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Ivanov, Andrei I., Alexandre A. Steiner, Adrienne C.
Scheck, and Andrej A. Romanovsky. Expression of Eph recep-
tors and their ligands, ephrins, during lipopolysaccharide fever in
rats. Physiol Genomics 21: 152-160, 2005. First published January
25,2005;doi;10.1152/physiolgenomics.00043.2004.—Erythropoietin-
producing hepatocellular (Eph) receptor tyrosine kinases and their
ligands, ephrins, are involved in embryogenesis and oncogenesis by
mediating cell adhesion and migration. Although ephrins can be
induced by bacterial LPS in vitro, whether they are involved in
inflammation in vivo is unknown. Using differential mRNA display,
we found that a febrigenic dose of LPS (50 pg/kg iv) induces a strong
transcriptional upregulation of ephrin-Al in rat liver. We confirmed
this finding by real-time RT-PCR. We then quantified the mRNA
expression of different ephrins and Eph receptors at phases 1-3 of
LPS fever in different organs. Febrile phases 2 (90 min post-LPS) and
3 (300 min) were characterized by robust upregulation (up to 16-fold)
and downregulation (up to 21-fold) of several ephrins and Eph
receptors. With the exception of EphA2, which showed upregulation
in the brain at phase 2, expressional changes of Eph receptors and
ephrins were limited to the LPS-processing organs: liver and lung.
Characteristic, counter-directed changes in expressional regulation of
Eph receptors and their corresponding ligands were found: upregula-
tion of EphA2, downregulation of ephrin-Al in the liver and lung at
phase 2; downregulation of EphB3, upregulation of ephrin-B2 in the
liver at phase 2; downregulation of EphA1l and EphA3, upregulation
of ephrins-Al and -A3 in liver at phase 3. In the liver, transcriptional
changes of EphA2 and EphB3 at phase 2 were confirmed at protein
level. These coordinated, phase-specific responses suggest that differ-
ent sets of ephrins and Eph receptors may be involved in cellular
events (such as disruption of tissue barriers and leukocyte transmi-
gration) underlying different stages of systemic inflammatory re-
sponse to LPS.

systemic inflammation; endotoxin; receptor tyrosine kinases

EPHRINS ARE MEMBRANE-BOUND LIGANDS of the so-called erythro-
poietin-producing hepatocellular (Eph) receptors, the biggest
family of receptor tyrosine kinases (for reviews, see Refs. 19,
30, 47). Ephrins (from Eph family receptor-interacting ligands)
are divided into two subclasses, A and B. All five ephrins of the
A subclass (A1-AS5) are tethered to the membrane via a
glycosylphosphatidylinositol anchor, whereas all three ephrins
of the B subclass (B1-B3) are integral membrane proteins.
There are also two subclasses of Eph receptors, A and B, that
correspond to the two subclasses of ligands. All eight members
of the A receptor subclass (EphA1-EphAS) interact with all
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ephrin-A ligands; all six members of the B receptor subclass
(EphB1-EphB6) bind all ephrin-B ligands. Because all ephrins
and Eph receptors are membrane-associated proteins, a direct
cell-cell contact is required for receptor activation. Whereas
ligand binding to other receptor tyrosine kinases induces sig-
naling only in the receptor-bearing cell, the ephrin-Eph binding
triggers signaling in both the receptor-bearing cell (“forward”
signaling) and the ligand-bearing cell (“reverse” signaling) (12,
19, 30). Transduction of reverse signals by ephrins of the B
subclass involves the phosphorylation of the cytoplasmic tail of
the ephrin-B molecule. Ephrin-A ligands lack a cytosolic
domain and initiate reverse signaling by clustering into mem-
brane lipid rafts. Bidirectional signaling triggered by ephrin-
Eph can promote both the repulsion and attraction of the
involved cells (Refs. 19, 30, 47; also see DISCUSSION).

A major insight into the biological function of ephrins and
Eph receptors has come from studies of embryogenesis: these
proteins have been found to play prominent roles in the
formation of tissue boundaries, neural crest cell migration,
axon guidance, and angiogenesis (10, 19, 30, 47). Although
ephrins and Eph receptors are expressed in tissues of adult
mammals, the functions of these molecules in the postnatal
period remain enigmatic. Interestingly, the first member of the
ephrin family, ephrin-A1 (previously known as B61 protein),
was identified as an immediate early response gene induced in
cultured endothelial cells by bacterial lipopolysaccharide
(LPS) and proinflammatory cytokines, such as tumor necrosis
factor (TNF)-« and interleukin (IL)-1f (14, 16). Subsequent in
vitro studies revealed the expressional regulation of other
ephrins (A5 and B1) and some of the Eph receptors (EphA2
and EphA3) by TNF-a and IL-1 in different cell lines (5, 21,
22, 41). Nothing is known about the involvement of ephrins or
Eph receptors in inflammation in vivo.

The present study started with a serendipitous observation.
By using a differential display of mRNA from the rat liver, we
have discovered that ephrin-Al is one of a very few genes
strongly upregulated by a mild dose of intravenous LPS. We
then conducted a systematic, quantitative RT-PCR analysis of
the expression of different ephrins and Eph receptors in tissues
of rats treated with this dose of LPS.

Mild doses of LPS are known to cause a polyphasic febrile
response: at least three distinct febrile phases (phases 1-3)
have been identified in rats and mice (33, 39, 40, 42). The
division of the systemic inflammatory response to LPS into
three febrile phases is important. Indeed, different phases are
characterized by different behavioral manifestations (so-called
sickness symptoms; for review, see Ref. 36). For example,
phase 1 is associated with hyperalgesia/allodynia and motor
hyperactivity, whereas phase 2 is associated with hypoalgesia
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and sleepiness (38). Humoral and neural mechanisms of the
immune system-to-brain signaling contribute differently to
different febrile phases (46). Furthermore, the three phases are
characterized by distinct patterns of gene expression (17, 18).
All three phases were studied in the present work.

MATERIALS AND METHODS

Animals and Surgical Preparation

Seventy-two 2-mo-old male inbred Wistar Kyoto rats (Harlan
Sprague-Dawley, Indianapolis, IN) were used in this study. All rats
were initially housed three per standard “shoebox;” after surgery, they
were caged singly. The room was on a light-dark cycle of 12:12 h
(lights on from 7 AM to 7 PM). Food (Teklad Rodent Diet “W” 8604;
Harlan Teklad, Madison, WI) and water were available ad libitum.
Each animal was subjected to chronic jugular catheterization. The
surgery was performed under ketamine-xylazine-acepromazine (55.6,
5.5, and 1.1 mg/kg, respectively, ip) anesthesia, as described else-
where (40). Briefly, a silicone catheter was passed into the superior
vena cava through the jugular vein, and the free end of the catheter
was exteriorized at the nape. On day [ postsurgery, the catheter was
flushed with heparinized (50 U/ml) saline; on day 3, the rat was used
in an experiment. All experiments were started between 8 and 9 AM.
This study was approved by the St. Joseph’s Hospital and Medical
Center Animal Care and Use Committee.

Tissue Harvesting

Protocol 1. This protocol was designed to collect liver samples for
differential mRNA display. Six rats in their cages were transferred to
a climatic chamber (Forma Scientific, Marietta, OH) set to a temper-
ature of 29°C and 50% relative humidity (these conditions correspond
to the thermoneutral zone for Wistar rats; see Ref. 37). After a 1-h
stabilization period, three rats were injected with Escherichia coli
0111:B4 LPS (Sigma-Aldrich, St. Louis, MO; 50 pg/kg iv) and three
others with saline (1 ml/kg iv). The 300-min postinjection time point
(corresponds to phase 3 of the febrile response) was selected for tissue
harvesting. At this point, each rat was anesthetized with a small dose
of ketamine-xylazine-acepromazine cocktail (5.6, 0.6, and 0.1 mg/kg,
respectively, iv) and removed from the chamber. The thoracic cavity
was opened, and the rat body was perfused through the left ventricle
of the heart (right atrium cut) with 30 ml of saline followed by 30 ml
of an RNA-preserving solution [RNAlater (Ambion, Austin, TX)
diluted 1:1 with saline]. Samples of the liver were harvested and snap
frozen in liquid nitrogen.

Protocol 2. For quantifying the expression of ephrins and Eph
receptors by real-time RT-PCR, samples of the liver, lung, and brain
(hypothalamus) were harvested according to protocol 2. Seven groups
of rats (6 animals/group) were instrumented as in protocol 1. Three
groups were injected with LPS (50 pg/kg iv) and three groups with
saline (1 ml/kg iv), and one group remained untreated. The rats treated
with LPS or saline were anesthetized for tissue harvesting at 30, 90,
and 300 min postinjection. As reported in our recent study using the
same model (18), these time points correspond to the maximal rate of
body temperature rise at each of the three febrile phases. The un-
treated controls were anesthetized at a time point corresponding to the
time of LPS or saline injection in the other six groups (0 min). This
design permitted expressing the results obtained in the LPS- and
saline-treated rats relative to the untreated controls, thus accounting
for potential circadian dynamics in gene expression. Each rat was then
perfused as in protocol 1, and samples of the liver and right lung were
collected and snap frozen in liquid nitrogen. The rat was then
decapitated, the brain was removed, and the entire hypothalamus was
dissected and frozen. All samples were stored at —80°C.

Protocol 3. This protocol was designed to collect liver samples
from 12 LPS-treated and 12 saline-treated rats for immunoblotting.

Physiol Genomics « VOL 21

The purpose of this experiment was to confirm at the protein level the
principal changes (i.e., those at febrile phases 2 and 3) found at the
mRNA level in the RT-PCR experiment. This protocol was identical
to protocol 2 except for two details. First, tissue harvesting was
delayed by 20 min compared with the corresponding time points in
protocol 2, i.e., the rats were anesthetized at 110 min (phase 2) or 320
min (phase 3) after administration of LPS or saline. Second, no
RNA-preserving solution was used for perfusion.

RNA Isolation

Total RNA was isolated from the tissue samples using RNeasy kits
(Qiagen, Valencia, CA) and treated with DNase I (Ambion). Its purity
was verified by finding that the 260:280-nm absorption ratio was
>1.9; its integrity was confirmed by the presence of two well-defined
28S and 18S rRNA electrophoretic bands. The amount of the isolated
RNA was quantified by absorption at 260 nm. For a more detailed
description, see Ref. 17.

Differential Display of mRNA

RT-PCR and electrophoresis. Differential display was performed
using a Hieroglyph mRNA Profile and FluoroDD kits (Beckman
Coulter, Fullerton, CA) according to manufacturer’s instructions (also
see Ref. 23). Briefly, four subpopulations of cDNA were generated
from each RNA sample using SuperScript II RT (Invitrogen, Carls-
bad, CA) and four different “anchored” primers (AP) represented by
oligo(dT) primers linked to a T7 promoter-derived sequence. The RT
reaction was performed using 10 ng/pul total RNA, 2 U/l enzyme, 0.2
M AP, and a mixture of fluorophore-labeled dNTPs (20 wM each) in
a total volume of 20 pl. The same AP was used as a 3’-primer in the
subsequent PCR reaction in a combination with a 5'-arbitrary primer
(ARP; a random decamer containing a fragment of the M13 se-
quence). The PCR reaction was performed by adding 2 pl of the RT
product to 18 pl of a solution containing 0.2 uM AP, 0.2 pM ARP,
0.05 U/l AmpliTaqg DNA polymerase (Applied Biosystems, Foster
City, CA), and fluorophore-labeled dNTPs (20 wM each). Both the RT
reaction and PCR reaction were conducted in a Perkin Elmer 9700
thermal cycler (Applied Biosystems). Each PCR sample (7 pl) was
mixed with a sample-loading dye (4 wl), incubated at 95°C for 2 min
to cause RNA denaturation, and loaded onto a 4.5% urea-polyacryl-
amide gel. All samples were loaded in duplicate. The electrophoresis
was run on a Genomyx LR Programmable DNA Sequencer (Beckman
Coulter) for 6 h. The gel was dried, and DNA fragments were
visualized using Genomyx SC Fluorescent Scanner (Beckman Coulter).

Identification of differentially expressed DNA fragments. When a
band showed a differential expression in all LPS-treated rats com-
pared with saline-treated rats, this band was excised from the gel, and
the corresponding cDNA fragment was eluted from the agarose by
incubation (50°C, 1 h) in 0.1 M Tris-EDTA buffer (pH 7.0). The
eluted product was reamplified by PCR using the same AP-ARP pairs
as for the differential display. The reamplified DNA fragments were
run on a 1% agarose gel, excised, and purified with a QIAquick PCR
purification kit (Qiagen). A unidirectional sequencing reaction was
then performed on an ABI 377 automated DNA sequencer (Applied
Biosystems) using either T7 or M13 primer and an ABI Prism BigDye
terminator-sequencing kit according to the manufacturer’s instruc-
tions. The obtained sequence was compared with entries in GenBank
using the BLAST program.

Real-Time RT-PCR

The isolated RNA was reverse transcribed to cDNA by oligo(dT)
priming using a GeneAmp RNA PCR kit (Applied Biosystems) and
SuperScript II RT. Hepatic and pulmonary RNA samples were 2 g
each, and all hypothalamic samples were 1 g each; the reaction
volume was 20 pl. Real-time PCR was performed using a LightCycler
(Roche Molecular Biochemicals, Indianapolis, IN). The concentration
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of double-stranded cDNA after each cycle of amplification was
monitored by SYBR Green I fluorescence (13). Primers for the genes
of interest and for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), a housekeeping gene, were found in the literature (Table 1)
or designed, based on the rat or mouse sequences deposited in
GenBank. Sample preparation and detailed protocols for PCR are
described elsewhere (17). The size of the amplicon (Table 1) was
verified by agarose gel electrophoresis. For each gene of interest, the
PCR products obtained from liver samples were independently iden-
tified by sequencing (see Identification of differentially expressed
DNA fragments above). From each tissue, 16 randomly selected RNA
samples were run together in each RT-PCR: two from each of the
three LPS-treated groups, two from each of the three saline-treated
groups, two from the untreated group, and two additional samples (1
from saline- and the other from LPS-treated group) with no RT
enzyme added (so-called “-RT” controls). Because samples from only
two animals from each group were used in one real-time RT-PCR,
three independent runs of real-time RT-PCR were performed in
duplicates for each tissue. The results of the RT-PCR analysis were
visualized by electrophoresis. At the exponential phase of amplifica-
tion, the PCR reactions were stopped. The amplicons were separated
in a 1.5% agarose gel and stained with SYBR Gold nucleic acid
(Molecular Probes, Eugene, OR).

Immunoblotting

Tissue samples were homogenized in T-PER tissue protein extrac-
tion reagent (Pierce, Rockford, IL) containing Halt protease inhibitor
cocktail (Pierce) and phenylmethylsulfonyl fluoride (PMSF; 1 mmol/l,
Sigma-Aldrich). Homogenates were cleared by centrifugation (14,000
g, 20 min, 4°C). The supernatants were boiled in SDS buffer (Bio-
Rad, Hercules, CA), subjected to electrophoresis in SDS-polyacryl-
amide gel (10-20 pg of total protein per lane), and transferred to a
nitrocellulose membrane (Bio-Rad). The membranes were blocked
with 5% milk in Tris-buffered saline (pH 8.0) containing 0.1% Tween
20. Thereafter, they were incubated overnight at 4°C with one of the
following primary antibodies (diluted in the blocking solution): rabbit
polyclonal anti-ephrin-A1 (1:1,000), rabbit polyclonal anti-ephrin-B2

Table 1. Primers used for real-time RT-PCR

(1:1,000), rabbit polyclonal anti-EphA3 (1:500), goat polyclonal anti-
EphB3 (1:500; all from Santa Cruz Biotechnology, Santa Cruz, CA),
rabbit monoclonal anti-EphA2 (1:500; Upstate, Charlottesville, VA),
and rabbit polyclonal anti-B-actin antibody (1:1,000; Sigma-Aldrich).
The membranes were washed with Tris-Tween 20 buffer and incu-
bated (30 min, 20°C) with appropriate horseradish peroxidase-conju-
gated secondary antibodies (Jackson Immunoresearch, West Grove,
PA). The blots were developed using an Enhanced Chemilumines-
cence Reagent (Amersham, Buckinghamshire, UK) and X-ray film
(Hyperfilm ECL, Amersham). Digital images of the developed films
were acquired using a NucleoVision gel documentation system
(NucleoTech, San Carlos, CA). The intensity of each band (back-
ground subtracted) was quantified using the GelExpert software
(NucleoTech).

Data Processing and Analysis

As in a previous study (18), the relative expression R of each gene
of interest was calculated as follows

R, = 2 Wi =N =Wia=Nie) % 100 (%) (1)

where N is the threshold cycle number, i.e., the number of the
amplification cycle in which the fluorescence of a given sample
becomes significantly different from the baseline signal. The indexes
i and h refer to the gene of interest (one of the ephrins or Eph
receptors) and the housekeeping gene (GAPDH), respectively. The
index ¢ refers to a sample from a treated (with either LPS or saline) rat.
The index c refers to the samples from the two untreated controls run
in the same real-time RT-PCR (the variables N;. and Nj . are the
means of the two controls). Equation 1 is based on the inverse
proportionality between N and log,C, where C is the initial template
concentration in the PCR sample (8). Hence the physical meaning of
R;, is the concentration of mRNA of interest in a sample from a
treated animal divided by the concentration of the same message in
the simultaneously run samples from untreated controls, where each
concentration is normalized for the concentration of GAPDH message
in the same sample.

Annealing
Gene Name (GenBank Entry No.) Primers Reference Amplicon Size, bp Temperature, °C
Ephrin-A1 (D38056) F: 5'-atcccaagttccgagaggagg This study 251 62
R: 5'-ctccttgecccaaggtgaaaggce
Ephrin-A3 (U92885) F: 5'-tcgccttcttcctcatgacg This study 274 59
R: 5'-ctgagcactgcctttatagec
Ephrin-AS5 (U69279) F: 5'-aacggaccgctgaagttctcgg Ref. 20 273 64
R: 5'-tttgtgccgegttetetecgeg
) Ephrin-B1 (NM_017089) F: 5'-agctgcttgcagcactgtge Ref. 27 350 60
.2 R: 5'-ctcatgcttgccatcagagte
Ephrin-B2 (NM_010111) F: 5'-accgctaaggactgcagacag This study 319 61
E R: 5'-gtccaagtggggatctcctag
o EphAl (AF131197) F: 5'-ttgccaactttgaccctagg This study 247 57
R: 5'-cttaaatccttgaatactgcag
: EphA2 (X78339) F: 5'-cccgagtgtccattcggctac Ref. 6 244 62
u R: 5'-tcacttggtctttgagtcccag
U EphA3 (NM_031564) F: 5'-ggagttacgggattgtactctg This study 389 59
R: 5'-tggcaatggtgtcacaggagc
— EphB1 (M59814) F: 5'-aagccccctacctcaaagttg This study 352 60
w R: 5'-caccatccactctccatctec
(S EphB3 (BC014822) F: 5'-gtagggtcaggtggggataag This study 217 62
oy R: 5'-gacagcaccaagggtaggcag
bo EphB4 (NM_010144) F: 5'-cacccagcagcttgatcctg This study 299 63
O R: 5'-accaggaccacacccacaac
— GAPDH (X02231) F: 5'-agacagccgcatcttettgt Ref. 31 587 58
O R: 5'-ccacagtcttctgagtggca
.5; F, forward; R, reverse.
E\ Physiol Genomics « VOL 21 « www.physiolgenomics.org
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The relative expression of each protein of interest was calculated as
the ratio between the intensities of two immunoblotting bands of the
same tissue sample: one corresponding to the protein of interest and
the other to the housekeeping protein, (3-actin.

The relative transcriptional expression data for each gene were
compared across treatments (LPS vs. saline) and time points (30, 90,
and 300 min) by two-way ANOVA followed by Newman-Keuls post
hoc test. The relative protein expression data were compared across
treatments (LPS vs. saline) by Student’s r-test. All analyses were
performed using Statistica AX’99 (StatSoft, Tulsa, OK). All data are
presented as means = SE.

RESULTS
Differential mRNA Display

Samples of mRNA isolated from the liver of LPS- and
saline-treated rats were compared by differential display by
using eight combinations of primers (4 APs X 2 ARPs).
Representative results obtained with two pairs of primers are
shown in Fig. 1. Almost all bands had similar intensity in the
samples from LPS- and saline-treated rats, thus indicating that
the mild dose of LPS used (50 pg/kg) did not affect the
expression of the majority of genes in the rat liver (Fig. 1).
Only eleven bands appeared differentially expressed (7 upregu-
lated and 4 downregulated) in all LPS-treated samples com-
pared with all saline-treated controls. The cDNA from each
band showing upregulation was isolated, reamplified, and se-

Primer pairs: AP2-ARP1 AP3-ARP1
Treatment: LPS Saline LPS Saline
1500 =— -
1000 2= ——
900 ‘:

Product size (base pairs)
2
(=]

400

Ephrin-A1

Fig. 1. Differential display of mRNA amplified from the liver of Wistar Kyoto
rats injected with either LPS (50 ng/kg iv) or saline (1 ml/kg iv) 300 min
before harvesting the samples. RT-PCR was performed on total liver RNA
using 2 different “anchored” primer (AP)-“arbitrary” primer (ARP) pairs.
Heat-denatured RT-PCR products were run on a urea-polyacrylamide gel and
visualized as described in the text (see Differential Display of mRNA). For each
pair of primers shown, the area marked as LPS corresponds to samples from
3 LPS-treated rats loaded in duplicates (6 wells in total); the area marked as
Saline corresponds to samples from 3 saline-treated rats loaded in duplicates (6
wells in total). The enlarged band shows the upregulation of the ephrin-Al
amplicon in the samples from LPS-treated rats.

Physiol Genomics « VOL 21

quenced. High-quality sequences were obtained for five frag-
ments: three well-known acute-phase proteins (viz., y-chain of
fibrinogen and apolipoproteins A and J), a product that did not
match with any sequence in GenBank, and the mouse eph-
rin-Al (Fig. 1, enlarged band). Because the transcriptional
upregulation of ephrin-Al is a previously unknown in vivo
effect of LPS, we next analyzed the expression of this gene in
the rat liver, lung, and hypothalamus at different phases of the
febrile response to LPS.

Real-Time RT-PCR

Expression of ephrin-Al in different organs during LPS
fever. The ephrin-Al transcript was detected in all organs
studied; in no organ was its concentration affected by the
injection of saline (see Fig. 2A for representative bands on
the electrophoretogram and Fig. 2B for results of the quan-
titative analysis). In the liver, LPS caused biphasic changes
of the mRNA level of ephrin-Al: an approximately three-
fold downregulation (as compared with the time-matched
saline-treated rats) at phase 2 was followed by a fourfold
upregulation at phase 3. [Body temperature curves showing
different febrile phases in this model of fever are published
elsewhere (18).] The concentration of the ephrin-Al transcript
in the lung decreased approximately twofold at phase 2 and
then returned to the level seen in the saline-treated rats. No
effect of LPS on ephrin-Al expression was found in the
hypothalamus.

Expression of ephrins of the A and B subclasses in the liver.
Because the largest changes in the expression of ephrin-Al
were found in the liver, we next studied effects of LPS on
the expression of other ephrins in this organ. In addition to
the ephrin-A1l transcript, transcripts of two other ephrin-A
ligands (A3 and AS5) and two ephrin-B ligands (B1 and B2)
were detected in this organ (Fig. 3A). Although we used
several primers and varied the reaction conditions, all at-
tempts to find amplicons of ephrin-A2, ephrin-A4, and eph-
rin-B3 in the liver failed (data not shown). The expression of
ephrin-A3 was upregulated approximately threefold at phase 3
of LPS fever, the expression of ephrin-B2 was upregulated
twofold at phase 2 and then returned to the baseline, and the
expression of ephrin-AS5 and ephrin-B1 was unaffected by LPS
(Fig. 3B).

Expression of the Eph receptors of the A and B subclasses in
the liver. We next asked whether LPS affects the expression of
ephrin receptors in the liver. Transcripts of several receptors
representing both the A and B subclasses were found. Of the A
subclass, EphAl, EphA2, and EphA3 transcripts were ampli-
fied (Fig. 4A), whereas no EphA4, EphAS, EphA6, EphA7, or
EphA8 message was detected (data not shown). Of the B
subclass, EphB1, EphB3, and EphB4 were amplified (Fig. 4A),
whereas no EphB2 message was detected (data not shown).
At phase 2, the expression of EphA2 was upregulated
~16-fold, and the expression of EphB3 was downregulated
4-fold (Fig. 4B). At phase 3 of LPS fever, EphA2 was no
longer overexpressed, but receptors EphAl, EphA3, EphB3,
and EphB4 were underexpressed (~4-, 17-, 2-, and 2-fold,
respectively).

Transcription of those Eph receptors that showed the stron-
gest overexpression (EphA2), the strongest underexpression
(EphA3), or the longest underexpression (EphB3) in the liver

« www.physiolgenomics.org
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A Lver Ephrin-A1
Lung
Hypothalamus
ephrin A1 [
cAroH [ ———————

Treatment: None LPS Saline LPS Saline LPS Saline

Time (min): 0 30 90 300
Phase 1 Phase 2 Phase 3

) *
Liver
400 e
o] WEECT m—l ] —
1 Lun B LPS;n=6
200+ 9 O Saline; n=6

N | )

200 Hypothalamus

J ] wm ] W]
Phase 1 Phase 2 Phase 3

Fig. 2. Effects of LPS and saline on the expression of ephrin-Al in the liver,
lung, and hypothalamus of rats: representative electrophoretograms (A) and the
mean relative expression (B). A: electrophoretograms of 14 samples obtained
from untreated rats and rats treated with LPS (50 pg/kg iv) or saline (1 ml/kg
iv). Time is the time elapsed after LPS or saline injection; phases are the
corresponding phases of the febrile response to LPS. The PCR reactions were
stopped at the exponential phase of amplification. Amplicons were separated in
an agarose gel and visualized by SYBR Gold nucleic acid stain. B: each bar is
the mean of 6 individual data points, where each datum represents the
concentration of mRNA of interest (ephrin-Al) in a sample from a treated
(with LPS or saline) animal divided by the concentration of the same message
in the simultaneously run samples from untreated controls, where each con-
centration is normalized for the concentration of GAPDH message in the same
sample (see Data Processing and Analysis). *P < 0.05.

Relative Expression (%) wm

was confirmed in the same tissue at the protein level and
also studied at the mRNA level in the lung and hypothalamus
(see below).

Expression of the receptors EphA2, EphA3, and EphB3 in
the lung. The changes in expression of all three receptors (viz.,
EphA2, EphA3, and EphB3) in the lung resembled those in the
liver: EphA2 was overexpressed approximately 3-fold at phase
2, EphA3 was underexpressed 21-fold at phase 3, and EphB2
showed a tendency for underexpression at phase 2 and was
2-fold underexpressed at phase 3 (Fig. 5).

Expression of the receptors EphA2, EphA3, and EphB3 in
the hypothalamus. The expression of the same three receptors
was studied in the hypothalamus (Fig. 6). The EphA?2 transcript
level was increased approximately threefold at phase 2,
whereas levels of the EphA3 and EphB3 transcripts were
unaffected by LPS.

Immunoblotting

Expression of the receptors EphA2, EphA3, and EphB3 at
the protein level in the liver. The expression of these receptors
was studied at the protein level in the liver (Fig. 7). The EphA2
protein level was increased approximately threefold at phase 2,
the EphA3 level showed a tendency for a decrease (15%) at
phase 3, and the EphB3 protein was downregulated (30%) at
phase 3. Whereas these results confirm at the protein level the
pattern of expressional changes of Eph receptors at the mRNA
level, the found transcriptional changes of ligands (ephrins)
remain unconfirmed due to the low quality of commercially
available antibodies. The anti-ephrin-Al antibody used pro-
duced multiple bands, whereas the anti-ephrin-B2 antibody
produced the highest-intensity band, corresponding to the mo-
lecular mass of ~110 kDa (instead of 60 kDa).
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Fig. 3. Effects of LPS and saline on the expression of ephrin genes in the rat
liver: representative electrophoretograms (A) and the mean relative expression
(B). For details, see the legend to Fig. 2. *P < 0.05.
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Fig. 4. Effects of LPS and saline on the expression of erythropoietin-produc-
ing hepatocellular (Eph) receptor genes in the rat liver: representative electro-
phoretograms (A) and the mean relative expression (B). For details, see the
legend to Fig. 2. *P < 0.05.

DISCUSSION

Changes in the Expression of Ephrins and Eph Receptors
during LPS Fever

Although a small number of in vitro studies reported that
LPS or proinflammatory cytokines induce changes in the ex-
pression of some ephrins and Eph receptors in various cell lines
(5, 11, 14, 16, 41), no data on the expressional regulation of
ephrin-A3 and ephrin-B2 or receptors EphAl, EphB3, and
EphB4 by inflammatory stimuli are available. It is also un-
known whether the ephrin-Eph system is affected by any
inflammatory stimulus in vivo. This is the first study of the
transcriptional regulation of ephrins and Eph receptors in an in
vivo model of systemic inflammation or fever. It shows that a

mild febrigenic dose of systemic LPS affects the mRNA
expression of selected ephrins (Al, A3, and B2) and Eph
receptors (EphAl, EphA2, EphA3, EphB3, and EphB4) in the
rat. Specifically, ephrin-A3 and ephrin-B2 and the receptor
EphA?2 are upregulated; receptors EphAl, EphA3, EphB3, and
EphB4 are downregulated; and ephrin-Al is first downregu-
lated (at febrile phase 2) and then upregulated (at phase 3) by
LPS. The revealed changes are relatively fast (present at febrile
phase 2, i.e., 90 min post-LPS), robust (up to 16-fold upregu-
lation and 21-fold downregulation), and to a certain extent
tissue specific: most of the changes are limited to the liver and
lung (i.e., the organs involved in LPS processing) and do not
occur in the hypothalamus. The principal changes found in the
expression of Eph receptors in the liver at the mRNA level also
occur at the protein level, where they reveal themselves as a
strong upregulation of EphA2, downregulation of EphB3, and
tendency for downregulation of EphA3.

Another trait of the expressional changes found, i.e., that
Eph receptors and their ligands are often affected in a coordi-
nated fashion, deserves a special discussion. We noticed that
the expression of Eph receptors of the subclass A is often
decreased (e.g., EphA1l and EphA3 in the liver at phase 3; Figs.
4 and 7) when the expression of their ligands is increased
(ephrin-Al and ephrin-A2 in the liver at phase 3; Figs. 2 and
3). The expression of Eph receptors A is increased (e.g.,
EphA2 in the liver and lung at phase 2; Figs. 4, 5, and 7) when
the expression of their ligands is decreased (ephrin-Al in the
liver and lung at phase 2; Fig. 2). The expression of Eph
receptors B is decreased (e.g., EphB3 in the liver at phase 2;
Figs. 4 and 7) when the expression of their ligands is increased
(ephrin-B2 in the liver at phase 2; Fig. 3). Such coordinated,
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Fig. 5. Effects of LPS and saline on the expression of genes encoding selected
Eph receptors in the lung: representative electrophoretograms (A) and the mean
relative expression (B). For details, see the legend to Fig. 2. *P < 0.05.
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Fig. 6. Effects of LPS and saline on the expression of genes encoding selected
Eph receptors in the hypothalamus: representative electrophoretograms (A) and the
mean relative expression (B). For details, see the legend to Fig. 2. *P < 0.05.

counter-directional changes in the transcript levels of an ephrin
ligand and its corresponding receptor have been observed in
several earlier studies in cell culture. For example, proinflam-
matory cytokines stimulate the expression of ephrin-AS (22)
but suppress the expression of the EphA3 receptor (21) in rat
cardiomyocytes. The initial decrease in the mRNA level of
ephrin-A1l in epithelial cells treated with IL-13 and IL-2 is
accompanied by a drastic increase in the expression of its
receptor, EphA2 (41). In the same model, an increase in the
expression of ephrin-A1 occurs after a few hours of incubation
with proinflammatory cytokines; this increase is synchronized
with a decline in the expression of the EphA2 receptor (41).
Because the physiological effect of an ephrin-Eph interaction
(cell repulsion vs. attraction) likely depends on the concentra-
tions of the ligand and receptor involved (19, 30), the counter-
directional changes in the expression of ephrins and Eph
receptors may serve to determine the predominant effect of
their activation. It is also of interest that mutually suppressing
effects of ephrin-A ligands and EphA receptors have been
observed at the protein level. Eph receptor binding has been
reported to cause proteolytic cleavage of the cell surface-
expressed ephrin-A2, and such downregulation of the ligand
has been proposed to turn an attraction of the interacting cells
into their repulsion (15). Ephrin-A1 stimulation of T cells has
been found to decrease the surface expression of endogenous
EphA receptors and cause proteosome-dependent degradation
of the EphA3 receptor (44).

Biological Significance

Transcriptional upregulation of Eph receptors. At phase 2
of LPS fever, the EphA2 receptor was overexpressed both at

the mRNA level (in all organs studied; Figs. 4-6) and at
protein level (in the liver; Fig. 7). Activation of Eph receptors
usually (although not always) results in the repulsion of the
interacting cells (15, 19, 30, 47). When epithelial or endothelial
cells are involved (these cell types are rich in ephrins and Eph
receptors; see Refs. 4, 25, 32, 35, 41), such a repulsion can
disrupt vascular and tissue barriers and increase their perme-
ability. For example, the EphA2 receptor is involved in the
control of the permeability of the intestinal epithelium (41).
LPS and proinflammatory cytokines are also known to disrupt
endothelial and epithelial barriers and increase their permeabil-
ity (reviewed in Refs. 2, 3, 45). Furthermore, there is a
remarkable similarity in the intracellular signaling events un-
derlying LPS-induced disruption of the endothelial barrier and
those taking place after activation of Eph receptors by ephrins.
The disruption of endothelial barriers by LPS involves a series
of events: activation of yet-unknown tyrosine kinases, activa-
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Fig. 7. Effects of LPS and saline on the expression of Eph receptors in the
liver at the protein level: representative electrophoretograms (A) and the mean
relative expression (B). A: electrophoretograms of 4 samples obtained from rats
treated with LPS (50 pg/kg iv) or saline (1 ml/kg iv). Time is the time elapsed
after LPS or saline injection; phases are the corresponding phases of the febrile
response to LPS. B: each bar is the mean of 6 individual data points, where
each datum represents the relative expression of the protein of interest
calculated as the ratio between the intensities of 2 immunoblotting bands of the
same tissue sample: 1 corresponding to the protein of interest and the other to
B-actin (see Data Processing and Analysis). *P < 0.05.
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tion of Rho GTPases, reorganization of actin cytoskeleton, and
cytosolic internalization of adherens- and tight-junction pro-
teins (2, 3, 45). Eph receptors are tyrosine kinases, and their
interaction with ephrin ligands leads to activation of Rho
GTPases (reviewed in Ref. 30) and induces reorganization of
F-actin in endothelial and epithelial cells (4, 9). Moreover,
several recent studies demonstrated a spatial or functional
association of Eph receptors with junctional proteins E-
cadherin, (-catenin, and afadin (4, 7, 12, 34, 50). Interest-
ingly, the early upregulation of the EphA2 receptor found in
the present study at both the mRNA and protein levels
immediately precedes the LPS-induced increase in endothe-
lial permeability, which is detectable in rats starting at 2 h
post-LPS (3).

Transcriptional downregulation of Eph receptors. At phase
3 of LPS fever, the expression of EphA1 and EphB4 receptors
was downregulated in the liver, and the expression of EphA3
and EphB3 receptors was downregulated in both the liver and
lung (Figs. 4 and 5). Because activation of Eph receptors
usually leads to cell repulsion (19, 30, 47), their transcriptional
downregulation in inflamed tissues likely promotes cell-cell
adhesion. The adhesion of blood leukocytes to the vascular
endothelium with the subsequent extravasation and tissue
transmigration is a classical example of a cellular event in
systemic inflammation (26, 28). There are several lines of
evidence supporting the involvement of Eph receptors and
ephrins in inflammatory trafficking of leukocytes. First, Eph
receptors and ephrins are expressed on both cell types in-
volved: leukocytes (1, 49) and endotheliocytes (11, 13, 14, 32,
33). Second, adhesion and transmigration of leukocytes require
activation of their surface adhesive molecules, integrins (24,
48). Signaling through several Eph receptors has been shown
to affect integrin activity (29, 51). Third, activation of EphA
receptors has been recently shown to block the migration of
T-lymphocytes in vitro (43).

In perspective, the present work shows that a dose of
intravenous LPS known to evoke a triphasic fever in the rat
(17, 18, 39, 46) causes profound, tissue-specific, and coordi-
nated changes in the mRNA expression of several ephrins (A1,
A3, and B2) and Eph receptors (EphAl, EphA2, EphA3,
EphB3, and EphB4; the changes in expression of EphA2 and
EphB3 are confirmed at the protein level). Febrile phase 2 is
associated with downregulation of ephrin-Al in the liver and
lung and upregulation of its receptor EphA2 in all organs
studied; these changes seem to agree with an increased perme-
ability of endothelial or epithelial barriers. Phase 3 is associ-
ated with upregulation of ephrins-Al and -A3 and downregu-
lation of the EphAl receptor in the liver and the EphA3
receptor in the liver and lung; these changes agree with the
known mechanisms of transendothelial and transepithelial mi-
gration of leukocytes into inflamed tissues. Therefore, the
found changes at the mRNA and protein levels suggest that
ephrins and Eph receptors may regulate the permeability of
tissue barriers at earlier stages and promote leukocyte traffick-
ing at later stages of systemic inflammation in adult mammals.
If this previously unrecognized function is confirmed by future
experiments, ephrins and Eph receptors may constitute novel
targets for anti-inflammatory therapy with different temporal
“windows of opportunity.”
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