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Abstract
Background—Adenylyl cyclases (ACs) represent a diverse family of enzymes responsible for the
generation of cAMP, a key intracellular second messenger. Ca2+/calmodulin-stimulated AC1 and
AC8 isoforms, as well as the calcium-inhibited AC5 isoform, are abundantly expressed within limbic
regions of the central nervous system. This study examines the contribution of these AC isoforms to
emotional behavior.

Methods—Male and female AC1/8 double knockout mice (DKO) and AC5 knockout mice
(AC5KO) were examined on a series of standard laboratory assays of emotionality. Mice were also
assayed for hippocampal cell proliferation and for changes in BDNF signaling in the nucleus
accumbens, amygdala, and hippocampus, three forebrain structures involved in the regulation of
mood and affect.

Results—AC5KO mice showed striking anxiolytic and antidepressant phenotypes on standard
behavioral assays. In contrast, AC1/8 DKO mice were hypoactive, exhibited diminished sucrose
preference, and displayed alterations in neurotrophic signaling, generally consistent with a
prodepressant phenotype. Neither line of mice displayed alterations in hippocampal cell proliferation.

Conclusions—These data illustrate the complex manner in which Ca2+/calmodulin-stimulated
adenylyl cyclases contribute to emotional behavior. In addition, they support the possibility that a
selective AC5 antagonist would be of therapeutic value against depression and anxiety disorders.
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INTRODUCTION
Adenylyl cyclases (ACs) catalyze the synthesis of cAMP (cyclic adenosine monophosphate),
which in turn activates PKA (protein kinase A) signaling. Of the nine transmembrane isoforms
(AC1–AC9) that have been identified in mammals (1,2), Ca2+-regulated isoforms are
particularly relevant to psychiatry, as they provide a crucial link between neuronal activity and
intracellular cAMP (3). Ca2+-stimulated AC activity within limbic regions of the CNS is
constituted by AC1 and AC8 (4), both of which are activated by Ca2+/calmodulin (5). Studies
of mice that lack AC1 and/or AC8 have revealed an essential role for these enzymes in several
neurobiological processes including long-term memory, sensitivity to drugs of abuse, and
chronic pain (6–10). In contrast, physiological Ca2+ concentrations inhibit AC5 (11), a striatal-
enriched isoform important for behavioral responses to morphine (12). AC5 knockout
(AC5KO) mice show resistance against oxidative and genotoxic stresses; they also display an
extended lifespan, reduced aging-induced cardiomyopathy, and improved bone quality (13),
strongly implicating AC5 inhibition as an effective target against aging (14).

This study explores the relevance of Ca2+-regulated AC activity to mood and anxiety disorders
by characterizing the performance of AC5KO and AC1/8 double knockout (DKO) mice and
their controls on a series of standard behavioral assays. We complement these results with
measures of hippocampal proliferation and neurotrophic signaling. Instead of examining the
roles of AC1 and AC8 separately, we examine DKO mice since a simultaneous AC1/8 deletion
is required to abolish Ca2+-stimulated AC activity within the CNS (8,10), and several
phenotypic changes related to loss of Ca2+-stimulated AC activity have only been observed in
DKOs (6,7,10).

METHODS AND MATERIALS
Mice

Mice were: i) housed in groups of 3–4, ii) 8–12 weeks old, iii) fed ad libitum, and iv) housed
at 23–25°C (lights ON between 0700–1900 hrs). AC5+/− breeder pairs were used to generate
AC5KO mice and wildtype (WT) littermate controls (12,15). AC1/8 DKO mice obtained
through intercrosses between AC1+/−;AC8+/− doubly heterozygous breeders (16,17) were
employed to establish DKO breeding colonies in which all the offspring were DKO genotype.
To control for genetic background, WT breeding colonies of the same lineage were
simultaneously established. For immunoblotting and immunohistochemistry experiments,
only males were employed.

Behavioral Testing
AC5KO and AC1/8DKO mice displayed no evidence of grossly abnormal behavior such as
ataxia, seizures, stereotypy, etc., and displayed normal sensory and motor reflexes (see
Supplementary Methods and Materials for detailed behavioral procedures). Testing was
performed in the light phase using established procedures (18, 19). Locomotor activity was
measured in a novel cage with photocells that measured total beam breaks during twelve 10
min intervals. Videotracking (Ethovision) was employed for elevated plus maze and open field
testing (5 min), whereas dark-light testing (10 min) employed photocell fitted chambers. For
social interaction testing, socially isolated mice (2–3 weeks isolation) were tested in a two-trial
paradigm (20): in the first trial (2.5 min), mice were allowed to explore a square open field
arena containing an empty wire-mesh cage. During the second trial (2.5 min), mice were
reintroduced into this arena now containing an unfamiliar “social target” mouse (c57bl6,
Jackson Labs) within the cage. Videotracking measured the time spent in an “interaction zone”
– a 15 × 30 cm area surrounding the target enclosure during both “target absent” and “target
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present” conditions. Sucrose preference at increasing sucrose concentrations was measured
through a two bottle choice paradigm (18).

BrdU Immunohistochemistry
Bromo-deoxyuridine (BrdU) labeling and cell counting was performed as described (21). 2 hrs
following a single injection of BrdU (150 mg/kg), mice were perfused and fixed brains were
sectioned (30 µm) and processed for BrdU with a rat monoclonal anti-BrdU antibody (1:400,
Accurate).

Immunoblotting
Tissue punches of nucleus accumbens (NAc), amygdala, and hippocampus were obtained from
1 mm-thick fresh brain slices, frozen on dry ice, and subsequently lysed and sonicated in a
lysis buffer (20 mM HEPES, 0.4 M NaCl, 20% glycerol, 5 mM MgCl2, 0.5 mM EDTA, 0.1
mM EGTA, 1% NP40, 50 mM DTT, 0.1% protease and phosphatase inhibitors [Sigma]), and
then centrifuged at 14,000 rpm for 15 min. Supernatant protein concentrations were determined
using the Bradford Assay (Biorad), following which 40 µg of protein were electrophoresed on
4–15% SDS gradient gels (Biorad). Proteins were transferred to PVDF membranes, washed
thoroughly in 1x Tris-buffered saline with 0.1% Tween-20 (TBS-T), and subsequently blocked
in a solution of 5% w/v nonfat dry milk in TBS-T for 1 hr at room temperature. Membranes
were incubated in primary antibody: anti-BDNFN-20 (1:200; Santa Cruz), anti-actin (1:10,000;
MP Biomedicals), anti-TrkB (1:5000; Upstate), anti-AKT, anti-phosphoAKTS473, anti-
ERK1/2, anti-phosphoERK1/2T202 Y204, anti-PLCγ, and anti-phosphoPLCγY783 (1:500, Cell
Signaling). After further washes, membranes were incubated with peroxidase-labeled goat
anti-rabbit or horse anti-mouse IgG (1:40,000; Vector, Burlingame, CA). Bands were
visualized with SuperSignal West Dura substrate (Pierce, Rockford, IL) and quantified with
Scion Image (NIH).

Statistical Analyses
Unpaired, two-tailed Student’s t tests were utilized for comparisons between WT and KO
groups (BrDU counts, immunoblotting). For behavioral testing, two-way ANOVAs were used
to examine significant main effects or interactions (genotype × sucrose concentration,
genotype × target, or genotype × time interval). Significant post-hoc effects were revealed by
Bonferroni tests; effects were considered significant at p< 0.05.

RESULTS
AC1/8 DKO and AC5KO Mice Display Contrasting Locomotor Habituation Phenotypes

Male AC5KO mice were more hyperactive than their WT counterparts (Figure 1A), and this
hyperactivity was limited to the last 50 min of testing. In contrast, AC1/8 DKO mice
demonstrated a clear hypoactive phenotype (Figure 1C), with prominent differences observed
in the last hour of testing. Female mice of either genotype did not demonstrate statistically
significant changes in locomotor activity (ANOVA), although did display similar trends
(Figure 1B, D). Thus, AC1/8 DKO and AC5KO mice do not differ from WT controls in the
acute locomotor response to novelty, but rather do display opposite locomotor habituation
phenotypes.

AC5KO Mice Display a Prominent Anxiolytic Phenotype
We next examined AC5KO and AC1/8 DKO mice on tests of exploratory behavior (Figure 2,
Supplementary Figures S1 and S2). In the elevated plus maze, AC5KO mice spent a
significantly greater amount of time in the open arms of the maze (Figure 2A), whereas AC1/8
DKO mice were no different from their WT counterparts. Similar results were obtained on the
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light-dark test, where AC5KO mice displayed greater exploration of the light side (Figure 2B).
However, in the open field test, both AC5KO and AC1/8 DKO mice performed comparably
to WTs (Figure 2C), suggesting that the striking anxiolytic effects of AC5 disruption are limited
to certain types of anxiety-provoking situations.

Immobility, Social Interaction, and Sucrose Preference
The FST gauges the duration of immobility during an inescapable situation, a measure sensitive
to antidepressant treatments and genetic manipulations (19,22). AC5KO mice displayed a
reduction in immobility (antidepressant-like behavior), with particularly striking effects in
females (Figure 3A). Interestingly, male AC1/8DKO mice also displayed reduced immobility
(Figure 3B), while female DKO mice performed identically to WT. We also examined these
mice on a modified social interaction test (Supplementary Figure S3A–C). During the presence
of a social cue, AC5KO mice were significantly less interactive than WT mice (Figure 3C), an
effect that was not observed in females (Figure 3D). AC1/8 DKO displayed the opposite
phenotype: they interacted considerably more than their WT counterparts (Figure 3E, F),
suggesting that disrupting these two types of Ca2+-regulated AC activities may confer opposite
effects on social behavior.

Many chronic stresses produce a stable reduction in the preference for a sweet solution,
interpreted as a form of anhedonia (18,23); this reduction is reversed by chronic antidepressant
treatments (24). When compared with WT mice, AC5KO mice displayed normal sucrose
preference (Figure 4A, B) as well as comparable levels of fluid intake (Figure 4A, B insets),
except at higher concentrations where KO mice drank significantly higher volumes. This
pattern cannot be explained by body weight, which is normal in AC5KO mice at the ages tested.
In contrast, AC1/8 DKO mice displayed a prominent reduction in sucrose preference (Figure
4C, D). This cannot be explained by alterations in gustation, which is normal in these mice
(6). Total fluid intake was reduced in AC1/8 DKO mice (Figure 4C, D insets), possibly partly
to the significant reductions in body weight observed in DKO mice (Supplementary Figure
S3D).

Hippocampal Cell Proliferation is Not Altered in AC KO Mice
Decreased hippocampal cell proliferation has been postulated as a key mechanism for stress-
related pathology, with antidepressants causing the opposite effect (25). AC5KO and AC1/8
DKO mice were assayed for changes in levels of proliferation using BrDU as an S-phase
marker. BrDU+ cells were enriched in the subgranular zone of the granule cell layer (Figure
5B). There were no significant differences in the number of BrDU+ cells in either AC5KO or
AC1/8 DKO mice compared to their respective controls (Figure 5A).

Altered BDNF Signaling in AC KO Mice
Abnormalities in BDNF (brain-derived neurotrophic factor) signaling are thought to represent
a candidate pathophysiological mechanism for depression (26); postmortem studies of
depressed individuals reveal decreased BDNF protein levels in hippocampus (27) and
increased BDNF levels in NAc (18), a forebrain structure involved in reward-related processes.
Through immunoblotting, we probed samples of hippocampus, NAc, and the amygdala, which
plays a prominent role in anxiety-related processes (28), from AC1/8 DKO and AC5KO mice
for abnormalities in BDNF and downstream signaling. In NAc, AC1/8 DKO mice displayed
strong inductions of neurotrophic signaling (Figure 6A), including increased levels of the full-
length BDNF receptor, TrkB.F (tropomyosin-related kinase B), phospho-AKT, and phospho-
PLCγ (phosholipase Cγ). In contrast, NAc from AC5KO mice only displayed a reduction in
levels of total PLCγ. Amygdala samples from AC5KO mice displayed significant reductions
in both BDNF and TrkB.F levels (Figure 6B). In hippocampus (Figure 6C), AC1/8 DKO mice
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displayed significantly lower levels of phospho-ERK1/2 (extracellular signal-related kinase
1,2), whereas AC5KO mice showed reduced phospho-AKT levels.

DISCUSSION
Achieving a detailed understanding of the biology of individual AC isoforms in vivo has been
challenging: in addition to complex and redundant tissue distribution patterns, catalytic
domains of AC isoforms are highly homologous, which has precluded the generation of
isoform-specific antibodies. ACs have also been neglected as pharmacological targets: current
small molecule modulators of AC function such as forskolin act on virtually all ACs (29).
However, important insights have come from examining phenotypes of specific AC KO mice,
an approach which may provide insight into any therapeutic potential of isoform-specific small-
molecule modulators. Given the contribution of calcium-regulated ACs to memory and
addiction-related processes, we examined AC5KO and AC1/8 DKO mice in paradigms of
depression and anxiety, two common and complex psychiatric syndromes.

Our data highlight a novel role for AC5 in the regulation of affective behavior. While male
AC5KO mice displayed hyperactivity, this effect was only observed during the “habituation
phase”, and therefore does not confound the results of other assays, which can be sensitive to
changes in novelty-induced hyperactivity. AC5KO mice displayed a strong anxiolytic
phenotype in two of three standard assays, as well as an antidepressant phenotype in the FST.
Together, these features resemble other mouse models of “manic-like” behavior such as
Clock mutant mice (30,31), which display hyperactivity as well as hyperhedonic, anxiolytic,
and antidepressant phenotypes. Indeed, the mood stabilizer lithium has been shown to inhibit
AC5 in vitro (32), as well as AC7, another isoform that produces an antidepressant phenotype
when genetically eliminated in mice (33). Interestingly, levels of BDNF and TrkB were reduced
within the amygdala, an important neural substrate for anxiety, while transgenic overexpression
of BDNF in this region causes potent anxiogenic effects (34). We also observed decreased
levels of phospho-AKT in hippocampus, and AKT is known to phosphorylate and inhibit
GSK3β (glycogen synthase kinase 3β). Transgenic mice overexpressing a constitutively active
form of GSK3β in broad forebrain regions also display a manic phenotype (35). Further studies
will be important to discriminate the “antidepressant” versus “pro-manic” effects of AC5
disruption, and to more causatively link our molecular changes with the observed behavior
phenotypes.

AC1/8 DKO mice displayed a more complex phenotype, and since the generation of an
appropriately large number of DKO mice required non-littermate comparisons, we
acknowledge that these behavioral changes could be a result of different maternal effects. While
male AC1/8 DKO mice displayed reduced immobility in the FST, both males and female DKO
mice displayed lower body weights and strong deficits in sucrose preference, abnormalities
often observed in mouse models of depression (18,24). Depressed patients display reductions
in platelet adenylyl cyclase activity (36), which is predominantly constituted by AC3 (37), an
isoform structurally and functionally similar to AC1 and AC8 (11). Immunoblotting of NAc
revealed strong activation of BDNF signaling in the DKOs, which is also observed in mice
after chronic social defeat (18). Additionally, we observed a significant reduction in ERK
phosphorylation in the hippocampus. Such an effect has also been observed after prolonged
corticosterone exposure (38), and systemic pharmacological inhibition of ERK1/2 produces
prodepressant effects (39). DKO mice did not display abnormalities in hippocampal cell
proliferation, an important negative finding in light of the critical role of AC1 and AC8, and
subgranular zone proliferation, in memory (10). Our social interaction tests revealed that DKO
mice socially interacted more than WTs. Social interaction is a complex behavior, mediated
by several components including anxiety, social dominance, and motivation (40). In contrast
to AC1/8 DKO mice, male AC5KO mice displayed a social deficit, and these opposite findings
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correlate with levels of PLCγ signaling within the NAc. Further studies are clearly required to
dissect the molecular basis for these social phenotypes.

In summary, constitutive knockout of AC1 and AC8 produces a deficit in sucrose reward,
weight loss, and decreased locomotor activity. Together with previous studies that demonstrate
altered drug reward and robust memory deficits in AC1/8 DKO mice (see Introduction), these
findings suggest that inhibitors of Ca2+/calmodulin-stimulated ACs would have largely adverse
behavioral consequences. In contrast, knockout of AC5 causes strong antidepressant and
anxiolytic phenotypes. Indeed, novel pharmacotherapies aimed at selectively antagonizing
AC5 function would promote longevity and protect against oxidative stress (13). Our findings
suggest that such agents would also promote resilience against depression and anxiety
disorders.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Male AC5KO and AC1/8 DKO mice display opposite phenotypes on measures of locomotor
habituation. A: Male AC5KO mice were more active (genotype × time intervalRM interaction,
F11,506 = 18.18, p<0.0001), whereas B: female AC5KO and WT mice demonstrated similar
locomotor habituation behavior (time intervalRM main effect, F11,319 = 49.94, p<0.0001). C:
Male AC1/8DKO mice were less active (genotype × time intervalRM interaction, F11, 198 =
10.78, p<0.0001), whereas D: AC1/8DKO females were as active as WT mice (time
intervalRM main effect, F11,264 = 65.78, p<0.0001). Data are presented as means+SEM, with
* indicating significant post hoc differences (*:p<0.05, **:p<0.01, ***:p<0.001). (RM:
repeated measure).
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Figure 2.
AC5KO mice display a prominent anxiolytic phenotype. A: On the elevated plus maze test,
AC5KO mice spent significantly greater time on the open arms of the plus maze (genotype
main effect, F1,40 = 23.33, p<0.0001), while AC1/8 DKO mice were no different from their
WT controls (genotype, F1,31 = 0.04, p>0.5). B: Similar results were obtained in the dark-light
test, where AC5KO mice explored the light compartment significantly more than their WT
controls (genotype main effect, F1,34 = 16.99, p<0.01), while AC1/8 DKO mice performed
comparably to WT mice (genotype, F1,30 = 0.30, p>0.5). C: The open field tests did not reveal
anxiety phenotypes in either AC5KO (genotype, F1,40 = 1.28, p>0.2) or AC1/8 DKO
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(genotype, F1,31 = 0.41, p>0.5). Data are presented as means + SEM (sample size denoted
within bars), with * indicating significant posthoc differences (*: p<0.05, **:p<0.01).
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Figure 3.
A,B: Durations of immobility during the last 4 min period of forced swim testing (FST, 6 min
test) measured by an experienced observer blind to condition. AC5KO mice spent significantly
less time immobile than their wild-type counterparts (genotype main effect, F1,39 = 9.71,
p<0.01), with a prominent phenotype emerging in females. AC1/8DKO mice also displayed
an decreased immobility on the FST (genotype main effect, F1,71 = 3.993, p<0.05), an effect
mainly observed in males. C, D: In a two-trial social interaction test (see Methods and
Materials), male AC5KO mice were significantly less interactive than WT mice (genotype ×
target interaction, F1,38 = 4.68, p<0.05). This effect was not observed in females (genotype ×
target interaction, F1,38 =0.91, p>0.3). E, F: AC1/8DKO mice were significantly more
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interactive than WT mice, and this effect was observed both in males (genotype × target
interaction, F1,36 = 2.92, p<0.05) and females (genotype × target interaction, F1,36 =9.78,
p<0.01). Data are presented as means + SEM (sample size denoted within bars), with *
indicating significant post-hoc differences (*:p<0.05, ***:p<0.001).
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Figure 4.
Sucrose preference data for male and female AC5KO and AC1/8DKO mice depicted as a
function of sucrose concentration in bottle “A” (x axis, [w/v]), with inset graphs displaying
fluid volume intake. A: Male AC5KO and WT mice showed comparable sucrose preference
(genotype × concentration interaction, F5,144 = 0.74, p>0.5), and displayed increased fluid
intake at higher sucrose concentrations (F5,144 = 13.20, p<0.0001). B: Female AC5KO mice
also displayed sucrose preference scores similar to WT (genotype × concentration interaction,
F5,102 = 0.85, p>0.5), as well as increased fluid intake at higher sucrose concentrations
(F5,102 = 12.85, p<0.0001). C: Male AC1/8DKO mice exhibited significantly lowered sucrose
preference (genotype × concentration interaction, F5,114 = 4.59, p<0.001) together with overall
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decreases in fluid intake (genotype main effect, F1,113 = 53.18, p<0.0001). D: Female
AC1/8DKO mice demonstrated significantly lowered sucrose preference (genotype ×
concentration interaction, F5,108 = 2.98, p<0.05), with reduced overall fluid intake (genotype
main effect, F1,107 = 22.85, p<0.0001). Data are presented as means ± SEM, with * indicating
significant post-hoc differences (*:p<0.05, **:p<0.01, ***:p<0.001).
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Figure 5.
A: Neither AC5KO nor AC1/8 DKO mice showed abnormal rates of hippocampal
proliferation, as measured by the total number of BrDU immunopositive cells found in the
dentate gyrus (DG) subgranular zone (AC5: t9 = 0.57, p>0.5, AC1/8: t10 = 0.87, p>0.3, sample
size denoted within bars). B: Representative photomicrograph of a coronal section through the
hippocampus showing darkly stained BrDU labeled cell clusters in the apex of the DG (20X).
Inset: 40X magnified view. Abbreviations: H (Hilus), GCL (Granule Cell Layer), ML
(Molecular Layer).
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Figure 6.
Effects on BDNF signaling within the NAc, amygdala and hippocampus. A–C: Optical density
measurements for each sample were first normalized to the respective β-actin band intensity;
group averages were then normalized to WT. Representative bands are shown for hippocampal
samples. Data are presented as means ± SEM, with * indicating significant differences in
comparison to WT controls (*:p<0.05, **:p<0.01, ***:p<0.001). Abbreviations: BDNF (brain-
derived neurotrophic factor), TrkB.F (full-length tropomyosin-related kinase B), ERK1/2
(extra-cellular signal regulated kinase 1/2), AKT (thymoma viral proto-oncogene), PLCγ
(phospholipase Cγ), pERK1/2, pAKT, and p PLCγ (phosphorylated forms of these proteins).
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