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CB1R regulates CDK5 signaling and epigenetically controls
Rac1 expression contributing to neurobehavioral
abnormalities in mice postnatally exposed to ethanol
Vikram Joshi1, Shivakumar Subbanna1, Madhu Shivakumar1 and Balapal S. Basavarajappa 1,2,3,4

Fetal alcohol spectrum disorders (FASD) represent a wide array of defects that arise from ethanol exposure during development.
However, the underlying molecular mechanisms are limited. In the current report, we aimed to further evaluate the cannabinoid
receptor type 1 (CB1R)-mediated mechanisms in a postnatal ethanol-exposed animal model. We report that the exposure of
postnatal day 7 (P7) mice to ethanol generates p25, a CDK5-activating peptide, in a time- and CB1R-dependent manner in the
hippocampus and neocortex brain regions. Pharmacological inhibition of CDK5 activity before ethanol exposure prevented
accumulation of cleaved caspase-3 (CC3) and hyperphosphorylated tau (PHF1) (a marker for neurodegeneration) in neonatal mice
and reversed cAMP response element-binding protein (CREB) activation and activity-regulated cytoskeleton-associated protein
(Arc) expression. We also found that postnatal ethanol exposure caused a loss of RhoGTPase-related, Rac1, gene expression in a
CB1R and CDK5 activity-dependent manner, which persisted to adulthood. Our epigenetic analysis of the Rac1 gene promoter
suggested that persistent suppression of Rac1 expression is mediated by enhanced histone H3 lysine 9 dimethylation (H3K9me2), a
repressive chromatin state, via G9a recruitment. The inhibition of CDK5/p25 activity before postnatal ethanol exposure rescued
CREB activation, Arc, chromatin remodeling and Rac1 expression, spatial memory, and long-term potentiation (LTP) abnormalities in
adult mice. Together, these findings propose that the postnatal ethanol-induced CB1R-mediated activation of CDK5 suppresses Arc
and Rac1 expression in the mouse brain and is responsible for persistent synaptic plasticity and learning and memory defects in
adult mice. This CB1R-mediated activation of CDK5 signaling during active synaptic development may slow down the maturation of
synaptic circuits and may cause neurobehavioral defects, as found in this FASD animal model.
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INTRODUCTION
Alcohol consumption during pregnancy results in deleterious
effects on multiple organ systems in the developing fetus,
collectively called as fetal alcohol spectrum disorders (FASD) [1,
2]. FASD are the leading cause of mental retardation in Western
countries. Currently, 2–5% of children in the United States are
affected by FASD [3], with nearly 40,000 cases reported each year
[4]. The brain is the most susceptible organ affected by prenatal
alcohol exposure, which results in reduced academic performance;
an increased frequency of learning disabilities; impaired executive
functions; poor hand/eye coordination; tremors; gait and balance
difficulties; and impairments in attention, reaction time, motor
skills, memory, and social and adaptive functions [1, 5–7]. Our
laboratory and others have previously demonstrated that
exposure of mice to ethanol at postnatal day 7 (P7), which is
corresponding to the third trimester of human pregnancy, affects
synaptogenesis, induces neuronal cell death, and results in long-
lasting neurobehavioral dysfunctions [8–13].
Cyclin-dependent kinase 5 (CDK5) is a proline-directed serine/

threonine kinase that plays a critical role in the central nervous
system. CDK5 is involved in the normal physiological activities of

the brain, such as cytoskeletal organization, axonal guidance,
neuron migration, neurite outgrowth and support, and synapto-
genesis, and plays an important role in neurotransmission,
synaptic plasticity, and cognitive functions [14–19]. However,
overexpression or aberrant activity of CDK5 results in neuronal
dysfunction, leading to a variety of neurodegenerative diseases
[17, 20–22]. The activity of CDK5 depends on cell-specific
activators. In neurons, CDK5 is activated through direct binding
of the proteins p35/p39 and their cleavage products p25/p29
[23, 24]. The deregulation of CDK5 is mainly due to its association
with p25, a C-terminal fragment of p35 [21, 25]. Under various
conditions, p35 is cleaved to p25 and p10. P25 has a longer half-
life compared to p35 and hence prolongs the activation of CDK5,
leading to increased phosphorylation of its target proteins, which
ultimately results in neurodegeneration [17, 22]. Additionally,
inhibition of the CDK5/p25 hyperactivation state results in
reduced neurodegeneration and improved cognitive function
[17, 26]. Thus it is evident that aberrant CDK5 activity leads to
neurodegeneration and regulation of its activity is of therapeutic
importance. However, the role of CDK5 in alcohol-induced
neuronal anomalies is poorly understood.
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The third trimester of pregnancy is also important in humans, as
synaptogenesis begins in this period, which is characterized by
heightened neuronal signaling, neurite outgrowth, and synapse
formation [27–29]. Rho family small GTPases (Rac1, RhoA, and

Cdc42) are widely implicated in the regulation of neurite
formation [30]. By regulating the cytoskeletal rearrangement,
these proteins affect neurite extension, neurite retraction,
neuronal polarization, and plasticity, which are important for

Fig. 1 Postnatal ethanol exposure increases p25 protein levels in the P7 mouse brain HP and NC in a caspase-3- and CB1R-dependent manner.
Schematic diagram to show CDK5 (inactive) association with the activator p35 (active and unstable) and the interaction with the proteolytic
product p25 (highly active and stable) (a). Hippocampus (HP) and neocortex (NC) samples, obtained 4–24 h after the first saline or low- (b) and
high-dose (c) ethanol exposure. CDK5 (i), p35 (ii) and p25 (iii) protein levels, as well as p25/p35 ratios (iv), were determined by western blot
analysis. The protein samples were equally loaded, confirmed with Ponceau S staining, and normalized to β-actin. Increased p25/p35 (iv) ratios
were rescued by preadministration of P7 mice with broad-spectrum caspase inhibitor (Q-VD-OPh) (d), CB1R antagonist (SR141617A) (e), or
genetic ablation of CB1R (CB1R KO) (f). For the 0 h ethanol group, saline was administered. [*p < 0.05 vs. saline (0 h); #p < 0.05 vs. E]. Error bars,
SEM (n= 12 pups/group)
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cognitive function [30, 31]. Because ethanol exposure of P7 mice
results in cognitive defects [8, 11–13, 32], it is important to
understand CDK5 and Rho GTPase signaling during this period.
Hence, we explored the functions of CDK5 and Rac1 in P7 ethanol-
induced neurodegeneration and their impact on long-lasting
learning and memory abnormalities.

MATERIALS AND METHODS
The experimental procedures used in this study are described
in Supplementary Materials and Methods. This section provides
precise details on ethanol, drug administration, western blotting
assays, immuno microscopy procedures, quantitative PCR (qPCR)
assays, the chromatin immunoprecipitation (ChIP) procedure,
behavioral tests, long-term potentiation (LTP), and statistical
analyses.

RESULTS
P7 ethanol treatment enhances CDK5 activity through increased
generation of p25
The exposure of P7 mice to low (1.0 g × 2) and high (2.5 g × 2)
(subcutaneously at 0 h and again at 2 h) doses of ethanol
resulted in blood ethanol levels (BELs) of 0.20 ± 0.025 and 0.35 ±
0.03 g/dl at 4 h that were gradually reduced to 0.09 ± 0.017 and
0.21 ± 0.06 g/dl, respectively, at 9 h after the first ethanol
injection [12, 33]. This treatment has been shown to induce
moderate (low dose of ethanol) to widespread (high dose of
ethanol) activation of caspase-3 (neuroapoptosis) as measured
using a cleaved caspase-3 (CC3) antibody [12, 34]. Next, we
evaluated the activity of CDK5 by measuring the levels of p35
and p25 in P7 ethanol-treated mouse brain extracts by western
blot analysis. Neither the low- nor the high-dose ethanol
treatment in P7 mice had a significant (p > 0.05) effect on the
levels of CDK5 in either the hippocampus (HP) or the
neocortex (NC) (Fig. 1b, c). However, the levels of p35 were
significantly (one-way analysis of variance (ANOVA) with
Bonferroni’s post hoc tests) decreased by the low (4, 8, and
24 h) and high doses (8 and 24 h) of ethanol treatment both in
HP (1 g: F1,46= 25; 2.5 g: F1,46= 35, p < 0.05) and NC (1 g: F1,46=
22; 2.5 g: F1,46= 38, p < 0.05) compared to the saline treatment.
In contrast, the levels of p25 significantly increased both in HP
(1 g: F1,46= 28; 2.5 g: F1,46= 32, p < 0.05) and NC (1 g: F1,46= 25;
2.5 g: F1,46= 37, p < 0.05) after low (4, 8, and 24 h) and high (8
and 24 h) doses of ethanol treatment. The ratio of p25/
p35 significantly increased both in HP (1 g: F1,46= 20; 2.5 g:
F1,46= 18, p < 0.05) and NC (1 g: F1,46= 18; 2.5 g: F1,46= 27, p <
0.05) after low (4, 8, and 24 h) and high (8 and 24 h) doses of
ethanol treatment (Fig. 1b, c).

Q-VD-OPh prevents p35 protein degradation and generation of
p25 protein in P7 ethanol-treated mice
We have previously reported that injection of high-dose ethanol
to P7 mice significantly increases the CC3 levels at 8 and 24 h
postinjection [12, 34]. Activated caspase-3 can degrade many
proteins in the cell [34–36]. Therefore, we next evaluated the role
of caspase 3 activation in p35 protein degradation using a broad-
spectrum caspase inhibitor (Q-VD-OPh). We have previously
shown that preadministration of an optimum dose (1 mg/kg) of
Q-VD-OPh before ethanol treatment in P7 mice effectively
prevented the formation of CC3 without altering BELs [11, 34].
Thus, in the present study, a 1 mg/kg dose of Q-VD-OPh was used.
Preadministration of Q-VD-OPh 30min before ethanol injection
prevented the degradation of the p35 protein to p25 in both the
HP (p35: F1,20= 25; p25: F1,20= 20; p25/p35: F1,20= 30, p < 0.05)
and NC (p35: F1,20= 32; p25: F1,20= 30; p25/p35: F1,20= 37, p <
0.05) (two-way ANOVA with Bonferroni’s post hoc test) brain

regions (Fig. 1d) and significantly normalized the p25/p35 ratio to
control levels.

CDK5 activity in P7 ethanol-treated mice is dependent on
cannabinoid receptor type 1 (CB1R) activation
Pharmacological inhibition or genetic blockade of CB1R gives
protection against ethanol-induced activation of caspase-3
[12, 37]. Thus, to further understand the function of CB1R on
CDK5 activity, we used a specific CB1R antagonist (SR) and CB1R
knockout (KO) mice in our study. Preadministration of an
optimum dose of SR 30 min before ethanol injection was
previously shown to effectively prevent caspase 3 activation
without affecting ethanol metabolism [12, 37]. The SR signifi-
cantly prevented the degradation of p35 to p25 in both the HP
(p35: F1,20= 32; p25: F1,20= 30; p25/p35: F1,20= 39, p < 0.05) and
NC (p35: F1,20= 34; p25: F1,20= 37; p25/p35: F1,20= 41, p < 0.05)
(two-way ANOVA with Bonferroni’s post hoc test) brain regions
(Fig. 1e). As seen with the SR treatment, p35 protein degradation
was not found in ethanol-treated CB1R KO mice compared to
WT mice in HP (p35: F1,20= 38; p25: F1,20= 33; p25/p35: F1,20=
41, p < 0.05) and NC (p35: F1,20= 30; p25: F1,20= 35; p25/p35:
F1,20= 42, p < 0.05) (two-way ANOVA with Bonferroni’s post hoc
test) (Fig. 1f) tissues.

Pharmacological inhibition of CDK5 prevents ethanol-induced
caspase 3 activation in P7 mice
From the above studies, it is evident that ethanol increases the
degradation of p35 to p25 through the CB1R pathway, which
results in CDK5 activation. To further examine the role of CDK5 in
postnatal ethanol effects, we used roscovitine (RV), a pharmaco-
logical inhibitor of CDK5. To understand the dose response,
different concentrations of RV (0–5mg/kg, s.c.) were preadminis-
tered to P7 mice 30 min before the first ethanol injection, and the
levels of CC3 were evaluated (8 h) in NC extracts. RV prevented the
activation of caspase 3 in a dose-dependent manner as evidenced
by decreased CC3 protein levels in NC (F3,35= 20, p < 0.05) (two-
way ANOVA with Bonferroni’s post hoc test) (Fig. 2a). A significant
reduction in CC3 levels was found at a dose as low as 1.25 mg/kg
of RV, and the optimum dose was found to be 2.5 mg/kg. In our
initial experiments, we assessed whether RV would alter ethanol
metabolism. The administration of a higher dose of RV (5 mg/kg)
(E+RV; BEL peaked at 4 h at 0.36 ± 0.20 g/dl and was steadily
reduced to 0.23 ± 0.12 g/dl at 9 h) 30min before the ethanol
treatment (E+V; BEL peaked at 4 h at 0.33 ± 0.22 g/dl and was
steadily reduced to 0.25 ± 0.11 g/dl at 9 h) did not alter the BELs
significantly (p > 0.05). The optimum dose of RV (2.5 mg/kg) was
used in all the proceeding experiments. Also, optimum dose of RV
rescued CC3 levels as measured by immunostaining (HP: F3,28=
45; retrosplenial cortex: F3,28= 56, p < 0.05) (Fig. 2b), as well as by
immunoblot in HP (HP: F3,20= 23, p < 0.05) (two-way ANOVA with
Bonferroni’s post hoc test) (Fig. 2c). The CDK5/p25 kinase activity
hyperphosphorylates tau (major microtubule-associated protein),
alters the cytoskeleton, and promotes neuronal death [38].
Therefore, we further evaluated PHF1 (phosphorylated tau) levels
in the HP and NC brain regions. Injection of high dose of ethanol
strongly increased PHF1, whereas RV preadministration signifi-
cantly prevented enhanced PHF1 levels in both brain regions (HP:
F1,20= 28; NC: F1,20= 30, p < 0.05) (two-way ANOVA with Bonfer-
roni’s post hoc test) (Fig. 2d).

CDK5 activity regulates the phosphorylated extracellular
signal–regulated kinase 1/2 (pERK1/2) and phosphorylated cAMP
response element-binding protein (pCREB) pathways in P7
ethanol-treated mice
It was shown that CDK5 activity inhibits the phosphorylation of
ERK1/2 through mitogen-activated extracellular signal-regulated
kinase 1 (MEK1) phosphorylation [39]. Our previous studies have
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Fig. 2 Pharmacological inhibition of CDK5/p25 activity with roscovitine (RV) dose-dependently prevents the accumulation of cleaved
caspase-3 (CC3), phosphorylated tau (PHF1), and impaired pERK1/2 and pCREB caused by ethanol exposure in P7 mice. Mice were exposed to
a high dose of ethanol after preadministration (30 min) with various doses of RV (0–5mg/kg) or vehicle, and CC3 levels were determined in NC
brain samples by a western blot analysis (a). Saline and 8 h ethanol-exposed mice were pretreated with 2.5 mg/kg RV for 30min, the free-
floating coronal brain sections (HP and retrosplenial cortex (RSC)) were subjected to IHC analysis with anti-rabbit-CC3 and CC3-positive cells
were counted in the HP and RSC brain regions. The arrows indicate the CC3-positive neurons in the HP and RSC. Scale bars= 200 μm (b). The
hippocampal region was enlarged to show the CC3-positive cells (asterisk (*)). CC3 levels were also determined in HP brain region by a
western blot analysis (c). The HP and NC tissue fractions were subjected to western blot analysis with specific PHF1 (d), pERK1/2, ERK1/2 (e, i),
and CREB and pCREB (e, ii) antibodies. The protein samples were equally loaded, confirmed with Ponceau S staining, and normalized to total
proteins (ERK1/2 and CREB) followed by β-actin. (*p < 0.05 vs. S; #p < 0.05 vs. E). Error bars, SEM (n= 8 pups/group)
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demonstrated that P7 ethanol treatment significantly reduces
ERK1/2 and CREB phosphorylation and causes neurodegeneration
in a CB1R-dependent manner [12, 37]. To further understand the
possible link between increased CDK5 activity and decreased
ERK1/2 and CREB phosphorylation in P7 ethanol-treated mice, we
measured the levels of pERK1/2 and pCREB in RV-treated samples.
Preadministration of 2.5 mg/kg RV 30min prior to the first ethanol
injection significantly rescued pERK1/2 and pCREB levels both in
the HP (pERK1/2: F1,20= 22; pCREB: F1,20= 40, p < 0.05) and NC
(pERK1/2: F1,20= 40; pCREB: F1,20= 45, p < 0.05) (two-way ANOVA
with Bonferroni’s post hoc test) brain tissues (Fig. 2e). These

findings suggest that ethanol-induced activation of CDK5 inhibits
the pERK1/2 and pCREB pathways in P7 mice.

Downstream activities of CDK5 in P7 ethanol-treated mice is
dependent on Rac1
To further understand the mechanism through which CDK5
exhibits neurodegeneration, first we studied the Rac1 levels in P7
ethanol-treated mice by western blot analysis using a specific
antibody. Treatment of the P7 pups with low and high doses of
ethanol reduced the levels of Rac1 in a time-dependent manner
both in the HP (1 g: F1,46= 35; 2.5 g: F1,46= 40, p < 0.05) and NC (1

Fig. 3 Postnatal ethanol exposure reduces Rac1 expression in a CB1R- and CDK5-dependent manner in the P7 mouse brain. Hippocampus
(HP) and neocortex (NC) samples, procured 4–24 h following the first saline or low- (a) and high-dose (b) ethanol exposure, were used in these
experiments. Rac1 protein levels (i) were determined using western blot analysis. The protein samples were equally loaded, confirmed with
Ponceau S staining, and normalized to β-actin. Rac1 mRNA levels (ii) were determined in samples exposed to ethanol for 8 h by qPCR analysis.
HprtmRNA was used as the internal control for normalization of Rac1mRNA. For the 0 h ethanol group, saline was administered. Mice exposed
to a high dose of ethanol for 8 h after preadministration (30 min) with vehicle or SR (1mg/kg) (c) or genetically ablated CB1R mice (CB1R KO)
(d) or RV (2.5 mg/kg) (e) were used to understand the role of CB1R on Rac1 expression. Rac1 mRNA levels (f) were determined in samples
exposed to saline or ethanol for 8 h with or without RV (2.5 mg/kg) by qPCR analysis. Hprt mRNA was used as the internal control for
normalization of Rac1 mRNA. (*p < 0.05 vs. S; #p < 0.05 vs. E). Error bars, SEM (n= 10 pups/group)
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Fig. 4 Preadministration of RV rescues pCREB and Arc expression; enhanced H3K9me2 and G9a in the Rac1 gene promoter suppresses Rac1
expression and is rescued by preadministration of RV or SR in the adult mouse hippocampus caused by ethanol exposure in P7 mice. Mice
were exposed to saline or high dose of ethanol for 8 h after administration (30 min) with or without RV (2.5 mg/kg), and pCREB (ai) and Arc
(aii) protein levels were determined in HP brain samples by a western blot analysis. HP tissue extracts from adult mice exposed to saline or
ethanol were subjected for western blot analysis to determine Rac1 expression (bi). The protein samples were equally loaded, confirmed with
Ponceau S staining, and normalized with total proteins (CREB) followed by β-actin. Rac1 mRNA levels (bii) were determined in samples
exposed to saline and ethanol (8 h) by qPCR analysis. Hprt mRNA was used as the internal control for normalization of Rac1 mRNA. Epigenetic
analysis at the promoter region of the Rac1 gene (c–e). ChIP analysis of the Rac1 gene promoter in HP tissues from the saline and ethanol
groups with anti-H3K9me2, anti-H3K14ac, anti-H4K8ac, anti-G9a, anti-HDAC1, or ant-CBP antibodies (c). HP tissues from saline and ethanol
groups preadministered (30 min before) with or without RV (d) or SR (e) were immunoprecipitated with anti-H3K9me2 or anti-G9a antibodies.
Levels of Rac1 gene promoter chromatin enrichment in the IPs were measured by RT-qPCR. IgG was used as negative control. Enrichment
values were normalized to input values and represented as percentage of input. Mice were exposed to a high dose of ethanol for 8 h after
preadministration (30min) with vehicle or RV (2.5 mg/kg), and Rac1 protein levels were determined in HP tissue samples by a western blot
analysis (fi). The protein samples were equally loaded, confirmed with Ponceau S staining, and normalized to β-actin. Rac1 mRNA levels (fii)
were determined in samples exposed to saline and ethanol (8 h) with and without RV by qPCR analysis. Hprt mRNA was used as the internal
control for normalization of Rac1 mRNA. Mice were exposed to a high dose of ethanol for 8 h after preadministration (30min) with vehicle or
SR (1mg/kg), and Rac1 protein levels were determined in HP tissue samples by a western blot analysis (g). The protein samples were equally
loaded, confirmed with Ponceau S staining, and normalized to β-actin (*p < 0.05 vs. S; #p < 0.05 vs. E). Error bars, SEM (n= 12 pups/group)
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Fig. 5 Pretreatment of P7 mice with RV rescues behavioral and synaptic plasticity abnormalities found in adult mice exposed to postnatal
ethanol. The spatial working memory was determined with the Y-maze in adult male and female mice treated with saline (S+V) or ethanol (E
+V) with or without RV (S+RV and E+RV) at the P7 developmental stage. The discrimination ratio [preference for the novel arm over the
familiar other arm (Novel/Novel+Other)] for arm entries (a) and dwell time (time spent in each arm) (b) of the S+V-, E+V-, S+RV-, and E+RV-
administered mice 24 h after the first encounter with the partially opened maze. The percentage of mice choosing the novel arm as the first
choice is shown for S+V-, E+V-, S+RV-, and E+RV-administered mice, 24 h after the first encounter with the partially opened maze (c). The
spontaneous alternation memory of adult mice treated with S+V, E+V, S+RV, and E+RV at P7 was determined using the Y-maze. The
percentage of spontaneous alternation performance by mice is shown for all the treatment groups (d). The percentage of social investigation
is shown for all the treated mice (S+V, E+V, S+RV, and E+RV), 24 h after the first encounter with the same juvenile mouse. (*p < 0.05 vs. saline;
#p < 0.05 vs. ethanol, n= 8 mice/group) (e). A schematic illustration demonstrates the position of the stimulating and recording electrode in
the CA1 region of the hippocampus (f). The average fEPSP slope at various time points of P7 S+V-, E+V-, S+RV-, or E+RV-treated adult male
mice is shown (g, h). Inset: Representative traces are shown for the saline group. For each slice, the fEPSP slopes were normalized against the
average slope over the 10-min recording before LTP stimulation. Arrows show the time of TBS (4 pulses at 100 Hz, with bursts repeated at 5 Hz,
and each tetanus including 3 different 10-burst trains separated by 15 s) (i, j). Inset: Representative traces before and after TBS are shown for
all the treatment groups. Scale: 1 mV; 10ms. Bar graph demonstrates the average of the fEPSP slopes at multiple time points after TBS for all
the treated groups (k) (*p < 0.05 vs. S; #p < 0.05 vs. E). Error bars, SEM (n= 5 mice/group; 10 slices/group)
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g: F1,46= 32; 2.5 g: F1,46= 42, p < 0.05) compared to saline
treatment (one-way ANOVA with Bonferroni’s post hoc test).
Consistent with the protein levels, Rac1 mRNA levels were also
reduced in 8 h ethanol-injected HP and NC tissues compared to
saline treatment (Fig. 3a, b) without significantly (p > 0.05)
affecting the housekeeping gene (Hprt) expression.
To further dissect whether CB1Rs regulate Rac1 in P7 ethanol-

exposed mice, we used SR and CB1R KO mice. Preadministration
of SR (1 mg/kg) 30 min prior to high-dose ethanol exposure
significantly prevented the ethanol-induced reduction in Rac1
levels in both the brain regions measured (HP: F3,33= 36, p < 0.05;
NC: F3,33= 30, p < 0.05) (two-way ANOVA with Bonferroni’s post
hoc test) (Fig. 3c). Consistent with the SR results, Rac1 levels were
not altered in the HP (F1,20= 3, p > 0.05) and NC (F1,20= 2,
p > 0.05) tissues of the ethanol-treated CB1R KO mice compared to
those of the WT mice (Fig. 3d). Further, preadministration of RV
(2.5 mg/kg) 30 min prior to the high dose of ethanol injection
significantly rescued the ethanol-induced loss of Rac1 levels in
both the HP (F3,33= 32, p < 0.05) and NC (F3,33= 44, p < 0.05) (two-
way ANOVA with Bonferroni’s post hoc test) brain regions (Fig. 3e).
Consistent with the Rac1 protein results, Rac1 mRNA levels were
also rescued by preadministration of RV in both the HP (F3,33= 23,
p < 0.05) and NC (F3,33= 24, p < 0.05) (two-way ANOVA with
Bonferroni’s post hoc test) brain regions (Fig. 3f) and suggest that
Rac1 expression is regulated by transcriptional suppression of the
Rac1 gene by ethanol in P7 mice. Together, these results suggest
that the CB1R pathway regulates Rac1 expression via CDK5 to
induce neurodegeneration in postnatal ethanol-exposed neonatal
mice.

Postnatal ethanol exposure reduced Rac1 expression to adulthood
via epigenetic mechanisms; postnatal ethanol-induced deficits in
activity-regulated cytoskeleton-associated protein (Arc), pCREB,
and Rac1 levels in adult mice were rescued by pretreatment with
RV
We have previously demonstrated that P7 ethanol treatment
causes persistent impairment of pCREB followed by Arc expression
in adult animals [11, 37]. To understand whether RV treatment at
P7 rescues these signaling deficits in the adulthood, we analyzed
Arc and pCREB protein levels in HP tissues of adult mice treated
with RV at P7. RV treatment 30min prior to high-dose ethanol
injection rescued both pCREB (F3,33= 30, p < 0.05) and Arc (F3,33=
23, p < 0.05) expression impairments in the adult mice (two-way
ANOVA with Bonferroni’s post hoc test) (Fig. 4a). We have also
evaluated the effect of P7 ethanol treatment on Rac1 levels in the
adult mice. Similar to the P7 data, the Rac1 protein (F1,20= 32, p <
0.05) and mRNA (F1,20= 21, p < 0.05) levels in HP were persistently
impaired in adult mice exposed to ethanol at P7 (one-way ANOVA
with Bonferroni’s post hoc test) (Fig. 4b). RV treatment has no
significant effect (p > 0.05) on housekeeping gene (Hprt) expres-
sion. We further extended our studies to analyze whether
epigenetic suppression of gene expression regulates reduced
transcription of the Rac1 gene. It is well documented that histone
modification by the addition of methyl groups or by the removal
of acetyl groups silences gene transcription [40]. Therefore, we
performed ChIP experiments using Rac1 gene promoter-specific
primers. The results demonstrated significantly increased
H3K9me2 (F1,20= 28, p < 0.05) and G9a (F1,20= 39, p < 0.05) levels
in the Rac1 gene promoter region (one-way ANOVA with
Bonferroni’s post hoc test), while H3K14ac, H4K8ac, histone
deacetylase 1 (HDAC1), and CREB-binding protein (CBP) levels
were not significantly altered (p > 0.05) (Fig. 4c). Preadministration
of mice with RV (Fig. 4d) or SR (Fig. 4e) before ethanol exposure at
P7 normalized H3K9Me2 (RV: F3,33= 21, p < 0.05; SR: F3,33= 23, p <
0.05) enrichment and G9a (RV: F3,33= 28, p < 0.05; SR: F3,33= 21, p
< 0.05) recruitment on the Rac1 gene promoter region of the adult
mice. Further, pretreatment with RV at P7 significantly ameliorated
the ethanol-induced loss of the Rac1 protein (F3,33= 31, p < 0.05)

and mRNA (F3,33= 22, p < 0.05) (Fig. 4f) impairment in the adult HP
tissues. Similarly, SR pretreatment at P7 rescued the loss of Rac1
protein in the adult HP tissues (F3,33= 19, p < 0.05) (Fig. 4g). These
results together imply that postnatal ethanol-activated CB1R or
CDK5 persistently reduces Rac1 expression in the adult mice
through increased suppressive chromatin at the Rac1 gene
promoter.

Preadministration of CDK5 inhibitor at P7 rescues P7 ethanol-
induced memory loss in adult mice
We examined spatial recognition memory (SRM) using a Y-maze. A
two-way ANOVA revealed that the S+V and S+RV-treated male
and female mice entered more frequently into (Arm entry: male:
F3,21= 22; female: F3,21= 19, p < 0.05) (Fig. 5a) and spent more
time in (Dwell time: male: F3,21= 34, p < 0.05; female: F3,21= 37, p
< 0.05) (Fig. 5b) the novel, previously unvisited arm of the maze. In
contrast, the P7 E+V-treated animals showed a reduced
preference toward the novel arm (p < 0.05) and spent less time
(Dwell time) (p < 0.05) in the novel arm compared to the P7 S+V
male and female mice at 24 h retention. RV preadministration
prevented ethanol-induced SRM deficits (E+RV) with a preference
toward exploration of the novel arm (p < 0.05) and time spent (p <
0.05) in the novel arm. While all S+V- and S+RV-treated animals
(combined male and female due to lack of gender effects)
preferred the novel arm as the first choice, E+V-treated animals
showed a reduced preference for the novel arm, and this was
prevented by RV preadministration (E+RV) (F3,45= 40, p < 0.05)
(Fig. 5c). These results indicate that CDK5 plays an important role
in the P7 ethanol-induced SRM loss in adult mice.
We measured spontaneous alternation as an additional

measure of spatial memory test. Statistical analysis suggested
that the S+V, S+E, S+RV, and E+RV treatment caused no
significant effect (p > 0.05) on the adult (male and female)
exploratory activities, as determined by the number of arm
entries (Supl Fig. 1a) and time spent (Supl Fig. 1b) in each arm
during the Y-maze task. Owing to a lack of sex effect, we have
combined both male and female data for final statistical analysis.
Two-way ANOVA with Bonferroni’s post hoc analysis indicated
that the ethanol treatment (E+V group) showed significantly
impaired spontaneous alternation compared with S+V group. RV
administration prior to ethanol (E+RV group) prevented these
impairments (F3,33= 32, p < 0.05) (Fig. 5d). S+RV group mice
exhibited normal spontaneous alternation (p > 0.05). Altogether,
these results indicated that inhibition of CDK5 activity prevent the
impact of ethanol exposure at P7 on spatial memory defects in
adult mice.
The social investigation results revealed that E+V-treated male

and female mice exhibited significantly reduced social recognition
memory performance compared to the S+V-treated animals. A
two-way ANOVA analysis (male and female combined) revealed
that RV preadministration (E+RV) prevented the ethanol-induced
social recognition memory deficits compared to the vehicle (E+V)-
treated animals [F3,45= 38, p < 0.05] (Fig. 5e). Further, S+RV alone
had no substantial influence (p > 0.05), and these mice displayed
normal social recognition memory behavior. Aggressive encounter
was observed in <4% of the animals, which were excluded from
the statistical analysis. These results propose that activated CDK5
contributes to P7 ethanol-induced social recognition memory loss
in adult mice.

Preadministration of a CDK5 inhibitor before ethanol treatment in
P7 mice prevents LTP deficits in adult mice
LTP experiments were performed using male mice due to the lack
of gender effects in behavioral studies. Hippocampal slices
prepared from the adult male animals treated with S+V, E+V, S
+RV, and E+RV at P7 were subjected to the input/output (I/O)
responses followed by LTP in the Schaffer collateral pathway
(Fig. 5f). By performing the stimuli at a series of increasing
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intensities, we established an I/O relation between fiber volley (FV)
and field excitatory postsynaptic potential (fEPSP) slope for all the
treatment groups. The I/O curve was found to be similar between
the treated and control groups (S+V, E+V, S+RV, and E+RV) (p >
0.05) (Fig. 5g, h). The baseline fEPSP was recorded at 60 s intervals
with a stimulation intensity equivalent to ~35% of the maximum
evoked response. After recording stable baseline responses for 10
min, we delivered tetanic stimulation, and then test pulses were
resumed for an additional 110 min (Fig. 5i, j). In this situation, the
tetanic stimulation evoked typical LTP in slices from adult mice
treated on P7 with S+V, E+V, S+RV, and E+RV. These responses
were stable over 110 min. However, the tetanic stimulation evoked
a significantly reduced LTP in slices (n= 10 slices/5 mice/group)
prepared from P7 E+V animals compared to S+V animals
(p < 0.05) with a significant group interaction (two-way ANOVA)
(F1,36= 34, p < 0.05; post hoc test). S+V vs. E+V were significantly
different at all post-tetanic stimulation time intervals (p < 0.05).
The LTP in slices prepared from S+RV-treated mice were similar to
those in S+V-treated mice (p > 0.05). RV preadministration
completely prevented the P7 ethanol-induced LTP deficits (p <
0.05) (Fig. 5k). This experiment indicated that CDK5 plays an
important role in ethanol-induced delays in synaptic maturation
during development.

DISCUSSION
In this study, the use of a postnatal ethanol-exposed mouse model
that induces pleiotropic effects including caspase-3 activation and
enhances the generation of the CDK5-activating peptide, p25,
allowed us to delineate both the neurodegeneration mechanisms
in neonatal mice and neurobehavioral consequences in adult
mice. Our results show that p25 functions as a CB1R downstream
mediator of ethanol-induced neurodegeneration and that block-
ade of CDK5 protects neonatal mice from neurodegeneration.
Additionally, we provide multiple lines of evidence demonstrating
that p25 generation caused by postnatal ethanol induces
persistent impaired synaptic plasticity, as well as reduced
cognitive capacity, and thereby contributes to the development
of FASD-like neurobehavioral abnormalities. CDK5 has been
implicated in various neurodegenerative disorders. P25, the
cleavage product of p35, results in hyperactivity of CDK5. CDK5/
p35 activity is required for physiological processes; however,
increased CDK5/p25 kinase activity has been implicated in several
neuropathological conditions. Our study demonstrated that
postnatal ethanol treatment increases the p35 cleavage product,
p25, in the cortex and HP region of the brain. Several lines of
evidence obtained using a caspase-3 inhibitor, a CB1R antagonist
and CB1R KO suggest that the increase in p25 levels is mediated
by postnatal ethanol-activated CB1R, and therefore, CDK5 activa-
tion is the downstream target of CB1R. In our previous studies,
postnatal ethanol caused neurodegeneration via upregulation of
endocannabinoids (anandamide), epigenetically upregulated
CB1R expression, and impairment of neuronal survival pathways,
such as pERK1/2/pCREB regulated Arc expression [11, 12, 37]. In
the current study, inhibition of CDK5/p25 kinase activity before
ethanol exposure prevented the loss of pERK1/2/pCREB-regulated
Arc expression and neurodegeneration (caspase-3 activation and
tau hyperphosphorylation), suggesting that CDK5 activity is part of
the CB1R-mediated pERK1/2/pCREB/Arc pathway that is respon-
sible for postnatal ethanol-induced neurodegeneration in neona-
tal mice. Although the role of ethanol-activated CDK5 during
postnatal development is not known, it has been shown that
enhanced CDK5 activity is associated with activation of caspase-3
[41] and inhibition of ERK1/2 phosphorylation via inhibition of
MEK1 catalytic activity [39]. Further, inhibition of CDK5 rescues
neurite retraction and neurodegeneration (tau hyperphosphoryla-
tion) [42]. Additionally, CDK5 silencing increased CREB and ERK
expression and prevented neuronal loss [43]. In contrast,

conditional ablation of CDK5 in the HP exhibited loss of the
cAMP pathway and impaired CREB phosphorylation [44]. Interest-
ingly, ethanol exposure throughout the gestational period was
shown to reduce p35 and CDK5 levels in the adolescent medial
frontal cortical tissues [45]. These observations together suggest
that postnatal ethanol-activated CB1R facilitates the generation of
the CDK5 activator, p25 (CDK5 activation), and impairs the
downstream signaling leading to neurodegeneration in neonatal
mice. It also appears that upregulation of CDK5/p25 activity has an
influence on additional activation of caspase-3 in this model and
studies are underway to further investigate this pathway.
Rac1, a member of the RhoGTPase family proteins, is critical for

neurodevelopment, structural plasticity of dendrites, and dendritic
spines [46]; is involved in the response to environmental insult;
and plays a significant role in the balance between neuronal
survival and death [31, 47]. Thus we speculated that Rac1 may be
involved in ethanol-induced neurodegeneration in neonatal mice.
To our surprise, we found that the expression and total protein
content of Rac1 were significantly decreased in the NC and HP
regions of postnatal ethanol-exposed neonatal mouse brains,
which are persistent to adulthood. We have previously reported
that the CB1R pathway plays a key regulatory function in
controlling ethanol-induced structural and behavioral changes in
a mouse model of FASD [11, 12, 37, 48]. Therefore, experiments
in mice exposed to a CB1R antagonist or in CB1R KO mice
prevented the ethanol-induced loss of Rac1 protein expression in
HP and NC tissues. These results suggest that the loss of Rac1
protein expression is downstream of CB1R activity. In addition,
inhibition of CDK5 activity also prevented the loss of Rac1 protein
expression. Although the mechanism by which CB1R or CDK5
activation impairs Rac1 expression is not known, several studies
suggest that CDK5 regulates Rac1 function in a variety of
conditions, including the neurodegeneration environment
[49–51]. The Rac1 GTPase-deficient mouse lens exhibits reduced
cell survival [52]. Genetic ablation or pharmacological inhibition of
CDK5 provides neuronal protection in a Rac1-dependent manner
[53, 54]. Further, it is well established that Rac1 activation is
involved in actin polymerization while inhibition results in actin
depolymerization [30] and the inhibition of spine formation [55].
Actin depolymerization has been shown to function in the process
leading to apoptosis [56–58]. Our data are consistent with
previous findings in developmental ethanol studies in which
ethanol has been shown to inhibit Rac1 activation [59], cause
impaired neurite formation, and induce apoptosis in cerebellar
granule neurons [28]. Therefore, it is possible that, by inhibiting
Rac1 expression in the cell, postnatal ethanol-activated CB1R/
CDK5 may be involved in destabilizing actin dynamics, which
ultimately causes neurodegeneration in neonatal mice.
Several investigators have demonstrated neurobehavioral defects

in adult mice exposed to postnatal ethanol [8–13, 37, 60]. We have
recently shown that persistent impairments in pCREB signaling
followed by impaired expression of the Arc gene in a CB1R-
dependent manner [11, 12, 37] were responsible for postnatal
ethanol-induced neurobehavioral defects in adult mice. We have
also demonstrated that persistent deficits in Arc expression in adult
mice are mediated by enhanced H3K9me2 and reduced H3K14ac in
the Arc gene promoter region [11, 37]. These studies indicate that
postnatal ethanol-induced long-lasting signaling and epigenetic
defects play an important and unprecedented role in neuronal
abnormalities in adult animals. Inhibition of CDK5 before ethanol
exposure in P7 mice prevented persistent pCREB and Arc levels in
adult mice as observed with a CB1R antagonist in our previous
studies [37]. In addition, the postnatal ethanol-induced loss of Rac1
expression was long-lasting to adulthood. Because decreased Rac1
expression is regulated via a reduced Rac1 gene transcription, we
have evaluated the epigenetic regulation of the Rac1 gene, and we
found that postnatal ethanol increased H3K9me2 and G9a without
affecting H4K8ac, H3K14ac, HDAC1, and CBP levels in the Rac1 gene
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promoter region. It was shown that enhanced H3K9me2, a mark of
heterochromatin, transcriptionally inhibits gene expression [61],
and this process is catalyzed by H3K9-specific methyltransferases,
specifically G9a. We [10, 33, 61, 62] and others [63] have shown that
developmental ethanol exposure activates G9a, increases H3K9me2
levels, and inhibits gene expression. Our current findings further
suggested that both H3K9me2 enrichment and recruitment of G9a
on Rac1 gene promoter are downstream of CB1R and
CDK5 signaling. Although no studies have demonstrated this
mechanism in any of the developmental ethanol studies, regulation
of Rac1 expression via epigenetic processes has been demonstrated
under many conditions. A similar repressive chromatin state in the
Rac1 gene promoter was found in the human postmortem nucleus
accumbens of depressed subjects, which was linked to reduced
Rac1 gene transcription [64]. Enhanced H3K27me2 levels on the
Rac1 gene promoter region, and the subsequent decrease in Rac1
gene expression, was observed in a chronic social defeat stress
animal model [65]. Together, our findings suggest that Rac1 is
transcriptionally downregulated in the HP through an epigenetic
mechanism in an animal model of FASD.
While the molecular mechanisms are not clear, developmental

ethanol exposure causes persistent neurobehavioral abnormalities
in adult mice [8–13, 37, 60, 66–68]. In our previous studies, we
have demonstrated that postnatal ethanol-induced long-lasting
neurobehavioral abnormalities could be rescued by blocking
either CB1R or G9a before ethanol exposure, suggesting that
CB1R-mediated signaling and G9a-regulated epigenetic modifica-
tions play an important role in the development of neurobeha-
vioral abnormalities found in many animal models of FASD [5, 61].
In the current study, administration of RV before ethanol exposure
prevented pCREB, Arc, and Rac1 expression deficits in the HP brain
region. These findings suggest that CB1R/CDK5 activation causes
persistent impairments in signaling and gene expression that are
vital for synaptic plasticity and learning and memory behavior. In
line with these findings, both spatial memory and social
recognition memory deficits in adult mice were rescued by
preadministration of RV before ethanol exposure in P7 mice.
Consistent with our previous findings [11], spatial memory was not
different in male and female mice, suggesting that postnatal
ethanol or RV effects are not dependent on sex. Postnatal ethanol-
induced LTP defects [8, 9, 11–13, 60] were rescued by
preadministration of RV, suggesting that inhibition of CDK5/p25
activity not only prevented neurodegeneration in neonatal mice
but also facilitated the proper maturation of synaptic circuits that
was reflected in both synaptic plasticity and behavioral outcomes
in adult mice. In other neurodegenerative disorders, administra-
tion of RV significantly attenuated the neurodegeneration,
rescued the CA1 synaptic dysfunction, and improved the spatial
and novel object recognition memory [69]. Deficits in cognition
are a common phenomenon observed in most neurodegenerative
and developmental disorders, which highlights the importance of
learning and memory [70]. CDK5 kinase activity has been widely
implicated in regulating synaptic plasticity and learning and
memory formation [71]. In addition, CDK5 epigenetically regulates
the transcription of genes involved in synaptic plasticity [72].
Therefore, further understanding of the CDK5/Rac1 signaling
mechanism and its influence on the transcription of additional
genes is of great importance in developing effective treatment
strategies for FASD. We have shown previously that postnatal
ethanol exposure impairs signaling events required for proper
development of activity-dependent synaptic plasticity in adult
mice including enhanced phosphorylation of methyl-CpG-binding
protein 2 (pMeCP2) [11]. Our findings are consistent with previous
findings that CDK5-mediated phosphorylation of MeCP2 and
transcriptional regulation have been shown to control activity-
dependent dendrite development [73]. It was shown that
conditional knockdown of Rac1 in excitatory neurons in the
forebrain in vivo not only affects spine structure but also impairs

synaptic plasticity, as well as defects in HP-dependent spatial
learning [74]. Additionally, Rac1 mutants exhibit impairments in
working/episodic-like memory tasks, suggesting that Rac1 plays
an important regulatory role in encoding novel spatial information
in vivo [74]. Furthermore, inactivation of Rac1 is associated with
impaired long-term plasticity [75]. These observations along with
current findings strongly suggest that CB1R/CDK5-mediated
signaling events, as well as epigenetic regulation of gene
transcription such as Arc and Rac1, play an important role in
the development of neurobehavioral abnormalities found in
FASD, and further characterization of CB1R-mediated signaling
events would aid in the development of potential targets to treat
FASD.
In summary, the current findings suggest that postnatal

ethanol exposure generates p25, a CDK5-activating peptide,
and causes suppression of Rac1 expression in a CB1R-dependent
manner. Inhibition of CDK5 activity prevents the ethanol-induced
loss of Rac1 expression in neonatal mice. Rac1 expression is
persistently impaired to adulthood, and its expression is
regulated by the presence of H3K9me2 and G9a, a suppressive
chromatin, in the Rac1 gene promoter region. Administration of
RV in P7 mice also rescued neurodegeneration in neonatal mice
and protected the pERK1/2, pCREB, and Arc signaling defects and
loss of Rac1 gene expression, synaptic plasticity, and behavioral
abnormalities in adult mice exposed to P7 ethanol. These findings
indicate that CB1R-mediated [12, 33] activation of CDK5/p25
activity followed by the persistent loss of pERK and pCREB and
epigenetic suppression of Arc [11] and Rac1 expression is
responsible for the long-lasting neurobehavioral defects in
postnatal ethanol-exposed adult mice. Further understanding of
the CB1R/CDK5/Rac1 signaling mechanism may present a novel
therapeutic target to treat neurobehavioral abnormalities found
in FASD [76–84].
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