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Calcium-Stimulated Adenylyl Cyclases Are Critical
Modulators of Neuronal Ethanol Sensitivity
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The importance of the cAMP signaling pathway in the modulation of ethanol sensitivity has been suggested by studies in organisms from
Drosophila melanogaster to man. However, the involvement of specific isoforms of adenylyl cyclase (AC), the molecule that converts ATP
to cAMP, has not been systemically determined in vivo. Because AC1 and AC8 are the only AC isoforms stimulated by calcium, and ethanol
modulates calcium flux by the NMDA receptor, we hypothesized that these ACs would be important in the neural response to ethanol. AC1
knock-out (KO) mice and double knock-out (DKO) mice with genetic deletion of both AC1 and AC8 display substantially increased
sensitivity to ethanol-induced sedation compared with wild-type (WT) mice, whereas AC8 KO mice are only minimally more sensitive. In
contrast, AC8 KO and DKO mice, but not AC1 KO mice, demonstrate decreased voluntary ethanol consumption compared with WT mice.
DKO mice do not display increased sleep time compared with WT mice after administration of ketamine or pentobarbital, indicating that
the mechanism of enhanced ethanol sensitivity in these mice is likely distinct from the antagonism of ethanol of the NMDA receptor and
potentiation of the GABAA receptor. Ethanol does not enhance calcium-stimulated AC activity, but the ethanol-induced phosphorylation
of a discrete subset of protein kinase A (PKA) substrates is compromised in the brains of DKO mice. These results indicate that the unique
activation of PKA signaling mediated by the calcium-stimulated ACs is an important component of the neuronal response to ethanol.
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Introduction
Ethanol is one of the most widely used neuroactive agents, but
only within the last decade has significant progress been made
toward understanding the mechanisms by which it affects neuro-
nal function. Several studies have demonstrated that ethanol acts
as an antagonist of the NMDA receptor and potentiates the ef-
fects of the GABAA receptor (Mehta and Ticku, 1988; Dildy and
Leslie, 1989; Lovinger et al., 1989, 1990; Harris et al., 1995; Wall-
ner et al., 2003).

More recent evidence has identified the cAMP signaling path-
way as an important modulator of ethanol sensitivity. Genetic
manipulations in Drosophila melanogaster and mice that decrease
the activity of this pathway result in increased sensitivity to the
sedative effects of ethanol (Moore et al., 1998; Thiele et al., 2000;
Wand et al., 2001). To date, however, the specific role of any of
the mammalian isoforms of adenylyl cyclase (AC) in modulating
adult ethanol sensitivity in vivo has not been defined.

Adenylyl cyclase, the molecule that converts ATP to cAMP, is
an essential component of the cAMP pathway and is normally
activated by interaction with the stimulatory G-protein subunit,

G�s. However, this is not the case for AC1 and AC8, two of the 10
AC isoforms, which are the only AC isoforms primarily stimu-
lated by calcium through activation of calmodulin (although sev-
eral isoforms are calcium sensitive) (Tang et al., 1991; Cali et al.,
1994; Wong et al., 1999; Chern, 2000; Wang and Storm, 2003). In
situ hybridization studies have revealed that the mRNAs for AC1
and AC8 are expressed at high levels in distinct, but overlapping,
regions in the brain, including cortex, hippocampus, cerebellum,
thalamus, and hypothalamus (Xia et al., 1991; Muglia et al.,
1999).

Mice with genetic deletions of AC1, AC8, or both AC1 and
AC8 reveal the important role that these proteins play in neuro-
nal function. AC8 knock-out (KO) mice and AC1 KO mice dem-
onstrate a variety of deficits in long-term depression and long-
term potentiation (LTP) (Villacres et al., 1998; Schaefer et al.,
2000; Wang et al., 2003). Double knock-out (DKO) mice missing
both AC1 and AC8 show an even more severe phenotype, dis-
playing memory deficits and loss of the late phase of LTP in area
CA1 of the hippocampus. Neither of these deficits is seen in AC1
KO or AC8 KO mice (Wong et al., 1999), indicating that AC1 and
AC8 are each able to compensate for loss of the other calcium-
stimulated AC isoform in certain neuronal functions.

Based on the deficits in neuronal function in AC KO mice and
the importance of the cAMP pathway in the effects of ethanol, we
hypothesized that mice deficient in AC1 and/or AC8 would have
increased sensitivity to ethanol. Here, we demonstrate that these
AC KO mice have increased sensitivity to the sedative effects of
ethanol and consume less ethanol than wild-type (WT) mice
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without enhanced sensitivity to other pharmacologic agents that
mimic components of the effects of ethanol on neurons. Finally,
we demonstrate that ethanol-induced phosphorylation of a sub-
set of protein kinase A (PKA) targets is compromised in the
brains of DKO mice and suggest that the calcium-stimulated ACs
may contribute to the homeostatic response to the inhibition by
ethanol of neuronal function.

Materials and Methods
Animal husbandry
All mice were backcrossed at least nine generations to C57BL/6 mice
from The Jackson Laboratory (Bar Harbor, ME). To generate mice for
these experiments, we used progeny of homozygous mutants and
C57BL/6 mice from The Jackson Laboratory bred in our colony. Analysis
for chromosomal markers specific for C57BL/6 and 129/Sv strains indi-
cated that 129/Sv genomic DNA was limited to a 16 centiMorgan (cM)
region (1.1–16 cM) surrounding the AC1 locus on chromosome 11 and a
37 cM region (17.8 –54.5 cM) surrounding the AC8 locus on chromo-
some 15. To assess the possibility that the 129/Sv genomic DNA sur-
rounding the AC8 locus was contributing to the altered ethanol con-
sumption in AC8 KO mice, we generated mice that were heterozygotes
and homozygotes for this 129/Sv locus for analysis as described by Wolfer
et al. (2002). We mated AC8 KO mice with 129/Sv mice and C57BL/6
mice with 129/Sv mice and used the F1 progeny of each cross for exper-
iments. Mice were maintained on a 12 h light/dark schedule with ad
libitum access to food and water except as indicated. All experiments
were performed using male mice between 2 and 4 months of age. All
mouse protocols were in accordance with the National Institutes of
Health guidelines and were approved by the Animal Care and Use Com-
mittee of Washington University School of Medicine.

Loss of righting reflex assay
Mice were given an intraperitoneal injection of ethanol [20% (w/v) so-
lution], pentobarbital (2 mg/ml; Abbott Labs, Chicago, IL), ketamine (10
mg/ml; Fort Dodge, Kansas City, MO), 4,5,6,7-tetrahydroisoxazolo(5,4-
c)pyridin-3-ol (THIP) (3 mg/ml; Sigma, St. Louis, MO), or pentobarbital
plus (�)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-
imine maleate (MK-801) (5–30 �g/ml; Sigma) and placed on their back
in a U-shaped trough after they lost the ability to right themselves. Sleep
time is defined as the time until the mice regained the ability to right
themselves onto three of four paws three times within 30 s. All drugs were
dissolved in 0.9% saline.

Two-bottle ethanol and taste-preference tests
Mice were singly housed in the testing apparatus with access to two water
bottles for 1 week before testing to habituate them to the environment. At
the start of the test, one bottle was filled with water, whereas the second
was filled with a 3% (v/v) ethanol solution. The ethanol concentration
was increased every 6 d throughout the test (to 6, 10, and finally 20%).
Each day, the weights of the food, liquid, and mice were recorded, and the
positions of the bottles were switched to prevent side preference from
confounding data interpretation. The taste-preference tests were per-
formed in a similar manner, except that two concentrations of quinine
and saccharin were presented versus water to each mouse for 4 d in a
counterbalanced design.

Ataxia testing
Grid test. Mice were given an intraperitoneal injection of ethanol or saline
and returned to their home cage. After 30 min, they were placed in the
grid test apparatus for 10 min. Missteps (steps through the grid that
contacted the floor below) were counted and normalized to total activity,
as determined by beam breaks.

Ataxia battery. Mice were subjected to an additional battery of tests to
assess ethanol-induced ataxia. The tests included in this battery are de-
scribed below.

Balance beam. Experiments were performed as described by Crabbe et
al. (2003a). Briefly, mice were given four training trials on a balance beam
(width, 19 mm; length, 90 cm). The following day, mice were given one
trial on the balance beam, and basal missteps were counted. Ten minutes

after an intraperitoneal injection of 1.25 mg/kg ethanol, mice were given
one trial on the balance beam, and missteps were counted.

Dowel and vertical screen tests. Experiments were performed as de-
scribed by Crabbe et al. (2003b). Briefly, mice were given six trials on a 9.6
mm dowel to reach a criterion of 2 min without falling. Mice were then
given an intraperitoneal injection of 1.75 mg/kg ethanol and immediately
placed on a 15.8 mm dowel, and the latency to fall was recorded. Thirty
minutes after injection, mice were tested for latency to fall from a vertical
screen and then for latency to fall from a 9.6 mm dowel.

Observer-rated ataxia. Assessment of wobble and splay (measures of
observer-rated ataxia) was performed as described previously (Metten et
al., 2004). Briefly, mice were given an intraperitoneal injection of 3 g/kg
ethanol. During the period of 10 –11 min after injection, mice were
placed on a flat surface and given a score between 0 –5 for wobble and
splay, based on defined criteria, by an observer blinded to genotype.

Blood ethanol concentration determination
Mice were given an intraperitoneal injection of ethanol to achieve a dose
of 3.6 g/kg. Blood was collected by retro-orbital phlebotomy. The ethanol
concentration of each sample was determined in duplicate using the
Sigma Ethanol diagnostic kit (Sigma).

Adenylyl cyclase activity assays
Adenylyl cyclase activity assays were performed as described previously
(Wong et al., 1999) using hippocampal, cerebellar, and cortical mem-
brane protein homogenates.

Western blot analysis
Mice were killed by CO2 inhalation, brains were rapidly removed, and
subregions dissected, if necessary, and frozen in liquid nitrogen. Brains
were homogenized in a buffer containing 4% (w/v) 3-[(3-cholamido-
propyl)dimethylammonio]-1-propanesulfonate, 2 M thiourea, 7 M urea,
and 30 mM Tris, pH 8.5. One tablet of Complete protease inhibitor mix-
ture (Roche Products, Indianapolis, IN) was added to 50 ml of lysis
buffer. After homogenization, samples were centrifuged at 8000 � g for
10 min and the supernatants collected. Protein concentrations were de-
termined using the 2D-Quant kit (Amersham Biosciences, Piscataway,
NJ). Membrane fractions (for GluR1 Western blots) were isolated as
described previously (Wong et al., 1999). Equal amounts of protein (50
�g) were submitted to SDS-PAGE and transferred to a nitrocellulose
membrane. Each lane contained the brain lysate from a distinct animal.
Membranes were probed with primary antibody at the following concen-
trations: anti-phosphorylated PKA substrate motif, 1:1000 (Cell Signal-
ing Technology, Beverly, MA); anti-phospho GluR1, Serine 845, 1:1000
(Upstate Biotechnology, Lake Placid, NY); anti-phospho GluR1, Serine
831, 1:1000 (Upstate Biotechnology); and anti-GluR1, 1:1000 (Upstate
Biotechnology). Antibodies were detected using HRP-conjugated goat
anti-rabbit secondary antibody, and signals were visualized using chemi-
luminescence (SuperSignal West Dura kit; Pierce, Rockford, IL). Densi-
tometric analysis was performed using Un-Scan-It (Silk Scientific, Orem,
UT).

Statistical analysis
One-way and two-way ANOVA tests, followed by Bonferonni’s post hoc
tests, where appropriate, were done to evaluate statistical significance. F
statistics and p values are indicated in the figures. Results are displayed as
mean � SEM.

Results
Enhanced sensitivity of adenylyl cyclase knock-out mice to
the sedative effects of ethanol
To test the hypothesis that AC1 KO, AC8 KO, and DKO mice
would demonstrate enhanced sensitivity to ethanol, we measured
the sleep time of mice of each genotype after ethanol administra-
tion in the loss of righting reflex (LORR) test. At each of the three
doses of ethanol tested, AC1 KO and DKO mice both demon-
strated a significant increase in sleep time compared with WT
mice, sleeping 1.5-fold and twofold longer, respectively (Fig. 1A).
In addition, DKO mice slept significantly longer than AC1 KO
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mice at all three doses. In contrast, AC8 KO mice differed only
slightly from WT mice in sleep time after ethanol administration,
demonstrating a small, but statistically significant, increase in
sleep time at the highest dose of ethanol tested.

Adenylyl cyclase knock-out mice do not have altered
ethanol metabolism
It is possible that the increased sensitivity of AC1 KO, AC8 KO,
and DKO mice to the sedative effects of ethanol might be a result
of altered metabolism of ethanol in these mice and not alterations
in neuronal function. To test this possibility, we administered a
single dose of 3.6 g/kg ethanol to mice and measured blood eth-
anol concentration at time points ranging from 15 min to 4 h
after ethanol injection. There were no differences between geno-

types in blood ethanol concentration at any time after adminis-
tration (Fig. 1B).

Decreased voluntary ethanol consumption in adenylyl cyclase
knock-out mice
We next assessed voluntary ethanol consumption in a two-bottle
choice test, in which singly housed mice were given a choice
between two bottles, one containing water and one containing
ethanol at various concentrations. As shown in Figure 2A, AC8

Figure 1. Adenylyl cyclase mutant mice demonstrate enhanced sensitivity to the sedative
effects of ethanol without altered ethanol metabolism. A, Sleep-time measurement in the LORR
assay for WT, AC8 KO, AC1 KO, and DKO mice after intraperitoneal injection of ethanol. There was
a significant main effect of genotype (overall ANOVA, F(3,177) � 474.3; p � 0.0001; post hoc
comparisons, *p � 0.001 for both DKO vs WT and AC1KO vs WT; **p � 0.001 for DKO, AC1KO,
and AC8 KO vs WT), dose (overall ANOVA, F(2,177) � 2080; p � 0.0001), and dose times geno-
type (overall ANOVA, F(6,177) � 44.78; p � 0.0001; n � 15–20 mice/genotype). B, Blood
ethanol concentration after intraperitoneal injection of 3.6 g/kg ethanol does not differ
between WT, AC8 KO, AC1 KO, and DKO mice (n � 4 –5 mice/genotype). Error bars rep-
resent SEM.

Figure 2. Adenylyl cyclase mutant mice demonstrate reduced voluntary ethanol consump-
tion without altered taste preference. A, Consumption, normalized to bodyweight, of 3, 6, 10,
and 20% ethanol solutions by WT, AC8 KO, AC1 KO, and DKO mice. There were significant
differences between genotypes (overall ANOVA, F(3,176) � 66.40; p � 0.0001; post hoc com-
parisons, *p � 0.001 for DKO vs WT; **p � 0.001 for DKO vs WT and AC8 KO vs WT; n � 12
mice/genotype). B, Ethanol preference (volume of ethanol consumed/total volume of fluid
consumed) for 3, 6, 10, and 20% ethanol solutions by WT, AC8 KO, AC1 KO, and DKO mice. There
were significant differences between genotypes (overall ANOVA, F(3,176) � 8.840; p � 0.0001;
post hoc comparisons, *p � 0.01 DKO vs WT and AC8 KO vs WT; **p � 0.001 AC8 KO vs WT; n �
12 mice/genotype). C, Total daily fluid intake, normalized to bodyweight, by WT, AC8 KO, AC1
KO, and DKO mice (n � 12 mice/genotype). D, Daily food consumption, normalized to body
weight, by WT, AC8 KO, AC1 KO, and DKO mice (n�12 mice/genotype; overall ANOVA, F(3,44) �
9.849; p � 0.0001; post hoc comparisons, *p � 0.001 vs WT). E, Quinine preference (volume of
quinine solution consumed/total volume of fluid consumed) for 0.15 and 0.03 mM quinine
solutions by WT, AC8 KO, AC1KO, and DKO mice (n � 5– 6). F, Saccharin preference (volume of
saccharin solution consumed/total volume of fluid consumed) for 0.03 and 0.06% saccharin
solutions by WT, AC8 KO, AC1KO, and DKO mice (n � 5– 6). Error bars represent SEM.
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KO and DKO mice consumed significantly less ethanol than WT
mice at higher ethanol concentrations. In contrast, AC1 KO mice
did not differ from WT mice in ethanol consumption at any
concentration, despite the fact that they demonstrated increased
sleep time after ethanol administration. AC8 KO and DKO mice,
but not AC1 KO mice, also displayed a significantly lower pref-
erence for ethanol (Fig. 2B). It should be noted that there were no
differences between DKO and AC8 KO mice with respect to eth-
anol consumption or preference. Furthermore, there were no
differences between genotypes in total fluid consumption during
the test (Fig. 2C). Although AC1 KO and DKO mice did not differ
from WT mice in total food consumption, AC8 KO mice did
consume significantly more food than WT mice when corrected
for body weight (Fig. 2D). It is possible that the altered ethanol
consumption in AC8 KO and DKO mice may reflect alterations
in caloric intake and/or requirements in these mice. However, if
the decrease in ethanol consumption in AC8 KO mice was a result
of decreased caloric requirements, one would expect these mice
to consume less, not more, food than WT mice. Furthermore,
DKO mice consumed less ethanol than WT mice but did not
differ from WT mice in food consumption. In conjunction, these
results indicate that the altered ethanol consumption in AC8 KO
and DKO mice is not attributable to alterations in caloric intake
in these mice. Finally, it is possible that the diminished ethanol
consumption in AC8 KO mice is a result of the presence of flank-
ing 129/Sv genomic DNA instead of the deletion of AC8. To
address this possibility, we generated mice that were either ho-
mozygous or heterozygous for 129/Sv genomic DNA at this locus,
using a method described by Wolfer et al. (2002), and demon-
strated that there was no difference in ethanol consumption be-
tween mice heterozygous or homozygous for 129/Sv genomic
DNA at this locus (see supplementary data, available at www.j-
neurosci.org as supplemental material).

Taste preference is not altered in adenylyl cyclase
knock-out mice
It is possible that the altered ethanol consumption and preference
in DKO and AC8 KO mice is attributable to global changes in
their ability to detect differences in taste. To test this possibility,
we repeated the two-bottle preference test, but instead of ethanol,
we presented the mice with a choice of quinine, a bitter tastant, or
saccharin, a sweet tastant, versus water. AC8 KO, AC1 KO, and
DKO mice did not differ from WT mice in their preference for
quinine (Fig. 2E) or saccharin (Fig. 2F), indicating that alter-
ations in global taste sensation are not responsible for the reduced
ethanol consumption in these mice.

Adenylyl cyclase knock-out mice do not demonstrate
enhanced ataxia after ethanol administration
We assessed the sensitivity of DKO and WT mice to the ataxic
effects of ethanol by using several different tests, because other
studies have shown that ethanol differentially alters motor func-
tion across an array of tests for ataxia (Crabbe et al., 2003a,b;
Metten et al., 2004). We first assessed ethanol-induced ataxia by
measuring missteps through a cage grid. Both WT and DKO mice
showed a significant increase in the ataxia ratio after administra-
tion of 2 g/kg ethanol compared with saline administration (Fig.
3A). However, there was no difference between genotypes in this
test, indicating that DKO mice do not display increased sensitiv-
ity to the ataxic effects of ethanol. We next assessed sensitivity to
ethanol-induced ataxia by measuring hindfoot missteps on a 19-
mm-wide balance beam before and after administration of 1.25
g/kg ethanol (Fig. 3B). Ethanol administration resulted in a sig-

nificant increase in missteps, but this was equivalent in WT and
DKO mice. In addition, we assessed the latency to fall from a
vertical screen 30 min after administration of 1.75 g/kg ethanol
(Fig. 3C) and observer-rated ataxia 10 min after administration
of 3 g/kg ethanol (Fig. 3D). In both cases, ethanol-induced ataxia
was equivalent in WT and DKO mice. In addition, we assessed the
latency of mice to fall from 15.8 and 9.6 mm dowels immediately
after and 30 min after administration of 1.75 g/kg ethanol, re-
spectively. In both cases, DKO mice did not demonstrate en-
hanced ethanol-induced ataxia (data not shown). In summary,
ethanol-induced ataxia, as measured by an array of tests of motor
function, was equivalent in WT and DKO mice. Error bars rep-
resent SEM.

Adenylyl cyclase knock-out mice do not demonstrate
enhanced sensitivity to pharmacologic agents that mimic the
actions of ethanol
As described above, two of the well characterized effects of etha-
nol on neurons include antagonism of the excitatory NMDA
receptor and potentiation of the inhibitory GABAA receptor. We
hypothesized that DKO mice, which display enhanced sensitivity
to the sedative effects of ethanol, might also have increased sen-
sitivity to the sedative effects of an NMDA receptor antagonist or
a GABAA receptor modulator. To test the sensitivity of mice to an
NMDA receptor antagonist, we measured the sleep time of WT
and DKO mice in the LORR assay after administration of ket-
amine. As shown in Figure 4A, DKO mice did not differ from WT
mice in sleep time after two different doses of ketamine. We then
examined the sensitivity of WT and DKO mice to pentobarbital,
a GABAA receptor modulator. DKO mice did not differ from WT
mice in sleep time after administration of two different doses of
pentobarbital (Fig. 4B). Some studies have shown differences in
the sedative effects of ethanol and pentobarbital in mice with

Figure 3. Adenylyl cyclase mutant mice do not demonstrate enhanced ethanol-induced
ataxia. A, Ataxia ratio for WT and DKO mice 30 min after intraperitoneal injection of ethanol (2
g/kg) or saline (0 g/kg). Ataxia ratio is defined as grid step-throughs/locomotor activity counts
(n � 8 –9 mice/genotype). There was a significant effect of ethanol treatment but not of
genotype (overall ANOVA, F(1,29) � 15.79; p � 0.001). B, Hindfoot missteps on 19 mm balance
beam before and 10 min after intraperitoneal ethanol injection (n � 11 mice/genotype). There
was a significant effect of ethanol treatment but not of genotype (overall ANOVA, F(1,40) �
12.69; p �0.001). C, Latency to fall from vertical screen 30 min after intraperitoneal injection of
ethanol (n � 11 mice/genotype). D, Observer rated ataxia for “splay” 10 –11 min after intra-
peritoneal injection of ethanol (n � 11 mice/genotype). Error bars represent SEM.
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deletions of particular GABAA receptor subunits (Blednov et al.,
2003; Kralic et al., 2003). To address this possibility and confirm
that DKO mice did not show increased sleep time after activation
of GABAA receptors, we measured sleep time after administra-
tion of THIP, a direct agonist of the GABAA receptor. DKO mice
did not differ from WT mice in sleep time after administration of
60 mg/kg THIP (Fig. 4C), confirming the results seen with ad-
ministration of pentobarbital.

It is possible that the enhanced sensitivity of DKO mice to the
sedative effects of ethanol is a result of synergism between the
antagonism by ethanol of the NMDA receptor and potentiation
of the GABAA receptor. To test this possibility, we assessed the
ability of increasing concentrations of MK-801, an NMDA antago-
nist, to enhance pentobarbital-induced loss of righting (Fig. 4D).
Although MK-801 administration alone is unable to induce loss of
righting reflex (data not shown), increasing concentrations of MK-
801 resulted in equivalent increases in pentobarbital-induced seda-
tion in WT and DKO mice.

Ethanol does not alter calcium-stimulated adenylyl
cyclase activity
We hypothesized that ethanol might have a direct effect on the
activity of calcium-stimulated adenylyl cyclases. To test this pos-
sibility, we isolated membranes from the cortices of WT and
DKO mice and assayed adenylyl cyclase activity in response to
increasing concentrations of calcium (Fig. 5A). Increasing con-
centrations of calcium resulted in increased adenylyl cyclase ac-
tivity in membranes from WT cortices. As demonstrated previ-
ously (Wong et al., 1999), membranes prepared from DKO brain
did not demonstrate significant calcium-stimulated AC activity
(data not shown). When the assay was repeated in the presence of
50 mM ethanol, calcium-stimulated adenylyl cyclase activity was un-
altered. Similar results were obtained using membranes prepared
from the cerebellum (Fig. 5B) and the hippocampus (Fig. 5C).

Ethanol-induced phosphorylation of multiple PKA substrates
is compromised in the DKO brain
Because we found no difference between WT and DKO mice in
sensitivity to NMDA receptor antagonists or GABAA receptor
agonists, and ethanol does not directly alter calcium-stimulated
AC activity, we hypothesized that the enhanced sensitivity to
ethanol-induced sedation displayed by DKO mice results from
altered signal transduction in the brains of these mice after etha-
nol administration. To address this possibility, we assessed the
extent of phosphorylation of PKA substrates in the whole brain
by Western blot analysis using an antibody directed against the
phosphorylated form of a PKA consensus phosphorylation mo-
tif. We harvested brains from WT mice when they regained con-
sciousness (as assessed by righting reflex) after injection of 4 g/kg
ethanol, between 55 and 74 min after injection. We then har-
vested brains from DKO mice at matching times after ethanol
injection. Importantly, the DKO mice were still unable to right
themselves at these time points. We also harvested brains from
WT and DKO mice at matching times after saline injection.
Western blot analysis of whole-brain lysates demonstrated that
ethanol treatment induced the phosphorylation of multiple pro-
teins, as indicated by the increased intensity of immunoreactive
bands (Fig. 6A). Interestingly, the ethanol-induced phosphory-
lation of a subset of proteins at PKA consensus sites was signifi-
cantly greater in WT brain lysates than in DKO brain lysates (Fig.
6A). Several other proteins showed a significant increase in
ethanol-induced phosphorylation, and a trend (0.05 � p � 0.1)
toward increased phosphorylation in WT brain compared with
DKO brain. Conversely, there was a separate subgroup of pro-
teins that demonstrated ethanol-induced phosphorylation that
was equivalent in the WT and DKO brain (Fig. 6A). In addition,
there was no difference in phosphorylation levels of PKA sub-
strates between WT and DKO brain lysates from mice injected
with saline. These results indicate the existence of a subset of
proteins for which the PKA-dependent phosphorylation after
ethanol treatment is regulated specifically by the calcium-
stimulated ACs.

The function of the AMPA receptor is regulated by PKA-
dependent phosphorylation of its GluR1 subunit on serine 845
and might be a potentially important target of the calcium-
stimulated ACs after ethanol administration (Roche et al., 1996;
Banke et al., 2000; Ehlers, 2000). We analyzed the ability of etha-
nol to regulate phosphorylation of this residue in whole-brain
lysates from WT and DKO mice (Fig. 6B). Ethanol treatment
induced a significant increase in the phosphorylation of this res-
idue in both WT and DKO brain lysates (Fig. 6C). In contrast,
phosphorylation of GluR1 at serine 831, which is regulated by
protein kinase C and calmodulin-dependent kinase II (Roche et
al., 1996), was unaffected by ethanol treatment in both WT and
DKO brain lysates (Fig. 6D,E). These studies provide the first
evidence that the PKA-dependent phosphorylation of the AMPA
receptor can be modulated in vivo by ethanol treatment.

Ethanol-induced phosphorylation of a subset of PKA
substrates is regulated by AC1 and AC8 in a brain region-
specific manner
Because the calcium-stimulated ACs and other proteins that reg-
ulate the activity of the cAMP signal transduction system are
expressed differentially throughout the brain, it is possible that
the ethanol-induced increase in PKA substrate phosphorylation
is modulated differently in various brain regions. To examine this
possibility, we harvested the cortex and cerebellum from WT and
DKO mice 45 min after administration of 4 g/kg ethanol and

Figure 4. Adenylyl cyclase mutant mice do not demonstrate enhanced sensitivity to NMDA
receptor antagonists or GABAA receptor modulators. A, Sleep time in WT and DKO mice after
intraperitoneal injection of ketamine (n � 9 –10 mice/genotype). B, Sleep time in WT and DKO
mice after intraperitoneal injection of pentobarbital (n � 9 –10 mice/genotype). C, Sleep time
in WT and DKO mice after intraperitoneal injection of THIP (n � 7– 8 mice/genotype). D, Sleep
time in WT and DKO mice after intraperitoneal injection of 30 mg/kg pentobarbital plus the
indicated dose of MK-801 (n � 7–15 mice/genotype). There was a significant effect of
MK-801 dose but not of genotype (overall ANOVA, F(3,80) � 33.48; p � 0.0001). Error bars
represent SEM.

4122 • J. Neurosci., April 20, 2005 • 25(16):4118 – 4126 Maas et al. • Calcium-Stimulated Adenylyl Cyclases and Ethanol Sensitivity



determined the extent of phosphorylation of PKA substrates by
Western blot analysis. It should be noted that in this experiment,
neither WT nor DKO mice treated with ethanol had regained
consciousness when they were killed, eliminating the possibility
that differences in protein phosphorylation levels between WT
and DKO lysates reflect the different state of consciousness at the
time they were killed, as might be possible for the previous exper-
iment. In the cortex, there were several proteins that were phos-
phorylated after ethanol administration to a greater extent in WT
mice than in DKO mice (Fig. 7A). In addition, there were pro-
teins that demonstrated an equivalent increase in phosphoryla-
tion in WT and DKO cortex after ethanol administration (Fig.
7A). In contrast, ethanol-induced phosphorylation of PKA sub-
strates in the cerebellum was equivalent between WT and DKO
mice for all proteins examined (Fig. 7B). These results demon-
strate that the calcium-stimulated ACs modulate the ethanol-
induced phosphorylation of a subset of PKA substrates in the
cortex but not in the cerebellum.

Discussion
Here, we demonstrate that AC1 KO and DKO mice have in-
creased sensitivity to the sedative effects of ethanol compared
with WT mice, whereas AC8 KO mice show only a slight increase
in sensitivity. In addition, AC8 KO and DKO mice, but not AC1
KO mice, have lower voluntary ethanol consumption than WT
mice. Furthermore, DKO mice do not have enhanced sensitivity
to ketamine and pentobarbital, pharmacologic agents that mimic
components of the effects of ethanol on neurons. Finally, we
demonstrate that whereas ethanol is without effect on calcium-
stimulated AC activity, the ethanol-induced phosphorylation of a
subset of PKA substrates is compromised in the brains of DKO
mice.

The deficits in learning and memory and LTP that are found
in DKO mice, but not in AC1 KO or AC8 KO mice, indicate that
loss of one calcium-stimulated AC isoform can be compensated
for by the remaining calcium-stimulated AC isoform (Wong et
al., 1999). Consistent with this, we find that AC1 KO mice display
sleep times after ethanol administration that are intermediate
between those of WT and DKO mice. If AC1 was the only
calcium-stimulated AC important in modulating the response to
the sedative effects of ethanol, one would expect that AC1 KO and
DKO mice would display identical sleep times after ethanol ad-
ministration. Because this is not the case, we conclude that both
AC1 and AC8 are contributors to this response to ethanol.

Surprisingly, there was a dissociation between alterations in
ethanol-induced sedation and voluntary ethanol consumption
among genotypes. In general, knock-out mice with altered etha-

nol sensitivity demonstrate an inverse re-
lationship between sensitivity to ethanol-
induced sedation and voluntary ethanol
consumption (Thiele et al., 1998, 2000;
Hodge et al., 1999; Bowers and Wehner,
2001; Wand et al., 2001; Naassila et al.,
2002, 2004; Spanagel et al., 2002) (but see
Yaka et al., 2003). Our results show that
whereas both AC1 and AC8 modulate sen-
sitivity to ethanol-induced sedation, vol-
untary ethanol consumption is modulated
solely by AC8. One possible explanation
lies in the differential expression of AC1
and AC8 within the brain: AC8 is highly
expressed in the thalamus, hypothalamus,
and brainstem, whereas AC1 is not (Xia et
al., 1991; Muglia et al., 1999). Calcium-

stimulated AC activity in these regions may be important for
determining the magnitude of rewarding or aversive effects of
ethanol or transducing them into a behavioral response.

Several groups have provided evidence that alterations in the
cAMP signaling system modulate sensitivity to ethanol, consis-
tent with our results. Drosophila with mutations that decrease the
activity of the cAMP signaling pathway, including rutabaga, the
Drosophila homolog of calcium-stimulated AC, demonstrates in-
creased sensitivity to ethanol (Moore et al., 1998). Mice with
decreases in G�s or PKA activity display increased sensitivity to
ethanol, whereas mice with increased PKA activity demonstrate
decreased sensitivity (Thiele et al., 2000; Wand et al., 2001). The
results described here provide additional support for the impor-
tance of the cAMP signaling cascade in the regulation of ethanol
sensitivity in adult mice and identify specific mammalian AC
isoforms important for this regulation.

Because our strategy of backcrossing the AC1 and AC8 KO
mice to C57BL/6 permits mutation-flanking 129/Sv DNA regions
to be carried along with the targeted loci (Wu et al., 1995;
Schaefer et al., 2000), it is possible that the effects we describe here
could be attributable to the presence of genes linked to the loci for
AC1 and/or AC8. Analysis of quantitative trait loci (QTL) has
identified several chromosomal regions that modulate ethanol-
induced sedation and consumption (Crabbe, 2002). Among
these are regions on chromosomes 11 and 15, where the loci for
AC1 and AC8 are located, respectively. The QTL for ethanol-
induced sedation on chromosome 11 has been efficiently recom-
bined away from the locus for AC1 during generation of lines (see
Materials and Methods for details) and cannot contribute to the
effects we described here (Bennett et al., 2002). In contrast, a QTL
for ethanol consumption on chromosome 15 is linked to our
129/Sv-derived locus for AC8, and it is possible that the altered
ethanol consumption in AC8 KO mice may be associated with the
presence of a different gene associated with this QTL (Vadasz et
al., 2000). This alternative is unlikely, because we demonstrated
no difference in ethanol consumption between mice heterozy-
gous at this locus compared with mice homozygous at this locus
for 129/Sv sequences. The most parsimonious explanation is that
the QTL on chromosome 15 may be caused by differences in the
activity of AC8 between inbred strains of mice.

The deficits displayed by DKO mice in NMDA-dependent
phenomena have led to the suggestion that activation of the
NMDA receptor couples to activation of the calcium-stimulated
ACs (Chetkovich and Sweatt, 1993; Wong et al., 1999). If true,
then the antagonism by ethanol of the NMDA receptor should
result in decreased activation of AC1 and AC8 and might explain

Figure 5. Ethanol does not enhance calcium-stimulated adenylyl cyclase activity. A, Calcium-stimulated adenylyl cyclase
activity in membrane preparations from WT cortices was assayed in the presence and absence of 50 mM ethanol (n � 5 samples/
condition). B, Calcium-stimulated adenylyl cyclase activity in membrane preparations from WT cerebelli was assayed in the
presence and absence of 50 mM ethanol (n � 5 samples/condition). C, Calcium-stimulated adenylyl cyclase activity in membrane
preparations from WT hippocampi was assayed in the presence and absence of 50 mM ethanol (n � 5 samples/condition). Error
bars represent SEM.
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the enhanced sensitivity of DKO mice to ethanol. However, DKO
mice did not demonstrate increased sleep time compared with
WT mice after administration of NMDA receptor antagonists or
GABAergic modulators, including ketamine, pentobarbital,
THIP, or a mixture of pentobarbital and MK-801. We conclude
that the enhanced sensitivity of DKO mice to ethanol-induced
sedation is independent of the antagonism by ethanol of the
NMDA receptor and potentiation of the GABAA receptor. Fur-
thermore, these results suggest that loss of AC1 and AC8 does not
increase sensitivity to all sedative agents but is specific for
ethanol-induced sedation.

We show that the ability of ethanol to induce the phosphory-
lation of a subset of PKA substrates was compromised in the

brains of DKO mice. Previous work has demonstrated that etha-
nol treatment is able to induce the nuclear translocation of PKA,
cAMP response element (CRE)-binding protein phosphoryla-
tion, and CRE-mediated transcription (Yang et al., 1996; Con-
stantinescu et al., 1999, 2002). These results are the first to dem-
onstrate that the ability of ethanol to induce PKA activation and
phosphorylation of PKA substrates is mediated, in part, by the
calcium-stimulated ACs. Furthermore, they provide the first ev-
idence linking the calcium-stimulated cyclases to phosphoryla-
tion of specific PKA targets. In addition, these results provide
additional evidence that there are discrete spatiotemporal pools
of cAMP within the cell, with consequences on specific down-
stream targets, paralleling work by others in cardiac myocytes
and neurons (Davare et al., 2001; Zaccolo and Pozzan, 2002). At
present, the exact mechanism leading to the activation of AC1

Figure 6. Ethanol-induced phosphorylation of a subset of PKA substrates is compromised in
DKO brain. A, Western blot analysis of lysates of whole brain from WT and DKO mice treated with
ethanol or saline display increased intensity of several bands detected by an antibody to the
phosphorylated PKA consensus motif after ethanol treatment. Each lane contains 50 �g of
protein from the brain lysate of a unique mouse. The asterisk indicates bands that were in-
creased in intensity after ethanol treatment to a greater extent in WT brain than in DKO brain
(treatment, p � 0.05; genotype, p � 0.05). The numbers in parentheses indicate the fold
difference in mean intensity of indicated bands in WT ethanol group versus DKO ethanol group.
The # symbol indicates bands that were increased equivalently in WT and DKO brain after
ethanol treatment (treatment, p � 0.05; genotype, p � 0.05). B, Levels of GluR1 phosphory-
lated at serine 845, a site phosphorylated by PKA, in brains from WT and DKO mice treated with
saline or ethanol. C, Normalized intensity of GluR1 phosphorylated at serine 845 in brains from
WT and DKO mice treated with saline or ethanol (n � 3 samples/genotype). There was a
significant effect of ethanol treatment but not of genotype (overall ANOVA, F(1,8) � 39.31; p �
0.0005). D, Levels of GluR1 phosphorylated at serine 831, a site phosphorylated by PKC and
CaMKII, in brains from WT and DKO mice treated with saline or ethanol. E, Normalized intensity
of GluR1 phosphorylated at serine 831 in brains from WT and DKO mice treated with saline or
ethanol (n � 3 samples/genotype). MW, Molecular weight. Error bars represent SEM.

Figure 7. Ethanol-induced phosphorylation of a subset of PKA substrates is compromised in
the cortex, but not the cerebellum, of DKO mice. Western blots of lysates of cortex (A) or cere-
bellum (B) isolated from WT and DKO mice treated with ethanol or saline are shown, indicating
increased intensity of several bands detected by an antibody to the phosphorylated PKA con-
sensus motif after ethanol treatment. The asterisk indicates bands that were increased after
ethanol treatment to a greater extent in the WT brain than in the DKO brain (treatment, p �
0.05; genotype, p � 0.05). The number in parentheses indicates the fold difference in mean
intensity of indicated bands in WT ethanol group versus DKO ethanol group. The # symbol
indicates bands that were increased equivalently in WT and DKO brain after ethanol treatment
(treatment, p � 0.05; genotype, p � 0.05). There were no bands in cerebellar samples that
were increased after ethanol treatment to a greater extent in WT mice than in DKO mice. MW,
Molecular weight.
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and AC8 after ethanol exposure remains to be elucidated. It is
possible that ethanol administration leads to elevation of intra-
cellular calcium, resulting in the activation of AC1 and AC8.
Conversely, ethanol exposure may result in increased G�s activity
through indirect stimulation of adenosine receptors, among oth-
ers (Choi et al., 2004). Examining the sensitivity of mice with
genetic deletions of the other members of the AC family will
provide additional information about this process.

Interestingly, the ethanol-induced phosphorylation of a sub-
set of PKA substrates is compromised in the cortex, but not the
cerebellum, of DKO mice. These results correlate well with the
behavioral response of the mice to ethanol, because DKO mice
display enhanced sensitivity to the sedative, but not the ataxic,
effects of ethanol. We hypothesize that the sedative effects of
ethanol are mediated through inhibition of cortical function, al-
though its ataxic effects are mediated through inhibition of cere-
bellar activity, explaining the dissociation in the behavioral ex-
pression of enhanced ethanol sensitivity in the DKO mice.

Interventions that perturb the levels of neuronal activity result
in compensatory, homeostatic alterations that counteract the ef-
fects of such perturbations (Davis and Bezprozvanny, 2001). We
propose that the ethanol-mediated induction of phosphorylation
of PKA substrates is part of a homeostatic mechanism, initiated at
least in part by AC1 and AC8. This activation counteracts the
inhibitory effects of ethanol on neuronal activity, such that
knock-out mice missing AC1 and/or AC8 have defects in this
homeostatic process. However, it remains possible that the phos-
phorylation may be part of a response to ethanol without con-
tributing to a homeostatic restoration of activity. It is likely that
AMPA receptors are one of the targets of this homeostatic pro-
cess, because treatment with ethanol leads to phosphorylation of
the GluR1 subunit of the AMPA receptor at a residue regulated by
PKA but not at a residue regulated by PKC and calmodulin-
dependent kinase II. Phosphorylation of serine 845 of the GluR1
receptor has been demonstrated to have multiple effects on
AMPA receptor activity, including potentiation of the peak cur-
rent and open probability of the receptor, and increasing the rate
of reinsertion of the receptor in the plasma membrane (Roche et
al., 1996; Banke et al., 2000; Ehlers, 2000). Thus, the increased
phosphorylation of GluR1 at serine 845 induced by ethanol treat-
ment would result in increased activity of the AMPA receptor,
counteracting the inhibitory effect of ethanol on neuronal activ-
ity. Although our results suggest that this phosphorylation is not
regulated by the calcium-stimulated ACs, another study (Lu et
al., 2003) has shown that barrelless mice, which have a spontane-
ous mutation of AC1, have decreased phosphorylation of this
residue in synaptosomes isolated from somatosensory cortex of
neonatal mice. It is likely that the AC1-mediated regulation of
phosphorylation of this residue is lost during development, ex-
plaining the difference in our results. Although our results sug-
gest that phosphorylation of GluR1 at serine 845 is more likely
regulated by G�s-stimulated ACs, it nonetheless provides sup-
port for the idea that regulation of PKA activity by multiple
sources is a critical component of the homeostatic response to
ethanol-mediated inhibition of neuronal activity. The future
characterization of targets uniquely regulated by the calcium-
stimulated ACs will provide additional insight into the mecha-
nism of the neuronal response to the inhibitory effects of ethanol.
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