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Bone Marrow Derived Kit-positive Cells Colonize
the Gut but Fail to Restore Pacemaker Function
in Intestines Lacking Interstitial Cells of Cajal
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Background/Aims

Several motility disorders are associated with disruption of interstitial cells of Cajal (ICC), which provide important functions,
such as pacemaker activity, mediation of neural inputs and responses to stretch in the gastromtestmal (Gl) tract. Restoration
of ICC networks may be therapeutic for GI motor disorders. Recent reports have suggested that Kit™ cells can be restored to
the Gl tract via bone marrow (BM) transplantation. We tested whether BM derived cells can lead to generation of functional
activity in intestines naturally lacking ICC.

Methods

BM cells from Kit mice, in which ICC are labeled with a green fluorescent protein, were transplanted into W/W" intes-
tines, lacking ICC. After 12 weeks the presence of ICC was analyzed by immunohistochemistry and functional analysis of elec-
trical behavior and contractile properties.

+/copGFP

Results

After 12 weeks copGFP BM derived cells were found within the myenteric region of intestines from WW' mice, typically
populated by ICC. Kit" cells failed to develop interconnections typical of ICC in the myenteric plexus. The presence of Kit" cells
was verified with Western analysis. BM cells failed to populate the region of the deep muscular plexus where normal ICC den-
sity, associated with the deep muscular plexus, is found in W/W" mice. Engraftment of Kit™-BM cells resulted in the develop-
ment of unitary potentials in transplanted muscles, but slow wave activity failed to develop. Matility analysis showed that in-
testinal movements in transplanted animals were abnormal and similar to untransplanted W/W" intestines.

Conclusions

BM derived Kit" cells colonized the gut after BM transplantation, however these cells failed to develop the morphology and
function of mature ICC.
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Introduction

Loss of interstitial cells of Cajal (ICC) or disruption of ICC
networks have been implicated in a variety of GI motility dis-
orders including achalasia,' slow transit constipation,’ intestinal
pseucloobstruction,3 Crohn’s disease, inflammation’ and diabetic
gastroparesis.”” Although ICC defects have been associated with
these disorders, there have been few studies to determine whether
ICC can be made to repopulate gastrointestinal (GI) muscles
with the goal of recovering normal motor activity.

ICC arise from mesenchymal precursors,”” however the
mechanisms of post-natal ICC turnover and maintenance of ICC
populations remain unclear. In animal models ICC have been
shown to redifferentiate toward a smooth muscle phenotype fol-
lowing a GI insult.'™"" It has also been reported that ICC can un-
dergo mitosis and/or apoptosis to regulate cell numbers during
normal homeostasis.”” Others have suggested the presence of a
stem cell population that is capable of regeneration of ICC."

In neonatal tissues ICC demonstrate remarkable plasticity
and capacity for regeneration as normal networks and function-
ality can be re-established after Kit signaling is blocked and ICC
networks are disrupted.'* In some instances regeneration has also
been demonstrated in adult muscles after pathophysiological con-
ditions have caused disruption of ICC networks,™'® however
how this happens and whether it is a generalized capability of
ICC in adult animals is not clear. Bone marrow (BM) derived
stem cells offer a promising source of pluripotent regenerative
cells which might provide a mechanism of ICC regeneration, and
mesenchymal stem cells have been shown to repopulate car-

17,18 . 1920 .21 2 .
hepatic, " pancreatic” and lung™ tissues after BM

diac,
transplantation. Recently, Kit" BM derived cells have been
shown to repopulate the small intestine in response to intestinal
injury” and BM transplantation has been reported to increase GI
transit in W/W" mice in which specific populations of ICC fail to
develop and pacemaker activity is compromised.”* These findings
suggest that BM transplantation may provide therapeutic inter-
ventions in patients with ICC loss and dysmotility.

We investigated whether BM transplantation from mice with
normal ICC networks and pacemaker activity would allow devel-
opment of: (1) Kit" ICC networks and (2) pacemaker activity in
the small intestines of W/W' mice with congenital electrical
quiescence. We found that Kit™ cells derived from BM tracked
to the gut and repopulated the region of the myenteric plexus
normally populated by pacemaker ICC (ICC-MY). These cells

Intestinal Colonization of Bone Marrow Derived Kit" Cells

displayed some of the characteristics of typical ICC however, they
failed to develop into networks or develop the ability to generate
electrical slow waves. Thus, BM transplantation provides a meth-
od of delivering Kit" cells but other tissue signals, possibly lack-
ing in the W/W" intestine, appear to be required for BM derived
cells to develop into functional ICC networks.

Materials and Methods

Animals

Animals used for these studies were maintained and the ex-
periments performed in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.
The Institutional Animal Use and Care Committee at the

University of Nevada approved all procedures used.

Bone Marrow Cell Preparation

BM was isolated as previously described.” Briefly, donor
CS57BL/6 (Jackson Laboratory, Bar Harbor, MN, USA) and
Kit 7rer? (Generated at the University of Nevada, Reno, USA)
animals were euthanized via administration of CO,. The spine,
fibulae and tibiae were removed to phosphate buffered saline
(PBS) containing 1% anitibiotic-antimycotic (Gibco, Grand
Island, NY, USA). Bone marrow cell (BMC) suspensions were
prepared by gently releasing the cells with a pestle and mortar in-
to PBS. The cells were filtered through a polyester filter with 30
wm mesh size (Miltenyi Biotec, Auburn, CA, USA) to remove
particulates, washed twice and resuspended to the appropriate
concentration in PBS (1 X 10 cells/S00 UL) for transplantation.

Bone Marrow Cell Transplantation

BM transplantation was performed as previously described.”
Briefly, donor recipient W/W" mice (Jackson Laboratory, Bar
Harbor, MN, USA) were housed in specific pathogen-free con-
ditions throughout and treated with antibiotics (32 mL Sulfatrim
per liter of de-ionized drinking water; Actavis, Baltimore, MD,
USA) for 10 days prior and 2 weeks post irradiation. Recipient
mice received 9 Gy total body irradiation from a **’Cs source fol-
lowed by intravenous infusion of donor BMCs wia tail vein
injection. All experiments were carried out at 12 weeks post

transplantation.

Electrophysiological Experiments

Small intestines were removed after animals were euthanized
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following sedation with isoflurane and cervical dislocation.
Tissues were placed in oxygenated cold (4°C) KRB for further
preparation.

After fine dissection of the mucosa and submucosa small
preparations (approximately 10 mm’) were pinned, with the lu-
minal side of the circular muscle up, to Sylgard elastomer-coated
bases of 35 mm polypropylene dishes (Corning Glass Works,
Corning, NY, USA).

Cells were impaled with glass microelectrodes filled with 3
M KCl and having resistances between 80 and 120 M.
Transmembrane potentials were measured using a high input im-
pedance amplifier (Axon Instruments/Molecular Devices Corp.,
Sunnyvale, CA, USA) and outputs displayed on a digital
oscilloscope. Electrical signals were digitized using an ana-
log-to-digital converter (Digidata 1300 series; Axon Instru-
ments), recorded and stored on a computer running Axoscope
9.0 software. Electrical recordings were made in the presence of
nifedipine (1 WM) to reduce muscle contraction and maintain

cellular impalements.

Western Blot Analysis

Total protein was extracted from control and BM recipient
small intestine. Protein (30 Wg) was subjected to electrophoresis
on 10% SDS-polyacrylamide gel (SDS-PAGE), and transferred
onto nitrocellulose membranes (Bio-Rad Laboratories, CA,
USA). Goat anti-Kit (1:500; R&D Systems, Minneapolis, MN,
USA) and rabbit anti-GAPDH (1:2000; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) primary antibodies were used.
Protein analysis was performed using Quantity One 4.5.1 soft-
ware (Bio-Rad Laboratories) and Image-] software (NIH,
Bethesda, MD, USA) was used to calculate the relative densities
of Kit protein compared with housekeeper glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). Control experiments were

performed in the absence of primary or secondary antibodies.

Immunohistochemistry
Tissues were fixed in paraformaldehyde (4% w/v in 0.1 M

PBS for 15 minutes at room temperature). After fixation, the tis-
sues were washed for 24 hours, with multiple changes in PBS
(0.01 M, pH 7.2) and blocked for 1 hour at room temperature
with bovine serum albumin (1% w/v; Sigma-Aldrich, St. Louis,
MO, USA). Tissues were incubated in primary antibodies for 48
hours at 4°C. ICC, mast cells and macrophages were identified
with goat polyclonal anti-mouse stem cell factor receptor (2
Ug/mL; R&D Systems), rabbit polyclonal anti-synthetic hista-

mine (2 lg/mL; Immunostar, Hudson, WI, USA) and rat mon-
oclonal anti-mouse F4/80 (2 pg/mL; Seroted, Oxford, England),
respectively, in 0.01 M PBS containing 0.5% Triton-X 100.
Immunoreactivity was detected using Alexa Fluor 594 donkey
anti-goat secondary antibody, Alexa Fluor 488 sheep anti-rabbit
and Alexa Fluor 488 donkey anti-rat (1:1000 in PBS, 1 hour,
room temperature; Invitrogen, Carlsbad, CA, USA).

Before mounting, tissues were thoroughly washed (0.01 M
PBS for 16 hours) to remove excess secondary antibody. Control
experiments were performed in the absence of primary or secon-
dary antibodies. Mounted specimens were examined using Zeiss
LSMS510 Meta (Carl Zeiss, Jena, Germany). Confocal micro-
graphs of whole mounts were digital composites of the Z-series of
scans of 0.5 Wm optical sections. Final images were constructed
using LSM image browser (Carl Zeiss) and Image-] software
(NIH).

Surface Marker Array of Contraction
Coordination

Segments of ileum approximately 3-5 cm in length were pin-
ned in a Sylgard dish containing oxygenated Krebs' solution at
room temperature. The preparation was opened along the mesen-
teric border, pinned as a flat-sheet and the mucosa and sub-
mucosa removed by sharp dissection. Surface markers were posi-
tioned on the topmost surface in a grid (3 circumferential X 6-9
longitudinal). The tissue was then repinned so that only the oral,
anal and middle regions were pinned to allow for greater
movement. Longitudinal movement was used instead of circular
movement due to the much larger contractions. Circular move-
ments were contaminated by the much stronger longitudinal
contractions.

The movements of the preparation were recorded by video
(DMK 31AF03; Imaging Source, Charlotte, NC, USA) onto a
computer (iMac; Apple Inc., Cupertino, CA, USA), then im-
ported into custom-written software (Volumetry G7mv; written
by Grant W. Hennig) where the position of surface markers and
edges of the preparation were tracked. Spatio-temporal maps
(STMaps) of longitudinal movements were constructed by meas-
uring the distance between pairs on markers in the longitudinal
axis, converting the distance to a grayscale value.” Linear inter-
polation between 2 grayscale values was used to fill in spaces be-
tween surface markers. The grayscale values were scaled in the
following manner to compensate for slight variations in the dis-
tances between pairs of markers. The average longitudinal dis-

tance between each pair of markers for the duration of the movie
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Figure 1. Presence or absence of inter-
stitial cells of Cajal (ICC)-networks and
pacemaker activity in the small intestines
of Kit 77“*” and W/W" mice. The small
intestines of Kit """ mice display nor-
mal myenteric ICC (ICC-MY) net-
works (A, arrows) and slow wave activity
(B). Loss of ICC-MY, but not ICC
associated with the deep muscular plexus
(arrowheads) in W/W' small intestines
(C) is associated with an absence of slow
waves (D). Scale bars = 20 wm.

Figure 2. Transplantation leads to the
formation of clusters of bone marrow
(BM) derived interstitial cells of Cajal
(ICC) at the level of the myenteric
plexus. (A) Confocal micrograph de-
monstrating expression of copGFP in
BM cells from Kit™ " mice. (B)
Shows presence of GFP™ BM derived
cells at the level of the myenteric plexus
(arrows) in transplanted W/W" intes-
tines (C) Kit immunoreactivity highlight-
ing the presence of Kit ™ ICC at the level
of the myenteric plexus (arrows) and
deep muscular plexus (arrowheads). (D)
Merged image highlighting the co-label-
ing of GFP" BM derived cells and Kit at
the level of the myenteric plexus (arrows),
note ICC associated with the deep mus-
cular plexus (arrowheads) stain only for
Kit. Scale bars = 20 um.
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was calculated, then a scaling factor calculated so that the average
distance equalled 1 mm (e.g., if the average distance between
markers was 0.75 mm, a scaling factor of 1.33 was used). The
average distance was assigned mid-level gray on the STMap.
Movements of pairs of markers closer together (contraction -
whiter values), or further apart (elongation - darker values) were
scaled using their respective scaling factor. The unit of measure-

ment is Amm per 1 mm average separation (Amm/mm).

Solutions and Drugs

The electrophysiological bath chamber was constantly per-
fused with oxygenated Krebs-Ringer buffer (KRB) of the follow-
ing composition (mM): NaCl 118.5; KCI 4.5; MgCl, 1.2;
NaHCO; 23.8; KH,PO, 1.2; dextrose 11.0; and CaCl, 2.4. The
pH of the KRB was 7.3-7.4 when bubbled with 97% O,-3% CO,
at37 = 0.5°C. Muscles were left to equilibrate for at least 1 hour
prior to impalement. For electrophysiological experiments nifedi-
pine (Sigma; St Louis, MO, USA) was dissolved in ethanol at a
stock concentration of 100 WM before being added to the perfu-
sion solution at a final concentration of 1 WM to inhibit con-
tractile activity. It has been previously reported that nifedipine (1

UM) does not affect small intestinal slow wave activity.”’

Results

Development of Kit™ Cells in Bone Marrow
Transplanted Intestines

Small intestinal muscles of W/W' mice lack most ICC-MY
and fail to develop normal pacemaker activity that drives segmen-

tal contractions (Fig. 1).”**

The only known genetic defect in
W/W' mice is compromised Kit signaling, so these mice provide
a useful model to determine whether cells with normal Kit alleles
can successfully target, engraft and develop normal function in
intestinal muscles. The ability of BM derived Kit" cells to re-
populate appropriate niches within the intestinal wall and estab-
lish pacemaker activity was investigated using BMCs from trans-

+epGFP . .
lrGEP ice that express a bright green fluorescent pro-

genic Kit
tein driven by the endogenous, cell-specific Kiz promoter.” BM
cells (Fig. 2A) were harvested from these mice and injected into
W/W v mice, and characterization of BM derivatives in intestinal
muscles was performed after 12 weeks. A period of 12 weeks was
chosen for the developmental period because this is 50% longer
than required for re-establishment of ICC networks in tissues

made devoid of ICC-MY by bowel obstruction.'® A similar time

scale has also been used in other investigations of BM ex-
travasation to GI tissues.””" Control experiments were also per-
formed using BM cells derived from a C57BL/6 strain injected
into W/W Y mice.

Examination of intestinal tissues from W/W' mice 12 weeks
after BM transplantation revealed engraftment and development
of copGFP ™ cells in the small intestine and specifically at the lev-
el of the myenteric plexus (Fig. 2B). Cells with copGFP”" dis-
played a triangular morphology reminiscent of cell bodies of
ICC-MY in wild type intestinal muscles. However, cellular proc-
esses, also typical of ICC-MY, were not observed (Fig. 2).
Double labeling confirmed that BM-derived copGFP™ cells in
the intestine expressed Kit-like immunoreactivity (Fig. 2C and
2D). Kit" ICC develop in the region of the deep muscular plexus
(ICC-DMP) in the small intestines of W/IW' mutants.”” Hence
we also examined this region to determine if cells with copGFP

engrafted in a region already populated with ICC. We confirmed

kDa) M WW +Kit """ BM
250 ;
150
100 [N

37

1.0

0.8

0.6 1

Kit/GAPDH

0.4 1

0.2 1

ww' WW +Kit”"°" BM

Figure 3. Quantification of the increased Kit protein expression in
transplanted W/W" tissues. (A) Development of bone marrow (BM)
derived interstitial cells of Cajal is mirrored by an increase in total Kit
protein expression when analyzed via Western analysis. (B) BM

9P led to a 1.68-fold increase in Kit expression

transplantation of Kit
with the small intestines of transplanted W/W' tissue. Tissues were
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

expression.
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the presence of Kit" ICC-DMP in W/W' v mice, but BM derived
cells with copGFP" were rarely observed in the DMP (Fig.
2D).

Changes in Kit expression were quantified in W/W' mice
transplanted with BM derived Kit 77" cells by Western analy-
sis performed on extracts of tunica muscularis collected from the
same animals used for immunohistochemical studies. Develop-
ment of cells with copGFP in the myenteric plexus region was as-
sociated with an increase in total Kit protein expression (Fig. 3).
Although Kit is driven from only one allele in Kit 7"
development of Kit" cells with copGFP in transplanted W/WV
mice led toa 1.68 = 0.13 (P = 0.008, n = 3) fold increase in to-
tal Kit protein expression in comparison to non-transplanted
W/W" muscles (Fig. 3).

We investigated whether BM derived cells with copGFP

found in the myenteric plexus region after transplantation were

mice,

other types of cells of hematopoietic origin commonly found in

the tunica muscularis (i.e., mast cells or macrophages) by double

Intestinal Colonization of Bone Marrow Derived Kit" Cells

labeling with antibodies against histamine or F4/80.”" Kit" cells
within the myenteric plexus region were found to be negative for
histamine and F4/80 (Fig. 4), suggesting that the copGFP " /Kit "
cells that develop after BM transplantation are likely to be ICC
that fail to develop a fully mature phenotype (Fig. 4).

Intestinal Electrical Activity Following Bone
Marrow Transplantation

Since the goal of these studies was to determine whether
functional ICC could develop after BM transplantation, we also
characterized the electrical activity of intestinal circular muscle
cells from control, non-transplanted W/W" intestines and BM
transplanted intestinal muscles. Control muscles displayed rest-
ing membrane potentials (RMP) averaging —52.8 = 1.0 mV
and were electrically quiescent (Fig. 1D and 5; n = 4), as pre-
viously reported.””* RMPs of W/W' intestines transplanted
with BMCs from Kit "?“"" mice were significantly more neg-
ative, averaging —59.0 = 0.4 mV (P = 0.001, n = 4). Similarly,

Figure 4. Kit" cells at the level of the
myenteric plexus are interstitial cells of
Cajal (ICC). (A and B) Development of
Kit™ ICC at the level of the myenteric
plexus (arrows) in W/W" small intestine
after transplantation of C57BL/6 BM,
ICC associated with the deep muscular
plexus are labeled with arrowheads. Kit"
ICC were not observed co-labeled with
histamine (C) or F4/80 (D) within the
same sections. Inserts demonstrate posi-
tive control staining of histamine (* in C,
inset) and F4/80 (* in D, inset) antibo-
dies in mouse small intestine cryostat
sections. Scale bars = 20 wm.
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cells of VV/WL " muscles transplanted with BM cells from C57BL./6
mice were also more hyperpolarized, averaging —59.3 & 1.3mV
(P = 0.007, n = 4). Although RMP of transplanted intestines
was similar to Kit """ (Fig. 1) and CS7BL/6 intestinal tis-
sues” slow wave activity was never observed. Although slow
waves were absent from W/W' intestines transplanted with
BMCs, RMP was significantly noisier than in intestinal muscles
of non-transplanted W/W" mice. Noisy RMPs have been re-
ported in various GI smooth muscle preparations and this activity
has been termed unitary potentials, attributable to spontaneous in-
ward current generated by ICC.”** An ongoing discharge of uni-
tary potentials was recorded from intestinal muscles obtained from
W/W " mice transplanted with BM cells from either Kit 7P or
CS57BL/6 mice (Fig. 5). Unitary potential activity from intestines
transplanted with BMCs from Kit"?“*” and C57BL/6 mice
was quantified using a membrane potential probability density
spread and compared with control W/ W intestines. Data were
fitted with Gaussian curves to reveal differences in unitary poten-
tial activity. There were significant increases in the half maximal
width of the membrane potential distribution in intestinal circular
muscles of W/W' transplanted animals compared to non-trans-
planted tissues. Control non-transplanted W/W' muscles dis-
played a membrane potential distribution with a half maximum
width of 0.83 = 0.13 mV however W/W" tissues transplanted

W/W control
AR s o AR A A, — =55 TV

B

W/W +C57BL/6 BM
A AP — 57 e
WW +Kit """ BM
N oAt — o o
10 sec

Figure 5. Development of unitary potential activity in bone marrow
(BM) transplanted W/W " intestines. (A) Representative intracellular
microelectrode recordings displaying electrical quiescence in ww'
control (non-transplanted) tissue. (B) Development of unitary potential
activity in W/W' intestines following transplantation of CS7BL/6
derived bone marrow. (C) Shows unitary potential activity in W/W"

intestines following transplantation of Kit "”“"" BM cells.

with C57BL/6 or Kit """ BMCs displayed distributions with
a half maximum widths of 2.36 = 0.26 mV (P = 0.002, n = 4)
and 2.1 = 0.28 mV (P = 0.006, n = 4; Fig. 6).

Intestinal Mechanical Activity Following
Bone Marrow Transplantation

Motility patterns in intestines of W/W' mice were analyzed
before and after transplantation of BMCs using STMaps con-
structed from imaging analysis of surface marker arrays (de-

scribed in methods) placed on the submucosal surface of in-

A Resting membrane potential
_40 1 1 J
_45 -
_50 -
S
E
_55 -
60 T i
EES
-65 - B W/W'control
I wWWwW BMT (C57BL/6)
W BMT (Kit "™
B 4 - Probability density spread
* %
) l
=
_'g *%
s
x
] 2
£ E
S
T
1 -
0 T T 1

Figure 6. Summary of intracellular recordings revealing changes in
resting membrane potential and probability density of unitary potential
fluctuations. (A) Resting membrane potential was significantly different
in W/W" tissues transplanted with C57BL/6 (white bars) or Kit 7"
(black bars) BM versus non-transplanted W/W' (grey bars). (B) In-
creases in the electrical activity were measured by fitting the probability
density spread of unitary potential amplitude. The half max width of
probability density spread was significantly increased upon trans-
+hapGEP (black bars) or C57BL/6 (white bars) BM
versus non-transplanted W/W' (grey bars). BMT, bone marrow
transplanted (**P < 0.01).

plantation of Kit
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testinal segments. STMaps of longitudinal movements in wild-
type animals (n = 5) showed regular pendular movements in the
longitudinal axis along the entire length of the preparation at a
frequency of (about 20 cycles/min; Fig. 7A). Segmental con-
tractions in the circular axis were masked by this longitudinal ac-
tivity and were not easily resolved. In non-transplanted W/W"
mice (n = 5), longitudinal movements of the ileum were de-
tected, but the activity recorded was highly variable. Some re-
gions of the preparation displayed contractile activity, but regions
were often quiescent (Fig. 7B). A bursting pattern of activity was

A o

Wildtype controls W/W' +BMT

Intestinal Colonization of Bone Marrow Derived Kit"* Cells

observed in W/W' intestines consisting of abrupt, large ampli-
tude longitudinal contractions lasting about § seconds, followed
by periods of quiescence (bottom maps in Fig. 7B), as previously
described.” Intestines from W/W' mice transplanted with BM
cells (n = 6) displayed abnormal patterns of movement similar to
the non-transplanted W/W" intestines. Both bursting activity and
irregular sites of initiation were observed (Fig. 7C). There was no
consistent propagation of longitudinal contractions as observed in
wild type intestinal muscles.

Figure 7. Bone marrow (BM) trans-
plantation did not restore normal con-
tractile activity. Representative spatio-
temporal maps (STMaps) of longitu-
dinal movement in the mouse ileum. (A)
shows the representative pattern of
movement in 3 wild type controls, con-
sisting of regularly-occurring longitu-
dinal contractions that propagated along
the preparation. (B) In 3 representative
W/W" mice, longitudinal contractions
were observed in different regions along
the preparation, and often occurred as a
burst of activity for about 5 seconds
followed by quiescence. There was no
consistent propagation of longitudinal
contractions. (C) Shows longitudinal
movements in 6 BM transplanted
(BMT) W/W' mice, which closely re-
sembled the pattern of activity in W/W"
without BMT. Variable sites of initia-
tion, abrupt contractions and bursting
activity followed by quiescence were
observed. No consistent propagation of
longitudinal contractions was observed.
All STMaps have the same scaling of

5 sec

length (vertical axis), time (horizontal
axis) and amplitude (grayscale - see
methods for explanation).
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Discussion

ICC perform several essential physiological roles in GI mo-
tility and the loss or disruption of ICC networks in patients with a
number of diverse motor disorders supports the hypothesis that
they provide fundamental regulatory control of GI motility.”
Kit/stem cell factor (SCF) signaling is essential for the develop-
ment and maintenance of functional ICC networks.™® Chemical
lesion of the Kit signaling pathway through administration of the
37-39

neutralizing antibody ACK2

Imatinib or Gleevec™ leads to a loss of ICC.

or the receptor antagonist

Mutations in the Kit receptor, as occurs in the compound
heterozygote W/W" mouse also leads to disruption of ICC net-
works at the level of the myenteric plexus in the small intestine
and a loss of slow wave activity.””** Although Kit signaling is dis-
rupted in W/W " mutants, SCF expression appears to be normal
(Ward and Hwang, unpublished observations). Therefore the
intestines of W/W ¥ mutant mice provide an excellent cellular and
physiological model for transplantation studies of ICC into tis-
sues normally devoid of these cells.

Several recent studies have examined the feasibility of in-
corporation of BM derived cells into the GI tracts of several
models with the aim to re-populate tissues that have lost ICC fol-
lowing intestinal injury,” or are naturally devoid of ICC as oc-
curs in Kit deficient mice. Using immunohistochemical analysis,
these studies reported that BM derived cells which were Kit " in-
corporated into the intestine at the level of the myenteric and deep
muscular plexi.”* However, although one of these studies re-
ported slightly improved intestinal motility and transit time in
W/W' mutants following transplantation, no other functional
studies were performed to determine if the incorporated cells de-
velop full functionality.”* Evidence was not provided whether the
BM derived Kit" cells formed discrete networks typical of
ICC-MY, or were capable of generating pacemaker activity.

In the present study we explored the possibility of restoring
ICC using BM derived cells marked with a Kit-linked reporter.
We performed immunohistochemical and Western analysis to
demonstrate the incorporation of BM derived Kit " cells into the
small intestines of /W' mice, as previously reported.”** BMCs,
isolated from Kit™*”"" mice (Fig. 2), a model in which Kit"
cells express endogenous copGEP, were used in a series of trans-
plantation studies to allow us to track the development of ICC in
W/W' mice. We aimed to replicate the clinical application of a

therapeutic intervention with minimal treatment of BMCs prior

to transplantation using a well established BM transplantation
protocol (see reference 25). This was slightly different to a pre-
viously studies in which BMCs were supplemented with media
and fetal bovine serum. In the current study the identification of

Ki t+/[opGFP

transplantation, provides evidence that the cells were viable and

positive BM marrow derived cells 12 weeks post

the method of transplantation robust.

Although Kit "-cells incorporated into the intestines of /1" '
mutants 12 weeks after transplantation, they did not form anasto-
mosing networks which interconnect with each other, typical of
intestinal ICC-MY.” Whilst Kit" cells, that were negative for
mast cell (histamine) and macrophage (F4/80) markers, were oc-
casionally observed in clusters they usually possessed a triangular
shape and remained in relative isolation to one another. No net-
work forming projections were observed to emanate from their
cell bodies as revealed by whole mounts. Western analysis of
W/W "intestinal tissues 12 weeks following BM transplantation
highlighted an increase in Kit protein expression compared with
control. The size of Kit protein has previously been shown to
vary." This is possibly due to the existence of different splicing
isoforms or potential glycosylation sites.”" Within this trans-
plantation assay we detected 3 major bands corresponding to Kit
protein (Fig. 3) at approximately 140 kDa,” 125 kDa" and 80
kDa.**

To determine the functional characteristics of BM derived
Kit" cells in transplanted intestines we performed intracellular
microelectrode recordings and surface marker arrays to de-
termine coordination of spontaneous contractile activity. Control
tissues had relatively hyperpolarized membrane potentials (—60
mV) and generated regular slow waves. Associated with this
spontaneous pacemaker activity were regular pendular move-
ments of the intestinal tunica muscularis. In comparison, mem-
brane potential of control W/IW" intestines were more depolarized
and did not generate slow waves. The presence of BM derived
Kit" cells transplanted into the intestines of W/W" mice led to a
return in membrane potential, similar to that observed in control
mice with normal ICC networks.”” Although membrane potential
was similar to that of control intestines slow wave activity did not
develop in any of the tissues examined after the 12-week trans-
plantation period. Nevertheless, unlike control W/W" intestines
which display electrical quiescence, BM transplantation led to a
significant increase in small amplitude fluctuations in membrane
potential termed ‘unitary potentials.’ It has been demonstrated
that ICC in different regions of the GI tract possess the capability

to generate unitary potentials that contribute to the overall excit-
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ability of GI muscles.”* It has been further suggested that sum-
mation in the stochastic discharge of unitary potentials leads to
the generation of pacemaker potentials resulting in slow wave
activity.”’ The development of unitary potential like fluctuations
together with Kit" phenotype and location of BM derived cells
within the myenteric plexus region suggested that these cells were
ICC which lack the ability to send out projections and form a
fully functional network.

The results of the present study are in contrast to previous re-
ports’* as BM transplantation did not appear to have beneficial
effects on contraction coordination as examined with surface
marker arrays. The failure of BM derived cells to form anasto-
mosing ICC networks at the level of myenteric plexus and the ac-
companying failure to elicit slow wave pacemaker potentials may
be responsible for the observed contractile behavior in BM trans-
planted preparations. However, it remains unclear if the increase
in unitary potential activity described in this study could be re-
sponsible for the slight increase in transit time highlighted in a
previous study.”* Also the relative rarity of BM derived ICC in-
corporation into the deep muscular plexus, where ICC-DMP are
present in W/W " mutant mice, may suggest a space limiting fac-
tor in the extravasation of BM to the tunica muscularis. Loss of
ICC via genetic deficiency or pathological insult of the GI tract
might allow for incorporation of ICC, whereas during normal de-
velopment BM modulation of ICC numbers may not necessarily
occur.

The mechanisms of maintenance and turnover of ICC, in
vivo, remain controversial, however it is well recognized that ICC
display a high degree of plasticity and regenerative capacity. ICC
restoration has been observed in a variety of models including
chemical lesion,’™”” surgical lesion'”"® and inflammation.”” In
these studies ICC networks were disrupted following the patho-
physiological insult but restoration of functional ICC networks
occurred upon removal of the insult.

Although ICC possess a degree of plasticity, the mechanism
of how they repopulate GI tissues is controversial. It has been
shown that ICC undergo a phenotypic change and adopt a
smooth muscle phenotype, including expression of thick fila-
ments in response to disruption of the Kit signaling pathway."
Others have recently reported that several cell phenotypes includ-
ing ICC, within the tunica muscularis undergo apoptosis in re-
sponse to ischemic reperfusion of the small intestine and sub-
sequent proliferation was involved in their recovery." It has also
been shown that ICC undergo apoptosis in healthy colon as a nat-

ural process to regulate numbers that must continually regenerate

Intestinal Colonization of Bone Marrow Derived Kit" Cells

to maintain functional networks."*

Recently a population of presumed ICC progenitor/stem cells
has been identified in murine gastric muscles. These progenitor
cells display a KitIUWCD4-4-+CD34-+Insr+Igf1r+ phenotype and
have been postulated to be involved in the constant remodeling of
ICC networks in the stomach.” Within this study BM derived
cells presented as Kit " suggesting that they are more mature than
the progenitor cells described above.

In summary, we have highlighted the failure of BM derived
cells to form functional ICC networks and restore pacemaker
function in VV/VVL " mice that naturally lack ICC-MY. It remains
unclear why BM derived cells have the ability to, extravasate
from the BM, incorporate within the tunica muscularis of the
small intestine and generate unitary potentials but fail to form
fully functional networks capable of generating slow wave
activity. Further studies are required to elucidate the mecha-
nisms, together with the genetic and microenvironmental factors,
involved in the development and patterning of fully functional
ICC networks. Such studies may provide evidence as to why BM
derived cells fail to form functional networks. Based on the pres-
ent findings, BM transplantation may not provide a viable mech-
anism of restoring ICC networks in patients displaying patho-
logical loss of ICC and GI dysmotility.
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