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Abstract

Background—Emerging evidence suggests that “fibroblast like cells” (FLC) may play a role in
the regulation of gastrointestinal (GI) motor function. FLC are ultrastructurally distinct from other
interstitial cells, including interstitial cells of Cajal (ICC), and express small-conductance Ca2*-
activated K* channels (SK3). In mice, platelet-derived growth factor receptor a (PDGFRa)
antibody has also been shown to label FLC. The aims of this study were to determine the
morphology and distribution of PDGFRa-immunoreactive (ir) FLC in human gastric muscle and
to determine if FLC are altered in gastroparesis, where ICC are reduced.

Methods—Full thickness gastric body biopsies from 5 healthy subjects, 10 diabetic and 10
idiopathic gastroparesis patients were immunolabeled using SK3 and PDGFRa staining for FLC
and Kit staining for ICC. Intramuscular FLC and ICC were quantified.

Key Results—Intramuscular PDGFRa-ir cells had slender cell bodies and long, thin processes
and were more abundant in the longitudinal compared to the circular muscle. In the region of
myenteric plexus, FLC had smaller, rounder cell bodies with 3-4 processes and formed networks,
often around ganglia. All SK3-ir cell structures showed complete overlap with PDGFRa-ir. FLC
were in close proximity to ICC, but their cell bodies did not overlap. No differences were seen in
the distribution, morphology, or overall numbers of FLC in gastroparesis patients.

Conclusions & Inferences—In conclusion, PDGFRa identifies FLC in human gastric smooth
muscle. FLC were not altered in distribution or overall numbers in gastroparesis. Further studies
are required to determine their role in human GI function.

Keywords

enteric nervous system; interstitial cells of Cajal; smooth muscle; fibroblast-like cells;
gastroparesis; platelet-derived growth factor receptor

Coordinated gastrointestinal (GI) motor activity requires a complex interplay of various cell
types including inhibitory and excitatory nerves, glia, smooth muscle cells (SMC), immune
cells and interstitial cells of Cajal (ICC).} ICC generate slow waves, set the smooth muscle
membrane potential gradient, and are mechanotransducers.2 ICC express Kit receptor
tyrosine kinase.3 Another type 11 receptor tyrosine kinase expressed in the Gl tract is
platelet-derived growth factor receptor (PDGFR). This receptor has two subtypes (a and B)
and four known ligands (A, B, C, and D as well as AB).# Both receptor subtypes are
expressed in mesenchymal cells which are common precursors of ICC and longitudinal
SMC.> PDGFRa is expressed in subepithelial myofibroblasts and PDGFR in vascular
pericytes in the mature Gl tract.* PDGF signaling plays critical roles in mammalian
organogenesis* 8 and murine Gl villous morphogenesis.” Selective inhibition of PDGFR has
been shown to suppress longitudinal SMC differentiation.>

Interstitial cells with fibroblast like ultrastructure have been described as “fibroblast-like
cells (FLC)”. Their initial description conflicted on their contacts with SMC and nerve
varicosities® 9. Subsequently, Horiguchi et al. described gap junctions between FLC and
SMC in Kit mutant W/W mice.10 At the same time, using sialylated glycoprotein CD34
immunoreactivity (ir), FLC were localized to be adjacent to but distinct from ICC in human
small intestine.1! CD34-ir and Kit-ir cells were exclusive, but their processes closely
intermingled.1? Later, SK3 (small conductance calcium-activated potassium channels type
3)-ir was described to closely overlap with CD34-ir in human Gl musculature and these
SK3-ir CD34-ir cells remained preserved in human diseases where ICC were lacking.13 SK
channels are involved in control of neuronal excitabilityl* 15 and have potential functional
significance in GI musculature,16-18 although conditional genomic deletion of SK3 did not
result in overt phenotypic changes in mice.1® Recently, lino et al. described PDGFRa.-ir in
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FLC in murine Gl tract which overlapped strongly with SK3-ir.20 Consistent with prior
literature, these FLC were distinct but closely associated with ICC, enteric nerve fibers and
myenteric ganglia, and these cells persisted in ICC deficient W/W" mutant mice.20: 21
Recent work has suggested a potential role of PDGFRa- and SK3-ir FLC in inhibitory
neurotransmission in mice.22: 23

We have recently shown that together with other cellular abnormalities, all patients studied
with diabetic (DG) and idiopathic gastroparesis (IG) have ICC abnormalities24 with half of
these patients showing significant decrease in ICC numbers.2° The distribution of the
PDGFRa-ir FLC in human Gl tract in health or disease is unknown. Nor is it known if there
is co-localization of PDGFRa staining and SK3 staining cells in humans as seen in animal
models. Furthermore, it is unknown if gastroparesis patients with and without preserved ICC
numbers have a drop-out in the number of PDGFRa-ir FLC. The aims of this study were
therefore to describe the distribution and morphology of the FLC in human gastric muscle
(circular and longitudinal) and myenteric plexus region using antibodies against PDGFRa
and SK3 and to determine if FLC are altered in number or distribution in DG and 1G.

Subject enrollment and histology studies

Gastroparesis patients enrolled in this study were patients >18 years of age with symptoms
of at least 12 week duration, had delayed gastric emptying on scintigraphy (>60% retention
at 2 h or >10% retention at 4 h), in the absence of evidence of gastric outlet obstruction.
Exclusion criteria included presence of active inflammatory bowel disease, eosinophilic
gastroenteritis, neurological conditions, acute liver or renal failure, and history of total or
subtotal gastric resection. Full thickness gastric biopsy tissue was prospectively obtained
from 10 DG and 10 IG patients undergoing surgery for placement of a gastric stimulator and
from 5 age- and sex-matched patients undergoing sleeve gastrectomy/duodenal switch
surgery after institutional review board-approved protocols. The biopsies were collected in
all subjects from the anterior aspect of the stomach, midway between the greater and lesser
curvatures where the gastroepiploic vessels meet using a standardized protocol. These
patients are enrolled in the Gastroparesis Clinical Research Consortium (GpCRC) and
extensive details on tissue acquisition and processing are provided elsewhere.2> The
antibodies used for studying FLC are shown in Supplementary Table 1. Co-localization
between FLC markers (both PDGFRa and SK3) and c-Kit was performed in all 5 normal
controls. Co-localization between FLC marker (PDGFRa) and PGP9.5 was performed in all
5 normal controls. PDGFRa and SK3 co-localization was performed in 10 gastroparesis
patients (5 diabetic and 5 idiopathic) and the controls.

Light microscopy

On arrival at the laboratory, samples were washed 5 times over 1 h in 1X phosphate-
buffered saline (PBS) and immersed overnight at 4°C in 1X PBS solution containing 30%
sucrose (Sigma-Aldrich, St Louis, MO). The specimens were cut in cross section and frozen
in Tissue-Tek OCT Compound (Electron Microscopy Sciences, Hatfield, PA). Cryostat
sections, 12 wm in thickness, were cut and slides were stored at —80°C until use. Further
detailed protocols used are shown in Supplementary Table 2. Negative and positive controls
for PDGFRa and SK3 immunoreactivity are shown in supplementary figures 1 and 2
respectively.

Quantification

Three nonadjacent slides were analyzed per patient in a blinded fashion by MG and CB. For
quantitative assessment of FLC bodies, 38-40 images per subject at 40X magnification (each
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348 um by 262 um) were analyzed. Cell bodies were then manually identified and counted.
For FLC, a cell body was defined as a PDGFRa. positive structure with a 4', 6-diamidino-2-
phenylindole (DAPI)-positive nucleus and bipolar or multipolar processes. Due to the
distribution and density of FLC in the myenteric plexus region, manual quantification in
myenteric plexus was not possible and only the circular muscle layer was used for
quantification.

Statistical analysis

Results

Quantification data are represented as mean = SEM. Statistical significance was determined
using Kruskal-Wallis one-way analysis of variance with Newman-Keuls multiple
comparison test. A Pvalue of < 0.05 was considered statistically significant.

Distribution of PDGFRa-ir FLC in the gastric body of normal human subjects

PDGFRa-ir cells were found to be distributed in the circular and longitudinal muscle layers
and in the myenteric plexus region. PDGFRa.-ir cells were clearly more abundant in
longitudinal muscle compared to the circular muscle (Fig. 1A, 1B, 1D and 1E). In the
muscle layers, PDGFRa-ir cells were found in the interstitium between the muscle bundles
with processes that ran parallel to muscle fibers (Fig. 1A for longitudinal muscle, 1E for
circular muscle). The cells had slender cell bodies with 2-4 long, thin processes (Fig. 1B, D,
E). Together with the long processes emerging from the cell body, several of the cells also
had smaller processes that projected for a shorter distance from the cell bodies. PDGFRa-ir
cells in the myenteric plexus region had smaller, rounder, multipolar cell bodies with 3-4
long, thin processes that appeared to form networks (Fig. 1C). PDGFRa-ir cells were also
present in the submucosa (Fig. 1A) where they had a flat stellate shaped appearance with
several processes running parallel to the epithelial membrane. The submucosal PDGFRa.-ir
cells had weaker labeling compared to the cells in the muscle layers.

Overlap between PDGFRa- and SK3-ir FLC in the gastric body of normal human subjects

SK3-ir was stronger in general than PDGFRa-ir but SK3-ir and PDGFRa-ir tended to occur
in the same structures (Fig. 2 C, F, 1). However there were cells that were SK3-ir
(arrowhead, Fig. 2B, 2E, 2H) in both the circular and longitudinal muscle layers as well as
in the myenteric plexus region and not PDGFRa-ir. In the muscle layers and myenteric
plexus region, all PDGFRa-ir cells expressed SK3-ir both in the cell bodies and processes
(Fig. 2C, F, 1). In contrast, in the submucosa, most PDGFRa-ir cells (Fig. 2J) were negative
for SK3-ir (Fig. 2L); indeed SK3-ir was markedly diminished in the submucosa (Fig. 2K).

Relationship between Kit-ir ICC and PDGFRa-ir FLC in the gastric body of normal human

subjects

In the muscle layers and the myenteric plexus region, ICC and FLC were often in close
proximity to each other but their cell bodies did not overlap as determined with both
PDGFRa-(Fig. 3C, F) and SK3-ir (Fig. 4C, F). The processes of ICC and FLC often came in
close proximity and seemed to overlap at places but no definite direct connection between
ICC and FLC cell processes was seen within the magnification allowed by light microscopy
(Fig. 3C, F and Fig. 4C, F).

Relationship between nerves fibers (PGP9.5) and PDGFRa-ir FLC in the gastric muscle
layers of normal human subjects

The relationship between PDGFRa-ir cells and PGP9.5-ir nerve fibers and ganglion cells is
shown in Fig. 5. The PDGFRa.-ir cells formed networks around ganglia in several areas of
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the myenteric plexus (arrowhead, Fig. 5F). In the intramuscular layers, PDGFRa.-ir
processes appeared to come in close proximity to some PGP9.5-ir nerve fibers (Fig. 5C, I).

Distribution of PDGFRa-ir FLC in gastroparesis

PDGFRa-ir FLC had a similar distribution and morphology in diabetic and idiopathic
gastroparesis subjects as in normal human subjects in both the muscle layers (Fig. 6A-C and
G-I) and the myenteric plexus region (Fig. 6D, E, F). On quantification, there were no
differences in circular muscle PDGFRa-ir FLC between gastroparetic subjects and controls
(Supplementary Table 3). When patients with and without decrease in ICC counts were
compared, no differences in circular muscle PDGFRa-ir FLC were seen for both diabetic
(Supplementary Fig. 3) and idiopathic gastroparesis (Supplementary Fig. 4).

Discussion

This current study provides the first description of the morphology and distribution of FLC
in human GI smooth musculature using PDGFRa-ir. All PDGFRa-ir cells in the muscle
layer and in the myenteric plexus region expressed SK3-ir, previously used to localize FLC
in both humans and mice.13: 20. 21 Thus, PDGFRa-ir can also be utilized to localize FLC in
human GI smooth muscle. FLC in the human stomach were distinct from but were in close
apposition to ICC processes. This observation is similar to the observations made by others
in recent descriptions of FLC in mice.11: 20, 21,23 |n our study, we were unable to show co-
labeling of PDGFRa-ir and Kit-ir. This observation is different from what has been reported
by Klemm et al in guinea pig stomach smooth muscle where 2.5% of SK3-ir cells displayed
Kit-ir and 4.2% of Kit-ir cells displayed SK3-ir.26 Whether a small subset of such cells
exists in the human Gl tract will require further study. However given that the majority of
the PDGFRa-ir FLC were exclusive from Kit-ir ICC, these cells represent a new cell
compartment in human Gl smooth muscle.

A new finding emerging from this study was that the density of FLC was greater in
longitudinal smooth muscle when compared to the circular smooth muscle. This finding may
have important functional implications. The bi- or multipolar processes of these cells appear
to form networks with other FLC and come in close proximity with ICC processes
suggesting that these cells may be in communication. In addition, their close proximity to
the PGP9.5-ir nerve fibers and networking around the ganglia suggests a potential role in
neuromuscular transmission.23 There is strong evidence that ICC play a role in nitrergic
neurotransmission,2’-29 however contrary evidence also exists.30: 31 Both ICC and FLC
express nitric oxide-sensitive soluble guanylate cyclase and both have proximity to the
nNOS-ir nerve fibers, suggesting that FLC might also be responsive to nitrergic signals.32
Indeed, expression of nitric oxide-sensitive guanylate cyclase in ICC and FLC is sufficient
to sustain normal nitrergic responses and whole-gut transit in mice with conditional deletion
of this gene in GI smooth muscles.33 Recently, the PDGFRa-ir cells from mice colon were
shown to generate large amplitude transient outward K* current spontaneously and in
response to purines that was blocked by apamin.22 The apamin-sensitive inhibitory junction
potential was maintained in W/W" mice where intramuscular ICC are greatly diminished.
Also, gap junctions between FLC and FLC-smooth muscle were preserved in the small
intestine of ICC deficient Kit mutant mice.19 The relative paucity of FLC in human circular
smooth muscle compared to the longitudinal muscle will need to be considered when
elucidating the electrophysiologic function of FLC in human gastric inhibitory
neurotransmission. Furthermore, these differences may explain in part the variable effects of
caveolin-1 deletion on the response to NO and apamin-sensitive mediators in circular or
longitudinal smooth muscle3* and different relative roles of NO between circular and
longitudinal muscle compartment.35: 36
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In this study we also explored a potential role for PDGFRa-ir FLC in gastroparesis.
However, PDGFRa-ir FLC were not altered in morphology or distribution in gastroparesis
subjects with or without ICC loss. On quantification, the average number of PDGFRa.-ir
FLC was similar in gastroparetics with or without ICC loss and to those in controls. These
data suggest that PDGFRa.-ir FLC may not be involved in the pathophysiology of
gastroparesis. Previously Vanderwinden et al. had shown that interstitial SK3-ir cells were
abundantly present in the interstitium between the hypertrophied muscle fibers in patients
with infantile hypertrophic pyloric stenosis where ICC were lacking.1® Additionally, they
also looked at the aganglionic colonic segment of patients with Hirschsprung's disease
where the distribution of SK3-ir cells was similar to the ganglionic segment whereas ICC
were depleted in the aganglionic segments. Similarly work from ICC deficient W7/
mutant mice showed preserved presence of FLC.2L In contrast, a study of small and large
bowel tissue from patients with chronic intestinal pseudo-obstruction, showed CD34-ir was
depleted in a proportion of patients.3”

In conclusion, PDGFRa-ir FLC are present in the normal human stomach in both muscle
layers and in the myenteric plexus region. However, unlike other cell types such as ICC,
smooth muscle and enteric nerves that have been shown to be affected in patients with
gastroparesis, the PDGFRa-ir FLC population appears to be intact in gastroparesis.
PDGFRa-ir FLC were relatively more abundant in the longitudinal muscle layer compared
to the circular muscle layer. Their morphologic features such as long processes and
formation of networks with other FLC and presence of gap junctions with smooth muscle
cells, their topographic localization in close proximity to ICC, nerve fibers and ganglia raise
the possibility that this cell type may also participate in the regulation of normal human
gastrointestinal motility, as proposed in mice, however further studies will be required to
determine if this is indeed the case and their relative roles in circular and longitudinal
muscle.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PDGFRa immunoreactivity shown as a low power tiled image across the thickness (A) of

the human gastric body (Scale = 200 um). Higher power images are shown for the
longitudinal muscle (B), myenteric plexus region (C), circular muscle (D) {Scale = 100
pm}. Panel E shows circular muscle at the same orientation and magnification as
longitudinal muscle in panel A (E) {Scale=200 pum}. SMP=submucosal plexus,
CM-=circular muscle, MYP=myenteric plexus, LM=longitudinal muscle.
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Figure 2.

PDGFRa immunoreactivity in longitudinal muscle (A), myenteric plexus region (D),
circular muscle (G) and submucosal plexus (J). SK3 immunoreactivity in longitudinal
muscle (B), myenteric plexus region (E), circular muscle (H) and submucosal plexus (K).
Overlap between PDGFRa and SK3 immunoreactivity is shown in panel C for longitudinal
muscle, panel F for the myenteric plexus region, panel | for circular muscle and panel L for
the submucosal plexus. Arrows represent SK3-ir cells that are not PDGFRa-ir. Tissue
obtained from the normal gastric body of a human subject. Scale = 100 tm
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Figure 3.

PDGFRa immunoreactivity in myenteric plexus region (A) and circular muscle (D). Kit
immunoreactivity in myenteric plexus region (B) and circular muscle (E). Overlap between
PDGFRa and Kit immunoreactivity is shown for the myenteric plexus region (C) and the
circular muscle (F). Tissue obtained from the normal gastric body of a human subject. Scale
=100 wm
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Figure4.

SK3 immunoreactivity in myenteric plexus region (A) and circular muscle (D). Kit
immunoreactivity in myenteric plexus region (B) and circular muscle (E). Overlap between
SK3 and Kit immunoreactivity is shown for the myenteric plexus region (C) and circular
muscle (F). Tissue obtained from the normal gastric body of a human subject. Scale = 100

pm
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Figure5.

PDGFRa immunoreactivity in longitudinal muscle (A), myenteric plexus region (D), and
circular muscle (G). PGP9.5 immunoreactivity in longitudinal muscle (B), myenteric plexus
region (E), and circular muscle (H). Overlap between PDGFRa and PGP9.5
immunoreactivity is shown for the longitudinal muscle (C), myenteric plexus region (F), and
circular muscle (I). Arrowhead represents PDGFRa-ir cells forming networks around
ganglia in several areas of the myenteric plexus. Tissue obtained from the normal gastric
body of a human subject. Scale = 100 pm
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Figure6.
PDGFRa immunoreactivity in longitudinal muscle (A), myenteric plexus region (D), and

circular muscle (G) from a control subject. PDGFRa immunoreactivity in longitudinal
muscle (B), myenteric plexus region (E), and circular muscle (H) from a diabetic
gastroparesis subject. PDGFRa. immunoreactivity in longitudinal muscle (C), myenteric
plexus region (F), and circular muscle (1) from an idiopathic gastroparesis subject. No
differences were seen between the 3 groups. Scale = 100 um
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