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Ca 2�-stimulated adenylyl cyclases are important for several forms of neuroplasticity because they couple activity-dependent Ca 2�

increases to cAMP in neurons. For example, the calmodulin-stimulated adenylyl cyclases, AC1 and AC8, are required for hippocampus-
dependent memory and long-lasting long-term potentiation. To identify other mechanisms for Ca 2� stimulation of adenylyl cyclases,
cultured hippocampal neurons from transgenic mice lacking both AC1 and AC8 [double knock-out (DKO) mice] were analyzed for Ca 2�

stimulation of intracellular cAMP. Surprisingly, neurons from DKO mice showed significant Ca 2�-stimulated cAMP accumulation that
was blocked by inhibitors of calcineurin [PP2B (protein phosphatase 2B)], a Ca 2�-activated protein phosphatase. Analysis of cultured
neurons from calcineurin �/� mice confirmed that hippocampal neurons exhibit a calcineurin-dependent cAMP increase, which may
contribute to some forms of neuroplasticity.
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Introduction
The cAMP signal transduction pathway is critical for several types
of neuroplasticity including long-term potentiation (LTP) and
long-term memory (LTM) formation (Poser and Storm, 2001;
Wang and Storm, 2003). For example, cAMP-mediated tran-
scription is required for long-lasting LTP (L-LTP) in area CA1,
mossy fiber, and the medial perforant pathways (Frey et al., 1991,
1993; Impey et al., 1996; Nguyen and Kandel, 1996; Abel et al.,
1997). A role for cAMP in LTP and hippocampus-dependent
memory is strongly supported by transgenic mouse studies in
which the genes for components of the cAMP signal transduction
pathway have been disrupted. Disruption of the genes for C1� or
RI� subunits of cAMP-dependent protein kinase A (PKA) abates
mossy fiber LTP (Huang et al., 1995). Mice deficient in the type I
adenylyl cyclase (AC1) are deficient in spatial memory (Wu et al.,
1995), mossy fiber LTP (Villacres et al., 1998), and cerebellar LTP
(Storm et al., 1998), whereas mice lacking both AC1 and AC8
[double knock-out (DKO)] exhibit no LTM or L-LTP (Wong et
al., 1999). Furthermore, a genetic increase in AC1 in the forebrain
of mice enhances LTP as well as memory for novel objects (Wang
et al., 2004). The critical role played by the calmodulin (CaM)-
stimulated adenylyl cyclases for LTP and memory emphasizes the
physiological importance of coupling Ca 2� increases to cAMP in
CNS neurons.

To date, clones for 10 adenylyl cyclases have been isolated,

each with unique regulatory properties (Hanoune and Defer,
2001); nine are expressed in the hippocampus. There are several
mechanisms for Ca 2� stimulation of adenylyl cyclases in neurons
including Ca 2� activation of the CaM-stimulated adenylyl cycla-
ses, AC1 and AC8. Other potential mechanisms include modula-
tion by protein kinases or protein phosphatases. For example,
protein kinase C (PKC) stimulates the activities of several cyclases,
including AC2 and AC3, which are expressed in the hippocampus
(Choi et al., 1993; Jacobowitz et al., 1993; Kawabe et al., 1996). The
contribution of these mechanisms to Ca2�-stimulated cAMP in-
creases in neurons has been difficult to evaluate because of the pres-
ence of substantial levels of CaM-stimulated adenylyl cyclase activity
in CNS neurons (Wong et al., 1999).

Membranes isolated from the brains of DKO mice show no
Ca 2�/CaM-stimulated adenylyl cyclase, indicating that AC1 and
AC8 are the only adenylyl cyclases in the brain that are directly
regulated by CaM. However, assay of adenylyl cyclase activity in
membranes would not reveal Ca 2� activation mechanisms that
depend on soluble proteins lost during membrane isolation. In
this study, cultured hippocampal neurons from DKO mice were
analyzed for Ca 2� stimulation of cAMP accumulation in vivo
using depolarizing agents or NMDA to increase intracellular
Ca 2�. Surprisingly, cultured hippocampal neurons from DKO
mice show only a partial reduction in Ca 2� stimulation of intra-
cellular cAMP. Our analysis indicates that a significant fraction of
the Ca 2�-stimulated cAMP accumulation in hippocampal neu-
rons depends on the Ca 2�-stimulated protein phosphatase cal-
cineurin. This suggests the interesting possibility that one of the
reasons that calcineurin�/� mice show defects in some forms of
synaptic plasticity may be loss of calcineurin-mediated cAMP
increases.
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Materials and Methods
Transgenic mouse strains. DKO and cal-
cineurin �/� bred into a C57BL/6 background
for eight generations were generated as de-
scribed previously (Wong et al., 1999; Zeng et
al., 2001). Wild-type littermates were used as
controls.

Primary hippocampal neuron cultures. Pri-
mary neurons from the hippocampus were pre-
pared as described previously (Chan et al.,
2001) from postnatal day 1 mouse pups of wild-
type or DKO mice with the following modifica-
tions. Neurons were plated into 48-well plates
at cell densities between 5 and 10 � 10 4 cells per
well in Neurobasal medium supplemented with
1% penicillin–streptomycin, 0.5 mM glutamine,
1� B-27 supplements, 0.5–1.0% fetal bovine
serum (all from Invitrogen, Carlsbad, CA)
and 20 �M glutamate. Cytosine �-D-arabino-
furanoside (Sigma, St. Louis, MO) was added
1–2 d after initial plating at 5 �M to inhibit proliferating cell growth.
Every 5– 6 d after plating, one-third of the media was replaced with fresh
media without additional glutamate or cytosine �-D-arabinofuranoside.
cAMP accumulation assays were performed 14 d after initial plating.
Neurons from calcineurin/protein phosphatase 2B (PP2B) regulatory
subunit knock-out pups (Zeng et al., 2001) were prepared as described
above, except that no glutamate was added at initial plating and cultures
were assayed from 12–14 d in vitro.

cAMP accumulation and adenylyl cyclase assays. The day before assay-
ing, neurons were treated overnight with 3 �Ci/ml of 2,8- 3H adenine
(PerkinElmer Life Sciences, Boston, MA). Sixteen to 24 h later, the media
were completely aspirated, and neurons were incubated in Neurobasal
medium in the presence of 1 �M 3-isobutyl-1-methylxanthine (Sigma) in
a CO2 incubator for at least 45 min. KCl stimulation of neurons were
initiated in Neurobasal medium in a final volume of 500 �l for 10 min at
25°C and stopped by the addition of 5% trichloroacetic acid contain-
ing 1.0 �M cAMP. cAMP accumulation was determined as described
previously (Salomon, 1991) and reported as the fraction of cAMP
relative to total nucleotides (cAMP plus AMP plus ADP plus ATP).
Where indicated, an additional incubation step for 45–75 min with
various inhibitors or other reagents was added before KCl stimula-
tion. Results are reported as the mean from triplicate determina-
tions � SD with multiple repeats. Adenylyl cyclase activity in mem-
brane preparations from wild-type and transgenic mice was
determined, analyzed, and interpreted as described previously (Wong
et al., 1999). Where appropriate, we used BCA assay (Pierce, Rock-
ford, IL) to determine protein concentrations.

Reagents and inhibitors. Unless otherwise stated, all general chem-
icals and reagents were purchased from Sigma. Reagents for tissue
culturing were from Invitrogen. Ascomycin, 3-bromo 7-nitro-
indazole, cantharidin, cyclosporine A, endothall, Go 6976, Jun kinase
inhibitor II, NMDA, okadaic acid, PD98059 [2-(2-amino-3-methy-
oxyphenyl)-4 H-1-benzopyran-4-one], Rp-8-Br-cAMPS, SB203580
[4-(4-fluorophenyl)-2-(4-methylsulfonylphenyl)-5-(4-pyridyl)-1 H-
imidazole], and U0126 [1,4-diamino-2,3-dicyano-1,4-bis(o-
-aminophenylmercapto)butadiene] were purchased from Calbio-
chem (La Jolla, CA). Phorbol 12-myristate 13-acetate was from Tocris
Cookson (Ellisville, MO). Kynurenic acid was from Sigma. Go 6983,
L-N-nitroarginine methyl ester HCl (L-NAME), myristoylated-AIP
(autocamtide-2-related inhibitory peptide) calcium/calmodulin-
dependent kinase II (CAMK II) inhibitor, and thapsigargin were from
Biomol (Plymouth Meeting, PA). SB202190 [4-(4-fluorophenyl)-2-
(4-hydroxyphenyl)-5-(4-pyridyl)1 H-imidazole] and staurosporine
were from Tocris Cookson, Biomol, or Calbiochem. 2-Amino-5-
phosphonovaleric acid (D-APV) was from Biomol or Calbiochem.

Statistical analysis. Statistical significance was established by one-way
ANOVA and Student’s t test.

Results
Intracellular Ca 2� increases cAMP in cultured hippocampal
neurons from DKO mice
Membranes isolated from the hippocampus of DKO mice show
no measurable Ca 2�/CaM-stimulated adenylyl cyclase (Fig. 1A),
indicating that hippocampal neurons express only two CaM-
activated adenylyl cyclases, AC1 and AC8. In addition, there are
no compensating increases in other adenylyl cyclases in DKO
hippocampal membranes to accommodate for the loss of CaM-
stimulated adenylyl cyclase activity.

Because signaling mechanisms that depend on soluble, cyto-
solic components may be compromised during membrane isola-
tion, we examined intact cultured hippocampal neurons for
Ca 2� stimulation of cAMP accumulation using KCl depolariza-
tion to increase intracellular Ca 2�. These experiments were per-
formed in high concentrations of cAMP phosphodiesterase
(PDE) inhibitors to block changes in intracellular cAMP caused
by PDEs. Intracellular cAMP in cultured hippocampal neurons
from wild-type (WT) mice was stimulated 6.5-fold by 50 mM KCl
(Fig. 1B). Surprisingly, KCl caused a significant increase in intra-
cellular cAMP in DKO neurons with a stimulation of approxi-
mately threefold.

To confirm that the KCl stimulation of cAMP increases in
neurons cultured from DKO mice is attributable to membrane
depolarization and intracellular Ca 2� increases, we examined the
effects of several depolarizing agents on cAMP accumulation.
Two other depolarizing agents, K2SO4 and veratridine, stimu-
lated cAMP to levels comparable with KCl (Fig. 2A). Further-
more, stimulation of cAMP increases in DKO neurons was
blocked by EGTA or BAPTA, indicating that the increase in
cAMP depends on intracellular Ca 2� (Fig. 2B). In contrast, thap-
sigargin pretreatment had no effect, suggesting that release of
Ca 2� from intracellular pools is not responsible for the increased
cAMP. Similarly, tetrodotoxin was without effect, indicating that
activation of adenylyl cyclase was not attributable to stimulation
of sodium channels or generation of electrical activity and action
potentials. Collectively, these data indicate that increases in in-
tracellular Ca 2� by depolarizing agents stimulates cAMP accu-
mulation in neurons lacking the CaM-stimulated adenylyl cycla-
ses. Approximately 40% of the total Ca 2�-stimulated cAMP
accumulation in hippocampal neurons is independent of AC1
and AC8.

To determine whether KCl-stimulated cAMP accumulation
in DKO neurons is attributable to activation of Ca 2� channels,

Figure 1. Cultured hippocampal neurons from DKO mice exhibit KCl-stimulated cAMP increases. A, Membrane assays. Adenylyl
cyclase activity in membranes isolated from the hippocampus of wild-type and DKO mice were assayed as a function of free Ca 2�.
B, Whole-cell assays. Cultured hippocampal neurons from postnatal day 1 wild-type and DKO pups were cultured for 14 d and
treated with various concentrations of KCl as indicated. The accumulation of intracellular cAMP was performed as described in
Materials and Methods. Data are mean � SD of triplicates.
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cadmium, KCl stimulation of cAMP levels was examined in the
presence of cadmium, Cd 2�, a general inhibitor of Ca 2� chan-
nels. CdCl2 at 0.1 mM completely blocked cAMP increases caused
by KCl depolarization (Fig. 3A). Pretreatment of neurons with
APV, an NMDA receptor antagonist, did not affect the KCl-
induced cAMP accumulation, indicating that activation of
NMDA receptors was not required (Fig. 3B). Furthermore, this
suggests that neurotransmitter release does not contribute to the
cAMP increase. Nevertheless, NMDA by itself caused an increase
in cAMP in DKO neurons that was blocked by APV (Fig. 3C).

This indicates that intracellular Ca 2� in-
creases generated through activation of
NMDA receptors can also increase cAMP
in DKO neurons.

Formally, there are three general mech-
anisms for increasing cAMP levels in ani-
mal cells: activation of adenylyl cyclase, in-
hibition of PDE activity, or inhibition of
cAMP release from the cell. However, the
experiments described above were per-
formed in high levels of PDE inhibitors.
There are no known Ca 2�-inhibited
PDEs, and we detected no Ca 2�-inhibited
PDE activity in extracts from cultured hip-
pocampal neurons. Furthermore, the lev-
els of extracellular cAMP in the media
from cultured hippocampal neurons is
unaffected by KCl treatment (data not
shown). Therefore, Ca 2� stimulation of
intracellular cAMP levels in DKO neurons
is most likely attributable to direct or indi-
rect stimulation of adenylyl cyclase
activity.

Ca 2� activation of adenylyl cyclase
activity in neurons from DKO mice is
not dependent on protein kinase activity
Because protein kinases regulate the activ-
ities of several of the adenylyl cyclases
(Hanoune and Defer, 2001), we examined
the effect of staurosporine on Ca 2�-
stimulated cAMP accumulation in neu-
rons from DKO mice. Staurosporine, a
broad-spectrum protein kinase inhibitor,
inhibits PKA, PKC, the CaM-dependent
protein kinases and tyrosine kinases
(Ruegg and Burgess, 1989). Pretreatment
with staurosporine did not affect
depolarization-induced cAMP accumula-
tion in DKO neurons (Fig. 3D). Moreover,
none of the specific inhibitors of PKCs or
CAMK II affected Ca 2�-stimulated cAMP
in DKO neurons (supplemental Table 1,
available at www.jneurosci.org as supple-
mental material). Specific inhibitors of
MEK (MAP kinase kinase), p38, PI3 ki-
nase, and JNK (c-Jun N-terminal protein
kinase) were also without effect. These
data suggest that depolarization-induced
adenylyl cyclase activity in DKO hippo-
campal neurons is not mediated through a
protein kinase.

Ca 2� activation of adenylyl cyclase activity in neurons from
DKO mice depends on protein phosphatase activity
Pretreatment of DKO hippocampal neurons with the broad-
spectrum protein phosphatase inhibitor, okadaic acid, com-
pletely inhibited Ca 2� stimulation of adenylyl cyclase activity in
DKO hippocampal neurons (Fig. 4A). Although endothall, a spe-
cific inhibitor of PP2A was without effect (Fig. 4B), cantharidin,
an inhibitor of both PP2A and PP1 abrogated depolarization-
induced cAMP increases (Fig. 4C). This suggests the interesting
possibility that hippocampal neurons have an alternative mech-

Figure 2. Stimulation of cAMP increases in DKO neurons by depolarizing agents depends on Ca 2� influx. A, K2SO4, veratridine
(Vera), or KCl stimulated cAMP levels in DKO hippocampal neurons. B, EGTA or BAPTA-AM completely ablated the depolarization-
induced cAMP accumulation. Thapsigargin (Thap), an inhibitor of Ca 2�-ATPase in the endoplasmic reticulum, and tetrodotoxin
(TTx), an inhibitor of sodium channel and electrical activity, were without effect. Control (Ctl) samples were treated with Neuro-
basal medium containing the corresponding solvents for the inhibitors. Data are mean � SD of triplicates.

Figure 3. Stimulation of cAMP accumulation in DKO neurons by depolarizing agents depends on voltage-dependent Ca 2�

channels. A, B, Cultured DKO hippocampal neurons were pretreated with various doses of Cd (A) or APV (B), an inhibitor of the
NMDA receptors, before stimulation with 50 mM KCl. C, NMDA stimulation of cAMP increases in DKO neurons was blocked by
pretreatment with APV. D, Pretreatment of DKO neurons with the general inhibitor of protein serine/threonine kinase, stauro-
sporine (Stauro), did not affect KCl-stimulated cAMP accumulation. Control (Ctl) samples were treated with Neurobasal medium
containing the corresponding solvents for the inhibitors. Data are mean � SD of triplicates.
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anism for coupling Ca 2� to stimulation of
adenylyl cyclase that depends on protein
phosphatase activity. This finding also
suggests that hippocampal neurons ex-
press a protein kinase-inhibited adenylyl
cyclase activity that is activated when de-
phosphorylated by protein phosphatases.
This hypothesis is supported by data
showing that staurosporine treatment, by
itself, enhanced cAMP levels in DKO neu-
rons to an extent comparable with KCl
(Fig. 5), whereas treatments with other re-
agents did not (supplemental Table 2,
available at www.jneurosci.org as supple-
mental material).

Calcineurin/PP2B is required for Ca 2�

stimulation of adenylyl cyclase
Because neither PP1 nor PP2A is directly stimulated by Ca 2�,
we considered the possibility that the Ca 2�-activated phos-
phatase calcineurin (or PP2B) may play a role in the activation
of adenylyl cyclase. Calcineurin was discovered as a Ca 2�/
CaM-stimulated protein phosphatase (Wang and Desai, 1976)
that is abundantly expressed in the hippocampus (Polli et al.,
1991). Calcineurin activates PP1 by dephosphorylating inhib-
itor 1 (I-1), thereby causing the dissociation of I-1 from PP1
(Mulkey et al., 1994). Inhibitors of calcineurin including as-
comycin, an analog of FK506 (Fig. 6 A), and cyclosporine A
(Fig. 6 B) inhibited Ca 2� stimulation of cAMP levels in DKO
neurons. This suggests that Ca 2� activation of calcineurin is
required for Ca 2� stimulation of adenylyl cyclase in DKO
neurons, either because it directly dephosphorylates adenylyl
cyclase or because it activates PP1, which dephosphorylates
adenylyl cyclase.

Depolarization-induced cAMP production is markedly
reduced in hippocampal neurons from calcineurin �/� mice
To directly test the hypothesis that neurons from the hip-
pocampus express a calcineurin-stimulated adenylyl cyclase,
hippocampal neurons from calcineurin �/� mice were exam-
ined for cAMP accumulation (Fig. 7A). Ca 2�-stimulated
cAMP accumulation in neurons from calcineurin �/� mice
was approximately one-half of that seen in wild-type neurons
(Fig. 7A), although the full complement of adenylyl cyclases
responsive to Ca 2� and forskolin was expressed in hippocam-
pal membranes (supplemental Fig. 1, available at www.jneu-
rosci.org as supplemental material). Furthermore, the cal-
cineurin inhibitor, cyclosporine A, which partially inhibits
Ca 2�-stimulated adenylyl cyclase activity in wild-type neu-
rons (Fig. 6 B), did not affect this activity in calcineurin �/�

neurons (Fig. 7B).

Discussion
Ca 2� activation of adenylyl cyclases plays a critical role in the
CNS by coupling activity-dependent increases in Ca 2� to stimu-
lation of the cAMP signal transduction system (Wang and Storm,
2003). The effects of cAMP increases are mediated through PKA,
cyclic nucleotide-gated ion channels, and other cAMP-binding
proteins including cAMP-regulated guanylyl nucleotide ex-
change factors (Kawasaki et al., 1998). It has become increasingly
evident that cross talk between cAMP signaling and other regu-
latory pathways may be particularly important for coincidence
detection and that cAMP often serves as a “gate keeper” for other

signaling events (Blitzer et al., 1998). For example, cross talk
between extracellular signal-regulated protein kinase (ERK 1/2)
and PKA is required for Ca 2� stimulation of the CREB (cAMP-
responsive element-binding protein)/CRE transcriptional path-
way in neurons because the nuclear translocation of ERK 1/2
requires activation of PKA (Impey et al., 1998). Furthermore,
cAMP stimulates the activity of the ERK 1/2 pathway in neurons
(Vossler et al., 1997), whereas it inhibits signaling through the PI3
kinase pathway (Poser et al., 2003). Consequently, it is important
to identify mechanisms for Ca 2� stimulation of intracellular
cAMP in CNS neurons.

In this study, we discovered that hippocampal neurons lack-
ing both of the CaM-stimulated adenylyl cyclases, AC1 and AC8,
express Ca 2�-stimulated adenylyl cyclase activity, which can be
activated through voltage-sensitive Ca 2� channels or NMDA re-
ceptors. This adenylyl cyclase activity is insensitive to a broad
range of protein kinase inhibitors but is blocked by inhibitors of
calcineurin. Furthermore, hippocampal neurons from cal-
cineurin�/� mice showed a significant reduction in Ca 2�-
stimulated adenylyl cyclase activity. The calcineurin-dependent
cAMP increase is not a compensatory mechanism attributable to
the absence of AC1 and AC8; phosphatase inhibitors also inhib-
ited depolarization-induced cAMP increases in wild-type hip-
pocampal neurons (supplemental Fig. 2, available at www.
jneurosci.org as supplemental material). We conclude that there
are two major mechanisms for coupling Ca 2� to cAMP in hip-
pocampal neurons: a direct stimulation of AC1 and AC8 by
Ca 2�/CaM and a calcineurin-mediated process that is most likely
attributable to the dephosphorylation of adenylyl cyclase or cal-

Figure 4. Depolarization-induced stimulation of adenylyl cyclase in DKO neurons is dependent on phosphatase activity. Cul-
tured neurons from the hippocampus of DKO newborn pups were pretreated with the protein phosphatase inhibitors before
depolarization with 50 mM KCl. A, Okadaic acid (Okad), an inhibitor of PP1 and PP2A, blocked stimulation of adenylyl cyclase
activity. B, Endothall (Endo), an inhibitor of PP2A, was without effect. C, Cantharidin (Canth), an inhibitor of PP2A and PP1,
inhibited KCl stimulation of adenylyl cyclase. Control samples were treated with Neurobasal medium containing the correspond-
ing solvents for the inhibitors. Data are mean � SD of triplicates.

Figure 5. Adenylyl cyclase activity in DKO neurons is activated by a general inhibitor of
protein kinases. Cultured neurons from the hippocampus of DKO newborn pups were treated
with 10 �M staurosporine (Stauro), 50 mM KCl or buffer alone (Ctl) to determine intracellular
cAMP accumulation, as described in Materials and Methods. Data are mean � SD of triplicates.
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cineurin activation of another protein that stimulates adenylyl
cyclase, e.g., PP1.

It has been reported that forebrain expresses a calcineurin-
inhibited adenylyl cyclase, AC9 (Antoni et al., 1998). If AC9 were
a major component of adenylyl cyclase activity in the hippocam-
pus, one would expect that calcineurin�/� mice would show
enhanced adenylyl cyclase activity in the presence of increased
intracellular Ca 2� compared with wild-type mice. The fact that
Ca 2�-activated adenylyl cyclase activity is greatly decreased in
hippocampal neurons from calcineurin�/� mice argues that
Ca 2� inhibition of AC9 does not play a major signaling role in
hippocampal neurons.

What is the physiological significance of calcineurin-
stimulated adenylyl cyclase activity in hippocampal neurons?
Calcineurin has been implicated in several forms of neuroplastic-
ity, including LTD (Mulkey et al., 1994), memory formation
(Zeng et al., 2001), and extinction of fear memory (Lin et al.,
2003). For example, the same mutant animals used in this study,
which have a forebrain-specific disruption of the calcineurin reg-
ulatory subunit gene locus, have impaired Schaffer collateral/
CA1 LTD and are defective in working/episodic memory in the
Morris water maze and in the eight-arm radial maze (Zeng et al.,
2001). These mice also display several behavioral abnormalities
reminiscent of schizophrenic patients, including increased loco-
motor activity and decreased social interactions (Miyakawa et al.,
2003).

Ca 2� activation of calcineurin may af-
fect synaptic plasticity in a number of
ways, including downregulation of
NMDA receptor currents (Shi et al., 2000),
activation of PP1, inhibition of dynamin I
GTPase activity (Liu et al., 1994), and de-
phosphorylation of neuromodulin, the
latter of which may control free CaM levels
(Liu and Storm, 1989; Liu and Storm,
1990). The data reported in this study sug-
gest the interesting possibility that loss of
calcineurin-stimulated adenylyl cyclase
activity may also contribute to some of the
electrophysiological and behavioral phe-
notypes exhibited by calcineurin�/� mice.
Because LTD depends on PKA signaling
(Brandon et al., 1995; Tzounopoulos et al.,
1998), calcineurin-stimulated adenylyl cy-
clase activity may provide a critical cAMP
signal required to support LTD as well as
other neuronal processes. In addition, the
schizophrenic-like phenotype observed
with calcineurin�/� mice may be attribut-
able to decreases in Ca 2� coupling to
cAMP (Garver et al., 1982; Dean et al.,
1997). Although we did not demonstrate
that calcineurin activates adenylyl cyclase
activity in brain in vivo, the fact that a variety
of events that depend on cAMP signaling are
compromised in calcineurin�/� mice sup-
ports this hypothesis.

In summary, we discovered a novel
mechanism for coupling of activity-
dependent Ca 2� increases to cAMP in
hippocampal neurons. Calcineurin activa-
tion of adenylyl cyclase activity in hip-
pocampal neurons may contribute to sev-

eral forms of neuroplasticity, including LTD and some forms of
learning and memory.
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