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An ultrastructural study of the smooth muscle cells
and nerve endings of the human stomach
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SUMMARY - The circular muscle layer of the human stomach was studied with the electron microscope.
The smooth muscle cells differ structurally according to their location. In fact, the circular muscle layer of
the fundus is made up of large, irregularly shaped smooth muscle cells, with long, thick, dense bands, and
immersed in an abundant, elastic supporting connective tissue. In the circular muscle layer of the corpus
(the two curvatures and the corpus between), those located in the outermost zone are identical to that
commonly described in the alimentaty tract, but are gradually substituted, first by larger irregularly shaped
cells, and then, towards the innermost area, by flattened cells richer in sarcoplasmic reticulum, with thick
and continuous dense bands on their submucosal surface. The smooth muscle cells of the antrum are all
identical to the outermost located corporal ones. The gap junctions are absent in the fundus and: in the
innermost area of the corporal circular muscle layer, are present in the other areas, particularly frequent in
the antrum and in the outermost area of the greater curvature. The number of the nerve endings is similar
in the fundus, greater curvature and antrum, while it is two-three times more in the other parts of the
corpus. They are located at the periphery of the muscle bundles in the fundus, antrum and greater curva-
ture, sparsely scattered among the smooth muscle cells in the other areas of the corpus and contain small
agranular and large granular synaptic vesicles, often mixed in the same axon. These nerve endings lie
distant from the smooth muscle cells in the fundus, antrum and greater curvature and directly contact the

smooth muscle cells in the other parts of the corpus.
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INTRODUCTION

As is well known, the gastric muscle wall in man and dog
has different electrical and mechanical activities depend-
ing on whether it is part of the fundus, corpus or an-
trum. Further differences can be seen in these areas ac-
cording to whether they are located in orad, caudad or
even in the midcorpus, and in orad and caudad antrum
(Kelly, 1981; Meyer, 1987, and Szurszewski, 1987, for re-
view of the anatomical and physiological literature).
However, fundamental questions regarding the site of
slow wave origin and the rate and mechanism of their
propagation through the thickness of the gastric wall are
unclear.

Physiological data in canine gastric antral circular muscle
suggest that smooth muscle cells must have structural dif-
ferences depending on where they are located, even with-
in the thickness of the circular muscle layer (Bauer -and
Sanders, 1985; Bauer er al., 19854,6). However, there is
not yet any morphological information on this point. The
only morphological data available upon the ultrastructure
of gastric smooth muscle cells have been obtained in the
dog (Oki and Daniel, 1974; Daniel ez 4/, 1984) and in
the guinea pig (Moriya and Miyazaki, 1979). These data
however, do not refer to peculiarities or structural differ-
ences among the gastric circular smooth muscle cells and
between them and the intestinal or esophageal ones. The
most relevant information these Authors have given us is
that the smooth muscle cells of the gastric circular muscle
have gap junctions, which (Daniel e a/., 1984) in the less-
er curvature of the canine corpus are 30 per 100 cross-
sectioned muscle cells.
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On the other hand the role played by the nerve tissue
upon gastric motility should not be disregarded. For ex-
ample, it has been demonstrated that mechanical activity
in the gastric smooth muscle is largely controlled by the
nervous system (Szurszewski, 1977). In fact, a large num-
ber of neurotransmitters, which may be colocalized, have
been demonstrated in the gastric nerve fibers of some
mammals (see Furness and Costa, 1987, for review of the
literature) and, recently (Wattchow et al., 1988), the dis-
tribution of the peptide-IR nerve fibers along the length
of the human gastrointestinal wall has been reported. Ac-
cording to these Authors, the number of these nerves in
the gastric circular muscle layer is low in the fundus, in-
creases in the corpus and reaches the maximal frequency
in the antrum. Using the electron microscope Oki and
Daniel (1974) and Daniel ez /. (1984) found in the canine
lesser curvature that the majority of nerve fibers are
grouped outside the muscle bundles and that the nerve
endings predominantly contain small agranular vesicles.
No nerve ending was found in close proximity (<20 nm)
to a smooth muscle cell, and in fact most were several
microns away.

We thought of examining the human stomach with the
electron microscope because of the scarcity of morpho-
logical data on the gastric muscle wall, in humans in par-
ticular. We will refer to the organization of the circular
muscle layer of the fundus, of a corporal ring, which in-
cludes the two curvatures and the corpus between, and
of the antrum. These segments were chosen because they
offer the possibility of comparing areas with different
electrical and mechanical activities. Finding morpholog-
ical differences or peculiarities among the various gastric
areas can, therefore, assume a certain importance for a
subsequent morphofunctional correlation and give some
answer to the fundamental questions about the mecha-
nisms which control gastric motility.

MATERIALS AND METHODS

Two fragments of the gastric fundus, two of the antrum, three rings
from the corpus, including the two curvatures and the corpus between,
were surgically obtained from 7 patients operated on total gastrectomy
for ‘early cancer’ (Ila, Ilc, with limited invasion into the mucosa). The
patient age ranged from 37 to 71 years. None of these patients have
taken drugs affecting gastric motility.

All the specimens were taken far (7-8 c¢m) from the carcinomatous re-
gions and did not show any macroscopic and microscopic pathological
changes. The mucosa was gently excised from all specimens and the
strips of muscle coat 2 cm long were stretched out in a polystyrene box,
attaching each end to the opposite walls of the box. They were com-
pletely Tmmersed in a fixative solution of 2% cacodylate buffered glut-
araldehyde pH 7.4 for 3-4 h. Then, the fragments were cut into thinner
strips 1 mm thick and 5 mm long and fixed for another 2-4 h in the
same fixative solution. After rinsing in a cacodylate buffer solution add-
ed to sucrose 0.44 M, the strips were postfixed with 1% phosphate
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buffered Os O, pH 7.4, dehydrated with acetone and embedded in
Epon using flat moulds in order to obtain a suitable orientation.
Since the circular muscle layer in the human stomach is very thick,
especially in the corpus and antrum, semithin sections, stained with to-
luidine blue, were observed at light microscope in order to verify their
orientation and to choose the region to be examined with the electron
microscope. In so far as possible the transverse sections of the circular
muscle layer were preferred.

The ultrathin sections, obtained with a Porter-Blum MT1 ultramicro-
tome, were stained with uranyl acetate and an alkaline solution of bis-
muth subnitrate and examined under the Siemens Elmiskop 1A and 102
electron microscopes.

Morphometry and statistics

For each region of the stomach, two tissue blocks from each of two
patients (i.e. four blocks per region) were used for morphometry.

1) The diameter of smooth muscle cells was measured on semithin sec-
tions at magnification X 600. Only the nucleated portions of the
smooth muscle cells were measured. In regions where the transverse
section of smooth muscle cells was elliptical rather than circular, both
the major and minor transverse diameter was measured and from these
values the area equivalent diameter (Weibel, 1979) and the ratio be-
tween the minor and major axis were computed. A total of 159 smooth
muscle cells were measured. Each cell was considered to be one sample
unit. ’

2) The number of smooth muscle cells, of gap junctions and of the
nerve fibers located inside the muscle bundles (2-3 axons each and
forming varicosities) were counted on ultrathin sections of cross-sec-
tioned smooth muscle cells. Counts were done on fields of constant
area (337,5 wm?®) at magnification X 4,000; therefore, the number of
the smooth muscle cells varied among fields. Each field was considered
to be one sample unit.

3) Distribution of values was checked for divergence from normality
and lognormality with the X* test. Comparisons between different areas
of the stomach were evaluated with Student’s t test, with two tails. In
all cases, p<0.05 was considered to be significant. Significance levels
p<0.001 were also recorded (Lentner et al, 1982; Bahr and Mikel,
1987).

4) The distribution of the diameter of the smooth muscle cells was not
significantly different from normal; therefore, means + standard error
were used for comparisons and will be indicated in the Results.

5) The distribution of the ratio between the number of nerve fibers and
the number of smooth muscle cells and the distribution of the ratio
between the number of the gap junctions and the number of smooth
muscle cells were not significantly different from three-parametrical log-
normal. Therefore, each observed value (X) was transformed into
In(X+C) for comparisons; C was 0.025 for the ratio between nerve fi-
bers and smooth muscle cells and 0.05 for the ratio between gap junc-
tions and smooth muscle cells. The medium values of these ratios per
cent (derived from the above mentioned distribution) and their stan-
dard error will be given in the Results; the standard error is distributed
asymmetrically around the medium, because of the observed distribu-
tion.

RESULTS

Smooth muscle cells

The smooth muscle cells of the gastric circular muscle
layer show differences according to their location. In fact,



Figures 1 to 3 Human stomach. Circular muscle layer of the fundus.

Ficure 1 Wide spaces of connective tissue separate the smooth muscle cells. Semithin section, toluidine blue. X 700.

Ficures 2 and 3 Smooth muscle cells irregularly shaped with thick and long dense bands. The abundant elastic material present among these
cells connects them together. The arrows indicate the filamentous material bridging two contiguous smooth muscle cells in areas similar to the
‘intermediate’ junctions. E: elastic fibers; NF: nerve fiber. Inset: detail of one dense band protruding about 1.5 pum inside the cytoplasm. Fig. 2:

X 11,500; Fig. 3: x 13,000; inset: X 25,000.
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those present in the fundus are different from those pre-
sent in the corpus and antrum, and those of the corpus
vary according to their location inside the thickness of
the circular muscle layer itself.

Fundus

The circular muscle layer of the fundus shows several
structural characteristics which make this muscle layer
peculiar as compared to the other visceral muscles. In
fact, wide spaces of connective tissue separate the fundic
smooth muscle cells one from another (Figs. 1 to 3). The
shape of these cells can be considered fusiform, with a
transverse diameter of about 7.97 £ 0.26 wm, but their
profile is extremely variable, due to the presence of deep
invaginations and long evaginations (Figs. 2 and 3). The
dense bands are strongly electron-dense, 1-2 um long and
irregularly distanced (Figs. 2 and 3). Their thickness is
also noticeable (0.2 micron) and they can protrude into
the cytoplasm for 1 um or more (inset Fig. 2). The dense

Figures 4 to 6 Human stomach. Circular muscle layer of the corpus.

FiGure 4 Outermost (myenteric) area. X 700.

FiGure 5 Intermediate area. X 700.

bodies, on the contrary, are only rarely so large z
thick.

The connective tissue among the smooth muscle cells
abundant and rich in elastic fibers (Figs. 2 and 3), wh
often link two contiguous smooth muscle cells, like
bridge, in the areas of the plasma membrane withe
dense bands and provided with caveolae (Fig. 3). W
this same appearance, but inserted in correspondence
two dense bands, a filamentous material identical to t
basal lamina, can also be found (Figs. 2 and 3). No g
junctions can be observed.

Corpus

Everywhere in the corpus the circular muscle layer
made up of smooth muscle cells which gradually chan
their aspect from the outermost to the innermost area
this layer. Therefore, even if no definite demarcation ¢
be made inside its thickness (Figs. 4 to 6), to simplify t
following description, the circular muscle layer has be

FiGURE 6 Innermost (submucosal) area. Semithin sections, toluidine blue. X 700.

424 FaussoNE-PELLEGRINI M.S., PantaLoNe D. and Cortesint C.



Figures 7 and 8 Human stomach. Circular muscle layer of the corpus, outermost (myenteric) area.

FiGure 7 Smooth muscle cells with a regular outline, connected each other by ‘desmosome-like’ junctions (1), ‘intermediate’ junctions (2) and gap
junctions (3). Inset: detail of one gap junction. X 15,000; inset: X 37,500.

Ficure 8 Detail of four ‘intermediate’ junctions of the same length and facing two contiguous smooth muscle cells, perfectly corresponding each
other; areas provided with caveolae are located between every ‘intermediate’ junction and they too are of the same length and perfectly correspond-

ing each other. X 37,500.

divided into three areas: an outermost one, facing the
myenteric plexus, an innermost one, facing the tela sub-
mucosa and a third one, intermediate between the two.

Outermost area (myenteric area) - This zone is the thick-
est and is made up of typical smooth muscle cells
4.80 = 0.15 um in diameter and with a regular profile
(Figs. 4 and 7). The supporting connective tissue is not
abundant. Collagen and elastic fibrils can be present, es-
pecially in older subjects (aged 70 years). The smooth
muscle cells contact each other by means of: 1) gap junc-
tions (Fig. 7 and inset); 2) ‘intermediate’ junctions (Figs.
7 and 8); 3) ‘desmosome-like’ junctions (Fig. 7) and 4)
interlockings. The ‘intermediate’ junctions are regularly

spaced and their length (about 0.5 um) identical to the
interposed areas with caveolae; this arrangement can also
perfectly correspond to that of the opposite cell (Fig. 8).
The gap junctions are more frequent (see Table 1) in the
greater curvature. Sparse, single, small cisternae of the
smooth endoplasmic (sarcoplasmic) reticulum are only
peripherally located.

Intermediate area - Gradually, from thin smooth muscle
cells, with a regular profile, we pass to cells similar to the
fundic ones, with a larger diameter (7.75 = 0.30 wm) and
a very irregular profile (Figs. 5 and 9). The supporting
connective tissue also gradually increases (Figs. 5 and 9).
Collagen and elastic fibrils are present and the amount of
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FIGURE 9 Human stomach. Circular muscle layer of the corpus, intermediate area. Large and irregularly shaped smooth muscle cells
Fig. 7) separated by wide connective tissue spaces. X 15,000.

TaBLE 1

Number of intramuscular nerve fibers and gap junctions per 100 cross-sectioned smooth muscle cells. Medium values

(compare w

+ standard errors

Corpus
Fandus Antrum
Between curvatures Greater curvature
+ lesser curvature
Intermediate Outermost
region region
Number of observed fields 24 41 16 24 36
+1.0 +0.8
Nerve fibers 22 * 5.9+0.7 15 ¥ 1.5+0.4 * 1.7£0.4 *
-0.8 -0.7
+2.6 +1.4 +1.6
Gap junctions None 6.6+£0.9 9.8 * 165  * 155 =
=22 =1.3 ~1.5

* p<0.001 compared with corpus (between curvatures plus lesser curvature);
region).
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°p<0.05 compared with corpus (greater curvature, intermedi



collagen increases with age. Another peculiar character-
istic of these smooth muscle cells is the aspect of their
dense bands. These are, in fact, very short (0.15, 0.25
um) and located at a short distance (0.2 um) from one
another (Figs. 9 to 11). Some of them protrude into the
cytoplasm (Figs. 9 to 11) for 0.25 um, others have a nor-
mal thickness (0.05 um). Long, ramified cisternae of the
sarcoplasmic reticulum form clusters at the periphery of
the cells nearest to the tela submucosa (Fig. 10). The
types of contact areas are the same as those described for
the outermost cells, but the gap junctions are less fre-
quent (see Table 1). Those present in the greater curva-
ture, however, are also here more numerous than in the
other parts of the corpus.

Innermost area (submucosal area) - This area is made up
of extremely flattened, irregularly shaped smooth muscle
cells, forming a net with large meshes filled with a sup-
porting connective tissue rich in collagen and elastic fi-
bers (Figs. 6 and 12 to 14). Also in this area the collagen
fibrils increase with age. It is impossible to define exactly
where this area begins, since the smooth muscle cells of
the intermediate area gradually assume the features typ-
ical of the innermost area, but it is surely made up of no
more than 10-12 layers of cells. Their area equivalent
transverse diameter was 4.68 = 0.20 um; the ratio be-
tween the minor and major axes was 0.45 £ 0.03 um.
The innermost smooth muscle cells have on their sub-
mucosal face dense bands 0.2 um thick, strongly electron-
dense and several microns long or continuous (Figs. 13
and 14). Moreover, projections at varying distances from
each other protrude for a considerable length (about 0.5
um) into the cytoplasm (Fig. 13). On the opposite sur-
face, on the contrary, the dense bands look similar to
those observed in the intermediate area. Portions of the
plasma membrane rich in caveolae can also be wide and
the elastic fibers are often inserted at this level (Fig. 15).
However, the elastic fibers or amounts of basal lamina-
like material may bridge two contiguous smooth muscle
cells, also inserted at the level of corresponding dense
bands (Fig. 14).

The contact areas are: 1) ‘intermediate’ junctions (Figs. 13
and 14); 2) ‘desmosome-like junctions (Fig. 14) and 3)
apposition or interlockings (Figs. 13 to 16). No gap junc-
tions were observed. The ‘intermediate’ junctions can be
found at short intervals (0.05 um), one following another
(Fig. 14). The interlockings are made up of the apposi-
tion for a variable length of the plasma membranes of
two-three contiguous cells; caveolae can be present at this
level, sometimes perfectly corresponding with each other
(Figs. 15 and 16). The sarcoplasmic reticulum, as in the
intermediate area, is made up of clusters of long ramified
cisternae, but which are now located either along the
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Figures 10 and 11 Human stomach. Circular muscle layer of the corpus,
intermediate area.

Ficure 10 Detail of one contact area between two smooth muscle cells.
The protrusion of one cell is lodged in a groove of the second one. Just
below this groove, clusters of cisternae of the smooth endoplasmic retic-
ulum are located. x 37,500.

Ficure 11 Detail of the dense bands characteristic of the smooth muscle
cells of this area: they are short and protrude for a variable length
inside the cytoplasm. x 37,500.

plasma membrane, also in correspondence with the con-
tact areas (Figs. 13 and 16), or in the innermost cyto-
plasm (Fig. 16).

Antrum
The smooth muscle cells of this area have all the same

features (shape, size, types of contact areas, sarcoplasmic
reticulum, dense bands) as those of the outermost area of
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