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Dopamine attenuates ethanol-induced neuroapoptosis in
the developing rat retina via the cAMP/PKA pathway
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Abstract. Apoptosis has been identified as the primary cause of
fetal alcohol spectrum disorder (FASD), and the development
of methods to prevent and treat FASD have been based on the
mechanisms of alcohol-induced apoptosis. The present study
aimed to explore the effects of dopamine on alcohol-induced
neuronal apoptosis using whole-mount cultures of rat retinas
(postnatal day 7). Retinas were initially incubated with ethanol
(100, 200 or 500 mM), and in subsequent analyses retinas
were co-incubated with ethanol (200 mM) and dopamine
(10 uM). In addition, several antagonists and inhibitors were
used, including a D1 dopamine receptor (D1R) antagonist
(SCH23390; 10 pkM), a D2R antagonist (raclopride; 40 uM),
an adenosine A2A receptor (AA2AR) antagonist (SCH58261;
100 nM), an adenylyl cyclase (AC) inhibitor (SQ22536;
100 uM) and a PKA inhibitor (H-89; 1 uM). The results
demonstrated that exposure increased neuroapoptosis in the
retinal ganglion cell layer (GCL) in a dose-dependent manner.
Dopamine treatment significantly attenuated ethanol-induced
neuronal apoptosis. DIR, D2R and AA2AR antagonists
partially inhibited the protective effects of dopamine against
ethanol-induced apoptosis; similar results were observed with
AC and PKA inhibitor treatments. In summary, the present
study demonstrated that dopamine treatment may be able to
attenuate alcohol-induced neuroapoptosis in the developing rat
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retina by activating DIR, D2R and AA2AR, and by upregu-
lating cyclic AMP/protein kinase A signaling.

Introduction

Prenatal alcohol exposure may result in fetal alcohol syndrome
(FAS), a severe form of fetal alcohol spectrum disorder
(FASD); symptoms of FAS include craniofacial malforma-
tion, structural abnormalities of the nervous systems and
long-term neurobehavioral disorders (1,2). Neurobehavioral
disorders are the primary manifestation of FAS and affect up
to 2-5% of young children in the United States and Western
Europe (3,4). The precise mechanisms of FASD development
remain largely unknown, and there are no effective clinical
treatments to prevent FASD except for the avoidance of alcohol
consumption.

Previous studies in both animals and humans have reported
that alcohol exposure during early prenatal development was
associated with the loss of neuronal mass or a reduction in
the volume of specific brain regions (2,5,6). Other studies
using rodents or non-human primates have demonstrated
that a single exposure to alcohol during a period equivalent
to the human third trimester was able to induce widespread
apoptosis of neurons and glia (5,7). Once neuronal and glial
apoptosis occur, secondary mechanisms begin to compensate
for the alcohol-induced apoptotic injuries and may result in
permanent damage. Therefore, apoptosis is considered to
be the primary mechanism that results in the occurrence of
FASD, and modulating apoptosis may be key to preventing and
treating FASD (8).

Dopamine is a neurotransmitter that is widely expressed
in the brain and retina, and is often used as a vasoactive drug.
Dopamine activates two types of dopamine receptor, the D1-like
(such as D1 and D5) and D2-like (such as D2, D3 and D4)
families, and modulates intracellular cyclic adenosine mono-
phosphate (cAMP) levels (9,10). A recent study demonstrated
that alcohol exposure increased neuroapoptosis through the
downregulation of DI dopamine receptor (DIR) expression in
prenatal rat brains (11), which indicated that the dopaminergic
system may be involved in alcohol-induced neuronal apoptosis.
In addition, dopamine has been revealed to protect neurons
against glutamate-induced neuronal death through both DI-
and D2-like receptors (12), and activation of the D2 dopamine
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receptor (D2R) inhibited neonatal cardiomyocyte apoptosis
induced by ischemia/reperfusion injury (13). However,
whether dopamine, or the activation of dopamine receptor
subtypes, protects against alcohol-induced neuroapoptosis in
the developing retina remains unclear. In addition, D2R and
AA2AR may form heterodimers and activation by dopamine
may activate AC, resulting in upregulation of cAMP (10,14).
Whether activation of the heteromeric complexes protects
against alcohol-induced neuroapoptosis remains unknown.

The cAMP/protein kinase A (PKA) signal transduction
pathway has been reported to serve an important role in the
survival of neuronal populations in the neonatal nervous
system, including retinal ganglion cells (15-17). However, the
role of intracellular cAMP or PKA levels in alcohol-induced
neuroapoptosis remains unclear, as both up- and downregula-
tion of intracellular cAMP or PKA levels have been reported
to induce neuronal apoptosis (18-22).

The present study used immunohistochemistry and
terminal deoxynucleotidyl-transferase-mediated dUTP nick
end labeling (TUNEL) to explore the effects and mechanisms
of dopamine on alcohol-induced neuronal apoptosis in the
developing rat retina.

Materials and methods

Animals. A total of 55 postnatal day 7 (P7) Sprague-Dawley rat
pups weighing 15-17 g were obtained from the Experimental
Animal Center at the Shanghai General Hospital (Shanghai,
China). Male and female rat pups were included and were kept
with their mother under a 12-h light/dark cycle, at 35-37°C,
with food and water available. All experimental procedures
were reviewed and approved by the Animal Care Committee at
the Shanghai General Hospital, Shanghai Jiao Tong University
School of Medicine (Shanghai, China) and were conducted
following the guidelines of the Care and Use of Laboratory
Animals published by The US National Institutes of Health
and The Association of Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision
Research. Every effort was made to minimize the number and
discomfort of animals during all experimental procedures.

Experimental procedures. The basic experimental protocol
was slightly modified from a previously published study (23).
Briefly, all experimental rat pups were sacrificed by
decapitation and their eyes were rapidly dissected using fine
scissors and transferred to an ice-cold (0-4°C) bath of arti-
ficial cerebrospinal fluid for ~2 min prior to being cut open
[ACSF; NaCl (119 mM), KCI (2.5 mM), K,HPO, (1.0 mM),
CaCl, (2.5 mM), MgCl, (1.3 mM), NaHCO; (26.2 mM) and
D-Glucose (11 mM)]. The bath was continuously bubbled
with a 95% 0,/5% CO, gas mixture. Approximately one-fifth
of the eyeball circumference at the edge of the cornea and
sclera was cut using ophthalmology scissors to facilitate the
perfusion of ACSF and interventional drugs into the retina.
Following 1 h recovery in normal ACSF at 37°C bubbled with
a 95% 0,/5% CO, gas mixture, the recovered eyeballs were
incubated with different concentrations of ethanol, dopamine
or various antagonists, either in combination or separately, in
ACSF at 37°C with a 95% 0,/5% CO, gas mixture for 5 h,
according to a previous study (24). In order to reduce ethanol
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evaporation from the ACSF and to keep the ethanol concentra-
tion of the ACSF at a stable level, cell culture dishes, in which
eyeballs were cultured, were placed in a larger cell culture dish
containing ACSF. Following the various drug treatments, the
retinas were dissected from the eyeballs and the flatter part
of the retina between the central and peripheral areas was
selected for immunohistochemistry and TUNEL experiments.

Drugs. Ethanol was purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China) and dopamine was
purchased from Fujian GuTian Pharmaceutical Company
(Fujian, China). All inhibitors and antagonists were purchased
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany),
including the following: SCH23390, a DIR antagonist;
raclopride, a D2R antagonist; SCH58261, an adenosine A2A
receptor (AA2AR); SQ22536, an adenylyl cyclase (AC) inhib-
itor; and H-89, a PKA inhibitor (24). All drugs were dissolved
in ACSF except SCH58261; SCH58261 was first dissolved
in DMSO to form a stock solution, and the concentration of
DMSO in the working solution was <0.1% as in a previous
study (24).

Caspase-3 immunohistochemistry. Following drug treat-
ments, eyeballs were quickly transferred to an ice-cold (0-4°C)
bath of ACSF and the retina was immediately detached and
fixed in 4% paraformaldehyde at 4°C for 24 h. Subsequent
to the retinas being embedded in paraffin, retinal sections
(4-6 pm-thick) were obtained with a Leica RM2135 Rotary
Microtome (Leica Microsystems GmbH, Wetzlar, Germany)
and mounted onto slides. Subsequently, the retinal sections
were deparaffinized and rehydrated (with 100% xylene, 100%
ethanol, 95% ethanol, 85% ethanol, 75% ethanol and double
distilled water), endogenous peroxidases were inactivated with
3% hydrogen peroxide at room temperature for 10 min, and
0.1 M EDTA (pH 9.0) was used for heat-induced (95-97°C)
antigen retrieval for 8-10 min. Retinal sections were rinsed
in PBS, blocked with 10% donkey serum (cat. no. D9663;
Merck KGaA) in PBS at room temperature for 10 min and
incubated with rabbit anti-cleaved caspase-3 antibody (1:300;
cat. no. 9661; Cell Signaling Technology, Danvers, MA, USA)
overnight at 4°C. Following rinsing in PBS, retinal sections
were incubated with a horseradish peroxidase-conjugated
goat anti-rabbit immunoglobulin G secondary antibody (cat.
no. PV-9001; ZSGB-BIO, Beijing, China) at 37°C for 1 h and
stained by chromogenic reaction via 3,3'-diaminobenzidine
(DAB; cat. no. ZLI-9017; ZSGB-BIO, Beijing, China). All
sections were then counterstained with hematoxylin to stain
the nuclei blue. Finally, sections were dehydrated (with 75%
ethanol, 85% ethanol, 95% ethanol, 100% ethanol and 100%
xylene) and mounted using neutral balsam (cat. no. 10004160,
Sinopharm Chemical Reagent Co., Ltd.) for microscopic
examination (Leica DM5500B; Leica Microsystems GmbH).

TUNEL assay. A TUNEL kit (Roche Applied Science,
Penzberg, Germany) was used for the TUNEL assay. Retinal
sections from the various treatment groups were deparaffinized
and rehydrated as mentioned above. The sections were washed
with PBS, treated with proteinase K at 37°C for 30 min and
quenched with 3% hydrogen peroxide at room temperature
for 10 min. Following washing with PBS, the sections were
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Figure 1. Ethanol exposure induces neuroapoptosis in P7 rat retinal GCL. Rat retinas were treated with ethanol (0, 100, 200 or 500 mM; saline was used
for the negative control) for 5 h and apoptotic cells were detected by caspase-3 immunohistochemistry and by TUNEL assays. (A) Representative photomi-
crograph of caspase-3-positive cells (brown color; indicted with a red arrow) in rat retinal GCL. Scale bar, 50 ym. (B) Representative photomicrograph of
TUNEL-positive cells (red fluorescence indicated with a red arrow) in rat retinal GCL. Scale bar, 25 ym. (C) The mean percentages of caspase-3-positive cells
from the various treatment groups. (D) The mean percentages of TUNEL-positive cells in retinal GCL following the various treatments. Comparisons were
made by one-way analysis of variance followed by Tukey's post hoc test, and results are presented as the mean =+ standard error of the mean; n=5 retinas/group.
“P<0.05 and “P<0.01 vs. control. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; P7, postnatal day 7; TUNEL, terminal

deoxynucleotidyl-transferase-mediated dUTP nick end labeling.

incubated in a TUNEL Label and Enzyme solution mix at
37°C for 1 h, with two sections incubated in Label solution only
to exclude false positive results. Sections were subsequently
incubated for 5 min with DAPI at room temperature. The
TUNEL-positive cells were counted in a double-blinded manner
from five randomly selected and discontinuous sampling areas
under high magnification using a Leica TCS SP8 microscope
(Leica Microsystems GmbH).

Quantitative cell counts. Five discontinuous images in each
retina were randomly captured under high magnification
(x200). A total of 25 randomly selected and discontinuous
views from 5 retinas per group were analyzed for quantitative
cell count (n=5 retinas/group). The number of apoptotic cells,
either caspase-3 positive (visible cellular structures stained
brown in color) or TUNEL-positive (indicated by red fluores-
cence), were counted in the retinal ganglion cell layer (GCL)
using Image-Pro Plus 6.0 (Media Cybernetics Inc., Rockville,
MD, USA) and the percentage of apoptotic cells in the rat GCL
was calculated.

Statistical analysis. Data in the figures are presented as
the mean + standard error of the mean and analyzed with
GraphPad Prism 5 software (GraphPad Software Inc., La
Jolla, CA, USA). One-way analysis of variance (ANOVA) or
the non-parametric Kruskal-Wallis test was used for compari-
sons among groups with different concentrations of ethanol,
dopamine or drug treatments, either together or separately,
followed by Tukey's or Fisher's least significant difference
post hoc test. Two-way ANOVA was used for comparisons
among groups with or without ethanol and dopamine. The
Mann-Whitney test or Kruskal-Wallis test was used to compare
data without normality or equal variances between groups,
and a P-value <0.05 was considered to indicate a statistically
significant difference.

Results
Ethanol induces neuroapoptosis in developing rat retina in a

dose-dependent manner. Caspase-3 immunohistochemistry
and TUNEL staining were performed on whole-mount retinas
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Figure 2. Effects of dopamine on ethanol-induced neuroapoptosis in P7 rat GCL. Rat retinas were treated with or without 200 mM ethanol for 5 h in the
absence or presence of 10 xM dopamine. (A) Representative photomicrographs of caspase-3-positive cells (brown) in rat retinal GCL. Scale bar, 50 pm.
(B) Representative photomicrographs of TUNEL-positive cells (red) in rat retinal GCL. Scale bar, 25 ym. (C) Mean percentage of caspase-3-positive cells in
retinal GCL from the different treatment groups. (D) Mean percentage of TUNEL-positive cells in retinal GCL. Comparisons were made by one-way analysis
of variance followed by Tukey's post hoc test, and results are presented as the mean + standard error of the mean; n=5 retinas/group. "P<0.05 and “P<0.01 vs.
control; P<0.05 vs. dopamine alone; “P<0.01 vs. ethanol alone. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; P7, postnatal day
7; TUNEL, terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling.

to evaluate the effects of alcohol on developing rats in vitro.
The results demonstrated that ethanol exposure increased the
number of apoptotic cells in P7 rat GCL in a dose-dependent
manner (Fig. 1). In particular, 100 mM ethanol treatment for 5 h
did not appear to affect the percentage of caspase-3-positive or
TUNEL-positive cells in the retinal GCL of P7 rats. However,
retinas cultured with 200 or 500 mM ethanol exhibited a signifi-
cantincrease in apoptotic cells: The number of caspase-3-positive
cells increased from 2.3+0.4 to 4.3+0.5% (P<0.05) and 5.3+0.8%
(P<0.01), respectively (Fig. 1A and C); and the TUNEL-positive
cells increased from 12.4+1.4 to 22.1+1.7% (P<0.01) and
37.3+2.7% (P<0.01), respectively (Fig. 1B and D). As 200 mM
ethanol is closer to the blood alcohol concentration in patients
with severe alcohol intoxication (25) and may better-simulate
clinical scenarios, 200 mM ethanol was used in the following
experiments, rather than 500 mM ethanol.

Effects of dopamine on alcohol-induced neuroapoptosis in
rat GCL. P7 rat retinas were treated with or without ethanol
(200 mM) and with or without exogenous dopamine (10 M)
(Fig. 2). Retinas treated with dopamine alone exhibited a
reduction in neuronal apoptosis compared with untreated
control retinas, with the number of caspase-3-positive cells
reduced from 2.3+0.4 to 1.1£0.2%, although this reduction
was determined to be non-significant (P=0.147; Fig. 2A and
C), and the number of TUNEL-positive cells was significantly
reduced from 12.4+1.4 to 5.1+1.2% (P<0.05; Fig. 2B and D).
Retinas co-treated with ethanol and dopamine exhibited
a significant reduction in ethanol-induced neuroapoptosis,
with the caspase-3-positive cells reduced from 4.3+0.5 to
2.2+0.37% (P<0.01 vs. ethanol alone; Fig. 2A and C), and
the TUNEL-positive cells were reduced from 22.1+1.65
to 12.0+1.32% (P<0.01 vs. ethanol alone; Fig. 2B and D).
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Figure 3. DIR and D2R are involved in the protective effects of dopamine against ethanol-induced neuroapoptosis in P7 rat retinas. Retinas were treated with
200 mM ethanol and 10 M dopamine in the absence or presence of DIR antagonist SCH23390 or D2R antagonist raclopride for 5 h. (A) Representative photo-
micrographs of caspase-3-positive cells (brown) in rat retinal GCL. Scale bar, 50 ym. (B) Representative photomicrographs of TUNEL-positive cells (red) in
rat retinal GCL. Scale bar, 25 ym. (C) Mean apoptosis percentages of caspase-3-positive cells in retinal GCL in the different treatment groups. (D) Percentages
of TUNEL-positive cells in retinal GCL. Comparisons were made by one-way analysis of variance (Kruskal-Wallis test for TUNEL) followed by Tukey's
(Dunn's for TUNEL) post hoc test, and results are presented as the mean + standard error of the mean; n=5 retinas/group. “"P<0.01 vs. control; “P<0.01 vs.
ethanol alone; “P<0.05 and “4P<0.01 vs. ethanol + dopamine. DIR, dopamine D1 receptor; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer
nuclear layer; P7, postnatal day 7; TUNEL, terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling.

Exogenous dopamine treatment also significantly reduced
500 mM ethanol-induced neuroapoptosis in the retinal GCL
of P7 rats (data not shown).

DIR, D2R and AA2AR are involved in the neuroprotective
effects of dopamine against alcohol-induced neuroapop-
tosis. To further explore the mechanisms of dopamine
against alcohol-induced neuronal apoptosis, the roles of DIR
and D2R activation against alcohol-induced retinal apoptosis
were examined (Fig. 3), as well as the role of AA2AR (Fig. 4),
as the dopamine receptors form heteromeric complexes
that are comprised of DIR, D2R and AA2AR. The DI-like
receptor antagonist SCH23390 (10 M) significantly reduced
the protective effects of dopamine against ethanol-induced
neuroapoptosis, with the mean number of caspase-3-positive
cells increased from 2.2+0.4 to 3.7+0.5% (P<0.05; Fig. 3A
and C), and the mean number of TUNEL-positive cells

increased from 12.0+1.3 to 20.7+1.3% (P<0.01; Fig. 3B
and D). Co-treatment with the D2-like receptor antagonist
raclopride (40 pM) significantly increased the number of
caspase-3-positive cells from 2.2+0.4 to 3.6+0.5% (P<0.05)
and the number of TUNEL-positive cells from 12.0+1.3 to
20.1£1.5%, compared with retinas treated with ethanol and
dopamine (P<0.01; Fig. 3). Similar results were observed in
retinas co-treated with the AA2AR antagonist SCH58261
(100 nM), in which the mean number of caspase-3-positive
cells increased from 2.2+0.4 to 3.7+0.6% (P<0.05; Fig. 4A
and C) and the number of TUNEL-positive cells increased
from 12.0£1.3 to 20.6+2.4%, compared with retinas treated
with ethanol and dopamine (P<0.05; Fig. 4B and D). The
results of a pilot study (24) demonstrated that treatment with
antagonists alone did not induce neuroapoptosis; therefore,
in the present study, incubations with antagonists alone were
not performed.
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Figure 4. AA2AR is involved in the protective effect of dopamine against ethanol-induced neuroapoptosis in P7 rat retina. Retinas were treated with 200 mM
ethanol and 10 xM dopamine in the absence or presence of AA2AR antagonist SCH58261 for 5 h. (A) Representative photomicrographs of caspase-3 positive
cells (brown) in rat retinal GCL. Scale bar, 50 gm. (B) Representative photomicrographs of TUNEL-positive cells (red) in rat retinal GCL. Scale bar, 25 ym.
(C) The mean percentages of caspase-3 positive cells in retinal GCL in different groups. (D) The mean percentages of TUNEL-positive cells in retinal GCL.
Comparisons were made by one-way analysis of variance (Kruskal-Wallis test for TUNEL) followed by Turkey (Dunn's for TUNEL) post-test, and results
are presented as the mean =+ standard error of the mean; n=5 retinas/group. “P<0.01 vs. control; “P<0.01 vs. ethanol alone; “P<0.05 vs. ethanol + dopamine.
AA2AR, adenosine A2A receptor; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; P7, postnatal day 7; TUNEL, terminal

deoxynucleotidyl-transferase-mediated dUTP nick end labeling.

Role of cAMP/PKA signaling in the dopamine-induced neuro-
protective action against alcohol-induced neuroapoptosis.
The activation of AA2AR and DIR has been previously
reported to initiate a cascade of biochemical events, including
the activation of AC and the stimulation of cAMP-dependent
protein kinase (26,27). Therefore, the present study explored
the relationship between the cAMP/PKA signaling pathway
and the protective action of dopamine against alcohol-induced
neuronal apoptosis. Treatment with either an AC inhibitor,
SQ22536 (100 uM), or a PKA inhibitor, H-89 (1 xM), signifi-
cantly attenuated the protective effects of dopamine against
ethanol-induced neuronal apoptosis (Fig. 5). In particular,
ethanol + dopamine treated retinas that were co-treated with
either SQ22536 or H-89 exhibited an increase in the number
of caspase-3-positive cells from 2.2+0.4 to 3.7+0.4% (P<0.05)
and 3.7+0.5% (P<0.05), respectively (Fig. 5A and C). In addi-
tion, SQ22536 and H-89 treatments increased the number of
TUNEL-positive cells from 12.0+1.3 to 20.6+1.9% (P<0.05)
and 21.0+£2.2% (P<0.05), respectively (Fig. 5B and D).

Discussion

Results from the present study demonstrated that ethanol treat-
ment was able to induce neuronal apoptosis in developing P7
rat retinal GCL in a dose-dependent manner. Administration
of exogenous dopamine was revealed to alleviate the
alcohol-induced neuroapoptosis; whereas the inhibition of
AA2AR,DIR or D2R partially reversed the protective effects of
dopamine. In addition, it was determined that the cAMP/PKA
signaling pathway may also be partially involved in the protec-
tive action of dopamine against alcohol-induced neuronal
apoptosis in developing rat GCL.

As previously reported from studies in animals (28), chil-
dren with FASD exhibit retinal developmental defects (29); in
rodents, postnatal days 4-10 were reported to be equivalent to
the third trimester of pregnancy in humans. Anesthesia- and
alcohol-induced neuroapoptosis in the rodent brain is age
dependent, and developing rodent brains are most sensitive
to anesthetics and alcohol at the peak of synaptogenesis (P7)



1988

Control Ethanol

>

Caspse-3

Ethanaol+dopamine

MOLECULAR MEDICINE REPORTS 16: 1982-1990, 2017

Ethanol+dopamine
+5Q22536

Ethanol+dopamine
+H-88

Caspse-3 positive cells in GCL{%)

TUNEL-positive cells in GCL(%)

Figure 5. Cyclic adenosine monophosphate/PKA signaling pathway is involved in the protective effects of dopamine against ethanol-induced neuroapoptosis
in P7 rat retina. Retinas were treated with 200 mM ethanol and 10 M dopamine in the absence or presence of either the adenylyl cyclase antagonist
SQ22536 or the PKA antagonist H-89 for 5 h. (A) Representative photomicrographs of caspase-3-positive cells (brown) in rat retinal GCL. Scale bar, 50 gm.
(B) Representative photomicrographs of TUNEL-positive cells (red) in rat retinal GCL. Scale bar, 25 ym. (C) The mean number of caspase-3-positive cells
in retinal GCL in the different treatment groups. (D) The percentages of TUNEL-positive cells in retinal GCL. Comparisons were made by one-way analysis
of variance (Kruskal-Wallis test for TUNEL) followed by Tukey's (Dunn's for TUNEL) post hoc test, and results are presented as the mean + standard error
of the mean; n=5 retinas per group. “P<0.01 vs. control; “/P<0.01 vs. ethanol alone; “P<0.05 vs. ethanol + dopamine. GCL, ganglion cell layer; INL, inner
nuclear layer; ONL, outer nuclear layer; P7, postnatal day 7; PKA, protein kinase A; TUNEL, terminal deoxynucleotidyl-transferase-mediated dUTP nick end

labeling.

and least sensitive at the end of synaptogenesis (P14) (30,31).
In the developing rodent retina, P7 corresponds to a time point
just before birth in humans (32). The present study was able to
consistently induce widespread neuronal apoptosis by treating
P7 retinas with 200 mM ethanol for 5 h and, similar to previous
reports on the effects of alcohol on the developing brain, demon-
strated that alcohol exposure caused widespread neuroapoptosis
in the retinas in a dose-dependent manner (5,33). In contrast
to brain slices and cell cultures, whole-mount retinal cultures
possess similar organizational structures and physiological
characteristics with the brain (34). In addition, whole-mount
retinal cultures ensure structural and connective integrity of the
neural network. Retinal cultures also exclude other factors that
might confound results such as those factors associated with
general anesthesia and noxious stimulations in intact animal
models, including hypoxia, CO, accumulation and stress (34).
Therefore, the in vitro whole-mount retinal culture method used
in the present study may be useful for studying the functions and
mechanisms of the central nervous system.

Although ethanol concentrations in the fetal brain and
retina may be hard to determine, the ethanol concentrations in
the fetal brain and retina should at least be close to maternal
blood ethanol concentration since ethanol easily passes through
blood-brain barrier and blood-placenta barrier (35). According
to previous reports, a single incident of alcohol intoxication
during the early postnatal period was demonstrated to trigger
apoptosis in GCL and in neurons at higher levels of the central
nervous system (6). The average blood alcohol concentra-
tion (BAC) of patients with alcohol intoxication in an adult
emergency room is reported to be ~467 mg/dl (100 mM),
and some reported to be >600 mg/dl (25). A previous study
demonstrated that ethanol induced neuroapoptosis in a time-
and dose-dependent manner (36). In addition, a previous study
demonstrated that ketamine induced rat retinal neuroapoptosis
following incubation of the eyeballs for 5 h (24); therefore the
eyeballs were incubated with ethanol for 5 h in the present
study. Although 100 mM ethanol did not significantly increase
apoptosis in the present study, retinas treated with 200 or
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500 mM ethanol exhibited a significant increase in apoptosis,
which was similar to a previous in vivo and in vitro study (36).
Previous in vivo studies revealed that the optimal time for visu-
alizing caspase-3 activation was at 8 h following the first dose
of subcutaneous ethanol administration, and the blood ethanol
concentration reaches peak levels (500 mg/dl; 108.7 mM)
at 3 h following the first dose (37). Previous in vitro studies
demonstrated that the concentration-dependent increase in
caspase-3 activity induced by ethanol (100-500 mM) reached
maximal levels at ~12 h post-ethanol exposure (36). Therefore,
the 100 mM ethanol treatment used in the present study did
not significantly increase apoptosis, which may be due to the
short incubation time (5 h) or the incubation of the eyeball
with ethanol in vitro rather than injecting the ethanol subcu-
taneously in vivo. In addition, ethanol evaporation cannot
be completely ruled out in the present study, even though
compensatory strategies were used.

The different percentages of neuroapoptosis detected by
caspase-3 immunohistochemistry and the TUNEL assay in the
present study may be due to the ephemeral phenomenon of
the caspase-3 assay or caspase-3 independent neuronal apop-
tosis (6,36). Although necrosis cannot be completely ruled out,
the present study demonstrated that the percent of neuroapop-
tosis detected by the caspase-3 assay and the TUNEL assay
increased as the concentration of ethanol increased from 200
to 500 mM, confirming that lower ethanol (<500 mM) expo-
sure caused neuronal death primarily in the form of apoptosis,
as demonstrated in a previous study (36).

As a second messenger, c(AMP modulates numerous physi-
ological functions and pathophysiological changes; for example,
cAMP hasbeenreported to be involved in alcohol-induced neuro-
apoptosis as either a pro- or an anti-apoptotic messenger (19,38).
The present study demonstrated that inhibition of AC and PKA
significantly reduced the protective effects of dopamine against
alcohol-induced neuronal apoptosis. This result suggested that
dopamine may be able to attenuate ethanol-induced neuro-
apoptosis partially through the activation of the cAMP/PKA
signaling pathway, which is consistent with previous studies
that reported a downregulation of intracellular cAMP and PKA
following alcohol exposure (19,39). Data from the present study
are consistent with a previous report that suggested that cCAMP
attenuates apoptosis in developing hypothalamic cells (39).
It should be noted that the present results differ from certain
previous studies that evaluated the effects of alcohol on rela-
tively mature neurons (>4-6 weeks old), which demonstrated
that alcohol exposure induced an increase in intracellular
levels of cAMP and PKA type II regulatory subunits in the rat
brain (20), as well as brain PKA activation in mice (40).

Dopamineisassociated withaspectrumof neurophysiological
processes, including the regulation of neuronal differentiation,
axonal and/or dendritic growth in the developing brain and
retina (41,42). DIR and D2R were previously demonstrated to be
widely distributed in the inner plexiform layer, the ganglion cell
layer, the outer plexiform layer and the photoreceptors, where
they are activated by dopamine released from dopaminergic
amacrine cell and/or interplexiform dopaminergic cells in the
retinal inner plexiform layer (43,44). Although the activation
of DIR is generally considered to be related to the increase in
intracellular cAMP and enhancement of neuronal apoptosis and
activation of D2 receptor is opposite, an increasing number of
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studies have reported that DIR and/or D2R may form different
heteromeric complexes with AA2AR to produce different
effects (9,10). Furthermore, it has been postulated that D2R
may be able to synergize with AA2AR to stimulate AC expres-
sion (45). In addition, to activate cAMP-dependent processes
through the co-activation of DIR and D2R (46), dopamine
may also activate a heterodimer of DIR and D2R to generate
a calcium-dependent signaling pathway (47), indicating that
dopamine heteroreceptor complexes, or the synergy between
D2R and AA2AR, may be involved in the protective effects of
dopamine. Therefore, it may be possible that the inhibition of
DIR, D2R or AA2AR was able to bring the dopamine-induced
reduction in apoptosis back to similar levels in retinas treated
with ethanol alone. Furthermore, inhibition of the cAMP/PKA
signaling pathway reduced the protective effects of dopamine
on alcohol-induced neuroapoptosis in developing rat retina,
indicating that cAMP/PK A signaling pathway may be involved
in this process.

A few limitations to the present study should be noted.
First, it is unclear whether dopamine heteroreceptor complexes
or the synergy between D2R and AA2AR are involved in the
protective action of dopamine on the alcohol-induced apop-
tosis that was observed in developing rat GCL. In addition,
the intracellular levels of cAMP/PKA and the downstream
targets of the cAMP/PK A signaling pathway, such as extracel-
lular signal-regulated kinase 1/2, proto-oncogene c-Akt and
cAMP-responsive element-binding protein also need to be
investigated. As neuroapoptosis in response to ethanol treat-
ment was most marked at P7 in the rat GCL, the retinal GCL
was the focus of the present study; future studies are required
to analyze the effect of ethanol on other retinal layers.

In conclusion, the present study demonstrated that
dopamine treatment was able to attenuate ethanol-induced
neuroapoptosis in developing P7 rat retinas, possibly through
the activation of DIR, D2R and AA2AR, as well as by upregu-
lating the cAMP/PK A signaling pathway.
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