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Both in vitro and in vivo evidence indicate that cAMPdependent protein kinase (PKA) mediates some of the acute
and chronic cellular responses to alcohol. However, it is unclear
whether PKA regulates voluntary alcohol consumption. We
therefore studied alcohol consumption by mice that completely
lack the regulatory II␤ (RII␤) subunit of PKA as a result of
targeted gene disruption. Here we report that RII␤ knockout
mice (RII␤⫺/⫺) showed increased consumption of solutions
containing 6, 10, and 20% (v/v) ethanol when compared with
wild-type mice (RII␤⫹/⫹). On the other hand, RII␤⫺/⫺ mice
showed normal consumption of solutions containing either sucrose or quinine. When compared with wild-type mice, the
RII␤⫺/⫺ mice were found to be less sensitive to the sedative

effects of ethanol as measured by more rapid recovery from
ethanol-induced sleep, even though plasma ethanol concentrations did not differ significantly from those of controls. Finally,
both RI␤- and catylatic subunit ␤1-deficient mice showed normal voluntary consumption of ethanol, indicating that increased
ethanol consumption is not a general characteristic associated
with deletion of PKA subunits. These data demonstrate a role
for the RII␤ subunit of PKA in regulating voluntary consumption
of alcohol and sensitivity to the intoxication effects that are
produced by this drug.

Many neurotransmitters and hormones transduce their signal into
a cell by activating G-protein-coupled receptors that modulate
adenylyl cyclase; this changes intracellular cAMP levels, which
subsequently alters cAMP-dependent protein kinase (PKA) activity. PKA comprises a holoenzyme consisting of a regulatory
(R) subunit homodimer and two catalytic (C) subunits (Brandon
et al., 1997). In mice there are four R genes (encoding RI␣, RI␤,
RII␣, and RII␤) and two C genes (C␣ and C␤), expressed in
tissue-specific patterns (McKnight, 1991). The cAMP–PKA system has been implicated in adipose regulation (Cummings et al.,
1996), neural plasticity associated with learning and memory
(Kandel and Schwartz, 1982; Skoulakis et al., 1993; Connolly et
al., 1996; Goodwin et al., 1997; Villacres et al., 1998; Wong et al.,
1999), drug tolerance and dependence (Self and Nestler, 1995;
Moore et al., 1998; Andretic et al., 1999; Yoshimura and Tabakoff, 1999), and sensitization in nociception (Taiwo and Levine,
1991). We have produced RII␤⫺/⫺ mice by gene targeting (Brandon et al., 1995a, 1998). These mice grow and reproduce similarly
to wild-type mice and have a normal life span. However, they
exhibit diminished white adipose tissue and resistance to dietinduced obesity (Cummings et al., 1996). Consistent with the
observation that RII␤ is the most highly expressed R subunit in
basal ganglia-associated circuitry (Cadd and McKnight, 1989;
Glantz et al., 1992), we have found that RII␤⫺/⫺ mice have
deficits in complex motor behavior (Brandon et al., 1998) and are

resistant to haloperidol-induced gene expression and catalepsy
(Adams et al., 1997).
There is increasing evidence that PKA is involved with mediating some of the acute and chronic cellular responses to ethanol
(Diamond and Gordon, 1997). For example, chronic administration of ethanol has been found to cause significant increases in
cAMP levels and PKA activity in the nucleus accumbens of rats
(Ortiz et al., 1995). Furthermore, in vitro studies revealed that 200
mM ethanol caused translocation of the C␣ subunit of PKA from
the Golgi area to the nucleus in ⬃75% of exposed cells, and that
C␣ remained in the nucleus as long as ethanol was present
(Dohrman et al., 1996). However, although it is clear that ethanol
influences PKA activity, it is not clear whether PKA activity is
involved in regulating voluntary ethanol consumption. To address
this question, we studied ethanol consumption and sensitivity to
the acute effects of ethanol in RII␤⫺/⫺ mice to determine
whether ethanol-seeking behavior and the neurobiological effects
of ethanol are also influenced by genetic alterations in PKA
activity.
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MATERIALS AND METHODS
Animals. The disruption of the RII␤ gene by homologous recombination
in embryonic stem cells from 129 SvJ mice has been described (Brandon
et al., 1998). Chimeras were bred with C57BL /6 mice to obtain heterozygotes (50% 129 SvJ ⫻ 50% C57BL /6). These heterozygotes were backcrossed with C57BL /6 mice to yield RII␤⫹/⫺ mice on a 98% C57BL /6
genetic background. These mice were then bred with 129 SvJ mice, and
the F2 mice from this cross yielded RII␤⫺/⫺ mice and wild-type
(RII␤⫹/⫹) littermate mice (⬃50% 129 SvJ ⫻ 50% C57BL /6), which
were used in the present studies. Studies used an approximately equal
number of male and female RII␤⫺/⫺ and RII␤⫹/⫹ mice. Each study
described below used naı̈ve mice. Mice were individually housed in
plastic mouse cages with ad libitum access to standard rodent chow
(Teklad; Harlan, Madison, W I) and water throughout the experiments.
The colony room was maintained at ⬃22°C with a 12 hr light /dark cycle.
Alcohol intak e test. Throughout the experiments, fluid intake, food
intake, and body weight measures were assessed every 2 d. RII␤⫺/⫺ (n ⫽
12) and wild-type (n ⫽ 12) mice were habituated in their home cage to
drinking from two bottles containing plain water over 6 d. Mice were
then given 24 hr access to two bottles, one containing plain water and the
other containing ethanol in water. The concentration of ethanol (v/ v) was
increased every 8 d; mice received 3, 6, 10, and finally 20% ethanol over
the course of the experiment. The positions of the bottles were changed
every 2 d to control for position preferences. These same procedures
were used with RI␤⫺/⫺ (n ⫽ 12) and RI␤⫹/⫹ (n ⫽ 12) mice and with
C␤1⫺/⫺ (n ⫽ 14) and C␤1⫹/⫹ (n ⫽ 14) mice. Average ethanol consumption per day was obtained for each ethanol concentration. To obtain
a measure of ethanol consumption that corrected for individual differences in mouse size, grams of ethanol consumed per kilogram of body
weight per day were calculated for each mouse. As a measure of relative
ethanol preference, ethanol preference ratios were calculated at each
ethanol concentration by dividing total ethanol solution consumed by
total fluid (ethanol plus water) consumption. T wo-way, 2 ⫻ 4 (genotype ⫻ concentration) repeated measures ANOVAs were used for statistical examination of the data.
Test for sensitivit y ethanol-induced sedation. RII␤⫺/⫺ (n ⫽ 11) and
RII␤⫹/⫹ (n ⫽ 9) mice were removed from their home cage and given an
intraperitoneal injection of ethanol (4.0 gm / kg; 20%, w/ v, mixed in
isotonic saline). At the onset of ethanol-induced sedation each mouse
was placed on its back into a plastic U-shaped trough. The time (minutes)
that elapsed between the ethanol injection and when the mouse could
right itself onto all four paws, three times within a 30 sec interval, was
used as the index of time to regain the righting reflex. These data were
analyzed with a one-way (genotype) ANOVA.
Sucrose and quinine consumption test. RII␤⫺/⫺ (n ⫽ 13) and RII␤⫹/⫹
(n ⫽ 12) mice were habituated in their home cage to drinking from two
bottles containing plain water for 6 d. Over the next 8 d, mice were given
plain water in one bottle and sucrose or quinine in the other bottle. The
compounds were presented in the following order: sucrose solutions (1.70
and 4.25%) followed by quinine solutions (0.03 and 0.10 mM). Mice had
48 hr access to each solution, and the position of the solution was
counterbalanced between animals. Milliliters of solution consumed per
kilogram of body weight per day were calculated for each mouse. Data
collected with each taste solution were analyzed separately with two-way,
2 ⫻ 2 (genotype ⫻ concentration) repeated measures ANOVA.
Kinase assay. K inase activity was assayed on cell homogenates as
described elsewhere (C legg et al., 1987) using Kemptide (Kemp et al.,
1977) as a substrate in the presence or absence of 5 M cAM P. Residual
activity in the presence of 4 g /ml protein kinase inhibitor peptide was
subtracted. For each brain region examined, samples were collected from
two or three separate animals. In some cases, kinase activity was assessed
after injection of ethanol or an equal volume of isotonic saline. Mice
were given an intraperitoneal injection of 4.0 gm / kg ethanol (20%, w/ v)
and returned to their home cages. Four hours later, mice were given an
intraperitoneal injection of 2.0 gm / kg ethanol. Six hours after the first
injection, mice were rapidly anesthetized with C O2, and their brains
were removed for kinase assays. Based on our plasma ethanol data, we
estimated that these mice would have plasma ethanol levels of ⱖ150
mg /dl during the 6 hr of ethanol exposure.
Plasma ethanol concentrations. RII␤⫺/⫺ (n ⫽ 3) and RII␤⫹/⫹ (n ⫽ 3)
mice were given an intraperitoneal injection of ethanol (4.0 gm / kg; 20%,
w/ v, mixed in isotonic saline) and immediately returned to their home
cage. One-half, 2, and 4 hr after ethanol injection, ⬃30 l of blood was
collected from each mouse via the hindlimb saphenous vein. Plasma
ethanol levels were determined via spectrophotometic methods (Enzy-

Figure 1. Consumption of ethanol by mutant mice lacking the RII␤
subunit of PKA (RII␤⫺/⫺) and wild-type control mice (RII␤⫹/⫹) maintained on a 129 SvJ ⫻ C57BL/6 hybrid background. a, Consumption
(grams per kilogram) of a 20% ethanol solution. b, Consumption (grams
per kilogram per day) at each ethanol solution (8-d average). c, Ethanol
preference ratios (volume of ethanol consumed/total fluid consumed) as a
measure of relative ethanol preference. All values reported as mean ⫾
SEM. ANOVAs indicated that the RII␤⫺/⫺ mice drank significantly
more ethanol than RII␤⫹/⫹ mice. RII␤⫺/⫺ versus RII␤⫹/⫹, *p ⬍ 0.05.
matic Determination of Alcohol Test; Sigma, St. L ouis, MO) and calculated as milligrams per deciliter. A two-way, 2 ⫻ 3 (genotype ⫻ time)
repeated measures ANOVA was used to analyze the data.

RESULTS
RII␤ⴚ/ⴚ mice drink high amounts of solutions
containing ethanol
The RII␤⫺/⫺ mice consumed significantly more 6, 10, and 20%

ethanol solution when compared with wild-type littermate control
mice (Fig. 1a,b), drinking nearly twice as much of the 20%
ethanol solution. We expressed consumption of ethanol relative
to total fluid consumption (ethanol preference ratio). RII␤⫺/⫺
mice showed a higher intake of ethanol and preferred ethanol to
water (preference ratios ⬎0.50) during access to the 6 and 10%
ethanol solutions (Fig. 1c). Although there were no significant
differences between genotypes in measures of average food intake (RII␤⫺/⫺ mice, 179.81 ⫾ 7.05 gm 䡠 kg ⫺1 䡠 d ⫺1; RII␤⫹/⫹
mice, 172.02 ⫾ 3.29 gm 䡠 kg ⫺1 䡠 d ⫺1) or average water consumption (RII␤⫺/⫺ mice, 165.56 ⫾ 15.3 gm 䡠 kg ⫺1 䡠 d ⫺1; RII␤⫹/⫹
mice, 180.07 ⫾ 12.29 gm 䡠 kg ⫺1 䡠 d ⫺1), consistent with previous
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be unrelated to the pharmacological effects of ethanol. To determine whether genotypes show general differences in taste preference, we tested separate groups of mice with sucrose and
quinine solutions, using the same protocol as above. We used
these tastants because previous research has indicated that rodents perceive the taste of alcohol as a sweet–bitter compound
(Kiefer et al., 1990). There were no significant differences between genotypes in voluntary consumption of these sweet and
bitter solutions (Fig. 2b). Thus increased consumption of ethanol
in RII␤⫺/⫺ mice did not extend to other flavored solutions.
Additionally, because ingestion of food and sucrose solutions,
both of which contain calories, did not differ between the genotypes, increased intake of ethanol by RII␤⫺/⫺ mice does not
appear to be calorie-driven. It was also possible that the RII␤⫺/⫺
mice showed high ethanol consumption and resistance because of
an increased rate of alcohol metabolism. However, this does not
appear likely, because the RII␤⫺/⫺ and wild-type mice did not
differ in plasma ethanol concentrations either 1 or 3 hr after
injection (Fig. 2c).

cAMP-stimulated PKA activity is reduced in
RII␤ⴚ/ⴚ mice

Figure 2. Measures of acute sensitivity to the sedative effects of ethanol,
consumption of nonalcoholic tastants, and plasma ethanol levels (mean ⫾
SEM). a, Time to regain the righting reflex (minutes) after injection of
ethanol (4.0 gm/kg; i.p.). b, Consumption (milliliters per kilograms per
day) of solutions containing either sucrose (Suc) or quinine (Qui). c,
Plasma ethanol concentration (milligrams per deciliter) either 1 or 3 hr
after ethanol injection (4.0 gm/kg; i.p). ANOVAs indicated that RII␤⫺/⫺
mice recovered from ethanol-induced sedation significantly sooner than
RII␤⫹/⫹ mice. On the other hand, RII␤⫺/⫺ and RII␤⫹/⫹ mice did not
differ significantly in consumption of nonalcoholic tastants or plasma
ethanol levels. RII␤⫺/⫺ versus RII␤⫹/⫹, *p ⬍ 0.05.

reports, RII␤⫺/⫺ mice showed significantly lower average body
weight (RII␤⫺/⫺ mice, 24.72 ⫾ 0.75 gm; RII␤⫹/⫹ mice, 27.89 ⫾
1.1 gm; p ⬍ 0.05).

RII␤ⴚ/ⴚ mice are resistant to
ethanol-induced sedation
Examples from both human and animal research indicate that
high levels of ethanol drinking are often associated with resistance to the physiological effects of this drug (Schuckit, 1986,
1988, 1994; Kurtz et al., 1996; Thiele et al., 1998). We therefore
determined whether RII␤⫺/⫺ mice were resistant to the sedative
and hypnotic effects of ethanol. The RII␤⫺/⫺ mice were resistant
to the sedative effects of ethanol, regaining their righting reflex
⬃25 min sooner than wild-type mice (Fig. 2a).

Normal consumption of nonalcoholic tastants and
ethanol metabolism in RII␤ⴚ/ⴚ mice
We determined whether increased ethanol consumption and resistance to the acute effects of ethanol in the RII␤⫺/⫺ mice might

Reductions in cAMP-stimulated PKA activity have been identified in several brain regions of the RII␤⫺/⫺ mice, including the
cortex and the striatum (Adams et al., 1997; Brandon et al., 1998).
Although the genotypes did not differ in PKA activity in the
absence of cAMP, here we show a reduction in cAMP-stimulated
PKA activity in the nucleus accumbens, the amygdala, the hippocampus, and the hypothalamus of RII␤⫺/⫺ mice (Fig. 3).
Although we cannot conclude from the present data which, if any,
of these regions are involved with altered ethanol consumption
and sensitivity in RII␤⫺/⫺ mice, each of these brain regions has
been shown to be a target for ethanol and may be involved with
mediating neurobiological effects produced by this drug (Ryabinin et al., 1997). Finally, when compared with saline injection,
ethanol injection did not alter either basal or cAMP-stimulated
PKA activity in the amygdala (Fig. 3e,f ).

Normal ethanol consumption in RI␤- and
C␤1-deficient mice
To determine whether increased ethanol consumption is a general characteristic associated with deletion of PKA subunits, we
assessed voluntary ethanol consumption in two other PKA subunit knock-out mice that show normal development and reproduction (Brandon et al., 1995b; Guthrie et al., 1997). RI␤ is
expressed exclusively in neurons, whereas C␤1 (a splice variant of
C␤) is expressed in all tissues. The C␤ gene also contains two
neuron-specific promoters that are highly expressed in the basal
ganglia giving rise to C␤2 and C␤3 proteins, and these transcripts
are unaffected in the C␤1 knock-out mice. Relative to their
wild-type littermates, neither the RI␤ nor the C␤1 knock-out
mice drank increased amounts of solutions containing ethanol
(Fig. 4). Initial data also indicate that deletion of the RII␣ gene
does not cause increased ethanol consumption (data not presented). Thus, increased ethanol intake appears to be specific to RII␤
knock-out mice.

DISCUSSION
Here we show that the RII␤ subunit of PKA is critically involved
with regulating both voluntary ethanol consumption and sensitivity to the acute intoxicating effects of this drug. Increased consumption of ethanol in RII␤⫺/⫺ mice does not appear to be
related to the taste and/or caloric properties of ethanol, because
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Figure 3. Kinase assay with homogenates of the indicated
brain regions from RII␤⫺/⫺ and RII␤⫹/⫹ mice (mean ⫾
SEM). Phosphorylation of PKA substrate Kemptide was assayed in the presence (⫹cAMP) or absence (basal ) of 5 M
cAMP. Although basal activity did not differ between the
genotypes, the data indicate that RII␤⫺/⫺ mice have reduced cAMP-stimulated PKA activity in each brain region
examined. Furthermore, 6 hr exposure to ethanol did not
alter PKA activity in RII␤⫺/⫺ or RII␤⫹/⫹ mice (e, f ).

Figure 4. Consumption of solutions containing ethanol (grams per kilogram per day) in mutant mice lacking either the RI␤ (RI␤⫺/⫺) subunit of
PKA ( a) or the C␤1 (C␤1⫺/⫺) subunit of PKA ( b) and their respective
wild-type controls. Values are reported as mean ⫾ SEM. With each
mutant model, knock-out and wild-type mice did not differ significantly in
ethanol consumption at each concentration tested.

these mice showed normal consumption of solutions containing
either sucrose or quinine and normal food intake. Furthermore,
increased consumption and resistance to the acute effects of

ethanol are not related to increased ethanol metabolism, because
RII␤⫺/⫺ and RII␤⫹/⫹ mice did not differ in plasma ethanol
levels. Previous research found that C57BL/6 mice that voluntarily drank from a 10% (v/v) ethanol solution during a 24 hr period
consumed an average of 5 gm/kg ethanol and reached pharmacologically significant peak blood ethanol levels of ⬃0.125%
(Dole and Gentry, 1984). Because mice in the present study drank
an average of 12–17 gm 䡠 kg ⫺1 䡠 d ⫺1 during access to the 10%
ethanol solution, it may be assumed that they obtained peak blood
alcohol concentrations of ⱖ0.125% during periods of peak consumption. Thus, we concluded that RII␤⫺/⫺ mice have altered
sensitivity to the pharmacological effects that are produced by
ethanol. Importantly, these data present the first direct evidence
that PKA signaling is involved with ethanol-seeking behavior.
PKA activation occurs when cAMP binds to the R subunit of
the PKA complex, liberating catalytically active C subunits, which
diffuse throughout the cell and phosphorylate nearby proteins;
the C subunits then translocate to the nucleus and regulate gene
expression (Brandon et al., 1997). Because RII␤ is the major R
subunit in many brain regions, including the striatum, the nucleus
accumbens, and the amygdala, and because increases in RI␣ and
RI␤ do not compensate fully for the loss of RII␤ (Amieux et al.,
1997; Brandon et al., 1998), an increased proportion of active C
subunits are chronically unregulated in RII␤⫺/⫺ mice. Thus, the
absence of RII␤ produces a state of constitutive PKA activation
in RII␤⫺/⫺ mice, even in the absence of cAMP activation. We
suggest that it is this chronic PKA activation that promotes
increased ethanol consumption and resistance to the acute effects
of ethanol in RII␤⫺/⫺ mice. However, in addition to regulating
C subunit activity, R subunits also protect C subunits from proteolysis (Hemmings, 1986); thus unbound (i.e., active) C subunits
are more rapidly degraded in RII␤⫺/⫺ mice, leading to dramatic
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decreases in steady-state levels of both C␣ and C␤ (Brandon et
al., 1998). The reduction of total PKA activity in striatum, amygdala, and hippocampus reflects this destabilization of C subunit
because there is no change in mRNA levels for C subunit in
RII␤⫺/⫺ mice (our unpublished data). In summary, the effects of
the RII␤ mutation on PKA activity are complex, resulting in
chronic release of active C subunit, which is then downregulated
by proteolysis, resulting in lower total cAMP-stimulated PKA
activity in specific brain regions.
If the increase in voluntary ethanol consumption is the result of
chronic PKA activity, then deletion of other PKA subunits that
do not result in altered PKA activity should be associated with
normal physiological and behavioral responses to ethanol. Furthermore, other treatments expected to chronically increase basal
cAMP levels and PKA activity should also lead to increased
ethanol intake and/or reduced sensitivity to ethanol, whereas the
opposite (decreased intake and increased sensitivity) would be
expected of treatments that produce chronic reductions in cAMP
levels and PKA activity. In fact, deletion of the RI␤ subunit of
PKA is associated with compensation by RI␣ in the brain, and
there are no detectable changes in C subunit levels or total PKA
activity (Brandon et al., 1995b; Amieux et al., 1997); we have
shown that RI␤⫺/⫺ mice drink normal amounts of ethanol.
Deletion of the C␤1 subunit also has little impact on PKA activity
(Huang et al., 1995), and C␤1⫺/⫺ mice also show normal ethanol
intake. More severe deficits in C subunit activity might be expected to reduce ethanol consumption, and we will test this
hypothesis by targeted disruption of the neural-specific C␤2,3
isoforms.
Recently, it was shown that mutant mice that lack neuropeptide
Y (NPY) are resistant to ethanol-induced sedation and show high
levels of ethanol consumption. On the other hand, transgenic
mice that overexpress NPY were found to be more sensitive to
ethanol-induced sedation and drank little ethanol (Thiele et al.,
1998). Because NPY receptors are coupled to Gi proteins that
inhibit adenylate cyclase, removal of this peptide could allow a
chronic increase in cAMP levels and activation of PKA. The
opposite effect would be expected in transgenic mice overexpressing NPY. Another example suggesting a connection between
ethanol sensitivity and cAMP has been reported in studies of the
inactivation of the Drosophila amnesiac gene. Amnesiac encodes a
secreted neuropeptide that stimulates cAMP production, and
inactivation of this gene renders flies more sensitive to ethanolinduced sedation (Moore et al., 1998). Removal of an excitatory
neuromodulator should cause chronic reductions in cAMP levels
and PKA activity consistent with the hypothesized relationship
between cAMP and PKA signaling and sensitivity to the intoxicating effects of ethanol. Together, these data suggest that resistance to the acute effects of ethanol and the rate of voluntary
ethanol consumption could be linked to cAMP levels and activation of PKA.
There is increasing evidence indicating that high levels of
ethanol drinking are often associated with resistance to the intoxicating effects produced by this drug. For example, rats that
have been selectively bred for high ethanol consumption recover
from ethanol-induced sedation significantly sooner than those
rats that have been selectively bred for low alcohol drinking
(Kurtz et al., 1996). As discussed above, there is an inverse
relationship between ethanol consumption and the degree of
sensitivity to the sedative effects of this drug in NPY knock-out
and NPY-overexpressing mice (Thiele et al., 1998). Interestingly,
this relationship is also found in human research. Sons and
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daughters of alcoholics are less sensitive to the biochemical,
motor, and perceptual changes induced by intoxicating levels of
ethanol relative to children without a family history of alcoholism. Furthermore, these children have an increased risk for developing alcoholism (Schuckit, 1994). Here we demonstrate another example of this relationship, because RII␤⫺/⫺ mice drink
large amounts of ethanol and are also resistant to the intoxicating
effects of the drug.
We show that the RII␤ subunit of PKA is important for
regulating ethanol intake and sensitivity to the acute effects of
ethanol. Because mutation of either the RI␤ or C␤1 genes does
not influence ethanol ingestion, increased ethanol consumption
does not appear to be a general characteristic associated with
deletion of PKA subunits. Rather, it is likely that RII␤⫺/⫺ mice
drink more ethanol because normal PKA activity is disrupted in
brain regions involved with mediating ethanol reward. It will be
important to determine where the RII␤ subunit acts to regulate
ethanol consumption.
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