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DERIVED FROM EMBRYONIC STEM CELLS
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SUMMARY

The central role of basement membranes in organ and
cell biology has made them an important subject for
researchers who are investigating their structure, organi-
sation and regulatory functions. Our study employed
indirect immunohistochemistry to investigate the forma-
tion of basement membranes in embryonic bodies (EB)
derived from embryonic stem (ES) cells. Basement mem-
branes initially appeared in embryonic bodies at the end
of the first day. Depositions of basement membrane
components - laminin, collagen IV, nidogen and per-
lecan - appeared in cultures as linear staining. Thick
basement membrane depositions were also observed in
embryonic bodies at the end of the first week using anti-
laminin, anti-collagen 1V, anti-nidogen and anti-perlecan
antibodies. Using TEM, the ultrastructure and thickness
of the basement membrane was observed to be similar to
Reichert’s membrane, a membrane consisting of parietal
endoderm cells derived from primitive endoderm cells,
secrete basement membrane components and the tro-
phectoderm basement membrane. However, ES cells,
which are derived from inner cell mass cells, cannot be
differentiated from trophoectoderm cells; therefore,
basement membranes in EBs may form mechanisms
other than Reichert’s membrane. It is likely that different
basement membrane types are present in EBs but cannot
be distinguished by immunohistochemistry.
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OZET
EMBRIYONIiK KOK HUCRELERINDEN FARKLILA-
NAN EMBRIYOBLASTLARDA GELISEN BASAL MEMB-
RANIN IMMUNOHISTOKIMYASAL OLARAK iNCE-
LENMESI

Organ ve dokulardaki hiicrenin temel biyolojik fonksi-
yonlarinda énemli rol oynayan basal membranin, yapisi,
organizasyonu ve regillasyonu giintimiizdeki aragtirma
konularindandir. Bu nedenle, embriyonik kok hiicrele-
rinden gelisen embriyoblastlardan olugan basal membra-
nin yapist elektron mikroskobik ve indirekt immunohis-
tokimya teknikleri ile incelenmistir. Basal membranin
formasyonu ilk olarak 1 gunliik kiltir yapilmis embri-
yoblastlarda gézlendi. Basal membran proteinleri olan
laminin, kollagen IV, nidogen ve perlekanin immunore-
aktivitelerinin pozitifligi bir giinliik kiltdrde bir izgi sek-
linde saptandi. Embriyoblastlarin 1 hafta sonraki kiilttr
dénemlerinin analizlerin de ise, basal membranin kalin
bir tabaka olarak laminin, kollagen 1V, nidogen ve perle-
kan antikorlar ile immunohistokimya teknigi ile boyan-
digi gozlendi. Yapisal ve kalinlik agisindan embriyob-
lastlarda farklilanan basal membranin TEM yontemi ile
Reichert’in membranina benzedigi gézlendi. Reichert'in
membrani primitif endoderm hiicrelerinden farklilanan
ve basal membran proteinlerini salgilayan parietal hiic-
reler (Smith and Strickland, 1981; Hogan et al., 1981;
Dziadek et al., 1985; Paulsson et al., 1985) ve trofoekto-
derm hicrelerinin basal membrani (Hogan et al., 1984;
Salamat et al., 1995) tarafindan olugturulur, Bununla be-
raber, embriyonun ig hiicre kitlesinden faklilanan embri-
yonik kok hicreleri trofoektoderm hiicrelerine fakllana-
maz. Bu nedenle, embriyoblastlarda gelisen basal
membranin Reichert’ in membraninin geligiminden fark-
It bir mekanizma ile gelistigi disiniilmektedir. Tabiki,
immunohistokimyasal olarak embriyoblastlardan gelisen
basal membranin tipi ayirt edilemez.
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Basement membranes, which are secreted
during early embryonic development, are found
in all -vertebrates and invertebrates except for
sponges (1). For this reason, the characterisation
of the biological properties of basement mem-
brahes has become an important theme in cell
and developmental biology. Basement mem-
branes are abundant in proteinaceous sheets
underlying epithelial and endothelial cells and
surrounding muscle fibres, fat cells and peripher-
al nerves. Only a few tissues (bone and cartilage)
completely lack basement membranes (1). When
analysed using standard electron microscope fix-
ation methods, basement membranes appear to
be divided into three layers. These are identified
with respect to their staining behaviour and local-
isation: the lamina rara, the lamina densa and the
lamina fibroreticularis.

Basement membranes exhibit structural and
functional differences at different stages of devel-
opment and in different tissues. For example, in
the renal glomerulus, the basement membrane is
sandwiched between a fenestrated endothelium
and epithelial cells, providing a barrier between
blood and urine. In the mouse embryo, Reichert’s
membrane, a multi-layered basement membrane,
acts as a filter allowing free access of nutrients
between the embryo and mother (2). In addition,
basement membranes may play a central role
both in the initial stages of development and in
the maintenance of polarity of epithelial and
endothelial cells (3).

The molecular organisation of the basement

membrane depends on the inter-molecular inter-
action between its different components (1). The

major-mass.of the basement membrane is built.up.

of only a few of these components, including
laminin, nidogen (entactin), collagen 1V, per-
lecan, fibulin (BM-90) and SPARC (BM-40) (1). It
is generally assumed that the formation of base-
ment membranes requires specific interactions
between the various constituents. Interaction of
components may contribute to the structural and
functional heterogeneity of basement mem-
branes. Furthermore, the interaction of one base-
menl membrane component with cells may mod-
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ulate the deposition of other components within
the basement membrane. The specific roles
played by the individual components during
basement membrane assembly remains a major
question. They may include self-assembly
processes involving identical components as well
as the formation of the basement membrane con-
taining different components.

In this study, embryonic stem (ES) cells were
derived from the inner cell mass of 3.5 day blas-
togysts, which retained their pluripotency when
allowed to grow under undifferentiated condi-
tions (4,5). ES cells can be maintained in culture
for many passages in an undifferentiated state by
culturing on STO cells or primary cultures of
mouse embryo fibroblast-feeder layers and/or
with a differentiation inhibitor of ES cells, name-
ly the leukemia inhibitor factor (LIF). In their
absence, ES cells spontaneously differentiate in
vitro into embryonic bodies (EBs) (6,7). EBs were
found to be divided into two distinct parts - the
outer endodermal cell and inner ectodermal cell
layers, bordered by a basement membrane,
which is similar in appearance to the egg-cylin-
der stage of the five-day embryo (Figure 1).

In using EBs derived from ES cells, it is signif-
icant that the analysis of basement membrane for-
mation provides a very convenient model for the
study of the biosynthesis and assembly of the
basement membrane components. Thus, in order
to understand the ultrastructure of the basement
membrane in EBs, we used an electron micro-
scope and indirect immunoflourescence staining
to examine basement membrane formation and
component deposition (laminin, nidogen, colla-
gen 1V and perlecan) in EBs derived from differ-
entiating ES cells.

MATERIALS AND METHODS
Embryoid Bodies

Stock frozen cultures of undifferentiated
mouse ES cells were allowed to differentiate in
DMEM 10% FBS using the hanging drop method
(8). Drops of 10p!l (5x103 cells per drop) were
placed on the lower surface of plastic petri dish
lids conlaining PBS. Cell aggregales were plated
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Figure 1: Analogy between structures in mouse egg cylinder and embryonic body. (Not to scale)

into plastic petri dishes after two hours in culture
conditions, and the EBs were collected at the first
day, second day and first week of culture.
Specimens were fixed in 4% paraformaldehyde
in PBS for 30 minutes at room temperature prior
to sectioning and immunostaining as above. EBs
were washed in PBS prior to embedding in
gelatin and freezing in Tissue-Tek (Sakura Finetek
Europe).

Immunostaining of Frozen Sections

Rabbit polyclonal primary antibodies anti-
EHS laminin (LA5 antiserum), which recognises
all three subunits of laminin (9), anti-perlecan
raised against recombinant domain 1113 (10) and
anti-collagen 1V (Chemicon AB756) were used in
this study. Rat monoclonal antibody against nido-
gen purified from the mouse EHS tumour was
also used (15). Cryostat sections (7 pm) were
washed in PBS for 30 minutes at 38°C, followed
by a 10 minute wash in PBS at room temperature
for the removal of gelatine. These sections were
then incubated with a blocking solution consist-
ing of 10% (v/v) normal goat serum (NGS Sigma
G-9023). The primary antibodies (rabbit anti-
laminin, rat anti-nidogen, rabbit anti-collagen IV
and rabbit anti-perlecan) were then added. After

washing with PBS, they were incubated with sec-
ondary antibodies [anti-rabbit 1gG rhodamine-
conjugated (Dako R-1569) for anti-laminin, anti-
collagen IV and anti-perlecan antibodies; biotiny-
lated anti-rat IgG (Dako E-0468) and streptavidin
conjugated, fluorescein isothiocyanate (FITC)
(Amersham RPN 1323) for anti-nidogen anti-
body]. All immunostaining slides were mounted
in a fluorescent mounting medium (DAKO).
Slides were examined using a Leitz DMR pho-
tomicroscope with epifluorescence and phase-
contrast microscopy and then photographed with
HP5 film (llford, 1SO 400).

Transmission Electron Microscopy (TEM)

EBs were taken from culture after a week and
fixed in 2.5% (w/v) glutaraldehyde, 2% (w/v)
paraformaldyde in 1 M sodium cacodylate buffer
(pH 7.2) for two hours and postfixed with 2%
(W/v) osmium tetraoxide in the same buffer. EBs
were rinsed twice for five minutes with 0.15 M
sodium acetate buffer, stained with 2% (w/v)
uranyl acetate in 0.15 M sodium acetate buffer
(pH 6.0) for 45 minutes, dehydrated in graded
concentrations of alcohol and transferred into an
embedding component (L. R. White). Sections
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(70 nm) were taken with a Huxley microtome
and mounted on 3000 mesh grids for examina-
tion by electron microscope (Philips 300 operat-
ing at 80 Kv). Sections were stained with 2%
(w/v) urany! acetate solution in 0.15 M sodium
acetate buffer and lead citrate to increase con-
trast.

RESULTS

Using the hanging drop method, ES cell
clumps appeared within 24-36 hours as simple
EBs. Each clump had an outer layer of endoder-
mal cells and inner ectodermal cells. There was
an apparent increase in the size of the clump after
24 hours, probably due to both. clump aggrega-
tion and cell multiplication. A basement mem-
brane between the outer endodermal cell layer
and the inner ectodermal cells was clearly visible
under the dissecting microscope after a week in
culture (Figure 2).

EB ultrastructure was examined by TEM. The
thickness of the basement membrane measured
5x10-6m between the outer layer and inner cells
(Figure 3).
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Immunohistochemical Analysis of Laminin in
Ebs

EBs were stained with an anti-laminin anti-
body after a week in culture. Immunoreactivity of
laminin was located underneath the outer layer of
EB cells (Figure 4a). In addition, some punctuate
staining was found in the inner layer cells. Figure
4-b shows the same EBs under phase microscopy.
No staining was observed in the EB control sec-
tions for immunohistochemistry (Figure 4-c).

Time Course of Deposition of Basement
Membrane in EBs

In order to analyse the induction of the base-
ment membrane deposition, EBs were collected
from culture at different times. After two hours in
culture, single ES cells began to aggregate and
form EBs (Figure 5-a). Under phase-contrast

‘microscopy, some crescents of endodermal-like

cells were seen on EB surfaces; however, no
complete layers of endodermal cells encircling
the EBs were seen (Figure 5-a). Immunoreactivity
of laminin was seen both extracellularly (cell sur-
faces) and intracellularly (Figure 5-b). After one

Figure 2: Phase micrographs of EBs produced using the hanging drop technique. After a week in culture,
the basement membrane can be identified between the outer layer and inner cells (arrow). (Scale

bar= 40 pm)
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Figure 3: Electron microscopy of EBs after one week in culture. A sheet-like structure (basement mem-
brane) seen beneath the outer layer. (BM:basement membrane; OL:Outer endodermal cell layer;
IL:Inner ectodermal cell layer. Scale bar= 2 pm)

Figure 4: Immunofluorescent detection of laminin in
EBs after one week in culture. Frozen sections
were stained with antibodies against laminin.
Deposition of laminin observed as linear stain-
ing (arrow heads) between outer and inner
cells (a); corresponding phase-contrast image
(b). The control shows a complete lack of
immunofluorescence (c) (Scale bar= 20 pm)
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day in culture, ES cell clumps became simple EBs
(Figure 5-c). A comparison of Figures 5-a and 5-c
shows the apparent increase in the size of EBs
(four times greater than that of two-hour cultures)
due to clump aggregation and cell multiplication.
The outer cells of EBs appear as a layer that can
be identified by phase contrast microscopy
(Figure 5-c). Continuous linear staining with LA5
antiserum was seen between the outer layer and
the inner cells in the periphery of EBs (Figure 5-
d). Following two days in culture, the basement
membrane was observed between outer and
inner cells as a thick layer stained with laminin
(Figure 5-e). Some immunoreactivity of laminin
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was seen to be associated with a few inner cells
as well (Figure 5-e).

Deposition of Other Basement Membrane
Components

EBs were stained with antibodies against col-
lagen IV, nidogen and perlecan after two days
and one week in culture (Figures 6-a, 6-c and 6-
e, and Figures 6-b, 6-d and 6-f, respectively).
Strong immunoreactivities of collagen 1V (Figures
6-a, 6-b) nidogen (Figures 6-c, 6-d) and perlecan
(Figures 6-e, 6-f) were seen as a continuous linear
layer under the outer EB cells.

DISCUSSION

Figure 5: Imnmunofluorescent staining of EBs after two hours, one day and two days in culture. EBs were
stained with LAS5 antiserum against laminin. After two hours, primitive endoderm-like cells in outer
layer (black arrow) were observed in phase-contrast image, and laminin immunoreactivity was
shown as extracellular staining (b). After one day, EB growth and outer (white arrow) and inner cell
layers (star) are clearly detectable in phase-contrast image (c). Immunoreactivity of laminin is also
clearly detected between outer layer and inner cells (arrow heads) after one day (d) and two days
(e) in culture. (Scale bar= 20 pm)
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ES cells that are allowed to aggregate in the
absence of LIF differentiate in vitro into EBs (6,7).
Cell differentiation is promoted via cell-to-cell
interactions similar to a compaction of the preim-
plantation mouse embryo (11). The use of the
hanging drop technique is ideal for the rapid dif-
ferentiation of defined EBs because it allows ES
cells to aggregate spontaneously and quickly and
permits EB size to be controlled by cell density
(8). After cell differentiation, the EBs consisted of
two parts, the outer layer and inner cells, which
were separated by a basement membrane. The
outer layer cells have the characteristics of both
visceral and parietal endoderm cells (8). After a
week in culture, a thick basement membrane was
seen between the outer layer and inner cells by
using TEM for EBs (Figure 3). The thickness of this
basement membrane was estimated to be about
5x10-6m, giving it a resemblance to Reichert’s
membrane, a multilayer basement membrane
seen at the blastocyst stage of mouse and rat
development (12,13). Reichert’'s membrane is
built up by both parietal endoderm cells, which
are derived from primitive endoderm cells and
produce basement membrane components (14-
16), and the trophectoderm basement membrane
(13,17). However, ES cells, which are derived
from ICM cells, cannot differentiate into
trophoectoderm cells. Therefore, EB basement
membranes may form by a mechanism different
from that of Reichert’s membrane. Thus, it is like-
ly that different basement membrane types are
present in EBs but cannot be distinguished by
immunohistochemistry. However, this basement
membrane was deposited with major basement
membrane formation.

Deposition of laminin was seen in our
experiments as linear staining between the outer
layer and inner cells, with some punctuate stain-
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ing on or in the inner EB cells. Immunoreactivity
of laminin was detected mainly in association
with the outer layer cells (see below).
Immunoreactivity of laminin was first demon-
strated by immunohistochemistry using LA5 anti-
serum. The antibodies for laminin recognise all
three subunits of type-1 laminin (9) and therefore
do not distinguish individual subunits. When ES
cells were allowed to differentiate after the hang-
ing drop, they started to aggregate after two
hours. However, basement membrane formation
in EBs began on Day 1.

Indirect immunohistochemistry was used to
detect basement membrane components includ-
ing collagen IV, nidogen and perlecan to deter-
mine if any other basement membrane formation
occurred. After 2 days in culture, immunoreactiv-
ities of collagen IV, nidogen and perlecan were
extracellular, and their deposition was in the
basement membrane between the EB outer and
inner layers (Figure 6).

In recent years, the complexity of basement
membrane deposition and components collagen
IV and laminin has been revealed. The distribu-
tion of the two proteins vary in different basement
membranes (18-21). In addition, recent studies
have demonstrated that the deposition of the
basement membrane is disrupted without laminin
(22). The diversity of laminin and collagen IV
may be important in the development and
remodelling process and in providing tissue-spe-
cific variability of basement membrane structure
and function. Also, interactions between laminin
and other components, especially nidogen, play
a role in basement membrane assembly (23).
However, further research is needed to produce a
clearer picture of basement membrane formation
and assembly in the adult and during embryo
development.
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Figure 6: Immunofluorescent detection of collagen 1V, nidogen and perlecan in EBs after two days and
one week in culture. Immunoreactivity of collagen(CL) IV (a,b), nidogen (N) (c,d) and perlecan (P)
(e,f) were seen between outer and inner layers of EBs (arrow heads) at two days (2D) and one week
(TW) in culture. (Scale bar= 20 pm)
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