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Abstract
Background—Cellular changes associated with diabetic and idiopathic gastroparesis are not
well described.

Aim—Describe histologic abnormalities in gastroparesis and compare findings in idiopathic
versus diabetic gastroparesis.

Methods—Full thickness gastric body biopsies were obtained from 40 gastroparetics (20
diabetic) and matched controls. Sections were stained for H&E and trichrome, and immunolabeled
with antibodies against PGP 9.5, nNOS, VIP, substance P and tyrosine hydroxylase to quantify
nerves, S100β for glia, Kit for interstitial cells of Cajal (ICC), CD45 and CD68, for immune cells
and smoothelin for smooth muscle cells. Tissue was also examined by transmission electron
microscopy (TEM).

Results—Histological abnormalities were found in 83% of patients. Most common defects were
loss of ICC with remaining ICC showing injury, an abnormal immune infiltrate containing
macrophages, and decreased nerve fibers. On light microscopy, no significant differences were
found between diabetic and idiopathic gastroparesis with the exception of nNOS expression which
was decreased in more idiopathic gastroparetics (40%) compared to diabetic (20%) patients by
visual grading. On electron microscopy, a markedly increased connective tissue stroma was
present in both disorders.

Conclusion—This study suggests that on full thickness biopsies, cellular abnormalities are
found in the majority of patients with gastroparesis. Most common findings were loss of Kit
expression suggesting loss of ICC and an increase in CD45 and CD68 immunoreactivity. These
findings suggest that examination of tissue can lead to valuable insights into the pathophysiology
of these disorders and offers hope that new therapeutic targets can be found.
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Introduction
Gastroparesis is a chronic disorder defined as delayed gastric emptying of solids and liquids
in the absence of obstruction. Symptoms include early satiety, nausea, vomiting, bloating,
and pain.1–5 Gastroparesis is most commonly associated with diabetes (both type I and type
II) 6 or is of unknown cause (idiopathic). Less common causes include postsurgical and
medication related gastroparesis.1–5

Gastroparesis is increasingly being recognized as a cause of significant morbidity. Accurate
prevalence numbers are hard to come by and world wide estimates of prevalence are not
available. Recent data from Olmsted County in the United States show an age adjusted
prevalence of gastroparesis of 9.6 for men and 37.8 for women per 100,000 persons. Young
women are most commonly afflicted with a female: male ratio of 4:1 and a mean age of
onset of 44 years.7 A significant limitation to developing targeted therapy for gastroparesis
is lack of understanding of the pathological and cellular etiology. Normal gastric emptying
requires coordinated correct function of several cell types, including the extrinsic
innervation to the stomach, enteric nerves, glia, smooth muscle cells, interstitial cell of Cajal
(ICC) and immune cells. Most of our understanding of the cellular basis for gastroparesis
has come from animal studies focused on diabetic gastroparesis. Although several cellular
abnormalities have been described,5, 8, 9 the two most common abnormalities noted have
been loss of expression of neuronal nitric oxide synthase (nNOS) and loss of ICC.8, 10–14 In
the limited human studies, the most common findings have also been loss of ICC in diabetic
and/or in idiopathic gastroparesis15–23 and loss of nNOS.17–19, 23 Other studies have shown
decreases in nerve fibers and neurons,17, 18, 22, 23 inflammatory infiltrate17, 23, 24 and
fibrosis.22, 23, 25 Human studies are significantly limited by lack of access to prospectively
collected tissue. Also, the distribution of the key cell types that control gastric motility is
non-uniform26 making prospective collection of tissue from carefully mapped sites essential.
Given these limitations, the National Institute of Health established a Gastroparesis Clinical
Research Consortium (GpCRC). As part of that consortium we have collected site-matched,
full thickness gastric body biopsies from patients with diabetic and idiopathic gastroparesis
and age and sex matched controls. The aim of this study was to study the cellular
abnormalities in gastroparesis and to compare findings in idiopathic versus diabetic
gastroparesis.

Methods
Specimens

Sixty, full-thickness gastric biopsies were collected from the anterior aspect of the stomach,
midway between the greater and lesser curvatures where the gastroepiploic vessels meet.
The anatomy of individual stomachs varies but, in general, the region where the
gastroepiploic arteries meet is about 9 cm proximal to the pylorus. Tissue was obtained from
20 idiopathic and 20 diabetic gastroparetic patients undergoing surgery for placement of a
Gastric Stimulator and from 20 age and sex matched patients undergoing duodenal switch
gastric bypass surgery following IRB approved protocols. The controls were all obtained
from surgeries at Mayo Clinic and were screened to ensure they did not have diabetes or
gastrointestinal diseases. The tissue appeared normal on H and E prior to being included in
the study. The tissue was collected from the same site as the gastroparetics and was obtained
and processed in identical fashion using an agreed upon identical protocols. None of these
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patients have been previously reported on. When the gastric stimulator wire insertion point
overlapped with the preferred location, the biopsy was obtained above the insertion point.
Each collected piece was approximately 1.5cm by 1.5cm. Tissue was collected from Temple
University, University of Mississippi, California Pacific Medical Center and Mayo Clinic.
Gastric specimens were directly placed in Ham F12 media (Invitrogen, Carlsbad, CA). A 5
mm piece of tissue was placed in 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO) in
1X phosphate buffer and shipped overnight to Mayo Clinic with ice-packs.

To determine if the 20 controls used (duodenal switch gastric bypass surgery for obesity)
were different from non-obese controls, thus causing any significant histological changes,
we prospectively collected full thickness gastric biopsy specimens from four non-obese, non
gastroparetic subjects (GE junction cancer with no previous weight loss [<5 lbs], and no
previous chemotherapy or radiation therapy) and compared histological changes with the
above control group. No significant differences were observed in ICC numbers (5.3 ± 0.2 in
obese vs. 4.9 ± 0.7 in non-obese, p=0.58), PGP expression (44.3 ± 2.3 in obese vs. 46.8 ±
6.6 in non-obese, p=0.67), and CD 45 positive bodies in circular muscle (14.3 ± 0.7 in obese
vs. 12.3 ± 0.5 in non-obese, p=0.24) or myenteric plexus (20.3 ± 1.1 in obese vs 23.6 ± 3.1
in non-obese, p=0.23). Therefore obesity is not a confounding factor in histological changes
observed between the control and gastroparetic groups.

Light microscopy
Antibodies to PGP9.5 were used to examine the enteric nervous system. Antibodies to
nNOS and vasoactive intestinal peptide (VIP) were used to examine the inhibitory
component of the enteric nervous system and to substance P (SP) to assess the excitatory
component. Antibodies to tyrosine hydroxylase (TH) were used to assess extrinsic motor
innervation. Antibodies to S100β were used to assess glia. ICC networks were assessed
using an antibody to Kit. Smooth muscle morphology was assessed on H&E staining and by
use of an anti-smoothelin antibody. A trichrome stain was used to quantify fibrosis. A
general marker for immune cells27 (CD45) was used and markers for T lymphocytes28, 29

(CD3, CD4, CD8), B lymphocytes30 (CD79) and macrophages31 (CD68) used to
characterize the immune cells. Further details on staining and quantification methodology
and antibodies used (supplementary table 1) are in supplementary methods.

Electron microscopy
A subset of specimens (5 patients with diabetic gastroparesis, ages 19–66 yr, 4 females and
5 patients with idiopathic gastroparesis, ages 19–55 yr, 4 females) and five controls were
also examined by electron microscopy (see supplementary methods). At least four blocks
were sectioned for each patient and at least three grids were examined for each block and
each grid contains 5–10 sections resulting in a minimum of 60 sections/patient.

Statistical Analysis
Data for c-Kit, PGP, nNOS, VIP, SP, tyrosine hydroxylase and CD 45 positive cell bodies
are represented as mean ± SEM. Statistical significance was determined using Kruskal-
Wallis one way ANOVA with Newman-Keuls Multiple Comparison test. A P-value of
<0.05 was considered statistically significant.

Results
The mean age for the controls was 43 yrs (70% female), 45 yrs for diabetic gastroparesis
(65% female) and 39 yrs for idiopathic gastroparesis (75% female). Further demographic
and clinical details on gastroparetic patients are provided in table 1. On light microscopy
histological changes were found in 16/20 diabetic and 17/20 idiopathic gastroparetics, that is
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in 83% of tissues examined (supplementary table 2). On quantification (table 2) significant
changes were seen for c-Kit (ICC), PGP9.5 (nerves) and CD 45 (immune cells).

Enteric nervous system
On visual grading, PGP9.5 immunolabeling was normal in all patients with diabetic
gastroparesis, suggesting that the number of enteric nerves was not markedly altered in
diabetic gastroparesis. Three of 20 patients with idiopathic gastroparesis had abnormal PGP
9.5 immunolabeling. All 3 had a <25% decrease in the number of PGP 9.5 positive nerve
fibers in the muscle layers and one had also evidence of neuronal drop-out in the myenteric
plexus (figure 1). On quantification, idiopathic and diabetic gastroparetics were found to
have 14–18% decrease in PGP9.5 expression in the muscle layer when compared with
controls (36.5±1.8 fibers per field for diabetic and 38.0±1.5 fibers per field for idiopathic vs
44.3±2.3 fibers per field for controls, P<0.05) (Table 2). There were no significant
differences between the diabetic and idiopathic gastroparesis groups (supplementary figure
1).

On visual grading, nNOS was decreased in 4/20 patients with diabetic gastroparesis (3
<25% loss and 1 25–75% loss) and in 8/20 with idiopathic gastroparesis (3 patchy decrease,
1 <25% loss, 3 25–75% loss and 1 with decreased nerve bundles in the myenteric plexus but
normal nerve fiber innervation of the muscle layers, figure 1). All 3 patients with idiopathic
gastroparesis and decreased PGP 9.5 immunolabeling had decreased nNOS. The decrease in
nNOS expression in these 3 patients was uniform in 2 and patchy in 1 with areas of severe
decrease (<75% loss) and areas which appeared normal. On overall quantification, there
were no statistically significant differences in the nNOS expression in myenteric plexus
(1.9±0.2 neurons per field for diabetic, 2.2±0.2 neurons per field for idiopathic and 2.2±0.2
neurons per field for controls) or in the muscle layer (20.9±1.7 fibers per field for diabetic,
23.6±1.6 fibers per field for idiopathic and 24.2±1.7 fibers per field for controls) in the three
groups (Table 2 and supplementary figures 2a and b). VIP expression was decreased in 4/20
patients with diabetic gastroparesis (1 with patchy loss, 2 with <25% loss and 1 with 25–
75% loss) on visual grading. Of these 4, only one had loss of nNOS expression (figure 1). In
the patients with idiopathic gastroparesis 3 patients had decreased VIP immunolabeling (2
with patchy decrease, 1 with 25–75% loss) and of these 3, 2 had decreased nNOS
expression. On overall quantification, the three groups did not differ in VIP expression in
the muscle layer (32.7±2.5 fibers per field for diabetic, 35.4±2.6 fibers per field for
idiopathic and 30.6±1.8 fibers per field for controls) (Table 2 and supplementary figure 3).

Substance P immunolabeling was increased in 1 patient with diabetic gastroparesis and
decreased in 4 (3 with <25% loss, 1 with 25–75% loss) on visual grading. In the idiopathic
gastroparesis patients, substance P was decreased in 2 patients (1 with <25% loss, 1 with
25–75% loss) and increased in 2 patients (supplementary figure 4). There were no
significant differences amongst three groups in the VIP expression on quantification
(16.3±1.2 fibers per field for diabetic, 16.5±1.3 fibers per field for idiopathic and 20.2±1.3
for controls) (Table 2 and supplementary figure 5). Glial cells were examined using an
antibody against S100β. S100β expression was decreased in 2 patients (<25% loss) with
diabetic gastroparesis. Three patients with idiopathic gastroparesis had decreased S100β (1
with patchy decrease, 1 with <25% loss and 1 with 25–75% loss, supplementary figure 6).
PGP9.5 immunolabeling was normal in the two patients with diabetic gastroparesis and
decreased S100β expression and decreased in 2 of the 3 patients with idiopathic
gastroparesis and decreased S100β expression.
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Extrinsic sympathetic motor innervation
Tyrosine hydroxylase immunolabeling was decreased in 2 patients with diabetic
gastroparesis (1 with <25% loss, 1 with 25–75% loss) and in 4 patients with idiopathic
gastroparesis (2 with <25% loss, 2 with 25–75% loss, supplementary figure 6). On
quantification, the three groups did not differ in TH expression (52.9 ± 5.2
immunofluorescent bodies per field for diabetic, 63.2 ± 5.1 immunofluorescent bodies per
field for idiopathic and 56.6 ± 3.4 immunofluorescent bodies per field for controls) (Table 2
and supplementary figure 7).

Interstitial cells of Cajal
The most common histological abnormality found was a decrease in ICC as identified by Kit
immunolabeling. Ten patients with diabetic and 10 with idiopathic gastroparesis had greater
than 25% decrease in Kit expression (figure 2). These numbers were confirmed by counting
ICC cell bodies. A well defined myenteric plexus network of ICC was not seen. Rather ICC
were present throughout the muscle layers with a discontinuous and irregular accumulation
of cells between the muscle layers. All patients graded as normal also had a normal ICC
body count that was similar to the control patients (P>0.05). In contrast, the mean number of
ICC bodies for patients graded as having decreased expression of Kit was different from
controls (1.1±0.1 cell bodies per field for diabetic and 1.6±0.2 cell bodies per field for
idiopathic vs 5.3±0.2 cell bodies per field for controls, P<0.05). The difference in cell bodies
between controls and gastroparetics was still present when all gastroparetic tissues were
grouped together (2.8±0.4 cell bodies per field for diabetic and 3.2±0.4 cell bodies per field
for idiopathic vs 5.3±0.2 cell bodies per field for controls, P<0.05) (Table 2 and
supplementary figure 8). There was no difference in ICC loss between diabetic and
idiopathic gastroparesis.

Smooth muscle cells
Hematoxylin and eosin staining was graded as normal in all 20 patients with diabetic
gastroparesis and in 19 patients with idiopathic gastroparesis. Smoothelin immunolabeling
was decreased in 3 patients with diabetic gastroparesis and in 6 with idiopathic gastroparesis
(figure 3).

Fibrosis
Presence of fibrosis as determined by Trichrome staining was present in 1 patient with
diabetic and 2 patients with idiopathic gastroparesis (figure 3). All other patients had normal
Trichrome staining, including 8 of the 9 patients with abnormal smoothelin immunolabeling.

Immune cell infiltrate
The second most common abnormality noted was altered immune cells in the muscularis
propria. As determined by immunolabeling against CD45, immune cells were abnormal in 9
patients with diabetic gastroparesis and 8 patients with idiopathic gastroparesis on visual
grading. Of these, 8 had altered cellular morphology (increased processes or elongated shape
versus mainly round cells in the controls), 1 had increased number of cells in the muscle
layers, and 8 had an infiltrate in the myenteric plexus region (figure 4). On quantification,
there was a significant increase in the CD 45 immunofluorescence in the myenteric plexus in
both gastroparesis groups (25.5±1.5 positive cell bodies per field for diabetic and 26.5±1.2
positive cell bodies per field for idiopathic vs 20.3±1.1 positive cell bodies per field for
controls, P<0.05). There was no difference between diabetic and idiopathic gastroparesis
groups. Also, there was a trend towards increased population of CD 45 immunofluorescence
in the muscle layers but this did not reach statistical significance (16.9±0.84 positive cell
bodies per field for diabetic, 16.5±0.8 positive cell bodies per field for idiopathic and
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14.3±0.7 positive cell bodies per field for controls, P = 0.06) (Table 2 and supplementary
figures 9 a and b). The nature of the infiltrate was further determined using antibodies to
CD79 for B cells, to CD3 for T cells, to CD4 for T-helper cells, and to CD8 for T-suppressor
cells. No differences were noted in the immunolabeling for all markers between patients and
controls suggesting the infiltrate was not due to B or T cells (data not shown). In contrast,
antibodies against CD68, a marker expressed on macrophages, showed increased
macrophages (figure 4)

Electron microscopy
Transmission electron microscopy confirmed the reduction of ICC and the presence of
altered nerve structures as showed by immunohistochemistry. TEM also showed that an
abnormal connective stroma was present in all the patients examined. All patients examined
by TEM had at least one abnormality on light microscopy.

In tissues from patients with diabetic gastroparesis, some of the residual ICC had normal
features but the others showed intracytoplasmatic vacuoles and swollen mitochondria (figure
5A); none of these cells were in contact with nerve endings and rarely with smooth muscle
cells or with other ICC. The smooth muscle cells were surrounded by fibrotic connective
tissue and spaced apart from each other compared to controls but still connected by gap
junctions (figure 5B). In most of the patients there was a thick basal lamina around ICC and
smooth muscle cells (figure 5A–C). Nerve endings were very large and often empty (figure
5C).

In patients with idiopathic gastroparesis most of the nerve structures showed markedly
altered morphology (figures 5D and E). The nerve endings were either empty or containing
filaments, sequestered synaptic vesicles and lamellar bodies. Glial cells were also altered,
with the cytoplasm filled with lysosomes and lipofuscinic bodies (figure 5E). Cells with
normal ICC features were practically absent and the residual ICC showed vacuoles, lamellar
bodies, lipofuscinic bodies and swollen mitochondria (figure 5D). In contrast to diabetic
gastroparesis, the basal lamina of the smooth muscle cells had a normal thickness (figure 5D
and E). The connective stroma showed fibrosis, which was particularly noted around the
nerve structures (figure 5E).

Discussion
Idiopathic and diabetic gastroparesis are disorders associated with considerable morbidity.
While progress has been made in the use of animal models to understand the cellular
changes that underlie these disorders8, 10–12, 14, human data are limited.15–20, 22, 23, 25, 32

In this large and comprehensive study, we prospectively collected gastric body tissue from
patients with diabetic and idiopathic gastroparesis from a well defined region of the
stomach. Prospective collection of tissue allowed us to fix, store and process the tissue
appropriately allowing optimal study of a large number of cell markers. A major finding of
the study was that the majority of patients with gastroparesis, 83%, had defined gastric wall
cellular abnormalities underlying the disease.

Idiopathic and diabetic gastroparesis are assumed to have very different causation. Diabetes
is associated with changes to the autonomic nervous system,33–38 increased oxidative
stress10, 39, 40 and microangiopathy.41, 42 Despite the apparent different initiating factors,
there was no individual or set of markers that differentiated diabetic from idiopathic
gastroparesis at the light microscopy level. In both diseases, the most common abnormality
found was a decrease in ICC, confirmed by a quantitative assessment of ICC bodies.
Interestingly, there appeared to be two groups of patients, ones with a normal number of
ICC and the other with a marked decrease in ICC numbers. The clear separation of these two
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groups suggests that this reflects a true finding. However, it is also possible that loss of ICC
may have been limited to a different region of the stomach in the ones with a normal
distribution of ICC in the body. In animal models of diabetes a difference between ICC also
in the antrum and body has been shown.12, 14 ICC loss may be patchy even within a defined
region of the stomach. An underestimate of ICC abnormalities due to patchiness of loss is
less likely in this study as care was taken to examine sufficient tissue from non-adjacent
sections. We also first established the number of fields that needed to be examined in order
to get an accurate representation of ICC. Furthermore, when we have had the opportunity to
study larger portions of the stomach from patients with total gastrectomies we did not see
the degree of patchiness seen in mouse models (unpublished observations). Under TEM,
there were differences in ICC ultrastructure between diabetic and idiopathic gastroparesis
with more diffuse and greater damage to ICC being noted in the patients with idiopathic
gastroparesis.

The second most common abnormality noted was the presence of either altered immune cell
morphology or an increase in the number of immune cells in about 43% of patients, as
documented by anti-CD45 antibodies. CD45 is a general hematopoietic cell marker that
labels all hematopoietic derived cells, with the exception of mature red cells.27 As in the
case of ICC loss, there was no difference in the prevalence of this finding between
idiopathic and diabetic gastroparesis. On overall quantification, this infiltrate of CD45 cells
was more prominent in myenteric plexus as compared to muscle layers. Interestingly, these
immune cells did not appear to be lymphocytes as pan-T and B cell markers did not show a
difference between patients and controls. In contrast, anti-CD68 antibodies showed
increased immunoreactivity suggesting an increase in macrophages. CD68 is classically
used as a selective marker for macrophages although recent data show that it also labels
some fibroblasts. The finding of increased CD68 immunoreactivity is of interest given the
recent finding that M1 (classically activated, proinflammatory) and M2 (alternatively
activated, antiinflammatory) macrophages may play opposing roles in the pathophysiology
of diabetic gastroparesis.10, 43 Macrophage activation of the M1 type has been shown to
play a role in rat post-operative ileus. It has been hypothesized that intestinal manipulation
activates resident macrophages present in the intestinal muscularis externa which leads to
cytokine release and leucocyte influx perpetuating a late inflammatory phase of post
operative ileus.44

In this study we carefully assessed the enteric nervous system, including both excitatory and
inhibitory neurons and glia. Whole mounts have been traditionally used for studying the
enteric nervous system in animal models; however, a recent consensus statement in the 2009
neuromuscular international working group45 states that for thick human specimens
sectioning made parallel to muscle layer is appropriate. There is a 14–18% decrease in the
expression of neuronal marker PGP9.5 suggesting decrease in nerve fibers in gastroparesis.
Neuronal cell cultures,46 animal models8, 47 and the limited human data17, 22 have
implicated changes in enteric nerves in gastroparesis. By visual grading there was loss of
nNOS expression in a subset of patients with diabetic and idiopathic gastroparesis but on
quantification, overall there was no change in nNOS expression among the three groups. In
contrast to the findings on ICC and on immune cells, there appeared to be a difference
between diabetic and idiopathic gastroparesis as on visual grading in idiopathic gastroparesis
40% of patients had decreased nNOS expression and 20% in diabetic gastroparesis. This
difference between diabetic and idiopathic gastroparesis was confirmed on TEM. Unlike in
diabetic gastroparesis, TEM showed markedly altered morphology in all of the nerve
endings in the idiopathic gastroparesis. Interestingly, in both disorders most of the nerve
endings were empty. Empty nerve endings have been described in other pathological
conditions such as achalasia.48 Given that nNOS is not sequestered in vesicles, this suggests
that other neurotransmitters may be lost in gastroparesis.
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An autonomic neuropathy has been well documented in multiple studies on patients with
diabetes and in diabetic gastroparesis.33–38 In the current study abnormalities in expression
of TH were seen in only 2 patients with diabetic gastroparesis and in 4 patients with
idiopathic gastroparesis and there were no differences in overall quantification, suggesting
that a sympathetic denervation of the stomach is present, but is not universal, in
gastroparesis. The prevalence of a parasympathetic denervation could not be assessed by
histology as there is no marker that allows separation of parasympathetic extrinsic nerves
and intrinsic nerves that express acetylcholine.

The TEM findings of a markedly increased connective tissue stroma in both diabetic and
idiopathic gastroparesis and a thickened basal lamina in diabetic gastroparesis suggest that it
is not only the presence or absence of a cell type or protein that may cause disease. The
separation of nerves from ICC, and ICC and nerves from smooth muscle, as seen by TEM,
suggest that there may be functional consequences with impaired neurotransmission and
transmission of the ICC electrical signal to smooth muscle even in the absence of loss of the
cell type. Future electrophysiological studies on fresh tissue and/or careful cutaneous
electrogastrography or preferably mucosa or serosal electrogastrography will be needed to
assess the functional implications of these TEM findings.

There is no established marker to assess gastrointestinal smooth muscle. A study of different
markers for gastrointestinal smooth muscle in a variety of motility disorders found that
smooth muscle actin is a poor marker of smooth muscle dysfunction.49 The same study
found that antibodies to smoothelin49 had the highest sensitivity in picking up smooth
muscle abnormalities. Smoothelin-A is a cytoskeletal protein specific for smooth muscle
cell50 and the smoothelin deficient mouse shows impaired contraction of intestinal smooth
muscle.51 In the current study, abnormalities in smoothelin-A immunolabeling were seen
approx. 23% of patients. The specificity of this finding is however unclear, as TEM did not
show marked smooth muscle cell abnormalities in both diabetic and idiopathic gastroparesis.

On light microscopy there did not appear to be significant fibrosis present in the gastric wall
for both diabetic and idiopathic gastroparesis. The presence of fibrosis in human
gastroparesis has been controversial with both presence25 and abscence32 reported. In the
non-obese mouse model of type 1 diabetes significant smooth muscle changes were seen12

and linked to loss of ICC through decreased secretion of stem cell factor.11 The increased
thickness of the connective tissue stroma seen on TEM may decrease the availability of stem
cell factor and other factors secreted by smooth muscle even if the smooth muscle cell may
appear to be intact. A study of other markers for gastrointestinal smooth muscle such as
smooth muscle myosin heavy chain49 and histone deacetylase 849 is needed to determine the
optimal smooth muscle marker to use in gastroparesis.

In summary, we report on the first comprehensive study of patients with diabetic and
idiopathic gastroparesis. Several findings bear highlighting, including the finding that 83%
of patients with gastroparesis, when carefully studied, have a cellular abnormality. Data
suggest that examination of adequate tissue can lead to valuable insights into the
pathophysiology of these disorders and offers hope that new therapeutic targets can be
found. The two most common findings, loss of ICC and an immune infiltrate offer future
avenues of study to better understand how to prevent or reversing these cellular changes.
Other major findings are the heterogenous nature of these two disorders and the lack of a
clear separation of the cellular findings between diabetic and idiopathic gastroparesis. The
common factor underlying the cellular changes in both disorders is currently unknown.
Many other questions remain unanswered, including the association between particular
cellular defects and symptoms, what other markers, including hormonal changes, are altered
in both disorders, given that 17% of patients had no abnormalities found, despite targeting
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most of the known cell types, and the functional consequences of the cellular changes found.
Electrophysiological, genomic and proteomic studies in both humans and in animal models
coupled with detailed clinical information, careful histological studies and advances in
nonsurgical approaches to obtaining full thickness biopsies should continue to shed light on
these disorders that still offer a significant clinical challenge to manage and treat.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative images for PGP9.5 immunoreactivity (PGP9.5-IR) used as a general
neuronal marker, nNOS immunoreactivity (nNOS-IR) and VIP immunoreactivity (VIP-IR).
Panel A: PGP9.5-IR. Left image is control and right image is from a patient with idiopathic
gastroparesis with <25% decrease of PGP 9.5-IR in the circular muscle (CM) and
longitudinal muscle (LM) and myenteric plexus (MP) region. Panel B: nNOS-IR. Left image
is control, middle image and right image are from patients with diabetic gastroparesis and
idiopathic gastroparesis respectively showing decreased nNOS-IR in the CM and LM and
MP regions. Panel C: VIP-IR. Left image is control; middle image and right image are from
patients with diabetic gastroparesis and idiopathic gastroparesis respectively showing
decreased VIP-IR in the CM and LM and MP regions. Scale bar = 100μm.
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Figure 2.
Representative images for Kit immunoreactivity as a marker for interstitial cells of Cajal
(ICC). Panel A: Control. Panel B: Diabetic gastroparesis with decreased ICC. Panel C:
Idiopathic gastroparesis with decreased ICC. CM: circular muscle layer; LM: longitudinal
muscle layer; MP: myenteric plexus region. Scale bar = 100μm.
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Figure 3.
Representative images for smoothelin immunoreactivity as a marker for smooth muscle cells
and trichrome stained sections as a marker for fibrosis. Panels A and D: Controls. Panel B:
Diabetic gastroparesis with decreased smoothelin immunoreactivity. Panel C: Idiopathic
gastroparesis with decreased smoothelin immunoreactivity. Red signal represents
smoothelin IR, blue signal is DAPI counterstain. Panel E: Diabetic gastroparesis with
fibrosis. Panel F: Idiopathic gastroparesis with fibrosis CM: circular muscle layer; LM:
longitudinal muscle layer; MP: myenteric plexus region. Scale bar = 100μm.
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Figure 4.
Images of CD45 and CD68 immunoreactivity. Panel A: CD45 immunoreactivity in a
control. Panel B: CD68 immunoreactivity from the same section as panel A. Panel C: CD45
and CD68 merged. Panel D: CD45 immunoreactivity from diabetic gastroparesis with
increased number of CD45 positive cells. Panel E: CD68 immunoreactivity from the same
section as panel D. Panel F: CD45 and CD68 immunoreactivity. Arrow heads point to CD45
positive, CD68 negative IR. Arrows point to co-localized immunoreactivity. CM: circular
muscle layer; LM: longitudinal muscle layer; MP: myenteric plexus region. Scale bar =
100μm.
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Figure 5.
Diabetic gastroparesis and idiopathic gastroparesis. Panels A–C are from diabetic
gastroparesis and D–E from idiopathic gastroparesis. Panel A: An interstitial cell of Cajal
(ICC) with large vacuoles in the cytoplasm and a discontinuous, thick basal lamina
(asterisks). SMC: smooth muscle cell. Panel B: Smooth muscle cells immersed in a fibrotic
stroma and separated, except for small junctional areas, most of which are gap junctions
(asterisks). Panel C: Nerve bundle surrounded by a very thick basal lamina and numerous
collagen fibers. The nerve endings are empty. Panel D: A presumptive ICC with swollen
mitochondria and intracytoplasmatic lamellar bodies (asterisk) near a small nerve bundle
(N). SMC: smooth muscle cell. Panel E: Nerve bundle endowed in a fibrotic capsule. The
nerve endings (n) are filled with filaments and do not contain synaptic vesicles. SMC
immersed in a fibrotic stroma and far away to each other. Sch: Schwann (glial) cell with a
clear cytoplasm and several lipofuscinic bodies. Bar: A, B, D, E =1 μm, C=0.8 μm. Please
refer to the supplementary figure 10 for EM controls.
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Table 1

Clinical characteristics of subjects with diabetic and idiopathic gastroparesis

Diabetic Idiopathic

Age (median, range) 45 (20–68 years) 39 (19–75 years)

Sex (% females) 65% 75%

BMI (mean ± SEM) 28.5 ± 1.6 24.6 ± 0.9

Diabetes

-
- Type Type I-65%, Type 2–35%

- Duration (Mean ± SEM) 17.3 ± 2.8 years

- Neuropathy 66%

Gastric Emptying (% Retention at 4 hrs) (Mean ± SEM) 35.47 ± 5.33 22.5 ± 4.06

Predominant Clinical

Symptoms

-Nausea 31% 47%

-Fullness 62% 37%

-Bloating 25% 31%

Weight loss 56% 85%

Presumed Post- Infectious 5% 25%

EGD Findings

- Retained food 10% 10%

- Bezoar 5% 0%

Feeding Tube 5% 0%
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Table 2

Quantitative immunolabeling data for controls, diabetic and idiopathic gastroparetics

Immuno Staining
Diabetic Gastroparesis
(Mean/HPF ± SEM)

Idiopathic Gastroparesis
(Mean/HPF ± SEM)

Controls (Mean/HPF ±
SEM) ANOVA

c-Kit (Muscle) 2.78 ± 0.41 3.24 ± 0.40 5.31 ± 0.22 P<0.0001*

CD45 (Muscle) 16.88 ± 0.84 16.47 ± 0.81 14.32 ± 0.74 P=0.06

CD 45 (Myenteric plexus) 25.48 ± 1.55 26.47 ± 1.19 20.28 ± 1.07 P=0.0025*

PGP (Muscle) 36.49 ± 1.85 38.05 ± 1.52 44.26 ± 2.27 P=0.0134*

Substance P (Muscle) 16.32 ± 1.19 16.48 ± 1.35 20.18 ± 1.29 P=0.06

VIP (Muscle) 32.70 ± 2.46 35.38 ± 2.59 30.64 ± 1.85 P=0.35

n NOS (Myenteric plexus) 1.99 ± 0.18 2.17 ± 0.21 2.25 ± 0.19 P=0.62

n NOS (Muscle) 20.9 ± 1.75 23.59 ± 1.64 24.24 ± 1.70 P=0.34

Tyrosine Hydroxylase (Myenteric
plexus)

52.91 ± 5.22 63.17 ± 5.07 56.64 ± 3.39 P=0.29

mean ± SEM,

*
<0.05 considered significant
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