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Abstract  
Maternal alcohol consumption during pregnancy has detrimental effects on fetal central nervous 
system development. Maternal alcohol consumption prior to and during pregnancy significantly 
affects cognitive functions in offspring, which may be related to changes in cyclin-dependent  
kinase 5 because it is associated with modulation of synaptic plasticity and impaired learning and 
memory. In this study, we examined adult offspring in a maternal alcohol consumption model in rats. 
Y-maze test results showed that in utero exposure to alcohol impairs learning and memory 
capacities. Cyclin-dependent kinase 5 mRNA and protein expressions in the hippocampus of the 
offspring were significantly elevated, as assayed by quantitative real-time PCR and reverse 
transcription-PCR, immunofluorescence, and immuno-precipitation. Our experimental findings 
strongly suggest that altered cyclin-dependent kinase 5 may mediate impaired learning and memory 
in adult rats that were exposed to alcohol by maternal consumption while in utero. 
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Research Highlights 
(1) The majority of studies addressing prenatal ethanol exposure have examined neuronal 
apoptosis, offspring development, and social behaviors. Little research has examined effects on 
nerve injury signals, which are related to nitric oxide signaling pathways. 
(2) In this study, we aimed to explore the correlation between cyclin-dependent kinase 5 expression 
in the hippocampus and neurological impairments following prenatal ethanol exposure. 
(3) We propose new insights into the mechanisms underlying the role of ethanol exposure in central 
nervous system injuries, and provide a new strategy for treating the consequences of prenatal 
ethanol exposure. 
(4) Cyclin-dependent kinase 5 likely mediates impaired learning and memory capacities in rats 
following prenatal ethanol exposure. 
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INTRODUCTION 
    
Fetal alcohol syndrome is the most common nongenetic 
cause of mental retardation. It is well known that 
excessive maternal alcohol consumption during 
pregnancy has teratogenic and other detrimental effects 
on fetal development, and prenatal alcohol exposure 
leads to brain injuries that can potentially manifest as 
life-long learning and cognitive deficits[1-4]. Fetal alcohol 
syndrome resides at the most severe end of the 
continuum of fetal alcohol spectrum disorders, which 
includes all alcohol-induced abnormalities. The clinical 
features of fetal alcohol syndrome disorders are variable 
and include an array of morphologic defects, as well 
cognitive and behavioral disabilities, which range from 
severe mental retardations to subtle deficits that become 
apparent only under stressful conditions. The prevalence 
of fetal alcohol syndrome disorders has been reported to 
be 1 in 100 births, but recent studies have estimated that 
fetal alcohol syndrome disorders may be much more 
prevalent, at 2–5% of school children in the United States 
and some western European countries. The prevalence 
of fetal alcohol syndrome in the United States population 
was estimated to be at least 2 to 7 per 1 000. One 
estimate is that 5% of the children of mothers who drank 
heavily during pregnancy have fetal alcohol syndrome, 
and animal studies have shown that the dose, timing, 
and duration of ethanol consumption are critical. The 
hippocampus is a particularly vulnerable brain region to 
prenatal ethanol exposure[5-6]. It is generally accepted 
that prenatal ethanol exposure can alter hippocampal 
synaptic plasticity and adversely affect 
hippocampal-dependent learning, and cause other 
mental defects[7-8]. The neuronal plasticity biomarker 
cyclin-dependent kinase 5, a proline-directed 
serine/threonine kinase, plays important roles in various 
aspects of neural development, including neuronal 
migration, axonal guidance, synaptic development, and 
plasticity[9-11]. However, the effects of alcohol on 
cyclin-dependent kinase 5, and particularly the effects of 
in utero alcohol exposure on cyclin-dependent kinase 5 
in adulthood, are largely unknown.  
 
Cyclin-dependent kinase 5 may be specifically activated 
by p35 and p39 in neurons. The p35 is expressed 
predominantly in the cerebral cortex, and p39 is largely 
expressed in the cerebellum. Both calmodulin and 
elevated concentrations of intracellular Ca2+ are 
necessary to cleave p35 and p39 into p25 and p29, 
respectively. The binding of cyclin-dependent kinase 5 
with p35 and p39 and their cleavage products forms a 

heterodimer, resulting in the activation of 
cyclin-dependent kinase 5. The N-terminal truncation 
products of p35 and p39 are p25 and p29, and they have 
longer half-lives and are more stable than p35 and p39. 
Thus, they can overexcite cyclin-dependent kinase 5 
signaling, triggering downstream substrates that exert 
pathological changes[12]. The expression of p35 peaks at 
1 or 2 weeks after birth. In the adult brain, p35 undergoes 
a process of physiological reduction[13]. Throughout every 
stage of brain development, cyclin-dependent kinase 5 
activity is correlated with the expression of p35 rather 
than that of cyclin-dependent kinase 5[14]. 
 
Maternal alcohol consumption during pregnancy may 
lead to neurodevelopmental disorders and abnormal 
psychology and behavior. The mechanism underlying 
lesions related to alcohol remains to be explored. To 
elucidate the consequences of maternal alcohol 
consumption on offspring, in this study, we examined its 
effects on learning and memory, p35 expression, and 
cyclin-dependent kinase 5 activity in rats. We then 
examined whether subsequent changes in synaptic 
plasticity led to impaired learning and memory. To these 
ends, an animal model of alcohol consumption during 
pregnancy was established. Learning and memory were 
evaluated by ethology in adult offspring. Cyclin- 
dependent kinase 5 protein expression and activity were 
detected by immunofluorescence and PCR. Our 
experimental findings suggest a new strategy and target 
for drugs to treat alcoholism, and may elucidate the 
causes of central nervous system impairments.   
 
 
RESULTS 
 
Quantitative analysis of experimental animals 
Eighteen pregnant, female rats were randomly divided 
into control, isocaloric group and ethanol-treated groups, 
with six rats in each group. The day that a positive plug 
was present was defined as E0. Usually, the control and 
isocaloric groups gave birth after E19, but the 
ethanol-treated rats typically gave birth 1–2 days later at 
E20 or E21. Postnatal offspring were produced from 
timed pregnancies (P = postnatal days; P0 = the first    
24 hours after birth). At P14, three pups from each 
female in each group were randomly assigned and were 
used for the study. A total of 54 pups were included in the 
final analysis, without any loss. 
 
Maternal alcohol consumption impaired learning and 
memory in offspring  
The learning and memory capacities of the pups at P14 
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were determined with Y-maze test. As shown in Table 1 
and Figure 1, the training times of the offspring from the 
ethanol-treated group were significantly increased 
compared with the control and isocaloric groups (P < 
0.05).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Maternal alcohol consumption increased the 
expression of hippocampal cyclin-dependent  
kinase 5 and p35 mRNA in offspring 
Following the Y-maze test, reverse transcription-PCR 
and quantitative real-time PCR were performed to 
establish the cyclin-dependent kinase 5 and p35 
expression pattern in the hippocampus, and reveal any 
changes of the cyclin-dependent kinase 5 and p35 
expression levels on maternal alcohol consumption 
during pregnancy. As shown in Table 1 and Figure 1, the 
expression level of cyclin-dependent kinase 5 and p35 
mRNA were significantly increased in the hippocampus 
of offspring from the ethanol-treated group compared 
with offspring from the control and isocaloric groups. In 
contrast, the differences in cyclin-dependent kinase 5 
and p35 mRNA in the hippocampus between the 
offspring from the control and isocaloric groups were not 
significant.  
 
Maternal alcohol consumption increased the 
expression of hippocampal cyclin-dependent  
kinase 5 and p35 in offspring 
Following the Y-maze test, immunofluorescence was 
performed to confirm cyclin-dependent kinase 5 and p35 
expression in the hippocampus. As shown in Figure 2, 
cyclin-dependent kinase 5 and p35 were expressed in 
the hippocampus. Compared with the control and 
isocaloric groups, more hippocampal neurons in the 
offspring from the ethanol-treated group showed 
cyclin-dependent kinase 5 and p35 fluorescence staining 

(P < 0.01), exhibiting dense distributions and increased 
fluorescence intensity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Maternal alcohol consumption increased 
cyclin-dependent kinase 5 activity in the 
hippocampus of offspring 
Following the Y-maze test, to determine 

Table 1  Effects of maternal alcohol consumption on 
learning and memory (Y-maze test) and cyclin-dependent 
kinase 5/p35 mRNA expression (quantitative real-time 
PCR) in their offspring 

Group 
Training times for 

reaching 
accurate response 

Expression of 
cyclin-dependent 
kinase 5 mRNA 

Expression 
of p35 
mRNA 

Control    33.33±7.71 0.69±0.05 0.83±0.03 
Ethanol-treated    57.50±6.58a  1.19±0.05b  1.57±0.06b 
Isocaloric    35.83±8.32 0.75±0.07 0.85±0.05 

 
aP < 0.05, bP < 0.01, vs. control group. Data are expressed as 
mean ± SD, n = 18 rats in each group. One-way analysis of 
variance and least significant difference multiple-range tests were 
used to analyze the data. Training times in the Y-maze test were 
used to measure spatial learning and memory. The results of the 
quantitative real-time PCR are expressed as ΔΔCT.  

Figure 1  Effects of maternal alcohol consumption on 
mRNA expression of cyclin-dependent kinase 5 (Cdk5) 
and p35 in the hippocampus of offspring (quantitative 
reverse transcription-PCR).   

Total RNA isolated and dissociated from the hippocampus 
of rats was reverse transcribed to produce PCR products 
then visualized on agarose gels. (A) Bands of p35 mRNA; 
(B) bands of Cdk5 mRNA.  

CN: Control group; IC: isocaloric group; ET: ethanol- 
treated group; M: marker. 
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cyclin-dependent kinase 5 activity in hippocampal 
neurons, cyclin-dependent kinase 5 was 
immunoprecipitated with an anti-cyclin-dependent kinase 
5 antibody, and kinase activity was measured with 
histone H1 as a substrate. As shown in Figure 3, 
cyclin-dependent kinase 5 kinase activity in the 
hippocampus of offspring from the ethanol-treated group 
was significantly increased compared with the control 
group (P < 0.01).  
 
 
DISCUSSION 
 
Ethanol, the active ingredient of alcoholic beverages, is 
the most abused drug in the world, perhaps second only 
to nicotine. Partially related to its legal status and 
availability, it causes widespread addiction and 
dependency problems with devastating health 
consequences, including numerous premature deaths. 
Ethanol abuse and addiction are two of the most 

important public health problems worldwide, and they 
can lead to tolerance, dependence, and memory 
impairments. Ethanol is therefore a widely studied 
molecule in many research institutes[15-17]. Fetal alcohol 
syndrome is a leading cause of birth defects and 
developmental disabilities. In the United States, an 
estimated 2 000 to 8 000 new cases occur each year. 
Fetal alcohol syndrome represents the most severe 
manifestation of alcohol-related birth defects and 
developmental disabilities. The number of children with 
fetal alcohol syndrome and other fetal alcohol spectrum 
disorders, predominantly alcohol-related 
neurodevelopmental disorders, is estimated to be three 
times higher than that of children with fetal alcohol 
syndrome alone. Although prevention of all fetal alcohol 
syndrome disorders should be a public health priority, the 
need for prevention of fetal alcohol syndrome is 
particularly urgent. To prevent fetal alcohol syndrome, it 
is necessary to identify and characterize women who are 
at risk for having children with fetal alcohol syndrome.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2  Effects of maternal alcohol consumption on cyclin-dependent kinase 5 (Cdk5) and p35 expression in the 
hippocampus of rat offspring (immunofluorescence, × 400). 

(A, B) Bar graph of Cdk5- and p35-positive cell numbers in the hippocampus. aP < 0.01, vs. CN and IC. Data are expressed as 
mean ± SD, n = 18 rats in each group. The experiment was repeated three times, and analyzed using one-way analysis of 
variance and the least significant difference multiple-range test. 

(C) Representative photomicrographs of Cdk5 (Alexa Fluor 488-labeled, green fluorescence) and p35 (Cy3-labeled, red 
fluorescence) with immunofluorescent staining in the rat hippocampus. Scale bars: 10 μm. Cells with Cdk5 expression are green 
(white arrows). In contrast, cells with p35 expression are red (yellow arrows). Compared with the control and isocaloric groups, a 
large number of hippocampal neurons were stained with fluorescence in the offspring from the ethanol-treated group, and the 
density and fluorescence intensity increased.  

CN: Control group; ET: ethanol-treated group; IC: isocaloric group. 
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Prenatal ethanol exposure in humans can produce a 
wide range of toxic effects, including teratogenicity and 
lethality, manifesting as spontaneous abortion or 
stillbirth[18-20]. Such ethanol teratogenicity can manifest as 
fetal alcohol syndrome, which consists of central nervous 
system dysfunctions, growth deficiency, and a 
characteristic cluster of facial abnormalities in offspring[5]. 
Of these three principal features, central nervous system 
dysfunction–manifesting as persistent intellectual, 
behavioral, and neurological deficits–is probably the 
most debilitating for the individual with fetal alcohol 
syndrome. Central nervous system dysfunctions can be 
related to permanent neuronal cell loss in target brain 
regions, including the hippocampus and cerebellum, as 
demonstrated in experimental animal models of ethanol 
central nervous system teratogenicity[21]. Previous 
studies have identified a number of characteristics and 
behaviors in mothers that predict the presentation of fetal 
alcohol syndrome in their children. Some of these risk 
factors are heavy drinking (including binge drinking), 
drinking among members of the extended family and 
social network, more years of drinking, cigarette smoking, 
previous treatment for alcohol and/or drug abuse, age, 
high gravidity, lower educational attainments, lower 
income, a lower intelligence quotient, and a history of 
sexual or physical abuse or mental illness. In this study, 
we used rat models to determine the effects of maternal 
alcohol consumption on their offspring, and found that 
maternal alcohol consumption prior to and during 

pregnancy significantly affected the learning capacities of 
the offspring, and increased p35 expression and 
cyclin-dependent kinase 5 activity in the hippocampus. 
 
Mammalian brains are flexible, being able to change their 
functions and structures in response to internal and 
external stimuli. Such changes are called neuronal 
plasticity[22]. Synapses enable the transmission of 
information within neural circuits and allow the brain to 
change in response to experiences[23]. Neuronal plasticity 
in animals is essential for their daily lives because they 
must adapt to changes in their outside environment[24]. 
Long-term plasticity, either depression or potentiation of 
synaptic transmission, typically lasts for hours or days, 
but can possibly last for years in a living animal. The 
induction mechanisms underlying synaptic plasticity can 
be presynaptic or post-synaptic[25]. The hippocampus is 
an essential region for neuronal plasticity, and it is 
critically involved in learning and memory in mammals. 
The hippocampus has been a major experimental 
system for studies of synaptic plasticity in the context of 
putative information-storage mechanisms in the brain. 
The simple laminar pattern of its neurons and neural 
pathways enables the use of extracellular recording 
techniques to record synaptic events for virtually 
unlimited periods in vivo [26].  
 
Long-term potentiation is a much-studied model of 
synaptic plasticity that was first identified in the 
hippocampus, and has been extensively characterized 
using electrophysiological, biochemical and molecular 
techniques. Several recent studies have detected 
long-term potentiation-like synaptic changes in the 
hippocampus[27-28] and the amygdala[29] following learning. 
Other forms of activity-dependent plasticity include 
long-term depression, potentiation of excitatory 
postsynaptic potential spikes, spike-timing-dependent 
plasticity, depotentiation, and reversal of depression[30]. 
Long-term potentiation in the hippocampus is considered 
to be important for elucidating the molecular 
mechanisms of learning and memory, because these 
processes may be based on long-lasting potentiation of 
synaptic efficacy. Correlations have been observed 
between defective hippocampal synaptic plasticity and 
defective hippocampal-dependent memory tasks 
following perturbation of a number of proteins involved in 
synaptic plasticity, either pharmacologically or through 
gene knockout[31-32]. For example, rodents in which 
N-methyl-D-aspartate receptor antagonists are infused 
into the hippocampus[33], and mice lacking expression in 
the forebrain of the N-methyl-D-aspartate receptor 
subunit 1[34], do not show long-term potentiation and are 

Figure 3  Effects of maternal alcohol consumption during 
pregnancy on cyclin-dependent kinase 5 (Cdk5) activity in 
the hippocampus of rat offspring.  
aP < 0.01, vs. control group. Cdk5 activity is expressed as 
p moles of ATP incorporated/mg protein per minute and is 
plotted as mean ± SD, n = 18 rats in each group. The 
experiment was repeated three times over five 
independent experiments. One-way analysis of variance 
and the least significant difference multiple-range test 
were used to determine differences between means.  

CN: Control group; ET: ethanol-treated group; IC: 
isocaloric group. 

C
dk

5 
ac

tiv
ity

 

CN           ET            IC 

6 000 

4 000 

2 000 

0 

a 



Li S, et al. / Neural Regeneration Research. 2013;8(18):1702-1713. 

 1707 

impaired on certain types of spatial learning. 
Furthermore, mice in which the specific N-methyl-D- 
aspartate receptor subunit NR2B was overexpressed 
display enhanced long-term potentiation and enhanced 
spatial learning[35]. In addition to their role in the encoding 
of declarative memories, hippocampal N-methyl-D- 
aspartate receptor-dependent long-term potentiation and 
depression may provide important insights into the 
pathophysiology and treatment of important mental 
illnesses. For example, a leading hypothesis for the 
pathophysiology of schizophrenia posits dysfunctional 
glutamatergic synapses, in particular hypofunction of 
N-methyl-D-aspartate receptors[36-37]. Mouse strain 
differences in learning and memory ability are well 
documented. A wide variety of paradigms have been 
studied measuring a range of learning from complex to 
simple associative learning. However, interstrain 
comparisons of learning and memory abilities are 
potentially complicated by both host (genetic) and 
environmental (experimental parameters) factors that 
may significantly impact performance, while not 
pertaining directly to learning and memory constructs per 
se. Performance levels in a variety of learning and 
memory procedures may be influenced by motivation to 
explore novelty, attentional processes, and memories for 
acquired information. Specifically, the use of appetitive or 
aversive stimuli can enhance differences in motivation or 
reactivity between strains that are difficult to dissociate 
from associative and mnemonic processes. Because of 
the increasing use of a broad range of mouse genetic 
backgrounds to investigate normal and disrupted 
behavior, establishing a paradigm that permits the 
evaluation of novelty exploration and memory 
independently and validating it across a variety of genetic 
backgrounds and procedural variables would be highly 
valuable. The Y-maze is a simple two-trial recognition 
test for measuring spatial recognition memory, it does 
not require learning a rule, and thus is useful for studying 
memory in rodents, and in particular for the study of 
genetic influences on responses to novelty and 
recognition processes[38]. Maternal alcohol consumption 
during pregnancy may modify hippocampal plasticity and 
thereby affect learning and memory in the offspring. 
Chronic prenatal ethanol exposure results in loss of 
hippocampal CA1 pyramidal cells in young postnatal 
offspring[39] and decreases synaptic plasticity in the 
hippocampus of adult offspring[40]. Our results further 
suggest that learning and memory are impaired by 
chronic in utero ethanol exposure. These impairments 
persisted even after the ethanol exposure was 
discontinued, which may be related to modified synaptic 
plasticity, leading to the inhibition of long-term 

potentiation and facilitation of long-term depression[41]. 
 
Cyclin-dependent kinase 5, also called tau protein kinase II, 
is a member of the Ser/Thr family and proline-directed 
protein kinases that are related to the cyclin-dependent 
cell cycle regulatory kinases. Despite its high degree of 
homology to other cyclin-dependent kinases, 
cyclin-dependent kinase 5 is the only member of this 
family that is not activated by cyclins[42]. Although 
cyclin-dependent kinase 5 is expressed in many tissues, 
its highest kinase activity coincides with the expression 
pattern of the activators p35 and p39, which are present 
mainly in post-mitotic neurons of the central nervous 
system[43]. The emerging evidence that cyclin-dependent 
kinase 5 is involved in several neuronal functions such 
as neuronal migration, neurotransmitter release, 
neuronal plasticity, memory, learning, addiction, and 
apoptosis as a potential master regulator of many vital 
neuronal functions[44]. Cyclin-dependent kinase 5 may be 
a constitutively active kinase. Its activity depends on its 
direct association with one of two noncyclin cofactors, 
p35 and p39[45]. Cyclin-dependent kinase 5 is mainly 
active in postmitotic neurons because of the selective 
neuronal expression of p35 and p39[46]. These cofactors 
are subject to cleavage by calpain. Thus, increases in 
intracellular calcium, which may occur during neuronal 
injuries or neurotoxic insults, results in conversion of p35 
or p39 to p25 or p27, respectively[47]. Transgenic animal 
studies have demonstrated a critical role of cyclin- 
dependent kinase 5/p35 in neurite outgrowth and 
neuronal differentiation during development, likely being 
regulated by specific protein-protein interactions 
because cyclin-dependent kinase 5 interacts with a 
diverse family of regulatory proteins[48]. Cyclin-dependent 
kinase 5 has been implicated in learning and synaptic 
plasticity[49] and the pathogenesis of neurodegenerative 
disorders such as Alzheimer’s disease and 
neuropsychiatric illnesses such as addiction[50]. Learning 
and memory are vital to animal development and the 
acquisition of modifiable, plastic neuronal circuits allows 
for robust adaptation to dynamic surroundings. The 
ability to learn from experience and employ stored 
knowledge in the form of memories to modify behavior in 
response to selective environmental pressures is crucial 
to animal physiology and cognition[51]. Cyclin-dependent 
kinase 5 is required in the hippocampus and septum for 
associative learning to occur closely following training[52]. 
The first hint that loss of cyclin-dependent kinase 5 
directly affects plasticity came from p35-knockout mice in 
which long-term potentiation was induced by tetanic 
stimulation (100 Hz), in that it appears to be normal in the 
hippocampal CA1 region, but low-frequency stimulation 
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(1 Hz, 15 minutes) revealed a marked deficit in long-term 
depression[53]. Cyclin-dependent kinase 5 is seen to 
influence pre- and post-synaptic processes integral to 
synaptic plasticity, including vesicle cycling, ion channel 
modulation and intra-cellular signaling[54]. Previous 
reports also implicated both cyclin-dependent kinase 5 
and CA1 hippocampal N-methyl-D-aspartate receptors in 
spatial learning and synaptic plasticity. A cyclin- 
dependent kinase 5 conditional knockout line was 
derived under a prion promoter and regulated temporally 
by the estrogen-receptor transgene[47]. In these studies, 
cyclin-dependent kinase 5 conditional knockout mice 
displayed enhanced hippocampal-dependent spatial 
memory as assayed by Morris water maze task, 
enhanced contextual fear memories, and enhanced 
long-term potentiation compared with control mice. 
Evoked excitatory postsynaptic currents showed that 
currents mediated by the N-methyl-D-aspartate, but not 
the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid receptor are enhanced in these mutant mice, which 
is attributable to greater surface N-methyl-D-aspartate 
receptor subunit 2B levels and a reduction in N-methyl- 
D-aspartate receptor degradation. Cyclin-dependent 
kinase 5 may function structurally to increase 
interactions between N-methyl-D-aspartate receptor 
subunit 2B and calpain and to facilitate N-methyl-D- 
aspartate receptor subunit 2B degradation in response to 
synaptic activity[55].  
 
Cyclin-dependent kinase 5 activity is linked to the 
activator p35. Neurotoxic stress induces calcium influx 
and calpain-directed proteolysis of p35 resulting in the 
release of p25 from an N-terminal membrane tether[56]. 
The α-actinin-1 kinase and the Ca2+/calmodulin- 
dependent protein kinase II interact with cyclin- 
dependent kinase 5 via their associations with p35 and 
p39. Ca2+/calmodulin-dependent protein kinase II and 
α-actinin-1 bind to distinct regions of p35 and p39, and 
can also interact with each other. The associations 
between the Ca2+/calmodulin-dependent protein kinase II 
and α-actinin-1 with the cyclin-dependent kinase 5 
activators are stimulated by calcium. Furthermore, the 
activation of glutamate receptors increases the 
association of p35 and p39 with Ca2+/calmodulin- 
dependent protein kinase II, and the inhibition of 
Ca2+/calmodulin-dependent protein kinase II activation 
diminishes this effect. The glutamate-mediated increase 
in association of p35 and Ca2+/calmodulin-dependent 
protein kinase II is mediated in large part by N-methyl- 
D-aspartate receptors, suggesting that cross talk 
between cyclin-dependent kinase 5 and Ca2+/calmodulin- 
dependent protein kinase II signal transduction pathways 

may be a component of the complex molecular 
mechanisms contributing to synaptic plasticity, memory, 
and learning[57]. When trained in the Morris water maze, 
p35 null mutants showed increased escape latencies 
and non-selective searching for the platform at the 
probe trial, indicating an absence of a spatial learning 
strategy[53]. To identify the role of cyclin-dependent 
kinase 5 activators, we examined the expression of p35 
regulatory protein of cyclin-dependent kinase 5. 
Maternal alcohol consumption can stimulate 
cyclin-dependent kinase 5 activity by enhancing p35 
expression. In this report, we found that maternal 
alcohol consumption prior to and during pregnancy 
resulted in a significant increase in the 
cyclin-dependent kinase 5 kinase activity in the 
hippocampus of offspring (P < 0.05).  
 
Taken together, our results demonstrated that maternal 
alcohol consumption prior to and during pregnancy leads 
to modification of plasticity and impaired learning and 
memory in offspring rats. As cyclin-dependent kinase 5 
activity was also significantly increased, these results 
strongly suggest that the increased expression of 
cyclin-dependent kinase 5 may be the mechanism 
responsible for impaired learning and memory in 
offspring exposed to alcohol in utero. 
 
 
MATERIALS AND METHODS 
 
Design 
A randomized, controlled animal experiment. 
 
Time and setting 
This study was performed at the Neurobiology 
Laboratory, School of Basic Medical Sciences of 
Xinxiang Medical University in China from March 2011 to 
November 2012. 
 
Materials 
Eighteen healthy female and eighteen healthy male 
Sprague-Dawley rats of clean grade, aged 2 months, and 
weighing 200 ± 20 g were provided by the Animal Center, 
Zhengzhou University, China (license No. SCXK (Yu) 
2005-0001). The ambient temperature was maintained at 
22°C. Rats had free access to food (standard solid 
feedstuff produced by the Laboratory Animal Center, 
Xinxiang Medical University, China) and water. All 
experimental protocols were performed according to the 
Guidance Suggestions for the Care and Use of 
Laboratory Animals issued by the Ministry of Science 
and Technology of China[58].  
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Methods  
Ethanol treatment 
The control group was composed of females that were 
allowed free access to food and water, except in the 
morning when food was removed for about 2 hours prior 
to weighing. The isocaloric group was composed of 
females administered the same quantity of isocaloric and 
isovolumetric maltose-dextrin (Tianjiu (Shandong) Co., 
Ltd., China). The ethanol-treated group was composed 
of females that received a daily intragastric gavage of 
25% (w/v) ethanol (anhydrous, Xingke High Purity 
Solvents (Shanghai) Co., Ltd., China) at a dose of    
4.0 g/kg, beginning on E5 and continuing through the 
birth of the pups. To allow the stomach to empty and 
facilitate the absorption of the ethanol, all food was 
removed 4 hours before ethanol dosing. The ethanol was 
gavaged at the same time each day, as described 
previously[59]. Postnatal (P = postnatal days; P0 = the first 
24 hours after birth) offspring were produced from timed 
pregnancies. At P14, three pups from each female in 
each group were randomly chosen and were used for the 
study.  
 
Maternal alcohol consumption impaired the learning 
and memory of offspring by Y maze test  
Learning and memory were evaluated by electro- 
stimulus Y-maze[60] in adult offspring. The Y-maze (MC-3, 
Zhenghua (Anhui) Biological Instrument Equipment Co., 
Ltd., China) had three equal arms (30 cm length × 15 cm 
width × 15 cm height) equipped with a grid floor 
consisting of stainless steel bars (4.5 mm diameter,   
1.5 cm apart). The angle between every two arms was 
120° and a sliding detachable door was used to separate 
each arm from the others. The floor of the Y-maze was 
connected to a voltage regulator. There was a signal light 
at the end of each arm. In each trial, when the light was 
turned on in an arm, it meant that the arm was safe. At 
the same time, a lack of light in the arms indicated the 
possibility of shock presentation. Based on the light 
signal, the animals learned to escape the shocks. The 
light was turned on randomly during the experiment. At 
the beginning of experiment, all lights were turned on 
and the rat was allowed to habituate to the surroundings 
for 3 minutes, which was followed by turning off all three 
lights. Then, only one light was randomly turned on. After 
a delay of 5 seconds, the bars of the other two arms were 
electrified and the rat could receive a footshock. The 
initial stimulus voltage was 20 V. If there was no 
response, the stimulus intensity was increased in steps 
of 5 V unit until a response was observed in the rat. The 
rat could then escape to a safe area and the light stayed 
on for 15 seconds. These procedures describe one 

complete trial. If the rat escaped to a safe area within  
10 seconds, it was considered a correct response. Nine 
correct responses within ten trials was used as the 
criteria for learning. The training time required for the rat 
to exhibit learning was our dependent measure of spatial 
learning and memory. All the learning and memory tests 
were performed in the dark, in a quiet and controlled 
environment. 
 
Measurement of the effects of maternal alcohol 
consumption on the expression of cyclin-dependent 
kinase 5 and p35 mRNA in the rat hippocampus by 
reverse transcription-PCR  
Total mRNA from brain tissues was extracted using Trizol 
reagent (Takara Biotechnology, Dalian, Liaoning 
Province, China). RNA 5 μg was reverse transcribed into 
cDNA using Avian Myeloblastosis Virus reverse 
transcriptase and oligo dT12 (Takara Biotechnology) as 
primers. The primer sequences and the size of the PCR 
products are shown in Table 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Measurement of the effects of maternal alcohol 
consumption on the expression of cyclin-dependent 
kinase 5 and p35 mRNA in rat hippocampus by 
real-time quantitative PCR  
RNA extraction and cDNA conversion: Total RNA was 
isolated from hippocampal tissues (frozen in liquid 
nitrogen) by a single-step method using TRIzol Reagent. 
The RNA samples were treated with RNase free DNase at 
37°C for 20 minutes and stored at –80°C for further use. 
The purity (A260nm/A280nm) and the concentration of RNA 
were obtained using spectrophotometry. RNA quality was 
confirmed by gel electrophoresis. The starting material 
was consistently found to be of good quality. The total 
RNA (0.5–2.0 μg) was used for cDNA conversion using 
high capacity cDNA reverse transcription kit. The 
converted cDNA was stored at –20°C.  

Table 2  Cyclin-dependent kinase 5/p35 and β-actin 
primer sequences 

Primer 
Primer sequence  

(5′–3′) 
Product size 

(bp) 

Cyclin-dependent 
kinase 5 

Upstream: GAA GCG GCA 
CTC CAT CAT CTC GG 

368 

 Downstream: TAC GCC 
TGG ACG ATG ACC CGT 
TTG G   

 

p35 Upstream: CCT TGT GGC 
TAC CCT GGT 

246 

 Downstream: ACC AGG GTA 
GCC ACA AGG 

 

β-actin Upstream: ATG GAT GAC 
GAT ATC GCT GCG 

242 

 
Downstream: TCG TCC 
CAG TTG GTG ACA ATG  
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Primer design and synthesis: All primers were designed 
with Primer Premier 5.0 (Premier Inc., Toronto, Canada), 
based on target sequences obtained from the GenBank 
database (www.ncbi.nlm.nih.gov/gene) for each gene of 
interest. For the selection of an ideal primer pair, the 
factors considered included the melting temperature 
(60–65°C), GC content (40–60%), and having an 
amplicon length of about 90–200 bp. All new primers 
were tested by real-time PCR using a dilution         
(1 × 106 copies/μL) of plasmid and water as non-template 
control, followed by gel electrophoresis to determine the 
amplification efficiency, specificity, and the presence/ 
absence of primer dimmers. Inefficient and/or non- 
specific primers were excluded. Reaction conditions for 
each primer pair were optimized to minimize non-specific 
products or primer dimmers and to maximize the yield of 
the desired amplicon. The sequence of cyclin-dependent 
kinase 5 primer is provided (Table 2). 
 
Real-time quantitative PCR optimization: The reaction 
volume and recipe were performed according to the 
instructions of iQ SYBR Green Supermix (Bio-Rad, 
Hercules, CA, USA). Two-step amplification was adopted 
in the quantitative PCR reactions in which annealing and 
extension steps were combined as one step. A suitable 
annealing temperature is very important to generate a 
good amplifying curve. A serial of gradient annealing 
temperatures ranging from 65°C to 55°C was tested by 
real-time PCR using a template plasmid DNA (1 ×     
106 copies/μL). After analyzing the CT value, 
amplification efficiency and specificity of the reactions, 
the optimal annealing temperature was determined. PCR 
amplification efficiency (E) was calculated according to 
the following equation: E = 10(-1/slope) –1. With SYBR 
Green I dye method, amplification and data analysis 
were investigated in the fluorescence quantitative PCR 
instrument. With a minimum sample threshold cycle 
number (CT value) and the highest fluorescence value as 
the standard, the primer concentration, annealing 
temperature, and concentration of fluorescent dye 
premixed enzyme SYBR PreMix were optimized. 
Real-time quantitative PCR amplification and analysis 
were performed with software version 3.1 (FTC-2000, 
Funglyn Biotech Inc, Toronto, Canada). The annealing 
temperature of the quantitative PCR assay using the 
primers was optimized. All samples, including the 
standards and non-template control, were determined in 
duplicate. The cDNA samples were thawed and mixed 
with a magnesium chloride solution (vial 2) and primers 
by vortexing, followed by centrifuging at 4°C. All 
substances were kept on ice. A serial dilution (1:10, 
1:100, and 1: 1 000) of the cDNA samples was prepared 

with nuclease-free or PCR-grade water. First, 1 μL cDNA 
was pipetted into a 0.5-mL reaction tube (autoclaved) 
and mixed with 9 μL PCR grade water. Then 1 μL diluted 
cDNA was added into a new reaction tube and mixed 
with 9 μL H2O. Then 10 μL vial 1a (LightCycler Fast-Start 
Enzyme) was added into vial 1b (LightCycler Fast-Start 
Reaction Mix SYBR Green I). A ready-to-use PCR 
mixture was obtained (10 × magnification), which 
contained FastStart Taq DNA polymerase, reaction buffer, 
dNTP mix, SYBR Green I dye, and magnesium chloride 
(10 mmol/L). The vial with SYBR Green I was protected 
from light because it is light sensitive. The ready-to-use 
PCR mixture was stored in the dark at 4°C for 1 month. 
Mixtures of all cDNA samples were prepared, including a 
negative control (H2O instead of cDNA) to reduce pipette 
inaccuracy. Each cDNA sample was measured at least in 
duplicate. All components were mixed by pipette several 
times. LightCycler capillaries were precooled for each 
cDNA sample, including a negative control (H2O instead 
of cDNA) in the LightCycler centrifuge adapters. A 18 μL 
mixture was pipetted into each precooled LightCycler 
capillary. The same pipette was used for the same primer 
pair. 2 μL of each cDNA was added into a separate 
capillary, which was sealed with a stopper. Samples were 
centrifuged at 700 × g for 5 seconds, or briefly at       
5 000 r/min. The capillaries were transferred carefully 
into the sample carousel of the LightCycler instrument 
and PCR was performed. 
 
Standard curve drawing: The prepared plasmids were 
treated with a 10-fold serial dilution, and samples at a 
gradient concentration of 10–2 to 10–1 were used as the 
standard. The standard curve was obtained in a real-time 
fluorescence quantitative PCR reaction, while negative 
temperature coefficient was also set up simultaneously. 
 
Evaluation of relative gene expression: The 2−ΔΔCt 
method was used to analyze the results. The CT values 
provided from real-time PCR instrumentation were easily 
imported into the spreadsheet program Microsoft Excel. 
The change in expression of the cyclin-dependent kinase 
5 and p35 target gene normalized to β-actin was 
monitored over 8 hours. Real-time PCR was performed 
on the corresponding cDNA synthesized from each 
sample. The data were analyzed using the formula  
ΔΔCT = (CT,Target – CT,Actin)Time x – (CT,Target – CT,Actin)Time 0. In 
this formula, Timex is any time point and Time 0 
represents the 1 × expression of the target gene 
normalized to β-actin. The mean CT values for both the 
target and internal control genes were determined at time 
zero and were used in the formula. The fold change in 
the target gene, normalized to β-actin and relative to the 
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expression at time 0, was calculated for each sample 
using the formula. 
 
Measurement of the effects of maternal alcohol 
consumption on the expression of cyclin-dependent 
kinase 5 and p35 protein in rat hippocampus by 
immunofluorescence  
Sections were stained with hematoxylin-eosin or with 
reticulin stain, and imaged on a Leica DMRXA 
microscope. For immunofluorescence analysis, animal 
brains were then frozen in isopentane, which was cooled 
by dry ice. Coronal sections (8-µm thickness) were then 
obtained on a cryostat. Sections were fixed with      
2% paraformaldehyde for 10 minutes and blocked with 
0.3% Triton-X 100 (Takara Biotechnology) in PBS and 
2% bovine serum albumin for 30 minutes. Rabbit 
anti-cyclin-dependent kinase 5 polyclonal antibody 
(Boster Biotechnology, Wuhan, China) or rabbit anti-p35 
polyclonal antibody (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) was incubated overnight. After 
incubation, sections were washed with PBS. The 
Immunol Fluorence Staining Kit with Alexa Fluor 
488-Labeled goat anti-rabbit IgG (Beyotime Institute of 
Biotechnology, Beijing, China) or Cy3-labeled goat 
anti-rabbit IgG (Beyotime Institute of Biotechnology) 
incubation was performed. A BX41 microscope (Olympus, 
Tokyo, Japan) was used to acquire the images. 
 
Measurement of the effects of maternal alcohol 
consumption on cyclin-dependent kinase 5 activity 
in rat hippocampus by immunoprecipitation  
Cyclin-dependent kinase 5 activity was assayed as 
previously described[61]. Briefly, hippocampal tissues 
were prepared in RIPA buffer (Takara Biotechnology; 
including 150 mmol/L NaCl, 20 mmol/L Tris-HCl,       
1 mmol/L EDTA, 0.5% Nonidet P-40, 5 mmol/L 
dithiothreitol, 1 mmol/L phenylmethylsulfonyl fluoride,  
2.5 mmol/L benzamidine, 20 μg/mL antipain, 20 μg/mL 
leupeptin, 5 μg/mL chymostatin, 5 μg/mL pepstatin,    
50 mmol/L NaF, and 5 mmol/L Na3VO4 at pH 7.4) 
containing a protease inhibitor tablet and phosphatase 
inhibitor cocktails I and II (Sigma). Protein lysates 
(Takara Biotechnology; 500 μg) were dissolved in lysis 
buffer to achieve a 1 μg/μL concentration and then 
precleared with normal rabbit IgG followed with 50–  
100 μL of 50% protein A–agarose slurry prepared in lysis 
buffer. These lysates were then incubated overnight at 
4°C with 0.01 μg/μL of anti-cyclin-dependent kinase 5 
IgG (Sigma). The next day, lysates were incubated with 
50 μL of a 50% protein A–agarose slurry for 3 hours at 
4°C. Immunoprecipitates were washed three times with 
lysis buffer followed with kinase buffer (20 mmol/L 

Tris-HCl, pH 7.4, 10 mmol/L MgCl2, 1 mmol/L 
ethylenediaminetetraactic acid (EDTA), 10 μmol/L NaF, 
and 1 μmol/L Na2VO3) and resuspended in 10 μL of 5 × 
kinase assay mixture (100 mmol/L Tris-HCl, pH 7.4,   
50 mmol/L MgCl2, 5 mmol/L EDTA, 50 μmol/L NaF,        
5 μmol/L Na2VO3, and 5 mmol/L DTT), 30 μL of water, 
and 20 μmol/L of the immunoprecipitated coronin 1a. 
Samples were maintained at 30°C for 60 minutes after 
adding 5 μCi γ-[32P] adenosine triphosphate (Sigma;  
0.5 mmol/L), and the reaction was stopped by adding 
10% trichloroacetic acid in peptide kinase assay buffer 
and by adding sample buffer (2% SDS, 10% glycerol,  
80 mmol/L Tris, pH 6.8, and 1 mmol/L dithiothreitol) and 
boiling for 10 minutes, for the coronin 1a kinase reaction. 
This step was repeated one more time, and two 
supernatant fractions were combined. The final mixture 
was incubated with 0.08 μg/μL histone H1 protein and 
0.2 μCi/μL [γ-32P] adenosine triphosphate at 30°C for  
30 minutes. Radioactivity was measured with a 
scintillation counter (PerkinElmer, Waltham, MA, USA) 
and normalized to basal activity. 
 
Statistical analysis 
All data are expressed as mean ± SD of three replicated 
determinations, and analyzed with SPSS 11.5 software 
(SPSS, Chicago, IL, USA). One-way analysis of variance 
and least significant difference multiple-range tests were 
used to determine statistically significant differences 
between means. Differences at a probability of P < 0.05 
level were considered to be significant.  
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source disputations. 
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