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Vascular ceUl adhesion molecule I (VCAM-1) and
E-selectin (or endothelial-leukocyte adhesion
molecule 1) are inducible endothelial cell adhe-
sion molecules thatplay a role in the recruitment
ofleukocytes into sites ofinflammation. Informa-
tion about the spatial and temporalpattern ofin-
duced expression of these leukocyte adhesion
molecules in vivo is limited. This study reports the
expression profile of VCAM-1 and E-selectin in
various mouse tissues after lipopolysaccharide
administration. Using rat complementary DNA
probesfor VCAM-1 and E-selectin, Northern blot
analysis showed a marked increase in transcript
levelsfor both adhesion molecules in lung, heart,
and kidney. Maximal transcript levels for both
VCGM-1 andE-selectin were observed at3-6hours
and declined to low, constitutive levels ofexpres-
sion at 48 hours. Consistent with the Northern
blot results, immunoperoxidase analysis re-
vealed focal endothelial cell expression of
VCAM-1 in control animals. Following li-
popolysaccharide administration, VCAM-1 ex-
pression increased dramaticaly in all vascular
beds examined, although the response was het-
erogeneous. Widespread induced expression of
VC4M-1 on ceUs other than vascular endothelium
was not seen. Neither basal nor induced expres-
sion correlated with leukocyte adhesion. Signals
other than the expression of endothelial leuko-
cyte adhesion molecules are required in vivofor
leukocyte infiltration in this murine model ofsys-
temic endothelial activation. (AmJ Pathol 1993,
143:725-737)

The inflammatory mediators interleukin-l f3 (IL-1 ()
and tumor necrosis factor a (TNF-a) induce new
endothelial cell surface molecules during the initial
phases of an inflammatory response. Several
cytokine-inducible endothelial leukocyte adhesion
molecules have been cloned and characterized:
E-selectin (or endothelial-leukocyte adhesion mole-
cule 1, ELAM-1); vascular cell adhesion molecule 1
(VCAM-1), and intercellular adhesion molecules 1
(ICAM-1). E-selectin is a member of the family of
structurally related molecules, designated selectins
(reviewed in Ref. 1), that participate in endothelial-
leukocyte adhesion. It is a receptor for sialylated
Lewis X and related oligosaccharides on leukocyte
glycoproteins (reviewed in Ref. 2). E-selectin medi-
ates the adhesion of polymorphonuclear cells,3
monocytes,4'5 and some memory T cells6'7 to
cytokine-activated endothelial cells. It is expressed
by venular and capillary endothelial cells at sites of
active inflammation.8 VCAM-1, a member of the im-
munoglobulin gene superfamily, is a cell surface ad-
hesion molecule that mediates the adhesion of leu-
kocytes to human umbilical vein endothelial cells.9
VCAM-1 interacts with cells expressing the integrin
a4f3 (VLA4), such as monocytes, lymphocytes, ba-
sophils, and eosinophils, but not neutrophils.10 The
third leukocyte adhesion molecule, ICAM-1 (CD54), is
a member of the immunoglobulin gene superfamily
and is a receptor for LFA-1 (aL,B2) and Mac-1 (aMf32)
integrins, found on all leukocyte types (reviewed in
Ref. 11).
The three inducible endothelial adhesion mole-

cules have distinct time courses of cytokine induc-
tion. In cultured human endothelial cells, ELAM-1 first
appears on the cell surface within 1-2 hours of cy-
tokine treatment.3 Maximal expression occurs at 4-6
hours and then rapidly declines in the continued pres-
ence of cytokine, reaching basal levels by 24 hours.
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VCAM-1 first appears at 4-6 hours, reaches maximal
levels at 12-18 hours, and then gradually declines
over several days.9 In contrast, ICAM-1 reaches peak
levels by 18-24 hours and persists at peak levels as

long as cytokine is present.12 The time course of
cytokine-induced expression suggests that the three
endothelial adhesion molecules have distinct func-
tions (reviewed in Ref. 13). The early rise in ELAM-1
expression may mediate transient neutrophil adhe-
sion (rolling), 14'15 whereas the delayed rise in
VCAM-1 may correspond to the switch to preferential
adhesion and infiltration of mononuclear leukocytes.
ICAM-1 may support subsequent leukocyte spread-
ing and transendothelial migration.
An important question generated by the in vitro ob-

servations is whether endothelium in vivo will display
similar cytokine-regulated responses. In one ap-

proach to this issue, the response of baboon dermal
microvessels to injected cytokines or lipopolysaccha-
ride (LPS) was examined. Local intradermal injection
of TNF caused sustained expression of ELAM-1 and
VCAM-1 and a late (24-48 hours) T-cell infiltrate. In-
jection of LPS induced a neutrophil-rich infiltrate and
the transient expression of both ELAM-1 and
VCAM-1, without significant T-cell infiltration.16"17
These results support the proposal that sustained
cytokine-induced VCAM-1 expression contributes to
T-cell extravasation at sites of chronic inflammation.
This correlation was previously noted in the develop-
ment of T-cell-rich infiltrates in cardiac and renal al-
lograft rejection.18 A second approach to the issue of
cytokine-regulated endothelial responses in vivo em-
ployed a baboon model of septic shock.19 Intrave-
nous injection of LPS caused widespread expression
of E-selectin throughout the vasculature. Expression
of this leukocyte adhesion molecule was not associ-
ated with a neutrophilic infiltrate in the peripheral tis-
sues. The current studies expand the latter approach
and explore the pattern of induced VCAM-1 and
E-selectin expression in an in vivo murine model of
endothelial activation. In this report we describe the
effects of endotoxin in terms of both VCAM-1 and
E-selectin gene expression and endothelial pheno-
typic changes and relate these changes to leukocyte
accumulation in the mouse.

Materials and Methods

Cloning of Rat E-Selectin cDNA using the
Polymerase Chain Reaction

Male Sprague-Daley rats (250 g; Charles River,
Boston) were injected (per kg body weight) with

250 pg Escherichia coli LPS (serotype 0.55:B5;
Sigma Chemical Co., St. Louis, MO). Rat lungs were
harvested at 4 hours, and total RNA was prepared
by a guanidine isothiocyanate protocol.20 To obtain
a complete open reading frame, an RNA poly-
merase chain reaction (PCR) was employed using
nested oligonucleotide primers. Primers were cho-
sen from regions of the E-selectin molecule that
contained the highest degree of conservation
based on nucleotide homologies between the hu-
man, rabbit, and mouse sequences. Reverse tran-
scriptase was used to synthesize first-strand com-
plementary DNA (cDNA) during a 1-hour incubation
(42 C; final reaction volume, 40 pl), using 1 pg of to-
tal RNA, 50 ng of an oligonucleotide primer comple-
mentary to exon 13 (cytoplasmic domain and 3'UT),
ACAA(A/G)GACTAAGAAAAACTT(G/A)AATT, and
100 units of avian myeloblast virus reverse tran-
scriptase (Molecular Genetic Resources, Tampa,
FL). Two rounds of PCR were performed using
nested primers, and 10 p1 of first-strand cDNA or
first-round PCR product as templates.21 Three hun-
dred ng of primers were used for the first round of
PCR and 150 ng for the second round. A primer to
the 5' lectin domain of the mRNA, GCCAA-
GAACTGGGCTCCAGGTGAAC, and the same 3'
primer used in cDNA synthesis were used for first-
round PCR. The nested set of primers consisted of
GATGAGGACTGCGTGGAGATCTA (lectin domain)
and a sequence complementary to AAAGCAAA-
GAAATTTGTTCCTGC (transmembrane and cyto-
plasmic domain). Conditions of the PCR were the
same as outlined previously.21'22 The prominent
1446-bp reaction product from a parallel set of six
PCR reaction tubes was pooled, purified, and sub-
cloned.20 From three independent subclones DNA
sequence analysis was performed on both strands
by standard dideoxynucleotide sequencing in order
to detect possible PCR amplification artifacts. The
same strategies were used to obtain the 5' and 3'
ends of the open reading frame. The following oli-
gonucleotides were used for the PCR at the 3' end:
as primer for the reverse transcriptase reaction the
complement of ACAA(G/A)GACTAAGAAAACTT(A/
G)AATT located in the 3' untranslated region; for the
first round 5', CTGTGAGCACAGTTTCACA (exon 7),
and for the second round 5', GGGTACAGTGT-
TCAAGCC (exon 10), while for the 3' end the same
primer was used as for the reverse transcriptase re-
action. At the 5' end the following oligonucleotides
were obtained: as primer for the reverse tran-
scriptase reaction the complement of GTCCG-
AAGGTACCAGTCCCA(T/C)AACC located in exon
5; for the first round 3', the same primer as for the
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reverse transcriptase reaction; for the second round
3', the complement of GGTTGACGTCCTTACA-
CAACCATGTCC, while both rounds of PCR were
carried out with the same 5' primer, CTCG(A/G)-
TGACT(A/T)CACA(G/T)CAAAAC, located in 5' un-
translated region. Products of the expected size
from six reactions each were pooled, purified, and
subcloned as outlined before. DNA sequences of
the PCR products were determined by direct se-
quencing using the CircumVent thermal cycle
dideoxy DNA sequencing technique (New England
Biolabs, Inc., Beverly, MA) and a-35S-dATP (New
England Nuclear, Boston, MA) according to the
manufacturer's instructions. After the authenticity of
the amplification productwas verified, the PCR gen-
erated products were subcloned.

Nucleotide sequences of all subclones were de-
termined by the dideoxynucleotide chain termina-
tion procedure with modified T7 DNA polymerase
(United States Biochemical Corp., Cleveland, OH)
and a-35S-dATP. Oligonucleotide primers were syn-
thesized using an oligonucleotide synthesizer (Ap-
plied Biosystems, Foster City, CA), deprotected,
and desalted by passage through NAP-10 columns
(Pharmacia, Piscataway, NJ).

RNA Blot Analysis

Pathogen-free, adult CD1 mice, weighing 23-25 g
(Charles River, Wilmington, MA) were injected intra-
peritoneally with 0.5 ml of phosphate-buffered sa-
line (PBS) containing 100 pg of LPS (serotype 0.55:
B5) or PBS alone as control. Two animals per time
point (1.5, 3, 6, 12, 24, 48, 72, 168 hours) were sac-
rificed by cervical dislocation after injection, and the
brain, heart, lung, and kidney were harvested. Total
RNA was extracted with guanidine isothiocyanate
from each organ and purified by centrifugation
through a cesium-chloride cushion.20 Fifteen pg of
RNA from each organ at each time point were sep-
arated on a 1% agarose gel, containing 0.4 mol/L
3-N-morpholinopropanesulfonic acid (pH 7.0), 0.1
mol/L sodium acetate, 0.01 mol/L EDTA, and 8%
formaldehyde. The gel was washed three times in
1Ox standard saline citrate (SSC), and RNA trans-
fer was performed on Hybond membrane (Amer-
sham, Arlington Heights, IL) overnight in 20x SSC.
After UV cross-linking, the membrane was incu-
bated for 4 hours at 42 C in prehybridization solu-
tion containing 50% deionized formamide, 5x SSC,
50 mmol/L sodium phosphate (pH 6.5), 1Ox Den-
hardt's solution, 0.125% sodium dodecyl sulfate
(SDS), and 0.5 ml preboiled salmon sperm DNA (5

mg/ml; Sigma) in a final volume of 40 ml. cDNA
probes were prepared from plasmid constructs con-
taining a 1.8-kb cDNA insert for the rat VCAM-122 or
a 1.3-kb cDNA insert for the rat E-selectin (see the
section above). Inserts were excised by restriction
enzyme digestion, fragments were isolated and la-
beled by random priming (MegaPrime, Amersham)
using [a-32P]dCTP (3000 Ci/mmol; New England
Nuclear), and the nonincorporated isotope was re-
moved by column chromatography. Northern blot
hybridizations were performed at 42 C overnight.
Filters were rinsed and then washed at 65 C for 1.5
hours in buffer containing (per liter) 7x SSC, 25
mmol/L sodium phosphate, 1ox Denhardt's solu-
tion, and 0.25% SDS, followed by a half-hour wash
with 0.5x SSC and 0.25% SDS per liter. Filters were
exposed to Kodak XAR-2 film at -70 C with two in-
tensifying screens for 1 hour to 2 days.

Light Microscopy

Pathogen-free, adult CD1 mice (Charles River,
Cambridge, MA) of both sexes were injected intra-
peritoneally with PBS containing either 10 or 100 pg
LPS or PBS alone and sacrificed by cervical dislo-
cation at 1.5, 3, 6, 12, 48, 72, or 168 hours (2-3 an-
imals per time point). Selected organs, including
heart, lung, kidney, brain, liver, and spleen, were
collected from animals that received either the low
(10 pg) or high (100 pg) dose of endotoxin. In one
set of eight animals, these tissues were prepared
for light microscopy by fixation in 10% buffered for-
maldehyde, and after routine processing, sections
were stained with hematoxylin-eosin. In another set
of eight animals the same organs were collected
and snap frozen to be used for immunoperoxidase
studies. In the set of animals receiving 100 pg of
LPS, the additional following organs/tissues were
excised and prepared for immunoperoxidase (for
method see below): tongue, thymus, esophagus,
stomach, pancreas, jejunum, colon, paraaortic
lymph nodes, adrenal glands, aorta, bladder, ovary,
uterus, testis, seminal vesicles, prostate gland, stri-
ated muscle (thigh), skin, ear, and tail.

Immunoperoxidase

VCAM-1 was localized with the use of monoclonal
antibody M/K-2 (generously provided by Dr. P. W.
Kinkade, Oklahoma City, OK).23 An irrelevant,
isotype-matched rat immunoglobulin (Sigma) in the
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appropriate concentration was used as a negative
control. Factor Vill-related antigen was detected us-

ing a rabbit anti-human antibody (Calbiochem, San
Diego, CA) at 1:100. Six-pm-thick frozen sections
were cut from rat tissues previously embedded in
OCT, snap frozen in liquid nitrogen, and mounted
on Vectabond (Vector Laboratories Inc., Burlin-
game, CA) coated glass slides. After air drying for
30 minutes, sections were fixed in 100% ice-cold
acetone for 10 minutes, air dried for 10 minutes,
and stored at -70 C protected by plastic wrap until
further use. Subsequently, sections were air dried
for 30-60 minutes, fixed in 100% acetone at room

temperature for 5 minutes, and washed in PBS (pH
7.4) containing 1% normal goat serum (Gibco BRL,
Grand Island, NY) for 5 minutes. All subsequent
steps were carried out at room temperature. Sec-
tions were incubated with the primary antiserum di-
luted in PBS in a humid chamber for 1.5 hours. Di-
lutions of the primary antiserum were optimized in
pilot experiments to be 1/40. After three PBS
washes, the last containing 1% normal goat serum,

the slides were incubated for 1 hour in a humid
chamber with a goat-anti-rat IgG (heavy and light
chain) peroxidase-conjugated antibody (mouse ab-
sorbed; Caltag Laboratories, South San Francisco,
CA) diluted with PBS. After three washes in straight
PBS, followed by one wash in 0.1 mol/L acetate
buffer (pH 5.2) for 5 minutes, the antibody conju-
gate was detected by incubating the slides in 0.1
mol/L acetate buffer containing 15 ml freshly filtered
3-amino-9-ethylcarbazole (0.1 g; Aldrich, Milwau-
kee, WI) in 25 ml N,N-dimethylformamide and 150

p1 30% hydrogen peroxide as described pre-
viously.24 After a subsequent 5-minute wash in 0.1
mol/L acetate buffer, slides were counterstained in
methyl green for 2 minutes and coverslipped using
gelatin/glycerol.
The construction, expression, and functional

characterization of a soluble form of human
E-selectin have been described in detail else-
where.25 A rabbit polyclonal antibody was gener-
ated to recombinant human soluble ELAM-1. The
metabolic labeling and immunoprecipiation were

performed as described earlier.26 An irrelevant,
isotype-matched rabbit immunoglobulin (Sigma)
was used as a negative control. The immunperoxi-
dase detection protocol for ELAM-1 detection was
similar to that described for VCAM-1. After acetone
fixation, the sections were subjected to methanol:
hydrogen peroxide (100:0.3, v/v) treatment for 8
minutes at room temperature, blocked with 20%
normal swine serum (Organon Technika Co.,
Durham, NC), washed with PBS containing 3% nor-

mal swine serum, and then incubated with the rab-
bit polyclonal antibody, diluted in PBS overnight at 4
C in a humid chamber. Dilutions of primary antibody
were optimized in pilot experiments to be 1:50. After
three washes containing a normal swine serum, the
sections were incubated with swine-anti-rabbit IgG
(heavy and light chain) peroxidase-conjugated anti-
body (absorbed; Dako Co., Carpinteria, CA) for 1
hour at room temperature. The detection of the per-

oxidase labeled antibody, counterstaining, and cov-
erslipping were done as outlined before.

1 TAACAGAAAGTTTCTCCGGTCTAGCATCTGGATGAAAGGAACTGCTGGGGTCATGAATGCCTCGTGCCTTCTCTCTGCTCTCACCTTTGTTCTCCTCATT
M N A S C L L S A L T F V L L I

101 GGAGAGAGCATAGCTTGGTACTACAATGCCTCCAGTGAGCTCATGACATATGATGAAGCAAGTGCGTATTGTCAACGGGACTACACACATCTGGTGGCGA
G E S I A W Y Y N A S S E L M T Y D E A S A Y C Q R D Y T H L V A I

201 TTCAGAACAAGGAAGAGATCAATTACCTAAACTCCACTCTGAGGTATTCACCAAGTTATTACTGGATTGGAATCAGAAAAGTCAATAATGTATGGATCTG
Q N K E E I N Y L N S T L R Y S P S Y Y W I G I R K V N N V W I W

301 GGTGGGGACCCAGAAGCCTCTGACGGAGGAAGCTAAGAACTGGGCGCCAGGTGAACCAAACAACAAACAAAGAAACGAGGACTGTGTAGAGATCTACATC
V G T Q K P L T E E A K N W A P G E P N N K Q R N E D C V E I Y I

401 CAAAGACCCAAAGACTCCGGCATGTGGAATGACGAGAGATGTGACAAAAAGAAACTGGCTCTGTGTTACACAGCTTCCTGTACCAACACATCCTGCAGTG
Q R P K D S G M W N D E R C D K K K L A L C Y T A S C T N T S C S G

501 GTCACGGTGAATGCGTTGAGACCATCAATAGTTATACCTGCAAATGTCACCCCGGCTTCCTGGGACCCAAGTGTGACCAAGTTGTGACCTGCCAAGAACA
H G E C V E T I N S Y T C K C H P G F L G P K C D Q V V T C Q E Q

601 GGAATACCCTGACCATGGAAGCCTGAACTGCACCCACCCATTCGGCCTCTTCAGCTATAATTCATCCTGCTCCTTCAGCTGTGAAAGGGGCTATGTGCCC
E Y P D H G S L N C T H P F G L F S Y N S S C S F S C E R G Y V P

701 AGCAGCATGGAGACCACAGTGTGGTGTACATCCTCTGGAGAGTGGAGTGCACCTGCTCCTGCCTGCCATGTGGTTGAATGTAAAGCTTTGACCCAACCTG
S S M E T T V W C T S S G E W S A P A P A C H V V E C K A L T Q P A

801 CCCACGGAGTCAGGAAATGTTCCTCAAATCCTGGGAGCTACCCATGGAATACAACGTGCACGTTTGACTGTGAGGAAGGGTACAGGAGAGTTGGAGCTCA
H G V R K C S S N P G S Y P W N T T C T F D C E E G Y R R V G A Q

901 GAATCTACAGTGTACCTCATCCGGTGTCTGGGACAACGAGAAGCCATCGTGCAAAGCTGTGACCTGTGATGCCATCCCTCGGCCTCAGAATGGCTCTGTG
N L Q C T S S G V W D N E K P S C K A V T C D A I P R P Q N G S V

1001 AGCTGCAGCAACTCAACGGCTGGAGCGCTTGCCTTTAAGTCTTTCTGTAATTTTACCTGTGAGCACAGTTTCACATTGCAGGGCCCAGCCCAGGTTGAAT
S C S N S T A G A L A F K S F C N F T C E H S F T L Q G P A Q V E C

1101 GCAGTGCACAAGGGCAGTGGACACCACAAATCCCAGTGTGCAAAGCTTCCCAGTGTGAAGCCTTATCTGCACCACAGCGAGGCCACATGAAATGTCTTCC
S A Q G Q W T P Q I P V C K A S Q C E A L S A P Q R G H M K C L P

1201 CAGTGCCTCTGCACCCTTCCAAAGTGGGTCCAGTTGTAAGTTCTCCTGTGACGAAGGATTTGAATTGAAGGGATCAAGAAGGCTTCAGTGTGGTCCAAGA
S A S A P F Q S G S S C K F S C D E G F E L K G S R R L Q C G P R

1301 GGGGAGTGGGACAGCGAAAAGCCCACATGTGCAGGGGTACAGTGTTCAAGCCTTGACCTTCCAGGAAAGATGAACATGAGTTGCAGTGGGCCAGCAGTTT
G E W D S E K P T C A G V Q C S S L D L P G K M N M S C S G P A V F

1401 TTGGCACGGTATGTGAATTTACATGTCCTGAGGGTTGGACACTCAACGGATCTTCAATCCTGACATGTGGTGCCACAGGACGCTGGTCTGCGATGCTGCC
G T V C E F T C P E G W T L N G S S I L T C G A T G R W S A M L P

1501 TACTTGTGAAGCCCCAGCCAACCCTCCCCGTCCCTTGGTAGTGGCACTTTCTGTGGCAGCAACCTCACTTCTGACATTGTCCTCATTGATCTACGTGTTG
T C E A P A N P P R P L V V A L S V A A T S L L T L S S L I Y V L

1601 AAGAGATTCTTTTGGAAGAAAGCAAAGAAATTCGTTCCTGCTAGTAGCTGCCAAAGTCTTCAATCGTTTGAAAACTATCAAGGGCCTTCTTACATCATTT
K R F F W K K A K K F V P A S S C Q S L Q S F E N Y Q G P S Y II -

1701 AAGTTCAA

Figure 1. Nucleotide sequence of the rat E-selectin cDNA and predicted amino acid sequence of rat E-selectin protein.
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Results

Isolation and Characterization of Rat
E-Selectin Gene

The rat E-selectin gene was cloned by PCR. Three
sets of degenerate primers were synthesized from
conserved sequences found in the human,3 rab-
bit,27 and mouse28 E-selectin cDNAs and used in
the initial amplification. Three overlapping amplifica-
tion products were obtained, and a composite se-
quence of the open reading frame was derived
(Figure 1). DNA sequences from three independent
clones for each amplification product were obtained
to eliminate PCR-generated sequence errors. Trans-
lation of the open reading frame generated a pro-
tein with a calculated molecular weight of 60,132
and an estimated isoelectric point of 6.6.

The rat E-selectin had a predicted hydrophobic
signal sequence, a C-type lectin domain, five com-
plement regulatory (CR) repeats, a single trans-
membrane domain, and a short cytoplasmic region.
The rat E-selectin lectin domain was 76.6% homolo-
gous to the other E-selectins and fits the consensus
for a C-type recognition domain.29 This domain is
most conserved in the E-selectins and is consistent
with a functional role for this domain in the recogni-
tion of similar carbohydrate ligands. Recently an
E-selectin region critical for carbohydrate recogni-
tion and cell adhesion was determined.30 The loca-
tion of amino acid side chains, the mutations of
which appeared to affect sialylated Lewis X recog-
nition, were found in a small region on the surface
of one side of the lectin domain. Although conserva-
tion of the lectin domain is generally high (Figure 2),
the specific residues believed to be involved in car-
bohydrate recognition31 are completely conserved
in all species consistent with the structural model.

Comparison of the rat E-selectin epidermal
growth factor-like domain to the other E-selectins
(Figure 2) revealed that the arrangement of cys-
teines characteristic of this domain32 is conserved.
Most of the residue changes in this domain were
neutral substitutions. The deduced rat E-selectin se-
quence encoded five CR repeats, a striking differ-
ence from the six similar repeats found in the hu-
man and mouse genes. The rat E-selectin does not
contain the fifth CR domain. Interestingly, the rabbit
E-selectin lacks the fourth CR domain.27 This lack of
a CR element in the rat E-selectin could reflect alter-
native mRNA splicing events. Alternatively, the cor-
responding exon or its flanking sequences in the rat
E-selectin gene could have been altered or deleted.
The diversity in the CR repeats expressed in the

E-selectins suggests that some variability in the
number of these structures is tolerated in the func-
tion of E-selectins. The transmembrane region of
the selectins is not well conserved (21%). The rat
ELAM-1 has four potential N-linked glycosylation
sites that are conserved in all four species.

Regulation of ELAM-1 and VCAM-1
transcript expression in vivo

VCAM-1 and ELAM-1 transcripts were dramatically
induced in all organs examined after intraperitoneal
endotoxin administration. These transcripts were
detected by 1.5 hours after LPS treatment; maximal
transcript expression occurred at 1.5-3 hours and
then gradually declined (Figure 3). For each gene,
only one major transcript was detected, 3.2 kb for
VCAM-1 and about 4 kb for ELAM-1; no new adhe-
sion molecule transcript species were detected by
Northern blot analysis. The general kinetic pattern
of transcript accumulation for the two adhesion mol-
ecules was similar in all organs examined. Induced
expression of ELAM-1 and VCAM-1 was greatest in
the lung, where maximal transcript content was
greatest and detectible expression persisted for
longer than 3 days.

Immunohistochemical Studies

Specificity of the immunohistochemical staining was
demonstrated by complete absence of staining
product using either a nonspecific rat immunoglob-
ulin or the secondary antibody alone. Induced
VCAM-1 expression in the vasculature was qualita-
tively similar over a range of LPS dosages (5-100
pg) and differed only in the staining intensity, which
was slightly stronger at the high endotoxin dose.

Macro- and Microvasculature Expression
of VCAM-1

Considerable differences were detected in the
basal and LPS-induced levels of VCAM-1 expres-
sion in the micro- and macrovasculature. Basal ex-
pression of VCAM-1 was seen in small and
medium-sized arteries in the lung and kidney, as
well as in the aorta. Expression consisted of a
strong staining pattern with one or more individual
endothelial cells surrounded by immunohistochemi-
cally negative flanking cells.

Most endothelia were capable of expressing
VCAM-1 after LPS administration. VCAM-1 expres-
sion was detectable 1.5 hours following LPS injec-
tion and peaked at 6 hours. VCAM-1 expression



730 Fries et al
AJP September 1993, Vol. 143, No. 3

SP RT
M
RB
H

LECTIN RT
M
RB
H

RT
M
RB
H

EGF RT
M
RB
H

MNASCLLSALT--F
RN&SRFLSALV--F
KVASWLLBTLTFAL
MIASQFLEALT--L

YLLIGZSIAWYYNABSLKlDZAB AYCQRD"YT.LVAIQ.n.NYLNSTLRYSPBYZGS M IWVTQKPL
VLLAGZSTAWYYNABS3LTYDnXSAYCQRDYTXV? QMlXZINYMS NLKHSP YWL K YVIV-GKPI
VLLIKETSTWTYHFSNTYDnBAAYCQQNY LVA EID...ILDYS...WYI HPLf
.VLLIKDSGAWSYNTSTBAMYDEBAYCOQRYfTlLThZQQK -:EYXN*SILSYSPBYYWIRU WV.VQ...~~~~~~~~~~~~. .,... .......-... ............. - .-............................................ ..................-

CR1 RT
M
RB
H

CR2 RT
M
RB
H

CR3 RT

RB
H

VVTOQEQEYPDHGSBLI
AT.CKPQEHPDYQS8?
VyTOEAQVQPQHGL
IV.wNOTALESPEHG .L......N..>

.......;.-.- -TV
3OERGV1LSTT-
D 3 3-' T-

TWOD)
A.VTCD.

vs,o"...)e

CR4 RT E-SQo-

H

iPEQSGS NDI

,PIQNGBO.....EI
,SS'Y.. C$BEVOEl

CR5 M
RB
H

CR6 RT
M
RB
H

TM RT
M
RB
H

CYTO1 RT
M
RB
H

.>... .R...0

,PQ

G ..Q.
*Y 'S L*

APANPPR VAAT SLLLSSLIYYLKRFFWKN
A#VSPTRSTVSAGTR SSLLYLLNRYFRKK
EPIASNVP AVGLSVSGT FItTSFLLWFLKYFRXK
APTESNIP$VAGG TPFLLWLRKCLR-%

CYT02 RT B-CQSLSFENYQGSYII
M -CQSIQSFENY yNV

RB RYVGEAHGNCQVPSHLI
H !-CQSLESDGSYQ SYIL

Figure 2. Structural homology of the rat (RT), mouse (M), rabbit (RB), and human (H) E-selectin amino acid sequence. Conserved amino acids
in allfour sequences are printed in bold and boxed. Sequences are displayed according to their respective domains by aligning them visually ac-
cording to conserved amino acids. SP, signal peptide; LECTIN, lectin domain; EGF, epithelial growth factor-like domain; CR 1-6, consensus
complement-like repeats; TM, transmembrane domain; CYTO, cytoplasmic domain.
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Figure 3. Northern blot analysis of transcript levelsfor VCAM-1 (top)
and E-selectin (middle) in three different organs before and at vari-

ous times after LPS injection. (Bottom) comparable amounts of intact
total RNA were loaded for each organ and time point as assessed by
staining with ethidium bromide.

was stronger in the arterial than in the venous sys-

tem in brain, heart, lung, liver, kidney, and central
vessels. The expression continued to be strong in
arterial vessels for up to 72 hours, while at that time
the venous system displays a much less prominent
pattern of expression. The most remarkable differ-
ence in expression was observed in the microvas-
culature. Capillary endothelial cells in general
showed a uniform but weak VCAM-1 expression of
short duration at high LPS doses in most organs, in-
cluding the lungs and the kidneys. Serial sections of
brain, lung, and kidney stained for factor VIII-related
antigen revealed that all capillary endothelial cells
weakly expressed VCAM-1 (data not shown). This
expression was highly restricted to the time points
of maximal expression in the arterial system, while
thereafter it dropped to undetectable levels. This
finding contrasted to the marked capillary endothe-
lial cell expression for VCAM-1 in the brain, which
was sustained after LPS induction over more than
24 hours before returning to background levels.
These results are consistent with proposals that
capillary endothelium may be phenotypically differ-
ent from the endothelial cells lining large vessels
(eg, Ref. 33).

Expression of VCAM- 1 in Specific Organ
Systems

Aortic endothelium expressed VCAM-1 constitu-
tively but was patchy and weak (Figures 4 and 5).
VCAM-1 expression on the aortic endothelium
peaked at 6 hours after endotoxin but positivity di-
minished to background levels by 1 week. Lower
levels of inducible VCAM-1 expression were seen in
aortic smooth muscle cells (Figure 5). In the lung,
constitutive, patchy staining occurred in the endo-
thelium of arteries and venules (Figure 4). It ap-
peared that single endothelial cells were positive
adjacent to numerous negative endothelial cells. At
6 hours, when maximal staining in the lung was ob-
served, patchy, faint VCAM-1 expression developed
in alveolar septa, suggesting that capillary endothe-
lium was focally positive. Weak constitutive staining
of endothelium in arteries, arterioles, and veins was
also present in the kidneys as well as very faint cap-
illary staining adjacent to the tubuli (Figure 4). By 6
hours after intraperitoneal administration of LPS,
maximal signals for VCAM-1 were noted in the
endothelium of all vessels, including capillaries.
Glomeruli were predominantly negative, although a
focal, faint mesangial expression occurred at 6
hours, which was undetectable at all other time
points. In the heart, control animals demonstrated
patchy, weak endocardial staining (Figure 6). Fol-
lowing LPS administration, the extent and intensity
of endocardial VCAM-1 expression increased. Cap-
illaries in the myocardium developed faint positivity,
but arteries in both the myocardium and the epicar-
dium were strongly positive. VCAM-1 expression di-
minished to background levels by 1 week, but there
was residual staining on both endocardium and in a
few of the arteries in the epicardium. As compared
to other organs, capillary staining in the brain was
more prominent, peaking at 6 hours, but as in other
organs, it quickly decreased over time. Although
there was faint VCAM-1 positivity in arteries of the
portal triads of the liver, sinusoids and central veins
remained negative. In addition to arterial and venu-
lar endothelial VCAM-1 expression in the spleen
that followed kinetics similar to that of other organs,
there was a moderate positivity of the reticulum of
the red pulp. This increased in intensity by 6 hours
after endotoxin inoculation and decreased but re-
mained positive at 1 week. A similar, LPS-inducible
pattern of VCAM-1 expression was observed in lym-
phoid reticulum outside the germinal centers. The
adrenal gland displayed only a very faint VCAM-1

udeia"'
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Figure 4. Comparison of the pattern of VCAM-1 expression in the aorta, lung, and kidneyfollowing LPS induction. Sections ofaorta (left coluimn),
lung (center column), and kidney (right column), following 0 (top rou'), 3 (second row), 6 (third row), and 72 hours (fourth row) after LPS ad-
ministration. (Bottom row) sections stained with normal rat IgG, 6 hours after LPS administration.

signal in its medullary capillaries 6 hours after in-
duction. Other organs (ie, esophagus, stomach, je-
junum, colon, bladder, muscle, skin, and male and
female genital organs) demonstrated similar pat-
terns and kinetics of vascular expression, particu-
larly in the arterial circulation.

Histological sections in control and inoculated
animals at 1.5, 3, and 6 hours after inoculation were

studied to determine whether there was margination
of leukocytes in the vessels at the time of maximal
E-selectin and VCAM-1 expression. Heart, lung, kid-
ney, brain, and liver were examined (data not
shown). Endothelium in control organs did not con-
tain adherent neutrophils, although scattered mono-
nuclear cells were present. After systemic endotoxin
administration, significant margination of leukocytes
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Figure 5. Expression of VCAM-1 in the aorta. Sections of aorta fol-
lowing 0 (top row), 3 (second row), 6 (third row), and 72 (fourth
row) hours after LPS administration. (Bottom row) negative control.

was not detected in any organ. Notably, these foci
occurred only where there was a very small amount
of perivascular mononuclear inflammation.

Extravascular VCAM-1 Expression

VCAM-1 expression was not confined to vascular
endothelial cells in the endotoxin-treated animals
(Figure 6). Immunohistochemically detectable con-

stitutive epithelial VCAM-1 expression was ob-
served in the esophagus and the bladder, which
was inducible by LPS and peaked at 6 hours. Stro-
mal staining was observed in the testis and around
the follicles in the ovary. The testicular staining was
constitutive and did not increase. The VCAM-1 ex-

pression in the ovarian stroma was not present in
uninduced animals but was seen maximally at 3
hours after LPS administration. Inducible extravas-
cular staining was observed in the choroid plexus
with a maximum intensity at 6 hours. In general, the

intensity of extravascular staining was less than the
degree of endothelial staining. VCAM-1 may have
function(s) in these extravascular tissues indepen-
dent of its role in leukocyte adhesion to endothelial
cells. Alternatively, the extravascular staining by the
VCAM-1 antibody is due to the recognition of an
epitope on a distinct protein(s) in these tissues.

Expression pattern of ELAM- 1

Specificity of the anti-ELAM-1 antibody was as-
sessed by both immunoprecipitation and immuno-
histochemical criteria. Immuoprecipitation with the
anti-soluble ELAM-1 antibody of extracts from meta-
bolically labeled and detergent-lysed control and
IL-13-treated cultured human umbilical vein endo-
thelial cells revealed that the antibody did not rec-
ognize anything from control cells (Figure 7). In con-
trast, the antibody recognized a protein of the
expected size (110,000 d) in extracts of cytokine-
treated cells. Specificity of the immunohistochemi-
cal staining was demonstrated by minimal endothe-
lial staining using either a purified absorbed rabbit
immunoglobulin or the secondary antibody alone.
Some staining of tracheal epithelium and interstitial
tissue was seen with this antibody (data not shown).
No immunohistochemically detectable constitu-

tive expression of ELAM-1 could be found in any of
the vascular beds investigated. After LPS treatment,
ELAM-1 expression was observed in the endothelial
cells in medium and small veins in the lung (Figure
8), the heart, and the kidney (data not shown). In
contrast to the VCAM-1 pattern of expression, no
ELAM-1 expression was detectable in the aortic
endothelium with this antibody.

Discussion
The present study describes the in vivo pattern of
gene expression of endothelial leukocyte adhesion
molecules elicited by intraperitoneal administration
of endotoxin. We find that endotoxin can stimulate
VCAM-1 and ELAM-1 gene expression; however,
the widespread modulation of the endothelial cell
surface phenotype did not correlate with leukocyte
infiltration. Analysis of VCAM-1 transcript content
and endothelial surface phenotype revealed some
adhesion molecule expression in the endothelium of
control animals. Focal (or patchy) VCAM-1 staining
was seen in multiple organs. For example, VCAM-1
expression was detected in individual endothelial
cells in small and medium-sized vessels in the lung.
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Figure 6. Basal and induced VCAM-1 expression in selected organs. Basal expression (first and third columns from the left) and maximally in-
duced (6 hours after LPS administration) expression (second andfourth columnsfrom the left) in mid-brain (top row, first and second columns);
choroidplexus (top row, third andfourth columns); heart valve (second row, first and second columns); lymph node (second row, third andfourth
columns); esophagus (third rou; first and second columns); bladder (third row, third andfourth columns); ovary (bottom row, first and second
columns); testis (bottom row, third andfourth columns).

Expression was confirmed by the presence of low
levels of VCAM-1 transcript in RNA samples from
control lungs. No evidence for constitutive expres-
sion of ELAM-1 on the large vessels was observed
in this mouse model, in contrast to previous results
with human biopsy samples.33

Endotoxin administration resulted in dramatically
increased VCAM-1 and ELAM-1 gene expression
and modulation of the endothelial phenotype. Endo-
thelial activation was widespread, involving most or-
gans examined, but was particular strong in the

lung, heart, and aorta. Endothelial activation follow-
ing LPS administration is due either to the direct ef-
fects of LPS on endothelium or to the indirect
effects mediated by activated neutrophils, mononu-
clear cells, or products released from these cells. In
general the endothelial induction of leukocyte adhe-
sion molecules was much more dramatic than the
induced expression of VCAM-1 in extravascular tis-
sues. The high circulating levels of cytokines found
in systemic sepsis (eg, reviewed in Ref. 34) may
generate the extraordinary levels of leukocyte adhe-
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Figure 7. Immunoprecipitation of ELAM-1 from extracts of IL-1,-
treated human endothelial cells with a rabbit anti-soluble form of
ELAM-1. Human umbilical vein endothelial cells were cultured for 4
hours in the absence (-) or presence (+) of 1 ng/ml of IL-1,. Deter-
gent lvsates of each were immunoprecipitated u'ith monoclonal aniti-
body 3B7 or the Ig fractions ofgoat anti-ELAM-1-420 (GaE), rabbit
prebleed, or rabbit anti ELAM-1-420 (RaE).

sion molecule expression in the vasculature, while
having less of an effect on VCAM-1 expression in
nonvascular tissues.
The kinetics of ELAM-1 and VCAM-1 transcript

accumulation in several organs following intraperito-
neal endotoxin administration were surprisingly sim-
ilar. In cytokine-activated cultured human umbilical
vein endothelial cells, both the ELAM-1 and
VCAM-1 genes are transcriptionally activated by
cytokines.35'36 The large increases in endotoxin-
induced VCAM-1 and ELAM-1 transcript content
seen in these studies are consistent with the previ-
ous in vitro findings demonstrating that the induced
expression of the VCAM-1 and ELAM-1 genes is the
result of new gene transcription. In cultured human
umbilical vein endothelial cells, cytokine-induced
ELAM-1 transcript accumulation is maximal within
1-2 hours, followed by a return to a near-basal level
by 24 hours. Cytokine-induced VCAM-1 transcripts
accumulated more slowly, reaching maximal levels
at 24 hours, and persisted for several days. The dif-
ferences between the pattern of leukocyte adhesion
molecule transcript accumulation seen in cultured
endothelial cells and the pattern in this murine
model raises the possibility that additional cytokines
generated by resident cells in vivo changes the pat-
tern of expression. This possibility is consistent with
recent observations in which it was shown that IL-4
can augment the capacity of TNF-a to selectively
promote VCAM-1 expression and the development
of T-cell-rich infiltrates.17

Figure 8. Pattern ofELAM-1 expression in lung. Sections of lung fol-
lowing: 0 (top), 1.5 (second from top), 3 (third from top) and 6
(fourth from top) hours after LPS administration. (Bottom) negative
control.

Our data suggest that transiently increased ex-

pression of VCAM-1 and ELAM-1 is not sufficient in
this in vivo model for the development of leukocyte
adhesion. It was suggested that expression of se-

lectins, such as E- and L-selectin, is important in
the initial, low-affinity adhesive events (rolling)
between leukocytes and activated endothelial
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cells. 14'15 Similarly, in vitro blocking studies suggest
that VCAM-1-dependent adhesion plays a role in
the adhesion of lymphocytes to the endothelial cell
surface,37 even under conditions of flow.38 The roll-
ing leukocyte is then activated by cytokines or
chemoattractants. Firm adhesion and subsequent
leukocyte extravasation depend upon recognition of
ICAM-i 1415 These studies suggest that multiple
adhesive interactions are important for leukocyte
adhesion and transmigration.

Although adhesion molecules have assumed
conceptual significance in most models of
leukocyte-endothelial interactions, they are not nec-
essary for these events. ELAM-1 is not necessary
for neutrophil adhesion because neutrophil-directed
mediators stimulate adhesion.16'39 Previous studies
localizing ELAM-1 expression in human biopsy
samples have shown that ELAM-1 expression can
occur in the absence of leukocyte adhesion (re-
viewed in Ref. 40). Additionally, in a baboon model
of septic shock, many vessels including arteries, si-
nusoids, and glomerular capillaries expressed
ELAM-1 but exhibited minimal leukocyte adhe-
sion.19 Similarly, expression of VCAM-1 is neither
necessary nor sufficient for mononuclear cell adhe-
sion in some in vivo models (eg, see Ref. 41).
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