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Abstract

Background: The Ca2+-stimulated adenylyl cyclases (ACs), AC1 and AC8, are key components of long-term memory
processing. AC1 and AC8 double knockout mice (Adcy12/2Adcy82/2; DKO) display impaired fear memory processing; the
mechanism of this impairment is largely unknown.

Methodology/Principal Findings: We hypothesize that the Ca2+-stimulated ACs modulate long-lasting transcriptional
changes essential for fear memory consolidation and maintenance. Here, we report a genome-wide study of gene
expression changes associated with conditioned fear (CF) memory in wild-type and DKO mice to identify AC-dependent
gene regulatory changes that occur in the amygdala and hippocampus at baseline and different time points after CF
learning. We observed an overall decrease in transcriptional changes in DKO mice across all time points, but most strikingly,
at periods when memory consolidation and retention should be occurring. Further, we identified a shared set of
transcription factor binding sites in genes upregulated in wild-type mice that were associated with downregulated genes in
DKO mice. To prove the temporal and regional importance of AC activity on different stages of memory processing, the
tetracycline-off system was used to produce mice with forebrain-specific inducible expression of AC8 on a DKO background.
CF behavioral results reveal that adult restoration of AC8 activity in the forebrain is sufficient for intact learning, while
cessation of this expression at any time point across learning causes memory deficits.

Conclusions/Significance: Overall, these studies demonstrate that the Ca2+-stimulated ACs contribute to the formation and
maintenance of fear memory by a network of long-term transcriptional changes.
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Introduction

The cAMP signal transduction pathway has been repeatedly

implicated in learning and memory using both invertebrate and

vertebrate models. More specifically, the Ca2+-stimulated adeny-

lyl cyclase (AC) pathway, which couples neuronal activity and

intracellular Ca2+ increases to the production of cAMP, is crucial

for normal memory processes [1]. This essential role is evident by

memory impairments seen in the rutabaga Drosophila mutant,

which shows a lack of Ca2+-stimulated AC activity [2]. Of the ten

AC isoforms in mammals, AC1 and AC8 are the only two that are

primarily stimulated by Ca2+/calmodulin [3,4,5]. Murine models

have demonstrated the importance of these isoforms in memory

processing. For example, both AC1 knockout (AC1KO) and AC8

knockout (AC8KO) mice display learning impairments in the

Morris water maze [6,7]. Moreover, there appears to be functional

redundancy in these two isoforms as passive avoidance and

conditioned fear (CF) memory are intact in AC1KO or AC8KO

mice but are impaired in AC1 and AC8 double knockout (DKO)

mice [5]. Interestingly, DKO mice show normal CF memory at

24 hr, but not 1 wk, suggesting that Ca2+-stimulated activity is

necessary for long-term memory changes.

AC1 and AC8 are both localized to brain regions known to play

essential roles in memory processing, such as the cortex,

cerebellum, and hippocampus [8,9,10]. At the cellular level,

AC1 and AC8 are localized to the synapse, specifically the

postsynaptic region for AC1 and presynaptic region for AC8 [11].

The regional and subcellular location of these two isoforms clearly

has physiological implications as AC1KO and AC8KO mice show

impairments in mossy fiber long-term potentiation (LTP) [12].

Although Ca2+-stimulated AC activity has been implicated in

modulating behavior, the mechanism by which this occurs has still

not been thoroughly defined. There is evidence highlighting

deficits in acute, short-term activation of the MAPK/ERK

pathway 30 min after CF training [13]. However, since long-term

memory and LTP are both dependent on transcription and are

disrupted in AC knockout models, we hypothesize that the

primary effect of Ca2+-stimulated AC activity during CF is to
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modulate gene expression [14,15,16] We assessed the effect of

Ca2+-stimulated AC activity on global gene expression via

microarray analysis. The contextual CF paradigm, which relies

on the structural integrity of the hippocampus and amygdala [17],

was used as our paradigm to define the network changes that result

during memory processing in the context of disruption and rescue

of AC expression with knockout and transgenic mouse models. We

demonstrate that Ca2+-stimulated AC activity is necessary during

memory consolidation and retention and that there is an overall

attenuation of transcriptional changes in mice lacking both Ca2+-

stimulated AC isoforms.

Materials and Methods

Animals
All mouse protocols were in accordance with National Institutes

of Health guidelines and were approved by the Animal Care and

Use Committees of Washington University School of Medicine (St.

Louis, MO) (protocol approval #20080030) and Vanderbilt

University (Nashville, TN) (protocol approval #M08617). Mice

were housed on a 12 hr/12 hr light/dark cycle with ad libitum

access to rodent chow and water. For control of the inducible

tetracycline-off system, mice were either fed doxycycline chow

(200 mg doxycycline/1 kg; Research Diets) to repress transgene

expression or fed normal rodent chow to permit transgene

expression.

DKO [5,6], AC1KO [6] and AC8KO [18] mice were generated

as previously described. To produce forebrain-specific, inducible

AC8 expression mice (AC8 rescue) on a DKO background, a

tetracycline-off system was used to allow for temporal control over

AC8 cDNA expression. The tetracycline-off system is based on the

interaction of a tetracycline transactivator (tTA) with a tetracycline-

responsive element (tetop) [19,20,21]. In the presence of tetracycline

or doxycycline, tTA loses its ability to bind tetop and expression is

turned off. In our system, we have inserted AC8 cDNA under the

control of a tetracycline-responsive CMV minimal promoter,

generating tetop-AC8 mice. The linearized sequence was microin-

jected in C57Bl/6 oocytes and founder lines were identified. To

confirm that the founder lines were capable of inducible AC8 cDNA

expression, they were mated with tTAluc mice [22], which express

tTA in many tissues with no detectable endogenous AC8

expression, allowing us to establish that the transgene was expressed

(data not shown). Once inducible expression of the AC8 cDNA was

established, mice were mated with CaMKII-tTA mice (CaMKII-

tTA mice from Jackson Laboratories) [23], which have tTA under

control of the CaMKII forebrain-specific promoter. CaMKII-tTA

and tetop-AC8 mice were then mated to DKO mice to generate

AC8 rescue mice. Each separate line was maintained on an inbred

C57BL/6 background. All AC8 rescue matings were on doxycy-

cline and pups were kept on doxycycline until weaned at 21 days to

keep AC8 off during development, which allows us to truly assess

the learning changes that result from acutely replacing Ca2+-

stimulated AC activity in the forebrain of developed DKO mice.

DKO mice used in the present studies were mice positive for the

tetop-AC8 transgene or CaMKII-tTA transgene alone or wild-type

littermates of the AC8 rescue mice. C57Bl/6 were used as non-

littermate control mice (WT).

Tissue collection and RNA extraction
We collected hippocampal and amygdala samples from WT

and DKO mice at baseline and four different time points after a

5 min CF training trial. The four time points (and the respective

memory stages each time point corresponded to) were as follows:

0 hr (acquisition), 1 hr (consolidation), 48 hr (retention), and 1 wk

after CF training (retrieval). For the 1 wk after CF training time

point, mice were tested in a 5 min CF testing trial prior to killing.

Micropunches using a 1 mm diameter capillary tube were used to

extract bilateral hippocampal and amygdala punches approxi-

mately 2 mm thick. Tissue was quickly preserved using RNA later

(Qiagen) at 4uC and moved to 280uC 24 hr later until RNA

preparation. The Qiagen miRNAeasy Mini Kit was used to

extract RNA, which uses a two-step process, both Trizol and

column extraction, to isolate purified, intact RNA.

Microarray analysis
RNA samples from 5–10 mice were pooled per array with one

array per genotype/brain region/time point for a total of 20

arrays. Prior to processing the tissue for microarray analysis, RNA

quality was verified for each sample by an Agilent 2100

Bioanalyzer and only samples with a RIN value greater than 8.0

were used. mRNA was then reverse transcribed, labeled, and

hybridized to Affymetrix Mouse Gene ST 1.0 Arrays (,29,000

transcripts) by the Vanderbilt Functional Genomics shared

resource core using standard procedures. The Affymetrix Gene

Chip Command Console was used for all instrument control and

data acquisition, while the Expression Console (Affymetrix) was

used for normalization (RMA) and primary data analysis. All

microarray data is MIAME compliant and the raw data has been

deposited in Gene Expression Omnibus (http://www.ncbi.nlm.

nih.gov/geo/) (GEO accession number: GSE23008), while fold

change (fc) values relative to baseline can be found in Tables S1,

S2, S3, S4. Genes that were further characterized and thought to

be of interest were categorized into two lists. One list represents

genes that did not change over time despite exposure to CF

testing, but remained consistently different between genotypes

(Table 1). These genes were classified as developmental gene

changes that resulted from knocking out AC1 and AC8 from birth.

Statistical analysis here pooled across the time points and

considered each time point to an n of 1 per genotype (total of 5

arrays/genotype/brain region). We used Qvalue [24] to assess

statistically significant gene changes across the arrays comparing

DKO and WT mice, which takes a list of p-values resulting from

the simultaneous testing of many hypotheses and estimates their q-

values in order to determine the false discovery rate. A q-value of

#0.1 was considered significant. The other list represents genes

that changed acutely as a result of learning changes and these

genes displayed at least a 61.5 fc relative to baseline at one or

more time points (Table S5 and S6). These genes could not be

assessed statistically as only one array was run per condition.

Real time RT-PCR
The same individual RNA samples used on the microarrays

were also used for the microarray RT-PCR validation exper-

iments. To prepare the cDNA, 500 ng of total RNA was reversed

transcribed in a 20 uL reaction using the High Capacity cDNA

Reverse Transcription Kit (Applied Biosystems). Real time RT-

PCR was performed with SYBR Green Master Mix (Sigma

Aldrich) in an Applied Biosystems 7900HT Fast Real-time PCR

System at Vanderbilt University’s DNA Resource Core. Each

sample was run in duplicate and dissociation curves were used to

assess the specificity of each primer pair. GAPDH was used as the

standard control. Primers used for amplification are listed in Table

S7. For RT-PCR validation of microarray results, a random

selection of genes was evaluated in WT and DKO mice across all

time points in the amygdala and hippocampus to confirm that

microarray results correlated with RT-PCR results across all

arrays (Fig. S1).

AC, Gene Expression and Memory
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Functional analysis
To assess the most represented functional annotations among

the genes that showed a 61.5 fc relative to baseline, the GO

Slimmer program from Gene Ontology (www.geneontology.org)

was used. The number of genes falling into each functional

annotation was determined to assess the most represented

functional annotations per condition. A minimum parameter of

3 was used. Any GO category whose level in the GO hierarchy is

below this parameter was not included in the GO analysis in order

to eliminate functional categories that are too broad. The

category, Biological Process, is defined to be at level 1 in the

hierarchy. The level of any other term is the length of the longest

path to level 1 in terms of the number of categories on the path.

Gene cluster analysis
The software program Short Time-Series Expression Miner

(STEM) [25] was used to cluster and analyze the gene expression

data from the microarray experiments. Genes were filtered so that

only genes with a 61.5 fc at one or more time points were assigned

to a cluster. The STEM program calculates the significance of a

cluster based on the ratio of the number of assigned genes versus

the number of expected genes to a profile. The program has the

ability to implement a novel method for clustering short time series

expression data that can differentiate between real and random

patterns as previously described [26].

Transcription factor analysis
We used Whole Genome rVISTA (http://genome.lbl.gov/

vista) to identify transcription factor binding sites that are

conserved between mice and humans and overrepresented in the

2.5 Kbp upstream region of genes that were regulated similarly

during the CF paradigm.

Immunohistochemistry
Tissue slices were stained for AC8 as described previously [11].

Briefly, mice were anesthetized and transcardially perfused with

4% paraformaldehyde. Frozen tissue was cut at 30 mm and

sections were incubated in goat anti-AC8 antibody (1:400, Santa

Cruz Biotechnology) overnight at 4uC. Sections were then

incubated with a biotinylated rabbit anti-goat secondary antibody

(Vector Labs) at 1:800 for 1 hr. Biotin was detected with

diaminobenzidine and sections were slide mounted with DAPI, a

nuclear stain. All images were obtained using matched settings

between genotypes on an Olympus BX60 fluorescent microscope

equipped with Axiovision software. Images were prepared using

Adobe Photoshop.

Western blot analysis
AC8 protein levels were assessed in mice at various time points

after doxycycline treatment as described previously [11]. Briefly,

mice were killed by CO2 inhalation and the brains rapidly

removed. Subregions were dissected on ice, snap frozen in liquid

nitrogen and stored at 280uC. Frozen tissues were homogeniz-

ed with a lysis buffer containing a protease inhibitor and

phosphatase cocktail and protein concentration was determined

by the BCA assay (Pierce Biotechnology). For AC8 detection,

20 mg of membrane extract from each region was separated by

4–12% SDS-PAGE, transferred to nitrocellulose membrane

and immunoblotted with goat anti-AC8 antibody (1:500, Santa

Cruz Biotechnology) overnight at 4uC. Equal protein loading

conditions were verified by immunodetection for mouse anti-

binding protein (BiP) in all samples. Signals were detected using

an anti-goat HRP-conjugated secondary antibody, and visualiz-

ed using chemiluminescence (SuperSignal WestDura; Pierce

Biotechnology).

Table 1. Genes that are modulated during development.

Amygdala

Accession ID Gene symbol Mean fold change P-value

NM_008732 Slc11a2 21.32 2.8E-08

NM_009623 Adcy8 22.76 3.8E-07

NM_025931 Rabl4 21.38 9.9E-07

NM_146014 Ccm2 21.37 1.2E-05

NM_146776 Olfr821 1.17 2.9E-05

NM_029787 Cyb5r3 21.64 3.9E-05

Hippocampus

Accession ID Gene symbol Mean fold change P-value

NM_009622 Adcy1 22.97 6.2E-08

NM_009623 Adcy8 24.06 4.8E-07

NM_011838 Lynx1 21.40 2.1E-06

NM_011124 Ccl21a 21.64 3.1E-06

NM_023052 Ccl21c 21.64 3.1E-06

NM_011335 Ccl21b 21.64 3.1E-06

NM_175408 Tmem139 21.22 1.9E-05

NM_009342 Dynlt1 1.26 6.0E-05

NM_029787 Cyb5r3 21.47 7.3E-05

NM_026681 Ccdc88c 21.18 7.7E-05

The genes, with their respective fold change (from WT level) and p-value, are listed in order of significance. Only genes that met a q-value of #0.1 were listed.
doi:10.1371/journal.pone.0013385.t001
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Adenylyl cyclase assay
Brain regions were excised from WT, DKO, and AC8 rescue

mice and assayed for AC activity as previously described [27]. Free

Ca2+ concentrations were calculated using the Bound and

Determined computer algorithm [28]. AC activity levels are the

means of triplicate samples. Protein concentration in the cell

membranes was determined as previously described [29].

Behavioral analysis
An observer blinded to genotype performed all behavioral

analysis. Behavioral experiments were conducted 2–5 hr after

lights on. Male mice ages 2–4 mo were used for all behavioral

experiments, except for the first CF experiment, where male and

female mice ages 2–8 mo were used. All mice were on a C57Bl/6

inbred background.

Conditioned Fear. Cognitive skills were evaluated using a

test of Pavlovian fear conditioning. The CF chamber was a

standard grid box (20.3615.9610.0 cm; Med Associates) with a

small vial of coconut oil, which served as an olfactory cue. During

CF training, mice were put in the chamber for 2 min to assess

basal (pretraining) freezing levels, followed by 28 sec of white noise

and a 2 sec 0.7 mA foot shock (white noise was used for cued CF

but data is not shown). Subsequently, postshock (posttraining)

exploration was monitored for an additional 2 min. Freezing was

monitored in 5 sec bins. Graphs express the percent freezing over

the course of a testing period. 1 wk, 1 mo and 1.5 mo after

training, mice were put back in the original training chamber to

assess contextual CF memory. Freezing was monitored as before

for 5 min. Doxycycline was given or removed for at least 2 wk, in

most cases a month, in between testing to allow for AC8

expression to be turned on or off effectively.

Novel object recognition. The mice were habituated to the

testing chamber for 4 hr before training. Following habituation,

two different shaped blocks were presented during a 10 min

training session. Testing occurred 90 min later with mice being

presented with one familiar object from training and one novel

object for 5 min. Memory was assessed by measuring object

preference using the discrimination ratio (novel object interaction/

total object interaction). A mouse was classified as interacting with

an object if it approached or sniffed the object. Trials were

videotaped (Sony mini-DV camera) and scored off-line.

Data analysis
Results are expressed as the mean 6 SEM. Student’s t-test was

used to compare pairs of means. In cases with multiple conditions,

a two-way ANOVA was used followed by Bonferroni post hoc tests

when appropriate. A one-way ANOVA was used for single

condition analysis followed by Tukey’s Multiple Comparison post

hoc tests when appropriate. Chi-square analysis was used to

determine the significance of gene expression changes between

WT and DKO mice across time. For novel object recognition, a

one sample t-test was run to assess whether percent interaction

with an object was different from chance (50%). A p-value of

#0.05 was considered statistically significant. All statistical

comparisons were done with Prism 4 software (GraphPad) unless

otherwise stated.

Results

DKO mice show consistent long-term, but not short-term, CF

memory deficits [5]. Impaired gene expression changes within the

hippocampus have been correlated with impairments in long-term

Figure 1. Developmental changes in DKO mice. Two genes identified with microarray analysis and showing the most significant change
between WT and DKO mice, (A) Slc11a2 (n = 5, *p#0.0001), with a 21.3 fold change, and (B) Lynx1 (n = 5, *p#0.0001), with 21.4 fold change, were
confirmed via RT-PCR. (C–D) Both RT-PCR results confirmed a significant decrease in Slc11a2 (n = 4–5, $ vs # p#0.001; $ vs + p#0.05; # vs +,
p#0.001) and Lynx1 (n = 4–5,*p#0.05). RT-PCR results also reveal that these gene changes are not rescued in AC8 rescue mice, and therefore, do not
modulate the CF learning changes, but rather, probably contribute to baseline changes. No differences in gene expression between AC1KO and
AC8KO mice suggest that these genes are not targeted by one specific Ca2+-stimulated AC.
doi:10.1371/journal.pone.0013385.g001
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memory consolidation [30]. Therefore, to assess whether learning

deficits resulting from a lack of Ca2+-stimulated AC activity are

imparted by impaired gene expression, we obtained amygdala and

hippocampal tissue samples from WT and DKO mice at different

time points after CF learning. Samples were extracted at baseline

(25 min before training), 0 hr, 1 hr, or 48 hr after a 5 min CF

training trial, or at 1 wk after a 5 min CF testing trial, and

subjected to microarray analysis and validated with RT-PCR (Fig.

S1). The different time points reflect when the different stages of

memory processing are thought to occur [31].

To provide context for gene expression changes found during

CF in the DKO mice, we measured basal gene expression

differences that were consistent before testing and across all time

points after training. As expected, AC8 mRNA was significantly

decreased in both the amygdala (22.76 fc) and hippocampus

(24.06 fc) of DKO mice compared to those of WT mice; however,

AC1 only met the FDR threshold in the hippocampus (22.97 fc),

reflecting the low abundance of AC1 in WT amygdala (21.48 fc,

p = 3.6E-04) (Table 1). Decreased expression of a few other genes

was observed using microarray in both the amygdala and

hippocampus of DKO mice compared to those of WT mice

(Table 1; Fig. 1A,C). Confirming our microarray data, we found

using RT-PCR that Slc11a2 and Lynx1 are significantly decreased

in DKO mice compared to expression levels in WT mice (Fig. 1B,

D). Additional RT-PCR analysis of these genes with single

knockout animals (AC1KO, AC8KO) suggests that these genes are

not targeted by one specific Ca2+-stimulated AC as both single

knockouts show similar reduction in expression levels.

Microarray analysis of gene expression changes after CF
learning

Amygdala. We find that the aggregate pattern of gene

expression changes in the amygdala occurring after CF learning

is similar between WT and DKO mice, but the relative number of

genes differs between the two genotypes. Chi-square analysis

reveals that WT mice have significantly more upregulated genes

than DKO mice at 48 hr (94 vs 6; p#0.05) and 1 wk (145 vs 66;

p#0.05) (Fig. 2B), while DKO mice have more upregulated genes

at 1 hr than WT mice (28 vs 6; p#0.05). Additionally, WT mice

have significantly more downregulated genes than DKO mice at

every time point in the amygdala (Fig. 2D).

Using the STEM software, we clustered individual genes into

groups based on their changes across time and according to

whether they showed up or downregulated gene expression (Fig. 3;

Tables S8 and S9). Within the amygdala, DKO mice show a

predominance of clusters with downregulated expression over

time, but 4 out of 9 clusters are similar between WT and DKO

mice. Further analysis of these clusters (Table S8) reveals that there

is minimal overlap in the specific genes that fall within the same

cluster between WT and DKO mice. Therefore, we conducted a

Figure 2. Microarray analysis setup and gene expression changes. (A) Amygdala and hippocampal micropunches were taken at baseline and
four time points across CF learning (0 hr, 1 hr, 48 hr, 1 wk) in WT and DKO mice (1 array per genotype/brain region/time point). The number of genes
showing a 61.5 fold change from baseline is graphed. (B, D) WT mice show the largest change in gene expression at the 48 hr and 1 wk time points
in the amygdala and (C, E) at the 1 hr and 48 hr time points in the hippocampus. Overall, DKO mice show a suppression in gene expression changes,
except at 1 hr in the amygdala when DKO mice show more gene changes that WT mice (* Chi-square, WT vs DKO p#0.05).
doi:10.1371/journal.pone.0013385.g002
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heat map analysis on the most significant WT cluster in the

amygdala (Fig. 4) to determine how the same set of genes changed

between the WT and DKO mice. The WT heat map represents

the expression changes of the genes falling into this cluster. The

DKO heat map represents expression levels of those same genes

and depicts how they are differentially modulated relative to WT

Figure 3. Cluster analysis reveals the most represented expression pattern changes occuring over time after CF learning. Amygdala
results reveal a balance between up and downregulated gene changes in WT mice. DKO mice reveal an overall decrease in gene expression within
the amygdala over time. Four similar clusters are found between both the WT and DKO mice in the amygdala. WT mice show a consistent
upregulation in gene expression over time within the hippocampus; whereas, DKO mice genes tend to be downregulated over time except for two
clusters. No two clusters are alike between WT and DKO mice. The number in the upper left corner represents the number of genes in the cluster and
the number in the upper right reveals the p-value.
doi:10.1371/journal.pone.0013385.g003

Figure 4. Heat map analysis reveals divergent gene expression changes. A heat map was generated for the most significant cluster in each
brain region of WT mice. The gene changes are mapped in the WT mice, and the respective changes in expression of the same genes are mapped in
the DKO mice. (A) The amygdala results reveal not only a suppression, but opposing regulation in gene expression in DKO mice. (B) The hippocampal
results reveal an overall suppression in gene changes within DKO mice.
doi:10.1371/journal.pone.0013385.g004

AC, Gene Expression and Memory
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mice. Virtually all of these genes show the opposite regulation

within the amygdala between WT and DKO mice. This

observation is further supported when comparing the 61.5 fc

gene lists between WT and DKO mice within the amygdala

(Table S5).

We also determined whether the genes that changed after CF

learning in DKO mice were functionally related to the genes that

change in WT mice (Table 2). We defined the top 5 functional

categories represented by genes changed after CF learning in WT

mice and compared the number of genes that changed in DKO

mice within the same 5 functional categories. Within the top 5

functional categories, DKO mice show considerably fewer genes

relative to WT mice across all time points, except for genes

upregulated at 1 hr where DKO mice show a greater number of

gene changes, which is consistent with the gene expression pattern

changes seen in Figure 2. Functional analysis reveals that the

decrease in transcriptional changes may be largely due to the lack

of changes in genes that modulate cellular transcription (GO:

0006350). Moreover, DKO mice have deficits in cell signaling as

they show a decrease in number of genes that fall into the cell

communication (GO: 0007154) and signal transduction (GO:

0007165) functional categories.

Hippocampus. WT mice have significantly more upregulated

genes than DKO mice in the hippocampus at 1 hr (70 vs 9; p#0.05)

and 48 hr (81 vs 4; p#0.05)(Fig. 2C). However, the converse is true

for downregulated genes, of which DKO mice have significantly

more than WT mice at 1 hr (28 vs 10; p#0.05), 48 hr (52 vs 13;

p#0.05), and 1 wk (53 vs 17; p#0.05) (Fig. 2E).

Cluster analysis of individual gene changes in the hippocampus

reveals that there are no similar cluster patterns between the WT

and DKO mice (Fig. 3; Tables S8 and S9). Only clusters

upregulated over time are statistically significant in WT mice with

the 1 hr and 48 hr time points showing the largest increases in

gene number. DKO mice, however, show a predominance of

clusters with downregulated expression over time in the hippo-

campus. Heat map assessment of the most significant WT cluster

in the hippocampus reveals that gene expression changes are

attenuated in DKO mice, but the patterns appear in similar

directions (Fig. 4). The functional categories of the top clusters in

WT hippocampus are similar to those of the amygdala with DKO

mice showing a decrease in the number of genes falling within the

cellular transcription (GO: 0006350), cell communication (GO:

0007154), and signal transduction (GO: 0007165) categories.

Normal CF learning displays over-representation of
specific transcription factor binding sites in regulated
genes

To further elucidate possible mechanisms for the network of

gene expression changes associated with CF learning, we assessed

the transcription-factor binding sites that were overrepresented in

Table 2. Top 5 functions represented by each respective gene list.

Number of genes (compared to baseline)

BIOLOGICAL PROCESS 0 hr 1 hr 48 hr 1 wk

Amygdala, Upregulated WT DKO WT DKO WT DKO WT DKO

Cellular nucleobase, nucleoside, nucleotide and
nucleic acid metabolic process (GO:0006139)

5 3 1 11 21 0 34 13

Cell communication (GO:0007154) 2 7 2 6 17 0 34 14

Cell differentiation (GO:0030154) 2 3 2 8 21 0 30 7

Cellular transcription (GO:0006350) 4 2 1 8 19 0 26 7

Signal transduction (GO:0007165) 1 7 1 4 15 0 29 14

Amygdala, Downregulated

Cell communication (GO:0007154) 11 4 5 2 30 18 25 7

Cellular nucleobase, nucleoside, nucleotide and
nucleic acid metabolic process (GO:0006139)

4 1 2 1 31 16 28 4

Signal transduction (GO:0007165) 9 4 5 2 27 13 23 7

Protein metabolic process (GO:0019538) 6 4 1 3 26 16 22 4

Transport (GO:0006810) 10 6 7 2 21 16 17 1

Hippocampus, Upregulated

Cellular nucleobase, nucleoside, nucleotide and
nucleic acid metabolic process (GO:0006139)

6 0 20 2 21 0 5 4

Cellular transcription (GO:0006350) 5 0 10 2 15 0 5 0

Cell communication (GO:0007154) 3 1 12 1 15 1 4 0

Protein metabolic process (GO:0019538) 2 0 15 2 10 1 2 2

Signal transduction (GO:0007165) 2 1 8 1 13 1 2 0

Hippocampus, Downregulated

Cell communication (GO:0007154) 0 1 3 5 4 12 5 8

Signal transduction (GO:0007165) 0 1 2 5 4 12 5 8

Transport (GO:0006810) 0 0 2 8 3 11 4 9

Cell differentiation (GO:0030154) 0 0 2 3 3 6 2 9

doi:10.1371/journal.pone.0013385.t002
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genes either upregulated or downregulated within the amygdala

and hippocampus of WT and DKO mice at 48 hr (Top 10 listed

in Table 3; full list in Table S10). The DKO mice show no

overrepresented transcription factor binding sites in the amydala

or hippocampus of upregulated genes at 48 hr; however, this may

largely be due to only a small number of genes being upregulated

at this time point in DKO mice. Downregulated genes, in contrast,

appear to be regulated by a shared group of transcription factors.

Nearly all the transcription factor binding sites (9 out of 10) that

are overrepresented in the downregulated genes within the

hippocampus of DKO mice are found in genes upregulated in

the hippocampus of WT mice. This observation is consistent with

the shift from predominantly upregulated to downregulated gene

expression seen in the DKO mice.

Generation of AC8 rescue mice
To functionally test the temporal role of AC activity during CF

learning, we restored Ca2+-stimulated AC function at different

time points during behavioral testing with a transgenic model of

AC8 expression. We generated a system where AC8 is expressed

in the forebrain of mice on a DKO background (AC8 rescue

mice). We used a doxycycline-regulated system (e.g. tetracycline-

off system) to restore AC8 expression in a temporally regulated

fashion. Fig. 5A shows the protein distribution of AC8 within WT

and DKO mice. Consistent with previous reports, AC8 is localized

to the cortex, thalamus, hippocampus, and cerebellum [18]. AC8

rescue mice display AC8 expression within forebrain specific

regions, but not within the thalamus or hindbrain. We find that

AC8 expression begins to turn on two weeks after taking mice off

doxycycline, and conversely, AC8 expression is turned off

completely after 2 wk on doxycycline (Fig. 5B). We measured

Ca2+-stimulated AC activity in the cortex (Fig. 5C) and

hippocampus (Fig. 5D) to determine the magnitude of physiolog-

ical replacement in AC8 rescue mice. Although expression of AC8

protein in the AC8 rescue mice appears higher than what is

present endogenously within the WT mice (Fig. 5A), we found that

that overall Ca2+-stimulated AC activity was recovered to

approximately 50% and 30% of WT levels in the cortex

(Fig. 5C) and hippocampus (Fig. 5D), respectively. As shown

previously [5], DKO mice have no measurable Ca2+-stimulated

AC activity. Importantly, AC8 rescue mice on doxycycline show

no Ca2+-stimulated AC activity, confirming that doxycycline

efficiently represses AC8 transgene expression.

Ca2+-stimulated AC activity is necessary for memory
consolidation and retention

After confirming that our AC8 rescue system was able to restore

AC8 expression and activity to the forebrain, we turned AC8

Table 3. Top 10 TF binding sites overrepresented in genes regulated at 48 hr.

WT DKO

Hippocampus Amygdala Hippocampus Amygdala

TF binding site P-value TF binding site P-value TF binding site P-value TF binding site P-value

Upregulated

Pou6f1 2.3E-11 Areb6 7.4E-04 N/A N/A

Pou1f1 2.5E-11 Lfa1 1.3E-03

Tef 4.4E-11 E12 3.5E-03

Crebatf 4.5E-09 Gata2 3.8E-03

Gata3 1.9E-08 Hoxa7 5.1E-03

Dr3 1.5E-07 Pbx1 5.4E-03

Amef2 1.7E-07 Foxp3 5.8E-03

Hp1sitefactor 6.0E-07

Hfh3 7.3E-07

Atf 1.0E-06

Downregulated

Pads 1.6E-04 Lhx3 8.9E-10 TfIIa* 1.3E-07 E47 3.6E-05

Meis1 2.5E-04 Cart1 2.4E-08 Foxo1* 9.4E-07 Areb6 8.2E-04

TfIIa 3.8E-04 Pou6f1 3.4E-08 Gata3 1.9E-05 Cmyb 2.3E-03

Hp1sitefactor 1.3E-03 Sox5 9.6E-08 Foxo4* 3.9E-05 Crebp1cjun 5.0E-03

Gata1 2.7E-03 Sox9 5.2E-07 Lef1tcf1 4.8E-05 Nmyc 5.1E-03

Areb6 3.1E-03 Hif1 6.7E-07 Dr3 9.3E-05

Nkx61 1.0E-06 Hp1sitefactor 1.6E-04

Hp1sitefactor 2.2E-06 Foxp3* 2.8E-04

Vbp 2.8E-06 Hfh4* 4.3E-04

Gata3 2.9E-06 Lhx3* 7.2E-04

The 2.5kbp region upstream region of genes modulated during CF learning was assessed for common transcription factor (TF) binding sites. The significance value takes
into consideration the total number of sites in the genes analyzed versus the total number of sites in the whole genome. Bold genes represent TF binding sites in DKO
mice that are significantly upregulated within each respective WT brain region, while.
*indicates TF binding sites that are significantly upregulated in WT mice, but do not make the top ten list.
doi:10.1371/journal.pone.0013385.t003
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activity on and off at different time points throughout CF testing.

We found that acutely restoring AC8 continuously during CF

training and testing was sufficient to rescue memory deficits seen in

DKO mice (Fig. 6B). However, when the AC8 transgene was

repressed during training only, memory is impaired (Fig. 6C),

suggesting that Ca2+-stimulated AC activity is necessary during

memory consolidation. Additionally, when AC8 was kept on

during training but turned off during the retention period,

memory was again impaired at 1 mo (Fig. 6D).

To investigate if Ca2+-stimulated AC activity was needed just

for retrieval, rather than retention, we turned AC8 expression on

again and tested mice two weeks later (1.5 mo after training).

Suggesting that Ca2+-stimulated AC activity is necessary during

memory retention, we found that AC8 expression for two weeks

after the 1 mo testing session was unable to rescue CF memory at

1.5 mo (Fig. 6D).

Interestingly, expression of genes identified as consistently

developmentally reduced in expression between WT and DKO

mice, Slc11a2 and Lynx1, was similar between AC8 rescue and

DKO mice, suggesting that these gene changes are not necessary

for intact CF memory as expression levels are not rescued in the

AC8 rescue mice while learning deficits are rescued (Fig. 1).

To evaluate the role of Ca2+-stimulated AC activity during

short-term memory, we restored AC8 expression during novel

object recognition and compared our results with DKO and WT

mice. Consistent with previous reports [32], DKO mice show no

bias for the novel object during the testing trial (90 min after

training) (Fig. 7). Restoration of AC8 expression in the forebrain of

DKO mice elicits a response comparable to WT mice.

To evaluate possible variables that could confound the learning

results, we measured baseline freezing in the CF paradigm. These

measures were similar between all three groups (Fig. 6A).

Additionally, we evaluated anxiety and locomotion levels in

open-field testing (data not shown). Indices of anxiety-like

behavior, such as time spent in the center vs periphery of the

open field, were similar between all three groups, WT (65%

periphery vs 35% center 69.0), DKO (75% periphery vs 25%

center 62.8) and AC8 rescue (75% periphery vs 25% center 64.5)

mice. Locomotion measures were increased (p = 0.02), as assessed

by the total number of grid crossings in 5 min, in both the DKO

(165 grid crossings) and AC8 rescue mice (166 grid crossings)

relative to WT mice (83 grid crossings). However, since AC8

rescue and DKO mice show different learning phenotypes, it is

unlikely that the increased locomotion alters interpretation of the

memory findings. Basal pain sensation has also been previously

studied with no major differences seen between WT and DKO

mice [33].

Discussion

Here, we report that disruption of both Ca2+-stimulated ACs

(AC1 and AC8) causes an overall decrease in long-term

Figure 5. Generation of inducible forebrain-specific AC8 mice on a DKO background. (A) Immunohistochemistry results confirm complete
absence of AC8 protein levels in DKO mice, while AC8 rescue mice have AC8 replaced within forebrain-specific regions but not in the hindbrain or
thalamus. (B) Using doxycycline to manipulate AC8 expression within the forebrain, we observed AC8 expression after 2 wk off doxycycline. In
contrast, expression begins to rapidly turn off within one week off doxycycline treatment and is undetectable by 2 wk. Hindbrain results reveal no
AC8 expression with or without doxycycline treatment. Bip is used as a loading control. The adenylyl cyclase assays in the (C) cortex (n = 3/genotype)
and (D) hippocampus (n = 3/genotype) reveal no Ca2+-stimulated activity in DKO mice or AC8 rescue mice on doxycycline, while activity is rescued to
approximately 50% (C) and 30% (D) of WT levels in AC8 rescue mice off doxycycline.
doi:10.1371/journal.pone.0013385.g005
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transcriptional changes after CF learning. While changes between

WT and DKO mice are evident at all time points, the most robust

disparity occurs at the 1 hr and 48 hr time points, periods when

memory consolidation and retention are thought to occur.

Initially, we assessed changes in baseline gene expression to

eliminate the possibility that baseline gene expression differences

are contributing to the CF deficits in DKO mice. The most

notable changes are a decrease in Slc11a2 in the amygdala and

Lynx1 in the hippocampus of DKO mice. Both of these proteins

may play a role in learning and memory. Slc11a2, a divalent metal

ion transporter, causes memory impairments on the Morris water

task when disrupted within the forebrain [34], and Lynx1, which

enhances nicotinic acetylcholine receptor function, causes memory

enhancements on CF when globally disrupted [35]. However, our

data show that expression of these genes in AC8 rescue mice is not

recovered to WT levels, and since AC8 rescue mice have intact

memory, this suggests that these proteins do not cause the CF

learning deficits seen in DKO mice.

Past literature supports the theory that Ca2+-stimulated AC

activity plays a pertinent role in learning and memory. Although

disrupting just one of the two Ca2+-stimulated ACs can cause

memory impairments [6], data show that AC single knockout mice

show intact CF behavior while DKO mice show alterations in CF

behavior [5]. Testing in the CF paradigm reveals that DKO mice

have intact memory at 24 hr, but impaired memory at 1 wk.

Moreover, when tested on a novel object recognition paradigm,

DKO mice have impaired object recognition at 1 hr, but not

5 min [32]. Overall, these data suggest that Ca2+-stimulated AC

activity is not necessary for acquisition of a task, but necessary for

long-term consolidation of a memory and that a single AC (AC1

or AC8) can compensate for loss of the other AC. Our data

support these findings as AC8 rescue mice that have AC8 turned

Figure 6. Ca2+-stimulated AC activity is necessary for memory consolidation and retention. Memory changes are assessed by the overall
freezing percentage. (A) There are no baseline freezing changes between the genotypes (no differences in baseline freezing levels between graphs B,
C, or D, so subjects were combined; p.0.05). (B) DKO mice show memory deficits at 1 wk and 1 mo compared to WT mice. AC8 rescue mice reveal
that replacing AC8 expression within the forebrain of DKO mice throughout training, retention and testing is sufficient to rescue CF memory deficits
(n = 9–11/genotype, *p#0.05 AC8 vs DKO). Turning AC8 off during (C) CF training (n = 8–10, *p#0.05, AC8 and DKO vs WT) or (D) during the
retention period (n = 9–11, *p#0.01, AC8 and DKO vs WT) prevents restoration of the memory deficits. Furthermore, AC8 rescue mice still show
memory deficits after turning AC8 back on for 2 wks after having it off since training (n = 9–11, *p#0.05, AC8 and DKO vs WT). AC8 on = doxycycline
off; Symbols: Tr, training; Wk, week; Mo, month.
doi:10.1371/journal.pone.0013385.g006

Figure 7. Ca2+-stimulated AC activity is necessary for the
acquisition of novel object recognition. The hash mark labels the
50% mark, which represents no preference for an object (object
preference = novel object interaction/total object interaction). DKO
mice show no preference for the novel object when tested 90 min after
training (n = 8, object preference is not significantly different than 50%,
p.0.05); however, replacing AC8 in the forebrain of DKO mice is
sufficient to maintain memory (n = 10/genotype, *1-sample t-test object
preference is greater than 50%, p#0.05).
doi:10.1371/journal.pone.0013385.g007
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off during the consolidation CF training period show memory

impairment, while AC8 transgene expression throughout training

and testing restores long-term conditioned responses. Additionally,

we recapitulate the novel object recognition data with DKO mice

showing impairments, but also provide evidence that memory can

be restored if AC8 expression is turned on in the forebrain before

training. Overall, our learning and memory data suggests an

impairment at the consolidation phase.

The observation that Ca2+-stimulated AC activity is important

for learning and memory is supported by the microarray data.

Transcriptional changes within hours after exposure to a learning

paradigm is required for the consolidation of long-term memory

[14,15,16]. Moreover, recent evidence shows that an age-related

decline in memory is correlated with decreased hippocampal

transcriptional changes [30]. Together, these data suggest that the

lack of long-term transcriptional changes displayed by DKO mice

throughout the CF learning process contribute to the learning

deficits seen at 1 wk post CF training. Furthermore, the residual

transcriptional changes that do occur in DKO mice are mainly

suppression of expression. This is evident in Figure 2 as

upregulated gene expression is overall dampened over time in

both the amygdala and hippocampus of DKO mice.

DKO mice display an impairment in transcriptional changes at

1 hr, a period when memory consolidation is occurring; therefore,

the overall suppression in transcriptional changes may be

contributing to the inability of these mice to form a strong enough

memory in order to retain it for longer than 24 hr. DKO mice

show an increased number of genes changing relative to WT mice

at 1 hr in the amygdala. This data suggests that the amygdala in

DKO mice may be sufficiently activated to form a stress response

to the aversive shock administered during CF training. Therefore,

the activation of the amygdala may be sufficient to retain the CF

memory for short periods, such as seen at 24 hr [5], but the overall

lack of hippocampal activation may lead to impairments in the

overall strength of the memory formed.

Not only is memory consolidation impaired in DKO mice, but

memory retention is as well. This is evident when Ca2+-stimulated

activity is turned off in AC8 rescue mice after CF training. These

mice fail to show a normal conditioned response when tested 1 wk

after training. These data are in apparent conflict with analysis of

passive avoidance behavior in DKO mice. DKO mice exhibit

impaired passive avoidance behavior that can be restored when

forskolin is administered one time into the hippocampus of DKO

mice 15 min prior to training, even when memory testing occurs as

long as 8 days after training [5]. This would imply that Ca2+-

stimulated AC activity is only necessary for consolidation of a

memory as the memory was retained 8 days after initial cAMP

activation. However, passive avoidance is a less complex task than

CF learning; therefore, a one time injection of forskolin may be

sufficient to rescue memory deficits in passive avoidance, but for CF

learning, a more sustained activation of biological pathways might

be necessary to maintain the memory. The present data suggest that

a maintenance of positive gene regulation is necessary as DKO mice

show an overall lack of upregulated gene changes, but downreg-

ulated gene changes are maintained in the hippocampus. This is

further seen by the overall lack of common transcription factor

binding sites found in the genes upregulated within the amygdala or

hippocampus of DKO mice at 48 hr. Moreover, many of the

transcription factors that modulate positive gene expression are

found overrepresented in the genes that modulate negative gene

expression within the hippocampus of DKO mice. Finally, the gene

cluster analysis in DKO mice reveals that gene expression is

decreased in most of the significant clusters at 48 hr, and

functionally, there is at most only 1 gene found within the top 5

functions represented by genes modulated in WT mice. The lack of

transcriptional changes at the period when memory is supposed to

be maintained supports the behavioral observations that Ca2+-

stimulated AC activity is needed for memory retention.

Finally, the present functional analysis data suggests that the

lack of transcriptional changes may be contributing to deficits in

communication occurring at the level of the synapse. WT mice

show a large number of transcriptional changes that functionally

contribute to cell communication and signal transduction;

whereas, DKO mice show a minimal number of transcriptional

changes related to these functions.

In this study, we demonstrate that Ca2+-stimulated AC activity

is necessary for memory consolidation and retention during CF

learning as well as the long-term transcriptional changes that are

associated with CF memory processing. Deletion of both AC1 and

AC8 leads to deficits that result in an inability to maintain the CF

memory, but this is rescued when AC8 is replaced within the

forebrain of mice on a DKO background. Therefore, Ca2+-

stimulated AC activity in the forebrain is sufficient for normal CF

learning, and the role is acute rather than resulting from

developmental deficits (in the DKO mice). The network of

changes that we define should serve as a valuable resource for

studies of learning and memory in other genetically altered systems

allowing fundamental common mechanisms to emerge.

Supporting Information

Figure S1 Microarray values correlate with the RT-PCR values,

validating the microarray results. A random selection of genes was

evaluated in WT and DKO mice across all time points in the

amygdala and hippocampus to confirm that microarray results

correlated with RT-PCR results across all arrays. The graph

represents the microarray raw intensity values on the x-axis and

the CT value of each experimental primer minus the CT value of

the control primer, GAPDH, on the y-axis. An inverse relationship

(R2 = 0.78) confirms results as microarray value intensity should

increase when CT value decreases (a lower CT value corresponds

with increased mRNA).

Found at: doi:10.1371/journal.pone.0013385.s001 (0.13 MB TIF)

Table S1 The fold change in the amygdala of WT mice for each

respective probe. The table lists all the probes with the respective

fold changes at each time point relative to baseline.

Found at: doi:10.1371/journal.pone.0013385.s002 (4.58 MB

XLS)

Table S2 The fold change in the amygdala of DKO mice for

each respective probe. The table lists all the probes with the

respective fold changes at each time point relative to baseline.

Found at: doi:10.1371/journal.pone.0013385.s003 (4.60 MB

XLS)

Table S3 The fold change in the hippocampus of WT mice for

each respective probe. The table lists all the probes with the

respective fold changes at each time point relative to baseline.

Found at: doi:10.1371/journal.pone.0013385.s004 (4.60 MB

XLS)

Table S4 The fold change in the hippocampus of DKO mice for

each respective probe. The table lists all the probes with the

respective fold changes at each time point relative to baseline.

Found at: doi:10.1371/journal.pone.0013385.s005 (4.60 MB

XLS)

Table S5 61.5 fold change gene list for the amygdala. The table

lists all the genes in the amygdala that show at least a 61.5 fold

change relative to baseline at each time point after CF learning.
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Found at: doi:10.1371/journal.pone.0013385.s006 (0.14 MB

XLS)

Table S6 61.5 fold change gene list for the hippocampus. The

table lists all the genes in the hippocampus that show at least a

61.5 fold change relative to baseline at each time point after CF

learning.

Found at: doi:10.1371/journal.pone.0013385.s007 (0.06 MB

XLS)

Table S7 The primer sequences used for RT-PCR analysis.

Found at: doi:10.1371/journal.pone.0013385.s008 (0.02 MB

XLS)

Table S8 Amygdala gene cluster list. The table lists the genes

represented within each cluster in the amygdala.

Found at: doi:10.1371/journal.pone.0013385.s009 (0.26 MB

XLS)

Table S9 Hippocampus gene cluster list. The table lists the

genes represented within each cluster in the hippocampus.

Found at: doi:10.1371/journal.pone.0013385.s010 (0.16 MB

XLS)

Table S10 All the significant transcription factor binding sites

found overrepresented in genes regulated at 48 hr.

Found at: doi:10.1371/journal.pone.0013385.s011 (0.05 MB

XLSX)

Acknowledgments

We would like to thank Dr. Karoly Mirnics for guidance on the microarray

analysis as well as Drs. Benedict Kolber and Yarimar Carrasquillo for

review of the manuscript.

Author Contributions

Conceived and designed the experiments: LW JWMJ LMM LJM.

Performed the experiments: LW JWMJ LMM SKV. Analyzed the data:

LW JWMJ LMM SKV. Contributed reagents/materials/analysis tools:

LW SKV LJM. Wrote the paper: LW.

References

1. Ferguson GD, Storm DR (2004) Why calcium-stimulated adenylyl cyclases?

Physiology (Bethesda) 19: 271–276.
2. Livingstone MS, Sziber PP, Quinn WG (1984) Loss of calcium/calmodulin

responsiveness in adenylate cyclase of rutabaga, a Drosophila learning mutant.

Cell 37: 205–215.
3. Cali JJ, Zwaagstra JC, Mons N, Cooper DM, Krupinski J (1994) Type VIII

adenylyl cyclase. A Ca2+/calmodulin-stimulated enzyme expressed in discrete
regions of rat brain. Journal of Biological Chemistry 269: 12190–12195.

4. Wang H, Pineda VV, Chan GC, Wong ST, Muglia LJ, et al. (2003) Type 8
adenylyl cyclase is targeted to excitatory synapses and required for mossy fiber

long-term potentiation. J Neurosci 23: 9710–9718.

5. Wong ST, Athos J, Figueroa XA, Pineda VV, Schaefer ML, et al. (1999)
Calcium-stimulated adenylyl cyclase activity is critical for hippocampus-

dependent long-term memory and late phase LTP. Neuron 23: 787–798.
6. Wu ZL, Thomas SA, Villacres EC, Xia Z, Simmons ML, et al. (1995) Altered

behavior and long-term potentiation in type I adenylyl cyclase mutant mice.

Proceedings of the National Academy of Sciences of the United States of
America 92: 220–224.

7. Zhang M, Moon C, Chan GC, Yang L, Zheng F, et al. (2008) Ca-stimulated
type 8 adenylyl cyclase is required for rapid acquisition of novel spatial

information and for working/episodic-like memory. J Neurosci 28: 4736–4744.
8. Muglia LM, Schaefer ML, Vogt SK, Gurtner G, Imamura A, et al. (1999) The

59-flanking region of the mouse adenylyl cyclase type VIII gene imparts tissue-

specific expression in transgenic mice. J Neurosci 19: 2051–2058.
9. Xia Z, Refsdal CD, Merchant KM, Dorsa DM, Storm DR (1991) Distinct

patterns for the distribution of mRNA for the calmodulin-sensitive adenylyl
cyclase in rat brain: Expression in areas associated with learning and memory.

Neuron 6: 431–443.

10. Matsuoka I, Giuili G, Poyard M, Stengel D, Parma J, et al. (1992) Localization
of adenylyl and guanylyl cyclase in rat brain by in situ hybridization: comparison

with calmodulin mRNA distribution. Journal of Neuroscience 12: 3350–3360.
11. Conti AC, Maas JW, Jr., Muglia LM, Dave BA, Vogt SK, et al. (2007) Distinct

regional and subcellular localization of adenylyl cyclases type 1 and 8 in mouse

brain. Neuroscience 146: 713–729.
12. Villacres EC, Wong ST, Chavkin C, Storm DR (1998) Type I adenylyl cyclase

mutant mice have impaired mossy fiber long-term potentiation. J Neurosci 18:
3186–3194.

13. Sindreu CB, Scheiner ZS, Storm DR (2007) Ca2+ -stimulated adenylyl cyclases
regulate ERK-dependent activation of MSK1 during fear conditioning. Neuron

53: 79–89.

14. Davis HP, Squire LR (1984) Protein synthesis and memory: a review. Psychol
Bull 96: 518–559.

15. Stork O, Welzl H (1999) Memory formation and the regulation of gene
expression. Cell Mol Life Sci 55: 575–592.

16. Albright TD, Kandel ER, Posner MI (2000) Cognitive neuroscience. Curr Opin

Neurobiol 10: 612–624.
17. Rodrigues SM, LeDoux JE, Sapolsky RM (2009) The influence of stress

hormones on fear circuitry. Annu Rev Neurosci 32: 289–313.

18. Schaefer ML, Wong ST, Wozniak DF, Muglia LM, Liauw JA, et al. (2000)

Altered stress-induced anxiety in adenylyl cyclase type VIII-deficient mice.
J Neurosci 20: 4809–4820.

19. Gossen M, Bujard H (1992) Tight control of gene expression in mammalian cells

by tetracycline-responsive promoters. Proceedings of the National Academy of
Sciences of the United States of America 89: 5547–5551.

20. Gass P, Reichardt HM, Strekalova T, Henn F, Tronche F (2001) Mice with
targeted mutations of glucocorticoid and mineralocorticoid receptors: models for

depression and anxiety? Physiol Behav 73: 811–825.
21. Gossen M, Freundlieb S, Bender G, Muller G, Hillen W, et al. (1995)

Transcriptional activation by tetracyclines in mammalian cells. Science 268:

1766–1769.
22. Furth PA, St Onge L, Boger H, Gruss P, Gossen M, et al. (1994) Temporal

control of gene expression in transgenic mice by a tetracycline-responsive
promoter. Proc Natl Acad Sci U S A 91: 9302–9306.

23. Mayford M, Bach ME, Huang Y-Y, Wang L, Hawkins RD, et al. (1996) Control

of memory formation through regulated expression of a CaMKII transgene.
Science 274: 1678–1683.

24. Storey JD, Tibshirani R (2003) Statistical significance for genomewide studies.
Proc Natl Acad Sci U S A 100: 9440–9445.

25. Ernst J, Bar-Joseph Z (2006) STEM: a tool for the analysis of short time series
gene expression data. BMC Bioinformatics 7: 191.

26. Ernst J, Nau GJ, Bar-Joseph Z (2005) Clustering short time series gene

expression data. Bioinformatics 21(Suppl 1): i159–168.
27. Storm DR, Hansel C, Hacker B, Parent A, Linden DJ (1998) Impaired

cerebellar long-term potentiation in type I adenylyl cyclase mutant mice. Neuron
20: 1199–1210.

28. Brooks SP, Storey KB (1992) Bound and determined: a computer program for

making buffers of defined ion concentrations. Anal Biochem 201: 119–126.
29. Hill HD, Straka JG (1988) Protein determination using bicinchonic acid in the

presence of sulfhydryl reagents. Anal Biochem 170: 203–208.
30. Peleg S, Sananbenesi F, Zovoilis A, Burkhardt S, Bahari-Javan S, et al. (2010)

Altered histone acetylation is associated with age-dependent memory impair-

ment in mice. Science 328: 753–756.
31. McGaugh JL (1966) Time-dependent processes in memory storage. Science 153:

1351–1358.
32. Wang H, Ferguson GD, Pineda VV, Cundiff PE, Storm DR (2004)

Overexpression of type-1 adenylyl cyclase in mouse forebrain enhances
recognition memory and LTP. Nat Neurosci 7: 635–642.

33. Wei F, Qiu CS, Kim SJ, Muglia L, Maas JW, et al. (2002) Genetic elimination of

behavioral sensitization in mice lacking calmodulin-stimulated adenylyl cyclases.
Neuron 36: 713–726.

34. Carlson ES, Tkac I, Magid R, O’Connor MB, Andrews NC, et al. (2009) Iron is
essential for neuron development and memory function in mouse hippocampus.

J Nutr 139: 672–679.

35. Miwa JM, Stevens TR, King SL, Caldarone BJ, Ibanez-Tallon I, et al. (2006)
The prototoxin lynx1 acts on nicotinic acetylcholine receptors to balance

neuronal activity and survival in vivo. Neuron 51: 587–600.

AC, Gene Expression and Memory

PLoS ONE | www.plosone.org 13 October 2010 | Volume 5 | Issue 10 | e13385



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


