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Abstract Antithrombin (AT), which is mainly synthesized
in the liver, is an acute-phase plasma protein in mammalian
species. Here, we demonstrated that sheep anti-human AT
antibody cross-reacted with the humoral fluids in amphioxus
Branchiostoma belcheri tsingtauense as well as human
serum. The concentration of AT in the humoral fluids in
amphioxus decreased slightly at first and then increased after
the acute challenge with lipopolysaccharide, while the level
of total proteins remained unchanged. These suggest the
presence of the same acute-phase response pattern in
amphioxus, as observed in some mammalian species. Immu-
nohistochemically, AT was localized in the hepatic divertic-
ulum. It is clear that the hepatic diverticulum in amphioxus is
homologous to the vertebrate liver with respect to AT syn-
thesis. This lends support to the hypothesis originally sug-
gested by Miiller that the vertebrate liver evolved from the
hepatic diverticulum of an amphioxus-like ancestor during
early chordate evolution.

Keywords Branchiostoma belcheri tsing tauense
(Acrania) - Antithrombin - Hepatic diverticulum -
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Introduction

Antithrombin (AT), a member of the serpin superfamily of
serine proteinase inhibitors, appears to be a major inhibitor of
the coagulation serine proteinases in vertebrates (Frost et al.
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2002; Olson and Bjork 1994; Rosenberg 1987; Salte et al.
1995) and plays a crucial role in the maintenance of normal
haemostasis (Abildgaard 1979). It is primarily synthesized in
the liver (Fair and Bahnakk 1984; Kourteva et al. 1995;
Niessen et al. 1997), although production by endothelial cells
has also been reported (Chan and Chan 1981). AT is also
involved in the acute-phase response in several mammalian
species, including baboon, hamster and humans (Cucuianu
et al. 1996; Koj 1985; Koj and Regoeczi 1978; Mak et al.
1996; Niessen et al. 1997). In response to appropriate
inflammatory stimuli, the level of AT usually diminishes
slightly at first and then increases (Cucuianu et al. 1996; Mak
et al. 1996).

Antithrombin has been identified in several mammalian
species such as human, bovine, horse, porcine, sheep, rab-
bit, mouse, rat and hamster (Bock et al. 1982; Jordan 1983;
Koide 1979; Kurachi et al. 1976; Mak et al. 1996; Mejdoub
et al. 1991; Nakayama et al. 2000; Niessen et al. 1992;
Sheffield et al. 1992; Tokunaga et al. 1994; Wu et al. 1992).
It has also been isolated from some non-mammalian ver-
tebrates like cartilaginous fish (Doolittle 1993), bony fish
(Andersen et al. 2000) and birds (Frost et al. 2002; Koide
et al. 1982). Recently, an AT-like protein, Spn27, has been
described even in insects (Hashimoto et al. 2003). However,
information regarding AT in invertebrates and lower ver-
tebrates is very much limited.

Since the first description of its embryogenesis by
Kowalevski (1877), amphioxus, a cephalochordate, has
been regarded as an organism most closely related to the
ancestor of ancient vertebrates (Holland et al. 2004; Ruppert
1997). It has a heart (Holland et al. 2003) and a circulation
system with the fundamental organization of all chordates
(Réhr 1979). Our previous investigation has shown that
humoral fluids, including the blood, in amphioxus contain
phenoloxidase, lectin and complement component C3 (Pang
et al. 2004, 2005; Wang et al. 2002; Zhang et al. 2003), but
little is known regarding the plasma proteins, including AT,
in amphioxus to date.

Thus, the aims of this study were to examine if the
humoral fluid in amphioxus has AT and, if so, to determine
its localization and to detect if its production shares



538

antithrombin III

Fig. 1 Western blot analysis of ATIII. Lane H, human serum; lane
A, amphioxus humoral fluid; /ane M, standard markers

characteristics with the homologues in vertebrates. It is
reported here, for the first time, that AT is present in
amphioxus, and its synthesis follows the same profile of
acute-phase response as observed in some mammalian
species.

Fig. 2 Immunohistochemical
localization of ATIII in amphi-
oxus. a and b Micrographs
showing the presence of AT in
the hepatic diverticulum in
amphioxus (arrow). ¢ Micro-
graph showing the absence of
AT in the gut posterior to the
diverticulum. d and e Micro-
graphs showing the absence of
AT in control sections. Scale
bars represent 100 um

Materials and methods
Antibodies and chemicals

Sheep anti-human ATIII antibody was purchased from
Sigma (St. Louis, USA), and peroxidase-conjugated don-
key anti-sheep immunoglobulin G (IgG) was from Jackson
(Baltimore, USA). Lipopolysaccharide (LPS) and 3,3'-
diaminobenzidine (DAB) were both from Sigma. All other
chemicals used were analytical reagents.

Preparation of humoral fluid

Our pilot experiments showed that challenge with 1-10 pg/
ml LPS resulted in the up-regulation of genes like
AmphiCL (Wang et al. 2005) in amphioxus, and therefore,
amphioxus was treated with 10 pg/ml LPS in the following
experiments. A total of 2,000 amphioxus Branchiostoma
belcheri with an average body length of about 4 cm were
cultured in 1 1 of filtered natural seawater containing 10 pg/
ml LPS. At different intervals (12, 24, 48 and 72 h) after
treatment, 300 amphioxus B. belcheri were removed and
rinsed with distilled water. The humoral fluids were
prepared according to the method of Wang et al. (2002).
Briefly, the rinsed amphioxus were wiped out thoroughly




with sterilized gauze, cut into about 2-mm° pieces on ice to
bleed and centrifuged at 12,000xg for 30 min at 4°C. The
supernatants were pooled and stored at —70°C until use.
The humoral fluid was also prepared similarly from un-
treated amphioxus. The human serum was procured from a
local hospital.

SDS-PAGE and Western blotting

The humoral fluids prepared from normal amphioxus were
run on a 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gel with a 4% spacer gel
using the buffer system of Laemmli (1970). Human serum
was also run on the gel as positive control at the same time.
The gels were washed for 5 min in a transfer buffer of
15.6 mM TRIS-HCI containing 120 mM glycine and 20%
methanol (pH 8.3), and proteins on the gels were blotted on
nitrocellulose membrane (Hybond, Amersham Pharmacia).
Blotted membranes were incubated at room temperature
for 1 h in 20 mM phosphate-buffered solution (PBS;
pH 7.4) containing 50 mM NaCl and 5% defatted milk
powder, washed three times with 20 mM PBS containing
50 mM NacCl and then cross-reacted at room temperature
for 1.5 h with sheep anti-human ATIII antibody diluted
1:500 with 20 mM PBS (pH 7.4) containing 50 mM NaCl
and 5% defatted milk powder. After washing in 20 mM
PBS, the membranes were incubated at room temperature
for 45 min with peroxidase-conjugated donkey anti-sheep
IgG diluted 1:1,000 with PBS. Bands were visualized using
0.06% DAB in 50 mM TRIS-HCI buffer (pH 7.6) and
0.03% H,0,. The molecular mass standards used were
rabbit phosphoeylase b (97.4 kDa), bovine serum albumin
(66.2 kDa), rabbit actin (43 kDa), bovine carbonic
anhydrase (31 kDa), trypsin inhibitor (20.1 kDa) and hen
egg white lysozyme (14.4 kDa).

Titration of total proteins and AT

The levels of total proteins and AT in the humoral fluids
from normal and LPS-treated amphioxus were both mea-
sured using Abbott diagnostics test kits (Abbott, USA) by
an AEROSET automatic biochemical analyser (Abbott).

Each experiment was repeated three times. Data obtained
were analysed using ANOVA, and difference at P<0.05 was
considered significant. All data were expressed as mean+s
tandard deviation (SD).

Immunohistochemistry

Each amphioxus B. belcheri was severed into three to four
pieces and fixed in freshly prepared 4% paraformaldehyde
(w/v) in 100 mM PBS (pH 7.4) at 4°C for 24 h. After
dehydration, these were embedded in paraffin and sectioned
at 5 um. The sections were mounted on slides and dried at
42°C for 4 h. They were dewaxed in xylene for 10 min (two
changes for 5 min each), followed by immersion in absolute
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ethanol for 10 min (two changes for 5 min each), and then
rehydrated in 95, 90, 80 and 70% ethanol (one change for
5 min) and brought to 100 mM PBS. After rinsing with
distilled water for 5 min, the endogenous peroxidase
activity in the sections was quenched with incubation in
3% H,0, (v/v) at room temperature for 15 min, which was
followed by a 5-min wash in redistilled water. Subse-
quently, the sections were pre-incubated with 5% defatted
milk powder in 20 mM PBS (pH 7.4) at room temperature
for 30 min, washed in 20 mM PBS for 5 min, and then
incubated overnight in a humidified chamber at 4°C with
sheep anti-human ATIII antibody diluted 1:1,000 with
20 mM PBS containing 3% defatted milk powder. The
control sections were similarly incubated with pre-immune
sheep serum. Both experimental and control sections
were washed three times for 3 min each in 20 mM PBS
and incubated further at room temperature for 1 h with
peroxidase-conjugated donkey anti-sheep IgG diluted
1:800 with PBS. The chromogenic reaction was achieved
by the addition of 0.015% DAB (w/v) containing 0.02%
H,0, (v/v) in 50 mM TRIS-HCI buffer (pH 7.6) and
maintenance in the dark for 5 min. The sections were
mounted in Canada balsam, observed and photographed
under a BX51 Olympus microscope.
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Fig. 3 Concentrations of total proteins and AT in amphioxus
humoral fluids. a Total proteins; b AT. The data are from three
experiments and are expressed as mean+SD. Asterisks represent that
the differences are highly significant (P<0.001)
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Results

Western blotting analysis showed that sheep anti-human
ATIII antibody cross-reacted with amphioxus humoral
fluids as well as with human serum. The humoral fluids in
amphioxus were reactive with sheep anti-human ATIII
antibody, forming a single positive band with an apparent
molecular mass of approximately 65 kDa, corresponding to
the molecular weight of human AT (Fig. 1).

The immunohistochemical staining demonstrated that
AT was detected throughout the hepatic diverticulum, while
it was not detectable in other tissues such as notochord,
muscle and ovary (Fig. 2a,b) and in the gut posterior to the
diverticulum (Fig. 2c). The brown particles for AT were
observed in the cytoplasm of the diverticulum cells. In
contrast, no staining was seen in the control sections treated
with pre-immune sheep serum (Fig. 2d,e)

Figure 3 shows the changes in the concentrations of total
proteins and AT in the humoral fluids at different times after
acute LPS treatment. The contents of total proteins in the
humoral fluids remained basically unchanged throughout
the experimental period (P>0.05): 26 +0.986,26.1 £0.954,
26.6+1.453,25.94+0.872 and 25.3+0.624 mg/ml at 0, 12,
24,48 and 72 h, respectively. In contrast, the concentration
of AT decreased slightly (to 390+£2.16 pg/ml) at 12 h
after treatment and then significantly (£<0.001) increased
to 488+6.164,513+4.967 and 525+9.798 pg/ml at 24, 48
and 72 h after treatment, respectively.

Discussion

The plasma protein AT has so far been identified in
vertebrates, including mammals, bird and teleost
(Andersen et al. 2000; Frost et al. 2002; Jordan 1983;
Koide 1979; Koide et al. 1982; Salte et al. 1995). Here, we
demonstrated the existence of AT in the humoral fluids in
amphioxus B. belcheri. This pushes the evolutionary
presence of AT back to the cephalochordate, suggesting
an ancestral origin of this protein in the chordate lineage.

Antithrombin has been shown to be an acute-phase protein
in several mammalian species including baboon, hamster
and humans (Cucuianu et al. 1996; Koj 1985; Koj and
Regoeczi 1978; Mak et al. 1996; Niessen et al. 1997), and its
level after acute-phase induction usually diminishes slightly
at first and then increases (Cucuianu et al. 1996; Mak et al.
1996). The concentration of AT in the humoral fluids in
amphioxus is slightly reduced at first following LPS treat-
ment and then increases, while the total protein level in the
fluids remains constant. The occurrence of similar response
pattern of AT as observed in mammals after acute-phase
response suggests that a mammalian-like acute-phase
response system is already present in the protochordate B.
belcheri.

The primary synthesis site of AT in vertebrates is the
liver, which is an endoderm-derived organ and unique to all
vertebrates. Amphioxus has a hepatic diverticulum, the
pouch that protrudes forward as an outpocketing of the di-
gestive tube and extends along the right side of the

posterior part of the pharynx, which has long been
considered to be the precursor of vertebrate liver (Miiller
1844; Hammar 1898; Welsch 1975; Ruppert 1997). The
present study maps the cellular distribution of AT in the
hepatic diverticulum in amphioxus B. belcheri, suggesting
that the hepatic diverticulum in amphioxus is equivalent to
the vertebrate liver, at least with respect to AT synthesis.
This provides an evidence of physiological function sup-
porting the hypothesis that the vertebrate liver evolved
from the hepatic diverticulum of an amphioxus-like an-
cestor initially proposed by Miiller (1844).
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