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Abstract: This study evaluated the cellular localization of cyclic AMP-responsive element binding protein-binding protein (CBP)
expression in pig retinas during postnatal development. Immunohistochemistry and Western blot analysis were performed
on retinal tissue from 2-day-old, 5-week-old, and 6-month-old pigs. Western blot analysis detected the expression of CBP in
the retinas of 2-day-old piglets and showed that it was significantly decreased in the retinas of 5-week-old and 6-month-old
pigs. Immunohistochemically, CBP was intensely immunostained in protein kinase C alpha (PKCa)-positive-bipolar cells,
glutamine synthetase-positive Miiller cells, and in ganglion cells in 2-day-old piglets. CBP was detected weakly in the inner
plexiform, outer nuclear, and rod and cone layers. CBP immunoreactivity in the ganglion cell layer was decreased in the retinas
of 5-week-old and 6-month-old pigs, while clear CBP expression detected in the neurite of PKCa-positive bipolar cells in the
inner nuclear layer. In addition, CBP immunoreactivity in Miiller cells and glial fibrillary acidic protein-positive glial processes
was particularly noteworthy in pig retinas, but not in rat retinas. The results indicate that CBP is expressed differentially in the
retinal neurons and glial cells according to growth and animal species, and may play an important role in homeostasis in Miiller
cells, neurite extention in bipolar cells, and signal transduction in photoreceptor cells in the porcine retina.
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Cyclic AMP responsive element binding protein (CREB)
is a transcription factor [1] that is phosphorylated by pro-
tein kinase A (PKA) and that binds specifically to the
nuclear protein CREB-binding protein (CBP) [2]. Signal
cascades induce the expression or phosphorylation of CBP
on extracellular stimulation. Subsequently, these cascades
modulate cellular proliferation, differentiation, and apoptosis
under normal and pathological conditions [3]. CBP activity
has been examined in various tissues, and the highest levels
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have been detected in the brain, with relatively high levels
detected in the lung, spleen, and heart, intermediate levels in
the testes and skeletal muscles, and low levels in the liver and
kidneys [4].

Furthermore, CBP is involved in a wide range of central
nervous system (CNS) cellular and pathophysiological
events, including hippocampal synaptic plasticity,
hippocampus-dependent long-term memory formation [5],
neurodegeneration [6], mammalian circadian clocks [7],
neuronal survival [8], aging, and development [4]. The retina
consists of neuronal and glial cell layers, and is classified
as a remote CNS tissue. The role of CBP in Drosophila
melanogaster retinal development has been studied [9].
However, there are few descriptions of CBP cellular expression
patterns during mammalian retinal development. The pig
retina shares many similarities with the human retina and can
serve as an appropriate animal model [10]. We evaluated the
cellular localization of CBP expression in the developing pig
retina in this study.

Materials and Methods

Tissue sampling

Eyes from 2-day-old, 5-week-old, and 6-month-old female
Landrace pigs (n=4-5 per group) were obtained from a local
farm. The eyes were enucleated and the anterior segment of
the globe was dissected. The retinas were detached carefully
from the eyes in phosphate buffered saline (PBS; pH 7.4),
fixed in 10% neutral-buffered formalin in 0.1 M PBS for
histological analysis, and deep-frozen at —80°C until used
for Western blot analysis. Retinas recovered from female
Sprague Dawley rats (7 to 8-week-old, 160-200 g) were used
as a reference to compare the expression of CBP. All retinas
had normal histological features. All experiments were
performed in accordance with the Guide for the Care and Use
of Laboratory Animals at Jeju National University.

Western blot analysis

Western blot analysis of the pig retinas was performed
as reported previously [11], with minor modifications.
Briefly, retinal tissues were thawed in lysis buffer consisting
of 20 mM HEPES, pH 7.2 (Sigma-Aldrich, St. Louis, MO,
USA), 1% Triton X-100 (AMRESCO, Solon, OH, USA), 1%
deoxycholate (Sigma-Aldrich), 0.1% sodium dodecyl sulfate
(SDS; Bio-Rad, Hercules, CA, USA), 150 mM NaCl (Junsei,
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Tokyo, Japan), 10 pg/ml leupeptin (Sigma-Aldrich), 10 ug/ml
aprotinin (Sigma-Aldrich), and 1 mM phenylmethylsulfonyl
fluoride (Sigma-Aldrich). Tissues were given 10 strokes in a
Dounce homogenizer. After incubation for 60 minutes in an
ice-bath, the homogenates were each centrifuged at 14,000
rpm for 20 minutes, and the supernatant was harvested.
For the immunoblot assay, supernatant containing 40 pg of
protein was loaded into individual lanes and subjected to 6%
SDS-polyacrylamide gel electrophoresis. The resolved proteins
were electroblotted onto nitrocellulose membranes (Schleicher
and Schuell, Keene, NH, USA). The residual binding sites on
the membranes were blocked by incubation with 5% nonfat
milk in Tris-buffered saline (TBS; 10 mM Tris-HCI, pH 7.4,
and 150 mM NaCl) for 1 hour at room temperature (RT).
Subsequently, the membranes were incubated with rabbit
anti-CBP (1 : 1,000, C-20 [sc-583], Santa Cruz Biotechnology,
Santa Cruz, CA, USA) for 2 hours at RT. The membranes were
washed three times in TBS containing 0.1% Tween-20 before
being incubated with horseradish peroxidase-conjugated anti-
rabbit IgG (1 : 2,000, Santa Cruz Biotechnology) for 1 hour
at RT. The membranes were developed using an enhanced
chemiluminescence reagent kit (Amersham Pharmacia
Biotech, Uppsala, Sweden), employed according to the
manufacturer’s instructions, and exposed to medical X-ray
film (Agfa Gevaert, Mortsel, Belgium). After imaging, the
membranes were stripped and reprobed using monoclonal
anti-B-tubulin antibody as the primary antibody (Sigma-
Aldrich) using a similar protocol to that described above. The
optical density (OD/mm?) of each band was measured with a
GS-700 scanning laser densitometer (Bio-Rad) and the values
are presented as the meantstandard error of the mean. The
ratios of the density of the CBP band to that of the p-actin
band were compared using Molecular Analyst software (Bio-
Rad).

Immunohistochemistry

Immunohistochemistry of the pig retinas was performed
as reported previously [12], with minor modifications. Five
micrometer-thick paraffin wax embedded tissue sections were
deparaffinized and rehydrated by routine protocols before
being exposed to citrate buffer (0.01 M, pH 6.0) and heated in
an autoclave for 10 minutes. They were then incubated in 0.3%
hydrogen peroxide in methyl alcohol for 20 minutes to block
the endogenous peroxidase activity. After three washes with
PBS, the sections were incubated with 10% normal goat serum
(Vector ABC Elite kit, Vector Laboratories, Burlingame, CA,
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Fig. 1. Western blot analysis of cyclic AMP-responsive element binding
protein-binding protein (CBP) in the retinas of 2-day-old, 5-week-old,
and 6-month-old pigs. (A) A representative photograph of a Western
blot for CBP and B-tubulin. CBP and B-tubulin are detected at adove
200 kDa and at approximately 55 kDa, respectively, as confirmed
by molecular weight markers. (B) Bar graph of densitometric data
analysis (meantstandard error, n=4-5 pigs/group). The relative levels
of CBP are calculated after normalization to B-tubulin bands. The
value indicating CBP expression levels from the retina at 2-day-old is
arbitrarily defined as 100 (B, bar graphs). *2<0.05 vs. 2-day-old piglets.

USA) diluted in PBS, which was followed by incubation
with rabbit polyclonal anti-CBP (1 : 400). After three washes
in PBS, the sections were incubated with biotinylated anti-
rabbit IgG (ABC Elite Kit, Vector Laboratories). After three
washes in PBS the sections were incubated with avidin-biotin
peroxidase complexes were formed using an Elite kit (Vector
Laboratories). The peroxidase reaction was developed with
a diaminobenzidine substrate kit (Vector Laboratories),
and sections were counterstained with hematoxylin before
mounting. As a negative control, the primary antiserum was
omitted for a few test sections in each experiment; no specific
labeling of cell bodies or fibers was detected in these sections
(Fig. 2D). To examine the phenotype of CBP immunoreactive
cells, double immunofluorescence was applied using cell-
type-specific markers, including glial fibrillary acidic protein
(GFAP), glutamine synthetase (GS), protein kinase C, alpha
(PKCa), and parvalbumin for glial cells, Miiller cells, bipolar
cells, and amacrine cells, respectively. First, the sections
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prepared as described previously were incubated with
rabbit anti-CBP overnight at 4°C, followed by biotinylated
anti-rabbit IgG, and tetramethylrhodamine isothiocyanate
(TRITC)-labeled streptavidin (Zymed, South San Francisco,
CA, USA). The slides were then incubated with mouse
monoclonal anti-GFAP (1 : 400, Sigma-Aldrich), anti-GS (1
: 5,000, Chemicon International, Temecula, CA, USA), anti-
PKCa (Santa Cruz Biotechnology), or anti-parvalbumin
(Sigma-Aldrich) overnight at 4°C, followed by fluorescein
isothiocyanate (FITC)-labeled goat anti-mouse IgG (Sigma-
Aldrich), for 1 hour at RT. Double immunofluorescence-
stained specimens were examined using a FV500 laser
confocal microscope (Olympus, Tokyo, Japan).

Statistical analyses

The data was analyzed using one-way ANOVA followed
by a Student-Newman-Keuls post hoc test for multiple
comparisons. In all cases, P<0.05 was considered statistically
significant.

Results

Decreased CBP during retinal development

CBP was strongly detected in the retinas of 2-day-old
piglets (density value 6.8+1.63 OD/mm’) and was decreased
significantly in the retinas of 5-week-old (2.23+0.44; P<0.05
vs. 2-day-old piglets) and 6-month-old pigs (2.34+0.57;
P<0.05 vs. 2-day-old piglets) (Fig. 1).

Localization of CBP in the retina

The retinas of 2-day-old, 5-week-old, and 6-month-old
pigs consisted of multiple layers, including the optic nerve
fiber layer (ONF), ganglion cell layer (GCL), inner plexiform
layer (IPL), inner nuclear cell layer (INL), outer plexiform
layer (OPL), outer nuclear cell layer (ONL), and rod and
cone layer (RCL). In the retinas of 2-day-old piglets, diffuse
CBP immunoreactivity was detected in the IPL, OPL, and
RCL. CBP was immunostained intensely in the glial process
in the ONF, GCL, and IPL (Fig. 2A, E). Moderate CBP
immunoreactivity was detected in the ganglion cells in the
GCL (Fig. 2A, E). Additionally, intense CBP immunostaining
was seen in some cells in the INL (Fig. 2A, H). Conversely,
weak CBP immunostaining was identified in the ONL (Fig.
2A). In the retinas of 5-week-old (Fig. 2B, F, I) and 6-month-
old pigs (Fig. 2C, G, J), CBP was immunostained in the
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Fig. 2. Inmunohistochemical analysis of cyclic AMP-responsive element binding protein-binding protein (CBP) in the retinas of 2-day-old
(A, E, H), S-week-old (B, F, L) and 6-month-old pigs (C, G, J). CBP immunoreactivity is detected in glial processes (arrowheads) and ganglion
cells (arrow) in the ONF and GCL, some glial processes in the IPL, neuronal cells in INL, OPL, and RCL in the retinas of 2-day-old (A, E, H),
S-week-old (B, F, L) and 6-month-old pigs (C, G,]). (E and H, F and I, and G and J) are high-magnification images of GCL, and INL in (A, B,
and C), respectively. No specific reaction product is seen in sections incubated with non-immune sera (D). In the rat retina, CBP immunostaining
is evident in the ganglion cells (arrow) in the GCL, and some cells in the INL (K). Note the localization of CBP immunoreactivity mainly in the
cytoplasm, the nucleus in the pig, and the retina in the rat. The retinal layers are indicated to the right: ONF, optic nerve fiber layer; GCL, ganglion
cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RCL, layer of rods and cones.

Counterstained with hematoxylin. Scale bars=25 um (A-D, K), 12 um (E-J).

ONF, GCL, IPL, INL, OPL, and ONL. CBP localization
was similar in the retinas of 2-day-old piglets, but the CBP
immunoreactivity in the ganglion cells was decreased (Fig. 2B,
C). CBP immunoreactivity was also detected in the RCL. In
the retinas of adult rats, CBP immunoreactivity was detected
in ganglion cells in the GCL and some cells in the INL (Fig.
2K). Interestingly, there was no CBP immunostaining in the
glial processes in the GCL or IPL, or in any neuronal or glial
cells in the OPL, ONL, or RCL (Fig. 2K).

CBP predominance in GS-positive Miiller cells and
limitation in GFAP-positive glial cells

We performed double immunofluorescence staining with
both GFAP (Fig. 3), and GS (Fig. 4) to ascertain the precise
localization of CBP in the glial cells in the retina.

GFAP immunofluorescence was very rarely detected in
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the retinas of 2-day-old piglets, and it increased in the retinas
of 5-week-old and 6-month-old pigs (Fig. 3). However, CBP
immunoreactivity in the RCL was occasionally co-localized
in a few GFAP-positive glial cells in the retinas of 5-week-old
and 6-month-old pigs (Fig. 3). Most GS immunofluorescence
was detected in the GCL and INL, but was limited in the IPL
in the retinas of 2-day-old piglets (Fig. 4). Interestingly, most
of the area in the GCL consisted of GS-positive Miiller cells
in the retinas of 2-day-old piglets (Fig. 4), indicating that the
phenotype of glial cells in the piglets was GS-positive Miiller
cells, not GFAP-positive glial cells (Fig. 3). In the retinas of
5-week-old and 6-month-old pigs, GS immunoreactivity
was seen in the GCL, IPL, and INL (Fig. 4). Most GS
immunoreactivity in the GCL was co-localized with CBP in
the GCL in all-age retinas, but occasionally co-localized with
CBP in the IPL and INL (Fig. 4).

www.acbjournal.org
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ig. 3. Immunofluorescence staining of cyclic AMP-responsive element binding protein-binding protein (CBP, TRITC) with glial fibrillary acidic
Fig. 3.1 fl g of cyclic AMP-resy | binding binding | CBP, TRITC h glial fibrillary |

protein (GFAP, FITC) in the retina ()f‘Zfdayf()[d, S-week-old, and 6-month-old pigs. GFAP is detected very rarcly in the retina ()f‘Zfdayf()ld piglcts,
and it is abundant in the retina of 5-weck-old and 6-month-old pigs. CBP immunoreactivity is occasionally co-localized in the GFAP-positive

glial cells. ONE, optic nerve fiber laycr; GCL, gangli()n cell laycr; IPL, inner plcxif()rm laycr; INL, inner nuclear laycr; OPL, outer plcxif()rm laycr;

ONL, outer nuclear layer; RCL, layer of rods and cones. Scale bars=50 pum.

CBP expression in bipolar cells in the INL

Next, we performed double immunofluorescence staining
with both PKCa and parvalbumin to ascertain the precise
localization of CBP in the bipolar cells, and amacrine cells
in the INL, respectively. In the retina of all age pigs, CBP
immunofluorescence in the INL co-localized with PKCa-
positive bipolar cells (Fig. 5). Interestingly, some CBP
immunoreactivity was detected in the processes of PKCa-
positive bipolar cells in the retinas of 5-week-old pigs (Fig. 5),
but immunoreactivity was not detected in the parvalbumin-
positive amacrine cells in the retinas of all age pigs (data not
shown).

Discussion

To our knowledge, this is the first demonstration of CBP
expression in retinal tissues from a domestic animal during
development. CBP expression that decreased with aging was
associated with retinal development after birth. In newborn
piglets, GS-positive Miiller cells in the GCL were more
prominent, and had limited GFAP-positive radial fibers.
Conversely, GFAP immunoreactivity was increased in the
adult retina. CBP was abundant in GS-positive Miiller cells,
but was limited in GFAP-positive glial cells. The decrease in
CBP expression with aging correlated with the population
of GS-positive Miiller cells and GFAP-positive glial cells in
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Fig. 4. Inmunofluorescence staining of cyclic AMP-responsive element binding protein-binding protein (CBP, TRITC) with glutamine synthetase

(GS, FITC) in the retina of 2-day-old, 5-week-old, and 6-month-old pigs. In ganglion cell layer (GCL), GS immunoreactivity is more abundant in

retina of 2-day-old piglets compared to that of 5-week-old and 6-month-old pigs. CBP immunofluorescence is co-localized in GS-positive Miiller

cells. ONE, optic nerve fiber layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer;

RCL, layer of rods and cones. Scale bars=50 pum.

newborn and adult pigs.

Approximately 50% of ganglion cells in the mammalian
retina die by apoptosis during development [13]. Neuron
numbers in the GCL decrease with age in the human retina
[14]. Furthermore, there are fewer ganglion cells in the adult
pig retina than in the newborn retina [12], suggesting that
CBP in the GCL may influence the postnatal reduction in
ganglion cell numbers. Previous studies have demonstrated
that CBP regulates apoptosis [15], and CBP activity decreases
over time during neuronal apoptosis [6].

Additionally, CBP was presently detected in the bipolar
cells in the INL, and its expression decreased. During early
postnatal development, the growth or extension of axons and
neurites in the INL of the retina is modulated by the deleted
in colorectal cancer (DCC)/netrin-1 axonal guidance system
[16]. DCC expression is detected in ganglion cell axons and
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IPL of the rat retina in the early postnatal period, and its
expression declines with age [16]. Furthermore, increased
cAMP or activated PKA in the neuronal cells increases DCC
production and axon outgrowth [17, 18]. Also, we detected
CBP expression in neurite of bipolar cells in the INL of
5-week-old pigs. Although the functional role of CBP in the
bipolar cells was not proven here, it is possible that CBP plays
a role in axonal growth and neurite extension in those cells in
the early postnatal period, because CBP is an activator in the
CREB pathway.

Regarding the cellular localization of CBP in retinal cells,
we detected CBP in both the nuclei and cytoplasm of neurons
and Miiller cells in the pig retina, although the retinas
examined in this study were not pathological. Furthermore,
we detected CBP in the cytoplasm only in pigs, but not in
rats. Thus, the functional role(s) of CBP in the retina may
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Fig. 5. Inmunofluorescence staining of cyclic AMP-responsive element binding protein binding protein (CBP, TRITC) with protein kinase C,
alpha (PKCa, FITC) in the inner nuclear layer (INL) of retina of 2-day-old, 5-week-old, and 6-month-old pigs. CBP immunofluorescence is co-
localized in PKCa-positive bipolar cells. INL, inner nuclear layer. Scale bars=20 pm.

differ among species. We postulate that CBP translocates into
the cytosol in Miiller cells, particularly in pigs, but not in rats.
These findings are supported by the previous detection of
CBP in the cytoplasm during stress, as well as in the nucleus
[3]. In addition, we detected more enhanced CBP expression
in the vitread processes of Miiller cells in ONF and GCL than
in the cell bodies in INL. These observations indicate that
the CBP in Miiller cells may contribute to the support of the
ganglion cells better than the neuronal cells in INL.

The CBP expression patterns in the inner segment of the
RCL were of interest in this study. CBP immunoreactivity
changes as a function of circadian time in the hamster
suprachiasmatic nucleus [7]. Levels are significantly decreased
at mid-night circadian times, compared with mid-day

circadian times [7]. It was also reported that Xenopus retinal
photoreceptor cells have a high-amplitude rhythm of CREB
phosphorylation with a night-time peak [19]. Thus, CBP
may be involved in the functional circadian clock, which is
closely associated with photoreceptor cells. The functional
significance of CBP in this layer remains to be determined.

In summary, we postulate that CBP is constitutively
expressed in retinal cells, especially Miiller cells and bipolar
cells in porcine retina, and that CBP may have different
functional roles in the retina according to growth and animal

species.
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