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Abstract

BACKGROUND & AIMS—Interstitial cells of Cajal (ICC) express the receptor tyrosine kinase, 

KIT, the receptor for stem cell factor. In the gastrointestinal (GI) tract, ICC are pacemaker cells 

that generate spontaneous electrical slow waves, and mediate inputs from motor neurons. Absence 

or loss of ICC are associated with GI motility disorders, including those consequent of diabetes. 

Studies of ICC have been hampered by the low density of these cells and difficulties in 

recognizing these cells in cell dispersions.

METHODS—Kit+/copGFP mice harboring a copepod super green fluorescent protein (copGFP) 

complementary DNA, inserted at the Kit locus, were generated. copGFP+ ICC from GI muscles 

were analyzed using confocal microscopy and flow cytometry. copGFP+ ICC from the jejunum 

were purified by a fluorescence-activated cell sorter and validated by cell-specific markers. 

Kit+/copGFP mice were crossbred with diabetic Lep+/obmice to generate mice compound 

Kit+/copGFP;Lepob/ob mutant mice. copGFP+ ICC from compound transgenic mice were analyzed 

by confocal microscopy.

RESULTS—copGFP in Kit+/copGFP mice colocalized with KIT immunofluorescence and thus 

was predominantly found in ICC. In other smooth muscles, mast cells were also labeled, but these 

cells were relatively rare in the murine GI tract. copGFP+ cells from jejunal muscles were Kit+ and 

free of contaminating cell-specific markers. Kit+/copGFP; Lepob/ob mice displayed ICC networks 

that were dramatically disrupted during the development of diabetes.

CONCLUSIONS—Kit+/copGFP mice offer a powerful new model to study the function and 

genetic regulation of ICC phenotypes. Isolation of ICC from animal models will help determine 

the causes and responses of ICC to therapeutic agents.
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An important step in understanding the role of interstitial cells of Cajal (ICC) in the 

gastrointestinal (GI) tract was the finding that tyrosine kinase, KIT, is expressed by ICC and 

that anti-KIT antibodies label these cells.1,2 After this discovery, the majority of 

morphologic studies on ICC has utilized KIT immuolabeling to characterize the distribution 

of ICC and the consequences of disease processes on ICC. Mast cells are the only other cells 

expressing KIT in the tunica muscularis, but the distinctive size, shape, and relative 

distributions of these cells makes cross labeling of mast cells a minor interference in 

identification of ICC. Identifying ICC with KIT antibodies (CD117) and 

immunohistochemical techniques has been difficult in vivo and in dispersed cells, making it 

difficult to exam time-dependent changes in a single tissue and to characterize changes in 

gene expression as the cells are negatively impacted by disease. Difficulties in identifying 

ICC in enzymatically dispersed, mixed cell populations may be due to damage to the 

epitopes for KIT antibodies. In addition, data from different laboratories have suggested that 

detection of KIT-immunoreactive ICC is not uniformly reliable, and some investigators have 

suggested that not all ICC express or can be detected by CD117 or that ICC loss is more 

significant than in other comparable studies.3

ICC are electrically active cells that generate and propagate electrical slow waves, and these 

events are conducted to smooth muscle cells in the gut to organize phasic contractions and 

peristalsis.1,4 ICC are also involved in transduction of inputs from excitatory and inhibitory 

motor neurons and therefore play a fundamental role in regulation of motility by the enteric 

nervous system.5,6 Loss of ICC function can lead to symptoms that might traditionally have 

been considered defects in myogenic or neurogenic control mechanisms. However, KIT 

labeling showed that the structural integrity of ICC is aberrant in a variety of GI 

dysmotilities, including achalasia,7,8 diabetic gastroenteropathy,9–11 hypertrophic pyloric 

stenosis,12 gastroschisis,13 intestinal pseudoobstruction,14–17 slow transit constipation,18–20 

Hirschsprung’s disease,21,22 Crohn’s disease,23,24 and inflammatory bowel disease.25–27

Patients with long-standing diabetes mellitus develop gastroparesis, which is a growing 

health care problem.28 A growing body of evidence from clinical and animal model studies 

indicate that destruction of ICC networks or loss of ICC in diabetes is a major 

pathophysiologic feature of diabetic gastroenteropathy.29 All of these studies were carried 

out on fixed tissues and labeling with KIT antibodies. Thus, it has been difficult to visualize 

ICC networks in vivo or to isolate sufficient ICC for genomic studies of the changes that 

occur in these cells. Hence, the consequences of diabetes on ICC are poorly understood. In 

this study, we developed a new animal model in which ICC are labeled by a transgenic 

technique, and we bred the constitutive label into an animal model (Lepob/ob), creating 

Kit+/copGFP and KitcopGFP;Lepob/ob mice. Tissues and cells of these animals provide a 

powerful new means of studying the disease processes leading to ICC lesions. As with 

Lepob/ob mice, it should be possible to crossbreed Kit+/copGFP with a variety of murine 
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models of GI disease, providing the opportunity to more thoroughly understand the diparate 

or common factors impacting the ICC phenotype in such a variety of GI motility disorders.

Materials and Methods

Generation of Kit+/copGFP Knock-In Construct

The RPCI-21 P1 artificial chromosome (PAC) library constructed from a female 129S6/

SvEvTac mouse spleen genomic DNA in pPAC4 vector30 was screened with a probe 

corresponding to a region spanning the first exon of Kit gene (Children’s Hospital Oakland 

Research Institute, Oakland, CA). Five positive clone cells (SS4-D1, S74-C7, 611-H4, S01-

P3, and S3S–H12) were obtained from Children’s Hospital Oakland Research Institute. A 

colony direct polymerase chain reaction (PCR) was performed with pairs of primers 

spanning a region of the 5′ upstream 5 kilobase (kb) from exon 1 and spanning a region of 

exon 5 as described.31 PCR detected 2 clones: SS4-D1 and S3S–H12. PAC DNAs were 

isolated from the 2 clones using BACMAX DNA purification Kit as described in the 

manufacturer’s instructions (EPICENTE Biotechnologies, Madison, WI). Clone SS4-D1 

PAC DNA was sequenced with T7 and SP6 and mkit11r at the Nevada Genomic Center, 

Reno, NV. Clone SS4-D1 contains 81,857 base pair (bp) of genomic DNA (chrS: 

75,926,271–76,008,127), which consists of 37,116 bp of the 5′ upstream, exons 1–4, and a 

partial intron 4. This PAC clone was used to construct a KitxopGFP KI targeting vector. A 

5.2-kb fragment (5′ arm) digested with HindIII and KasI and a 3.6-kb fragment (3′ arm) 

digested with SacII and XbaI from the PAC clone were subcloned into a modified vector 

from pCR-XL vector (Invitrogen, Carlsbad, CA). A 0.8-kb fragment of the copGFP gene 

originally from the copepod Pontellina plumata was amplified from a pFIV-copGFP 

reporter vector (System Bio-sciences, Mountain View, CA) by PCR and subcloned into the 

pcDNA 3.1/V5-His TOPO TA Cloning vector (Invitrogen). A 0.23-kb fragment of the SV40 

poly A signal (terminator) was amplified from pd2EYFP-Nl (BD Bio-sciences, San Jose, 

CA) by PCR and subloned into the pcDNA3.1 vector. The copGFP gene and the SV 40 

terminator were ligated in the 5.2 kb of the 5′ arm in a way that the copGFP open reading 

frame directly inserted with Kozak consensus sequence32 after 12 bp from the actual start 

codon “ATG” of Kit. This 5.2 kb-copGFP construct and a 3.6 kb of the 3′ arm were 

subcloned into a pHWloxp1 vector, which contains a promoter of the mouse 

phosphoglycerate kinase gene (Pgk1) and hypo-xanthine phosphoribosyltransferase (Hprt1) 

gene for selection (gifted from Dr. Klaus Willecke).33 The final targeting construct, Kit-

copGFP/pHW (patent in submission), was sequenced with many sets of primers for 

confirmation (see DNA sequencing and analysis). The construct plasmids, prepared using a 

Plasmid Maxi Kit (QIAGEN, Valencia, CA), were digested with KpnI followed by 

purification with phenol-chloroform extraction. The linearized and purified targeting vectors 

were electroporated into the AB2.2 embryonic stem (ES) cells, and HAT and FIAU double-

selected ES cell clones were screened by Southern blot analysis (see Supplementary 

Material).

Generation of Kit+/coPGFP and Kit+/copGFP;Lepob/ob Type 2 Diabetes Mellitus Mutants

Two ES cell clones carrying the mutant KitxopGFP allele were injected into CS7BL/6J 

blastocysts and implanted into pseudopregnant females (CD1 strain). A high percentage of 
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male chimeras were bred with CS7BL/6J female mice to produce heterozygous mice 

(Kit+/copGFP). Intercrossing Kit+/copGFP mice yielded approximately 50% of F2 Kit+/copGFP 

mice (patent in submission). F1 mice were genotyped using Southern blot analysis. After F2, 

PCR-based genotyping was performed using primers Kit-g1 and Kit-g1r, specific to the 

wild-type (WT) allele and knock-in (KI) primers, copGFP-1 and copGFP-1r, specific for the 

KI allele copGFP gene (Supplementary Table 1). A Kit+/copGFP male mouse was crossbred 

with a Lep+/ob type 2 diabetes mellitus (DM) female heterozygote mouse (The Jackson 

Laboratory, Bar Harbor, ME) to generate Kit+/copGFP;Lep+/ob heterozygote mice. 

Kit+/copGFP; Lep+/oh heterozygote mice were backcrossed to generate Kit+/copGFP;Lepob/ob 

mutants (patent in submission). The offspring mice were genotyped with 2 sets of primers, 

Lep-1 and Lep-1r for the Lepob/ob mutation and copGFP-1 and copGFP-1r for the 

Kit+/copGFP KI (see Supplementary Table 1). The 155-bp PCR products amplified with a set 

of Lep-1 and Lep-1r from the mice were sequenced for confirmation of mutation. All 

procedures used in generating and analyzing mutant mice were approved by the Institutional 

Animal Care and Use Committee of the University of Nevada, Reno, NV. The mice used in 

this study were maintained on 129S6Sv/Ev-C57BL/6J mixed background.

Flow Cytometry and Fluorescence-Activated Cell Sortering

Colon and small intestine tunica musuraris were incubated in Ca2+-free solution containing 

collagenase (4 mg/mL, Worthington type II; Worthington Biochemical, Lakewood, NJ), 

bovine serum albumin (6 mg/mL), trypsin inhibitor (6 mg/mL), and papain (1 mg/mL) (all 

from Sigma-Aldrich, St. Louis, MO) for ∼30–45 minutes. After washing with Ca2+-free 

buffer, the muscles were triturated through a series of 3 blunt pipettes of decreasing tip 

diameter. Resultant cell suspensions were sedimented by centrifugation (300g; 5 minutes), 

resuspended in 1 mL of Ca2+- and Mg2+-free Hank’s solution containing 5% fetal bovine 

serum (Invitrogen), and filtered through a polyester filter with 100-µm mesh size (Miltenyi 

Biotec, Auburn, CA) to obtain single-cell suspensions. Abbreviations for antibodies used are 

as follows: R-phycoerythrin (PE), Texas Red (TxR), streptavidin (SA), biotin (Bio), PE-

cyanine 7 tandem (PC7), 7-amino-actinomycin D (7-AAD), anti-mouse CD16/32 (Fc block) 

(Supplementary Table 2). Dispersed cells were suspended in ∼450 µL of staining buffer to 

which 90 µL containing 2.25 µg Fc block and 21 µg rat immunoglobulin (Ig) G was added. 

After ∼10–15 minutes, two 50-µL aliquots were dispensed for labeling. Both samples 

received 20 µL containing Bio-anti-CD45 (250 ng), Bio-anti-CD 11b (125 ng), Bio-anti-

CD11c (63 ng), and Bio-anti-F4/80 (250 ng). The test sample additionally received 25 µL 

containing PE-anti-CD117 (125 ng), PC7-anti-Gr-1 (63 ng), and 7-AAD (250 ng) 

(Supplementary Table 2). After ∼30 minutes incubation with the antibodies, the samples 

were resuspended in 4 mL of staining buffer and centrifuged. The pelleted cells were 

resuspended in 50–100 µL, and both samples were labeled with 10 µL containing PE-TxR-

SA (50 ng). After an additional 20–30 minutes, the cells were washed with ∼3 mL staining 

buffer and resuspended in ∼700 µL staining buffer for flow cytometric analysis. 

Fluorescence compensation controls were created using antibody capture beads with anti-rat 

immunoglobulin, cells labeled with 7-AAD only, and transgenic cells containing copGFP-

expressing cells. Flow Cytometer (Beckman Coulter, Brea, CA) FC500/MPL, equipped with 

488 nm and 633 nm lasers, 5 detectors configured to measure 525 nm (fluorescein, green 

fluorescence protein [GFP]), 575 nm (PE), 610 nm (PE-TxR), 670 nm (PC5, 7-AAD, APC, 
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AF647), and >740 nm (PC7), was used. Flow cytometric analytical software (FlowJo; Tree 

Star, Ashland, OR) was used. Staining Buffer (BioSure, Grass Valley, CA) flow cytometry 

sheath solution diluted from 8× stock solution with 1% fetal bovine serum and 0.09% 

sodium azide was used. Sorted cells were used for isolation of total RNAs.

RNA Isolation, Reverse-Transcription PCR, and Quantitative PCR

Total RNA was extracted from tissues and sorted ICC from Kit+/copGFP transgenic and WT 

mice using TRIzol (Invitrogen), and complementary DNA (cDNA) was made from each 

sample of total RNA as discribed.34 Gene-specific oligonucleotide primers (Supplementary 

Table 1) were designed and synthesized for reverse-transcription (RT)-PCR and quantitative 

PCR (qPCR). The PCR was performed using 12.5 µL of 2× AmpliTaq Gold PCR Master 

Mix (Applied Biosystems, Foster City, CA), 1 µL of the synthesized cDNA, and 1 µL of 10 

µmol/L primers in a 25-µL reaction volume on the GeneAmp PCR System 2700 (Applied 

Biosystems). A 2-step PCR method (95 °C for 10 minutes and then 40 cycles of 95 °C for 

15 seconds and 60°C for 1 minute) was used. After PCR, 2 µL of the RT-PCR product was 

analyzed on a 1.5% agarose gel. The fragments amplified by RT-PCR were gel eluted using 

the QIAquick PCR Purification Kit (QIAGEN) and analyzed by direct sequencing. qPCR 

was performed with primer sets for Kit, copGFP, and glyceraldehyde-3-phosphate 

dehydrogenase (Gapdh) (Supplementary Table 1) using Syber green chemistry on the 7300 

Real Time PCR System (Applied Biosystems). Regression analysis of the mean values of 8 

multiplex qPCRs for the log10 diluted cDNA was used to generate standard curves. 

Unknown amounts of messenger RNA (mRNA) were plotted relative to the standard curve 

for each set of primers and graphical plotted using Microsoft Excel (Microsoft Corp, 

Redmond, WA). This gave transcriptional quantitation of each gene relative to the 

endogenous Gapdh standard after log transformation of the corresponding raw data. The 

data were plotted and graphed using SigmaPlot (Systat Software Inc, San Jose, CA). 

Significant differences of each gene among Kit+/copGFPtransgenic and WT mice were 

analyzed using 1-way analysis of variance with Newman-Keul post hoc test. The PCR 

products were also analyzed on a 1.5% agarose gel.

Results

Generated Kit+/copGFP Mice

Transgenic Kit+/copGFP mice expressing a bright green fluorescent protein copGFP in a Kit-

specific manner were generated. A KitxopGFP KI targeting vector was constructed from a 

mouse RPCI-21 PAC library. In the construct, the open reading frame of copGFP cDNA35 

was fused to the exon 1 of the Kit gene with the Kozak consensus sequence (Figure 1A). 

The final targeting construct Kit-copGFP/pHW (15.5 kb) was sequenced for confirmation. 

We found some sequencing errors or sequence polymorphisms in the published mouse 

genome.36 In the 5′ arm of Kit (5140 bp) and the 3′ arm of Kit (3598 bp), 25 and 40 

nucleotides failed to match those at the USCS Genome Browser (the Build 37 assembly by 

National Center for Biotechnology Information [NCBI] and the Mouse Genome Sequencing 

Consortium),36 respectively. Mismatches were found throughout the sequences. We also 

sequenced the 185-bp gap between the 2 clones from the genomic clone, in which our 

sequence matched the published sequence. The corrected Kit gene sequence (8923 bp) 
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containing the promoter region, exon 1, and partial intron 1 was submitted and registered to 

the NCBI (GQ281541). Targeted ES cell clones were screened with the 5′ and the 3′ probes 

by Southern blots. Two positive clones were found in the 6 clones (Figure 1B). One (No. 3) 

of these 2 clones was used to generate F1 progeny. The F1 mice genotyped by PCR showed 

that 3 progenies contained both KI and WT alleles (heterozygote Kit+/copGFP) (Figure 1C). 

The colony of Kit+/copGFP was expanded by breeding the F1 progeny. Kit+/copGFP mice 

displayed a gross phenotype characterized by white patches at the end of the tail and on the 

belly and white paws (Figure 1D). As expected, homozygotes for the transgene 

(Kit copGFP/copGFP) were embryonic lethal and did not survive to birth.

copGFP Expression Mirrors Kit Expression

Expression levels of Kit and copGFP were tested in multiple tissues from both the 

heterozygote KI and homozygote WT mice were examined by qPCR (Figure 2). The Kit 

expression levels of the heterozygote KI were parallel to the homozygote WT mice, 

suggesting that the heterozygote Kit+/copGFP mice maintained typical expression levels of 

Kit. The Kit expression levels were also mimicked by copGFP expression in the 

heterozygote KI mice, suggesting that copGFP expression was under control of Kit specific 

promoters, and its expression can represent Kit expression. In addition, qPCR confirmed that 

lung expresses c-kit abundantly. Approximately 3% of lung cells are lymphohematopoietic 

stem/progenitor cells, which are KIT+/CD45+.37

Expression of copGFP in ICC in the GI Tract Is Specific and Intensive

copGFP expression in ICC in the GI tracts of the Kit+/copGFP mice was investigated with 

confocal microscopy. Images of muscles from Kit+/copGFP mice showed networks of cells 

with interconnecting processes or spindle shaped cells in the anatomical localities typically 

occupied by ICC in GI muscles. copGFP+ cells were found throughout the stomach (Figure 

3), small intestine, and colon (Figure 4). copGFP fluorescence was primarily located in the 

perinuclear cytoplasm of cells. Cellular processes also displayed labeling but to a lesser 

extent than the perinuclear region. The morphology of cells varied depending on their 

anatomical positions, but each population of copGFP+ cells had structures reminiscent of the 

specific populations of ICC (Figure 3A, D, G, J and Figure 4A, D, G, J, and M). The identity 

of copGFP+ cells was confirmed using KIT immunohistochemistry (Figure 3B, E, H, K, and 

Figure 4B, E, H, K, and N). Double labeling with KIT antibodies, confirmed that cells with 

copGFP+ were ICC. In the stomach, 2 different populations of ICC were positive, spindle-

shaped intramuscular ICC (ICC-IM) that ran parallel to the circular and longitudinal muscle 

fibers in the fundus (Figure 3A) and the circular muscle fibers in the antrum (Figure 3D). A 

secondary population of cells, termed myenteric ICC (ICC-MY) was also positive in the 

body and antrum (Figure 3G). In the small intestine, ICC at the level of the deep muscular 

plexus (ICC-DMP) and ICC-MY were positive (Figure 4A and D). ICC-IM, ICC-MY, and 

submucosal ICC (ICC-SM) were copGFP positive in the colon (Figure 4G, J, and M).

copGFP+ Cells Are ICC

We tested whether dispersed GI muscle cells from Kit+/copGFP mice contained copGFP that 

was detectable by flow cytometry (Figure 5A). Cells from jejunum of Kit+/copGFP mice were 

Ro et al. Page 6

Gastroenterology. Author manuscript; available in PMC 2016 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



labeled with the anti-macrophage antibodies (Mac) alone or also with PE-ACK2 (anti-KIT 

antibody) and 7-AAD prior to flow cytometric examination. The copGFP+ cells (Figure 5C) 

detected from the Mac− cells (Figure 5B) were all PE-ACK2+ (Figure 5D). The PE-ACK2+ 

cells (Figure 5E) from the Mac− cells could be divided into 3 populations (Figure 5F). The 

largest population did not have detectable copGFP and were 7-AAD+ (dead cells). Among 

the 7-AAD− cells were cells that were copGFP− and copGFP+. The copGFP− cells may 

have been PE-ACK2+ cells that lost copGFP during cell dispersion and/or cytometric 

analysis. Comparable results were obtained with 2B8-anti-KIT and Hoechst 33258 labeling 

to detect cells with damaged membranes (data not shown). Confocal microscope and 

cytometric analyses suggest that all copGFP+ cells, however, are ICC.

copGFP+ ICC from jejunum and colon were purified by fluorescence-activated cell sorter 

(FACS) (Figure 6A). After sorting, the copGFP+ cells were reanalyzed. The copGFP+ cells 

were enriched from 0.8% to 73.8% (Figure 6B). In a separated test, we established that the 

dead cells (17.3%) shift to the left is the same population of cells that had lost copGFP 

florescence. Gene expression of sorted ICC was examined with cell specific markers by 

PCR. Sorted ICC samples (jejunum and colon) robustly expressed Kit but were negative for 

expression of neural (Uchl1), smooth muscle cell (Myh11), and other hematopoietic cells/

macrophages (Cd34, Cd43, Cd68, and Cmα1) markers (Figure 6C).

The ICC Network Was Dramatically Disrupted in Type 2 Diabetes

Breeding Kit+/copGFP mice with animal models of GI disease provides the opportunity to 

image ICC and examine the genomic changes that accompany loss of these cells in a variety 

of animal models. As an example of these new animal models, we crossed the Kit+/copGFP 

mouse with Lep+/ob mice38 (Lepob/ob homozygotes are infertile) to produce 

Kit+/copGFP;Lep+/ob heterozygotes. Progeny were backcrossed to Kit+/copGFP;Lep+/ob 

heterozygotes to obtain Kit+/copGFP;Lepob/ob mutants. By 4–6 weeks, these animals 

developed signs of obesity, and, by 10–12 weeks, the animals were hyperglycemic (Figure 

7B) compared with control WT Kit+/copGFP mice (Figure 7A). Examination of ICC 

networks in the small intestine and colon showed disruption in both ICC-MY and ICC-IM. 

ICC networks were patchy in areas of both intestine and colon, and some areas were devoid 

of copGFP+ ICC (Figure 7G and H and M and N show intestine and colon, respectively) 

compared with the controls from the WT Kit+/copGFP mouse (Figure 7D and E and J and K 

for intestines and colons, respectively). Loss of ICC from Kit+/copGFP;Lepob/ob compound 

mutants was confirmed in merged images using with confocal microscopy (Figure 7F and 

L).

Discussion

Since KIT was recognized as a specific biomarker for ICC in the GI tract, it has been a 

widely employed to characterize ICC distribution, the relation of ICC to other cells with 

which they interact, and to assess the integrity in animal models of GI disease and in 

samples of tissue from human patients. A useful next step in utilizing the relative selective 

expression of Kit is to exploit the cell-specific sequences that direct expression of Kit to ICC 

to make transgenic mice with constitutive expression of a robust reporter in ICC. A first Kit 
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transgenic mouse (WlαcZ/+), with a reporter lαcZ gene, was generated by Bernex et al 

(1996).39 Kit+ cells and sites of Kit expression during embryogenesis were apparent in these 

mice, and expression of lacZ was useful for morphologic studies. However, visualization of 

β-gal, the gene product of lacZ, requires fixation and histochemical processing, restricting 

the usefulness of these mice for physiologic and genomic studies of ICC.

For physiologic and genomic studies, it is desirable to engineer mice with constitutive 

fluorescent reporters to facilitate identification and isolation of living cells. Two Kit-GFP 

transgenic lines were generated previously using pronuclear injection by Cairns et al40 and 

Berrozpe et al.41 These groups have studied the role of tissue-specific, transcriptional 

regulatory elements in the vicinity of the Kit gene in developing hematopoietic and germ 

cell lineages and mast cells, respectively. Pronuclear injection is a common method to create 

transgenic mice. However, this strategy has disadvantages over a targeted gene KI strategy: 

(1) random integration of a targeting construct in the genome, (2) multiple copy numbers of 

integration, (3) possibility of missing regulatory elements in the flanking regions of a gene, 

and (4) instability of integration in generation. The 2 Kit GFP transgenic lines showed 

enhanced green fluorescent protein (eGFP) expression in progenitor cells of the 

hematopoietic and germ cell lineages and mast cells respectively, but expression of eGFP in 

ICC in the GI tract was not reported in these mice. Targeted KI green mice were generated 

previously,42 using a construct containing the cDNA sequence of a Zoαnthus sp. green 

fluorescent protein (ZsGreen), and an N1 nuclear localization signal,43 fused to the first 

exon of Kit. However, ZsGreen expression in the mice was disappointing. First, ZsGreen 

was not homogeneously localized in the nucleus but rather sublocalized in an irregular shape 

in the nucleolus.42 ZsGreen was noted in ICC of the GI tract, but labeling appeared to be 

weak, and only 1 or a few particles per cell were detected.42 Subsequent use of this model 

for identification of ICC has not been reported.

The Kit+/copGFP mice generated in this study are distinguished from other transgenic mice 

with reporter localization in ICC in several ways. First, Kit+/copGFP mice are Kit locus 

targeted KI mice. Second, a new super bright copGFP gene was inserted at the first ATG of 

the first exon with a Kozak consensus sequence.32 This copGFP is characterized by bright 

green fluorescence (excitation/emission maximum 482/502 nm) and extra fast maturation at 

a wide range of temperatures.35 Third, no nuclear localization signal was added to the 

copGFP. The copGFP was expressed in the cytoplasmic region, allowing labeling cell 

bodies and processes of ICC (Figures 3 and 4). Fourth, Kit+/copGFP mice express sufficient 

reporter to provide excellent resolution of ICC and can be readily crossbred with animal 

models with GI disease to study effects on the ICC phenotype.

As a prototypic example of this latter advantage, we generated diabetic mice 

(Kit+/copGFP;Lepob/ob) that recapitulated both disruption of ICC-MY and ICC-IM (Figure 7) 

in diabetic GI tunica muscularis, as previously shown in Leprdb/db mice,44 and bright 

labeling of ICC remaining in these tissues. The loss of ICC in diabetes is progressive, 

beginning at approximately 16 weeks in the Lepob/ob mice. Thus, constitutive labeling of 

ICC will make it possible to sort ICC at various time points during the development of 

lesions of the ICC network and allow assessment of the genomic changes occurring within 

this specific population of cells. Discovering the pathways that are affected in ICC during 
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loss of these cells may provide a means to prevent or retard loss so that restorative 

mechanisms might maintain functional ICC networks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Generation of the Kit+/copGFP Kl mice. (A) Targeted Kl strategy. A copGFP gene was 

inserted into the first exon of Kit along with the PGK-Hprt cassette. Restriction enzymes on 

the map indicate cleavage sites used for construction of the targeting vector. (B) Southern 

blot analysis to identify correctly targeted embryonic stem (ES) cell clones (clones 3 and 4). 

(C) PCR-based genotyping analyses of a litter of 9 pups. Pups No. 3 and 9 are heterozygous 

(Kit+/copGFP) mice containing both the Kl and WT (WT) alleles. C and N are controls of the 

targeting vector plasmid and nontemplate control, respectively. (D) Gross phenotype of a 
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Kit+/copGFP mouse showing white paws and tail (arrows). Abbreviations: E1, exon 1; cGFP, 

copGFP gene; HPRT, hypoxanthine-guanine phosphoribosyltransferase gene; pPGK, 

phosphoglycerate kinase promoter.
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Figure 2. 
Expression of Kit and copGFP in multiple tissues from 3 wild-type (Kit+/+) and 3 

Kit+/copGFP mice. Expression levels of Kit or copGFP mRNAs were examined by qPCR in 

8 tissues dissected from wild-type or Kit+/copGFP mice. Expression level for each gene was 

normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh).
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Figure 3. 
Expression of copGFP in gastric ICC. copGFP+ cells (A, green, arrows) also labeled with 

KIT antibody (B, red, arrows) in gastric fundus. Merged images are in C. copGFP+ cells 

were spindle shaped, typical of ICC-IM, in both the circular and longitudinal layers. D–F 

show copGFP+ and KIT+ cells (arrows) in the circular layer. G-I show copGFP+ and KIT+ 

cells (arrows) at the level of the myenteric plexus in gastric antrum. J–L show ICC-IM 

(arrows) within the circular layer of the antrum. Both ICC-MY (arrows, G–l) and ICC-IM 
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(arrows, J–L) expressed copGFP (G and J; green) and KIT (H and K, red). Merged images 

are in I and L. Scale bar in L applies to all panels.
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Figure 4. 
Expression of copGFP in ICC of small intestine and colon. copGFP+ cells (A; green, 

arrows) were also labeled with KIT antibody (B, red, arrows) in the deep muscular plexus 

of small intestine. Merged images are in C (copGFP+; KIT+ cells, arrows). copGFP+ cells 

were spindle shaped, typical of ICC-deep muscular plexus (ICC-DMP). copGFP+ cells in 

the myenteric plexus region of small intestine (D, green, arrows), also labeled with KIT 

antibody (E, red, arrows). Merged image shown in F. copGFP (G and J, arrows) and KIT 

(H and K, arrows) were expressed in ICC-IM (G–l) and CC-MY (J–L) in the proximal 
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colon. copGFP (M) and KIT (N) were expressed in ICC (ICC-IM; [arrowheads], ICC-MY 

[arrows], and ICC-SM [asterisks]) on cryostat cross sections (M–O) in the proximal colon. 

Merged images are in I, L, and O. Scale bar in L applies to all panels.
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Figure 5. 
Flow cytometric detection of copGFP+ ICC from intestinal smooth muscle in Kit+/copGFP 

mice. Jejunum muscle from a transgenic Kit+/copGFPmouse was dispersed and labeled ± PE-

ACK2. Cells were initially gated by forward angle and orthogonal light scatter, ie, Log FS 

and Log SS, respectively (A). Those cells were then divided into 2 populations that did 

(Mac+ [Mac Pos]) or did not (Mac [Mac Neg]) express hematopoietic/macrophage markers 

CD45, CD11 b, CD11 c, and F4/80 (B). Mac− cells were examined for expression of 

copGFP (C) or surface KIT (E). The copGFP+ cells were examined for labeling with PE-

ACK2-anti-CD117 (PE-ACK2), and samples with and without PE-ACK2 were overlaid (D). 

All copGFP+ cells were also labeled with PE-ACK2 antibody (D; plus PE-ACK2, red; 

minus PE-Ab, blue). The PE-ACK2+ cells (E) were examined for expression of copGFP and 

for labeling with 7-AAD. As shown, 3 populations could be identified (F).
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Figure 6. 
Flow cytometric identification and molecular confirmation of copGFP+ ICC from intestinal 

smooth muscle in Kit+/copGFP mice. Jejunum muscle from a transgenic Kit+/copGFP mouse 

was dissociated. copGFP+ ICC were gated out as shown (A) and sorted and enriched (B). 

mRNA expression of cell markers in sorted ICC (C). Total RNAs isolated from sorted and 

unsorted ICC from jejunum or colon were reverse transcribed. Cell marker expression was 

examined by RT-PCR. Gapdh (a control gene); Kit (a marker for ICC); Myh11, myosin, 

heavy polypeptide 11, smooth muscle (SMCs); Uchl1 (PGP9.5), ubiquitin carboxy-terminal 
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hydrolase L1 (neuronal cells); Cd34, Cd34 antigen (hemopoietic and endothelial precursors, 

and mature endothelial cells); Cd45 (Ptprc), protein tyrosine phosphatase, receptor type C 

(pan-leukocytes); Cd68, Cd68 antigen (macrophages); Cma1, chymase 1 (mast cells).
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Figure 7. 
ICC in small intestine and colon of Kit+/copGFP (A) and Kit+/copGFP;Lepob/ob (B) mice. 

These mice have white paws (arrowheads) and tail (arrows). C–H show ICC-MY (arrows) 

and ICC-DMP (arrowheads) in small intestines of Kit+/copGFP (C–E) and 

Kit+/copGFP;Lepob/ob mice (F–H) I–N show ICC in colons of Kit+/copGFP (l–K) and 

Kit+/copGFP;Lepob/ob (L–N) mice (ICC-MY, arrows; ICC-IM, arrowheads). Note the 

marked disruption of ICC networks in Kit+/copGFP; Lepob/obmice (F–H) intestine; and L–N, 

colon) compared with Kit+/copGFP mice (C–E, intestine; and l-K, colon). C, F, I, and L are 
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confocal stacks representing full-thickness composite images. D, G, J, and M show optical 

sections of ICC-deep muscular plexus or ICC-IM, and E, H, K, and N show ICC at the 

myenteric plexus. Scale bars are in the far right panels.
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