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SUMMARY: Leukocyte recruitment during inflammation is specified, in part, by the spatial distribution and temporal regulation of
endothelial adhesion molecules. In this study we investigated the developmental onset of E-selectin and intercellular adhesion
molecule-1 (ICAM-1) basal expression and inducibility by inflammatory mediators as indices of lineage-restricted endothelial adhesion
molecule expression. We studied both murine embryos and embryoid bodies (EB), derived from differentiated embryonic stem cells,
to examine a broad range of endothelial ontogeny. Our results reveal that E-selectin and ICAM-1 are differentially regulated during
development and that three stages define the ontogeny of the E-selectin-inducible response. The earliest endothelial lineage cells in
Day 4 and Day 5 EB did not express E-selectin in the basal state or after stimulation. A second stage, observed between embryonic
Day 9.5 (E9.5) and E11.5 to E12.5 in cultured embryo cells and transiently at Day 6 of EB differentiation, was characterized by basal
expression that was not stimulated by inflammatory mediators. A third stage was characterized by both basal and inducible expression
of E-selectin and was observed beginning at E12.5 to E13.5 in cultured embryo cells and at Day 7 in EB. In contrast ICAM-1 was
stimulated at all of the embryonic stages examined and before the onset of E-selectin inducibility in both embryos and EB. E-selectin
expression in embryos was also stimulated by introducing endotoxin into the embryonic, but not the maternal, peritoneum. This
suggests that embryos are protected from inflammatory insults present in the maternal circulation. The developmentally regulated
acquisition of E-selectin inducibility during embryogenesis likely involves changes in signal transduction cascades, transcription
factors, and/or chromatin accessibility that specify inducible expression within the endothelial lineage and further restrict inducibility to
particular endothelial subpopulations. (Lab Invest 2000, 80:943–954).

R ecruitment of circulating leukocytes by activated
vascular endothelium is important in acute and

chronic inflammation and is specified, in part, by the
expression of adhesion molecules including the selec-
tins. Members of this family of cell surface, calcium-
dependent, glycoprotein lectins are expressed by en-
dothelial cells (E-selectin), endothelium and
megakaryocytes/platelets (P-selectin), and leukocytes
(L-selectin) (reviewed in Vestweber and Blanks, 1999).
A large body of evidence in both human and animal
model systems shows that selectins regulate leuko-
cyte recruitment and play essential roles in inflamma-
tion (Cotran and Mayadas-Norton, 1998; Luscinskas
and Gimbrone, 1996). Patients with genetic abnormal-
ities of those carbohydrate structures required for
selectin counter-receptors suffer severe opportunistic

infections caused by defective leukocyte recruitment
(Etzioni et al, 1992; von Andrian et al, 1993). Mice that
are genetically deficient in individual selectins also
show specific abnormalities of leukocyte interactions
with vascular endothelium (Arbones et al, 1994; Bull-
ard et al, 1996; Kunkel and Ley, 1996; Labow et al,
1994; Ley et al, 1998; Mayadas et al, 1993; Milstone et
al, 1998). Expression of the endothelial selectins at
appropriate times and locations within the vasculature
is thought to contribute to effective inflammatory
responses, whereas altered expression patterns may
contribute to the adverse consequences of various
inflammatory pathologies.

E-selectin expression is precisely regulated in both
time and space, suggesting that this adhesion mole-
cule is uniquely important for leukocyte recruitment
during the initial stages of inflammation. In support of
this, we and others have shown, by intravital micros-
copy in genetically modified mice, that E-selectin is
required in vivo for normal levels of leukocyte firm
adhesion to acutely cytokine activated microvascular
endothelium (Ley et al, 1998; Milstone et al, 1998) and
for slow rolling of leukocytes on the vessel wall prior to
adhesion (Kunkel and Ley, 1996).
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“Basal” expression of E-selectin is usually low and
several inflammatory mediators, including tumor ne-
crosis factor-a (TNF-a), interleukin-1 (IL-1), CD40 li-
gand, and lipopolysaccharide (LPS) stimulate expres-
sion by activating transcription. Extensive analysis has
established that this activation is mediated via an
NF-kB-dependent promoter (Whelan et al, 1991; re-
viewed in Collins et al, 1995). Recently, Jun NH2-
terminal kinase (JNK)/stress-activated protein (SAP)
kinases, presumably acting via phosphorylation of
c-Jun and activation of the transcription factor c-Jun/
ATF-2, have been identified as additional critical me-
diators of E-selectin inducibility that may, at least in
part, explain the differential responsiveness of differ-
ent endothelial adhesion molecule genes in different
pathologic, and potentially physiologic, settings (Min
and Pober, 1997; Read et al, 1997). Interestingly,
stimulation of E-selectin expression by TNF-a, IL-1, or
CD40 ligand renders endothelial cells transiently un-
responsive to re-stimulation by the same, but not by a
different, ligand. Such so-called homologous desen-
sitization is paralleled by changes in JNK activation,
suggesting that JNK may regulate this process (Kar-
mann et al, 1996). Stimulated E-selectin expression is
also usually transient because of inactivation of NF-kB
(Read et al, 1996), rapid degradation of E-selectin
mRNA (Chu et al, 1994), and internalization of the
mature protein from the cell surface (Kluger et al,
1997). This down-regulation is thought to contribute to
the orderly resolution of inflammatory responses.

Stimulated E-selectin expression is not uniform
throughout the vasculature but varies significantly
among organs (Eppihimer et al, 1996; Hickey et al,
1999; DS Milstone et al, unpublished observations)
and can be localized to physiologically important
vascular structures, such as postcapillary venules of
the human skin (Messadi et al, 1987; Petzelbauer et al,
1993). This spatial heterogeneity is also thought to
play an important role in inflammation by restricting
leukocyte recruitment to appropriate vascular loca-
tions (Hickey et al, 1999).

Although the mechanisms regulating activation of
E-selectin expression have been studied intensively
by many investigators, the factors that specify induc-
ibility within the endothelial lineage, and that further
restrict expression to particular endothelial subpopu-
lations, have not been fully elucidated. NF-kB and JNK
regulate transcription throughout the vasculature and
elsewhere, suggesting that other molecular factors are
required to impart lineage selectivity. Also, NF-kB-
responsive genes, such as ICAM-1 and vascular cell
adhesion molecule-1 (VCAM-1), in addition to
E-selectin, are expressed in distinct temporal and
spatial patterns within the vasculature, suggesting
additional layers of complexity. An inductive event,
involving nonendothelial tissues and endothelium, and
leading to cell lineage- and/or gene-specific expres-
sion, seems likely, given the characteristic and highly
localized expression patterns observed.

As one approach to defining these lineage- and
sublineage-restricted regulators, we have examined
E-selectin expression and stimulation by inflammatory

mediators during embryogenesis. The rationale for this
approach is that understanding the initial specification
of inducible expression during development might
provide unique insights into the mechanisms regulat-
ing this process that would not be easily obtained
solely from studies of mature vascular systems. Our
results reveal that adhesion molecules in embryonic
endothelium are inducible in response to inflammatory
mediators, that E-selectin and ICAM-1 expression and
stimulation are differentially regulated during embryo-
genesis, and that three distinct developmental stages
are involved in maturation of the E-selectin-inducible
response.

Results

Endothelial Adhesion Molecule Genes Are Expressed
during Embryogenesis

To determine whether genes for endothelial-leukocyte
adhesion molecules, important in inflammation, are
expressed during embryogenesis, we performed ribo-
nuclease protection assays (RPA) on total RNA iso-
lated from murine embryos. The abundance of tie-2
mRNA, an endothelium-restricted transcript encoding
a receptor for angiopoietins (Folkman and D’Amore,
1996; Sato et al, 1993), varied by less than 50%
between E10.5 and E17.5, suggesting that represen-
tation of the endothelial lineage was relatively constant
during this period (Fig. 1, A and B; see the “Materials
and Methods” section for the methods of quantitation
used throughout this manuscript). In contrast, the
abundance of platelet-endothelial cell adhesion mole-
cule (PECAM) mRNA, commonly taken as a marker of
vascular endothelium, increased 3.6-fold between
E9.5 and E17.5. However, megakaryocytes and plate-
lets in adults also express PECAM, and cells of this
lineage are present in embryonic murine liver after
E12.5 (Matsumura and Sasaki, 1989). As a result,
endothelial PECAM expression at E12.5 and later is
probably less than the whole embryo expression lev-
els shown in Figure 1. ICAM-1 mRNA, also expressed
by some mature leukocytes, showed a similar pattern,
increasing 3.3-fold between E10.5 and E17.5.

In contrast, E-selectin mRNA was detectable at E9.5
and was only 0.5% as abundant as ICAM-1 mRNA at
E10.5 (Fig. 1, A and B). Beginning by E12.5, expres-
sion increased a total of 17.5-fold at E17.5, becoming
2% to 3% as abundant as ICAM-1. P-selectin mRNA
was also detected at E9.5 and increased 7.9-fold
between E10.5 and E17.5, becoming approximately
one-half as abundant as E-selectin mRNA at E15.5
and E17.5. These results reveal that mRNA for
E-selectin, P-selectin, and ICAM-1 are expressed dur-
ing embryogenesis in the absence of experimentally
introduced inflammatory stimulation and that this
“basal” expression of the endothelial selectins, and
especially E-selectin, is significantly up-regulated rel-
ative to representation of the endothelial compartment
between E12.5 and E17.5.

CD14 was also expressed in E9.5 embryos and
increased 3- to 4-fold later in gestation (Fig. 1, A and
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B). Either the cell surface or soluble form of this
GPI-linked protein, along with circulating LPS-binding
protein and an additional presumptive cell surface
co-receptor, is required for efficient stimulation by
endotoxin (reviewed in Fenton and Golenbock, 1998).
Expression of CD14 suggests that, beginning at least
at E9.5, the embryonic milieu may support inflamma-
tory responses to bacterial endotoxin or other related
products.

E-selectin expression is confined to vascular endo-
thelium, whereas P-selectin is also expressed in
megakaryocytes and platelets (Vestweber and Blanks,

1999). In contrast, although virtually all vascular endo-
thelial cells in adult tissues express ICAM-1 (Carlos
and Harlan, 1994; Cotran and Mayadas-Norton, 1998),
this gene is also expressed by several nonendothelial
cell types. Because we planned to compare selectin
and ICAM-1 inducibility by inflammatory mediators,
we identified ICAM-1-expressing cells during embry-
ogenesis. Whole mount immunofluorescence staining,
followed by confocal laser scanning microscopy
(CLSM), revealed that ICAM-1 was largely coincident
with PECAM protein in cranial vessels at E9.5 (Fig. 2)
and in vertebral vessels at E9.5 and E10.5 (data not
shown). Immunohistochemical analysis of whole
mount preparations and cryostat sections also re-
vealed that PECAM and ICAM-1 were restricted to the
endothelium of most vascular structures between E9.5
and E11.5 (data not shown). Vessels staining for
PECAM, but not ICAM-1, in Figure 2 probably reflect
different expression levels of these proteins in vascu-
lar endothelial cells and/or greater detection sensitivity
using anti-PECAM-FITC compared with anti-ICAM-
1-PE monoclonal antibodies. Immunohistochemistry
did not reveal significant numbers of PECAM-positive/
ICAM-1-negative vessels in embryos. PECAM and
ICAM-1 were also coexpressed by the extra-
embryonic yolk sac endothelium at E9.5 and later
stages (DS Milstone, unpublished observations; Hey-
ward et al, 1995). Taken together, these results dem-
onstrate that ICAM-1 expression is restricted to vas-
cular endothelium in embryos between E9.5 and
E11.5.

E-Selectin Is Inducible in Embryos by Inflammatory
Mediators Introduced into the Embryonic, But Not the
Maternal, Milieu

Attempts to stimulate adhesion molecule expression
in embryonic endothelium by ip injection of LPS into
mothers were not successful. Expression of neither
E-selectin nor P-selectin was stimulated in whole
embryos at E10.5, E12.5, or E15.5, nor was it stimu-
lated in embryos or kidney at E18.5 (Fig. 3, “maternal
ip”: 1.36 6 0.54, p 5 0.11 for E-selectin and 1.16 6
0.31, p 5 0.16 for P-selectin; mean 6 SD, n 5 5 pairs
of stimulated and unstimulated samples, with one pair
each analyzed from E10.5, E12.5, and E15.5, and two
analyzed from E18.5 embryos). In all cases the abun-
dance of these transcripts was markedly stimulated
(10- to 200-fold) in maternal tissues (not shown),
confirming systemic distribution of the activation stim-
ulus within the maternal compartment.

However, it was not clear whether this protocol
successfully transmitted an activation stimulus to the
embryos or, alternatively, the placental barrier func-
tionally isolated the embryonic from the maternal
compartments. Therefore, we measured the response
to direct injection of LPS into the embryonic peritoneal
cavity of E18.5 embryos that were maintained alive in
utero in anesthetized mothers. This revealed signifi-
cant stimulation of E-selectin and P-selectin mRNA
(Fig. 3 “Embryo ip”: 22.1 6 5.28, p 5 0.003 and 4.09 6
0.79, p 5 0.003, -fold stimulation, respectively;

Figure 1.
Developmental time course of endothelial adhesion molecule, endothelial
lineage marker, and CD14 expression during murine embryogenesis deter-
mined by RPA. A, Whole embryo RNA was analyzed from individual pups of
timed litters using probes for the transcripts indicated. Protected fragments
were detected by PhosphorImager analysis. B, Expression of E- and P-selectin
is differentially regulated during embryogenesis compared with other
endothelium-restricted transcripts. The data are mean 6 SD derived from three
or four independent embryos at each developmental time point analyzed as in
A. E-selectin and P-selectin increased 17.9- and 7.9-fold, respectively, whereas
tie-2, PECAM, ICAM-1, and CD14 increased only # 1.5-, 3.6-, 3.3-, and
3.4-fold, respectively, between E10.5 and E17.5. Note the dual logarithmic
ordinates.
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mean 6 SD, n 5 4 stimulated and 4 unstimulated
samples) 2 hours after LPS administration. We also
confirmed these in utero results by introducing LPS
into the peritoneal cavity of E18.5 “embryos” immedi-
ately after Cesarean section delivery. This resulted in a
6.08 6 0.54-fold increase (p 5 0.02) of E-selectin
mRNA (Fig. 3, “C-section ip”). In contrast, P-selectin
expression was unchanged in these same samples
(1.38 6 0.35-fold stimulation ratio, p 5 0.18). Taken
together, these results demonstrate that the endothe-
lium of E18.5 embryos is capable of responding to
inflammatory stimuli, but that the embryonic compart-
ment is protected from such stimuli in the maternal
circulation resulting from ip LPS injection in gravid
females. The explanation for the apparent difference in
P-selectin responsiveness at E18.5 between embryos
stimulated in utero and those stimulated after Cesar-
ean section delivery (Fig. 3) is not clear, but it may
reflect the lower overall expression levels observed in
the latter protocol.

Inducibility of E-Selectin and ICAM-1 Are Differentially
Regulated in Endothelium during Embryogenesis

To determine when E-selectin responsiveness to cy-
tokines and endotoxin is initially acquired during em-
bryogenesis, we measured the expression of adhesion
molecule mRNA in primary cultures of embryo cells
stimulated with murine TNF-a (m-TNFa), murine
mIL-1a (mIL-1a), murine IL-1b (mIL-1b), and LPS.
These monolayer cultures ensured that stimuli could

interact directly with the cells whose response was
being tested, although indirect effects were also pos-
sible. The results demonstrated that both E-selectin
and ICAM-1 mRNA were present, in the absence of
exogenous stimulation, in cultures derived from all
developmental stages between E9.5 and E13.5 (Fig.
4A), mirroring the expression observed in intact em-
bryos (Fig. 1). However, TNF-a and LPS stimulated
E-selectin expression only in cultures derived from
E12.5 and older embryos (2.75 6 0.74, p 5 0.002, and
3.58 6 1.15, p 5 0.02, -fold stimulation by mTNF-a
and LPS, respectively), but not in cultures from earlier
stages (1.21 6 0.15, p 5 0.07, and 1.09 6 0.07, p 5
0.16, -fold stimulation by mTNF-a and LPS, respec-
tively; p 5 0.002 and p 5 0.007, respectively, com-
pared with stimulation on and after E12.5; Fig. 4B and
4C). In contrast, TNF-a and LPS stimulated ICAM-1
expression equivalently at all embryonic stages tested
(TNF-a: # E11.5 5 3.60 6 0.57, p 5 0.0001, and $

E12.5 5 3.94 6 1.67, p 5 0.002, -fold stimulation;
LPS: # E11.5 5 4.94 6 1.67, p 5 0.01, and $ E12.5 5
4.60 6 1.55, p 5 0.003, -fold stimulation). (Responses
to mIL-1a, mIL-1b, and LPS were not tested on
cultured E9.5 cells because of the limited number of
cells obtained.) Taken together, these results show
that the initial inducibility of E-selectin by mTNF-a and
LPS does not occur until E12.5, even though the
receptor systems, signal transduction mechanisms,
and transcriptional response apparatuses for these
mediators are functional and sufficient to stimulate
expression of ICAM-1 at all stages examined.

Figure 2.
ICAM-1 protein is co-localized with PECAM protein in vascular structures of E9.5 embryos. Embryos at E9.5 of development were stained by whole mount
immunofluorescence simultaneously with anti-PECAM-FITC and anti-ICAM-1-PE. FITC and PE fluorescence were detected independently by CLSM. The cranium is
shown. The merged image, shown in the center panel, confirms that ICAM-1 is expressed in vascular structures that also express PECAM. Intervertebral and other
vessels of E9.5 and E10.5 embryos showed similar co-localization of ICAM-1 with PECAM protein (not shown).
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Embryoid Bodies Reveal an Additional Early Stage in the
Ontogeny of E-Selectin Inducibility

Analyzing cultured cells from embryos before E9.5 is
problematic because of the difficulty of dissecting
sufficient numbers of these small specimens free of
maternal tissue. Therefore, to extend our analysis to
earlier developmental stages, we examined EB de-
rived by in vitro differentiation of murine embryonic
stem cells (ES cells). When cultured in the absence of
leukemia inhibitory factor and feeder cells, ES cells
form EB that recapitulate the earliest stages of endo-
thelial ontogeny. This includes the differentiation from
mesoderm of angioblasts and committed endothelial
lineage cells followed by the morphogenesis of vas-
cular channels that are associated with hematopoietic
colonies and are analogous to embryonic blood is-
lands (Doetschman et al, 1993; Hirashima et al, 1999;
Risau et al, 1988; Vittet et al, 1996; Wang et al, 1992;
Yamaguchi et al, 1993). When exposed to inflamma-
tory mediators, EB also express E-selectin mRNA with
a stimulation sensitivity and time course similar to that
observed in cultured endothelial cells (DS Milstone et

al, unpublished observations). EB are thus an appro-
priate model system for analyzing endothelial re-
sponses to inflammatory mediators and offer signifi-
cant advantages when examining the earliest stages
of endothelial ontogeny.

Examination of EB at sequential developmental
stages confirmed and extended the results observed
in embryos. The vascular endothelial lineage was well
represented, beginning at Day 4, as reflected by
vascular endothelial growth factor receptor 1 (VEGFR1
[flt-1]) and VEGFR2 (flk-1) expression, and underwent
further differentiation as evidenced by tie-2 and PE-
CAM expression beginning at Day 6 (Fig. 5A). In
contrast, E-selectin mRNA was not detected at Day 4
or Day 5 of differentiation (Fig. 5B). A corresponding
stage of endothelial ontogeny, lacking E-selectin ex-
pression, was not observed in embryos (Fig. 1) or
cultured embryo cells (Fig. 4A), perhaps because
these analyses did not include samples before E9.5.
E-selectin was first expressed in EB, in the absence of
exogenous inflammatory stimuli, at barely detectable
levels at Day 6 (Fig. 5B), at least 2 full days after
emergence of the vascular endothelial lineage. Inflam-
matory cytokines did not stimulate this earliest “basal”
E-selectin expression (0.93 6 0.64-fold stimulation,
p 5 0.4, Fig. 5C) although low mRNA levels hampered
quantitation. This was similar to the behavior of cul-
tured cells from E9.5 to E11.5 embryos (Fig. 4, A to C).
Stimulation by mTNF-a and mIL-1b was initially ob-
served on Day 7 of EB differentiation (3.23 6 1.56-fold
stimulation, p 5 0.01; p 5 0.03 compared with stim-
ulation at Day 6) and was increased in magnitude later
(Fig. 5, B and C). This was similar to the expression
pattern observed in cells cultured from E12.5 and
E13.5 embryos (Fig. 4, A to C). In contrast, ICAM-1
mRNA was present, without stimulation, at all stages
between Day 3 and Day 10 of EB differentiation and
was stimulated by cytokines beginning at least by Day
6 (3.06 6 1.01-fold stimulation, p 5 0.01) (Fig. 5, B and
C). ICAM-1 stimulation thus preceded stimulation of
E-selectin in embryoid bodies, mirroring the results
observed in cultured embryo cells.

Discussion

In these studies we characterized E-selectin and
ICAM-1 expression and stimulation by inflammatory
mediators during murine embryogenesis and in EB
derived from ES cells, as an in vitro model of early
endothelial differentiation. Our results reveal that the
developmental onset of basal and inducible E-selectin
and ICAM-1 expression are differentially regulated
during embryogenesis, and we identify three specific
stages in the maturation of the E-selectin inducible
response. These results provide a foundation for fur-
ther studies of the factors that dictate lineage- and
sublineage-restriction of adhesion molecule inducibil-
ity in vascular endothelium.

The initial period (Stage 1, Fig. 6) of endothelial
ontogeny was characterized by a lack of both basal
and inducible E-selectin expression and was observed
in Day 4 and Day 5 EB containing the earliest endo-

Figure 3.
Embryonic endothelium responds to inflammatory stimuli but is protected
from stimuli present systemically in the mother. Maternal ip: LPS was injected
into the peritoneal cavity of gravid females between E12.5 and E18.5. The data
are mean 6 SD of 5 independent control and stimulated samples from E10.5,
E12.5, E15.5, and E18.5. Embryo ip: LPS was injected into the peritoneal cavity
of E18.5 embryos in utero as described in the “Materials and Methods”
section. The data are mean 6 SD of 4 control and 4 stimulated embryos.
C-section ip: LPS was injected into the peritoneal cavity of E18.5 embryos after
Cesarean section delivery. The data are mean 6 SD from 3 control and 3
stimulated embryos. In each case embryos were harvested 2 hours after initial
stimulation (see the “Materials and Methods” section) and analyzed by RPA.
E-selectin is stimulated by introduction of LPS into the embryonic peritoneal
cavity either in utero (Embryo ip) or after Cesarean section delivery (C-section
ip) but not by introduction of LPS into the maternal peritoneal compartment
(Maternal ip). P-selectin stimulation is statistically significant only after
stimulation in utero (Embryo ip). *p 5 0.003 and #p 5 0.024, stimulated vs
unstimulated expression. Stimulated expression in the remainder of the
experimental conditions was not significantly different from the corresponding
control expression levels (0.11 # p # 0.18).
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thelial lineage cells. This stage was not observed in
whole embryos or cultured embryo cells, perhaps
because we were not able to examine developmental
stages before E9.5. Direct demonstration of Stage 1 in
embryos may be difficult because of the low mRNA
expression levels detected and the small number of
endothelial lineage cells present before E9.5. During
Stage 2, E-selectin was expressed in the basal state
but was not stimulated by cytokines or LPS. This
stage was most evident in cells cultured from embryos
between E9.5 and E11.5, whereas a corresponding
stage of differentiation was observed transiently in
Day 6 EB. Stage 3 was defined by the onset of

inducible E-selectin expression stimulated by inflam-
matory mediators and was equally prominent in em-
bryos at E12.5 to E13.5, and in EB at Day 7 and later
of differentiation. In contrast to this gradual maturation
of the E-selectin inducible response, ICAM-1 was
expressed in the basal state at all developmental
stages examined and was inducible earlier during
ontogeny than was E-selectin, both in cultured em-
bryo cells and in EB. These results illustrate how the
ES cell/EB system can be used to investigate stages
of vascular development that would be difficult or
impossible to assess using normal embryos. Cytokine
stimulation of ICAM-1 and VCAM-1 has been re-

Figure 4.
Cytokine and LPS stimulation of E-selectin and ICAM-1 are differentially regulated during embryogenesis. A, Cells from embryos between E9.5 and E13.5 were cultured
in vitro for 1 day and LPS, mTNFa, mIL-1a, or mIL-1b were added for an additional 4 hours. E-selectin, ICAM-1, and actin mRNA were then assayed by RPA. B and
C, Quantitation (mean 6 SD) of mTNF-a (B) and LPS (C) stimulation of E-selectin and ICAM-1 mRNA from between 3 and 6 samples each from 3 independent
experiments similar to that shown in A. mTNF-a stimulated E-selectin expression only in cells from E12.5 and E13.5 (1p 5 0.03) but not from E10.5 or E11.5 (p 5
0.12) embryos, while ICAM-1 expression was stimulated at all stages examined (p 5 0.001 and 0.015, respectively). Correspondingly, ICAM-1 stimulation was
significantly greater than E-selectin stimulation at E11.5 (*p 5 0.004) but not at E12.5 or E13.5 (p 5 0.14). In addition, stimulation of adhesion molecule expression
increased significantly between E11.5 and E12.5 for E-selectin (mTNF-a p 5 0.02, LPS p 5 0.02) but not for ICAM-1 (mTNF-a p 5 0.20, LPS p 5 0.40).
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ported, and ICAM-1 has been localized to endothelial
cells, in murine yolk sac and EB (Heyward et al, 1995).
However, these authors did not investigate embryonic
expression, the developmental acquisition of cytokine
inducibility, or expression of E-selectin. Figure 6 sum-
marizes the relationship between E-selectin and
ICAM-1 basal expression and inducibility and other
endothelial and vascular developmental landmarks.
The differential regulation of E-selectin and ICAM-1
expression and inducibility revealed by our data may

reflect either sequential developmental transitions
within a single endothelial lineage or alternate differ-
entiation pathways taken by cells of a common pre-
cursor population.

“Basal” expression of E-selectin in embryos in the
absence of experimental stimulation (Fig. 1) may re-
flect either cell-intrinsic expression or activation by
cell-extrinsic endogenous stimuli present in embryos.
Genetic deficiency of TNF-a is accompanied by ab-
normal lymphoid organ development (Pasparakis et al,

Figure 5.
Cytokine stimulation of E-selectin and ICAM-1 are differentially regulated during embryoid body differentiation. A, Embryoid bodies recapitulate early endothelial
ontogeny. Endothelial lineage marker expression was analyzed by RPA and quantitated by PhosphorImager analysis. The earliest stages of endothelial differentiation
in EB are detected by VEGFR1 (flt-1) and VEGFR2 (flk-1) expression, beginning at Day 4, and by tie-2 and PECAM expression, beginning at Day 6. B, EB were
differentiated for the times indicated and stimulated for 4 hours with mTNF-a or mIL-1b. E-selectin, ICAM-1, and actin expression was then analyzed by RPA. C,
Quantitation (mean 6 SD) of mTNF-a stimulation of E-selectin and ICAM-1 mRNA from 3 replicates of the experiment shown in B. E-selectin was not detected prior
to Day 6. Cytokines stimulated E-selectin expression only in Day 7 and later EB (p # 0.01), but not in Day 6 (p 5 0.4) EB. This is several days after emergence of
the endothelial lineage on Day 4 and 1 day after early differentiation of endothelium on Day 6 (A). In contrast, ICAM-1 was stimulated strongly in Day 6 and later
EB (p 5 0.01). Stimulation of adhesion molecule expression increased significantly between Day 6 and Day 7 of differentiation for E-selectin (p 5 0.03), but not for
ICAM-1 (p 5 0.17). The latter increased significantly between Day 5 and Day 6 of differentiation (p 5 0.05). Correspondingly, ICAM-1 stimulation was significantly
greater than E-selectin stimulation at Day 6 (p 5 0.02), but not at Day 7 or later (p $ 0.2).
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1996) and rescues the embryonic lethal phenotype of
NF-kB p65 deficiency (Doi et al, 1999), suggesting that
this mediator is present and active during normal
embryogenesis. TNF-a might, therefore, also be re-
sponsible for “basal” expression of endothelial adhe-
sion molecules in embryos, although expression and
function of this mediator has not been examined
before E14.5 in mice (Doi et al, 1999). However, if
“basal” adhesion molecule expression in vivo results
from stimulation by TNF-a, one might expect that this
would lead to homologous desensitization (Karmann
et al, 1996). Cultured cells from E9.5 to E11.5 embryos
might then show augmented expression when stimu-
lated with TNF-a after 24 hours of “quiescent” culture
in vitro, during which the residual effects of in vivo
exposure to TNF-a might diminish. This was not
observed (Fig. 4) and is unlikely to reflect stimulus-
specific homologous desensitization (Karmann et al,
1996) because these cells also did not respond to
IL-1. However, it remains possible that TNF-a and/or
other endogenous mediators contribute to the ob-
served expression of E-selectin in the absence of
experimental stimulation, especially in vivo. We have
thus characterized this expression as “basal,” but not
necessarily “constitutive.”

The initial acquisition of E-selectin inducibility ap-
pears distinct from several previously described de-
velopmental milestones of the endothelial lineage.
Several endothelial-selective genes, such as VEGFR2
(flk-1), VEGFR1 (flt-1), tie-1, tie-2, and PECAM, are
expressed as early as E7.0 to E8.5 of murine embry-
ogenesis, when the vascular endothelial lineage is
established and undergoes early differentiation (Folk-
man and D’Amore, 1996; Risau, 1997). In addition,
spontaneous cardiac contractions, endothelium-lined

blood vessels, and a functional circulatory system are
prominent components of the developing embryo by
E9.5 and reflect extensive vascular morphogenesis. In
contrast, E-selectin was not stimulated until E12.5 to
E13.5, several days after these differentiative and
morphogenic events are well established. The precise
temporal relationship between the acquisition of
E-selectin inducibility and other embryologic events
occurring near this stage in vivo is not clear, because
our protocol included a 24-hour period of in vitro
culture during which differentiation may have contin-
ued. For example, cultured E12.5 cells may more
accurately represent the phenotype of E13.5 embryos.

Our experiments were designed to detect those
endothelial populations that acquire E-selectin induc-
ibility earliest in the development of the entire embryo.
However, the transition to inducibility may occur at
different developmental times, and to different de-
grees, in different embryonic vascular beds. We and
others have observed that E-selectin inducibility varies
quantitatively in different organs in adults (Eppihimer
et al, 1996; Hickey et al, 1999), (DS Milstone et al,
unpublished observations), and we are currently ex-
amining inducibility of E-selectin in specific embryonic
organs. Determining when and how organ-specific
differences arise during ontogeny may help identify
the mechanisms regulating the spatial distribution of
E-selectin inducibility, and functional heterogeneity in
general, in mature endothelium.

It is possible that E-selectin was not inducible until
E12.5 to E13.5 in embryos and until Day 7 in EB
because the general mechanisms required for all re-
sponses to LPS, mTNFa, and mIL-1 were not func-
tional before these stages of development. The p75
and p55 TNFa receptors have, in fact, been shown to
be absent in preimplantation murine embryos
(Lachapelle et al, 1993). However, this explanation
would require that the initial onset of functional re-
sponses to each of these mediators be coordinately
and simultaneously regulated in endothelium. This
seems unlikely. In addition, LPS, mTNFa, and mIL-1
each stimulated ICAM-1, but not E-selectin expres-
sion in cultured E10.5 to E11.5 cells (Fig. 4, A to C).
Because ICAM-1 expression is confined largely to
vascular endothelium in embryos (Fig. 2), stimulated
expression of ICAM-1 also probably occurs selectively
in endothelial lineage cells. Therefore, during the de-
velopmental window between E9.5 and E11.5,
E-selectin expression was not induced by several
inflammatory stimuli that were sufficient to induce
expression of ICAM-1.

The developmental onset of E-selectin inducibility
thus appears to reflect the stage at which this genomic
locus becomes responsive to a common expression
mechanism, or to converging mechanisms, activated
by several inflammatory mediators. This might be
specified by expression of cell surface receptors in a
previously nonresponsive subset of endothelial cells,
by regulation of signal transduction or transcriptional
regulatory mechanisms specifically required for
E-selectin inducibility, or by enhanced accessibility of
the E-selectin locus to a more promiscuous inducible

Figure 6.
E-selectin and ICAM-1 expression and stimulation by inflammatory mediators
are differentially regulated during murine development and define later stages
of endothelial ontogeny. The stages of endothelial lineage differentiation
indicated at the top are represented in a time line that emphasizes transitions
between functionally distinct developmental compartments and comparisons
of normal embryos with EB derived by in vitro differentiation of ES cells. Data
supporting the assignments before E9.5 in embryos are from the work of
others. Data supporting the assignments in embryos at E9.5 and later and in
EB are from the work presented in this report combined with the published
work of others. Solid areas indicate basal expression. Hatched areas indicate
expression stimulated by inflammatory mediators. IVD, in vitro differentiation.
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expression mechanism. While induction in mature
endothelium requires activation of NF-kB, activating
transcription factor-2 and high mobility group protein I
(Y) (Whelan et al, 1991; reviewed in Collins et al, 1995),
these are not sufficient on their own to confer either
inducibility or endothelium-restricted expression.
Other mechanisms must, therefore, be involved.

We hypothesize that such mechanisms operate only
in endothelial lineage cells and that further restriction
to specific vascular sites underlies the highly ordered
anatomic localization of E-selectin inducibility ob-
served in mature tissues. We expect that interactions
with other localized cellular and/or noncellular ele-
ments of the developing vascular milieu are involved in
specifying, and perhaps maintaining, the temporal and
spatial regulation of E-selectin inducibility during on-
togeny. Because JNK activity specifically regulates
intricate patterns of E-selectin responsiveness to dif-
ferent inflammatory mediators (Karmann et al, 1996), it
could also conceivably contribute to the initial onset of
E-selectin inducibility during development.

We also observed that the developing endothelium
is protected, presumably at the level of the placenta,
from inflammatory stimuli present in the maternal
milieu. LPS stimulates secondary release of numerous
inflammatory mediators, including TNF-a from resi-
dent peritoneal macrophage, which are responsible
for a significant portion of the resulting inflammatory
sequelae (Amura et al, 1998). The placenta must thus
present a barrier to several inflammatory agents, and
this has significant practical implications for the health
of mother and child. The existence of a placental
barrier may also explain the observation that embry-
onic lethality in NF-kB p65-deficient embryos requires
TNF-a in the fetal, but not the maternal, compartment
(Doi et al, 1999). Alternatively, this could reflect low
maternal expression of TNF-a although this cytokine is
abundant in placenta in the absence of experimental
inflammatory stimulation (Hunt, 1993). The fact that
E-selectin is inducible in embryonic endothelium also
implies that leukocyte recruitment may contribute to
intrauterine inflammatory pathologies affecting the
embryo. This would also require that circulating em-
bryonic leukocytes be competent to undergo recruit-
ment to sites of inflammation and endothelial activa-
tion. In this context, the lack of transplacental
inducibility may be an important factor protecting
embryos from systemic inflammatory insults suffered
by gravid mothers.

In this report we show that E-selectin and ICAM-1
expression and stimulation are differentially regulated
during embryogenesis and that three developmental
stages are involved in maturation of the E-selectin
inducible response. Understanding the cellular and
molecular mechanisms that regulate the transitions
between these stages, and how these transitions are
differentially specified in different organs and vascular
beds in embryos and in adults, may help explain how
physiologically important endothelial functions are
specified in healthy individuals and how they may be
perturbed in disease.

Materials and Methods

Cytokines and Endotoxin

Murine TNF-a (mTNF-a), murine IL-1a (mIL-1a), and
murine IL-1b (mIL-1b) were purchased from Genzyme
(Cambridge, Massachusetts) as purified recombinant
proteins. Bacterial endotoxin (LPS from Escherichia
coli Serotype 055:B5) was purchased from Sigma
(Sigma L-2880, St. Louis, Missouri).

Timed Murine Litters and Embryos and In Vivo
Stimulation by IP Injection of Gravid Mothers

All procedures involving animals conformed to institu-
tional and federal guidelines and were approved by
the appropriate institutional review boards. Matings
were established between C57BL/6J mice (Jackson
Laboratories, Bar Harbor, Maine) at 6 weeks to 6
months of age and maintained on a 7 am to 6 pm light
cycle. Copulation plugs were detected between 9 am
and 10 am. Noon of this day was designated E0.5.
Expression of adhesion molecules was determined
from litters obtained at noon on the appropriate days
by euthanizing mothers using CO2 narcosis. Embryos
were dissected free of all extraembryonic tissue in
PBS, and RNA was isolated from whole embryo spec-
imens and selected maternal organs. Ribonuclease
protection assays (RPA) were performed as described
below. Selected females at E10.5, E12.5, E15.5, and
E18.5 were injected ip with 2 mg LPS per gram body
weight 2 hours before euthanasia.

In Vivo Stimulation of E18.5 Embryos in Utero

Gravid females at E18.5 were anesthetized with 2.5%
Avertin (0.15 to 0.17 ml/g body weight). Embryos were
exposed surgically within the exposed maternal peri-
toneal cavity by opening the uterine wall and extraem-
bryonic membranes, and 10 ml PBS, with or without 2
mg LPS, was injected directly into the embryonic
peritoneal cavity. Trypan blue (0.1%, w/v) was in-
cluded in these solutions to verify successful ip injec-
tion. These preparations were monitored continu-
ously, warmed with a heat lamp, and moistened as
needed with 0.9% saline solution. The uterine and
umbilical circulations were maintained throughout the
procedure. After 2 hours the embryos were dissected
free of all extraembryonic tissue, RNA was isolated
from whole embryo specimens and selected maternal
organs, and RPA was performed as described below.

In Vivo Stimulation of E18.5 Embryos after Cesarean
Section Delivery

Pups were delivered by Cesarean section essentially
as described by Hogan et al (1994). Pregnant females
were euthanized by CO2 narcosis and gravid uteri
were immediately removed to warm PBS. Embryos
were removed, the umbilical cords were severed, and
the pups were warmed under a heat lamp. Respira-
tions were stimulated by gentle pinching of the thorax
and abdomen. Within 1 or 2 hours after delivery, all

Endothelial Adhesion Molecules in Ontogeny

Laboratory Investigation • June 2000 • Volume 80 • Number 6 951



pups weighed between 1.1 and 1.3 g, had established
spontaneous respiratory activity sufficient for extra-
uterine survival, and were injected ip with 10 ml PBS,
with or without 2 mg LPS. Pups were euthanized 2
hours later by CO2 narcosis, RNA was prepared from
whole embryos and dissected kidneys, and RPA was
performed as described below.

Dissociation and In Vivo Culture of Embryo Cells

All cell culture media components were purchased
from Gibco/BRL (Rockville, Maryland). Fetal bovine
serum was purchased from Hyclone Laboratories (Lo-
gan, Utah) and was screened for its ability to support
in vitro differentiation of ES cells to vascular endothe-
lial cells displaying a cytokine-responsive phenotype
(see below). Embryos from timed gestations were
dissected free of all maternal and extraembryonic fetal
tissue and rinsed in Dulbecco’s phosphate buffered
saline (DPBS) with calcium and magnesium. The um-
bilical cords were severed at the embryonic abdominal
wall, and the pooled embryos were minced with a
sterile blade. The embryonic tissue fragments were
transferred to 10 ml of 0.05% trypsin and 0.53 mm
ethylenediaminetetraacetic acid (EDTA) in Hank’s Bal-
anced Salt Solution, incubated at 37 °C for 5 minutes
with occasional swirling and trituration, and then with-
out disturbance for 10 minutes. The upper 14 ml of this
digest was transferred to 10 ml of complete medium
(Dulbecco’s Modified Eagle’s Medium [DMEM] sup-
plemented with 15% fetal bovine serum, 2 mm
L-glutamine, and 0.1 mm 2-mercaptoethanol). The
remaining pellet was treated twice more with trypsin/
EDTA, and the released cells were pooled with the
previous aliquots. Dissociated embryo cells were con-
centrated by centrifugation and resuspended in com-
plete medium. The viability and extent of dissociation to
single cells were quantitated by Trypan blue dye exclu-
sion using a hemacytometer. Cells were plated at 4 3
105 viable cells/cm2 on gelatin-coated, cell-culture grade
plasticware. After 24 hours these cultures were washed
several times with DPBS to remove nonadherent cells,
fed with fresh complete medium, and stimulated with
inflammatory mediators as described below.

Embryonic Stem Cells and Embryoid Bodies

CC1.2 ES cells (Robertson, 1987) were cultured with-
out feeder cells in complete medium supplemented
with recombinant murine leukemia inhibitory factor
(LIF, ESGRO, 103 units/ml, Gibco/BRL) to maintain the
cells in an undifferentiated state (Hogan et al, 1994;
Robertson, 1987). In vitro differentiation was initiated
by culturing 103 trypsin-dissociated ES cells in an
inverted orientation on Fisher-brand bacterial petri
dishes in 25 ml aliquots of complete medium lacking
LIF. When the cells had coalesced into single aggre-
gates (24 to 48 hours) approximately 100 of the
resulting roughly spherical EB were cultured in sus-
pension in 10 cm petri dishes in 10 ml of complete
medium, which was then changed every 1 to 2 days.
Under these conditions 90% to 100% of EB develop

PECAM-expressing cells and islands of spontane-
ously contractile, electrically coupled cardiomyocytes
(DS Milstone et al, unpublished observations).

In Vitro Stimulation of Cultured Embryo Cells and EB

LPS, mTNFa, mIL-1a, or mIL-1b, each in 100 ml of
DPBS without Mg11 or Ca11, or DPBS without Mg11

or Ca11 alone, was added directly to embryo cell and
EB cultures prepared as described above. The final
concentrations of these mediators were 1 mg/ml, 20
ng/ml, 10 ng/ml, and 10 ng/ml, respectively. Cultures
were harvested 4 hours later for RNA preparation. In
preliminary experiments we determined that expres-
sion of E-selectin, P-selectin, and ICAM-1 mRNA was
maximal after 2 hours of stimulation and remained
relatively stable for at least an additional 2 hours.
Thereafter, selectin mRNA slowly decreased in abun-
dance, whereas ICAM-1 mRNA remained relatively
stable for at least 24 hours.

Isolation of RNA and Analysis by RPA

Total RNA was isolated using guanidinium thiocyanate
and cesium chloride gradients (Ausubel et al, 1994).
Riboprobes labeled with a-[32P]-rUTP were synthe-
sized from partial cDNAs (see below) for the relevant
transcripts cloned into the Bluescript phagemid (Strat-
agene, San Diego, California) or other appropriate
cloning vector. Between 1 and 50 mg of total cellular
RNA per sample were analyzed by RPA using a
commercially available kit (Ambion, Austin, Texas).
Specific activities of the probes were varied by includ-
ing unlabeled rUTP during the in vitro transcription
reaction to facilitate analysis of multiple transcripts in
a single hybridization reaction. Protected fragments
were detected and quantitated using a Molecular
Dynamics PhosphorImager, model 425E, and Image-
Quant software. Baseline-corrected and integrated
peak areas were further corrected for nucleotide com-
position of the protected fragments and specific ac-
tivity of the radiolabeled ribonucleotide substrates
before performing additional calculations and statistical
analyses. All values were normalized to the actin expres-
sion level in the same sample determined simulta-
neously. These corrected and normalized expression
levels were then compared using Student’s t test. A p
value of # 0.05 designated statistical significance.

Hybridization Probes

The riboprobes used for murine E-selectin and
P-selectin have been described (Milstone et al, 1998).
DNA templates used for additional riboprobes were
prepared from cloned cDNA for PECAM, CD14, and
VEGFR2 (flk-1) (cDNA generously supplied by Drs.
William Muller, Richard Ulevitch, and John Flanagan,
respectively) and by RT-PCR from murine tissue RNA
for ICAM-1, tie-2, and VEGFR1 (flt-1). The pfu poly-
merase (Stratagene, San Diego, California) was used
for polymerase chain reaction (PCR) to minimize am-
plification errors, and the fidelity of all cloned products
was verified by DNA sequence analysis (Sequenase
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2.0; United States Biochemical Corporation, Cleve-
land, Ohio). The probes were as shown in Table 1.

Immunohistochemistry and Immunofluorescence

Purified rat monoclonal antibodies specific for murine
ICAM-1 and PECAM, directly coupled, or not, to
fluorescein isothiocyanate (FITC) or phycoerythrin
(PE), were purchased from Pharmingen (San Diego,
California). Immunohistochemistry on cryostat sec-
tions was performed as described (Milstone et al,
1998). For whole mount immunofluorescence analy-
sis, samples were fixed in MeOH:DMSO 4:1 (v:v) for
0.5 to 4 hours at 4 °C and processed as described
(Hogan et al, 1994). Primary conjugated antibodies
were applied at 4 °C for 12 to 16 hours each in the
presence of detergents to assist penetration. Exten-
sive washing and protein blocking steps were used
before the addition of reagents.

Confocal Microscopy

Confocal laser scanning microscopy (CLSM) was per-
formed with a Zeiss fluorescence microscope (Zeiss,
Welwyn Garden City, United Kingdom) and BioRad
MRC-6000 SLC (Richmond, California) apparatus and
image analysis system. Additional analysis of confocal
image files was accomplished using NIH Image,
Adobe Photoshop, CLSM Artist, and Oncor Corpora-
tion software on Macintosh PowerPC 7100/66 and
8500/120 computers and a Compac 75 MHz Pentium
computer. Image file stacks were “flattened” to create
two-dimensional representations of the cumulative
signal present throughout the imaged volumes.
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