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ABSTRACT  A presumed embryotrophic factor for early postimplantation rat embryos, partially

purified from rat serum, was identified as complement component C3 (C3), the central component

of the complement system, by sequence analysis of its N-terminal. Purified rat C3 showed

embryotrophic activity for rat embryos cultured from day 9.5 of gestation for 48 h in the culture

medium composed of rabbit serum. The maximum embryotrophic activity of C3 was observed

around 0.5 mg/ml, a level which is lower than rat serum C3 levels. In the culture medium composed

of rat serum, cultured rat embryos selectively consumed C3, and C3-depletion by cobra venom

factor affected embryonic growth. Inactivation of the internal thiolester bond of C3, the critical

functional site for its activity in the complement system, by methylamine had no effects on its

embryotrophic activity. Purified rabbit C3 had only weak embryotrophic activity for cultured rat

embryos, suggesting species specificity of the embryotrophic activity of C3. Immunochemical

analyses showed the specific presence of C3 on the visceral yolk sac, but not on the embryo proper

of day 9.5 or 10.5 rat embryos both in utero and in vitro. In analysis using fluorescein-labeled rat

C3, unfragmented C3s bound to the visceral yolk sac stronger than C3b, the primary active

fragment of C3 in the complement system. These results indicate that C3, which has always been

considered to be detrimental to embryos, functions as an embryotrophic factor by novel

mechanisms probably through the visceral yolk sac. The present study thus provides new insights

into functions of C3 and postimplantation embryonic growth.
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Introduction

 In early postimplantation mammalian embryos, extensive cell
proliferation and differentiation occur for the major organogen-
esis, and therefore it is considered that embryotrophic factors play
important roles. Culture of postimplantation rodent embryos has
been widely used for the investigation of embryotrophic factors
since it allows the embryos to grow in rat serum as well as in the
uterus (Morriss-Kay, 1993). So far, many known nutrients and
growth factors in serum, such as glucose, pantothenic acid,
riboflavin, inositol, folic acid, niacinamide, methionine, iron, he-
moglobin, transferrin, epidermal growth factor, insulin, insulin-like
growth factors, vasoactive intestinal peptide, prolactin, activity-
dependent neurotrophic factor, basic fibroblast growth factor,

vascular endothelial growth factor, platelet-derived endothelial
growth factor and platelet-derived growth factor, have been
shown to have embryotrophic activity (Cockroft, 1979; Flynn et
al., 1987; Klug et al., 1990; Young et al., 1997; Pratten, 1998;
Travers et al., 1992; Gressens et al., 1993; Karabulut et al., 1999;
Glanzer et al., 1999; Ulger et al., 2000; Price et al., 2003).

 There remain, however, unidentified embryotrophic factors in
serum that are difficult to investigate because cultured rodent
embryos require high concentrations of serum in the culture
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Fig. 1. Identification of the presumed

embryotrophic factor as C3. (A) N-terminal
amino acid sequences of the presumed
embryotrophic factor with electrophoretic pat-
terns of the partially purified embryotrophic
factor and purified rat C3. The single-letter
amino acid code was used. Proteins (2 μg/10
μl) were applied on each lane and stained with
Coomassie Brilliant Blue (CBB). (B) Dose-
response relationship of embryotrophic activ-
ity of C3 as determined by embryonic protein
of rat embryos cultured from day 9.5 for 48 h
in the culture medium composed of rabbit
serum. Means of six embryos are shown.
Error bars represent s.e.m. (C) Appearance of
rat embryos cultured in rabbit serum with the
addition of rat C3. The concentration of puri-
fied rat C3 in the culture medium was 0.65
mg/ml. cp, chorio-allantoic placenta; em, em-
bryo proper; vy, visceral yolk sac.

medium. In a previous study, we partially purified and character-
ized an embryotrophic factor for early postimplantation rat em-
bryos from rat serum (Usami and Ohno, 1996). For this purpose,
rabbit serum has been used as a basal culture medium because
it is non-toxic and lacks embryotrophic activity for rat embryos,
which is complemented by the addition of this embryotrophic
factor (Usami et al., 1992). This embryotrophic factor was an
acid-labile glycoprotein with Mr 180×103, and had disulfide bonds
and no affinity for heparin. By electrophoretic analysis, a protein
presumed to be the embryotrophic factor was identified as a
heterodimer composed of band a and b proteins, with Mr 116×103

and 62×103 respectively, linked by disulfide bonds (Usami and
Ohno, 1996).

 In the present study, we identified this presumed embryotrophic
factor as complement component C3 (C3), the central compo-
nent of the complement system (Law and Reid, 1995). We further
showed that the critical functional site or primary active fragment
of C3 in the complement system is not involved in the embryotrophic
activity, and that C3 is present and binds on the visceral yolk sac
specifically.

Results

Identification of the presumed embryotrophic factor as C3
 To identify the presumed embryotrophic factor, sequences of

twenty amino acids from the N-termini of the band a and b
proteins of the partially purified embryotrophic factor were deter-
mined by microsequencing (Fig. 1A). Homology search of a
protein database indicated that these sequences matched com-
pletely with those of the α- and β-chains of rat C3 (Swiss-Prot
accession No. P01026). Purified rat C3 had the same electro-
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phoretic pattern as the partially purified
embryotrophic factor (Fig. 1A). The bio-
chemical characters of C3 (Daha et al.,
1979; Lambris et al., 1994) are consistent
with those of the embryotrophic factor
described above. The presumed
embryotrophic factor was thus identified
as C3.

 Embryotrophic activity of C3 was examined by the addition of
C3 purified from rat plasma to the culture medium composed of
rabbit serum in the culture of day 9.5 rat embryos for 48 h. The
addition of C3 increased embryonic protein with the maximum
and a plateau around 0.5 mg/ml of C3 (Fig. 1B). This concentra-
tion was comparable to the C3 concentration obtained by the
addition of dialyzed rat serum and was therefore lower than rat
serum C3 levels. The embryos also showed morphological growth
by the addition of C3 (Fig. 1C).

C3 and growth of rat embryos in the medium composed of rat
serum

 Consumption of C3 in the culture medium composed of rat
serum by rat embryos was determined in order to deny the
possibility that rat C3 is required only for rat embryos cultured in
rabbit serum and to confirm the embryotrophic activity of C3. To
accelerate the consumption of culture medium constituents, the
number of embryos per culture bottle was increased; six or nine
embryos in addition to usual three embryos were cultured in a
bottle containing a fixed amount (4 ml) of rat serum as a culture
medium. The concentration of C3 in the culture medium at the end
of culture was decreased linearly with the increased embryonic
protein per culture bottle at a greater rate compared to those of
total protein, albumin and transferrin, indicating selective con-
sumption of C3 by the embryos in accordance with their growth
(Fig. 2A). Albumin and transferrin synthesis by the cultured
embryos are not considered to account for these changes be-
cause at this embryonic stage albumin synthesis is not detected
(Williams et al., 1986) and maternal transferrin is the primary
source (Huxham and Beck, 1985). Glucose, the major energy
source at this embryonic stage (Tanimura and Shepard, 1970),
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was decreased most markedly and was almost exhausted with
nine embryos per bottle, suggesting that its amount was a limiting
factor for embryonic growth under these culture conditions.

 The embryotrophic activity of C3 was further confirmed by the
culture of rat embryos in the culture medium composed of C3-
depleted rat serum. To deplete C3, cobra venom factor (CVF) was
added to the culture medium before culture. By the addition of
CVF, which specifically cleaves C3 into C3a and C3b fragments,
embryonic protein was decreased, and the morphological growth
of the embryo was inhibited (Fig. 2 B,C). The electrophoretic
analysis of the culture medium with the addition of CVF confirmed
the specific depletion of C3 as indicated by the disappearance of
the C3 α-chain (Fig. 2D). Unfortunately, the addition of rat C3 with
CVF (CVF+C3) did not improve the inhibited embryonic growth
(Fig. 2 B,C), probably because the additional C3 was also de-
graded by CVF and could not increase the amount of active C3 in
the culture medium in spite of the increased C3 β-chain (Fig. 2D).
It was noted that the α’-chain that should be produced by CVF
from the α-chain of C3 was not detected indicating its degrada-

internal thiolester bond of purified rat C3 was inactivated by its
methylamine treatment (methylamine-C3), which can be con-
firmed by loss of its hemolytic activity (Law et al., 1980). Hemolytic
activity of methylamine-C3 was about 4% compared to that of C3
(Fig. 3A). The addition of methylamine-C3 to the culture medium
composed of rabbit serum, however, increased embryonic pro-
tein to the same extent as the addition of C3 (Fig. 3A), indicating
that the internal thiolester bond of C3 was not involved in the
embryotrophic activity.

 Embryotrophic activity of C3b, known as the primary active
fragment of C3 in the complement system (Law and Reid, 1995),
was also examined by the culture of rat embryos in the culture
medium composed of rabbit serum to investigate the mechanisms
of this activity. C3b prepared with activated CVF had the α’-chain
smaller than the α-chain by the Mr of C3a, about 10,000, as shown
by electrophoretic analysis (Fig. 3B). The addition of C3b to the
culture medium did not increase the embryonic protein but de-
creased it (Fig. 3C). The morphological growth of the embryos
was also inhibited by the addition of C3b (Fig. 3D). Western blot

Fig. 2. C3 and growth of rat embryos in the culture

medium composed of rat serum. (A) Consumption of
culture medium constituents by rat embryos cultured in rat
serum. Three, six or nine embryos were cultured from day
9.5 for 48 h in a bottle containing 4 ml of rat serum. Plots
of total embryonic protein versus concentration of culture
medium constituents at the end of culture are shown.
Each data point represents an individual bottle. Equations
of the estimated regression line and correlation coeffi-
cients for each constituent are shown. Asterisks indicate
statistical significance (***, P<0.001). (B) Embryonic pro-
tein of rat embryos cultured from day 9.5 for 48 h in C3-
depleted rat serum. CVF (0.5 μg/10 μl/bottle) and C3 (0.25
mg/ml) were added to the culture medium composed of rat
serum 30 min before culture. Means of six embryos are
shown. Error bars represent s.e.m. Values with the same
letter are not significantly different (P<0.05). (C) Appear-
ance of rat embryos cultured in C3-depleted rat serum. cp,
chorio-allantoic placenta; em, embryo proper; vy, visceral
yolk sac. (D) Electrophoretic analysis of the culture me-
dium composed of rat serum after the culture. The culture
media (150 nl/15 μl) were applied on each lane and their
proteins were stained with CBB.

tion. Although there is a possibility that CVF directly
affect the embryonic growth, there were no overt
effects at its lower concentrations where depletion of
C3 in the culture medium did not occur (data not
shown). It is considered from these results that C3
functions as an embryotrophic factor for rat embryos
not only in the culture medium composed of rabbit
serum but also in rat serum, the usual culture me-
dium supporting the normal embryonic growth as
well as in the uterus.

Embryotrophic activity of methylamine-C3 and
C3b

 Involvement of the internal thiolester bond of C3
in the embryotrophic activity was examined to inves-
tigate the mechanisms of this activity since this bond
is known as the critical functional site of C3 in the
complement system (Law and Dodds, 1997). The
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C3a prepared with activated CVF did not increase the embryonic
protein (data not shown). From these results it is suggested that
C3b has no embryotrophic activity.

Embryotrophic activity of rabbit C3 for rat embryos
 Purified rabbit C3 was added to the culture medium composed

of rabbit serum to examine its embryotrophic activity for rat em-

Fig. 3 (Left). Embryotrophic activity of methylamine-C3 and C3b. (A) Embryonic protein of rat embryos cultured from day 9.5 for 48 h in rabbit
serum with the addition of C3 or methylamine-C3 (0.30 mg/ml). Means of six embryos are shown. Error bars represent s.e.m. Values with the same
letter are not significantly different (P<0.05). (B) Electrophoretic analysis of C3b prepared with activated CVF. C3 or C3b (2 μg/10 μl) were applied on
each lane and stained with CBB. (C) Embryonic protein of rat embryos cultured from day 9.5 for 48 h in rabbit serum with the addition of C3 (0.41 mg/
ml) or C3b (0.46 mg/ml). Means of six embryos are shown. Error bars represent s.e.m. Values with the same letter are not significantly different
(P<0.05). (D) Appearance of rat embryos cultured in rabbit serum with the addition of C3 or C3b. cp, chorio-allantoic placenta; em, embryo proper;
vy, visceral yolk sac. (E) Western blot analysis of the culture media composed of rabbit serum after the culture with the addition of C3 or C3b. The
culture media (100 nl/5 μl) were applied on each lane and their C3s were detected with rabbit anti-rat C3 IgG. C3 and C3b samples were diluted at
the same ratio as in the culture media. Extra broad bands are due to rabbit IgG reacted with the secondary antibody.

Fig. 4 (Right). Embryotrophic activity of rabbit C3 for rat embryos. (A) Electrophoretic analysis of purified rabbit C3. Purified C3s (2.5 μg/10 μl)
were applied on each lane and stained with CBB. (B) Embryonic protein of rat embryos cultured from day 9.5 for 48 h in rabbit serum with the addition
of rat or rabbit C3 (0.31 mg/ml). Means of six embryos are shown. Error bars represent s.e.m. Values with the same letter are not significantly different
(P<0.05). (C) Appearance of rat embryos cultured in rabbit serum with the addition of rat or rabbit C3. cp, chorio-allantoic placenta; em, embryo proper;
vy, visceral yolk sac. (D) Concentrations of rabbit C3 in the culture medium composed of rabbit serum before and after the culture with or with out
the addition of rabbit C3. The concentrations were determined by SRID. Means of two bottles are shown. (E) Western blot analysis of the culture media
after the culture. The culture media (250 nl/5 μl) were applied on each lane and their C3s were detected with goat anti-rabbit C3 IgG. Rat and rabbit
C3 samples were diluted at the same ratio as in the culture media.

analysis of the culture media after the culture showed no α’-chain
in the culture medium added with C3b, indicating the degradation
of C3b during the culture (Fig. 3E). The trace amount of CVF in the
C3b, if any, is considered not enough to affect the embryonic
growth either directly or indirectly, since it loses C3-cleaving
activity during the preparation of C3 for the culture experiment and
its amount is much less than that of C3b. Similarly, the addition of
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bryos. This is because the concentration of C3 in rabbit serum (0.43
mg/ml) is only about one-fifth of that in rat serum (2.06 mg/ml) and
might be quantitatively insufficient for the growth of rat embryos
cultured in rabbit serum. Rabbit C3 purified from rabbit plasma had
somewhat larger molecular weights than rat C3 for both α- and β-
chains as shown by electrophoretic analysis (Fig. 4A). The addition
of rabbit C3 to the culture medium increased embryonic protein of
cultured rat embryos by only one-fifth of the increase by the same
amount of rat C3 (Fig. 4B). The morphological growth of the
embryos was also poor with the addition of rabbit C3 (Fig. 4C).

 Because the degradation of rabbit C3 might be the cause of its
weak embryotrophic activity for rat embryos, the amount of rabbit
C3 in the culture medium were determined by SRID and Western
blot analysis. With the addition of purified rabbit C3, the concentra-
tion of rabbit C3 in the culture medium became as twice as that of
the control group, and almost the same before and even after the
culture (Fig. 4D). With the addition of rabbit C3, more amounts of
the α- and β-chains of rabbit C3 were detected in the culture
medium after the culture (Fig. 4E), supporting that significant
degradation of rabbit C3 did not occur during the culture. From
these results, rabbit C3 is considered to have only weak
embryotrophic activity for rat embryos.

Detection of C3 in rat embryos
 The presence and distribution of C3 in day 9.5 or 10.5 rat

pregnant uteri corresponding to the cultured embryos were exam-
ined to investigate the embryotrophic activity of C3 in utero.
Immunohistochemistry of C3 in the rat pregnant uteri using anti-rat
C3 IgG showed the presence of C3 that is considered to be derived
from maternal blood sinus in the decidual tissue (Fig. 5). In day 9.5
embryos, C3 was detected on the visceral yolk sac but not on the
embryo proper although the embryo proper faces maternal C3 in

examined by confocal microscopy using FITC-C3. In both day 9.5
and 10.5 embryos, fluorescence was observed only on the visceral
yolk sac (Fig. 6C, upper panels) and disappeared by the addition
of rat C3 as a competitor, indicating the specific binding of C3 to the
visceral yolk sac. This fluorescence was weak, probably because
the C3 binding sites was already occupied by maternal C3 in the
uterus, which could not be removed by preincubation of the
embryos in rabbit serum or in HBSS (data not shown). By the
addition of methylamine-C3 or rabbit C3 as competitors, the
fluorescence also disappeared showing the binding of these
unfragmented C3s to the visceral yolk sac (data not shown).
However, the fluorescence remained, although weakened, on the
visceral yolk sac when C3b was added as a competitor (Fig. 6C,
lower panels). These results indicate that the unfragmented C3s
bound to the visceral yolk sac stronger than C3b, which is compat-
ible with the embryotrophic activity of the C3s and C3b in the
present experiments.

Discussion

 The present results indicate that C3 functions as an
embryotrophic factor in early postimplantation rat embryos prob-
ably through the visceral yolk sac. Uninvolvement of the internal
thiolester bond of C3 in the embryotrophic activity indicates
mechanisms different from those for activation of the complement
system, because the covalent binding by this bond is critical for
the activities of C3 as a component of the complement system in
both classical and alternative pathways (Law and Dodds, 1997).
This is supported by the present findings that the unfragmented
C3s, including methylamine-C3, bound to the visceral yolk sac as
the possible action site stronger than C3b, which binds to known
specific receptors as the primary active fragment of C3 in the

Fig. 5. Detection of C3 in rat pregnant uteri. Transverse sections of day 9.5 or 10.5
rat pregnant uteri were immunostained with anti-rat C3 IgG. The dark area indicates the
presence of C3. The mesometrium side is at the bottom. ac, amniotic cavity; cp, chorio-
allantoic placenta; dt, decidual tissue; ec, exocoelomic cavity; em, embryo proper; ep,
ectoplacental cone; uw, uterine wall; yc, yolk sac cavity; vy, visceral yolk sac.

the yolk cavity the same as the visceral yolk sac does
(Fig. 5, left panels). In day 10.5 embryos, C3 was
detected on the visceral yolk sac but not on the embryo
proper, which was enveloped in the visceral yolk sac
(Fig. 5, right panels).

 The presence and distribution of C3 was further
examined in vitro in rat embryos explanted at day 9.5 or
10.5 (Fig. 6A) by confocal microscopy using FITC-anti
C3 IgG. In day 9.5 embryos, C3 was detected as
fluorescence on the visceral yolk sac but not on the
embryo proper as in the immunohistochemistry in the
pregnant uteri (Fig. 6B, upper left panel), which was
obvious when confocal images were captured by align-
ing the focal plane to the surface of the visceral yolk sac
(Fig. 6B, lower left panel). In day 10.5 embryos, C3 was
detected on the visceral yolk sac, while the embryo
proper enveloped by the visceral yolk sac could not be
seen (Fig. 6B, right panels). The fluorescence of FITC-
anti C3 IgG was disappeared by the addition of C3 that
neutralized anti-C3 IgG, indicating the specificity of this
method (data not shown). It is considered from these
results that C3 can function as an embryotrophic factor
through the visceral yolk sac both in utero and in vitro.

Binding of C3 to rat embryos
 The binding of C3 to rat embryos explanted at day

9.5 or 10.5 corresponding to the cultured embryos was
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the binding to the visceral yolk sac, C3 seems to be degraded and
not to be recycled, since many C3 fragments, but not unfragmented
C3, are detected in the visceral yolk sac by proteome analysis
(Usami et al., 2007).

 The function of C3 as an embryotrophic factor in
postimplantation rat embryos is a surprise because the comple-
ment system in the culture medium has been considered detri-
mental to the embryos. It has been shown that heat-inactivation
of the complement system at 56°C for 30 min in rat serum as a
culture medium improves the growth of cultured rat embryos (New
et al., 1976). Seemingly this is inconsistent with the embryotrophic
activity of C3. However, the complement components heat-
inactivated under these conditions do not include C3, but C1q and
factor B (Law and Reid, 1995) that consume C3 on complement
activation. Furthermore, the degradation products of C3 may
inhibit embryonic growth as observed with the addition of C3b in
the present study. The improved embryonic growth by the heat-
inactivation may be due to the protection of C3 from its consump-
tion by the activated complement system.

 There seems species specificity in the embryotrophic activity
of C3 because rabbit C3 was less effective for rat embryos in spite
of its phylogenetically close relationship to rat C3 (Lambris et al.,
1994) and rabbit embryos can be cultured well in rabbit serum
(Ninomiya et al., 1993). Uninvolvement of the internal thiolester
bond, the region most conserved across species (Lambris et al.,
1994), in the embryotrophic activity of C3 is consistent with this
species specificity. It is expected that comparisons of primary
structures of C3 among various species would reveal the func-
tional site of C3 as an embryotrophic factor. This is because some
heterologous C3s, such as human and bovine C3, seem effective
for cultured rat embryos, supporting their growth satisfactory
(Chatot et al., 1980; Klug et al., 1990). In mammals, the complete
primary structures of C3 are available for rats (Misumi et al.,
1990), mice (Lundwall et al., 1984; Wetsel et al., 1984), humans
(De Bruijn and Fey, 1985) and guinea pigs (Auerbach et al., 1990)
at present. Unfortunately, only partial primary structures of C3 are
available for rabbits (Kusano et al., 1986).

 There may be stage specificity in the embryotrophic activity of
C3. This is because rat embryos at later developmental stages
could grow in synthetic culture media without the addition of C3.
Day 14 rat embryos were successfully cultured for 26 h in a
chemically defined culture medium of Earle’s balanced salt solu-
tion and 0.7% bovine serum albumin (Barber et al., 1993). On the
other hand, a culture method for day 11.5 rat embryo with
Dulbecco’s minimal essential medium/Ham’s F12 supplemented
with 20% fetal bovine serum was not applicable to day 10.5 rat

Fig. 6. Detection and binding of C3 in rat embryos explanted at day

9.5 or 10.5. (A) Bright field photos of explanted rat embryos. (B)

Detection of C3 on rat embryos. Embryos were incubated with FITC-anti
C3 IgG (25 μg/ml) and the fluorescence was observed by confocal
microscopy. The binding specificity was confirmed by disappearance of
the fluorescence with the addition of rat C3 (2.5 mg/ml). (C) Binding of C3
to rat embryos. Rat embryos were incubated with FITC-C3 (25 μg/ml), and
the fluorescence was observed by confocal microscopy. Binding of rat
C3, methylamine-C3, rabbit C3 and rat C3b was examined by their
addition as competitors at a 100-fold higher concentration (2.5 mg/ml).
The bright area indicates the fluorescence by FITC-anti C3 IgG or FITC-C3.
cp, chorio-allantoic placenta; em, embryo proper; ep, ectoplacental cone;
vy, visceral yolk sac.

complement system (Law and Reid, 1995).
 The mechanisms of the embryotrophic activity of C3 are not

known at present. The binding of C3 together with its selective
consumption in the culture medium suggests the involvement of
some receptor for C3 on the visceral yolk sac. In this context, it is
noteworthy that LR8, a chicken lipoprotein receptor, binds and
transport C3 from the yolk to the oocyte in the egg (Recheis et al.,
2005). This is because megalin (LRP-2/GP330), a mammalian
close relative of LR8 and a multiligand endocytic receptor belong-
ing to the low-density-lipoprotein receptor (LDLR) family, is ex-
pressed on the visceral yolk sac in accordance with the binding of
C3 in the present study (Drake et al., 2004). Although known
ligands for megalin includes albumin and transferrin but not C3 at
present (Christensen and Birn, 2002), megalin or some LDLR
relative might be involved in the embryotrophic activity of C3. After
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embryos (Ornoy et al., 2003).
 The present findings strengthen the role of C3 in a broad range

of the reproductive process, from fertilization to embryonic growth,
in vertebrates although the site and mechanisms of its action
seem different. It has been shown that C3b bound to membrane
cofactor protein (MCP), or C3-like factor bound to complement
receptors CR1 and CR3 is involved in the fertilization of humans
and frogs (Anderson et al., 1993; Cervoni et al., 1992; Llanos et
al., 2000). Phagocytic activity in mouse placental trophoblasts is
enhanced by C3b probably through CR1 (Albieri et al., 1999;
Amarante-Paffaro et al., 2004). Furthermore, embryotrophic func-
tion of iC3b, the cleaved product of C3b, in mouse blastocysts
probably through the rodent complement receptor-related protein
y (Crry) and CR3 has been reported (Lee et al., 2004).

 On the contrary to the embryotrophic activity of C3, no repro-
ductive failures have been shown in C3-deficient individuals, such
as those of humans, guinea pigs, dogs, rabbits and mice (Bitter-
Suermann and Burger, 1989; Wessels et al., 1995), other than
mild impairment of pregnancy including higher resorption rate, in
C3-knockout mice (Chow et al., 2009). Probably, this means that
some trophic and/or anatomical factor can functionally compen-
sate for C3 as an embryotrophic factor in utero under C3-deficient
conditions. Such functional compensation might involve the in-
crease of the C3-related proteins, such as α2-macroglobulin
(Campbell et al., 1986), during pregnancy. α2-Macroglobulin,
which is depleted in the culture medium by rat embryos (Priscott
et al., 1983), is markedly increased in maternal blood (Panrucker
et al., 1983) and synthesized in the uterine decidua (Gu et al.,
1995) in rats. In mice, endometrial α2-macroglobulin is suggested
to regulate the blastocyst development (Sayegh et al., 1997).

 The embryotrophic activity of C3 seems to be one explanation
for the significance of C3 synthesized locally in the uterus. It has
been indicated that C3, mostly synthesized in the liver, is also
synthesized in the uterine endometrium of various species includ-
ing rats (Sundstrom et al., 1989) and humans (Sayegh et al.,
1996), which is stimulated by estradiol or chorionic gonadotropin
and inhibited by progesterone (Brown et al., 1990; Sherwin et al.,
2007). It is suggested from the present findings that uterine C3
functions as an embryotrophic factor at earlier embryonic stages
when the maternal blood sinus is not yet formed. This notion is
supported by the growth promoting activity of other locally synthe-
sized C3, such as observed for blastocyst and osteoclast devel-
opment in mice (Lee et al., 2004; Sato et al., 1993), B lymphocyte
proliferation in mice (Cahen-Kramer et al., 1994), neural plate
formation in frogs (McLin et al., 2008) and limb regeneration in
urodeles (Rio-Tsonis et al., 1998).

 In conclusion, the present study has revealed new functions of
C3 as an embryotrophic factor and of the visceral yolk sac as its
possible action site in early postimplantation growth of rat em-
bryos. Further study will lead to deeper understanding of the
regulation mechanisms of postimplantation embryonic growth in
mammals.

Materials and Methods

Embryo culture
 Postimplantation embryos explanted from Wistar rats (Crlj: WI, Charles

River Laboratories Japan, Kanagawa, Japan) at day 9.5 of gestation (plug
day = day 0.5) were cultured for 48 h by the roller bottle method (Usami

and Ohno, 1996). Three embryos and 4 ml of a culture medium were
placed in a 30-ml culture bottle. Rabbit and rat sera used as culture media
were prepared by immediate centrifugation after blood collection, and
were heat-inactivated at 56°C for 30 min (Morriss-Kay, 1993). For
determination of embryotrophic activity, the culture medium was com-
posed of 3 ml of rabbit or rat sera and 1 ml of C3s or C3b. C3s, C3b, CVF
and dialyzed rat serum were dialyzed against Hanks’ balanced salt
solution (HBSS) before the addition to the culture medium. In the control
groups, the same amount of HBSS was added to the culture medium.
After the culture, embryonic protein content, freed from embryonic mem-
branes, was determined as an index of embryonic growth (Usami and
Ohno, 1996). Statistical significance of differences in embryonic protein
among the groups was examined by one-way analysis of variance and the
Tukey method after log transformation.

Electrophoresis and N-terminal sequence analysis
 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) was performed using 7.5%T mini gels (Laemmli, 1970). Samples
were incubated with sample buffer containing 2-mercaptoethanol as a
reducing agent at 37°C for 1 h, and were loaded onto the gel. After
electrophoresis, the gel was stained with Coomassie Brilliant Blue R-250
(CBB) using Quick-CBB (Wako Pure Chemical, Osaka, Japan) or was
subjected to electroblotting.

 N-terminal amino acid sequences of proteins were determined by
microsequencing (Matsudaira, 1987). Samples were separated by SDS-
PAGE and electroblotted to a polyvinylidene difluoride (PVDF) mem-
brane (Trans-Blot 0.2 μm, Bio-Rad, Hercules, CA). Tank blotting was
performed with CAPS buffer (10 mM 3-(cyclohexylamino)-1-propane
sulfonic acid (CAPS), pH 11, 10% (v/v) methanol) and a transfer cell (Mini
Trans-Blot Cell, Bio-Rad) at a constant current at 0.5 A for 30 min. The
proteins on the PVDF membrane stained with CBB were cut out and
applied to a protein sequencer (PPSQ-10, Shimadzu, Kyoto, Japan). The
obtained N-terminal amino acid sequences were searched against the
Swiss-Prot database to identify the proteins.

Preparation of C3s, cobra venom factor, C3b and anti-C3 IgGs
 Rat and rabbit C3s were purified from EDTA plasma by a fast protein

liquid chromatography method (Guiguet et al., 1987) with some modifica-
tions (Usami and Ohno, 2005). Methylamine-treated rat C3 (methy-
lamine-C3) was prepared by incubation of purified rat C3 with 100 mM
methylamine in 0.01 M phosphate buffered saline (PBS, pH 7.5) at 37°C
for 2 h. Hemolytic activity of C3 was determined as CH50 units (Kolb et
al., 1979) using C3-deficient human serum (Sigma). CVF was purified
from lyophilized cobra venom (Naja naja kausia, Wako Pure Chemical),
and rat C3b was prepared by cleavage of purified rat C3 with activated
CVF (Usami and Ohno, 2005). Rabbit anti-rat C3 IgG was purified from
rabbit antiserum obtained by immunization of Japanese White rabbits
(Std: JW/CSK, Japan SLC, Shizuoka, Japan) with rat C3 using the
MAbTrap GII (GE Healthcare). Rabbit anti-rat C3 IgG was further purified
by affinity chromatography with a column (HiTrap NHS-activated HP, 1ml,
GE Healthcare) coupled with rat C3. Goat anti-rabbit C3 IgG was purified
in the same manner from goat anti-rabbit C3 antiserum (Cappel, Irvine,
CA) using a column coupled with rabbit C3 instead of rat C3.

Western blot analysis
 Samples were separated by SDS-PAGE and electroblotted to a

nitrocellulose membrane (Trans-Blot 0.45μm, Bio-Rad). Semi-dry blot-
ting was performed with continuous transfer buffer (48 mM Tris, 39 mM
glycine, 1.3 mM SDS, 20% methanol) and a transfer cell (Trans-Blot SD
Cell, Bio-Rad) at a constant voltage at 15 V with a current limit at 0.41 A/
membrane for 30 min. The membrane was stained with rabbit anti-rat C3
IgG and the Immunoblotting ABC-POD (R) Kit (Wako Pure Chemical), or
with goat anti-rabbit C3 IgG and the same kit in which the biotin-
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conjugated goat anti-rabbit IgG antibody was replaced by biotin-conju-
gated rabbit anti-goat IgG antibody (Jackson ImmunoResearch, West
Grove, PA).

Determination of culture medium constituents
 C3s, albumin and transferrin concentrations in rat serum were deter-

mined by single radial immunodiffusion (SRID) (Catty and Raykundalia,
1988). For the SRID of C3s and transferrin, rabbit anti-rat C3 antibody,
goat anti-rabbit C3 antibody or rabbit anti-rat transferrin antibody (Cappel)
with purified rat C3, purified rabbit C3 or rat transferrin (Cappel) as a
standard, respectively, was used. For the SRID of albumin, the Bind A Rid
for rat albumin ‘NL’ (Binding Site, Birmingham, UK) was used. Total
protein concentration was determined by the Bradford method using the
Protein Assay (Bio-Rad) and bovine serum albumin (Wako Pure Chemi-
cal) as a standard. Glucose concentration was determined by the glucose
oxidase method using the Glucose B-Test Wako (Wako Pure Chemical).
Each determination was made in triplicate.

Immunohistochemistry
 Pregnant rat uteri at day 9.5 or 10.5 of gestation were cut into pieces

as short as the embryo widths. The uterine pieces containing the embryos
were fixed in Bouin’s fluid, and their paraffin sections 8 μm thick were
made. The sections were stained immunohistochemically with rabbit anti-
rat C3 IgG and the Pathostain ABC-POD (R) Kit (Wako Pure Chemical).
Normal rabbit IgG was used for control staining. Diamino benzidine was
used for color development, and no counter staining was made.

Confocal microscopy
 Fluorescein-labeled rabbit anti-rat C3 IgG (FITC-anti C3 IgG) and rat

C3 (FITC-C3) were prepared by incubation of rabbit anti-rat C3 IgG or rat
C3 in 0.25 M NaHCO3 (pH 9.0) mixed with fluorescein-4-isothiocyanate
(FITC, Wako Pure Chemical) in dimethylsulfoxide (10 mg/ml) at a ratio of
50 μg FITC per mg protein for 2 or 3 h at room temperature. The incubation
mixture was applied on a gel filtration column (5 ml, Sephadex G-10, GE
Healthcare) and eluted with PBS (pH7.4) for the separation of the labeled
molecule from free FITC. The eluted FITC-anti C3 IgG and FITC-C3, of
which the F/P ratio ranged from 3.82 to 5.32, were dialyzed against PBS.

 Rat embryos were explanted at day 9.5 or 10.5 of gestation, and were
preincubated in rat serum for 30 min so that they would lose adhesiveness
to containers and recover from damage due to the explantation proce-
dures. After the preincubation, the embryos were washed six times with
ice-cold HBSS containing 0.1% NaN3 (csHBSS), and were incubated with
FITC-anti C3 IgG or FITC-C3 (25 μg/ml) in csHBSS containing 1% bovine
serum albumin in the presence or absence of rat C3, methylamine-C3,
rabbit C3 or rat C3b (2.5 mg/ml) for 30 min on ice. After the incubation, the
embryos were washed six times with csHBSS, and observed for fluores-
cence with a laser scanning confocal microscope (Radiance 2000, Bio-
Rad) and control software (LaserSharp 2000, Bio-Rad) at excitation Ar
488 nm, iris 12, 166 lps, Kalman mode, channel green and 4× magnifica-
tion with an UPlan Apochromat objective. Gain and offset were adjusted
to quench autofluorescence of the control embryo. Much care was taken
to obtain images within a few scans because of rapid decay of the
fluorescence.
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