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evelopmental disabilities following fetal alcohol exposure are observed clinically,
the molecular factors that determine the severity of these sequelae remain undefined. In mice exposed to
ethanol, deletion of adenylyl cyclases (ACs) 1 and 8 exacerbates the neuroapoptosis that occurs in a
prolonged post-treatment period; however, it remains unclear whether AC1 and AC8 are critical to the
primary or secondary mechanisms underlying ethanol-induced neurodegeneration. Here we demonstrate
that mice lacking AC1 and AC8 (DKO) display significantly increased apoptosis in the striatum, a region
sensitive to neuroapoptosis in the acute post-treatment period, compared to WT controls. The enhanced
neuroapoptotic response observed in the striatum of DKO mice is accompanied by significant reductions in
phosphorylation of known pro-survival proteins, insulin receptor substrate-1 (IRS-1), Akt and extracellular
signal-regulated kinases (ERKs). These data suggest that AC1/AC8 are crucial activators of cell survival
signaling pathways acutely following ethanol exposure and represent molecular factors that may directly
modulate the severity of symptoms associated with Fetal Alcohol Syndrome.

© 2008 Elsevier Inc. All rights reserved.
Introduction
The neurotoxic effects of intrauterine ethanol exposure include
severe developmental abnormalities in children that persist into
adulthood, a condition referred to as Fetal Alcohol Syndrome (FAS).
Among these are characteristic craniofacial malformations and neuro-
behavioral disturbances, including hyperactivity/attention deficit
disorder and learning disabilities, which are associated with reduced
brainmass (Clarren et al.,1978; Jones andSmith,1973; Jones et al.,1973;
Streissguth and O'Malley, 2000; Swayze et al., 1997). The consequences
of ethanol exposure range from mild to severe; however, the factors
that dictate the extent of FAS symptoms are largely unknown.

Preclinical models of FAS have shown that neonatal rodents
acutely exposed to ethanol demonstrate extensive neuroapoptosis
throughout the developing nervous system (Ikonomidou et al., 2000;
Olney et al., 2002b). Specifically, administration of ethanol during the
brain growth spurt period (synaptogenesis) in neonatal rodents
(embryonic day 17-postnatal day 14) results in massive neuronal
cell death in the striatum, a region which is consistently and
dramatically reduced in volume in children exposed to alcohol in
utero (Archibald et al., 2001; Cortese et al., 2006). The window of rat
and mouse brain development from birth until 2 weeks of age is
irect.com).
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analogous to a similar period of synaptogenesis in human develop-
ment that occurs in the 7th to 9th month of gestation in utero, a time
highly relevant for the elucidation of fetal alcohol effects (Dobbing and
Sands, 1979).

The actions of ethanol are largely attributed to its antagonism of
NMDA receptors and potentiation of GABAA receptors (Ron, 2004;
Ueno et al., 2001). Drugs that mimic ethanol's effects on these
receptors result in extensive neuronal death in the neonatal rodent
brain (Ikonomidou et al., 2000), however the mechanisms that
subserve this ethanol-mediated neurodegeneration are not well
defined. Since not all human fetuses manifest FAS as a consequence
of in utero ethanol exposure during the critical period of brain growth
(Jones and Smith, 1975; Jones et al., 1974; Olegard et al., 1979;
Sampson et al., 1997), endogenous factors that modulate the cellular
responses to NMDA or GABAA receptors and other activity-dependent
survival signals are likely to be critical determinants for the degree of
neurotoxicity imparted. For example, antagonism of NMDA receptor-
mediated calcium entry results in impairment of intracellular
signaling pathways, such as those involving the calcium-stimulated
adenylyl cyclases, AC1 and AC8. All nine mammalian AC isoforms
convert ATP to cAMP, with AC1 and AC8 being the only 2 isoforms in
the brain that are stimulated by calcium (Cooper et al., 1995; Sunahara
et al., 1996). Additional cell-signaling processes that are associated
with neuronal growth and survival mechanisms are the ERKs and the
phosphatidylinositol 3-kinase (PI 3-kinase)/IRS-1 cascades. Ethanol-
induced reductions in IRS-1 phosphorylation are associated with
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impairments of survival pathways involving Akt and ERK signaling (de
la Monte and Wands, 2002; Xu et al., 2003; Yeon et al., 2003).

Recently, we have demonstrated that mice lacking both AC1 and
AC8 are more sensitive to the sedative effects of ethanol as adults and
display enhanced neurodegeneration 24 h after ethanol treatment as
neonates (Maas et al., 2005a; Maas et al., 2005b). However, evaluation
of ethanol-induced neurodegeneration in the prolonged post-treat-
ment period does not distinguish between the direct and indirect
mechanisms that subserve ethanol-induced neurodegeneration. The
rapid and compressed window for ethanol-induced apoptosis in
striatal neurons, beginning as early as 2 h after treatment, along with
abundant expression of NMDA receptors, provides distinct advantages
for analysis of this brain region. Therefore, in order to investigate the
direct effects of AC1 and AC8 on ethanol-induced neuroapoptosis, we
assessed striatal cell apoptosis in the acute periods after ethanol
treatment in mice lacking AC1 (AC1KO), AC8 (AC8KO) or both AC1 and
AC8 (DKO) and found increased striatal cell death in DKO mice
compared to WT controls. Furthermore, impaired pro-survival path-
ways involving the phosphorylation of IRS-1, Akt and ERK are
associated with this increase in striatal cell death in DKO mice.
These results implicate AC1 and AC8 in the activation of pro-survival
mechanisms after ethanol exposure.

Materials and methods

Animal husbandry

All mice were backcrossed a minimum of ten generations to WT
C57BL/6 mice from The Jackson Laboratory (Bar Harbor, ME). To
generatemice for these experiments, we used progeny of homozygous
mutants (AC1KO, AC8KO or DKO) and WT mice from The Jackson
Laboratory bred in our colony. Mice were maintained on a 12 h light/
dark schedule with ad libitum access to food and water. All
experiments were performed using male mice 7 days after birth
(postnatal day 7, P7). All mouse protocols were in accordance with the
National Institutes of Health guidelines and were approved by the
Animal Care and Use Committee of Washington University School of
Medicine.

Drug treatment

As pups from different litters vary considerably in the apoptotic
response to ethanol, a litter matching approach was used to ensure
that every treatment group was comprised of pups from at least 4
litters and that control pups were matched from the same litters. P7
pups were injected subcutaneously with saline or ethanol (prepared
as a 20% solution in sterile normal saline). After injection, pups were
not returned to their mothers, but rather were maintained in a
separate cage under a lamp that provided an ambient temperature of
31 °C.

Protein immunoblot analysis

AC1 and AC8 immunoblot analysis
Seven day WT or DKO male mice were anesthetized and their

brains rapidly removed. Striata were dissected on ice, snap frozen in
liquid nitrogen and stored at −80 °C. As detailed previously (Conti et
al., 2007), frozen tissues were homogenized in cold lysis buffer A
(20 mM Tris–HCl (pH 7.4), 2 mM MgCl2, 1 mM EDTA, 0.5 mM DTT)
containing protease inhibitor mixture and phosphatase inhibitor
mixtures 1 and 2 (Sigma). Homogenates were centrifuged at 600×g
for 2 min, and the resulting membrane-enriched supernatants
centrifuged at 30,000 ×g for 20 min. Protein concentration was
determined by the BCA assay (Pierce Biotechnology). For neonatal AC1
and AC8 expression, 30 μg of striatal membrane extract was separated
by 4–12% SDS-PAGE, transferred to nitrocellulose membrane using a
semi-dry preparation (15 V for 50min). Themembranewas blocked in
5% nonfat dry milk/Tween 20-Tris-buffered saline (0.1% Tween-20 in
26 mM Tris–HCl (pH 8.0), 0.9% NaCl) for 1 h at room temperature
followed by incubation overnight at 4°C with rabbit anti-AC1 antibody
(1:500 in blocking buffer) or goat anti-AC8 antibody (1:500, Santa
Cruz Biotechnology). Equal protein loading conditions were verified
by immunodetection for mouse anti-binding protein (BiP, 1:1000, BD
Transduction Laboratories) in all samples. Signals were detected using
anti-rabbit, anti-goat, or anti-mouse HRP-conjugated secondary
antibodies, as appropriate, and visualized using chemiluminescence
(SuperSignal WestDura; Pierce Biotechnology). Membranes were
strippedwith Restore Stripping Buffer (Pierce Biotechnology) between
exposure to each primary antibody.

Phosphoprotein analysis
At various times following saline or ethanol treatment, P7 WT or

DKO male mice were anesthetized and their brains rapidly removed
(n=4–6 per treatment/timepoint/genotype). Striata were dissected on
ice, snap frozen in liquid nitrogen and stored at −80°C. Frozen tissues
were homogenized in cold lysis buffer (150 mM NaCl, 2 mM EDTA, 1%
Triton X-100, 10% glycerol and 20 mM Tris, (pH 7.5)) containing
protease inhibitor mixture and phosphatase inhibitor mixtures 1 and
2 (Sigma). Homogenates were centrifuged at 10,000 ×g for 10min, and
the resulting supernatants were stored at −80 °C. Protein concentra-
tion was determined by the BCA assay (Pierce Biotechnology). For
phosphorylated and total IRS-1, Akt and ERK expression, 30 μg (ERK
and Akt) or 1 μg (IRS-1) of striatal membrane extract was separated by
4–12% SDS-PAGE, transferred to nitrocellulose membrane using a
semi-dry preparation (15 V for 50min). Themembranewas blocked in
5% nonfat dry milk/Tween 20-Tris-buffered saline (0.1% Tween-20 in
26 mM Tris–HCl (pH 8.0), 0.9% NaCl) for 1 h at room temperature
followed by incubation overnight at 4°C with rabbit anti-pERK
(1:1000, Cell Signaling) or anti-ERK 2 (1:10,000, Santa Cruz Biotech-
nology) antibodies; rabbit anti-pAkt or anti-Akt antibodies (1:1000,
Cell Signaling); or rabbit anti-pIRS-1 or anti-IRS-1 (1:1000, Cell
Signaling) antibodies in blocking buffer. Signals were detected using
an anti-rabbit HRP-conjugated secondary antibody and visualized
using chemiluminescence (SuperSignal WestDura; Pierce Biotechnol-
ogy). Membranes were stripped with Restore Stripping Buffer (Pierce
Biotechnology) between exposure to each primary antibody. For each
sample, phosphoprotein signals were normalized to total protein
signals and averaged by treatment and genotypes. Densitometric
analysis was performed using NIH Image Software. ANOVA and post-
hoc analysis were performed using GraphPad Prism 4.0 software
(Hearne Scientific Software).

Immunohistochemical analysis

Immunohistochemical detection of AC1 and AC8
As detailed previously (Conti et al., 2007), P7WTor DKOmicewere

anesthetized and transcardially perfused with 4% paraformaldehyde.
After perfusion brains were removed, postfixed for 72 h in 4%
paraformaldehyde, cryoprotected in 30% sucrose and frozen at-80°C
until use. Frozen tissues were cut into 55 μm slices and stored free-
floating in 1X PBS/0.1% NaN3 at 4 °C. For AC1 analysis, sections were
quenched of endogenous peroxidases with 0.3%H2O2/0.75% Triton X-
100 for 1 h , washed in 1X PBS and blocked with 1% normal goat
serum/10% fish gel/0.6% nonfat dry milk (blocking solution A) for 1 h .
Sections were incubated in rabbit anti-AC1 antibody (1:400 in
blocking solution A) overnight at 4 °C with continued incubation at
room temperature for 4 h the next day. Sections were then incubated
in blocking solution A for 1 h . Following treatment with biotinylated
goat anti-rabbit secondary antibody (Vector Labs) at 1:800 for 1 h ,
sections were blocked again as described. Biotin was detected with an
ABC Kit (Vector Labs) and visualized using TSA+Cyanine 3 (Tyramide
amplification) kit (1:1000, Perkin Elmer) for 3 min. Sections were



Fig. 1. Protein immunoblot analysis of AC1 and AC8 expression in the developing
striatum. Abundant protein expression of both AC1 and AC8 was detected in
membrane-enriched striatal protein extracts obtained from P7 WT and DKO mice. A
single immunoreactive band at ∼123 kDa, representing AC1 protein was detected in all
WT but not DKO samples. A single immunoreactive band at ∼135 kDa, representing AC8
protein was detected in all WT but not DKO samples. Equal loading conditions were
verified by immunodetection for binding protein (BiP).

Fig. 2. Localization of AC1 and AC8 protein in the developing mouse striatum by immunoh
widespread protein distribution of AC1 and AC8. (A) AC1 immunoreactivity (orange) was
immunoreactivity was not detected in DKO mice demonstrating specific antigen recognition
(40×). (B) AC8 immunoreactivity (orange) was robustly expressed throughout the P7WT stria
demonstrating specific antigen recognition. DAPI nuclear counterstain (blue) was used for id
(C, left panel) and AC8 (D, left panel) immunoreactivity in the P7 striatum merged with DA
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slide-mounted using Vectashield mounting medium containing DAPI
(Vector Labs) counterstain for visualization of anatomical landmarks.
For AC8 analysis, sections from neonatal mice were quenched of
endogenous peroxidases with 0.3%H2O2/0.75% Triton X-100 for 1 h ,
washed in 1X PBS and blocked with 1% normal rabbit serum/10% fish
gel/0.6% nonfat dry milk (blocking solution B) for 1 h . Sections were
incubated in goat anti-AC8 antibody (1:400, Santa Cruz Biotechnology,
in blocking solution B) overnight at 4 °C followed by incubation in
blocking solution B for 1 h . Following treatment with biotinylated
rabbit anti-goat secondary antibody (Vector Labs) at 1:800 for 1 h
sections were blocked again as described. Biotin was detected and
sections were slide-mounted as described for AC1 analysis. All images
were obtained with controlled exposure time on an Olympus BX60
fluorescent microscope equipped with Axiovision software. Images
were prepared using Adobe Photoshop Software.

Immunohistochemical detection of activated caspase-3
Immunohistochemistry for activated caspase-3 was performed as

previously described (Olney et al., 2002a; Young and Olney, 2006).
Four hours after treatment with ethanol or saline, P7 WT, AC1KO,
AC8KO or DKO mice (n=4–6 per treatment/genotype) were anesthe-
tized and transcardially perfused with 4% paraformaldehyde. After
istochemistry. Representative sagittal sections from the P7 mouse brain demonstrate
robustly expressed throughout the P7 WT striatum (St) and globus pallidus (GP). AC1
. DAPI nuclear counterstain (blue) was used for identification of anatomical landmarks
tum (St) and globus pallidus (GP). AC8 immunoreactivity was not detected in DKOmice
entification of anatomical landmarks (40×). Higher magnification images (200×) of AC1
PI nuclear counter stain (C, D, right panels).



Fig. 3. DKO mice demonstrate increased apoptosis following acute ethanol treatment. Representative sagittal sections depicting ethanol-induced apoptosis in the striatum 4 h after
2.5 g/kg (A, C) or 5.0 g/kg (B, D) in P7 WT and DKO mice. DKO mice demonstrated 2.5 fold increases in activated caspase-3 expression compared toWT mice (⁎pb0.05) at both doses
(C, 2.5 g/kg; D, 5.0 g/kg).
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perfusion, brains were removed, postfixed for 72 h in 4% parafor-
maldehyde and sections were cut on a vibratome (50 μm, cut in the
sagittal plane). Sections were washed in 0.01 M PBS, quenched of
endogenous peroxidases with 3% H2O2 and incubated for 1 h in
blocking solution (2% BSA/0.2% nonfat dry milk/0.1% Triton X-100 in
PBS), followed by incubation overnight in rabbit anti-activated
caspase-3 antibody (1:2000, Cell Signaling) in blocking solution.
Sections were incubated for 1 h in biotinylated goat anti-rabbit
secondary antibody (1:200 in blocking solution, Vector Labs). Biotin
was detected with a standard Vectastain ABC Elite Kit (Vector Labs)
and visualized using Vector VIP substrate for peroxidase (Vector Labs).
Every 8th section selected from serial sections cut from an entire half
brain were used to quantify caspase-3 activation. All activated
caspase-3 positive cells within the striatum of each section were
counted to achieve a total amount of activated caspase-3 positive cells
per hemibrain. Counts are presented as an average number of
activated caspase-3 positive cells per section. Student's t-tests or
ANOVA with Bonferroni corrections were performed where appro-
priate using GraphPad Prism 4.0 software (Hearne Scientific
Software).

Results

AC1 and AC8 proteins are expressed in the developing striatum

We have previously demonstrated that AC1 and AC8 are expressed
throughout the developing brain including the hippocampus, cortex
and thalamus (Conti et al., 2007). In order to examine the distribution
of AC1 and AC8 in the neonatal striatum, protein immunobots were
performed. Membrane-enriched protein extracts from the striatum of
P7 WT or DKO mice were subjected to SDS-PAGE and immunoblotted
with anti-AC1 or anti AC8 antibodies. Robust expression of both AC1
and AC8 proteins were detected inWT, but not DKO extracts (Fig. 1). In
order to determine the cellular distribution of AC1 and AC8 proteins in
the neonatal striatum, immunohistochemistry was performed. Wide-
spread expression of both AC1 (Figs. 2A and C) and AC8 (Figs. 2B and
D) were detected in the striatum of P7WTmice. Immunoreactivity for
AC1 and AC8 was not observed in the DKO striatum, demonstrating
the specificity of the antibodies used.

Acute ethanol exposure exacerbates striatal apoptosis in ACKO compared
to WT mice

WT and DKO mice were administered one injection of ethanol
(2.5 g/kg or 5.0 g/kg) and quantitation of caspase-3 positive cells in
the striatum was performed at 4 h post-treatment to assess the
apoptotic response. WT mice demonstrated massive striatal apopto-
sis at 4 h after ethanol treatment (Fig. 3). Treatment with 5.0 g/kg
ethanol (Figs. 3B and D) resulted in a nearly 2.5 fold increase in
apoptosis compared to 2.5 g/kg ethanol (Figs. 3A and C) in WT mice.
Similar to WT mice, DKO mice demonstrated a 2.5 fold increase at
5.0 g/kg (Figs. 3B and D) compared to 2.5 g/kg ethanol (Figs. 3A and C)
with DKO mice exhibiting a 2.5 fold increase in apoptosis compared
to WT mice at both doses tested (Figs. 3C and D). No differences
between saline-treated WT and DKO mice were observed (data not
shown). In order to determine the effect of loss of a single AC isoform
on ethanol-induced apoptosis, mice lacking AC1 or AC8 were treated
with 5.0 g/kg ethanol and quantitation of caspase-3 positive cells in
the striatumwas performed at 4 h post-treatment. Deletion of AC1 or
AC8 resulted in significantly more apoptosis compared to WT mice
reaching levels statistically indistinguishable from those of DKO mice
(Fig. 4).



Fig. 4. ACKOmice demonstrate increased apoptosis following acute ethanol treatment. Representative sagittal sections depicting ethanol-induced apoptosis in the striatum 4 h after
5.0 g/kg (A) in P7 WT, DKO, AC1KO and AC8KO mice. AC1KO, AC8KO and DKO mice demonstrated statistically equivalent levels of activated caspase-3 expression in the striatum,
which were significantly increased compared to WT mice (B, ⁎pb0.05) after ethanol exposure.
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Phosphorylation of pro-survival proteins is impaired in DKO mice

One, 2 or 3 h following treatment with saline or 5.0 g/kg ethanol,
striata from WT and DKO neonatal mice were removed and prepared
for protein immunoblot analysis. Whole cell protein extracts from the
striatum of P7 WT or DKO mice were subjected to SDS-PAGE and
membranes were immunoblotted with anti-phospho-IRS-1, anti-
phospho-Akt or anti-phospho-ERK antibodies. By 1 h after ethanol
treatment levels of phosphorylated IRS-1 were significantly reduced
in DKO mice compared to ethanol-treated WT mice and saline-
treated DKO controls (Fig. 5A). Similarly, significant reductions in Akt
phosphorylation were observed in WT and DKO mice compared to
respective saline controls at 2 h after ethanol administration (Fig.
5B). By 3 h after ethanol treatment DKO mice demonstrated a
sustained reduction in phosphorylated Akt levels compared to
ethanol-treated WT mice. Likewise, loss of AC1 and AC8 resulted in
significant impairments in ERK 1 phosphorylation at 2 and 3 h follo-
wing ethanol administration compared to WT mice treated with
ethanol and saline-treated DKO mice (Fig. 5C). Ethanol significantly
reduced ERK 2 phosphorylation at 2 h after treatment in both WT
and DKO mice compared to saline controls. This reduction was
sustained in DKO mice while WT mice recovered to control levels by
3 h after treatment.

Discussion

In the present study, we have demonstrated that deletion of AC1
and AC8 exacerbates the neuroapoptotic response in the striatum
acutely following a single exposure to ethanol. This response was
accompanied by significant impairment of pro-survival signaling



Fig. 5. DKO mice demonstrate impaired pro-survival protein phosphorylation in the striatum acutely following 5.0 g/kg ethanol administration. (A) By 1 h after ethanol,
phosphorylation of IRS-1 is significantly impaired in DKO mice compared to WT ethanol (⁎⁎pb0.05) and DKO saline controls (⁎pb0.05) as measured by immunoblot analysis. (B) By
2 h after ethanol, phosphorylation of AKT is significantly impaired inWTand DKOmice compared toWTand DKO saline controls (⁎pb0.05), respectively as measured by immunoblot
analysis. At 3 h after ethanol treatment, levels of phosphorylated AKT are still reduced in WT mice compared to saline controls (⁎pb0.05), DKO mice demonstrate levels that are
significantly reduced compared to WT ethanol controls (⁎⁎pb0.05). (C) By 2–3 h after ethanol, phosphorylation of ERK (p44) is significantly impaired in DKO mice compared to WT
ethanol (⁎⁎pb0.05) and DKO saline controls (⁎pb0.05) as measured by immunoblot analysis. By 2 h after ethanol, phosphorylation of ERK (p42) is significantly impaired in WT and
DKO mice compared to WT and DKO saline controls (⁎pb0.05), respectively as measured by immunoblot analysis. At 3 h after ethanol treatment, levels of phosphorylated ERK (p42)
in WT mice had returned to controls levels, however, DKO mice demonstrate levels that are significantly reduced compared to WT ethanol controls (⁎⁎pb0.05) and DKO saline
controls (⁎pb0.05).
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involving phosphorylation of IRS-1, Akt and ERK in DKO mice
compared to controls. Administration of ethanol during the synapto-
genesis period of development resulted in a dose-dependent increase
in apoptosis in the developing striatum in WT and DKO mice within
4 h of treatment. These data are in agreement with our previous
reports demonstrating that neurons within the striatum are exqui-
sitely sensitive to damage caused by very low doses of ethanol and
that the neuroapoptotic response to ethanol occurs rapidly, within 4 h
of treatment (Young and Olney, 2006). DKO mice demonstrated
increased apoptosis compared to WT mice at both 2.5 g/kg and 5.0 g/
kg ethanol within 4 h of ethanol exposure. These data are supported
by our previous studies in which DKO mice show a heightened
apoptotic response 24 h after ethanol treatment compared to WT
mice in regions including the cortex, thalamus and subiculum (Maas
et al., 2005a). This enhanced neuroapoptotic response is not likely due
to altered ethanol metabolism as we have previously demonstrated
that blood ethanol concentration is equivalent in DKO mice and WT
mice following acute ethanol treatment (Maas et al., 2005a).

The activity dependent survival of multiple neuronal cell types is
dependent on depolarization-induced elevation of intracellular
calcium and downstream activation of multiple signaling cascades
(Mennerick and Zorumski, 2000). The cAMP signal transduction
system has also been shown to be important for neuronal survival
(D'Mello et al., 1993; Hanson et al., 1998; Lara et al., 2003; Meyer-
Franke et al., 1995; Meyer-Franke et al., 1998; Reiriz et al., 2002). The
widespread expression of AC1 and AC8 throughout the developing
striatum and their direct stimulation by calcium suggest that AC1 and
AC8 are poised to mediate calcium-dependent cAMP signaling
associated with ethanol-induced striatal cell death.

Mechanisms that subserve the striatum's vulnerability to rapid and
synchronous apoptosis following acute doses of ethanol are not well
defined. Abundant expression of insulin receptors in the striatum
(Schulingkamp et al., 2000) suggest that a potential source of striatal
vulnerability is related to ethanol's ability to suppress survival
signaling through insulin-regulated pathways (de la Monte et al.,
2000; de la Monte and Wands, 2002; Hallak et al., 2001; Xu et al.,
2003; Zhang et al., 1998). In the present study, the increased apoptosis
observed in the DKO striatum compared toWTmice is associated with
impaired phosphorylation of IRS-1, a major substrate of the intrinsic
receptor tyrosine kinases associated with the insulin and insulin-like
growth factor type 1 receptors (Myers et al., 1994; Shpakov and
Pertseva, 2000). While IRS-1 activation by NMDA receptor-mediated
calcium flux has been demonstrated in vitro (Zhang et al., 1998), the
present data suggest that IRS-1-dependent activation via NMDA-
mediated calcium influx may regulate neuronal survival following
ethanol administration in vivo, representing a mechanism by which
changes in striatal IRS-1 phophorylation could contribute to the
difference in ethanol-sensitivity between WT and DKO mice inde-
pendently of direct signaling through the insulin and insulin-like
growth factor type 1 receptors.

Ethanol-induced suppression of insulin and insulin-like growth
factor type 1 receptor signaling results in decreased PI 3-kinase
activity and subsequent reductions in phosphorylated Akt levels and
Akt kinase activity (Xu et al., 2003). While Akt is a well-established



Fig. 6. Intracellular Ca2+activates AC1 and AC8 catalyzing the conversion of ATP to cAMP, which in turn, activates PKA and EPAC. Downstream phosphoryation targets include AKTand
ERK, which promote cell survival.
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downstream target of PI 3-kinase signaling, stimulation of Akt has
also been demonstrated to be PI 3-kinase-independent and res-
ponsive to elevations in cAMP (Sable et al., 1997). More specifically,
PKA induces activation and translocation of Akt in vitro (Filippa et al.,
1999), suggesting that a loss of AC activity may lead to impairments
in Akt-mediated neuronal survival. Epac (exchange protein directly
activated by cAMP), a direct mediator of cAMP activity, has also
been implicated as an upstream mediator of Akt (Misra and Pizzo,
2005). In addition, Epac proteins bind cAMP with high affinity and
activate their downstream targets Rap1 and Rap2, Ras superfamily
guanine nucleotide-binding proteins. Activation of Rap1 can occur
in response to an increase in intracellular cAMP in additional to
many other stimuli (Altschuler et al., 1995; Bos et al., 2001; Vossler
et al., 1997). Activation of B-Raf by Rap1 promotes ERK activity,
linking AC/cAMP signaling to ERK-mediated neuronal survival (York
et al., 1998). The interactions of these pathways are schematized in
Fig. 6.

Together these data demonstrate a role for AC1 and AC8 in
promoting the pro-survival mechanisms associated with ethanol-
induced neurodegeneration in the striatum. While the mechanisms
by which some fetuses suffer substantial detrimental effects after
limited ethanol exposure while others undergo little to no neurolo-
gical compromise are largely unknown, our results indicate that
variation in activity of AC1, AC8 and perhaps the cAMP pathway more
generally, has important ramifications for the likelihood of a fetus
being more or less susceptible to FAS. Furthermore, the risk of
neurological damage occurring as a consequence of diminished
calcium-stimulated AC activity extends to other modulators of
neuronal activity during the synaptogenesis period such as anes-
thetics (e.g., ketamine) that block NMDA receptor activity. These
agents are routinely employed during surgical intervention in new-
borns and suggest that genotyping at the AC1 and AC8 loci could be
critical pharmacogenomic indicators for the likelihood of adverse
effects in the human population.
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