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Abstract The role of perchloric acid-soluble protein (PSP) was
investigated in chick embryos. Fluorescently labeled anti-chick
liver (CL)-PSP IgG was injected into the yolk sac in ovo at
embryonic day 3, and became localized in neuroepithelial cells.
Within 12 h, morphological changes were observed in 37.5% of
anti-CL-PSP IgG-injected embryos, and the neuroepithelial cells
formed a wavy line. No significant changes were observed in
embryos injected with non-immune IgG or PBS. Increased
expression of PCNA and decreased expression of neuronal class
III B-tubulin were observed in the spinal cord after anti-CL-PSP
IgG injection. These results suggest that PSP controls the prolif-
eration and differentiation of neuroepithelial cells in chick
embryos.

© 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Perchloric acid-soluble protein (PSP) was originally isolated
from rat liver (RL-PSP) [1]. Subsequently, we isolated and
characterized PSP from rat kidney (RK-PSP) [2], rat brain
(RB-PSP) [3], rat lung (RLu-PSP) [4], chick liver (CL-PSP)
[5] and pig liver (PL-PSP) [6]. Proteins homologous to PSP
were also characterized in mice (Hrp 12) [7], goats (UK-114)
[8] and humans (p14.5) [9]. PSP and its homologs show high
homology with a new hypothetical family of small proteins,
the YERO57¢/YJGF family, from their cDNA sequences,
and are highly conserved from Escherichia coli to humans
[9]. The evolutionary conservation of these proteins may reflect
an important role in cellular regulation. Indeed, the mRNA of
pl4.5 is significantly upregulated during differentiation from
monocytes to macrophages. The expression of PSP in rat kid-
ney increases from fetal day 17 to postnatal week 4 and then
reaches a steady-state level. On the other hand, the expression
of PSP in rat renal tumor tissues is decreased compared to that
in normal tissue [2]. In addition, overexpression of recombi-
nant PSP reduced cell proliferation of the normal rat kidney
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cell line NRK-52E, rat hepatocyte cell line RLN-10 and rat
hepatoma cell line dRLh-84 [10]. Although the real function
of PSP remains unknown, these results suggest that PSP is
involved in cell differentiation and proliferation. If PSP is
involved in the regulation of cell proliferation and differentia-
tion, knock-out of the PSP gene would be lethal. In this study,
we examined the effects of an anti-CL-PSP antibody in early
stage chick embryos (E2 to E3.5) to clarify the function of
PSP. Abnormal development of the spinal cord was observed
accompanied by increased cell proliferation and decreased cell
differentiation after immuno-neutralization of PSP.

2. Materials and methods

2.1. Polyclonal anti-CL-PSP antibody

PSP was purified from chick liver (male White Leghorn chicks; 90
days of age), according to a previously described method [5]. The puri-
fied CL-PSP was administered with an adjuvant (Difco, USA) to
immunize two New Zealand white rabbits. Serum was collected from
these rabbits at 60 days and the IgG was purified using a HiTrap Pro-
tein A HP column (Amersham Biosciences Corp., NJ, USA).

2.2. Injection of anti-CL-PSP IgG into the yolk sac in ovo

Fertilized White Leghorn eggs were incubated at 37.5 °C for 72 h.
The top of the eggshell was then cut and about 1 ml of clear liquid
was pumped out from the yolk sac. Next, 0.5ml of anti-CL-PSP
1gG (1 mg/ml in phosphate-buffered saline (PBS; pH 7.4)) was injected
into the yolk sac. Non-immune IgG (1 mg/ml in PBS) and PBS were
used as controls. After the injection, the holes were covered with plastic
caps and the eggs were returned to a humidified incubator.

2.3. Tissue localization of the injected anti-CL-PSP IgG

The anti-CL-PSP IgG was labeled with Alexa 488 carboxylic acid,
succinimidyl ester mixed isomers (Molecular Probes, OR, USA) under
light protection, according to the manufacturer’s protocol. At 10 h
after injection of the labeled anti-CL-PSP IgG, the embryos were fixed,
embedded and sectioned at 4 pm. Sections were deparaffinized and ob-
served under a confocal microscope (FLUOVIEW FV 500; Olympus,
Tokyo, Japan).

2.4. Morphological examination of chick embryos

Morphological changes in the chick embryos were evaluated before
fixation using a stereomicroscope (SZX 12; Olympus). Embryos show-
ing a wavy spinal cord were scored as abnormal. The numbers of
abnormal and normal embryos were analyzed using the y? test. Em-
bryos were fixed in Zamboni’s solution, washed with 0.1 M phosphate
buffer (PB; pH 7.4) at 4 °C, embedded in paraffin, sectioned at 4 um,
stained with hematoxylin and eosin (HE), and analyzed using an opti-
cal microscope (E 400; Nikon, Tokyo, Japan).
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2.5. Immunohistochemistry and analysis of cell proliferation and
differentiation

Embryos were fixed in Zamboni’s solution after incubation for 48,
72, and 84 h (E2, E3, and E3.5, respectively), embedded in paraffin
and sectioned at 4 um to confirm the expression of PSP. To analyze
the cell proliferation and differentiation, embryos at 10 h after injection
were fixed, embedded and sectioned as described above. Sections were
deparaffinized and treated with 0.3% hydrogen peroxide in methanol
for 30 min to remove the endogenous peroxidase. Sections were
blocked with 1% BSA and 20% normal goat serum in PBS for 1 h at
room temperature, and then incubated with the following antibodies:
affinity-purified rabbit polyclonal anti-CL-PSP antibody (1:500);
mouse monoclonal anti-proliferating cell nuclear antigen (PCNA)
(PC 10; Santa Cruz Biotechnology Inc., CA, USA; 1:5000) for cell pro-
liferation; anti-neuronal class III B-tubulin (B-III tubulin) mouse
monoclonal anti body (clone TuJ1; Covance, CA, USA; 1:500) for cell
differentiation. The sections were incubated in the primary antibodies
overnight at 4 °C followed by incubation in biotinylated secondary
antibodies for 1 h at room temperature, and then visualized with diam-
inobenzidine using an ABC Kit (Vector, CA, USA). Anti B-III tubulin
staining was performed after activation in 10 mM sodium acid citrate
(pH 6.0) in a microwave oven for 15 min. Sections were examined
using a microscope. The numbers of PCNA- and B-III tubulin-positive
cells in the spinal cord were examined in five samples each. Data were
analyzed by Student’s 7 test.

3. Results

3.1. PSP expression in developing chick embryos

PSP expression was observed in the neuroepithelial cells of
the ventricle (Fig. 1(a)) and spinal cord (Fig. 1(b) and (c)) at
embryonic day 3 (E3) by immunohistochemistry. Similar local-
izations of PSP-positive cells were observed at E2 and E3.5
(data not shown). These data suggest that PSP is expressed in
the central nervous system (CNS) in early stage chick embryos.

3.2. Effect of anti-CL-PSP IgG on the morphological changes of

chick embryos
Anti-CL-PSP IgG was injected into the yolk sac to immuno-
neutralize PSP and clarify its role in developing chick embryos.
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Fig. 1. Tissue localization of PSP in a chick embryo (embryonic day
3). The immunohistochemical analysis was performed as described in
Section 2. PSP expression is observed in neuroepithelial cells of the
brain ventricle (a) and spinal cord (b,c) of the chick embryo. The cut
position is shown in (d). Scale bars: 200 um (a), 100 um (b,c).
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First, anti-CL-PSP IgG was labeled with a fluorescent dye and
injected into the yolk sac to clarify the tissue localization of the
injected antibody. The fluorescent signals were observed in the
ventricle (Fig. 2(a) and (b)) and spinal cord (Fig. 2(c) and (d)),
suggesting that the anti-CL-PSP IgG entered the tissues of the
chick embryos and reacted with their PSP. Within 12 h after
the anti-CL-PSP IgG injection, morphological changes of the
spinal cord were observed in 37.5% of chick embryos
(Table 1; Fig. 3). In contrast, no changes were observed in em-
bryos injected with non-immune IgG or PBS. No morpholog-
ical changes were observed in embryos that maintained normal
development after the anti-CL-PSP IgG injection, suggesting
that these embryos failed to take up the anti-CL-PSP IgG.
On the other hand, the spinal cord of abnormal embryos
showed remarkable changes, such as a wavy line (Fig. 3(c)
and (e)), compared to the straight line of the controls (Fig.
3(d) and (f)). The excess neuroepithelial cells expanded into
the ventricular zone of the tissue of the ventricle and spinal

Fig. 2. Cellular localization of Alexa 488-labeled anti-CL-PSP IgG
injected into the yolk sac. The fluorescent signals are present in
neuroepithelial cells of the ventricle (a,b) and spinal cord (c,d). Scale
bars: 100 um.

Table 1

Induction of abnormal morphology by immuno-neutralization of PSP
Injected Abnormal Normal Total Abnormal
material morphology morphology total (%)
Anti-PSP IgG 9 15 24 37.5"
Non-immuno IgG 0 10 10 0

PBS 0 20 20 0

"P <0.05, 4 test.
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Fig. 3. Immuno-neutralization of PSP induces morphological changes
in the spinal cord. Anti-CL-PSP IgG was injected as described in
Section 2. The spinal cord forms a wavy line after the anti-CL-PSP IgG
injection (c,e). In contrast, the spinal cord of the control is a straight
line (d,f). Scale bars: 1 mm (a,b), 200 um (c,d).

cord (Fig. 4(d)—(f)). Hence, these abnormal morphological
changes were possibly induced by the immuno-neutralization
of PSP.

3.3. Immuno-neutralization of PSP affects cell proliferation and
differentiation

PCNA was reported to be associated with DNA replication
[11-13] and has been used as a universal marker for cell prolif-
eration. Therefore, the expression of PCNA was examined
using the following three samples: (1) embryos fixed at the time
of injection (Fig. 5Aa), (2) embryos fixed at 10 h after anti-CL
PSP IgG injection (Fig. 5Ab), and (3) embryos fixed at 10 h
after non-immune IgG injection (Fig. 5Ac). The number of
PCNA-positive cells in the spinal cord of embryos injected
with anti-CL-PSP IgG was significantly increased compared
to those in the two control groups (Fig. 5B). In particular, high
PCNA expression was observed in the region of the neuroepi-
thelial masses (Fig. 5Ab, arrowheads). These results suggest
that PSP was immuno-neutralized and that this induced cell
proliferation, resulting in the induction of an irregular spinal
cord structure.

In addition, the expression of B-III tubulin, a neuronal dif-
ferentiation marker [14], was examined to clarify the influence
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Fig. 4. HE staining of a chick embryo injected with anti-CL-PSP IgG.
The staining was performed as described in Section 2. The neuroep-
ithelial cells of the brain ventricle and spinal cord (d-f) show
remarkable changes, such as a wavy line. The excess neuroepithelial
cells have expanded into the ventricle compared to the control embryo
injected with non-immune IgG (a—c). Scale bars: 200 pm (a,d), 100 pm
(b,e), 50 um (c,f).

of PSP immuno-neutralization on cell differentiation. The
expression of B-III tubulin was reduced in immuno-neutralized
embryos compared to embryos injected with non-immune IgG
(Fig. 6Abc and Fig. 6B). Since PSP had already been expressed
before the injection and could not increase after the injection, a
similar level of PSP expression was observed (Fig. 6Aa and b).

These results suggest that PSP regulates cell proliferation
and differentiation in the CNS of chick embryos.

4. Discussion

The evolutionary conservation of PSP from prokaryotes to
eukaryotes suggests that it may play an important role in cel-
lular metabolism [9]. In this study, we examined the effect of an
anti-CL-PSP IgG on chick embryo development. The neuronal
tube consists of folded neuroepithelial cells. The neuropore
closes and the neuronal tube is formed up to embryonic day
2 (corresponding to Hamburger and Hamilton stages 12-13
[15]). Furthermore, the cells in the brain vesicle continue to
proliferate and differentiate. This regular cell proliferation is
necessary for the correct development of chick embryos. PSP
expression was observed in the CNS of developing chick em-
bryos at E2, E3 and E3.5 (Fig. 1), and PSP was localized in
neuroepithelial cells regardless of their dorsal or ventral
position.

Alexa 488-labeled anti-CL-PSP IgG was injected into the
yolk sac to clarify the function of PSP. The fluorescent signals
revealed that the IgG became localized in neuroepithelial cells.
Embryos take their nutrition from the yolk sac for develop-
ment, and fluorescent signals were also observed in the epithe-
lial cells of the stomach and duodenum (data not shown). In
these organs, low PSP expression was observed (data not
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Fig. 5. (A) PCNA expression in the spinal cord. The immunohisto-
chemical analysis was performed as described in Section 2. The PCNA
expression in a chick embryo injected with anti-CL-PSP (b) is
increased compared with embryos before the injection (a) or injected
with non-immune IgG (c). High PCNA expression is observed in the
region of the neuroepithelial masses (b, arrowheads). Scale bars:
100 um. (B) Percentages of PCNA-positive cells. PCNA-positive cells
are significantly increased in embryos injected with anti-CL-PSP IgG
compared with control embryos. ***P < 0.001 (Student’s ¢ test).

shown) and the morphological changes were not as significant
as those in the CNS. Furthermore, PCNA-positive cells in the
stomach and duodenum hardly increased. Therefore, we fo-
cused the morphological changes in the CNS. It is interesting
that IgG was absorbed into the embryo body through the epi-
thelial cells of the foregut system. In addition, the IgG injected
into the yolk sac became localized in the neuroepithelial cells
of the CNS and induced cell proliferation by inhibiting the
function of PSP.
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Fig. 6. (A) B-11I tubulin expression in the spinal cord. The immuno-
histochemical analysis was performed as described in Section 2. The -
III tubulin expression in an embryo injected with anti-CL-PSP 1gG (b)
is decreased compared with embryos before the injection (a) or injected
with non-immune IgG (c). Scale bars: 100 um. (B) Percentage of B-III
tubulin-positive cells. B-1II tubulin-positive cells are significantly
decreased in embryos injected with anti-CL-PSP IgG compared with
control embryos injected with non-immune IgG. ***P < 0.001 (Stu-
dent’s ¢ test).

In this study, 37.5% of chick embryos injected with the anti-
CL-PSP IgG showed morphological changes (Table 1). These
embryos showing morphological changes corresponded to
stages 18 to 19 (Fig. 3(a)) of the incubation. Therefore, the tim-
ing of the IgG injection is an important factor for revealing the
effect of PSP immuno-neutralization. Judging from the results,
injection at stages 14 to 17 should be successful. The function
of PSP was inhibited by the immuno-neutralization. The in-
crease in cell proliferation after PSP immuno-neutralization
is consistent with its reported role as an inhibitor of cell prolif-
eration [10]. Furthermore, the decreased expression of the dif-
ferentiation marker B-III tubulin suggests that PSP is also
involved in cell differentiation. Thus, PSP may regulate cell
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proliferation and differentiation of neuroepithelial cells, and
may function to regulate the cell cycle.

On the other hand, it has been reported that PSP is ex-
pressed in astrocytes of the cerebrum, Bergmann cells and
astrocytes of the cerebellum, oligodendrocytes of the corpus
callosum, and ependymal cells of the choroid plexus in the
adult rat brain. Furthermore, PSP expression increases from
postnatal days 1 to 60 [3]. These data suggest that PSP is also
involved in the nervous system after the birth.

PSP is expressed not only in differentiated cells but also in
high potential cells such as the neuroepithelial cells in develop-
ing chick embryos. PSP expression is necessary to control cell
proliferation and differentiation. Further analysis of PSP is re-
quired to clarify the mechanism of chick embryo development.
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