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Overexpression of Type I Adenylyl Cyclase in the Forebrain
Impairs Spatial Memory in Aged But Not Young Mice
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Hippocampus-dependent memory requires a cAMP signal that is generated by Ca 2�-stimulated adenylyl cyclases (AC1, AC8). Young
transgenic mice overexpressing AC1 in the forebrain (AC1 � mice) have enhanced hippocampal long-term potentiation, superior mem-
ory for novel object recognition and more persistent remote contextual memory. To determine whether increasing AC1 expression
improves memory when older mice are trained, we analyzed fear, recognition, and spatial memory in mice aged to 25 months. Here we
report that young adult AC1 � mice have enhanced social recognition memory, and normal fear and spatial memory. Surprisingly, aged
AC1 � mice had poorer spatial memory than age-matched wild-type littermates. These data suggest that the decrease in Ca 2�-stimulated
adenylyl cyclase activity during aging of wild-type mice may be an adaptive mechanism required to maintain spatial memory function.

Introduction
Research with rodent models of learning and memory has identified
several signaling events critical for the formation of long-term mem-
ory, including generation of Ca2� signals through NMDA receptors,
activation of ERK (extracellular signal-regulated kinase)/MAPK
(mitogen-activated protein kinase), and stimulation of calmodulin-
stimulated adenylyl cyclases (Wu et al., 1995; Wong et al., 1999).
Ca 2�-stimulated cAMP production in hippocampal neurons is a
critical step for the integration of these pathways during learning
and for the generation of long-term memory (Sindreu et al.,
2007). AC1 knock-out mice have impaired spatial memory and
long-term potentiation (LTP) (Wu et al., 1995) whereas mice
lacking both AC1 and AC8 [double knock-out (DKO) mice] have
no long-lasting LTP as well as deficits in passive avoidance, con-
textual fear, and recognition memory (Wong et al., 1999; Wang et
al., 2004). Because AC1 is a neurospecific Ca 2�-stimulated ad-
enylyl cyclase (Xia et al., 1993), it is an obvious drug target site to
selectively increase cAMP signaling in the CNS to improve
memory.

Normal aging is often accompanied by impaired memory
(Toescu, 2005; Kelly et al., 2006; Thibault et al., 2007). Possible
mechanisms for age-related memory impairment include atten-
uated cAMP/CREB signaling. Aged rodents show lower levels of
cAMP (Tombaugh et al., 2005) and phosphorylated CREB in the
hippocampus than younger rodents after training (Mouravlev et
al., 2006). Pharmacological inhibition of phosphodiesterases or
virally mediated overexpression of hippocampal CREB both im-
prove hippocampus-dependent memory in aged rodents (Barad
et al., 1998; Bach et al., 1999; Mouravlev et al., 2006).

Since Ca 2�-stimulated adenylyl cyclases are required for
memory function, we reasoned that overexpression of AC1 might
benefit memory. Therefore, AC1� mice were generated using an
�-CaM kinase II promoter to drive expression in the forebrain.
These mice show enhanced late-phase Schaffer collateral/CA1
LTP and increased ERK/MAPK and CREB signaling (Wang et al.,
2004). Furthermore, young adults have superior memory for
novel objects and show retention of contextual fear memory over
longer periods of time than wild-type mice (Shan et al., 2008).
Since attenuated cAMP and CREB signaling have been impli-
cated in age-related memory impairments, we hypothesized that
the memory benefits observed in young adult AC1� mice would
extend into advanced age.

To examine the role of AC1 and memory function in ad-
vanced age, we examined Ca 2�-stimulated cyclase activity in
young and aged wild-type adult mouse brain tissue. We then
examined aged AC1� mice with tests in which impaired memory
performance by aged rodents had been reported. Aged AC1�

mice were tested for performance on fear, recognition, and spa-
tial memory tasks, tasks that require intact hippocampus and
Ca 2�-stimulated adenylyl cyclases for normal memory perfor-
mance. We found that whereas Ca 2�-stimulated adenylyl cy-
clase activity is decreased in the aged hippocampus, there was
no benefit of AC1 overexpression in fear or recognition memory.
Furthermore, we report the surprising observation that AC1
overexpression impaired spatial memory in aged mice.

Materials and Methods
Animals. Experiments were in accordance with and approved by the
animal care committee’s guidelines at the University of Washington.
AC1 � mice were homozygous for the AC1 transgene expressed by the
�-CaMKII promoter and were generated as previously described (Wang
et al., 2004). AC1 � mice were mated with C57BL/6 mice (Taconic) and
AC1 � offspring were group housed with wild-type littermates. DKO
mice were generated as previously described (Wong et al., 1999; Wang et
al., 2004). Wild-type C57BL/6 mice (Taconic) were used as controls for
Barnes maze experiments with DKO mice. AC1 � and DKO lines were
bred into a C57BL/6 background for at least nine generations. Male mice
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were used for all experiments. In all behavioral experiments, mice aged
between 3 and 4 months were defined as young, and mice aged between
25 and 27 months were defined as aged. Separate groups of mice were
used for behavioral tests of young and aged mice.

Barnes maze. The fiberglass Barnes maze apparatus used was 140 cm
long in diameter and 140 cm high. There were 28 holes equally spaced
along the edge of the circular platform. A shaded goal box was placed
under one of the holes. In addition to the behavior room’s florescent
lighting, three 60 W lamps were used to increase lighting on the maze
surface. Display boards containing shapes were placed 2 feet from the
edge of the maze on opposite sides.

We used a paradigm with multiple training sessions per day modified
from Dai et al. (2007). The Barnes maze test consisted of 6 training
sessions spaced 24 h apart followed by a probe test 24 h after the last training
session. During the first session, each mouse was placed into the goal box
for 1 min. The mouse was then placed in the center of the maze facing a
random quadrant and allowed to explore the maze. If the mouse did not
enter the goal box within 3 min, the mouse was gently guided to the goal
box by the experimenter. Mice remained in the goal box for 1 min.
During this time, the surface of the Barnes maze was washed with Clidox
solution to neutralize olfactory cues. Mice were submitted to four trials
separated by 1 min in the goal box during each session. Subsequent
sessions were run the same way, with the exception that the mouse was
not placed in the goal box before the start of the first trial. For the probe
trial, the goal box was removed from the maze. The mouse was allowed to
explore for 2 min.

Passive avoidance. Passive avoidance learning experiments were
conducted in a chamber consisting of a glass enclosure and an elec-
trified floor. The chamber was divided into two sections by a metal
partition with a sliding trap door. One side of the box was shielded
from light and the other was exposed to light. During training, mice
received a foot shock when they entered the shaded side (0.7 mA, 2 s).
Mice remained in the shaded side for 1 min after the shock. During
testing the mice were placed into the illuminated side of the box and
allowed to roam freely to the darkened half. Escape latencies, defined
as the time it took for mice to cross completely to the darkened half,
were recorded.

Novel object recognition. Mice were tested as described by Wang et al.
(2004). Briefly, mice were individually habituated to a novel cage for 4 h
before training. Training consisted of placing two plastic blocks with
different shapes into the cage. Investigation of the object was scored by
the number of approaches to the object and the time spent exploring the
object. Exploration was defined as approaching the object within 1 inch
and facing the object, but did not include sitting or climbing on the
object. During the 5 min training session, less than half of the mice aged
2 years explored the objects for 30 s or longer.

Social recognition. For the recognition test, male experimental mice
were exposed to ovariectomized females to reduce the potential for fight-
ing or aggressive behavior. Every 10 min, the same female was placed in
the cage as the experimental mouse for 1 min for a total of six times. At
the end of training, mice were returned to their group-housed home
cage. For testing sessions, the experimental mice were placed back into
the experimental cages. The experimental mice were then exposed to a
novel and familiar ovariectomized mouse, 10 min apart. Exploration
time was scored as described by (Kogan et al., 2000). Preference index
was scored as the ratio of time spent exploring the novel mouse over time
spent exploring the familiar mouse.

Adenylyl cyclase assay. Hippocampi were dissected from aged and
young mice and frozen on dry ice. Tissue was pooled into samples of
three hippocampi from three different mice for each experimental
group, and each pooled sample was assayed in triplicate. The average
value from the triplicates was used for statistical analysis. Frozen
brain tissue from the National Institute on Aging Tissue Bank was
thawed and cortical, hippocampal, and cerebellar tissue were dis-
sected and pooled in the same manner. Adenylyl cyclase activity in
membrane preparations from wild-type and transgenic mice was de-
termined as previously described (Eckel-Mahan et al., 2008). Protein
concentrations of samples were determined with the BCA assay
(Pierce) performed according to the manufacturer’s instructions.

Western analysis. Mice were killed by cervical dislocation and hip-
pocampi were quickly dissected and frozen with dry ice. Western analysis
was performed as previously described (Sindreu et al., 2007). Primary
antibodies included: rabbit anti-pCREB from Cell Signaling; mouse
anti-� III tubulin from Promega, rabbit anti-GFAP from Sigma, and
mouse anti-actin from Millipore Bioscience Research Reagents. Alkaline
phosphatase-conjugated secondary antibodies were from Sigma.

cAMP ELISA. cAMP ELISA analysis was performed as previously de-
scribed (Wang et al., 2004).

Statistical analysis. Statistical analysis was performed on Prism soft-
ware (version 4.0, GraphPad). Adenylyl cyclase assays on pooled tissue
homogenates from the National Institute on Aging Tissue Bank were
analyzed for age and treatment effects with two-way ANOVA with
repeated measures matched across the treatment condition. Adenylyl
cyclase assays of AC1 � and wild-type hippocampi were analyzed for
genotype and treatment effects with two-way ANOVA with repeated
measures matched across the treatment condition. Effects of genotype
and age on social recognition, passive avoidance, and Barnes maze
data were analyzed by two-way ANOVA with repeated measures
matched across behavioral conditions. Post hoc comparisons were
made with the Bonferroni post hoc test. Preference index for social
recognition, ELISA, and Western blot data were analyzed with un-
paired Student’s t tests.

Results
Ca 2�-stimulated adenylyl cyclase activity decreases with age
Ca 2�-stimulated adenylyl cyclase activity peaks in the juvenile
brain and declines by adulthood (Villacres et al., 1995; Conti et
al., 2007). Therefore, we sought to determine whether Ca2�-
stimulated adenylyl cyclase activity continues to decrease through
advanced aging. Whole brains harvested from C57BL/6 mice at 4, 12,
and 24 months were obtained from the National Institute on
Aging Tissue Bank. Membrane fractions from cortex, hippocam-
pus, and cerebellum were assayed for adenylyl cyclase activity in
the absence or presence of 5 �M free Ca 2� (Fig. 1). This assay tests
the adenylyl cyclase enzyme activity present in the fractionated
membranes purified from the tissue sample, and thus tests the
activity of all adenylyl cyclases present in the tissue, not specifi-
cally AC1. Ca 2�-stimulated activity is not observed in this assay
in tissue lacking AC1 and AC8 (Wong et al., 1999). All samples
exhibited Ca 2�-stimulated adenylyl cyclase activity ( p � 0.01).
In the hippocampus, Ca 2�-stimulated adenylyl cyclase activity
was �2-fold lower at 12 and 24 months compared with the 4
month age group (Fig. 1A). In the cortex, no significant differ-
ences were observed in Ca 2�-stimulated adenylyl cyclase activity
at 12 and 24 months compared with 4 months (Fig. 1B). In the
cerebellum, Ca 2�-stimulated cyclase activity was lower at 12 and
24 months than at 4 months (Fig. 1C). These data indicate that
Ca 2�-stimulated adenylyl cyclase activity is decreased in the aged
hippocampus and cerebellum.

AC1 � mice show normal passive avoidance fear memory
Since Ca 2�-stimulated adenylyl cyclase activity is decreased in
the aged hippocampus, and since Ca 2�-stimulated adenylyl cy-
clases contribute to the formation of long-term memories (Wong
et al., 1999b; Sindreu et al., 2007; Eckel-Mahan et al., 2008), we
hypothesized that AC1 overexpression might benefit hippocampus-
dependent memory in aged mice. Thus, we tested memory tasks
that had been reported to be impaired in advanced age, involve
the hippocampus, and in which Ca 2�-stimulated adenylyl cycla-
ses contribute to memory function. We reasoned that we would
be most likely to detect memory enhancement by AC1� in aged
mice with tasks that met these criteria. To demonstrate a role of
Ca 2�-stimulated adenylyl cyclases in a memory task, we tested
DKO mice since DKO memory deficits are more severe than
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deficits seen in mice lacking AC1 or AC8 only (Wong et al., 1999),
indicating that these isoforms can compensate for the lack of the
other.

To evaluate hippocampus-dependent fear memory, mice
were trained for passive avoidance learning, a task reported to be
impaired in advanced age (Mouravlev et al., 2006). We have pre-
viously demonstrated that long-term memory for passive avoid-
ance requires Ca 2�-stimulated adenylyl cyclases (Wong et al.,
1999a). On the training day, mice were placed into a lit chamber
and the latency to escape to a shaded side was measured. When
mice entered the shaded side, they received a mild foot shock.
Memory for the foot shock was demonstrated by the increased
latency to enter the shaded side after reexposure to the lit cham-
ber. In young mice (3– 4 months) both AC1� and wild-type lit-
termates showed increased escape latency 24 h after training. No
difference was observed between genotypes (Fig. 2A). Similarly,
both aged (25–27 months old) AC1� and wild-type littermates
demonstrated increased escape latency 24 h after training, with
no difference between genotype (Fig. 2B). These data suggest that
AC1� does not enhance passive avoidance memory in young or
aged mice.

Young but not aged AC1 � mice have enhanced
recognition memory
Since young adult AC1 � mice show enhanced recognition
memory for novel objects (Wang et al., 2004), we hypothe-

sized that the enhanced recognition
memory would persist into old age. Un-
fortunately, when aged mice were trained
with this protocol, the aged mice did not
consistently explore objects during the
training phase (see Materials and Meth-
ods). Therefore, aged mice were instead
tested for social recognition memory, since
mice are highly motivated to investigate
other mice and long-term social memory
has been shown to be hippocampus-
dependent (Kogan et al., 2000). During
training, mice were repeatedly exposed to
an individual female (familiar mouse). To
test social recognition memory, mice were
presented with the familiar mouse for 1
min, and then presented with a previously
unexposed (novel) mouse. Young (3–4
months) mice spent more time investigat-
ing the novel mouse than the familiar

mouse 24 h after training. This preference was not seen when the
same mouse was presented twice (supplemental Fig. 1, available
at www.jneurosci.org as supplemental material).

To determine whether social recognition memory requires
Ca 2�-stimulated adenylyl cyclases, we tested the DKO mice, mice
lacking AC1 and AC8, for social recognition. For training, exper-
imental mice aged 3– 4 months were repeatedly exposed to the
same ovariectomized female for six one-min sessions. Both wild-
type and DKO mice significantly decreased investigation of the
female over the training sessions (Fig. 3A), demonstrating that
both genotypes recognized individual females. Three hours
after training, a novel female was investigated more than the
familiar female by both wild-type and DKO mice (Fig. 3B).
Twenty-four hours after training, wild-type mice still demon-
strated a preference for a novel over the familiar female, whereas
DKO mice did not (Fig. 3C). These data demonstrate that long-
term, but not short-term, recognition memory requires Ca 2�-
stimulated adenylyl cyclase.

We next compared young adult (3– 4 months) AC1� mice
and wild-type littermates for social recognition. Both wild-type
and AC1� mice significantly decreased investigation of the fe-
male over the training sessions, with AC1� mice investigating the
familiar female less than wild-type littermates over the training
sessions ( p � 0.05; paired Student’s t test; Fig. 3D). Although
both genotypes recognized individual females, the difference in
exploration could reflect faster learning by AC1� mice. This re-
duced exploration does not reflect less motivation to investigate
mice since there was no difference between investigation by
AC1� and wild-type mice when novel females were presented
(Fig. 3E,F). Both AC1� and wild-type mice spent more time
investigating the novel mouse than the familiar mouse 24 h after
training (Fig. 3E). Consistent with previous findings in the object
recognition test (Wang et al., 2004), young AC1� mice had a
greater preference for novel over familiar mice than wild-type
littermates 24 h after training, as measured by the ratio of explo-
ration of the novel mouse compared with the familiar mouse
( p � 0.05; two-way ANOVA with subjects matched across geno-
type). Seven days after training young AC1� mice, but not young
wild-type mice, still displayed a preference for the novel mouse
(Fig. 3F). Consistent with data from the novel object recognition
test (Wang et al., 2004), these data demonstrate that social recog-
nition requires Ca 2�-stimulated adenylyl cyclase and can be im-
proved by AC1 overexpression.

Figure 1. Brain Ca 2�-stimulated adenylyl cyclase activity decreases with age. Brain adenylyl cyclase activity from wild-type
mice was examined in tissue collected from mice at 4, 12, and 24 months of age. Dark gray bars represent baseline cyclase activity
(Basal), and light gray bars represent cyclase activity in the presence of 5 �M free Ca 2� (� Calcium). In all brain regions and age
groups, Ca 2� significantly stimulated adenylyl cyclase activity ( p � 0.01; two-way ANOVA with repeated measures across
stimulation), as measured by picomoles of cAMP generated per milligram of protein per minute. A, Ca 2�-stimulated adenylyl
cyclase activity in hippocampus. B, Ca 2�-stimulated adenylyl cyclase activity in cortex. C, Ca 2�-stimulated adenylyl cyclase
activity in cerebellum. In all panels, *p � 0.05 and **p � 0.01 (two-way ANOVA with repeated measures across stimulation;
Bonferonni post test) compared with Ca 2�-stimulated adenylyl cyclase activity at 4 months. In all groups, n � 2 pooled tissue
homogenates collected from three mice each.

Figure 2. No detectable advantage of AC1 � in passive avoidance fear memory tested 24 h
after training. A, Fear memory in the passive avoidance test was similar in aged AC1 � and
wild-type (wt) littermates (wt, n � 9; AC1 �, n � 13). Both genotypes demonstrated in-
creased escape latency after training (two-way ANOVA with repeated measures across session;
p � 0.001). B, Fear memory in the passive avoidance test was similar in aged AC1 � and wt
littermates (wt, n � 9; AC1 �, n � 13). Both groups demonstrated increased escape latency
after training (two-way ANOVA with repeated measures across session; p � 0.001).
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To determine whether AC1 overexpres-
sion benefits recognition memory during
advanced age, aged AC1� and wild-type
mice (25–27 months) were tested for so-
cial recognition. Both aged wild-type and
AC1� mice significantly decreased inves-
tigation of the female over the training
sessions (Fig. 4A), suggesting that both
genotypes could recognize individual
females. Although the average investiga-
tion times during training sessions were
greater in AC1� mice than in wild-type
littermates, this trend was not signifi-
cant. Preference for the novel mouse
was detected 3 h after training in both
genotypes (Fig. 4 B), suggesting that
short-term social recognition memory
was intact in both genotypes. However,
when tested 24 h after training, no sig-
nificant preference for the novel mouse
was detected by either the aged AC1 � or
wild-type littermates (Fig. 4C). These
data suggest that memory for social rec-
ognition in aged mice is not improved
by AC1 overexpression.

Although there was no difference be-
tween genotypes in social memory per-
formance at 3 or 24 h after training,
AC1� mice had increased overall investi-
gation times compared with wild-type lit-
termates ( p � 0.05; two-way ANOVA
with subjects matched across genotype).
To test whether this indicated a difference
in mobility between genotypes, young and
old mice were assayed for mobility by
monitoring the time spent moving when
exploring a novel chamber (supplemen-
tal Fig. 2, available at www.jneurosci.org
as supplemental material). Young AC1�

and wild-type littermates exhibited simi-
lar movement times. Although both aged
AC1 � and wild-type aged littermates
displayed significantly less mobility than
young wild-type mice, the aged AC1� mice
were more mobile than aged nontransgenic
littermate mice. Thus, AC1� mice retain
more mobility into advanced age than wild-
type littermate mice.

Aged AC1 � mice exhibit a defect in spatial memory
Spatial memory was tested with the Barnes maze memory test
(Fig. 5A). The Barnes maze is similar to the Morris water maze in
that mice use visual cues to locate a goal, but mice walk on a
platform as opposed to swimming. This was preferred for our
study since aged mice can have difficulty swimming.

Ca 2�-stimulated adenylyl cyclases are required for spatial
memory in the Morris water maze (Wu et al., 1995). Although the
Barnes maze was originally designed for rats, several Barnes maze
protocols exist for testing mice. To verify that the requirement of
Ca 2�-stimulated adenylyl cyclases for spatial memory extended
to the Barnes maze, we tested DKO mice. Accordingly, DKO mice
exhibited impaired performance in the Barnes maze. During
training, DKO mice showed a slower latency to find the goal

during the second session, but there was no difference between
DKO and wild-type mice in subsequent sessions (Fig. 5B). Dur-
ing the probe trial, DKO mice spent less time and had fewer nose
pokes in the target quadrant than wild-type mice (Fig. 5C,D).
These data verify that Ca 2�-stimulated adenylyl cyclases are re-
quired for spatial memory performance on the Barnes maze.

Although the young AC1� mice were shown to have en-
hanced recognition memory, spatial memory had not previously
been tested with this strain. To test the effects of AC1 overexpres-
sion in spatial memory, young adult (3– 4 months) AC1� mice
and wild-type littermates were tested on the Barnes maze. Young
AC1� and wild-type littermates exhibited no difference in escape
latency during training (Fig. 5E), and there were no differences
with time spent in the target quadrant (Fig. 5F) or nose pokes in
the target quadrant (Fig. 5G) during the probe trial. No difference

Figure 3. Social recognition memory in young DKO and AC1 � mice. A, Both DKO and wild-type (wt) mice significantly decrease
investigation of the familiar female during training sessions ( p�0.001; two-way ANOVA with repeated measures across session).
B, Both wt and DKO mice show significantly increased investigation of novel (nov) over familiar (fam) mice 3 h after training
(**p � 0.01; two-way ANOVA with repeated measures across exposure, Bonferroni post test). C, wt, but not DKO, mice show
significantly increased investigation of novel over familiar mice 24 h after training (*p � 0.01; two-way ANOVA with repeated
measures across exposure, Bonferroni post test). D, Both young adult AC1 � and wt mice significantly decrease investigation of the
familiar female during training sessions ( p � 0.01; two-way ANOVA with subjects matched across session). E, Both wt and AC1 �

mice have a preference for novel over familiar mice 24 h after training (*p � 0.05; **p � 0.01; two-way ANOVA with repeated
measures across exposure, Bonferroni post test). F, Seven days after training, AC1 �, but not wt, mice show significantly increased
investigation of the novel over the familiar female (*p � 0.05; two-way ANOVA with subjects repeated measures across exposure,
Bonferroni post test).

Figure 4. AC1 � does not enhance social recognition memory in aged mice. A, Both aged AC1 � and wild-type (wt) mice
significantly decrease investigation of the familiar female during training sessions ( p � 0.01; two-way ANOVA with repeated
measures across session). B, Both aged AC1 � and aged wt mice show significantly increased investigation of novel (nov) over
familiar (fam) mice 3 h after training (*p � 0.05; two-way ANOVA with repeated measures across exposure, Bonferroni post test).
C, Neither aged AC1 � nor aged wt mice show significantly increased investigation of novel over familiar mice 24 h after training.
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was detected between AC1� and wild-type littermates when the
probe test was administered after only 4 training sessions to a
separate set of mice; this ruled out differences between genotypes
in the rate of spatial memory acquisition (data not shown). These
data suggest that there is no detectable benefit or detriment of
AC1 overexpression in spatial memory of young adult mice.

To examine the effects of AC1 overexpression on spatial mem-
ory in aged mice, we tested aged (25–27 months) AC1� mice and
wild-type littermates with the Barnes maze. During the training
sessions, aged AC1� and wild-type littermates had similar escape
latencies (Fig. 6A). Both aged AC1� and their nontransgenic
littermates showed progressively shorter escape latencies as train-
ing sessions progressed, indicating that both groups were equally
motivated to escape into the goal tunnel. During the probe test,
however, aged AC1� mice spent less time exploring the target
quadrant (Fig. 6B) and a smaller fraction of their nose pokes
occurred in the target quadrant than wild-type littermates (Fig.
6C). The impaired performance on the probe test is not likely
because of the mobility of the aged AC1� mice (supplemental

Fig. 2, available at www.jneurosci.org as supplemental material),
since mice that are more active (young AC1� and wild-type) and
mice that are less active (aged wild-type) than the aged AC1�

mice both show greater preference for the target quadrant than
the aged AC1� mice (Figs. 5, 6). These data indicate that AC1
overexpression impairs spatial memory in aged mice.

Aged rats have well documented impairments in Barnes maze
performance, and aged mice exhibit spatial memory deficits in the
Morris water maze (D’Hooge and De Deyn, 2001; Rosenzweig
and Barnes, 2003). Thus, the robust preference for the target
quadrant in the probe test by aged wild-type mice (Fig. 6B,C) was
unexpected. To test whether aged wild-type mice have impaired
spatial memory performance on the Barnes maze, we directly
compared young (3– 4 month) and aged (25–26 month) mice to
assess the effect of age on performance (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material). Aged
mice had slower escape latencies than young mice during training
sessions ( p � 0.05; supplemental Fig. 3A, available at www.
jneurosci.org as supplemental material). However, no difference
was detected in time spent (supplemental Fig. 3B, available at
www.jneurosci.org as supplemental material) or percentage of
nose pokes (supplemental Fig. 3C, available at www.jneurosci.org
as supplemental material) in the target quadrant during the
probe test. Although aged mice show slower mobility, these data
could reflect in part a slower spatial learning by aged mice. In
support of this, we have observed that 3-month-old mice form a
preference for the target quadrant in the probe test after only 4
training sessions, whereas mice aged to 21 months do not (data
not shown). Regardless, the unexpected performance of aged
wild-type mice on the Barnes maze may have unmasked a deficit
in AC1� mice that would have been missed under conditions in
which wild-type spatial memory was weaker.

Aged AC1 � mice have enhanced adenylyl cyclase activity
To verify that aged AC1� mice retained increased adenylyl cy-
clase activity in advanced age, hippocampal membrane fractions
were obtained from young (4 months) and aged (26 months)
AC1� and wild-type littermates. Membrane fractions were as-
sayed for adenylyl cyclase activity in the absence or presence of 5
�M free Ca 2�. Consistent with previous reports (Wang et al.,
2004), young AC1� mice had significantly greater Ca 2�-
stimulated adenylyl cyclase activity than young wild-type litter-
mates (Fig. 7A). In both young AC1� and littermate controls,
Ca 2� increased adenylyl cyclase activity (both groups, p � 0.01,
two-way ANOVA with repeated measures across treatment). The
aged AC1� mice also had significantly greater hippocampal ad-
enylyl cyclase activity than aged wild-type littermates (Fig. 7B).
As with the young tissue, Ca 2� increased the adenylyl cyclase
activity in both aged AC1� and wild-type hippocampi ( p � 0.01,
two-way ANOVA with repeated measures across treatment).
Confirming our earlier observation (Fig. 1A), aged AC1� and
wild-type littermates had significantly lower hippocampal Ca 2�-
stimulated adenylyl cyclase activity than younger mice of the
same genotype ( p � 0.01, two-way ANOVA with repeated mea-
sures across treatment; Bonferroni post test) (Figs. 7A,B). These
data suggest that although both genotypes experience decreased
Ca 2�-stimulated adenylyl cyclase activity resulting from aging,
aged AC1� mice retain enhanced Ca 2�-stimulated adenylyl cy-
clase activity over age-matched controls.

Young AC1 � mice have elevated levels of hippocampal
cAMP and phospho-CREB (Wang et al., 2004). Hippocampal
tissue from aged AC1 � and wild-type littermates were isolated
to determine whether the elevated levels of cAMP/CREB sig-

Figure 5. Spatial memory in young DKO and AC1 � mice. A, Mice were trained over 6 d, with
daily training sessions of four trials spaced 1 min apart. Twenty-four hours after the last training
session, mice were tested for a probe trial in the absence of the goal. B, Escape latency between
DKO and wild-type (wt) mice during Barnes maze training sessions. DKO mice had increased
escape latency compared with wt mice on the second training session (*p � 0.05; two-way
ANOVA with repeated measures across session; Bonferroni post test). C, D, Barnes maze probe
test. DKO mice spent less time (C) and had fewer nose pokes (D) in the target quadrant than did
wild-type littermates (***p � 0.001; two-way ANOVA with repeated measures across quad-
rant; Bonferroni post test). DKO, n � 8; wt, n � 8. E, Escape latency during training sessions in
young AC1 � and wild-type littermates. F, G, Performance of young AC1 � and young wt
littermates on the probe test was similar with respect to time spent (F ) and nose pokes (G) in
the target quadrant. Young AC1 �, n � 14; young wt, n � 9.
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naling persist into advanced age. Consis-
tent with previous findings in young AC1�

mice (Wang et al., 2004), ELISA analysis
showed greater levels of cAMP in the aged
(26 months) AC1� hippocampus com-
pared with aged wild-type littermates. Aged
wild-type hippocampus contained (�SEM)
32.9 � 3.8 ng of cAMP/mg of total protein,
whereas aged AC1� hippocampus con-
tained 45.4 � 4.6 ng of cAMP/mg of total
protein. This difference was statistically sig-
nificant ( p � 0.05, unpaired Student’s t test,
both groups: n � 6). Additionally, aged
AC1� hippocampus exhibited elevated lev-
els of phospho-CREB (supplemental Fig.
4A, available at www.jneurosci.org as supplemental material). West-
ern blot analysis of CREB phosphorylated at ser 133 normalized to
total actin levels was performed in hippocampal lysates of wild-type
littermate and AC1� mice. Values were reported as a ratio of the
value in aged wild-type littermates. Wild-type hippocampus con-
tained (�SEM) 1.00 � 0.07 normalized phospho-CREB signal,
whereas aged AC1� hippocampus contained 1.59 � 0.19 normal-
ized phospho-CREB signal. This difference was statistically signifi-
cant ( p � 0.05, unpaired Student’s t test, both groups: n � 4).

Neural and glial markers are unchanged in aged AC1 � mice
To rule out widespread neurotoxic effects of the AC1� genotype
on the aged hippocampus, we performed Western analysis for
neuronal and glial markers in aged hippocampal tissue. No dif-
ference was observed in hippocampal weights harvested from
aged mice between AC1� and nontransgenic mice. No changes
were seen in levels of � III tubulin (supplemental Fig. 4B, avail-
able at www.jneurosci.org as supplemental material) or GFAP
(supplemental Fig. 4C, available at www.jneurosci.org as supple-
mental material) normalized to actin levels between AC1� and
wild-type littermates. Although subtle differences may exist be-
tween aged AC1� and their wild-type littermates, these data rule
out severe neurotoxicity caused by AC1 overexpression as an
explanation for impaired spatial memory in aged AC1� mice.

Discussion
We hypothesized that progressive loss of Ca 2�-stimulated ad-
enylyl cyclases contribute to memory deficits associated with ag-
ing and that overexpression of AC1 might improve the memory
of older mice. We demonstrate that Ca 2�-stimulated adenylyl
cyclase activity decreased in hippocampi of mice aged 12 and
24 months. We also demonstrated that the enhanced recogni-
tion memory of AC1 overexpression extended to social recog-
nition memory in young adults. However, older AC1 � mice
showed no benefit in fear or recognition memory. Surprisingly,
aged AC1� mice exhibited poorer spatial memory than age-
matched wild-type littermates. This impairment was age-
dependent. Biochemical analysis indicated that both AC1� and
nontransgenic littermates had attenuated Ca 2�-stimulated ad-
enylyl cyclase activity during aging, but that aged AC1� mice
retained enhanced adenylyl cyclase activity relative to wild-type
mice. Aged AC1� mice had greater levels of hippocampal cAMP
and phospho-CREB, indicating that there was likely no age-
related signaling compensation downstream of adenylyl cyclase
in the AC1� mouse.

To our knowledge, this is the first example of a transgenic
mouse whose mutation is beneficial to memory at a young age
but detrimental in old age. This phenomenon, however, is task

specific. AC1 overexpression benefits recognition memory in
young adult mice, but this benefit does not extend to old age.
Furthermore, the benefits of AC1 overexpression did not extend
to performance in the passive avoidance or the Barnes maze tests
in young mice. Conversely, AC1 overexpression impaired spatial
memory of aged mice in the Barnes maze, whereas fear and social
recognition memory remained intact. The failure of AC1 overex-
pression to improve performance on the tests we administered
may indicate that reduction of Ca 2�-stimulated adenylyl cyclase
activity in the aged hippocampus is optimized for the aged brain.

Here we report that Ca 2�-stimulated adenylyl cyclase activity
is decreased in the aged hippocampus. The advantage of the ad-
enylyl cyclase assay is that it measures the activity of adenylyl
cyclase under experimenter-defined conditions. Thus, it can de-
tect changes in functionality that might not be reflected by total
mRNA or protein levels present in the tissue. Although the assay
does not specify how much the reduced Ca 2�-stimulated ac-
tivity seen in aged animals (Figs. 1, 7B) is the result of changes
in AC1 versus AC8 activity, it does demonstrate that the over-
all cAMP production in response to Ca 2� is reduced in the
aged hippocampus.

These behavioral tests were chosen for this study because they
all require Ca 2�-stimulated adenylyl cyclases to some degree and
are hippocampus-dependent, yet test different types of memory.
The different effects of AC1 overexpression on these tasks could
reflect different degrees of difficulty of each task. Aged wild-type
mice did not demonstrate long-term memory for social recogni-
tion, so a possible memory deficit in aged AC1� mice would be
undetectable. Since aged wild-type mice could acquire spatial

Figure 6. Aged AC1 � mice have impaired spatial memory. A, Escape latency between aged AC1 � and aged wild-type (wt)
littermates during Barnes maze training sessions. B, C, Barnes maze probe test. Aged AC1 � mice spent less time (B) and had fewer
nose pokes (C) in the target quadrant than did wild-type littermates (*p � 0.05; two-way ANOVA with repeated measures across
quadrant; Bonferroni post test). Aged AC1 �, n � 9; aged wt, n � 13.

Figure 7. Aged AC1 � mice have enhanced adenylyl cyclase activity and cAMP signaling. A,
B, Membrane fractions from hippocampus were measured for adenylyl cyclase activity as pico-
moles of cAMP generated per milligram of sample protein per minute. A, Adenylyl cyclase
activity of young AC1 � and wild-type (wt) littermates in the absence or presence of 5 �M free
Ca 2�. B, Adenylyl cyclase activity of aged AC1 � and wild-type littermates in the absence or
presence of 5 �M free Ca 2�. In both young and aged groups, n � 4 pools of tissue homogenate
collected from three mice each. *p � 0.05 between genotypes (two-way ANOVA with repeated
measures across stimulation; Bonferonni post test).
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memory in the Barnes maze task, it was possible to observe a
spatial memory deficit in aged AC1� mice.

Alternatively, the different outcomes for each test could be
caused by different integration of brain regions outside the hip-
pocampus for each memory task, which may have different sen-
sitivities to the transgene. For example, while increasing cAMP
levels has been reported to improve hippocampus-dependent
memory in aged rodents, it impairs prefrontal cortex-dependent
working memory performance in young and aged rats (Taylor et
al., 1999; Ramos et al., 2003). Although spatial memory perfor-
mance remains intact after lesions of prefrontal cortex in rodents
(de Bruin et al., 1994; Granon and Poucet, 1995; Lacroix et al.,
2002), these data do suggest that increasing cAMP can have dif-
ferent effects on processing by different brain regions. In this
regard, aged hippocampus and cerebellum had significantly de-
creased Ca 2�-stimulated adenylyl cyclase activity, whereas aged
cortex did not. Overexpression of AC1 under the CaMKII pro-
moter drives expression across the forebrain, including areas
which may not have significantly reduced Ca 2�-stimulated ad-
enylyl cyclase activity in advanced age. Interestingly, there are
numerous examples of transgenic mice that show different
effects on different hippocampus dependent tasks (for review,
see Mizuno, 2005).

The effects on memory seen in AC1� mice resemble a phe-
nomenon in evolutionary biology known as antagonistic pleiot-
ropy, whereby a gene product benefits reproductive fitness in the
young organism but harms the organism later in life (Rose, 1991;
Martin, 2007; Pietá Dias et al., 2007). In the case of AC1� mice,
the increased AC1 activity benefits recognition memory in the
young adult but impairs spatial memory in advanced age. This
suggests that the optimal level of hippocampal AC1 enzymatic
activity for spatial memory shifts to lower levels during aging.
Thus, lower levels of Ca 2�-stimulated adenylyl cyclase activity in
the aged brain (Fig. 1) might reflect a mechanism to optimize
Ca 2�-stimulated adenylyl cyclase signaling for memory function
in aged mice.

Although we report no difference between young and aged
wild-type mice on the probe test after 6 training sessions (supple-
mental Fig. 3, available at www.jneurosci.org as supplemental
material), the increased escape latency of aged mice during train-
ing could be due in part to slower acquisition of spatial memory
by aged mice. Strong performance on the Barnes maze probe was
surprising, given reports of spatial memory deficits of aged mice
with probe tests on the Morris water maze (D’Hooge and De
Deyn, 2001), and that memory deficits with the DKO mice were
detectable with our Barnes maze protocol. However, the Morris
water maze might be more difficult for mice than the Barnes maze
since the water maze causes more stress to mice (Harrison et al.,
2009). Aged mice show slower acquisition of spatial memory on
the Morris water maze, even when swimming mobility is taken
into account (Murphy et al., 2006). Thus, the strong preference
for the target quadrant seen in aged mice could be attributable to
the amount of training the mice receive in our Barnes maze
protocol; multiple sessions could allow the performance of
aged mice to catch up to the young mice. In support of this, we
have observed that young mice trained for only four sessions
form a significant preference for the target quadrant in the
probe test for the Barnes maze whereas 21-month-old mice do
not (data not shown). Regardless, the strong performance in
aged mice allowed for the observation of the impaired spatial
memory in age-matched AC1 � mice, which could have been
missed under conditions in which aged wild-type memory was
weaker.

Why would overexpression of AC1 impair spatial memory in
aged mice? One possibility is that AC1 is stimulated by Ca 2�/
calmodulin and the dynamics of Ca 2�signaling in neurons
change with age (Thibault et al., 2007; Toescu and Verkhratsky,
2007). Ca 2�influx through L-type voltage-gated calcium chan-
nels (VGCCs) in the hippocampus increases with age (Campbell
et al., 1996; Thibault and Landfield, 1996), and clearance of in-
ternal Ca 2� is slowed by aging (Toescu and Verkhratsky, 2007).
Thus, signaling events in aged neurons can result in altered du-
ration and amplitude of internal free Ca 2� levels. Age-related
deficits in animal models of memory have been ameliorated by
nimodipine, an L-type VGCC antagonist (Deyo et al., 1989;
Straube et al., 1990; Veng et al., 2003) or memantine, an NMDA
receptor antagonist (Pietá Dias et al., 2007; Burke et al., 2008).
These data suggest that memory processing in the aged brain
suffers from disregulated Ca 2� signaling. The AC1� mutant may
be detrimental to memory specifically in aged animals specifically
because AC1 is stimulated by Ca 2� signaling.

In this regard, it is noteworthy that not all genetic manipula-
tions that enhance cAMP production improve hippocampus-
dependent memory in mice. For example, the Gi � knock-out
mouse has enhanced hippocampal late phase LTP but impaired
hippocampus-dependent fear, recognition, and spatial memories
(Pineda et al., 2004). Furthermore, hippocampus-dependent
memory is impaired when Gi is inhibited in the specifically
hippocampus either pharmacologically or with antisense
DNA oligonucleotides (Pineda et al., 2004). This demonstrates
that memory processing by the hippocampus can be disrupted by
elevated cAMP levels, possibly reflecting a saturation of cAMP
signaling that complicates memory processing. The AC1� mouse
may reflect that the threshold for improved memory by increased
cAMP is lower in aged mice than in young mice.

In summary, we report that Ca 2�-stimulated adenylyl cyclase
activity decreases in the aged hippocampus. Increasing the ex-
pression of AC1 enhanced recognition memory in young mice,
but fails to improve fear or recognition memory in aged mice.
Furthermore, AC1 overexpression in aged mice impairs spatial
memory. These results were surprising, particularly since aged
AC1� showed Ca 2�-stimulated adenylyl cyclase activity similar
to that of young adult wild-type mice. The downregulation of
hippocampal Ca 2�-stimulated adenylyl cyclase activity during
aging may be a mechanism to insure that increased Ca 2� in older
neurons does not lead to cAMP levels that are detrimental to
memory formation.
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