric ganglion cells 

was detectable. Thus, SCF produced by myenteric neurons may not be available for the 

ICC. 

 

3.8. Immunoneutralization of stem cell factor accelerate the loss of gastric ICC  

 

Because we had previously demonstrated that the blockade of c-Kit signaling with ACK2 

anti–c-Kit antibody accelerated the demise of gastric ICC networks in organotypic 

cultures (57) we examined whether these results could be replicated by 

immunoneutralization of SCF, the natural ligand for c-Kit (Fig. 11). As revealed earlier, 

(57) culturing corpus+antrum muscles from juvenile BALB/c mice in unsupplemented, 

normoglycemic basal media for 34 days did not affect ICC network morphology (Fig. 

11A), although c-kit mRNA levels in these cultured control tissues (open bar in Fig. 11C, 

n = 3) were already lower than in freshly dissected tissues (open bar in Fig. 9, c-kit 

panel). Inclusion of polyclonal anti-SCF antibodies (2 µg/ml) in the culture media caused 

a profound depletion of both main ICC classes (Fig. 11B) and a significant reduction of c-

kit expression (Fig. 11C, n = 3), indicating that loss of SCF per se can lead to loss of ICC. 
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Figure 10. Myenteric neurons, unlike smooth muscle cells, do not express SCF protein 
on their surface. Live tunica muscularis tissues were incubated with anti-SCF antibodies 
at 4 °C for 3 h before fixation with 4% paraformaldehyde-saline. SCF-like 
immunoreactivity in the whole mounts was visualized with Alexa Fluor 488-conjugated 
secondary antibodies (panel A and green color in panels B and D). In the experiment 
illustrated in B-D, neural fibers were counterstained with monoclonal antibodies against 
neural cell adhesion molecule (CD56) before fixation and developed with Alexa Fluor 
594-labeled secondary antibodies (red color in C and D). D: composite of B and C. In 
Panel A presents a confocal projection of 2 optical sections representing the 
perimyenteric region is shown. Note that no SCF-immunoreactive myenteric neurons 
appear between the circular (vertical) and longitudinal muscle layers. Arrow points at 
punctate staining in a macrophage that phagocytosed the primary antibody. Panels B-D 
show a single optical section taken with an enlarged confocal aperture to allow 
simultaneous visualization of a myenteric ganglion (C) in the focal plane and SCF on the 
surface of muscle fibers in the circular and longitudinal layers immediately above and 
below the focal plane (B). The anti-CD56 antibody only labeled neural fibers and left the 
perikarya of myenteric neurons unstained (arrowheads in C). Many of the same areas also 
remained unstained in the green fluorescent channel (arrowheads in B and D), whereas 
others only contained projected SCF-like immunofluorescence from muscle fibers 
displaced by the neural structures. The circular muscle fibers outlining the ganglion 
should also be noted. No evidence of cell surface-expression of SCF by myenteric 
neurons was found (compare panels A and B with Fig. 7 K and L). Scale bars denote 50 
µm. 
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Figure 11. Role of SCF produced by smooth muscle cells in the long-term maintenance 
of ICC: Effects of polyclonal antibodies against the extracellular/soluble portion of SCF 
on ICC networks and c-kit expression. A and B: representative confocal images of c-Kit-
like immunofluorescence in juvenile murine gastric corpus+antrum tunica muscularis 
tissues cultured for 34 days with unsupplemented, normoglycemic media in the absence 
(A) or presence (B) of 2 µg/ml anti-SCF antibodies. Scale bar in B denotes 50 µm and 
applies to both panels. C, Effects of immunoneutralization of SCF on c-kit expression 
measured by quantitative RT-PCR. Open bar: controls; closed bar: anti-SCF-treated. The 
P value is from unpaired Student t-test. Note profound reduction of ICC and c-kit 
expression by the anti-SCF antibody. 
 

 

 

 Discussion 

 

The main objectives of this study comprised first, to establish long-term organotypic 

cultures of murine gastrointestinal tract tissue to clarify the role of hyperglycaemia, 

insulin and IGF-I in the impairment of ICC morphology and function induced by diabetes 

mellitus and, second, by using this technique together with other methods to explore the 

mechanisms responsible for this ICC damage.  
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4.1. Role of hyperglycaemia, insulin and IGF-I in the maintenance of Cajal cell 

morphology and function 

 

In the first part of our study we used organotypic cultures of gastric corpus and antrum 

tunica muscularis to dissect the contributions of hyperglycemia and insulinopenia to 

diabetes-associated ICC loss (25, 26, 53-55). Our results demonstrated that normal ICC 

network morphology is completely unaffected by long-term hyperglycemia. This 

observation was surprising since chronic complications of diabetes are generally 

attributed to recurring episodes of hyperglycemia and resultant oxidative damage, 

nonenzymatic glycation, and activation of protein kinase C, nuclear factor {kappa}B and 

aldose reductase (59). Hyperglycemia has been shown to induce apoptosis via activation 

of caspase-3 in cultured superior cervical ganglia, dorsal root ganglion neurons, Schwann 

cells and neuroblastoma cells, and only a relatively small proportion of these effects can 

be attributed to hyperosmolarity (58, 75). It is unclear why ICC are not damaged by 

hyperglycemia, but it is noteworthy that they contain an abundance of mitochondria and 

rely on oxidative metabolism for electrical pacemaking (32) and thus probably possess 

efficient mechanisms for elimination of superoxide and other reactive oxygen species 

(61). Even more surprising was the finding that hyperglycemia can actually limit the 

damage to ICC networks that occurs between 34 and 68 days of culture. High levels of 

glucose (up to 100 mmol/l) have been reported to have paradoxical neuroprotective 

effects against glutamate and free radical neurotoxicity and oxygen-glucose deprivation 

by enhancing mitochondrial transmembrane potentials (76). Glucose can also activate 

members of the mitogen-activated protein kinase family (77) and may stimulate the 

production of tissue growth factors required for ICC survival and function. Whether any 

of these mechanisms contribute to the observed effects remains to be investigated. It is 

also important to note that hyperglycemia could not prevent the loss of electrical slow 

waves, suggesting an inhibition of pacemaking independent of ICC depletion. This 

observation is consistent with previous findings that even acute elevations in blood 

glucose levels can have deleterious effects on gastrointestinal motility by eliciting gastric 

dysrhythmias, impaired antroduodenal motor activity, delayed gastric emptying, altered 

visceral sensation, and impaired colonic response to feeding (45-47, 58). It is therefore 
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likely that acute hyperglycemic episodes in diabetes may interact with ICC loss 

precipitated by other mechanisms to cause acute exacerbations of chronic symptoms in 

various manifestations of diabetic gastroenteropathies (45, 58). 

When gastric or small intestinal muscles are isolated from newborn mice and cultured in 

normoglycemic unsupplemented basal media, ICC and electrical slow waves continue to 

develop for at least 10 days (78) and are maintained for about a month. These findings 

indicate that the tunica muscularis has intrinsic reserves from which ICC can draw for 

normal function. However, ICC networks begin to deteriorate around 6 weeks (57) and, 

as we have demonstrate here, undergo significant depletion by the end of the 10th week 

of culture, following a time course similar to the ICC loss that occurs in untreated 

diabetic NOD/LtJ mice (53). The decline in ICC is paralleled by a similar disruption of 

electrical slow waves (53, 57). These changes can be accelerated by continuous blockade 

of c-Kit signaling with the neutralizing antibody ACK2, indicating that stem cell factor, 

the natural ligand for c-Kit, plays a critical role in the maintenance of the ICC phenotype 

not only in vivo (16, 18), but also in culture (57, 78), and that endogenous production of 

this cytokine may require additional (likely serum-born) factors beyond a certain period 

of time. This dependence on extrinsic factors is more evident in canine (79) and mouse 

colon tissues placed in culture (T.Ö., unpublished data), where ICC and smooth muscle 

cells require serum supplementation for survival. In this study, we demonstrate that 

insulin is an important serum-born factor required for the long-term maintenance of ICC. 

The depletion of ICC networks could be completely prevented by insulin treatment, even 

in the presence of 55.5 mmol/l glucose, and these effects were not enhanced any further 

by the administration of 5% fetal bovine serum. In fact, we have shown that c-Kit–like 

immunoreactivity, c-kit expression, and electrical slow-wave activity in ICC can be 

maintained for at least 86 days under these circumstances, except for an ~50% reduction 

in slow-wave frequency, which is likely to be an effect of culturing per se (57). Recently, 

we have found that insulin treatment can also prevent ICC loss in gastric antrum tissues 

obtained from adult BALB/c mice (unpublished data). These results strongly suggest that 

insulinopenia may be the underlying cause of ICC loss and resultant deterioration of 

electrical pacemaking and gastroparesis in diabetic NOD/LtJ mice (53) and, possibly, in 

patients with diabetes (25, 26, 55, 58). Although chronic complications of diabetes have 
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been traditionally attributed to hyperglycemia (59), it is now well established that 

reduced or ineffective insulin signaling and abnormal levels of other growth factors also 

play important roles (61), even in type 2 diabetes, where blunted glucose-induced insulin 

secretion accompanies insulin resistance in target tissues (60). The lower prevalence of 

gastropathy in type 2 diabetes (up to 30% vs. 50% in type 1 diabetes) (46) also supports a 

role for absolute or relative insulinopenia in this complication. Furthermore, 1-week 

insulin treatment has been reported to restore delayed liquid emptying in NOD mice by 

stimulating neuronal nitric oxide synthase expression, an effect that could not be 

replicated by acute normalization of blood glucose levels (62). Thus, insulin may have 

multiple beneficial effects on diabetes-associated gastric motor dysfunction.  

The disruption of ICC networks in our studies could also be prevented by IGF-I 

supplementation. Circulating IGF-I levels do not appear to correlate with the degree of 

glycemic control and are reduced in both type 1 and type 2 diabetes, although the changes 

are less pronounced in the latter (61). IGF-I may mediate, at least in part, the effects of 

insulin, which is known to stimulate IGF-I expression (61). Since insulin and IGF-I and 

their receptors are structurally related, cross-talk between the two systems may also occur 

at pharmacological concentrations (61, 80). Insulin may also be able to activate signaling 

through the IGF-I receptor ß subunit at physiological concentrations by binding to hybrid 

insulin/IGF-I receptors containing the A isoform of insulin receptor (80). However, it is 

unclear whether such hybrid receptors can be found in the gastrointestinal tunica 

muscularis. In any case, the finding that both insulin and IGF-I can prevent the loss of 

ICC suggests that these effects are more likely to be mediated by genomic, rather than 

metabolic, actions of insulin (61). The intracellular pathways involved in the long-term 

maintenance of the ICC phenotype by insulin and IGF-I remain to be investigated. 

 

It is important to emphasize that in addition to insulin and IGF-I, other factors may also 

contribute to the long-term maintenance of ICC and electrical slow waves. For example, 

IGF-II, another natural ligand for the IGF-I receptor, may have effects similar to IGF-I 

(rev. in 61). In addition, the proinsulin C-peptide has been shown to enhance or mimic 

the effects of insulin and to normalize the expression of insulin receptor, IGF-I, and IGF-I 
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receptor in peripheral nerves of diabetic rats (rev. in 61). Elucidation of the role of these 

factors on ICC requires further investigation. 

 

Results we got from the long term tissue cultures indicate that the diabetes-associated 

depletion of ICC, a significant component of diabetic gastropathy and gastroparesis, is 

unlikely to be caused by chronic or recurrent hyperglycemia. In contrast, maintenance of 

ICC requires insulin or IGF-I, which are reduced or ineffective in diabetes.  

 

 

4.2. Role of insulin and IGF-I in the maintenance of Cajal cell morphology and its 

impairment by diabetes mellitus 

 

Since ICC damage in long term diabetes is likely to be a consequence of reduced insulin 

and/or IGF-I signaling, in the second part of the study we first examined whether ICC is a 

direct target of the abovementioned growth factors. Our data obtained by using FACS, 

qualitative PCR and immunohistochemistry clearly indicate that mature ICC do not 

express receptors for insulin and IGF-I. We found insulin receptor α and β and IGF-I 

receptor α immunoreactivity only in the smooth muscle layers, myenteric neurons and, in 

the case of insulin receptor α, intramuscular nerve fibers. Consequent with these data we 

could not detect transcripts for insulin and IGF-I receptor in ICC populations purified by 

FACS. The same cell types that had insulin and IGF-I receptors were also found to 

express SCF, which is required for long-term ICC survival and function (38, 57, 70-74). 

Therefore, we examined whether SCF could mediate the dramatic protective effect of 

insulin and IGF-I on slow waves and ICC and whether a decline in SCF production could 

be responsible, at least in part, for the ICC depletion of diabetes. We used several 

approaches to prove this protective role of SCF. By using quantitative PCR and RNA 

hybridization methods we have shown that in the stomach of long-term NOD diabetic 

mice reduction of ICC and c-Kit expression was mirrored by a similar decline of the 

expression of both soluble and membrane bound stem cell factor. By using long-term 

organotypic gastric tunica muscularis cultures we also showed that insulin and IGF-I 

supplementation have a similar effect on c-Kit and SCF (both soluble and membrane 
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bound) expression: the two markers changed parallel. To further reinforce these data we 

used immunoneutralization of SCF in organotypic cultures. Using this technique we have 

shown that application of anti-c-kit antibody led to a loss of both main ICC classes 

closely resembling the depletion elicited by insulin/IGF-I deficiency. The latter finding 

complements our earlier results that established the dependence of gastric ICC on c-Kit 

signaling (57). In those studies, we found that chronic anti-c-Kit antibody blockade of 

SCF signaling through c-Kit receptors caused the disruption and eventual loss of both 

myenteric and intramuscular ICC networks, leading to loss of electrical slow waves and 

responses to electrical stimulation. The anti-c-Kit treatment was specific for ICC because 

the smooth musculature continued to respond normally to acetylcholine or elevated 

external K+ concentration (57). The role of SCF/c-Kit signaling in the maintenance of 

gastric ICC is also supported by the near-complete loss of intramuscular ICC (70) and the 

significant, quantitative reduction of myenteric ICC (56, 81) in the stomachs of W/WV 

mice that have reduced (but not lost) c-Kit tyrosine kinase activity (82). Clearly, these 

previous and the present results provide strong support for the notion that most gastric 

ICC depend on uninterrupted SCF signaling through c-Kit. It follows that the 

demonstrated reduction in SCF production in the diabetic stomachs must also play a 

significant role in the decrease in ICC network densities that occurs in this disease. 

However, studies in W/WV and Sl/Sld mice suggest that the degree of SCF requirement of 

ICC depends on both the ICC class (myenteric ICC are better preserved than 

intramuscular ICC) and anatomic localization (myenteric ICC are nearly normal in the 

greater curvature of the distal antrum, whereas they are profoundly reduced elsewhere in 

the stomach) (56, 71, 79). Thus, SCF, however important, may not be the primary 

survival signal for some ICC, which may require other factors for maintenance and 

function. The extent to which these other, putative factors contribute to the pathogenesis 

of diabetic gastroparesis remains to be investigated. 

Although the data we presented here theoretically could be a basis of a therapeutic use of 

stem cell factor in diabetic gastroparesis, there may be some possible disadvantages of 

the therapeutic use of this cytokine. As it has been clearly demonstrated, the decrease of 

SCF expression in diabetes is likely to result from a reduction in the number of cells that 

normally present this signal to ICC, i.e. smooth-muscle atrophy, rather than a reduced 
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stimulation of Kitl transcription by insulin and/or IGF-I. Therefore, administration of 

SCF could not improve the major pathological impairment, i.e. smooth muscle atrophy 

which appears to be the ultimate cause of ICC depletion. Moreover, effective support of 

ICC would require the delivery of membrane-bound SCF, the isoform that can provide 

biologically significant stimulation of c-Kit signaling (83) to ICC (e.g. by targeted 

overexpression in gastric smooth-muscle cells). However, because signaling by 

membrane-bound SCF is spatially restricted, even the higher-than-normal levels in the 

surviving smooth-muscle cells would not be able to compensate for the loss of SCF that 

occurs in the atrophied regions. In contrast, because SCF expression faithfully follows the 

changes in smooth-muscle–specific gene expression both in vitro and in vivo, treatments 

that could reverse or preserve smooth-muscle mass should not only prevent or correct 

myopathy but also efficiently raise or maintain SCF levels and protect ICC. There have 

been several previous attempts to identify the sources of SCF for ICC development and 

maintenance (72-74, 84). Early studies in SCF-lacZ transgenic mice could only identify 

myenteric neurons as potential sources of SCF (72). However, a role for smooth muscle 

cells was strongly suggested by findings of normal ICC in the absence of an enteric 

nervous system (73, 84) and non-neuronal cells expressing SCF protein were later 

identified by immunohistochemistry (74). Epperson et al (85) also detected SCF mRNA 

in smooth muscle cells and in single ICC in cell suspensions prepared from fundic and 

small intestinal muscles and sucked into micropipettes. In this study, we localized SCF 

protein in myenteric neurons and smooth-muscle cells throughout the gastrointestinal 

tract by immunohistochemistry and failed to detect either SCF protein or mRNA in 

gastric ICC. It is important to note that since the latter results were obtained in 

populations of 20,000 –100,000 ICC purified by FACS and rigorously tested for purity 

by FCM and RT-PCR in each experiment, they provide strong evidence that ICC do not 

contribute to their own maintenance. 

Our data obtained by RNA hybridization also confirm that myenteric neurons, unlike 

smooth-muscle cells, are probably not decreased in diabetic gastroparesis, (62, 86, 87) 

although reduced density of intramuscular nerve fibers has been reported in a case of 

advanced diabetic pseudo-obstruction (25). However, reduced production of neuron-

derived factors could also manifest at the functional or gene expression level (45, 62, 86). 
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Indeed, short-term insulin treatment has been reported to correct reduced neuronal nitric 

oxide synthase expression in mice (62). However, in our studies, both IGF-I and insulin 

were able to rescue gastric ICC and smooth-muscle cells without preventing the complete 

loss of neurons in unsupplemented organotypic cultures. Thus, even if ICC depended on 

some neuron-derived factors and even if those factors were reduced in diabetes, insulin 

and IGF-I treatments must be able to compensate fully for their missing effects even in 

the absence of neurons. In summary, these results clearly indicate that the fate of ICC in 

diabetes depends on SCF from smooth-muscle cells but probably not from myenteric 

neurons. A similar conclusion has been reached in studies on the development of ICC 

(73, 74, 84). A predominantly intracellular localization of SCF in myenteric neurons 

could account for the lack of neuronal effects on ICC maintenance (74). Because both the 

“soluble” and “membrane-bound” isoforms of SCF exist as extracellular portions of a 

transmembrane protein, (24, 83, 85) these observations suggest that SCF in myenteric 

neurons may lack a membrane localization signal (24). As discussed earlier, our data 

strongly indicate that insulin and IGF-I probably increase SCF levels, at least in part, by 

preventing smooth-muscle atrophy (87-89) Pathways whereby IGF-I stimulates smooth 

muscle cell growth have been described and include activation of phosphatidyl inositol-3-

kinase, 3-phosphinositide–dependent kinase-1 and the 70-kDa ribosomal S6 kinase (90). 

IGF-I can also prevent apoptosis in these cells by inhibiting glycogen synthase kinase-3β 

(91). Insulin also has antiapoptotic effects (35). Insulin and IGF-I–signaling mechanisms 

overlap considerably and cross-talk between them can occur at both physiological and 

pharmacological levels (80). In our studies, IGF-I typically had greater effects on gene 

expression than insulin, despite being used at a lower concentration. Therefore, it is likely 

that the observed effects were primarily mediated by IGF-I receptors. In addition to 

preserving SCF levels by preventing the loss of their main source, insulin and IGF-I may 

directly stimulate SCF expression (e.g. via the mitogen activated protein kinase cascade) 

(90, 93). However, the existence of transcriptional control of SCF by these cytokines is 

uncertain and remains to be investigated. An SCF-mediated link between smooth muscle 

and ICC may also underlie ICC loss in other diseases (e.g. the myopathic forms of 

intestinal pseudo-obstruction, where both cell types undergo atrophy) (22). However, 

ICC loss is also known to accompany conditions in which smooth-muscle mass is not 
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reduced (94) or where it is increased (e.g. in partial mechanical obstruction) (95). The 

disparate behavior of ICC and smooth muscle cells in these cases might result from a 

decrease in SCF without smooth-muscle atrophy or the existence of mechanisms for ICC 

loss that are independent of SCF/c-Kit signaling, such as leukocytic infiltration or altered 

cytokine and nitric oxide secretion, which may also contribute to the diabetes-associated 

ICC depletion (96). It follows from the foregoing that myopathy precipitated by reduced 

insulin/IGF-I signaling may play a more central role in gastrointestinal complications of 

diabetes than previously recognized. Smooth muscle atrophy (87-89) besides causing 

weakness and hypomotility of antral muscles, may lead to all the well-established 

consequences of ICC loss including electrical dysrhythmias (56, 57), reduced peristalsis 

and delayed solid emptying (53-55), impaired neural control via ineffective excitatory 

and inhibitory neuromuscular neurotransmission (70, 71) and vagally mediated 

mechanoreception (38). Because manifestations of these changes have been shown in 

both patients and animal models with diabetic gastropathy and gastroparesis (45, 53-55, 

63, 97) many of the most important gastrointestinal dysfunctions in diabetes may be the 

indirect consequence of myopathy. Furthermore, when gastroparesis occurs in the 

absence of systemic autonomic neuropathy demonstrable by clinical tests (97-99), ICC 

defects caused by loss of SCF from the smooth muscle may mimic some of the signs and 

symptoms of neuropathy such as altered visceral sensitivity, impaired receptive and 

sphincter relaxation, electrical dysrhythmias, and delayed emptying (38, 53, 56, 57, 70, 

71) by disrupting communication between sensory and motor nerves and the smooth 

musculature. Myopathy, a somewhat overlooked aspect of diabetic gastroenteropathies, 

may have consequences far beyond reduced contractility by causing the depletions of 

ICC networks. In turn, pharmacological perturbation of smooth muscle function may 

represent an important target for the prevention and treatment of diabetic gastroparesis.  

 

In conclusion, the present study has revealed new aspects of the pathophysiology and of 

diabetes-induced motility disorders of the gastrointestinal tract. In contrast with recent 

views, the present findings furnished evidence for smooth muscle dysfunction as a 

primary pathological cause of diabetic gastroparesis. Impairment of Cajal cell function 

and consequent changes in gastric motility appear to result from smooth muscle atrophy 
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rather than from disrupted cytokine signaling or neuronal function. Moreover, the 

findings may offer new possibilities in the management of motility disorders of the 

gastrointestinal tract. 
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