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Abstract: Precise coordination of cell proliferation and apoptosis is essential for proper organ morphogenesis and
function during mammalian development. The retina is a part of the central nervous system, with a function in cap-
ture and conversion of light particles into nerve signals. However, the dynamical changes of cell proliferation and
apoptosis during the retinal development is unclear. Thus, this study was to observe the changes of proliferating cell
nuclear antigen expression and apoptosis during the retina development in rats. Rats from different developmental
stages (embryonic days 14-20 (E14-20), postnatal days 0-15 (PO-15) and adult (P36)) were used. The eyeballs
were removed and fixed immediately in formalin. The tissues were embedded in paraffin. Sections were prepared
for immunohistochemical staining and terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TU-
NEL). PCNA expression appeared in large quantities in rat retina from E14 to P7, decreased obviously since P9,
and could not be observed since P15. Apoptotic cells appeared in small quantities since E18. And then apoptotic
cells dramatically increased during the retina development, and peaked at P7. As maturation continued, these cells
decreased gradually. Apoptotic cells could not be found in the mature retina. Cell proliferation and apoptosis shows
orderly and dynamic changes during the retina development, which is essential for the development of normal

structure and function of the retina.
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Introduction

Cell proliferation, apoptosis and the balance
between them are essential for proper tissue
morphogenesis, homeostasis and function [1].
Both cell proliferation and apoptosis are re-
quired for sel-renewal, maintenance and adap-
tation of tissues to physiological stimuli by
allowing an organism to control cell humber
and tissue volume [2, 3]. The retina, at the back
of the eye, is a part of the central nervous sys-
tem, with a function in capture and conversion
of light particles into nerve signals. Previous
studies have indicated that the retina develop-
ment is a significant and orderly spatial-pattern
development process [4-7]. However, it is diffi-
cult to observe the whole process of the human
retina development, thus systematic investigat-
ing cell proliferation, differentiation and apop-
tosis in rat retina development will be an eff-
ective approach, which contribute to better

understand the mechanism of retina develop-
ment.

Proliferating cell nuclear antigen (PCNA) [8-10],
belonging to the DNA sliding clamp family, is the
auxiliary protein of DNA-poly-merase & [11]. It
increases during the late part of the G1 phase
of the cell-division cycle, peaks during the S
phase, and then decreases during the G2 and
M phases. These changes occur at the same
rate asthe changes in DNA synthesis. Therefore,
PCNA is considered as an essential factor for
cell proliferation and is used as an index of cell
proliferation [12, 13]. TdT-mediated dUTP nick-
end labeling (TUNEL) is a simple, sensitive and
reliable method that can selectively mark apop-
totic cells in tissues. For the present study, we
investigated the dynamic changes of PCNA and
apoptotic cells in different durations of retinal
development to provide morphological evide-
nce for better understanding the mechanism of
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retinal development and the diseases induced
by abnormal retinal development.

Materials and methods
Animals

Healthy and pregnant Wistar rats (Experimental
Animal Center, Hebei Medical University, China)
were adapted to a 12/12 h light/dark cycle,
with free access to food and water. This study
was approved by the Institutional Review Bo-
ard for Animal Experiments at Hebei Medical
University. Every attempt was made to reduce
the number of animals and to minimize pain
and suffering. Rats from different developmen-
tal stages [embryonic days 14-20 (E14-E20),
postnatal days 0-15 (P0O-15) and adult (P36)]
were used in experiments. The rats were deeply
anesthetized by inhalation of diethyl ether
(Tianjin Precision Chemical Reagent Factory,
China) and were sacrificed by cervical disloca-
tion.

Reagents

Mouse monoclonal anti-PCNA antibody was
purchased from Abcam (UK, CN: ab29), mou-
se monoclonal anti-B-actin antibody was pur-
chased from Abcam (UK, CN: ab8229), the
immunohistochemical kit was purchased from
Zhongshan Goldenbridge Biotech (China, CN:
SP901), the second antibody of immunoblot
was purchased from Rockland (USA), and the
TUNEL kit was purchased from Promega (USA,
CN: #G7132).

Immunohistochemistry

The eyeball tissue was harvested and fixed
immediately in 10% formalin. The tissue was
subsequently dehydrated in graded ethanol se-
ries and embedded in paraffin. Deparaffinized
sections were pretreated using microwave anti-
gen retrieval, followed by incubation in 3% H,0,
in cold methanol for 30 min, and goat serum
for 30 min. Next, the tissues were incubated
with monoclonal antibodies specific for mouse
PCNA (1:100) overnight at 4°C. The tissues
were then incubated for 1 h with biotinylated
secondary antibody and subsequently with
horseradish peroxidase (HRP)-conjugated bio-
tin for 30 min. Finally, 3,3’-diaminobenzidine
(DAB) was used as the chromagen. The tissues
were counterstained with hematoxylin to vis-
ualize locations in the sections.
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Immunoblotting

Five rats from different development stages
were used for immunoblotting. Tissue extracts
(50 pg of protein/lane) were loaded, separat-
ed by SDS-PAGE and transferred to PVDF
membranes. The membranes were incubated
overnight at 4°C with anti- PCNA (1:150) and
B-actin antibodies. Then, incubation with horse-
radish peroxidase-conjugated goat anti-mouse
IgG was performed. For the X-ray film exposure,
the enhanced chemiluminescence system was
employed. The optical densities of the bands
were measured using LabWorks 4.5 software.
PCNA expression was quantified with respect
to the signals of the corresponding [B-actin
band.

TUNEL assay

The TUNEL assay was used assess the extent
of apoptosis in the treated cells. The slides
were washed with PBS and fixed using 4%
paraformaldehyde. The slides were stained by
diaminobenzidine to nicked ends of DNA and
then visualized with a microscope.

Positive cell counting

Five rats from each group were used for mor-
phological observation. Using the serial section
technique, we took one out of every five sec-
tions and selected a total of three sections for
each rat. The number of apoptotic cells in each
section was counted (per 400x field of view)
in five view fields. Two independent observers
who were blinded to the experimental condi-
tions performed counts and calculated the
average number of positive cells.

Statistical analysis

Statistical analysis was performed by one-way
ANOVA. Student’s t-test was used when com-
parisons were restricted to two experiment
groups. The results are presented as mean #*
SEM. The threshold for statistical significance
was defined as P<0.05.

Results
PCNA immunohistochemical staining
PCNA-positive cells are proliferating cells dur-

ing the cell cycle. PCNA, which is expressed in
the nucleus, was stained brown by immunohis-
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Figure 1. PCNA expression in retina development. (A-D) Show the PCNA ex-
pression in retina development at E18, P3, P9 and P36, respectively. PCNA
expression occurred at high levels in the early stages of development (A

PCNA was detected from P9
to P36 (Figure 2).

TUNEL staining

Apoptotic cells were first ob-
served in small quantities in
rat retina at E14 (Figure 3A).
Then, with the retina develop-
ment, the number of apopto-
tic cells increased. Apoptotic
cells significantly upregulated
at P5 (Figure 3B-E), and pe-
aked at P7 (Figure 3F). As the
cells matured, apoptotic ce-
lls gradually decreased. There
was no obvious apoptotic cells
from P15 to P36 (Figure 3G-I).
Besides, no obvious regional
distribution in apoptotic cells,
they could be found in the gan-
glion cell layer, inner nuclear
layer and outer nuclear layer.

and B). PCNA expression decreased obviously from P9 (C) and could not be

observed at P36 (D). Bars =25 um.
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Figure 2. Quantitative analysis of PCNA protein.
With the retina development, PCNA expression was
gradually decreased. And only a little of PCNA was
detected at P9 and P36. The results are shown as
the mean + SEM, ""P<0.01, "P<0.05 vs. P36 (n=5).

tochemical staining. PCNA expression occurred
at high levels in the early stages of develop-
ment (E14-P7) (Figure 1A, 1B). As cells matu-
red, it showed significant dynamic changes.
The number of PCNA decreased obviously from
P9 (Figure 1C), and could not been found from
P15 to mature stages (Figure 1D).

Quantitative analysis of PCNA protein

PCNA expression was gradually decreased dur-
ing the retina development. And only a little of
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Quantification of apoptotic
cells

Apoptotic cells appeared dynamic changes dur-
ing the retina development, and the number of
apoptotic cells peaked at P7 (Figure 4).

Discussion

During organogenesis, tissue architecture and
cell number are tightly controlled by balancing
proliferation and cell death [2, 3]. Cells are ini-
tially organized into a loose pattern, and then
selective programmed death removes unde-
sired cells, just as a sculptor removes some
material to reveal the hidden image. The retina,
as a part of the central nervous system, is also
tightly controlled by cell proliferation and apop-
tosis during its development.

PCNA, as a significant regular factor in cell divi-
sion and proliferation, increases during the late
part of the G1 phase, peaks during the S phase
and then decreases during the G2 and M
phase, which is consisted with the rate of DNA
synthesis. Thereby, it is regarded as a routine
indicator of cell proliferation status [12, 13]. In
the present study, PCNA-positive cells first
appeared in the early embryo, and exhibited a
trend of increasing during the development of
retinal nerve in rats. However, with the gradual
differentiation and maturation of the retinal
cells the PCNA expression decreased. These
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Figure 3. TUNEL staining. (A-l) Show the expression of apoptotic cells in retina development at E14, E20, P1, P3,
P5, P7, P9, P15 and P36, respectively. The images in the upper right corner are magnification of the area in the
boxes. With the retina development, apoptotic cells were significantly increased and peaked at P7 (A-F). As the cells
matured, apoptotic cells gradually decreased, and could not be found in mature retinal cells (G-). Bars =25 pym.
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Figure 4. Quantification of apoptotic cells in retina
development at different times. Apoptotic cells ap-
peared dynamic changes during the retina devel-
opment, and the number of apoptotic cells peaked
at P7. The results are shown as the mean + SEM
(n=b).

results suggested that the related proteins that
affect cell proliferation have achieved dynamic
balance and the proliferation ability of cells has
decreased significantly in the later stage of reti-
nal neurodevelopment. As broadly documented
in the literature, many regulatory proteins and
signaling pathways are involved in regulating
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the proliferation of retinal nerve cells in rats.
Pax6, as the master factor of eye morphogene-
sis control, takes part in the proliferation and
differentiation of the retinal [14]. Pou4f2 and
Isl1, controlled by intrinsic and extracellular
factors, precisely regulate the retinal prolifera-
tion [15]. In addition, the Hippo pathway and
Wnt/Frizzled pathway have a critical role in the
different structures of the eye. These ways are
involved in many processes, such as cellular
proliferation and differentiation, especially in
the central nervous system [16-18]. Combined
with previous researches and the present
study, we can easily get a conclusion that be-
cause of co-regulation in all kinds of signal
pathways, proliferative related regulation pro-
teins are always maintain in a state of dynamic
balance, and the retinal nerve cells display
obviously dynamic changes during its deve-
lopment.

The apoptosis of nerve cells has a unique bio-
logical significance in the development of reti-
na. From one simple neural plate to the exqui-
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sitely constructed and finely functional retina,
the proliferation, migration and cell apoptosis
play a critical role. Once the dynamic balance
between proliferation and death in cells is
disordered, the development of the retina is
abnormal. In the present study, we observed
the apoptotic changes from E14 to P36 of the
development of retina in detail. Apoptotic cells
could be found at E14 in retinal nerve cells, and
with the development of retina, apoptotic cells
exhibited a trend of first increasing and then
decreasing, although in mature retina, no obvi-
ously apoptotic cells were observed. These
changes basically corresponds to a previous
mouse brain research, which indicated that
apoptotic cells peaked at eight day after birth
and almost no apoptotic rate was found at two
weeks [19]. Of course, a variety of proapoptotic
stimuli, including extracellular and intracellular
signals, can result in apoptotic cell death. The
extracellular signals include tumor necrosis
factor (TNF) [20], Fas ligands (FaslL) [21], and
the absence of trophic factors [22]. DAN da-
mage and endoplamic reticulum stress (ERS)
[23] are examples of intracellular proapoptotic
signals. These specific signals activate the
intracellular pathways, leading to biochemical
and morphological changes in retinal nerve
cells.

In a conclusion, this study systematically ob-
served the dynamic changes of cell prolifera-
tion and apoptosis in rat retinal development in
detail from the perspective of morphology,
which contribute to better understand the
mechanism of retina development and patho-
logical changes. The orderly balance between
proliferation and apoptosis is the basis of nor-
mal retinal structure and function, and those
regulation factors directly involved in regulat-
ing balance will be the focus of our further
studies.
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