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1 | INTRODUCTION

Abstract

Bilaterally symmetrical primordia of visceral organs undergo asymmetrical morpho-
genesis leading to typical arrangement of visceral organs in the adult. Asymmetrical
morphogenesis within the upper abdomen leads, among others, to the formation of
the omental bursa dorsally to the rotated stomach. A widespread view of this process
assumes kinking of thin mesenteries as a main mechanism. This view is based on a
theory proposed already by Johannes Miiller in 1830 and was repeatedly criticized,
but some of the most plausible alternative views (initially proposed by Swaen in 1897
and Broman in 1904) still remain to be proven. Here, we analyzed serial histological
sections of human embryos between stages 12 and 15 at high light microscopical
resolution to reveal the succession of events giving rise to the development of the
omental bursa and its relation to the emerging stomach asymmetry. Our analysis
indicates that morphological symmetry breaking in the upper abdomen occurs within
a wide mesenchymal plate called here mesenteric septum and is based on differen-
tial behavior of the coelomic epithelium which causes asymmetric paragastric recess
formation and, importantly, precedes initial rotation of stomach. Our results thus
provide the first histological evidence of breaking the symmetry of the early foregut
anlage in the human embryo and pave the way for experimental studies of left-right

symmetry breaking in the upper abdomen in experimental model organisms.
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arrangement of liver, pancreas, and spleen, as well as asymmetric ar-

rangements of peritoneal folds, is of interest for developmental biol-

Breaking of morphological left-right symmetry during early devel-
opmental stages is a common characteristic of many higher meta-
zoan organisms (Blum & Ott, 2018). In vertebrates, this process leads
to asymmetric arrangement of most visceral organs which develop
almost exclusively within the coelomic cavity. Asymmetric devel-

opment of the embryonic gut, including gut rotation, asymmetric

ogy (Davis et al., 2017; Kurpios et al., 2008) as well as for the medical
practice. Therefore, development of the upper abdomen especially
of the stomach and the omental bursa (also described as lesser sack)
is considered basic knowledge in medical education. Congenital dis-
orders within this area are variable and frequently associated with
abnormalities in asymmetric development. These so-called laterality
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defects include complete inversion of visceral organs also referred
to as situs inversus as well as different forms of heterotaxy or situs
ambiguus which in turn includes partially inverted position of vis-
ceral organs and right and left isomerism (Blum & Ott, 2018; Lucas
et al., 2020; Peeters & Devriendt, 2006). Left isomerism in upper
abdomen is associated with polysplenia, abnormalities of the biliary
tree with agenesis of gall bladder, and interrupted inferior vena cava,
whereas right isomerism is frequently associated with agenesis of
spleen and microgastria with a straight stomach positioned in the
midline (Bartram et al., 2005; Kessler & Smulewicz, 1973; Mishalany
et al., 1982). Understanding of these disorders requires clarification
of corresponding developmental processes. Surprisingly, the com-
mon view represented by most recent textbooks of anatomy is still
based on the description initially provided by Johannes Miiller in
1830 (Mdiller, 1830) and supposes that the originally straight and
bilaterally symmetric stomach primordium is suspended in a thin
dorsal mesentery and undergoes a clockwise rotation (as seen from
the cranial view). This rotation of the stomach is believed to be as-
sociated with (or even caused by) the leftwards bending of the peri-
toneal fold connecting the stomach with the dorsal abdominal wall
(the dorsal mesogastrium) on the left side. This scenario has been
particularly popular through the ages perhaps because it provides a
simply visualized explanation for the view that the dorsal rim of the
stomach primordium gives rise to the great curvature (on the left
side) and the ventral rim gives rise to the small curvature (on the right
side). Progressive bending together with asymmetrical growth of the
stomach tissue leads to further rotation within the frontal plane and,
thereby, to the adult arrangement of the stomach and surrounding
tissues. An important part of this widely represented view is that
bending of the dorsal mesentery of the stomach creates a space
which gives rise to the omental bursa (cf. Figure S1(a-c)). However,
this hypothesis is not based on empirical evidence such as a histolog-
ical description of closely spaced stages of lower foregut develop-
ment even though the complex structure of the omental bursa in the
adult relies on a sequence of complex morphogenetic events, none
of which have been clarified til today.

Wilhelm His suggested in 1880 that the omental bursa develops
independently from the rotation of the stomach as a space (recess)
emerging in the right side of mesogastrium (His, 1880, cf. Figure
S1(d,f)). This observation was supported by further studies (Broman,
1904; Swaen, 1896, 1897) and adapted by some textbooks early
on (Keibel & Mall, 1910; s. a. Starck, 1975). According to this view,
the development of the omental bursa results from the formation
of communicating cavities which separate the primordial stomach
from the surrounding tissues. These cavities arise from a single ex-
tension of the coelomic cavity and were defined by Broman (1904)
according to their position as pneumato-enteric, hepato-enteric,
as well as mesenterico-enteric recesses. The mesenterico-enteric
recess is located dorsally to the stomach anlage (Brummer, 1982;
Heckl, 1979; Pernkopf, 1922) and later, after pancreas formation in
the dorsal mesentery, also separates the stomach from the pancreas.
Therefore, it was argued that the mesenterico-enteric recess gives

rise to the pancreatico-enteric recess (Broman, 1904, 1905; Heckl,
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1979), which in turn is involved in mature omental bursa develop-
ment (Nakamura et al., 2020). In addition, the greater omental recess
was most recently defined as an extension of the pancreatico-en-
teric recess (Nakamura et al., 2020).

As a mechanism for the autonomous development of the omen-
tal bursa Broman proposed that the recess formation is initiated
by active invagination of the coelomic epithelium (Broman, 1904,
1938, for a review). Alternatively, it was suggested that the omental
bursa develops by fusion of intercellular clefts similar to the pro-
cess of coelom formation in the early somite stage embryo (Heckl,
1979; Kanagasuntheram, 1957; Figure S1(a) inset), and this view
was adapted in a modified form also by several textbooks (Hamilton
& Mossman, 1972; Harrison, 1978; Langman, 1975; Standring &
Standring, 2016). Still, the evidence for this mechanism has remained
controversial and the empirical basis for it is scarce 1979. The third
view suggests that the formation of the cavities is caused by growth
of an additional mesenterial fold on the right-side lateral to the main
mesentery (Pernkopf, 1922; cf. also Hochstetter, 1888; Figure S1(j,i)).

This ambiguity in the description of initial omental bursa develop-
ment now justifies a formal revision of the asymmetric development
of the early foregut and its neighboring tissues. We therefore present
a detailed histological analysis, including 3D-reconstructions of the
primordial stomach area, especially with respect to the initiation of
asymmetric development of the omental bursa. We focused our anal-
ysis on embryos between Carnegie stages 12 and 15 (26-38 days of
development), which include both embryos immediately prior to the
asymmetrical development in the foregut region and embryos dis-
playing obvious asymmetrical arrangement. Elucidation of the earli-
est steps of omental bursa formation in this way may form the basis
for mechanistic and molecular studies of left-right symmetry break-
ing. In combination with the recent three-dimensional reconstruction
of the later phases of the omental bursa formation as a consequence
of peritoneal recess formation in human embryos between stages 13
and 21 (Nakamura et al., 2020), our study may contribute to overcom-
ing the tradition to describe the development of the omental bursa as

the result of a simple rotation of the stomach anlage.

2 | MATERIALS AND METHODS
2.1 | Embryos

Embryos used for this study are historical specimens and be-
long either to the Carnegie collection of the Developmental
Anatomy Center at the National Museum of Health and Medicine
in Silver Spring, MD, USA, or to the Human Embryology Collection
(Blechschmidt Collection) of the Centre of Anatomy, University
Medical Centre Goéttingen, Gottingen, Germany. Images of embryos
#8943 and #836 from the Carnegie collection (Gasser et al., 2017)
are available at the open source website http://virtualhumanemb
ryo.lsuhsc.edu/. Embryos had been fixed, embedded, sectioned, and
histologically stained using different protocols. Details about stage,

fixation, embedding can be found in Table 1. Images were acquired


http://virtualhumanembryo.lsuhsc.edu/
http://virtualhumanembryo.lsuhsc.edu/

o2 LR " TOMIAY

TABLE 1 Summary of information about embryos used in this study

Days of

development
(estimated)

Z-resol

Plane of sectioning

Staining

Fixative

CRL

Acquired through

Year

Origin

Specimen

Stage

10.32

Transversal

Hematoxylin and
Phloxin

Formol

2.86

29

8505A CcC 1947 Miscarriage

12

8.22

Transversal

Hematoxylin and

Eosin

Zenker's Formol

3.58

29-31

1934 Hysterectomy

cC

8943

12

10

Transversal

Hematoxylin and

Eosin

Bouin

6.3

No information 29-31

1964

EB

1964 _01_11

12

15
10

Transversal

Alum Cochineal

Mercuric Acid

4.09
3.75

32

Hysterectomy

1914
1954

@c
EB

836

13

Fronto-transversal

Hematoxylin and

Bouin

30-33

Hysterectomy

1954_09_11

Eosin

10

Transversal

Hematoxylin and

Bouin

3.4

33

Post mortem

EB 1951

1951_08_01

14

Eosin

dissection

10.06
8.69

Transversal

Alum Cochineal

Formol

6.55
4.

36

1921 Miscarriage

cc
cC

3512
721

15
15

Transversal

Hematoxylin and

Zenker's Formol

79

No information 36

1913

Eosin

Abbreviations: EB, Blechschmidt Collection; CC, Carnegie collection; CRL, crown-rump-length in mm; Z-resol, Z-resolution in um.
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using Zeiss Axio Scan.Z1, Zeiss Axioplan 2, or Nikon E800 micro-
scopes and processed as described (de Bakker et al., 2016; Rulle
et al., 2018).

2.2 | Three-Dimensional Reconstruction

Photographic images were automatically aligned used Amira® soft-
ware and subsequently manually adjusted (de Bakker et al., 2016).
In the next step aligned images were subjected to manual segmen-
tation of embryonic structures of interest using the open source
software “Fiji-lmageJ-win64” and the plugin “TrakEM2" (Rulle et al.,
2018; Schindelin et al., 2012). Reconstruction models were exported
as U3D files, imported in Adobe Acrobat XI pro® (http://www.
adobe.com), and converted into 3D-PDF files. The 3D-PDF function

was used for creating digital sections.

2.3 | Terminology

We use the term mesenterico-enteric recess because this study
deals with the early phase of omental bursa formation, when the
recess is located dorsal to the stomach (and ventral to the root of the
mesentery) as originally defined by Broman (1904) and later used
by other authors (Brummer, 1982; Heckl, 1979; Keibel & Mall, 1910;
McGaw, 1924; Pernkopf, 1922). In his late review, Broman (1938)
uses the term pancreatico-enteric recess for the late-forming caudal
recess of the omental bursa and omits the term mesenterico-enteric
recess to demonstrate the equivalent (and possibly the origin) of the
pancreatico-enteric recess at early stages in a simplified schematic
manner (legend of figure 1 in Broman, 1938, cf. Figure S1 of this
study). For later stages of omental bursa development we welcome
the use of the term pancreatico-(lieno)-enteric recess next to the
pancreas (and spleen) developing in the dorsal mesogastrium and
the use of the term greater omental recess for the transient cav-
ity within the greater omentum as suggested recently by Nakamura
et al. (2020).

2.4 | Ethics

The present study was approved by the Ethics Committee of
University Medical Center Gottingen (reference no. 30/3/20).

3 | RESULTS

Transversal sections of an early-stage-12 embryo (Carnegie #8943,
cf. Table 1) reveal the caudal foregut as a kite-shaped lumen lo-
cated in the midline: its long axis is oriented along the dorso-
ventral axis with the “long” sides of the “kite” positioned ventrally
(Figure 1(a-c)). Its epithelial lining is flat to cuboidal dorsally and

cuboidal to columnar ventrally. Caudally, transversal sections
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cranial

(e)

FIGURE 1 The mesenteric septum of an early stage 12 human embryo (Carnegie #8943). (a-d) Transversal sections. Intersecting

arrows in A indicate anatomical axes. Asterisks mark the thickened coelomic epithelium. An overview image of the embryo with black lines
indicating the position of the transversal sections is shown in the upper right corner of (d). (e, f) Magnification of the mesenteric septum and
the developing foregut. Squared segments are shown at higher magnification in (b) and (c), respectively. Arrowheads indicate mitotic cells in
the coelomic epithelium. White arrow points to the irregularly shaped basal side of the epithelium in (e) and black arrow points to the regular
continuous line corresponding to the intact basal membrane in (f). Abbreviations: d, dorsal; v, ventral; |, left; r, right; ccc, common coelomic
cavity (corresponds to intra-embryonic coelom with exception of cavities formed by recesses); ao, aorta; sv, sinus venosus; st, septum
transversum; ms, mesenteric septum; fg, foregut; mg, midgut; hd, hepatic diverticulum; and gb, gallbladder. Scale bar in (d) 100 um for (a-d)

and 20 um for (e) and (f)

reveal the hepatic diverticulum and primordia of the gallbladder
within the septum transversum (Figure 1(c,d)) and the coelomic
cavities to both sides of the foregut to be principally symmetri-
cal. The most dorsal parts of the foregut are located within the
dorsal body wall next to the paired aorta and, therefore, a dorsal
mesentery is not formed yet at this level. Instead, the foregut is
embedded into a mesenchymal plate which faces laterally the epi-
thelial lining of the coelomic cavity, ventrally the heart, the septum
transversum, and the hepatic primordium, and dorsally the dorsal
body wall. At the level of the septum transversum, the plate ap-
pears particularly narrow. Following the description of this mes-
enchymal plate as a “cloison mesenterique” by Swaen (1897) or
"mesenterielle Scheidewand" by Broman (1904), we address this
plate here as the mesenteric septum (Figure 1).

Within the mesenteric septum, no clear signs of cavity forma-
tion are seen (Figure 1(b), (c) and (e), (f)) but the epithelial lining of
the coelomic cavity lateral to it varies in height dramatically: the
cells of the medial (visceral) part of the coelomic epithelium are
cuboidal to columnar, whereas cells of lateral (parietal) part dis-

play a predominantly squamous morphology. The thickening of the

visceral lining is especially pronounced at the level of the lung pri-
mordia, the hepatic diverticulum, and the gallbladder (Figure 1(a-
d)); here, it appears (pseudo)stratified but does not show signs of
invagination found at later stages (s. below). The pseudostratified
stretches of the epithelium display numerous mitotic figures api-
cally (cf. Figure 1(e,f)) while the line formed by the basal side of
epithelium displays an irregular shape indicating a discontinuous
basement membrane.

(#8505A; #EB
1964_01_11) reveals an advanced morphology at the level of the

Analysis of two late-stage-12 embryos
caudal foregut despite their marked differences in CRL (Table 1): the
caudal foregut is straight and narrow in transversal sections, aligned
along the dorso-ventral axis, and almost completely contained in the
mesenteric septum (Figure 2(a-d), here embryo #8505A). The cra-
nio-caudal extent of its straight shape and its position in the midline
is seen in 3D reconstructions (Figure 7(a,b)). At the level cranial to the
septum transversum the foregut epithelium shows bilateral epithe-
lial thickenings with a close topographical relationship to the early
lung buds (Figure 2(a)). Caudally, transversal sections reveal hepatic

cords within the septum transversum at levels below the epithelial
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FIGURE 2 Asymmetric bud-like thickening in the coelomic epithelium of the mesenteric septum as a first sign of symmetry breaking
of a stage-12 human embryo (Carnegie #8505A). (a-d) Transversal sections of the embryo (anatomical axes oriented as in Figure 1). the
position of the transversal sections is indicated in the overview image in (d). Bars in (c) mark the position of the frontal sections shown
in Figure 7(a) and (b). Abbreviations: ccc, common coelomic cavity; Ib, lung bud; rv, right ventricle; lv, left ventricle; sv, sinus venosus; st,
septum transversum; ms, mesenteric septum; and hd, hepatic diverticulum. Scale bar in (d): 200 um for (a-d)

bud of the hepatic diverticulum, which appears as an outgrowth of
the caudal foregut (Figure 2(d)).

The mesenteric septum appears in cranial sections as a wide
plate which becomes narrow caudally. The visceral epithelial lining
of the coelom is mostly columnar and displays, in addition, at levels
caudal to the lung buds a multilayered or pseudostratified thickening
which gives rise bilaterally to bud-like structures reaching into the
mesenchymal tissue towards the foregut (Figure 2(c)). These bud-like
thickenings are found in many consecutive sections, measuring along
the cranio-caudal axis about 40 um on the left side and about 50 pm
on the right side; their cranial border corresponds to the cranial bor-
der of the septum transversum. The 3D reconstruction reveals that
these thickenings correspond to bilateral folds which reach into the
mesenchymal core of the mesenteric septum ventrally, and in the

frontal views display a step-like shape formed by the basal side of

thickened coelomic epithelium (Figure 7(a,b)). The apical sides of the
coelomic epithelia display rather smooth surfaces with exception of
the right ventral side where it also reveals a step-like shape with a
small indentation. Transversal sections at corresponding levels re-
veal at the right side a slight invagination of the coelomic epithelium
(Figure 2(c)). Mesenchymal cells within the mesenteric septum are
densely packed with exception of areas basal to the bud-like thicken-
ing as well as to the foregut epithelium. As before, no signs of cavity
or cleft formation are seen in the mesenchyme of the mesenteric
septum.

At the early stage 13 (#EB 1954_09_11), the mesenteric septum
has lengthened furtherin the dorso-ventral plane with the effect that
the foregut is now completely surrounded by the mesenteric septum
and a dorsal mesentery becomes distinct (Figure 3(a-c)). Numerous

irregularly shaped intercellular spaces within the mesenchyme of the

FIGURE 3 Early development of the pneumato-enteric recess in an early-stage-13 embryo (#EB 1954_09_11). (a-c) Fronto-transversal
sections. Arrows point to the emerging right-sided recess. The position of the fronto-transversal sections is indicated in the overview
image in (c). (d) High magnification of the squared segment in (c). Note the wide intercellular spaces within the mesenteric septum. Asterisk
points to intercellular spaces formed by mesenchymal cells. Hash marks a blood vessel. Abbreviations: ao, aorta; ms, mesenteric septum;
Ib, lung bud; fg, foregut; and ccc, common coelomic cavity. Scale bar in (d): 100 pum for (a-c); 20 um for (d)
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mesenteric septum are seen. Some of these spaces are bordered by
flat cells which display the morphology of embryonic mesenchyme
whereas others are formed by endothelial-like cells and contain
blood cell precursors (Figure 3(f), cf. also below). The coelomic ep-
ithelium covering the mesenteric septum displays several stretches
of marked thickening, especially dorsally. On the right side, the coe-
lomic epithelium shows a deep latero-medial invagination and forms
a short recess (extending dorso-caudally and ventro-cranially) reach-
ing the level of the lung bud (Figure 3). On the left side, in contrast,
the thickening of the coelomic epithelium does not form an invagina-
tion. However, the left visceral coelomic epithelium forms a narrow
recess ventrally at a level just above the septum transversum (not
shown).

Transversal sections of a late-stage-13 embryo (Carnegie # 836)
reveal several derivatives of the foregut and a wide mesenteric sep-
tum. In particular, the respiratory primordia are now separated from
the dorsally located digestive anlagen (the prospective esophagus)
and form a distinct tracheal primordium and a left and a right pri-
mary bronchus (Figure 4(a)). Caudally, the digestive tube shows an
oval cross-section with its longer axis aligned with the dorso-ventral
axis, and this represents the prospective stomach (Figure 4(c,d)). The
epithelial covering of the mesenteric septum displays a mainly flat
to cuboidal shape cranially (Figure 4(a,b)) and a high columnar shape
further caudally (Figure 4(c,d)). Whereas the esophagus of stage 13
is located in the embryonic midline in the center of the mesenteric
septum (Figure 4(a)), the stomach primordium is shifted slightly to
the left side and displays a minor inclination relative to the sagit-
tal plane. Here, at levels of the stomach and the caudal esophagus,
the mesenchymal core of the mesenteric septum contains a slender
semilunar cavity, which extends about 200 um caudally from the
level just caudal to the lung buds and up to 200 pum in the transversal

cranial
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plane. Due to this close topographical relationship with the respi-
ratory and digestive anlagen, the cavity is addressed here as the
pneumato-enteric recess as initially indicated by Broman (1904).
The pneumato-enteric recess opens into the right coelomic cavity
at the level just cranial to the gastroduodenal junction (Figure 4(e))
and is oriented here along the dorso-ventral axis on the right side
of the stomach primordium (Figure 4(d)); at more cranial levels,
the cavity is shifted towards the midline ventral to the esophagus
(Figure 4(a,b)). The epithelial lining of the pneumato-enteric recess
varies in thickness as follows (Figure 5): whereas its lateral wall is
covered by squamous cells similar to the parietal coelomic epithe-
lium, in its dorsal and medial wall the epithelial lining displays a high
columnar morphology with a partially (pseudo)stratified structure
and frequent mitotic figures (Figure 5(b,c)). Moreover, the right ep-
ithelial layer of the stomach runs parallel to the medial covering of
the pneumato-enteric recess, whereas the left layer displays a strong
convexity (Figure 4(c,d)). The left side of the mesenteric septum does
not display a cavity but the common coelomic cavity itself forms a
cleft-like narrow invagination on the left side of the stomach with a
shape mirroring the shape of the right-sided pneumato-enteric cav-
ity in the transversal sections shown (arrowheads in Figure 4(c,d)).
The visceral coelomic epithelial lining on the left side is also co-
lumnar and displays a thickening reaching into the mesenchymal
tissue (Figure 4(c)). 3D reconstructions of the coelomic epithelium
reveal that this thickening corresponds to the tangential view of the
fold caused by the step-like narrowing of the mesenteric septum
(Figure 5(d)). Different from stage 12, this step-like arrangement is
located on the right side further caudally as compared to the left and
is now partially separated from the rest by the pneumato-enteric re-
cess (Figure 7) hence revealing the emerging asymmetry of the mes-
enteric septum. Mesenchymal cells within the mesenteric septum

e caudal

FIGURE 4 Fully developed pneumato-enteric recess in a stage-13 embryo (Carnegie #836) next to an almost symmetrical stomach
anlage. (a-e) Transversal sections of the embryo (anatomical axes are oriented as in Figure 1). Arrowhead in (c) points to the narrow
invagination of the coelomic epithelium on the left side (cf. Figure 7). Position of the transversal sections is indicated in the overview image
in (e). Abbreviations: ao, aorta; Ib, lung bud; ms, mesenteric septum; pm, paramesentery; per, pneumato-enteric recess; ra, right atrium; la,
left atrium; rv, right ventricle; lv, left ventricle; sv, sinus venosus; st, septum transversum; and hc, hepatic cords. Scale bar in (e): 200 um for

(a-e)
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FIGURE 5 Different epithelial configurations in the lining of the pneumato-enteric recess shown in Figure 4 as signs of local
morphogenetic epithelial activity. Sections are aligned according to the orientation of the longest cross-sectional diameter of the recess.
Intersecting arrows in A indicate anatomical axes. Arrows point to the endothelial covering of blood vessels; and hashes mark the cleft
which corresponds to the lumen of the blood vessel. Arrowhead in (b) shows a mitotic figure. Black square brackets mark the height of
columnar (pseudostratified) and flat stretches of the epithelium, respectively. Scale bar in (d): 20 um for (a-c)

are densely packed. However, less dense areas are located near the
ventral part of the foregut derivatives and many clefts lined by squa-
mous cells are seen (Figure 5(b)). Consecutive sections indicate that
these clefts, which are lined by thin endothelial cells and contain
blood cells, are anlagen of mesenteric blood vessels (Figure 5(a,c)).
At stages 14 (embryo #EB 1951_08_01) and 15 (embryos
Carnegie #3512, and # 721), foregut differentiation is principally
the same as at stage 13. The mesenteric septum, however, is now
increasingly partitioned to encompass esophagus, lung primordium,
and stomach whereby indentations form between, and separate,
these organ anlagen (Figure 6). The liver increases rapidly in volume
and occupies most of the space between the ventral and the dorsal
body walls. The common coelomic cavity is, therefore, shifted to-
ward the posterior body wall forming several narrow coelomic clefts.
The stomach displays an asymmetric morphology in transversal sec-
tions with the long axis inclined to the left of the dorso-ventral axis
(Figure 6(b-d)). This inclination gradually increases reaching 40-45°

FIGURE 6

(Figure 6(b-d)). Due to its position between primordia, coelomic re-
cess formation can now be subdivided as follows: the pneumato-en-
teric recess proper is still oriented along the dorso-ventral axis on
the right side of the stomach and the distal esophagus primordium
and reaches the level of the bronchial buds (Figure 6(a)). At more
caudal level, the recess is located between the stomach and the
liver, thus corresponding to the hepato-enteric recess, and it forms
an additional cleft on the left side located dorsal to the stomach and
caudal to it, thus corresponding to the mesenterico-enteric recess
(Figure 6(c, d)). The common cavity formed by these recesses opens
on the right side into the common coelomic cavity dorsal to the liver
(Figure 6(d)). The caudal end of the recess is oriented perpendicularly
to the dorso-ventral axis and is now located dorsal to the duodenum
primordium. The recess separates the mesenchymal tissue dorsal to
the stomach and the liver into the dorsal mesogastrium and an ad-
ditional mesenteric connection between the dorsal body wall tissue
and the liver which we call paramesentery in analogy to the terms

s

Increasing stomach asymmetry correlates with the expansion of the mesenterico-enteric recess. (a-d) Transversal sections

of a stage-15 embryo (embryo Carnegie #3512). Anatomical axes are oriented as in Figure 1. Asterisk marks the lumen connecting the
common coelomic cavity with the developing omental bursa. Position of the transversal sections is indicated in the overview image in (d).
Abbreviations: ccc, common coelomic cavity; a, aorta; Ib, lung bud; e, esophagus; per, her, and mer/per, (right) pneumato-enteric, hepato-
enteric, and mesenterico-enteric (pancreatico-enteric) recesses, respectively; s, stomach; d, duodenum; dm, dorsal mesogastrium; hc, hepatic

cords; and pm, paramesentery. Scale bar in (d): 50 um for (a-d)
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"Nebengekrose" and "Mesolaterale" introduced by Broman (1904)
and Swaen (1897), respectively. Whereas the epithelial lining of the
recess in the stage-14 embryo (#EB 1951_08_01) displays a differ-
ential cell morphology with a higher epithelium and spike-like basal
extensions (not shown), the epithelial lining of the recesses at stage
15 reveals a more homogenous epithelial morphology.

3D reconstruction at stage 15 (embryo Carnegie #3512) reveals
that the overall shape of the stomach mirrors now its adult mor-
phology with small and greater curvatures which are now oriented
obliquely to the sagittal axis (Figure 8). The recesses, now suitably
addressed as the primordium of the omental bursa, form a unitary
cavity which is elongated in the cranio-caudal direction, and in its
caudal part forms a dorsal extension toward the right side; here, it
opens into the common coelomic cavity, whereas on the left side it
follows the emerging greater curvature of the stomach.

4 | DISCUSSION

The present analysis reveals that the emerging asymmetry of the
human foregut and its related mesenteries takes place within a

@) (b)
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wide mesenchymal plate initially named “cloison mesenterique” by
Swaen (1897) or “mesenterielle Scheidewand” by Broman (1904)
and referred to here as mesenteric septum. Confirming and support-
ing the conclusion proposed recently by Nakamura and colleagues
(Nakamura et al., 2020) our data complements this view of omen-
tal bursa development by focusing on initial morphological steps of
symmetry breaking within the mesenteric tissue.

4.1 | The mesenteric septum of Swaen as a
“bedding” for emerging recess formation

The mesenteric septum of Swaen (1897) emerges at stage 12 (i.e.,
just after the foregut has closed at stage 11), separates left and right
coelomic cavities, and is the “mesenchymal bedding” of the (asym-
metric) recess development. In addition, it provides a flexible matrix
for the specific development of esophagus, stomach, and lung tissue.
Still straight and bilaterally symmetric at stage 12, the foregut shifts
its caudal part to the left side simultaneously with the appearance of
a slender semilunar cavity, the pneumato-enteric recess, on the right
side at stage 13. Initial development of the pneumato-enteric recess

(c)

stage 12

stage 13

FIGURE 7 Foregut asymmetry between stages 12 (a-c) and 13 (d-f): The asymmetrically arranged mesenteric septum precedes the
emergence of the pneumato-enteric recess. (a, b) Frontal views of 3D reconstructions of a stage-12 embryo (Carnegie #8505A); (b) is, in
addition, rotated counter-clockwise in the transversal plane to show the invagination in the coelomic epithelium (arrow). (c) Right lateral
view of the visceral coelomic epithelial covering at stage 12. (d) Frontal view of 3D reconstruction of the coelomic cavity and the pneumato-
enteric recess at stage 13 (embryo Carnegie #836). Arrowhead in (c) corresponds to the narrow invagination on the left side seen in Figure
4. (e) Asymmetrical arrangement of coelomic epithelium and coelomic cavities seen in the frontal section of 3D reconstruction of the same
stage 13 embryo. Formation of paramesenteric fold (f) on the right side (cf. Figure S1). (f) Right lateral view of the visceral coelomic epithelial
covering at stage 13 demonstrating the narrow opening of the emerging pneumato-enteric recess (white arrow). Stomach (s) and lung bud
(Ib) are in green; coelomic epithelium (ce) in azure blue; common coelomic cavity (ccc) in turquoise; pneumato-enteric recess (per) in teal;
surface of section through epithelium in gray, and through common coelomic cavity (ccc), in turquoise
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ventral view dorsal view

FIGURE 8 Ventral and dorsal views of isolated stomach and
omental bursa anlagen, the latter of which is composed of the
pneumato-enteric (per), the mesenterico-enteric (mer), and the
hepato-enteric (her) recesses, at stage 15 and derived from the 3D
reconstructed embryo shown in Figure 6 (Carnegie #3512). The
omental bursa is located right and dorso caudal to the stomach
which displays significant left-right asymmetry with major and
minor curvatures on its left and right sides, respectively. Stomach
(s) and esophagus (e) are presented in green, omental bursa
primordia in teal

is related to left-right differences in the visceral coelomic covering
of the mesenteric septum at stage 12 and subsequent invagination
of the coelomic epithelium along the right side of distal foregut and
lung bud at stage 13; this is followed by subdivision of the recess
into hepato-enteric, pneumato-enteric, and mesenterico-enteric
recesses, respectively, at stages 14 and 15. Crucially, the asymmet-
ric morphogenesis of the coelomic lining of the mesenteric septum
precedes bending and rotation of the stomach. On the right side,
the mesenteric septum gives rise also to the paramesentery, which
connects the emerging liver directly to the dorsal body wall and pro-
vides (1) an “environment” for the development of the vena cava and
its connection to the liver and (2) a right wall of the superior recess
of the mature omental bursa.

4.2 | Differential development of the
coelomic epithelium

Our analysis of the stage 12 embryo revealed the bilateral sym-
metrical thickening of the mesenteric septum with a bud-like shape
in transverse sections and the asymmetrical invagination of the

coelomic lining of the mesenteric septum on the right side. This
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invagination displays, however, a complex morphology and is related
to the asymmetry of the mesenteric septum revealing a step-like ar-
rangement on the right side ventrally (s. 3D reconstruction of the
early-stage-12 embryo in Figure 7). Initial asymmetrical arrangement
is also seen in historical specimens such as Carnegie embryo #5923
(O'Rahilly & Miiller, 1987), embryo | (Swaen, 1897), and embryo
ES23/2 (Brummer, 1982). Here, too, the differential arrangement of
coelomic epithelium is followed by the emergence of an unambigu-
ous morphological asymmetry at stage 13 and characterized by de-
velopment of the pneumato-enteric recess. However, according to
Broman (1904) the pneumato-enteric recess emerges bilaterally, i.e.,
a short pneumato-enteric recess develops with a short time delay
also on the left side and disappears soon, an observation which was
supported recently by the description of a transient small recess be-
tween stages 17 and 19 (Aben & de Bakker, 2012). The persistence
of a left pneumato-enteric recess, if it forms at all, is probably of
short duration since the vast majority of reported embryos at stages
comparable to Carnegie stage 13 display a right pneumato-enteric
recess, only (cf. Table 2). As bud-like structures are present in the
coelomic lining on both sides of the mesenteric septum at stage 12,
it could be speculated that the development or maintenance of the
recess on the left side is "successfully" inhibited as an early step of

asymmetrical development in most embryos.

4.3 | Possible mechanisms of initial omental bursa
development

The initiation of (unilateral) recess formation by way of invagination
into the mesenteric septum and occurring prior to both dorsal mes-
entery formation and asymmetric arrangement of the stomach in-
dicates that among the proposed mechanisms of the omental bursa
formation, simple kinking of the dorsal mesentery leading to the
rotation of stomach (cf. Figure S1(a-c)) can no longer be seen to be
a plausible sequence of events. This suggestion is in line with the
description of omental bursa morphogenesis as a consequence of
recess formation (Nakamura et al., 2020). In addition, our data does
not support other proposals, either, such as coelomic cleft forma-
tion with subsequent fusion within the mesenteric septum (Heckl,
1979; Kanagasuntheram, 1957; cf. inset in Figure S1(a)): coelomic
clefts form typically from epitheloid mesodermal condensationwhile
(bland) widened intercellular spaces within the mesenteric septum
are formed by elongated mesenchymal cells. Instead, our data is in
line with the mechanism of active local invagination of the coelomic
epithelium into the mesenteric septum as proposed early on by
Broman in 1904. Specifically, the epithelial lining of the mesenteric
septum reveals signs of morphogenetic activation and local bud for-
mation within a (pseudo)stratified epithelium, high mitotic activity,
and signs of degradation of the basement membrane as can also be
seen, for example, in lung branching morphogenesis (Moore et al.,
2005). Importantly, differential epithelial activation seen within dif-
ferent parts of the lining of the emerging recess (cf. Figure 5) may

indicate the direction of its expansion and further subdivisions
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TABLE 2 Summary of reported data concerning early left-right asymmetry within mesenteric septum at stages between first signs of
asymmetry in its coelomic covering (stage 12) and formation of pneumato-enteric recess (stage 13)

Embryo (serial no.) Reference Size (mm)
Carnegie #8505A Present report 2.86
ES23/2 Brummer, 1982 3
118/330/8 Brummer, 1982 3

Pi1 Pernkopf, 1922 3.2
Embryo | Broman, 1904 3.4
"3.8 mm" Swaen, 1897 3.8
Embryo Il Broman, 1904 3
H.86 Kanagasuntheram, 1957 3.8
EB 1954_09_11 Present report 3.8
Embryo 10 (Strahl) Keibel and Elze, 1908 4

"4 mm" Kanagasuntheram, 1957 4
Carnegie #836 Present report 4.09
No, Pernkopf, 1922 4.3
118/329/3 Brummer, 1982 4-45
Ha, Pernkopf, 1922 4.9
"5 mm" Kanagasuntheram, 1957 5
Millard Kanagasuntheram, 1957 5
Kyoto #04953 Nakamura et al., 2020 7.1
No, Pernkopf, 1922 5.4

Stage Right side Left side

12 Invagination Flat

12 Invagination Flat

12 Invagination Flat

12 Invagination Shallow groove
12 Invagination Invagination (L<R)
12 Invagination Shallow groove
13 PER PER (L<R)

i3 PER Shallow groove
13 PER Shallow groove
13 PER ?

13 PER Flat

i3 PER Shallow groove
13 PER Shallow groove
13 PER PER (L<R)

13 PER Shallow groove
13 PER Flat

13 PER Flat

13 PER ?

13/ 14 PER Shallow groove

Abbreviations: EB, embryo from Blechschmidt Collection; ?, not described; PER, pneumato-enteric recess; L<R, significant difference in size between

right and left pneumato-enteric recesses.

(Figure 8). Interestingly, the epithelial sheet of the midgut mesentery
in mouse and chicken embryos displays similar left-right differences
(Davis et al., 2008) which were proposed to be involved in the mid-
gut rotation.

As an alternative to the active epithelial growth model, an
asymmetrical growth of the peritoneal fold has been proposed as
a possible scenario for omental bursa formation (Pernkopf, 1922).
According to this hypothesis, the formation of paramesentery is an
effect of the descending peritoneal fold investing the right lung pri-
mordia (Figure S1(j,i), see also Figure 9 b1, b4). A topological con-
sequence of this suggestion is the early left-right asymmetry of the
mesenteric septum, i.e., the emergence of the additional fold on
the right side extending caudally further than compared to the left.
Indeed, some signs of the expected asymmetry are revealed by our
3D reconstruction of the stage-13 embryo (Figure 7). However, a
further analysis of available human and other mammalian embryos is
required to clarify whether both scenarios may, indeed, not be mu-
tually exclusive since asymmetric growth of the fold requires local
coelomic epithelium activity at the tip of the emerging recess.

Further analysis of the development of the omental bursa should
include also mechanistic and molecular studies. Specifically, a new
analysis of initial mechanisms leading to the morphological left-right
asymmetry of abdominal organs may include functional studies of
genes asymmetrically expressed in the lateral plate mesoderm and
next to the differing coelomic epithelial lining immediately prior to

foregut closure (i.e., at stages equivalent to stage 11 in the human).

Promising candidates for such molecular studies may be the homeo-
box genes Pitx2 (Campione et al., 1999), Islet-1 (Yuan & Schoenwolf,
2000), or cytoskeleton-associated genes such as Daam2 (Welsh
et al., 2013), as well as the analysis of the role of extracellular sub-
stances such as hyaluronic acid in asymmetric morphogenesis (Davis
et al., 2008; Kurpios et al., 2008).

5 | CONCLUSIONS

The present analysis supports the idea of an autonomous devel-
opment of the omental bursa as the result of recess formation as
proposed initially by Swaen (1897) and Broman (1904) and as most
recently confirmed by Nakamura et al. (2020). This recess formation
occurs in the mesenteric septum, here defined as the broad con-
nection between the foregut and the dorsal body wall. Our study
indicates, however, that the initial steps of the recess formation in-
volve both differential activity of coelomic epithelium and asymmet-
ric morphogenesis of the mesenteric septum, hence, incorporating
views of Broman (1904) and Pernkopf (1922). Crucially, recess for-
mation precedes the rotation of the stomach and, therefore, repre-
sents the earliest morphological left-right asymmetry in the human
digestive system. Furthermore, specifically oriented enlargement of
recesses close to the stomach (and lung bud) epithelium suggests
the omental bursa to be a major factor for the differential growth

(“rotation”) of the stomach. Very much in line with the recent study
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FIGURE 9 Steps of omental bursa development inferred from the results of the present study. Related areas are shown in anterolateral
views (al; b1; c1) and transversal (a2; b2; b3; c2; c3) and frontal (a3; b4; c4) sections. (al1-a3) Initial symmetrical arrangement of the foregut
and its mesenteries. (b1-b4) Beginning of left-right asymmetry in the mesenteric septum. (c1-c4) Asymmetric enlargement of recesses and
corresponding displacement of the stomach primordium. Structures located ventrally (including especially septum transversum and liver
primordia as well as the sinus venosus) are removed in al to enable the view into the coelomic cavity. Abbreviations: s, stomach; Ib, lung bud;
hd, hepatic diverticulum; a, aorta; and sv, sinus venosus. Crosshatched lines illustrate septum transversum. Epithelial covering of the coelom,
pink; sectioned coelomic epithelium, magenta; mesenchymal tissue of the digestive system and the neighboring posterior body wall, rose;
aorta, red; veins, blue; foregut with lung and hepatic buds, yellow; and liver primordium tissue, brown. The levels of transversal and frontal
sections are shown in al, b1, and c1, respectively
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by Nakamura et al. (2020) on later stages our results call for a prin-
cipal modification of textbook schematics for early gut development
(Figure 9), which would (1) adhere as much as possible to the dy-
namic morphology of both the septum transversum and the mesen-
teric septum, (2) address the differential appearance of the coelomic
epithelium, and (3) refer to defined (Carnegie) stages of human
embryos; representing mesenteries as thin lines and the liver as a
largely isolated structure may thus be avoided. Correct presentation
of omental bursa development may, in turn, contribute to a better
understanding of mechanisms of developmental abnormalities in the

upper abdomen.
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