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Neurobiology of Disease

Anandamide-CB, Receptor Signaling Contributes to
Postnatal Ethanol-Induced Neonatal Neurodegeneration,
Adult Synaptic, and Memory Deficits

Shivakumar Subbanna,' Madhu Shivakumar,' Delphine Psychoyos,> Shan Xie,' and Balapal S. Basavarajappa'->*
'Division of Analytical Psychopharmacology, Nathan Kline Institute for Psychiatric Research, Orangeburg, New York 10962, 2Institute of Biosciences and
Technology, Texas A & M University Health Science Center, Houston, Texas 77030, and *New York State Psychiatric Institute and “Department of
Psychiatry, College of Physicians and Surgeons, Columbia University, New York, New York 10032

The transient exposure of immature rodents to ethanol during postnatal day 7 (P7), which is comparable with the third trimester in
human pregnancy, induces synaptic dysfunctions. However, the molecular mechanisms underlying these dysfunctions are still poorly
understood. Although the endocannabinoid system has been shown to be an important modulator of ethanol sensitivity in adult mice, its
potential role in synaptic dysfunctions in mice exposed to ethanol during early brain development is not examined. In this study, we
investigated the potential role of endocannabinoids and the cannabinoid receptor type 1 (CB,R) in neonatal neurodegeneration and adult
synaptic dysfunctions in mice exposed to ethanol at P7. Ethanol treatment at P7, which induces neurodegeneration, increased anand-
amide (AEA) but not 2-arachidonylglycerol biosynthesis and CB,R protein expression in the hippocampus and cortex, two brain areas
that are important for memory formation and storage, respectively. N-Arachidonoyl phosphatidylethanolamine-phospholipase D
(NAPE-PLD), glycerophosphodiesterase (GDE1), and CB, R protein expression were enhanced by transcriptional activation of the genes
encoding NAPE-PLD, GDEI1, and CB,R proteins, respectively. In addition, ethanol inhibited ERK1/2 and AKT phosphorylation. The
blockade of CB,Rs before ethanol treatment at P7 relieved ERK1/2 but not AKT phosphorylation and prevented neurodegeneration. CB,R
knock-out mice exhibited no ethanol-induced neurodegeneration and inhibition of ERK1/2 phosphorylation. The protective effects of
CB,R blockade through pharmacological or genetic deletion resulted in normal adult synaptic plasticity and novel object recognition
memory in mice exposed to ethanol at P7. The AEA/CB,R/pERK1/2 signaling pathway may be directly responsible for the synaptic and
memory deficits associated with fetal alcohol spectrum disorders.

Introduction

Exposure to ethanol during pregnancy causes fetal alcohol spec-
trum disorders (FASDs), a major public health problem with an
estimated prevalence as high as 2-5% in the United States and
several Western European countries (May et al., 2009). FASD is
one of the main causes of intellectual disability in Western na-
tions (Mattson et al., 2011) and is accompanied by widespread
neuropsychological deficits, such as verbal learning/recall abili-
ties (Mattson and Riley, 1998; Mattson et al., 1998), including
deficits in learning and memory (Goodman et al., 1999; Mattson
et al., 1999). During the third trimester of human gestation, the
brain undergoes a stage of rapid growth (Bayer et al., 1993) and is
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particularly sensitive to ethanol; thus, binge models have been
established to examine the effects of ethanol consumption on
fetal brain development in humans (Gil-Mohapel et al., 2010). A
single day of ethanol intoxication at postnatal day 7 (P7) triggers
a massive wave of neurodegeneration (Ikonomidou et al., 2000b;
Subbanna et al., 2013) and persistent synaptic and memory def-
icits in adult mice (Izumi et al., 2005; Wilson et al., 2011; Sadrian
et al., 2012).

A strong interaction has been elucidated between ethanol and
the molecular constituents of endocannabinoid (EC) system (for
review, see Basavarajappa, 2007¢; Pava and Woodward, 2012),
which includes endogenous ligands (ECs), receptors, as well as
synthesizing and degrading enzymes (Piomelli, 2003; Basavara-
jappa, 2007d). An emerging body of research has revealed multi-
ple ways in which the EC system plays an important role in
regulating synaptic events (Ohno-Shosaku et al., 2001; Wilson
and Nicoll, 2001; Bacci et al., 2004) in the developing and adult
brain (Basavarajappa et al., 2009).

The cannabinoid receptor type 1 (CB,R) is one of the most
abundant inhibitory G-protein-coupled receptors expressed in
the brain (Howlett et al., 1986; Herkenham et al., 1990). Activa-
tion of CB;Rs also prevents the recruitment of new synapses by
inhibiting the formation of cAMP (Kim and Thayer, 2001). Al-
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Figure1. Ethanolinducesapoptoticneurodegeneration and enhances AEA but not 2-AG levels in the P7 mouse brain. A, Coronal brain sections exposed to saline and ethanol were immunostained

with an anti-CC3 antibody. The black and white arrows show the CC3-positive neurons in the hippocampus and neocortex regions, respectively. The respective images were enlarged to show
(C3-positive cells (*). Scale bars: top, 200 rem; bottom, 50 m. B, C(3-positive cells were counted in the hippocampus and the retrosplenial neocortex (n = 10 pups per group) (***p < 0.001). C,
Western blot analysis of CC3 using hippocampal and cortical (cytosolic) extracts (20 w.g) from saline- and ethanol-treated groups (n = 10—15 pups per group). The graphs represent the ratio of the
proteins normalized to 3-actin (***p << 0.001). D, E, The total extracts were subjected to LC-MS analysis of the AEA (D) and 2-AG (E) contents in the hippocampus and neocortex (n = 1015 pups
per group) (compared with the saline-treated group) (*p << 0.05, **p << 0.01, ***p << 0.001). All the statistical analyses were done using one-way ANOVA with Bonferroni's post hoc tests. The error

bars represent the SEM. HP, Hippocampus; NC, neocortex.

though the intracellular signaling events involving mitogen-
activated protein kinase (MAPK) coupled to the activation of
CB;Rs are limited (Berghuis et al., 2007) or not known during
postnatal development, several studies using cell lines suggest
both upregulation and downregulation of the MAPK in A°-
tetrahydrocannabinol-mediated apoptosis (De Petrocellis et al.,
1998; Galve-Roperh et al., 2000). Moreover, cannabis use during
brain development induces several specific human developmen-
tal disorders (Stefanis et al., 2004), including fetal alcohol
syndrome-like deficits (Wu et al., 2011), which is likely mediated
through the activation of CB,Rs.

Furthermore, a CB,R agonist combined with a low concentra-
tion of ethanol has been shown to enhance the susceptibility of
the neonatal brain to neurodegeneration, which is consistent
with observations for a high concentration of ethanol alone
(Hansen et al., 2008). The activation of EC-CB;R-mediated sig-
naling is a potential mechanism by which ethanol may alter early
brain development and may be an important candidate for the
pathophysiology of FASD. For the first time, we report that P7
ethanol treatment increased anandamide (AEA)/CB, R signaling
and resulted in neonatal neurodegeneration and contributes to
the development of synaptic and memory deficits relevant to
FASD.

Materials and Methods

Animals and treatment. C57BL/6] mice or CB,R wild-type (WT) and
knock-out (KO) mice on C57BL/6] background were housed in groups

under standard laboratory conditions (12 h light/dark cycle) with food
and water available ad libitum. Animal care and handling procedures
followed Nathan Kline Institute Institutional Animal Care and Use Com-
mittee and National Institutes of Health guidelines. The genotype of
CB,R WT and KO mice was determined by PCR of genomic DNA ob-
tained from mouse tails as described previously (Basavarajappa et al.,
2003). An ethanol treatment paradigm, which has been shown previously
to induce robust apoptotic neurodegeneration in P7 mice (Olney et al.,
2002), was used in the current study. Half of the pups (male and female)
in each litter were treated subcutaneously with saline and the other half
with ethanol at P7 (based on the day of birth) (2.5 g/kg, sc at 0 h and again
at 2 h) as described previously by our laboratory (Wilson et al., 2011;
Sadrian etal., 2012; Subbanna et al., 2013). For blood ethanol levels, pups
were killed by decapitation; truncal blood was collected at 3 and 9 h after
the second ethanol injection. The concentrations of ethanol in pup serum
were then determined using a standard alcohol dehydrogenase-based
method (Lundquist, 1959). For the SR141716A [N-piperidino-5-(4-
chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-3-pyrazole carboxamide]
(SR) experiments, SR (gift from RBI) was dissolved in 10 ul of ethanol
followed by a few drops of Tween 80, and then volume was made up with
sterile saline solution. The SR solution was administered (0.25, 0.5, and 1
mg/kg, sc) at a volume of 5 ul/g body weight 30 min before ethanol admin-
istration. The SR vehicle solution was injected as a control. In some experi-
ments, we injected (subcutaneously) P7 CB;R WT and KO mice with
NMDA receptor antagonist MK-801 (1 mg/kg, prepared as described for
SR). Mice were kept with the dams until the pups were killed, and their brains
were removed 4-24 h or 90 d after the first saline/ethanol injection. The
brains were processed for several analyses, as described below. Four to 15
animals were used for each data point.
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nostained using anti-rabbit cleaved caspase-3
(Asp175) (CC3) (1:1000, catalog #9661; Cell
Signaling Technology) by the ABC reagents
(Vectastain ABC Elite Kit; Vector Laborato-
ries) with a peroxidase substrate (DAB) kit
(Vector Laboratories). The primary antibodies
were omitted from the reactions as a control for
secondary antibody specificity. Also, preincuba-
tion with blocking peptides for the anti-rabbit
CC3 (Cell Signaling Technology) completely
blocked the immunostaining of these antibodies.
The free-floating sections obtained from ethanol-
and saline-exposed brains (18 h of exposure)
were processed for Fluoro-Jade (F-J) (Millipore)
staining and quantified as described previously (Wilson et al., 2011). All
photomicrographs were taken through a 5X, 10X, or 40X objective with a
Nikon Eclipse TE2000 inverted microscope attached to a digital camera
(DXM1200F; Morrell Instrument Company).

Electrophoresis and immunoblot. For Western blot analysis, 4—24 h
after the first saline or ethanol injection, pups were killed by decapitation,
and cortex and hippocampus were dissected, flash frozen, and stored at
—80°C. Homogenates from the hippocampus and neocortex of the pups
were processed as described previously (Lubin and Sweatt, 2007). Tissue
homogenates containing freshly added 1% protease inhibitor mixture
(Roche) and phosphatase inhibitors were centrifuged at 7700 X g for 1

levels in P7 mice. A, Western blot analysis of NAPE-PLD expression in neocortex extract (NC, lane 1) (10 g), control vector
transfected HEK293T cells lysates (lane 2) (2.0 wug), NAPE—PLD over expressing lysates (lane 2) (2.0 wg), and neocortex extract (10
g) with NAPE-PLD blocking peptide (lane 4). B, Western blot analysis of NAPE—PLD expression using neocortical total extracts.
The representative blot shows the developmental changesin NAPE—PLD expression (n = 8 pups per group) (compared with the P2
group) (**p << 0.01, ***p << 0.001). C, A Western blot analysis of NAPE—PLD and -actin (loading control) in the hippocampal and
neocortical extracts from the saline- and ethanol-treated groups (***p << 0.001). D, A qPCR analysis of NAPE-PLD mRNA in the
hippocampal and cortical total extracts from the saline- and ethanol-treated groups (n = 15 pups per group) (**p << 0.01, ***p <
0.001) (compared with the 0.0 control group). E, Western blot analysis of FAAH and 3-actin (loading control) in hippocampal and
neocortex extracts from the saline- and ethanol-treated groups (p > 0.05). F, A gPCR analysis of FAAH mRNA in the hippocampal
and cortical total extracts from the saline- and ethanol-treated groups (n = 8 pups per group) (compared with the 0.0 control
group) (p > 0.05). Statistical analysis was done using one-way ANOVA with Bonferroni’s post hoc tests. The error bars represent
the SEM. HP, Hippocampus; N, neocortex.

min, and the supernatant (total extract) was aspirated. The membrane
and cytosolic fractions were prepared from the total extract as described
previously (Basavarajappa and Hungund, 2001) and stored at —80°C
until use. The samples were prepared in a sample buffer as described
previously by our laboratory (Basavarajappa et al., 2008). The blots were
incubated in primary antibody: anti-rabbit CC3 (1:1000), anti-mouse-
cTau (1:5000, catalog #27027; EMD Millipore), anti-rabbit NAPE—
PLD (4 pg/ml, catalog #10305; Cayman Chemicals), anti-rabbit CB;R
(0.1 wg/ml; Thermo Fisher Scientific), anti-rabbit fatty acid amide
hydrolase (FAAH) (1:1000, catalog #101600; Cayman Chemicals), anti-
rabbit glycerophosphodiesterase (GDEL) (1:1000, L-25, sc-133615; Santa



Subbanna et al.  Postnatal Ethanol and AEA-CB, R Signaling

kDa

J. Neurosci., April 10, 2013 - 33(15):6350 - 6366 * 6353

A 37> | — - — —— G G G GNP Gy S Wy | GDE

kDa NC NC NC_ NC

2.0-
GDE1

-
(3]
I

12>| e o | |- a— |5-ctin
GDE1 blocking

GDE1/actin ratio
;e ] -
o o

- - + +

peptide

o
L

Cc

kDa

37> [amen 0 -|GDE1 (HP)

42>|~ — S— -|B-actin _91'5 =
51 0
37> (w0 B | GOE1(NC) £
205
42> |y e " —(p-actin &
Oh 4h 8h 24h © 0 HP

Figure 3.

Oon OJ4nh @sh M 24h

. 12> | —— — —— — — S S G — a— | -1

il

#
*kk

etk

E 2 dekk  Kkdk

il

P10 P12 P15 P30 P45 P50 P90
Age(days)

P4 P6

O

7 OonO4n @sn M 24n

he] dekk
gsl =
<3

g

€ 2

w1

o

o

NC HP NC

Developmental pattern and the influence of ethanol on GDET expression in P7 mice. A, Western blot analysis of GDE1 expression in neocortex extract (NC) (10 r.g) and with GDE1

blocking peptide. B, Western blot analysis of GDE1 expression using neocortical total extracts. The representative blot shows the developmental changes in GDET protein expression (n = 8 pups pr
group) (***p << 0.001, compared with the P2 group; p < 0.01, compared with the P90 group). €, A Western blot analysis of GDE1 and j3-actin (loading control) in the hippocampal and neocortical
extracts from the saline- and ethanol-treated groups (***p << 0.001). D, A qPCR analysis of GDE1 mRNA in the hippocampal and neocortical total extracts from the saline- and ethanol-treated groups
(n = 15 pups per group) (compared with the 0.0 control group) (***p << 0.001). Statistical analysis was done using one-way ANOVA with Bonferroni’s post hoc tests. The error bars represent the

SEM. HP, Hippocampus; NC, neocortex.

Cruz Biotechnology), anti-rabbit p44/42 MAPK (ERK1/2) (1:500, cata-
log #9102; Cell Signaling Technology), anti-rabbit phospho-p44/42
MAPK (1:1000, catalog #9101; Cell Signaling Technology), anti-
rabbit pAKT (1:000, catalog #9275; Cell Signaling Technology), anti-
rabbit AKT (1:1000, catalog #9272; Cell Signaling Technology), and
anti-mouse B-actin (1:5000, catalog #ab24701; Abcam) for 3 h at
room temperature or overnight at 4°C and processed as previously
described by our laboratory (Basavarajappa et al., 2008). Incubation
of blots with a secondary antibody (goat anti-mouse peroxidase con-
jugate, #AP 124P, 1:5000; goat anti-rabbit, #AP132P, 1:5000; Milli-
pore) alone did not produce any bands.

Real-time quantitative PCR. For the quantitative PCR (qPCR) studies,
4-24 h after the first saline or ethanol injection, the hippocampus and cortex
of the pups were subjected to a total RNA preparation using the RNeasy mini
kit (Qiagen). The mRNA was reverse transcribed into cDNA using the Max-
ima First Strand cDNA Synthesis Kit from Fermentas on a programmable
thermal cycler (PCR-Sprint; Thermo Fisher Scientific). qPCR for NAPE—~
PLD, Gdel, Faah, and Cb1r was performed with the integrated thermocycler
and fluorescence detector ABI PRISM 7900HT Sequence Detector (Applied
Biosystems) using the TagMan Gene Expression Assays Mm00724596_m1
(NAPE-PLD), Mm00450997_m1 (Gdel), Mm00515684_m1 (Faah),
Mm01212171_s1 (Cblr), and 4352932 (Gapdh) (Applied Biosystems).
GAPDH was used as an endogenous mRNA control. Three independent
runs were performed for each set of samples. For each run, triplicate reac-
tions were performed for each sample. Data obtained were analyzed with the
use of SDS2.4 software (Applied Biosystems). The amount of target (NAPE—
PLD, Gdel, Faah, and Cb1r), normalized to endogenous reference (Gapdh)
and relative to a calibrator, was given by-2AACt (for detailed reference on
qPCR procedure, see Psychoyos et al., 2012).

Long-term potentiation. Three-month-old male and female mice (n =
5 per group) treated with saline—vehicle, ethanol-vehicle, SR, ethanol +
SR, and CB,R WT and KO with and without ethanol at P7 were killed by
cervical dislocation followed by decapitation. Hippocampi were quickly
removed. Transverse hippocampal slices (400 um) were cut and re-

corded according to standard procedures (Vitolo et al., 2002; Sadrian et
al., 2012). After cutting, hippocampal slices were transferred to a record-
ing chamber in which they were maintained at 29°C and perfused with
artificial CSF (ACSF) continuously bubbled with 95% O, and 5% CO,.
The ACSF composition was the following (in mm): 124.0 NaCl, 4.4 KCl,
1.0 Na,HPO,, 25.0 NaHCO;, 2.0 CaCl,, 2.0 MgSO,, and 10.0 glucose
(290-300 osmolarity). CA1 field EPSPs (fEPSPs) were recorded by plac-
ing both the stimulating and the recording electrodes in CA1 stratum
radiatum. Basal synaptic transmission was assayed by plotting the stim-
ulus voltages against slopes of fEPSP. For long-term potentiation (LTP)
experiments, a 10 min baseline was recorded every minute at an intensity
that evokes a response ~35% of the maximum evoked response. LTP was
induced using theta-burst stimulation (four pulses at 100 Hz, with the
bursts repeated at 5 Hz, and each tetanus including 3 X 10 burst trains
separated by 15 s). Responses were recorded for 2 h and measured as
fEPSP slope expressed as percentage of baseline. The results were ex-
pressed as mean = SEM.

Novel object recognition memory. Novel object recognition memory
(ORM) was evaluated as described previously (Ennaceur and Delacour,
1988), which is based on the natural tendency of rodents to explore a
novel object more than a familiar one. It is a pure working memory
(Alexinsky and Chapoutier, 1978) and not based on usual positive or
negative reinforcers, such as food or electric shocks that make the inter-
pretation of the effects of brain modification on memory deficit (Huston
etal., 1974; Ketty, 1976; Jaffard et al., 1981; Gaffan et al., 1984). The ORM
was performed in a 40 X 40 cm open field surrounded by 35-cm-high
walls made of Plexiglas (Stoelting). Three- to 4-month-old male mice
(n = 8 per group) treated with saline-vehicle, ethanol-vehicle, SR, eth-
anol + SR, and CB,R WT and KO with and without ethanol at P7 were
submitted to a habituation session in which they were allowed to freely
explore the open field for 5 min twice for 2 d. No objects were placed in
the box during the habituation trial. Twenty-four hours after habitua-
tion, training (T1) was conducted by placing individual mice for 3 min in
the open field, in which two identical objects (objects al and a2) were
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Figure 4.  Ethanol enhances the expression of CB,Rs in the neonatal brain. 4, Western blot
analysis of (B, R expression in WT and KO brain neocortical extracts. B, Western blot analysis of
(B,R expression in hippocampal and neocortical membrane fractions from the saline- or
ethanol-treated groups; [3-actin was used as a loading control (n = 15 pups per group)
(***p < 0.001, compared with the saline-treated control group). €, A qPCR analysis of CB,R
mRNA in hippocampal and cortical total extracts from the saline- and ethanol-treated groups
(n = 8 pups per group) (***p < 0.001, compared with the 0.0 control group). Statistical
analysis was done using one-way ANOVA with Bonferroni's post hoc tests. The error bars repre-
sent the SEM. HP, Hippocampus; NC, neocortex.

positioned in two adjacent corners at 10 cm from the walls. In a short-
term recognition memory test given at 1 and 4 h (retention) after the
training (T2), the mice explored the open field for 3 min in the presence
of one familiar (al) and one novel (b1, 1 h; b2, 4 h) object. In along-term
recognition memory test given at 24 h (retention) after training (T2), the
mice explored the open field for 3 min in the presence of one familiar (al)
and one novel (b3; different from bl and b2) object. All combinations
and locations (left and right) of the objects were used in a balanced
manner to reduce potential biases attributable to preferences for partic-
ular locations or objects. All objects had similar textures and sizes but had
distinctive shapes and colors (Stoelting). Between trials, the objects were
washed with 10% ethanol solution. Exploration was defined as directing
the nose to the object at a distance of no more than 2 cm and/or touching
the object with the nose. Sitting on the object was not considered as
exploratory behavior. el and e2 are measures of the total exploration
time of both objects during T1 and T2 (1, 4, and 24 h), respectively. d2
was considered as index measures of discrimination between the new and
the familiar objects. d2 is a relative measure of discrimination that cor-
rects the difference between exploring the familiar and the novel object
for exploration activity (e2) and appears to be independent of the total
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Figure 5.  Ethanol inhibits ERK1/2 phosphorylation in the neonatal brain. A Western blot
analysis of pERK1/2 and ERK1/2 in hippocampal and cortical cytosolic extracts from the saline-
or ethanol-treated groups; B-actin was used as a loading control (n = 10 pups per group)
(***p < 0.001, compared with the saline control group). Statistical analysis was done using
one-way ANOVA with Bonferroni’s post hoc tests. The error bars represent the SEM. HP, Hip-
pocampus; NC, neocortex.

exploration times (Sik etal., 2003). The times spent exploring each object
during T1 and T2 were recorded manually with a personal computer.
The data were expressed as mean = SEM.

Statistical analyses. Unless indicated otherwise, the experiments were
performed in triplicate using equal number of animals per treatment. All
of the data are presented as the mean = SEM. A statistical comparison of
the data was performed by either a one-way ANOVA or a two-way
ANOVA with Bonferroni’s post hoc test. In all of the comparisons, p <
0.05 was considered to indicate statistical significance. The statistical
analyses were performed using the Prism software version 5 (GraphPad
Software).

Results

Enhanced AEA contents during ethanol-induced
neurodegeneration in the developing brain

To gain insight into EC-mediated events during P7 ethanol-
induced neurodegeneration, we first examined the effects of eth-
anol exposure on neurodegeneration, EC levels, and enzymes
responsible for the synthesis and degradation of AEA and CB,Rs
levels in the hippocampus and neocortex, two brain regions
(Olney et al., 2002) that are affected by ethanol treatment in P7
mouse pups. These analyses were performed after the adminis-
tration of ethanol (2.5 g/kg, sc at 0 h and again at 2 h) to mouse
pups at P7. This experimental paradigm resulted in a blood alco-
hol level (BAL) of ~0.49 % 0.3 g/dl at 3 h that was gradually
reduced to 0.28 * 0.09 g/dl at 9 h.

This ethanol paradigm produced a widespread pattern of neu-
rodegeneration throughout the forebrain (Fig. 1A) [hippocam-
pus (F(, 1,y = 90, p <0.001) and cortex (F(, ;;, = 750, p < 0.001)
regions] (one-way ANOVA), as indicated by caspase-3 activation
(formation of CC3) in ethanol-exposed brains (Fig. 1B). Subse-
quently, we also evaluated for neurodegeneration in hippocampal
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A the hippocampus (F; ,5) = 75, p < 0.0001)
SR o 0 025 0.5 1.0 mglkg and neocortex (F3 5g) = 80, p < 0.001) (Fig.

S ES E 1C). Together, our experimental conditions

17 > _ P ®» =« -.|CC3 recapitulated the apoptotic patterns and se-
42> | B-actin verity described for this ethanol treatment

paradigm in the developing brain (Ikono-
3. ol -®-Saline 4 Ethanol midou et al., 2000b; Olney et al., 2002).

N
o

We tested the potential changes in EC
levels attributable to ethanol treatment in
a condition that induces widespread apo-

ptotic neurodegeneration. We evaluated
the EC levels using an LC-MS method at
several time points after ethanol treatment.
Comparisons using one-way ANOVA with
Bonferroni’s post hoc tests demonstrated
that AEA levels were enhanced by ethanol in
atime-dependent manner in the hippocam-
pus (F(350) = 29, p < 0.001) and neocortex
(F(3,20) = 60, p < 0.001) (Fig. 1D) compared
with saline. However, no significant net
changes in the 2-AG levels (Fig. 1E) (p >
0.05) were observed. Therefore, we con-
cluded that AEA levels are enhanced after
ethanol exposure in neonatal mice.

CC3/actin ratio
5

o

0.25 05 1.0

SR141 716A (mg/kg)

Ethanol exposure at P7 enhances
NAPE-PLD and GDE1 enzymes
involved in AEA formation

To examine the mechanism by which eth-
anol may enhances AEA levels, we mea-
sured the levels of NAPE-PLD, an enzyme
involved in AEA biosynthesis (Basavara-
jappa, 2007a). First, we characterized the

CB1RWT CB1RKO antibody specificity using NAPE-PLD

C over expressing lysates (Fig. 2A, lane 3)
o~ (@) % @) along with control (Fig. 24, lane 2) and
E 15001 Os+ *;* g 1500 Jekok |:|s| S— brain extracts (neocortex) (Fig. 24, lane
% 10001 qa 9§I§R 1000 (a) 1). In addition, Western blotting with
2 5001 = MEsSR 8 s007 .E|CB1RK° anti-NAPE-PLD antibodies preabsorbed
2 100 2 1007 with blocking peptide (catalog #10303;
s (b) '% Cayman Chemicals) also confirmed the
2 501 (b) = S 50 (b) specificity of this antibody in the develop-
:,' - -'- 9 ) Rk ing neocortex tissues (Fig. 24, lane 4).
8 0- . ] o 0 , v This antibody recognized a major band
Hippo St Hippo Cortex (doublet) at 46 kDa corresponding to

NAPE-PLD protein (Morishita et al,
2005). To identify the patterns of NAPE~
PLD protein expression during mouse

Figure 6.  Pharmacological inhibition or genetic deletion of CB,Rs provides protection against ethanol-induced activation of
caspase-3 in the neonatal mouse brain. A, Mice pretreated for 30 min with various doses of SR (0, 0.25, 0.5, and T mg/kg) or vehicle
were exposed to ethanol, and CC3 levels were determined by a Western blot analysis (**p << 0.01, ***p < 0.001). B, Mice 3 .
pretreated (30 min) with SR (1 mg/kg) or vehicle were exposed to ethanol and were perfusion fixed 8 h after treatment, and the brain devel'opment, p‘rotel.n extracts from
brain sections from the four treatment groups [saline + vehicle (S+V), ethanol + vehicle (E+V), saline + SR (S+SR),and ~ TIOUSE brain neocortical tissues at several
ethanol + SR (E+SR)] and the (B,R WT and KO mice with and without P7 ethanol were stained with the CC3 antibody. The developmental stages were examined by
representative images show the retrosplenial cortex and hippocampus. The white arrows denote the CC3-positive neurons inthe ~ Western blot analysis. NAPE-PLD pro-
hippocampus and cortex. The respective images were enlarged to show CC3-positive cells (*). €, CC3-positive cells were countedin ~ tein levels were significantly lower during
the hippocampus and the retrosplenial cortex from all the treatment groups (n = 15 pups per group) (***p << 0.001). Statistical ~ the synaptogenic period of brain develop-
analysis was calculated using two- and one-way ANOVA with Bonferroni's post hoc tests (in one-way ANOVA, the comparisonwas ~ ment (F, 55, = 274, p < 0.001) (Fig. 2B)
performed between S+V vs E+V and E-+V vs E+ SR). Error bars indicate SEM. (a), Compared with respective saline control; (b),  and gradually increased to adult levels.
compared with respective ethanol group in all the bar graphs. Scale bars: top, 200 m; bottom, 50 m. Consistent with previous studies (Guo et

al., 2011; Jacob et al., 2011), the levels of
and neocortical protein extracts by Western blot analysis. Compar- ~ the housekeeping protein actin did not change significantly dur-
isons using one-way ANOVA with Bonferroni’s post hoc tests  ing the various stages of brain development. These findings are
indicate that the saline and 4 h ethanol treatment groups were  consistent with the patterns of NAPE-PLD expression during
not significantly different, whereas the 8 and 24 h ethanol groups  brain development (Morishita et al., 2005). To examine the in-
exhibited significantly greater proportions of neuronal deathinboth ~ fluence of ethanol exposure on the NAPE-PLD levels, we mea-
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(Fig. 2C) at 8 and 24 h. These findings are
consistent with the enhanced AEA levels

observed in the same brain regions. We ._83'0
next examined whether the increased NA- E 2.0
PE-PLD protein is attributable to en- -
hanced NAPE-PLD gene transcriptional ~ £1.0
activity. Our results suggest that ethanol 8

enhanced the NAPE-PLD mRNA levels in 0
the hippocampus (F; 5 = 9, p < 0.001) (:P
at 8 and 24 h and the neocortex (F; 54) = 2 4.0

19, p <0.001) (Fig. 2D) at all of the time
points measured. Additional experi-
ments were performed to determine
whether ethanol affects the AEA hydro-
lyzing enzyme FAAH. It was shown previ- 0
ously that the FAAH distribution during
postnatal development was very similar to
the adult pattern (Morozov et al., 2004).
Our results suggest that ethanol did not
considerably alter either the FAAH pro-
tein (Fig. 2E) or the mRNA levels (Fig. 2F)
in the hippocampus or neocortex (p >
0.05). Together, it appears that ethanol
enhances AEA levels through the tran-
scriptional activation of the NAPE-PLD
gene and protein expression in the devel-
oping brain. Overwhelming data suggest that lack of NAPE-PLD
significantly reduces the levels of AEA and N-acylethanolamine
(NAE) (Nyilas et al., 2008; Tsuboi et al., 2011) in the brain, al-
though some controversy exists whether NAPE-PLD contributes
to the formation of AEA in the brain (Leung et al., 2006). Inter-
estingly, a recent study suggests significant reductions in the ac-
cumulation of brain NAEs, including AEA, in GDE1/NAPE-PLD
double KO mice treated with an FAAH inhibitor that blocks NAE
degradation (Simon and Cravatt, 2010).

Thus, we examined the influence of ethanol exposure on the
GDEI levels. Western blotting with anti-GDE1 antibodies preab-
sorbed with blocking peptide confirmed the specificity of this
antibody in the developing neocortex tissues. GDE1 blocking
peptide (L-25, sc-133615PS; Santa Cruz Biotechnology)
blocked a major band corresponding to 37 kDa specific for GDE1
protein (Fig. 3A). To identify the patterns of GDE1 protein ex-
pression during mouse brain development, protein extracts from
mouse brain neocortical tissues at several developmental stages
were examined by Western blot analysis. GDEI protein levels
were lower during P2-P8 stage, significantly increased during
P10-P15, and stabilized during P30-P90 developmental stages
(F0s5 = 17, p < 0.001) (Fig. 3B). In fact, P15 (“p < 0.01) has
higher levels of GDE1 compared with P2 or P90 mice. Consistent
with previous studies (Guo et al., 2011; Jacob et al., 2011), the
levels of the housekeeping protein actin did not change signifi-
cantly during the various stages of brain development. To exam-
ine the influence of ethanol exposure on the GDE1 levels, we
measured the GDEI protein levels in hippocampal and neocor-
tical extracts by Western blot. Our findings demonstrate that,
compared with the control, ethanol increased the GDE1 protein

¢ Tau/actin rati
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SR pretreatment or genetic deletion of CB;Rs prevents ethanol-induced generation of CC3 and cTau in the
neonatal mouse brain. A, Mice pretreated (30 min) with SR (1 mg/kg) or vehicle were exposed to ethanol. Cytosolic extracts
from the four treatment (8 h) groups [saline + vehicle (S+V), ethanol + vehicle (E+V), saline + SR (S+SR), and ethanol
+ SR (E+SR)] were collected and processed for a Western blot to analyze the levels of CC3 and cTau (*p < 0.05, **p <
0.01, ***p < 0.001). B, In addition, similar analyses were also performed using CB,R WT and KO P7 mice (**p < 0.01,
***p < 0.001). Representative blots are shown for the hippocampal and cortical cytosolic extracts (n = 1015 pups per
group). Statistical analysis was done using two-way ANOVA with Bonferroni’s post hoc tests. The error bars represent the
SEM. (a), Compared with respective saline control; (b), compared with respective ethanol; (c), compared with saline group
in all the bar graphs. HP, Hippocampus; NC, neocortex.

levels in the hippocampus (F; 5o, = 28, p < 0.001) and neocortex
(F3200 = 17, p < 0.0001) (Fig. 3C) at all of the time points
measured. We next examined whether the increased GDE1 pro-
tein is attributable to enhanced GDE1 gene transcriptional activ-
ity. Our results suggest that ethanol enhanced the GDEImRNA
levels in the hippocampus (F 5 ,5) = 26, p < 0.001) at 8 and 24 h
and neocortex (F; ,5) = 18, p < 0.001) (Fig. 3D) at all of the time
points measured. Thus, combined increase in GDE1 and NAPE—
PLD protein levels may be responsible for enhanced AEA lev-
els found in the developing brain exposed to ethanol.

Increased CB;R expression after ethanol exposure in

neonatal mice

Previous human fetal studies indicate the presence of CB,Rsat 19
weeks of gestation that are functionally coupled to signal trans-
duction mechanisms from early prenatal stages (Mato et al.,
2003). Similar functional CB,Rs have been detected in the devel-
oping rat brain even 1 week before the end of gestation. The
cellular and subcellular patterns of CB,R expression during early
postnatal life are similar to the adult patterns (Morozov and
Freund, 2003). These observations suggest a specific role for the
CB;R in the events related to neural development. We character-
ized the specificity of the antibody by staining CB, R by immuno-
blot method using neocortex membrane preparation from CB,R
WT and KO mice brain. This antibody recognized major band
corresponding to 60 kDa (Tsou et al., 1998; Bisogno et al., 2003)
protein and was found in CB;R WT but absent in CB;R KO mice
brain (Fig. 4A). To further assess the contribution of CB,Rs to the
action of ethanol on the developing brain, we determined the
CB,R protein levels by Western blot analysis using a CB,R-
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Figure8. Pharmacological inhibition or genetic deletion of (B, Rs provides protection against ethanol-induced neurodegeneration in the neonatal mouse brain. 4, B, Mice were perfusion fixed

18 h after treatment, and the brain sections from the four treatment groups [saline + vehicle (S+V), ethanol + vehicle (E+V), saline + SR (S+SR), and ethanol + SR (E+SR)] and the (B, RWT
and KO with and without P7 ethanol were stained with F-J. F-J-positive cells were counted in the hippocampus and the retrosplenial cortex (***p << 0.001). Two- and one-way ANOVA with
Bonferroni’s post hoc tests were used for statistical analysis (in the one-way ANOVA, the comparison was performed between the S+V vs E+V and E+V vs E+SR). Error bars indicate SEM. (a),
Compared with respective saline control; (b), compared with respective ethanol group in all the bar graphs. B, The representative images show the hippocampus and retrosplenial cortex areas. Inset,
Higher-magpnification photographs showing the F-J-positive neurons (*). Scale bars: 200 wm; insets, 50 um.

specific antibody. P7 ethanol treatment significantly enhanced
CB,R protein levels in the hippocampus (F; 54, = 61, p < 0.001)
and neocortex (F(;,5) = 26, p < 0.001) (Fig. 4B) at 8 and 24 h
time points. This CB;R protein elevation was accompanied by
significantly enhanced mRNA levels in the hippocampus (F(; 54 =
7, p < 0.01) and neocortex (F; 54) = 5, p < 0.05) (Fig. 4C). These
observations suggest that ethanol treatment during the synaptogenic
period enhances the expression of CB;R proteins through the tran-
scriptional activation of the CB;R gene in the hippocampus and
neocortex of the developing brain.

Phosphorylation of ERK1/2 was inhibited after ethanol
exposure in neonatal mice

To further assess the contribution of intracellular signaling events
to the action of ethanol on the developing brain, we determined
the levels of pERK1/2 protein by Western blot analysis using
specific phospho-protein antibodies. P7 ethanol treatment sig-
nificantly reduced the pERK1/2 but not total ERK1/2 protein
levels in the hippocampus (F 5 ,g) = 16, p < 0.001) and neocortex
(F(3,28) = 35, p < 0.001) (Fig. 5) at all the time points measured.

SR prevents and CB,R KO provides protection against
ethanol-induced neurodegeneration

To further evaluate the involvement of CB, R activity in ethanol-
induced neurodegeneration, we used a specific CB,R antagonist
(SR) or CB,R KO mice and evaluated their ability to prevent the
ethanol-induced CB;R-mediated signaling events and neurode-
generation. In our initial experiments, we assessed whether SR or
the deletion of the CB;Rs would alter ethanol metabolism. The
administration of higher dose of SR (1 mg/kg) 30 min before the
ethanol treatment did not alter the BALs (BAL peaked at 3 h at
0.48 * 0.32 g/dl and was gradually reduced to 0.29 = 0.1 g/dl at
9h).In addition, the CB,R KO did not display altered BALs (BAL
peaked at 3 h at 0.5 = 0.29 g/dl and was gradually reduced to
0.27 = 0.11 g/dl at 9 h). These results together indicate that nei-
ther SR treatment nor genetic deletion of the CB,Rs modulated
ethanol metabolism.

We determined the effects of various doses of SR (0.25, 0.5,
and 1 mg/kg) on ethanol-induced activation of caspase-3. Our
results suggest that SR dose dependently inhibited ethanol-
induced activation of caspase-3 (CC3 levels) (Fig. 6A). Thus, we
used SR at 1 mg/kg in all our subsequent studies. We used several



6358 - J. Neurosci., April 10,2013 - 33(15):6350 — 6366

approaches in our studies after P7 mice
treated with saline or ethanol with or with-
out SR. In our first approach, we analyzed
the extent of neurodegeneration using sev-
eral methods. First, we determined the CC3
levels at 8 h by immunohistochemical meth-
ods. These results strongly demonstrated
that SR significantly prevented caspase-3 ac-
tivation (reduced CC3 immunostaining) in
the hippocampus and cortex brain regions
(hippocampus, F3 53, = 85, p < 0.001; cor-
tex, F333 = 745, p < 0.001, two-way
ANOVA) (Fig. 6B). Two-way ANOVA
demonstrated the significant effects of etha-
nol (vs saline) and a significant interaction
between ethanol and SR treatment. Saline
and SR—saline groups were not significantly
different (p > 0.05), whereas ethanol mice
had significantly greater proportions of
neuronal death in both the retrosplenial
cortex and the hippocampus (treatment X
CC3-positive cells/mm?) (p < 0.001) (Fig.
6C). Analysis of CC3 in the saline- and
ethanol-treated P7 CB;R WT and KO
mice suggested that the CB;R KO com-
pared with the WT mice provided complete
protection against P7 ethanol-induced
CC3 generation in the hippocampus and
cortex (Fig. 6B) (hippocampus, F 5 33y = 70,
p < 0.001; cortex, F5 53, = 656, p < 0.001,
two-way ANOVA) brain regions (Fig. 6C),
which was consistent with the SR results.
Second, we evaluated CC3 and cTau in
the cytosolic extracts of saline- and ethanol-
treated hippocampal and neocortical sam-
ples by Western blot as additional markers
for neurodegeneration. Our results strongly
demonstrated that SR pretreatment com-
pletely rescued ethanol-induced CC3 and
cTau generation in the hippocampus and
neocortex (p < 0.001) (Fig. 7A). A two-way
ANOVA with Bonferroni’s post hoc tests
demonstrated the significant effects of etha-
nol (vssaline) (hippocampus: CC3, F; 50) =
175,p < 0.001; cTau, Fy 2, = 31,p < 0.001;
neocortex: CC3, F; 5oy = 133, p < 0.001;
cTau, F(; 55, = 30, p < 0.001) and SR (vs
saline) (hippocampus: CC3, F, 5 = 89,
p < 0.001; cTau, F, 5, = 120, p < 0.001;
neocortex: CC3, F(; 55y = 125, p < 0.001;
cTau, F(; 55, = 92, p < 0.001) and a signifi-
cant interaction between ethanol and SR
(hippocampus: CC3, F, 5, = 85, p < 0.001;
cTau, F, 5, = 49, p < 0.001; neocortex:
CC3, Fn0 = 133, p < 0.001; cTau,
F(1.20) = 30, p < 0.001). Neither SR nor ve-
hicle alone had any significant effects on
CC3levels in the absence of subsequent eth-
anol treatment (p > 0.05). However, SR
significantly reduced cTau levels in saline-
treated mice (p < 0.05). A comparison with
a one-way ANOVA with Bonferroni’s
post hoc tests of CC3 and cTau in saline- and
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Figure 9.  Pharmacological inhibition or genetic deletion of CB,Rs provides protection against ethanol-induced inhibi-
tion of ERK1/2 but not AKT phosphorylation in the neonatal mouse brain. A, Hippocampal and cortical cytosolic extracts
from the four treatment groups [saline + vehicle (S+V), ethanol + vehicle (E+V), saline + SR (S+SR), and ethanol +
SR (E+SR)] were collected and processed for Western blot to analyze the levels of pERK1/2, ERK1/2, pAKT, and AKT (n =
15 pups per group) (***p < 0.001). B, Additional Western blot analyses were performed to determine the levels of
pERK1/2, ERK1/2, pAKT, and AKT in the hippocampal and cortical cytosolic extracts obtained from the saline- and ethanol-
treated CB,R WT and KO P7 mice. The representative blots are shown for the hippocampal and cortical cytosolic extracts
(n =15 pups pergroup) (***p < 0.001). Two-way ANOVA with Bonferroni’s post hoc tests was used for statistical analysis.
The error bars represent the SEM. (a), Compared with respective saline control; (b), compared with respective ethanol
group in all the bar graphs. HP, Hippocampus; NC, neocortex.
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sessed the total amount of AKT proteins.

HP NC We found that the total AKT protein lev-

. 2.51 a CIwr+s els were not altered in the ethanol-treated
s 2.04 ERWT+E samples compared with the saline sam-
E — CwT+v ples. In addition, SR did not alter the AKT
g 1.51 *(:L EWT+MK-801 protein levels in either the ethanol or sa-
g 1.0 B QKO+ line samples (Fig. 9A). Similarly, CB;R
o SJKO+E KO mice, which lack ethanol-induced
© 0.5 EBKO+MK-801 neurodegeneration, did not provide pro-
rl . tection against P7 ethanol-induced inhi-

0 bition of AKT phosphorylation in the
hippocampus (F;,0 = 22, p < 0.001)

Figure 10, NMDA receptor antagonist induces apoptosis in CB,R KO mice that are not vulnerable to ethanol-induced apoptosis  a11d neocortex (Fs 5 = 18, p < 0.001,

in P7 mice. Hippocampal and cortical cytosolic extracts from the various treatment groups [WT + saline (WT+S), WT + ethanol
(WTHE), WT + vehicle (WT+V), WT + MK-801, KO + vehicle (KO+V), KO + ethanol (KO+E), and KO + MK-801] were
collected and processed for Western blot to analyze the levels of CC3 (n = 10 pups per group) (***p << 0.001). One-way ANOVA
with Bonferroni’s post hoc tests was used for statistical analysis. The error bars represent the SEM. (a), compared with respective
saline control; (b), compared with respective ethanol group; (c), compared to respective WT ethanol group; (d), compared to KO

vehicle group in all the bar graphs. HP, Hippocampus; NC, neocortex.

ethanol-treated P7 CB,R WT and KO mice suggested that, consis-
tent with the SR treatment, the CB;R KO compared with the WT
mice provided protection against P7 ethanol-induced neurode-
generation in the hippocampus (CC3, F; 54, = 260, p < 0.001; cTau,
Fi3.20) = 67,p <0.001) and neocortex (CC3, F; ,, = 104, p <0.001;
cTau, F; 50y = 64, p < 0.001) (Fig. 7B). CB,R KO mice treated with
saline showed significantly reduced cTau (p < 0.05) and normal
CC3 levels as observed for SR alone.

In our third approach, the extent of the neurodegeneration
was evaluated by F-J staining (Wilson et al., 2011; Sadrian et al.,
2012). The results of the F-J staining demonstrated that SR sig-
nificantly reduced the number of F-J-positive cells in the
SR—ethanol groups (compared with the ethanol group) in the
hippocampus (F; 35y = 535, p < 0.001) and cortex (F(; ;,) =
1024, p < 0.001, two-way ANOVA) (Fig. 8A). Analysis of the F-J
staining in the saline- and ethanol-treated P7 CB,R WT and KO
mice suggested that P7 CB;R KO mice provided protection against
ethanol-induced neurodegeneration in the hippocampus (F5 45 =
828, p < 0.001) and cortex (F;,45, = 776, p < 0.001, one-way
ANOVA) (Fig. 8A) brain regions. Representative images used for the
F-J quantitative analysis are provided in Figure 8B. Together, these
data indicated that the ethanol-induced activation of CB,R function
contributes to neurodegeneration in the developing brain.

Neuroprotective effects of CB,R blockade involves pERK1/2
but not the phosphatidylinositol 3/AKT pathway

To elucidate the downstream intracellular pathways involved in
the protective effects of the CB,R blockade, we studied the in-
volvement of the phosphatidylinositol 3 kinase (PI3K)/AKT
pathway, a key regulator of cell survival (Luikart et al., 2008).
Although a previous study had shown that AKT phosphorylation
was reduced at 8 h after ethanol treatment in P7 mice
(Chakraborty et al., 2008), it is not clear whether AKT pathway
deficits are responsible for ethanol-induced neurodegeneration.
We investigated whether pretreatment of SR, which prevents

one-way ANOVA) (Fig. 9B). Together,
these findings not only imply that
ethanol-induced inhibition of pAKT are
not mediated by CB,R activation but also
suggest that pAKT deficits may not be
necessary for ethanol-induced neurode-
generation. Thus, we investigated the in-
volvement of other pathways, such as the MAPK signaling
pathway, which had been reported previously to mediate cell
survival (Grossmann, 2002). Notably, P7 ethanol treatment has
been shown to inhibit this pathway (Fig. 5) (Young et al., 2008).

We evaluated the phosphorylation state of ERK1/2 using a
phospho-specific antibody. The phosphorylation of ERK1/2 was
decreased in P7 ethanol-treated hippocampal and neocortex tis-
sues compared with saline-treated samples (Fig. 5). Furthermore,
pharmacological blockade of CB;Rs before P7 ethanol treatment
significantly rescued the ethanol-induced inhibition of pERK1/2
levels in both the hippocampus and neocortex. A two-way
ANOVA with Bonferroni’s post hoc tests demonstrated the signif-
icant effects of ethanol (vs saline) (hippocampus: F(; o) = 15,p <
0.001; neocortex: F, 55, = 33, p < 0.001) and SR (vs saline)
(hippocampus: F; 55y = 38, p < 0.001; neocortex: F(, 55, = 53,
p < 0.001) and a significant interaction between ethanol and SR
(hippocampus: F(, 55, = 19, p < 0.001; neocortex: F(; 5oy = 19,
p < 0.001). Neither SR nor vehicle alone had any significant
effects on the pERK1/2 levels in the absence of subsequent etha-
nol treatment (p > 0.05) (Fig. 9A). An analysis of the pERK1/2
levels in the saline- and ethanol-treated P7 CB;R WT and KO
mice suggested that the CB,R KO mice compared with WT were
protected against P7 ethanol-induced inhibition of pERK1/2
protein levels in the hippocampus (F; ,5) = 33, p < 0.001) and
neocortex (F; 4, = 29, p < 0.001, one-way ANOVA) (Fig. 9B).
These results suggest that the ERK1/2 pathway is involved in
neuronal survival downstream of the CB,Rs in the developing
brain and is compromised by ethanol treatment. These observa-
tions together strongly suggest that P7 ethanol-induced neurode-
generation is mediated by the CB,R-MAPK cascade but not by
the PI3K/AKT pathway in the developing brain.

Previous studies have shown that apoptotic effects of ethanol
were attributed to its antagonist effects at NMDA receptors
(Tkonomidou et al., 2000b). In our CB,R KO studies, ethanol
failed to induce apoptosis (Figs. 6, 7B, 8), suggesting that CB,R
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Figure 11.  Pharmacological inhibition or genetic deletion of (B4R activity before ethanol treatment during brain development prevents long-lasting synaptic deficits in the adult mice. A, A

summary graph showing the field /0 relationships for P7 saline + vehicle (S+V), ethanol + vehicle (E+V), saline + SR (S+SR), and ethanol + SR (E+ SR). Inset, A schematic diagram showing
the stimulating and recording electrode positions in the CAT region of the hippocampus. B, A time course of the averages of the fEPSP slopes from the slices obtained from the S+V-, E+V-, S+SR-,
and E+ SR-treated mice. The fEPSP slopes were normalized to the average value during the 10 min before stimulation in each experiment. The arrows show the time of tetanic stimulation (4 pulses
at 100 Hz, with bursts repeated at 5 Hz, and each tetanus including 3 10-burst trains separated by 15's). (, A combined plot of the averages of fEPSP slopes at several time points. D, Additional
experiments analyzed the I/0 relationship in P7 saline- and ethanol-treated CB,R WT and KO mice. E, A time course of the fEPSP slopes from the slices derived from P7 saline- and ethanol-treated
(B,RWT and KO mice. F, A combined plot of the averages of the fEPSP slopes at several time points for P7 saline- and ethanol-treated (B1 WT and KO mice. Each point is the mean = SEM (n = 5
mice per group, 10 slices per group). Two-way ANOVA with Bonferroni’s post hoc test; ***p < 0.001.

acts as an intermediate molecule in the apoptotic action of etha-
nol through NMDA receptors. To understand whether directly
blocking NMDA receptors in CB;R KO mice induces apoptosis,
we treated P7 CB,R WT and KO mice with NMDA receptor
antagonist (MK-801) for 24 h. We determined the levels of CC3
protein by Western blot analysis. MK-801 treatment significantly
increased CC3 levels (Ikonomidou et al., 2000b) in the hip-
pocampus (p < 0.001) and neocortex (p < 0.001) in both CB,R
WT and KO mice (Fig. 10) compared with vehicle or saline treat-
ment. These findings suggest that, although CB,R KO mice, like
WT mice, have the ability to induce apoptosis through NMDA
receptor blockade, they failed to induce apoptosis by ethanol
treatment (Figs. 6 B,C, 7B, 8, 10). These observations collectively
suggest that activation of CB,R negatively regulates NMDA re-
ceptor function (Basavarajappa et al., 2008), followed by apopto-
sis in the developing brain.

The pharmacological inhibition or genetic ablation of CB,Rs
before ethanol treatment in P7 mice prevents ethanol-
induced synaptic plasticity and memory deficits in adult mice
Ethanol treatment during early brain development causes deficits
in synaptic function (Vaglenova et al., 2008) that persist into
adulthood (Wilson et al., 2011; Sadrian et al., 2012). The molec-
ular mechanisms responsible for these long-lasting deficits are
essentially unknown. First, we performed in vitro adult hip-
pocampal slice recordings to examine whether CB,R blockade,
which protects neurons from P7 ethanol-induced deficits in
pERK1/2 and neurodegeneration, rescues ethanol-induced long-
lasting impairments in synaptic plasticity. We determined the

input/output (I/O) responses of fEPSP and LTP of fEPSP in the
Schaffer collateral pathway of the hippocampal slices (Fig. 11A,
inset) prepared from adult animals treated with saline, ethanol,
SR, and ethanol + SR at P7. Increasing stimulus intensity evoked
robust I/O responses of fEPSP in all of the groups. The I/O curve
of fEPSP was not altered by ethanol, SR, or ethanol + SR treat-
ment (p > 0.05) (Fig. 11A). These findings suggest that neither
ethanol nor SR significantly affects the magnitude of fEPSP in
pyramidal cells over the entire range of stimulation intensities.
Before tetanic stimulations, the baseline fEPSP was recorded in
60 s intervals with stimulation at an intensity equivalent to ~35%
of the maximum evoked response. The tetanic stimulation
evoked a typical LTP of fEPSP (Vitolo et al., 2002; Sadrian et al.,
2012) (Fig. 11B) in slices from adult mice treated at P7 with
saline + vehicle, ethanol + vehicle, SR, or ethanol + SR. These
responses were stable over 120 min. However, tetanic stimulation
evoked a significantly reduced LTP magnitude of fEPSP in slices
(n = 10 slices/5 mice/group) prepared from the P7 ethanol-
treated animals (1 min, 227 * 11; 50 min, 177 = 10; and 110 min,
173 = 10) compared with slices from the saline-treated animals
(1 min, 344 = 11;50 min, 314 * 12;and 110 min, 314 = 13) (p <
0.001) with a significant group interaction [two-way ANOVA
(saline-vehicle group, ethanol group X saline—vehicle group, SR
treatment): F(; 4,y = 50, p < 0.001; post hoc test: saline vs ethanol
were significantly different at all posttetanic stimulation time in-
tervals (1, 50, and 110 min), p < 0.001]. The magnitude of the
LTP of fEPSP in the slices prepared from the SR-treated animals
(1 min, 339 # 11; 50 min, 307 = 16; 110 min, 315 = 11) did not
differ significantly from that observed in the slices from saline-
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Figure12. Inactivation of CB,R activity before ethanol treatment during brain development prevents ORM loss in adult mice. A4, Level of exploration was measured at el, €2 (1 + 4h),and e2 (24

h), and the time spent in exploring the two objects in T1 and T2 (at 1 + 4 and 24 h) by saline + vehicle (S+V)-treated, ethanol + vehicle (E+V)-treated, saline + SR (S+SR)-treated, and
ethanol + SR (E+ SR)-treated mice. B, Discrimination indices (d2) obtained from the S+V-, E+V-, S+SR-, and E+ SR-treated mice at 1and 4 h (combined) retention intervals. €, Discrimination
indices (d2) obtained from the S+ V-, E+V-, S+ SR-, and E++ SR-treated mice at 24 h retention intervals. ***p < 0.001 versus S-+V; °p << 0.001 versus E+V. D, Level of exploration was measured
atel,e2 (1 + 4h),and e2 (24 h) and the time spent in exploring the two objectsin T1and T2 (at 1 + 4 and 24 h) by P7 saline- and ethanol-treated (B,R WT and KO mice. E, Discrimination indices
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treated mice (p > 0.05). The SR pretreatment completely rescued
the P7 ethanol-induced defects in the LTP magnitude of fEPSP,
for both the initial induction and maintenance, extending over a
120 min period [1 min, 300 = 9; 50 min, 271 £ 11; 110 min,
273 % 14; post hoc test: ethanol vs ethanol + SR significantly
different at all posttetanic stimulation time intervals (1, 50, and
110 min); p < 0.001] (Fig. 11C).

We then examined whether CB;R KO mice were protected
against P7 ethanol-induced deficits in synaptic plasticity. Our
results suggest that CB;R WT and KO mice exhibited similar
robust I/O responses of fEPSP evoked by increasing stimulus
intensity. The I/O curve of fEPSP was not altered by ethanol in the
WT and KO mice (p > 0.05) (Fig. 11D). These findings suggest
that neither ethanol nor genetic deletion of CB,Rs significantly
affects the magnitude of fEPSP in pyramidal cells over the entire
range of stimulation intensities. Tetanic stimulation evoked a
typical LTP of fEPSP (Puzzo etal., 2009; Sadrian et al., 2012) (Fig.
11E) in slices from adult WT mice treated at P7 with saline or
ethanol. These responses were stable over 120 min. However,
tetanic stimulation evoked a significantly reduced LTP magni-
tude of fEPSP in slices (n = 10 slices/5 mice/group) prepared
from P7 ethanol-treated WT animals (1 min, 249 * 11; 50 min,
173 = 8; and 110 min, 178 = 10) compared with saline-treated
WT animals (1 min, 359 * 17; 50 min, 320 = 11; and 110 min,
332 = 17) (p < 0.001). The magnitude of LTP of fEPSP in slices
prepared from ethanol-treated CB,R KO animals (1 min, 355 =

16; 50 min, 326 * 14; and 110 min, 305 * 13) differed signifi-
cantly from that in slices from the saline-treated KO mice (1 min,
419 * 16; 50 min, 376 = 15; and 110 min, 386 * 17) (p > 0.05).
The genetic deletion of the CB,Rs provided complete protection
against P7 ethanol-induced defects in the LTP magnitude of
fEPSP, for both the initial induction and maintenance, and ex-
tended over a 120 min period [post hoc test: CB,R KO-saline vs
CB,R KO-ethanol were not significantly different at any postte-
tanic stimulation time intervals (1, 50, 110 min); p > 0.05] (Fig.
11F). However, CB,R KO mice exhibited an enhanced LTP mag-
nitude compared with WT or regular C57BL/6] saline-treated
mice (1 min: F; 55y = 22, p < 0.0015 50 min: F; 55, = 44, p <
0.001; 110 min: F5 55, = 30, p < 0.001; one-way ANOVA).

Next we investigated the ORM to examine whether CB,R
blockade rescues ethanol-induced memory impairments. Results
indicate that P7 ethanol or SR treatment has no significant effects
on exploration times (el or €2) in the ORM task [el, F; 55, = 1.0,
p>0.05 €2 (1+4h), Fiye = 1.2, p > 0.05; €2 (24 h), F 5 55, =
1.5, p > 0.05; one-way ANOVA] (Fig. 12A). Ethanol treatment at
P7 impaired ORM performance both at 1 and 4 h retention
(short-term memory) and was rescued in mice treated with SR
(Fi5.60) = 43, p < 0.001; one-way ANOVA) (Fig. 12B) before P7
ethanol administration as observed with LTP. Because the dis-
crimination index (d2) was similar between 1 and 4 h retention
time, we have combined these data for clarity. Ethanol treatment
at P7 also impaired long-term ORM performance at 24 h reten-
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tion (long-term memory) and was res-
cued in mice treated with SR (F(; 54, = 35,
p < 0.001; one-way ANOVA) (Fig. 12C)
before P7 ethanol administration. We
then examined whether CB;R KO mice
were protected against P7 ethanol-
induced deficits in ORM performance. P7
ethanol administration has no significant
effects on adult CB;R WT or KO mice ex-
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0.4, p > 0.05; one-way ANOVA) (Fig. )
12D). Ethanol treatment at P7 also im- :
paired both short-term (F; 45 = 91, p < '
0.001; one-way ANOVA) and long-term :
(F3.20) 41, p < 0.001; one-way ]
ANOVA) ORM performance in CB;R
WT mice. The magnitude of short-term
(Fig. 12E) and long-term (Fig. 12F) ORM
performance was enhanced in CB;R KO
mice compared with WT mice (p <
0.001) as observed in a previous study
(Reibaud etal., 1999). Furthermore, CB,R
KO mice provided protection against P7
ethanol-induced deficits at both short-
term and long-term ORM performance
(post hoc test: CB;R KO-saline vs CB;R
KO-ethanol were not significantly differ-
ent, p > 0.05) as observed with our LTP
data. Together, these findings are consis-
tent with previous studies that demon-
strate enhanced hippocampal LTP and
ORM task (Reibaud et al., 1999; Bohme et
al., 2000) in CB;R KO compared with WT
mice. Therefore, blocking CB,R function
before P7 ethanol exposure prevents synaptic and memory defi-
cits in adult mice (Fig. 13).

Figure 13.

Discussion

There is a growing interest in the role of ECs and their CB,Rs in
the regulation of neuronal migration, axonal elongation, and
synaptogenesis during early brain development (Morozov and
Freund, 2003; Mulder et al., 2008). In this study, we demonstrate
for the first time that single-day ethanol treatment at P7 enhances
the EC “tone” (increased AEA synthesis and/or CB,R abun-
dance) within the hippocampal and cortical brain regions and
contributes to the neurodegeneration in the developing brain
and persistent synaptic and memory deficits in adult mice (Fig.
13). Indeed, the detrimental effects of ethanol were counteracted
by the CB,R antagonist SR, suggesting that the actions of ethanol
are mediated via enhanced AEA biosynthesis and the subsequent
activation of CB, Rs rather than via altered ethanol metabolism by
the SR. In addition, a previous study has demonstrated that SR
does not affect the alcohol metabolism (Colombo et al., 1998).
Furthermore, our study revealed that neonatal CB,R KO mice
were less susceptible to ethanol-induced neurodegeneration com-
pared with WT mice. This effect cannot be explained by an altered
metabolism of ethanol in the CB,R KO mice, because these neonatal
mice have similar BALs to WT mice after receiving the same ethanol
concentration. In several cases, the CB,R KO adult mice have similar
(Wang et al,, 2003) or higher (Lallemand and de Witte, 2005) BALs
than WT mice after receiving the same concentration of ethanol.

Neonatal Neurodegeneration

Long-Lasting Synaptic Dysfunction
and Memory Loss

A schematic representation of the proposed mechanism of action by which AEA/CB,R/ERK1/2 signaling regulates
ethanol-induced neurodegeneration, leading to neurobehavioral deficits in adult mice. P7 ethanol enhances AEA/CB,Rs (AEA
tone), which causes ERK1/2 hypophosphorylation, caspase-3 activation, and tau cleavage, and leads to neonatal neurodegenera-
tion (—). In previous studies, (B,R activation was shown to inhibit NMDA receptor function in several experimental models
(Twitchell et al., 1997; Hampson et al., 2011), and ethanol was shown to inhibit glutamatergic neurotransmission via (B;R
activation (Basavarajappa et al., 2008). These events during postnatal development may disrupt the refinement of neuronal
circuits (Wilson etal., 2011; Sadrian etal., 2012) and lead to long-lasting deficits in synaptic plasticity and memory in adult animals.
The inhibition of (B,Rs (dotted lines) (AEA tone) prevents pERK1/2 hypophosphorylation and neonatal neurodegeneration (Tau
and caspase-3 cleavage), which results in normal neurobehavioral function in adult mice. The genetic ablation of CB;Rs does not
affect the NMDA receptor antagonist-induced apoptosis but provides protection against ethanol-induced neonatal neurodegen-
eration and synaptic and memory deficits in adult mice. Therefore, the putative AEA/CB,R/pERK1/2 signaling mechanism may
have a potential regulatory role in neuronal function in the developing brain and may be a valuable therapeutic target for FASD.

In addition, we found that ethanol-induced increase in AEA lev-
els may be attributable to either enhanced synthesis (Basavarajappa
and Hungund, 1999; Basavarajappa, 2007a) via its precursor NAPE
(Basavarajappa and Hungund, 1999; Chakraborty et al., 2008) and
glycerophospho-N-arachidonoylethanolamine (GDE1). Because
there was no alteration of FAAH (Di Marzo etal., 1994; Cravatt et al.,
1996; Basavarajappa et al., 2006) protein levels by ethanol and our
experimental data indicated enhanced NAPE-PLD and GDE1
protein levels through the transcriptional activation of the
NAPE-PLD and GDEI gene, respectively, we propose that the
P7 ethanol-induced increase in AEA levels in the developing
brain may be attributable to enhanced NAPE-PLD and GDE1
activity, a major source for the release of acylethanolamides
(Giuffrida et al., 1999; Basavarajappa, 2007b). Additional
pathways have been suggested to play an important role in the
formation of AEA in NAPE-PLD and GDE1 KO mice via mul-
tistep reactions (Simon and Cravatt, 2010), and additional
studies are needed to clarify whether ethanol in the developing
brain may also activate these additional pathways to generate
AEA. Tt is also possible that lack of net increase in 2-AG levels
may be attributable to differential effects of P7 ethanol on
2-AG synthesis (diacylglycerol lipases) or degradation (mono-
acylglycerol lipase). Therefore, we are currently investigating
this possibility. Nevertheless, enhanced AEA activity may lead
to abnormal development of synaptic connection (for review,
see Basavarajappa et al., 2009) during early brain development
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and may partially explain the neurobehavioral disturbances
associated with FASD.

Various studies support the notion that ECs play a critical role
via CB,Rs in the control of neuronal fate (Morozov and Freund,
2003; Mulder et al., 2008). In addition to enhanced AEA levels, we
also found significant increase in CB,R expression in hippocam-
pal and cortical brain in which ethanol induces neonatal neuro-
degeneration. Interestingly, the prevailing in vitro effects of CB,R
activation in young cultured neurons are the inhibition of den-
dritogenesis, dendritic outgrowth, and, to a lesser extent, axonal
outgrowth, with the latter effect being more pronounced at later
developmental stages (Vitalis et al., 2008). These data, together
with our findings showing that CB;R KO mice, which have the
ability to exhibit apoptosis by NMDA receptor blockade, are not
susceptible to ethanol-induced neonatal neurodegeneration and
that the CB R antagonist SR prevents neurodegeneration in-
duced by ethanol, support a critical role of CB;R in neuronal
survival and function during early brain development. Impor-
tantly, the lack of marked brain developmental deficits in various
KO mice, which are deficient for different components of the EC
system, including CB,Rs, is attributable to the existence of pow-
erful compensatory mechanisms and high functional plasticity
(Harkany et al., 2008) in the developing brain. Taken as a whole,
the overall regulatory role in the neurodegeneration suggests that
postnatal CB, R signaling is one of key players that help to estab-
lish proper neuronal connectivity, which is compromised in the
ethanol-exposed offspring and may be responsible for the neuro-
nal dysfunction and memory loss observed in this model as well
as other animal models of FASD (Petkov et al., 1991; Vaglenova et
al., 2008; Wilson et al., 2011; Sadrian et al., 2012). It should be
noted that AEA not only activates CB,R but also other receptors,
such as transient receptor potential vanilloid 1 (Starowicz et al.,
2007) and CB, (Mechoulam and Parker, 2013) in the brain. Ac-
tivation of these receptors by AEA may also contribute to the
observed neurodegeneration in the brain. However, such possi-
bility may not exist in the developing brain because P7 ethanol
failed to induce neurodegeneration in CB;R KO mice.

It has been shown that the ERK1/2 and PI3K/AKT (PKB)
pathways work in a coordinate or synergistic manner (Worster et
al., 2012) and have been implicated in essential aspects of neuro-
nal survival and axonal and dendritic morphogenesis during ner-
vous system development (Huang and Reichardt, 2001; Luikart
etal., 2008). Consistent with previous reports, our findings point
to ERK and the AKT pathway as major intracellular signaling
events in the P7 ethanol-induced neonatal neurodegeneration
(Young et al., 2008). However, the present study has demon-
strated that the ERK pathway is a major downstream target of
neuroprotection provided by CB;R blockade. Interestingly, the
AKT pathway apparently did not contribute to the neuroprotec-
tion mediated by CB; R blockade, because neither SR nor genetic
deletion of the CB,Rs counteracted the suppressant effect of eth-
anol on pAKT. Consistent with our observations, it was shown
that the neuroprotective effect of lithium against ethanol-
induced neonatal neurodegeneration was mediated by pERK but
not by the pAKT pathway (Young et al., 2008). However, AKT
suppression alone was ineffective in inducing apoptosis but be-
came markedly effective if the ERK pathway was simultaneously
suppressed (Marushige and Marushige, 1999). These observa-
tions support the presence of a remarkable specificity involving
the AEA/CB,R/ERK pathway in the regulation of ethanol-
induced neonatal neurodegeneration. Moreover, ethanol expo-
sure during the third trimester (P7) produces profound
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functional and structural alterations in the hippocampus (Livy et
al., 2003; Galindo et al., 2005), and our findings suggest that
dysregulation of AEA/CB,R/ERK pathway may significantly con-
tribute to long-term neurobehavioral deficits commonly associ-
ated with FASD (Izumi et al., 2005; Medina, 2011; Wilson et al.,
2011; Sadrian et al., 2012).

The predominant and immediate effect of EC-mediated CB,R
activation is the decrease in NMDA receptor function (Basavara-
jappa et al., 2008; Puighermanal et al., 2009) and increase in
GABA release (Bernard et al., 2005). Consistent with these obser-
vations, our previous double patch-clamp recordings in cultured
hippocampal neurons derived from P1 mice suggest that ethanol-
induced ECs are responsible for the decrease in hippocampal
synaptic plasticity (Basavarajappa et al., 2008). Findings from
neonatal rats suggest that ethanol may actually affect CA3 pyra-
midal neurons via inhibition of the postsynaptic AMPARs, which
results in a decrease in glutamatergic release (Mameli et al., 2005).
In fact, this study is consistent with the study conducted by
Twitchell et al. (1997) in which exogenous cannabinoids inhibit
glutamatergic release by activating CB,R-mediated inhibition of
N-type and P/Q-type calcium channels (Twitchell et al., 1997)
and may be responsible for the enhanced susceptibility of imma-
ture brain to ethanol neurotoxicity (Hansen et al., 2008).

Ethanol exposure importantly affects several neurotransmit-
ter systems (e.g., serotonin and glutamate) (Ikonomidou et al.,
2000a, 2001; Zhou et al., 2001, 2005), as well as intercellular and
intracellular signaling factors (e.g., Ca** and cAMP) involved in
many aspects of brain development, including in the establish-
ment of neuronal circuits and mental and behavioral abnormal-
ities (Vaglenova et al., 2008; Gil-Mohapel et al., 2010; Medina,
2011). Furthermore, a large number of studies have reported that
developmental exposure to exogenous cannabinoids can also af-
fect development of multiple neurotransmitter systems, includ-
ing catecholaminergic, serotonergic, GABAergic, glutamatergic,
and opioid systems (Fernandez-Ruiz et al., 2000, 2004; Wang et
al., 2006), leading to long-term behavioral deficits (Schneider,
2009). Postnatal exposure to exogenous cannabinoids, although
less well investigated, may also result in long-term behavioral
deficits (Campolongo et al., 2011). These collective studies sug-
gest that developmental exposures to ethanol or exogenous can-
nabinoids can impact multiple neurotransmitter systems, and the
current study for the first time demonstrates that exposure to
ethanol during postnatal period alters the natural levels of the
AEA as well as CB,Rs and limits NMDA receptor function in
neonatal mice, causing lasting morphological changes under-
scoring the synaptic and memory deficits.

A significant aspect of our study is the demonstration of AEA/
CB,R/pERK1/2 signaling as a critical regulator of early neuronal
function and its importance in neuronal survival (Fig. 13). Un-
raveling the unique and complex mechanisms of CB, R signaling
in the developing brain would help better target the pathways
responsible for generating cell death and long-lasting neurobe-
havioral deficits after alcohol exposure in the immature brain and
inform the search for novel treatments of FASD.
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