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istration and culminating in altered gene tran-
scription, through which previous exposure
to cocaine can influence the subsequent sub-
jective qualities of the drug. Repeated expo-
sure to cocaine causes an up-regulation of
dynorphin expression through stimulation of
dopamine D1-type receptors and the cAMP
pathway (2, 7, 15). Upon subsequent expo-
sure to cocaine, augmented release of dynor-
phin could inhibit local dopamine release
through actions at k opioid receptors on ter-
minals of mesolimbic dopaminergic neurons
that innervate the nucleus accumbens (19,
20). Diminished release of dopamine in the
nucleus accumbens may be aversive, or it
may unmask other actions of cocaine that
oppose drug reward (3, 21).

With repeated use of cocaine in humans,
rewarding effects of the drug reportedly di-
minish and are overshadowed by unpleasant
side effects including anxiety and irritability
(22). Our data provide evidence that cocaine-
induced increases in CREB and dynorphin in
the forebrain could contribute to these chang-
es. Indeed, cocaine users exhibit increased
expression of dynorphin mRNA in the nucle-
us accumbens (23). Up-regulation of CREB-
mediated transcription in the nucleus accum-
bens may counteract positive feedback-type
adaptations that tend to intensify drug reward
[for example, see (12, 24)]. Sensitization to
the reward-related properties of psychostimu-
lants also contributes importantly to addictive
behavior (25). Individual variability in the
balance and time course of positive and neg-
ative feedback-type changes in brain bio-
chemistry may ultimately influence vulnera-
bility to addiction and relapse.
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cAMP (3',5’ cyclic adenosine monophosphate) is a second messenger that in
eukaryotic cells induces physiological responses ranging from growth, differ-
entiation, and gene expression to secretion and neurotransmission. Most of
these effects have been attributed to the binding of cAMP to cAMP-dependent
protein kinase A (PKA). Here, a family of cAMP-binding proteins that are
differentially distributed in the mammalian brain and body organs and that
exhibit both cAMP-binding and guanine nucleotide exchange factor (GEF) do-
mains is reported. These cAMP-regulated GEFs (cAMP-GEFs) bind cAMP and
selectively activate the Ras superfamily guanine nucleotide binding protein
Rap1A in a cAMP-dependent but PKA-independent manner. Our findings sug-
gest the need to reformulate concepts of cAMP-mediated signaling to include
direct coupling to Ras superfamily signaling.

Since the discovery that cAMP activates the
phosphorylating enzyme PKA (1), the cAMP
messenger system has been shown to involve
the sequential activation (or inhibition) of
CAMP production by heteromeric guanine
nucleotide—hinding proteins (G proteins),
subsequent binding of cAMP to PKA, and
consequent phosphorylation of PKA sub-
strates (1). PKA is considered to be the es-
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sential effector molecule mediating many of
the wide range of physiological effects initi-
ated by receptors coupled to generation of
CAMP (1, 2). cCAMP has also been implicated
in neuronal functions, including neurotrans-
mitter-initiated signaling and the neuroplas-
ticity underlying development and memory
(3, 4), but PKA has not been clearly linked to
all of these neuronal functions (5). We initi-
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