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Transcriptional activation is a key process required for long-term memory formation. Recently, the transcriptional
coactivator CREB-binding protein (CBP) was shown to be critical for hippocampus-dependent long-term memory and
hippocampal synaptic plasticity. As a coactivator with intrinsic histone acetyltransferase activity, CBP interacts with
numerous transcription factors and contains multiple functional domains. Currently, it is not known which
transcription factor-binding domain of CBP is essential for memory storage. Using mice that carry inactivating
mutations in the CREB-binding (KIX) domain of the coactivator CBP (CBPKIX/KIX mice), we show that the KIX domain
is required for long-term memory storage. These results are the first to identify an in vivo function for the KIX
domain of CBP in the brain, and they suggest that KIX-interacting transcription factors recruit CBP histone
acetyltransferase activity during long-term memory storage. One such KIX-interacting factor is the transcription
factor CREB. Using quantitative real-time RT-PCR, we find that the expression of specific CREB target genes is
reduced in the hippocampi of CBPKIX/KIX mice during memory consolidation. The recruitment of the transcriptional
coactivator CBP via the KIX domain thus imparts target gene-dependent selectivity to CREB-driven transcriptional
regulation, thereby activating genes required for the long-term storage of hippocampus-dependent memory.

Recently, we and others have shown that CREB-binding protein
(CBP) is critical for hippocampus-dependent long-term memory
(Oike et al. 1999; Bourtchouladze et al. 2003; Korzus et al. 2004)
and synaptic plasticity (Alarcon et al. 2004; Wood et al. 2005; for
review, see Josselyn 2005). CBP is a transcriptional coactivator
that regulates transcription via direct interactions with transcrip-
tion factors and the basal transcription machinery as well as via
its intrinsic histone acetyltransferase (HAT) activity, which modi-
fies chromatin structure (Goodman and Smolik 2000; Kalkhoven
2004). CBP interacts with numerous transcription factors and
contains multiple functional domains. Studies focusing on
memory storage have demonstrated that the CBP HAT domain is
necessary for memory storage (Korzus et al. 2004) and suggested
that CBP is recruited to DNA by transcription factors interacting
with the amino terminus of CBP (Oike et al. 1999; Bourtchou-
ladze et al. 2003; Wood et al. 2005). However, which transcrip-
tion factor-binding domain of CBP is essential for memory stor-
age remains a key open question.

The KIX domain of CBP provides a critical interface for the
recruitment of CBP by specific transcription factors and the sub-
sequent regulation of gene expression. Several transcriptional ac-
tivators bind to the KIX domain of CBP, but most of these factors
do so in a constitutive fashion. The interactions between CREB
and CBP, however, are regulated by the phosphorylation state of
CREB. Phosphorylation of CREB at Ser 133 in the kinase-
inducible domain (KID), as a result of multiple signaling trans-
duction cascades activated by extracellular stimuli, results in the
association between phospho-KID and the KIX domain of CBP

(Parker et al. 1996). Many models of long-term memory storage
suggest that the phosphorylation of a constitutively present fac-
tor such as CREB may mediate the induction of gene expression
required for memory consolidation. The importance of under-
standing transcription factor–coactivator interactions is under-
scored by the numerous studies examining the KID–KIX interac-
tion (Parker et al. 1998, 1999; Radhakrishnan et al. 1998, 1999;
Shaywitz et al. 2000; Campbell and Lumb 2002), including a
solution structure of the transactivation domain of CREB in a
complex with the CBP KIX domain (Radhakrishnan et al. 1997).
In contrast to our understanding of the biochemical details re-
garding the KID-KIX interaction, the function of the CBP KIX
domain in vivo is not known.

To address this question, we examined mice that carry a
triple point mutation in the KIX domain of CBP (Kasper et al.
2002). These mice express a mutant form of CBP that is impaired
in its ability to interact with phospho-CREB and c-Myb, but with
the HAT domain of CBP intact. Homozygous CBP KIX mutant
mice are viable, enabling us to examine these mice behaviorally.
Our results show that the KIX domain is required for long-term
memory storage. These results represent the first demonstration
of an in vivo function for the CBP KIX domain in the brain and
identify this transcription factor-binding domain of CBP as es-
sential for memory processes. Importantly, our findings also
show that the recruitment of the transcriptional coactivator CBP
via the KIX domain imparts selectivity to CREB-driven transcrip-
tional regulation by activating specific genes required for the
long-term storage of hippocampus-dependent memory.

Results

Generation of CBPKIX/KIX mice
CBPKIX/KIX (current gene symbol is Crebbp) mice carry mutations
in three highly conserved residues (Tyr650Ala, Ala654Gln, and
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Tyr658Ala) within the CBP KIX domain of an otherwise wild-
type CBP allele (Fig. 1; Kasper et al. 2002). These residues are
critical for the binding surface between the CBP KIX domain and
the phosphorylated CREB KID domain (Radhakrishnan et al.
1998) as well as the hematopoietic transcription factor c-Myb
(Parker et al. 1999). CBPKIX/KIX mice are essentially normal, apart
from a modest decrease in thymus size (Kasper et al. 2002; Koo et
al. 2005). Mouse embryonic fibroblast (MEF) lines derived from
CBPKIX/KIX mice are compromised in their ability to support
CREB-mediated and c-Myb-mediated transcription in transient
transfection assays (Kasper et al. 2002). Importantly, there does
not appear to be compensation by the increased expression of the
CBP paralog p300 in CBPKIX/KIX cells, and the expression of the
CBPKIX allele appears similar to that of the wild-type CBP allele
(Kasper et al. 2002, and see below).

CBP and CBPKIX are expressed similarly in wild-type
and CBPKIX/KIX littermate mice, respectively
To date, the expression of CBP protein in the mouse brain has
not been carefully examined. To determine CBP protein expres-
sion patterns, we performed immunohistochemistry on coronal
slices of wild-type and CBPKIX/KIX littermate mice using anti-CBP
antibodies. As shown in Figure 2A, CBP is expressed throughout
the hippocampus, striatum, and amygdala in wild-type mice, and
CBP was found to be expressed in all brain regions examined.
Similarly, CBPKIX is expressed evenly throughout the same brain
regions in CBPKIX/KIX littermate mice (Fig. 2B). These results show
that CBPKIX is expressed in a similar manner to CBP.

CBPKIX/KIX mice exhibit significantly impaired long-term
memory for contextual but not cued fear
To determine whether the KIX domain of CBP is required for
long-term memory storage, we subjected CBPKIX/KIX mice to Pav-
lovian fear conditioning. In this type of associative learning, a
conditioned stimulus (CS) is paired with a noxious stimulus (un-
conditioned stimulus, US) (Maren 2001). A single conditioning
trial is sufficient to elicit a learned fear response (freezing)
(Fanselow 1980) and create a long-term memory for the CS. We
used two types of fear conditioning, contextual and cued fear

conditioning, which require partially distinct, but overlapping,
neural systems. Lesions of the hippocampus affect contextual
conditioning, whereas lesions of the amygdala affect both con-
textual and cued conditioning. As shown in Figure 3A, CBPKIX/KIX

mice and wild-type littermates showed a similar level of freezing
before and after the shock on the training day. In contrast,
CBPKIX/KIX mice have significantly decreased freezing in the con-
ditioned context in a 24-h retention test as compared with wild-
type littermates (Fig. 3A; 24-h test: wild-type mice exhibited
64.7 � 5.3% freezing; CBPKIX/KIX mice exhibited 24.9 � 3.3%
freezing, P < 0.0001, Student’s t-test). To assess whether CBPKIX/KIX

mice have normal short-term memory for contextual fear, a
separate set of CBPKIX/KIX mice and wild-type littermates was
tested in the conditioned context 1 h after training (Fig. 3B).
CBPKIX/KIX mice and wild-type littermates showed similar levels
of freezing 1 h after training (Fig. 3B; wild-type mice exhibited
30.7 � 5.7% freezing; CBPKIX/KIX mice exhibited 33.3 � 5.9%
freezing, P = NS, Student’s t-test). These results indicate that
CBPKIX/KIX mice have normal short-term memory, but impaired
long-term memory for the conditioned context.

A different set of CBPKIX/KIX mice and wild-type mice that
were naive to fear conditioning was used for a cued fear condi-
tioning experiment. CBPKIX/KIX mice and wild-type littermates
showed a similar level of freezing before and after the shock on
the training day. No reliable differences were observed in the
24-h retention test, performed in a novel context, between
groups either before or after presentation of the cue (Fig. 3C;
pre-CS: wild-type mice exhibited 8.6 � 1.4% freezing; CBPKIX/KIX

mice exhibited 9.7 � 2.0% freezing, P = NS; CS: wild-type mice
exhibited 66.6 � 4.4% freezing; CBPKIX/KIX mice exhibited
58.6 � 2.6% freezing, P = NS, Student’s t-test). Together, these
results demonstrate that the KIX domain of CBP is required se-
lectively in the hippocampal memory system for long-term
memory storage of contextual fear conditioning.

CBPKIX/KIX mice exhibit significantly impaired long-term
memory for novel object recognition
Novel object recognition tasks rely on the natural exploratory
activity of rodents toward novel objects, and they provide a non-

Figure 1. Schematic diagram of CREB-binding protein (CBP) showing different functional domains. (A) The endogenous allele of CBP generates a
protein product with multiple domains, including several protein–protein interaction motifs as well as the histone acetyltransferase domain. (B) The
CBPKIX allele generates a protein product carrying three point mutations in the CREB-binding domain (KIX). These mutations block the interaction
between phosphorylated CREB and CBP.
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aversive single-trial learning paradigm. Novel object recognition
is a form of visual paired comparison task that can be used to
examine the role of the hippocampus in memory storage (Squire
et al. 2004). The object recognition task has only recently been
used to study genetically modified mice, but evidence suggests
that the cAMP pathway and CREB are involved in long-term
recognition memory (Bozon et al. 2004; Pineda et al. 2004; Wang
et al. 2004). The coactivator CBP and its associated histone acet-
yltransferase activity also appear to play a role in long-term
memory in the object recognition task (Bourtchouladze et al.
2003; Alarcon et al. 2004; Korzus et al. 2004). However, the role
of the CREB-binding (KIX) domain of CBP, which meditates PKA-
dependent transcriptional regulation, has not been examined. To
address this question, we measured long-term memory for rec-
ognition memory in CBPKIX/KIX mice. Measurement of the time
spent exploring each object was recorded and expressed as the
percent time spent exploring the novel object relative to the total
time spent exploring both of the objects (% preference for novel
object). In a 1-h retention test to examine short-term memory,
wild-type mice and CBPKIX/KIX littermates show similar prefer-
ence for the novel object (Fig. 4A). In a 24-h retention test, CBPKIX/

KIX mice have significantly reduced preference for the novel object
(Fig. 4B; 24-h test: wild-type mice exhibited 70.1 � 2.9% prefer-
ence; CBPKIX/KIX mice exhibited 59.7 � 3.4% preference; P < 0.05,
Student’s t-test), suggesting that long-term recognition memory is
significantly impaired in CBPKIX/KIX mice.

Decreased expression of CRE-containing genes
in the hippocampus of CBPKIX/KIX mice after contextual
fear conditioning
The triple point mutation carried by CBPKIX/KIX mice was de-
signed to specifically disrupt CREB and c-Myb binding and in-
hibits CRE- and CREB-mediated transcription in mouse embryo
fibroblasts derived from CBPKIX/KIX mice (Kasper et al. 2002).

Thus, we predicted that CBPKIX/KIX mice
would have impaired CREB-mediated
transcription within the hippocampus.

To test this hypothesis, we used
quantitative real-time RT-PCR to exam-
ine the expression of seven CRE-
containing genes, Dusp1, Egr1, Fosb,
Junb, Bdnf (Bdnf4 variant), 14-3-3 eta (of-
ficial symbol is whah), and Icer (a variant
of Crem), all of which contain one or
more CREB-binding sites (cAMP re-
sponse-element [CRE] motifs), and
many of which have been implicated in
memory storage and whose expression is
regulated by histone acetylation (Herde-
gen and Leah 1998; Silva et al. 1998;
Conti et al. 2002, 2004; Kida et al. 2002;
Conkright et al. 2003; Fass et al. 2003).
To determine whether the expression of
these genes was altered in basal condi-
tions, we first examined hippocampal
samples from CBPKIX/KIX mice and wild-
type littermates that only received
handling (Fig. 5A). Only the expression
of Fosb was significantly decreased in
CBPKIX/KIX mice in the basal state
(P < 0.05, Mann-Whitney Rank Sum Test).

The deficit in long-term memory
for contextual fear conditioning that we
observed in CBPKIX/KIX mice (Fig. 3A)
suggests that the expression of genes re-

quired for memory consolidation is affected in CBPKIX/KIX mice.
To address this question, CBPKIX/KIX mice and wild-type litter-
mates were subjected to contextual fear conditioning, sacrificed 4
h later, a time point which represents a key period of signaling
and gene expression during the consolidation of fear condition-
ing (Bourtchouladze et al. 1998), and samples were prepared for
quantitative real-time RT-PCR. As shown in Figure 5B, the ex-
pression of Dusp1, Fosb, Bdnf4, and Icer was significantly reduced
in CBPKIX/KIX mice 4 h after training relative to wild-type litter-
mates (P < 0.05, Mann-Whitney Rank Sum Test).

Discussion
CBP is a transcriptional coactivator that interacts with numerous
transcription factors that bind to different domains of CBP
(Goodman and Smolik 2000), including the KIX domain (Fig. 1).
We have shown here that mice carrying a triple point mutation
in the KIX domain of CBP exhibit long-term memory deficits.
These results are the first to demonstrate an in vivo role for the
KIX domain of CBP in the brain, and they suggest that the KIX
domain and the transcription factors that bind to it are necessary
for long-term memory storage. Recently, we and others have
demonstrated that CBP has a role in long-term memory storage
(Oike et al. 1999; Bourtchouladze et al. 2003; Alarcon et al. 2004;
Korzus et al. 2004; Wood et al. 2005). In these previous studies,
CBP mutant mice were examined that either lacked an entire CBP
allele (Alarcon et al. 2004), expressed a histone acetyltransferase
deficient allele of CBP (Korzus et al. 2004), or expressed a domi-
nant-negative truncation mutant of CBP (Oike et al. 1999;
Bourtchouladze et al. 2003; Wood et al. 2005). These studies
demonstrated that CBP HAT activity is required for memory stor-
age (Korzus et al. 2004) and implicated the amino terminus of
CBP in binding transcription factors involved in synaptic plas-
ticity and long-term memory (Oike et al. 1999; Bourtchouladze et
al. 2003; Wood et al. 2005). There is an important difference

Figure 2. CBP and CBPKIX are expressed similarly in wild-type and CBPKIX/KIX littermate mice, respec-
tively. (A) A representative section from a wild-type mouse shows normal distribution of CBP protein
in all brain regions examined (Hip, Str, Cx, and Amy shown in left column). DAPI staining is shown in
the right column. (B) A representative section from a CBPKIX/KIX homozygous knock-in mouse shows
similar expression of CBPKIX protein in the same brain regions as CBP in wild-type sections (Hip, Str, Cx,
and Amy shown in left column). DAPI staining is shown in the right column. Hip, hippocampus; Str,
striatum; Cx, cortex; Amy, amygdala.
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between the nature of the mutation in the CBPKIX/KIX mice used
in this study and the CBP mutant mice generated in the previous
studies. The CBPKIX/KIX mice studied here allow us to begin to
define which transcription factors interact with CBP for memory
storage, which is a critical open question considering the many
factors that utilize CBP for the regulation of target gene expres-
sion. Importantly, the identification of the transcription factor
interface of CBP important for memory storage has enabled us to
begin to identify the target genes regulated by CBP during
memory consolidation.

Our findings show that the KIX domain of CBP is essential
for long-term memory, suggesting that CBP is recruited to DNA
by KIX-binding transcription factors during memory consolida-
tion. Many transcription factors bind to the KIX domain of CBP
including JUN, c-Myb, p53, SAP1a, SREBP, BRCA1, TAX, HPV E2,
and CREB (Goodman and Smolik 2000). Interestingly, all of these
transcription factors bind to CBP constitutively, except CREB,

which binds to the KIX domain via a phosphorylation-
dependent inducible mechanism (Parker et al. 1996). Thus, the
CBP KIX domain has the unique ability for both constitutive and
inducible interactions. This ability has been attributed to second-
ary structure characteristics of the binding regions that influence
the thermodynamics of protein–protein interactions (Parker et
al. 1999). Also, the KIX domain is thought to have one binding
surface for JUN, p53, TAX, and SREBP, and a distinctly different
binding surface for CREB and c-Myb (Campbell and Lumb 2002;
Kasper et al. 2002; Liu et al. 2003).

The inducible nature of the binding of the phospho-KID
domain of CREB to CBP KIX may explain our findings of greater
changes in the expression of CREB-target genes after condition-
ing than in the basal state. Only Fosb had significantly reduced
expression in the hippocampi of CBPKIX/KIX mice taken from
their home cage (Fig. 5A), indicating that KIX interactions are
necessary for the basal expression of Fosb. Similarly, transgenic
CBP mutant mice expressing CBP with a mutated histone acet-
yltransferase (HAT) domain have significantly reduced hippo-
campal Fosb expression (Korzus et al. 2004). Thus, basal Fosb
expression may require both the KIX and HAT domains of CBP.
However, Alarcon et al. (2004) observed no reduction in basal
expression of Fosb in CBP+/� heterozgyous mice. In contrast to
the home cage data, we found that the expression of several
genes (Fosb, Dusp1, Bdnf4, and Icer) was reduced in the hippo-
campi of CBPKIX/KIX mice 4 h after conditioning. Thus, fear
conditioning may induce the activation of CREB via phosphory-
lation (Stanciu et al. 2001), thereby recruiting CBP in a KIX-
dependent fashion to regulate the expression of a subset of CREB-
dependent genes.

Interestingly, the expression of Egr1 and 14-3-3 eta was un-
changed regardless of genotype or conditioning. Both Egr1 and

Figure 4. Impaired long-term memory in the novel object recognition
task in CBPKIX/KIX mice. (A) Wild-type mice (n = 8) show similar preference
for a novel object in a 1-h retention test as compared with CBPKIX/KIX

(n = 6) mice. (B) In contrast, wild-type mice (n = 11) show significantly
higher preference for a novel object in 24-h retention test than CBPKIX/KIX

(n = 10) mice. Values are mean �SEM. *P < 0.05.

Figure 3. CBPKIX/KIX mice exhibit impaired long-term memory for contex-
tual fear conditioning but normal memory for cued fear conditioning. (A)
Training and 24-h long-term memory test for contextual fear conditioning.
CBPKIX/KIX mice (n = 8) exhibited a significant decrease in freezing in a 24-h
retention test, performed in the conditioned context, as compared with
wild-type littermates (n = 8). (B) Training and 1-h short-term memory test
for contextual fear conditioning. CBPKIX/KIX mice (n = 6) and wild-type litter-
mates (n = 6) showed similar levels of freezing in a 1-h retention test, per-
formed in the conditioned context. (C) Training and 24-h long-term
memory test for cued fear conditioning. No differences in freezing behavior
were observed between CBPKIX/KIX mice (n = 8) and wild-type littermates
(n = 10) during training or the 24-h retention test. The 24-h test was per-
formed in a novel context. Values are mean �SEM. *P < 0.05.
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14-3-3 eta have been shown to be involved in memory storage
and are at least partially regulated by CREB (Jones et al. 2001;
Kida et al. 2002; Davis et al. 2003). There are several possibilities
that may explain the discrepancy between our observations and
those implicating Egr1 and 14-3-3 eta in memory storage. One
explanation is that different genes have different temporal ex-
pression profiles, and thus our 4-h time point (after fear condi-
tioning) may have been too late to observe expression changes in
immediate early genes, such as Egr1. This 4-h time point may also
explain why we did not observe a change in gene expression in
home-cage wild-type samples versus fear-conditioned wild-type
samples. In an earlier study, we found Dusp1, Egr1, Fosb, and Junb
were upregulated 30 min after contextual fear conditioning
(Keeley et al. 2006). It will be interesting to perform a more de-
tailed examination of gene expression changes in wild-type and
CBPKIX/KIX mice after fear conditioning in future studies to de-
termine how gene profiles regulated by CBP change temporally.

Another possible explanation for the differential regulation

of CREB target genes in our study is that Egr1 and 14-3-3 eta may
require different CREB coactivators for their expression. For ex-
ample, the coactivator TORC, and not CBP, was shown to be the
crucial mediator of CREB function in the liver, at least for the
regulation of genes involved in gluconeogenesis (Koo et al.
2005). TORC interacts with CREB through the basic leucine zip-
per region, not the KID domain. In conjunction with our data,
the findings for the liver suggest that the requirement of the CBP
KIX domain for CREB target gene expression not only varies be-
tween different genes, but also between tissues; perhaps CREB
target genes that are transcribed independently of the KIX do-
main are instead dependent on TORC function. Another coacti-
vator closely related to CBP, p300, may also play a role in the
differential regulation of CREB target genes, as suggested by re-
cent observations of distinct in vivo functions of p300 and CBP
during hematopoiesis (Kasper et al. 2002) and in the brain (Ol-
iveira et al. 2006). Recently, a genome-wide analysis of CREB
occupancy, phosphorylation, and target gene activation revealed
that although ∼4000 promoter sites are occupied by CREB, only
a small proportion of CREB target genes was induced by cAMP
(Zhang et al. 2005). This activated subset correlated with the
preferential recruitment of CBP, suggesting that CREB phos-
phorylation by itself does not directly predict target gene activa-
tion (also see Brindle et al. 1995; Thompson et al. 1995; Chawla
et al. 1998; Impey et al. 1998; Hardingham et al. 1999; Hu et al.
1999), but rather that the coactivator CBP mediates the selective
induction of particular genes.

The recruitment of CBP may depend not only on the phos-
phorylation of CREB but on the binding of several other tran-
scription factors, as has been described for the enhanceosome
regulating the expression of interferon � (for review, see Merika
and Thanos 2001). Thus, it is also reasonable that these genes are
regulated by other transcription factors in conjunction with
CREB. Comparative genomics has revealed that cis-regulatory se-
quences within promoter regions of genes are organized with a
specific architecture for regulating gene expression (Harbison et
al. 2004). Specific activity-dependent stimuli will give rise to
unique transcription factor binding patterns in which synergy
and occlusion between transcription factors (and associated co-
activators) regulates temporal and spatial expression of target
genes (Keeley et al. 2006). Indeed, our analysis of transcription
factor binding motifs in the genes induced during memory con-
solidation revealed that both common and brain region-specific
regulatory mechanisms likely exist in the hippocampus and the
amygdala (Keeley et al. 2006).

The role of other CREB coactivators and other transcription
factors in the regulation of gene expression may also explain why
we observed a differential role for CBP in memory for contextual
and cued fear conditioning. Long-term memory for contextual
fear conditioning was impaired in CBPKIX/KIX mice, but memory
for cued fear conditioning was unaltered. We observed similar
results in a previous study examining the effect of a truncated
inhibitory mutation of CBP on memory storage (Wood et al.
2005). Alarcon et al. (2004) also observed impaired memory for
contextual fear in mice heterozygous for CBP. Whereas both con-
textual and cued fear conditioning are dependent on the amyg-
dala, only contextual fear conditioning is also dependent on the
hippocampus (Maren 2001). Because CBP is similarly expressed
in the hippocampus and amygdala and this expression is not
altered in CBP KIX mutant mice (Fig. 2), the most straightforward
explanation for the differential role of CBP in contextual and
cued fear conditioning is that different memory systems require
different molecular machinery with a distinct requirement for
CBP. It may be that the hippocampus is part of a memory system
that relies more heavily on CBP activity and is thus adversely
affected by impaired CBP function. It is tempting to compare the

Figure 5. Differential regulation of CREB-target genes in the hippo-
campus of CBPKIX/KIX mice. (A) Samples for quantitative real-time RT-PCR
(qRT-PCR) were prepared from the hippocampi of CBPKIX/KIX mice (n = 4)
and wild-type (n = 3) littermates that were subject to handling (home
cage). qRT-PCR was performed in triplicate. Expression levels were nor-
malized to the house keeping genes Actg1 and Tuba4. Levels of expres-
sion for CBPKIX/KIX mice are presented as fold change from wild-type
levels, which were set to 1.0. Only Fosb had significantly reduced expres-
sion in home cage samples. (B) Samples were prepared from CBPKIX/KIX

mice (n = 3) and wild-type (n = 3) littermates that were subject to con-
textual fear conditioning (fear cond). At 4 h after conditioning, mice were
sacrificed, and samples were prepared for qRT-PCR. Levels of expression
for CBPKIX/KIX mice and wild-type littermates are presented as a fold
change from wild-type (home cage) levels, which were set to 1.0. Dusp1,
Fosb, Bdnf4, and Icer had significantly reduced expression. *P < 0.05.
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role of CBP in memory for fear conditioning to the findings in
CREB mutant mice. Research using CREB mutant mice
(Bourtchuladze et al. 1994; Kogan et al. 1997; Gass et al. 1998;
Graves et al. 2002; Kida et al. 2002; Pittenger et al. 2002; Balschun
et al. 2003; Josselyn et al. 2004) and viral approaches to modify-
ing CREB function (Josselyn et al. 2001; Barco et al. 2002) suggest
that this transcription factor is involved in both hippocampus
and amygdala function, although the studies are, at times, con-
tradictory, with memory impairments in CREB mutant mice de-
pendent upon gene dosage, genetic background, and training
protocol (for reviews, see Lonze and Ginty 2002; Kaplan and Abel
2003). Both CBP and CREB interact with numerous other factors,
and it should not be assumed that they always function together
during memory storage. It is possible that CBP interacts with
other CREB family members, such as ATF-1 or CREM, for the
activation of CRE-containing genes in the amygdala. Conversely,
it is possible that CREB may be using a different transcriptional
coactivator in the amygdala (such as p300, a paralog of CBP, or
TORCs). Lastly, as discussed above, different brain regions have
common as well as brain region-specific mechanisms that in-
volve the coordinate assembly of multiple transcription factors
(known as modules) to regulate gene expression during memory
storage (Keeley et al. 2006).

The generation of genetically modified mice carrying point
mutations that inactivate individual functional or transcription
factor-binding domains of CBP promises to yield a much greater
understanding of the in vivo role of CBP in processes ranging
from development to memory storage. To more completely un-
derstand the function of a particular gene in any process it is
necessary to analyze an allelic series of that gene, which will
include null mutations, gain-of-function mutations, and loss-of-
function mutations that target specific domains of the gene prod-
uct. To date, the allelic series used to examine the role of CBP in
synaptic plasticity and memory storage includes null mutations
(Alarcon et al. 2004), a point mutation within the HAT domain
(Korzus et al. 2004), and large deletion mutations (Oike et al.
1999; Bourtchouladze et al. 2003; Wood et al. 2005), which have
all demonstrated a role for CBP in synaptic plasticity and long-
term memory storage. In the current study, we established that a
protein surface of the CBP KIX domain that binds specific tran-
scription factors is required for long-term memory storage and is
involved in the induction of CREB-target genes during memory
consolidation. The identification of specific domains of CBP in-
volved in memory storage not only helps define the molecular
mechanisms underlying gene expression required for memory,
but also guides the design of much more specific therapeutic
agents for cognitive disorders.

Materials and Methods

Subjects
The CBPKIX/KIX mice were generated as previously described
(Kasper et al. 2002). Briefly, the targeting vector for CBP con-
tained the point mutations Tyr650Ala, Ala654Gln, and
Tyr658Ala. The three mutations were introduced into the CBP
locus of 129P2/OlaHsd-derived E14 embryonic stem cells by ho-
mologous recombination. Mice carrying the mutant allele of the
KIX domain of CBP (designated CBPKIX/KIX for homozygous
knock-in mice) have been bred and backcrossed in a heterozy-
gous state on a C57BL/6 genetic background for 10 generations.
Mice for experiments were generated from heterozygous mat-
ings, and wild-type littermates were used as controls. Mice were
8- to 16-wk-old at the time of the experiment and had free access
to food and water in their home cages. Lights were maintained
on a 12-h light/12 h-dark cycle, with all behavioral testing carried
out during the light portion of the cycle. All experiments were
conducted according to National Institutes of Health guidelines

for animal care and use and were approved by the Institutional
Animal Care and Use Committee of the University of Pennsyl-
vania. The investigator was blind to the genotype of the mice
during behavioral testing.

Immunohistochemistry
CBPKIX/KIX mouse and wild-type littermate mice were anesthe-
tized with isofluorane and transcardially perfused with phos-
phate-buffered saline (PBS) followed by 4% paraformaldehyde in
PBS using a peristaltic perfusion pump. Fixed brains were dis-
sected, post-fixed overnight, and then cryoprotected in 30% su-
crose at 4°C. Brains were flash frozen in 2-methylbutane on dry
ice and mounted on cryostat chucks using OCT. Coronal sections
were cut at a thickness of 30 µm and collected in PBS. Floating
sections were blocked for 1 h at room temperature in 8% normal
goat serum (NGS, Vector Laboratories) with 0.3% Triton-X
(Fisher) in PBS and then incubated overnight at 4°C in 2% NGS,
0.3% Triton X-100 in PBS with CBP antibodies (A22 and C20,
1:1000, Santa Cruz Biotechnology) and for 2 h at room tempera-
ture with goat anti-rabbit IgG-FITC secondary antibody (1:1000,
Santa Cruz Biotechnology). Sections were washed three times for
5 min each in PBS before and after each incubation step. DAPI
(Molecular Probes) was added during the last wash. Sections were
mounted on slides in 50% glycerol and imaged using a Leica
DMRBE fluorescent microscope using a 10� objective and a
Hamamatsu CCD camera.

Fear conditioning
Fear conditioning experiments were performed in chambers us-
ing methods previously described (Wood et al. 2005). Mice were
handled for three consecutive days for 1 min each day. For con-
textual fear conditioning, mice were placed into the condition-
ing chamber and received a 2-sec 1.5-mA scrambled footshock
2.5 min after placement into the chamber. Mice were removed
from the chamber after 3 min. During testing, mice received one
5-min exposure to the same conditioned context in the absence
of shock 24 h after conditioning. For cued fear conditioning,
mice were placed into the chamber and the cue (white noise) was
presented 2–2.5 min after placement into the chamber and co-
terminated with a 2-sec 1.5-mA footshock. Mice were removed
from the chamber after a total of 3 min. On the testing day, mice
in the cued group received one 5-min exposure to a novel con-
text (another conditioning chamber with a smooth flat floor,
altered dimensions, and a novel odorant) for 0–2 min (pre-CS)
followed by exposure to the cue from 2–5 min (CS), 24 h after
conditioning. Conditioning was assayed by measuring freezing
behavior, the complete absence of movement (Fanselow 1980).
Freezing was scored during conditioning as well as testing. The
behavior of each mouse was sampled at 5-sec intervals, and the
percentage of those intervals in which the mouse froze was cal-
culated. Different sets of mice were used for contextual and cued
conditioning experiments.

Object recognition
The object recognition task consisted of a training phase and a
testing phase (Mansuy et al. 1998). Prior to training, all mice were
handled for 1 min a day for 2 d and habituated to the experi-
mental apparatus with 5 min of exploration in the absence of
objects. During the training phase (15 min), mice were placed in
the experimental apparatus (a white rectangular open field 60 cm
� 50 cm � 26 cm) with two identical objects placed in specific
locations. After a retention interval of 24 h, mice were placed
back into the rectangular environment for the testing phase. Two
objects were again present, but one of the familiar objects was
now replaced with a novel one. Mice were again allowed to freely
explore the environment and the objects for 15 min. All testing
and training sessions were videotaped and analyzed by an indi-
vidual blind to the genotype of the animals examined. A mouse
was scored as exploring an object whenever any part of its body
other than the tail was touching the object, or whenever it was
within 1 cm of the object and facing it. Measurement of the time
spent exploring each object was recorded and expressed as the
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percent time spent exploring the novel object relative to the total
time spent exploring both of the objects. The identity of the
objects—which one was novel and which one was familiar—as
well as the spatial location in which the novel and familiar ob-
jects were located were counterbalanced between subjects.

Preparation and purification of mRNA
Hippocampi were harvested from each animal and placed in
RNAlater (Ambion). Aerosol Barrier ART tips, DEPC-treated sterile
water, and autoclaved microcentrifuge tubes were used for all
subsequent steps. Tissue was homogenized in Trizol (Invitrogen)
and incubated at room temperature for 5 min. Phenol-
chloroform addition was followed by vigorous mixing and room
temperature incubation for 3 min. Samples were transferred to
phaselock gel tubes (Eppendorf) and were centrifuged at full
speed for 15 min. The aqueous phase was transferred to new
tubes, where two volumes of ethanol, 1/10 volume NaOAc, and
glycogen were added. After gentle mixing, the samples were in-
cubated for 10 min at �20°C. Centrifugation at 4°C and full
speed was followed by aspiration of the supernatant. Pellets were
washed with 70% ethanol, and then centrifuged for 5 min at 4°C
and full speed. The supernatant was aspirated and samples were
air-dried for ∼10 min. After resuspension in water, RNA was pu-
rified using the RNeasy system (Qiagen) according to the manu-
facturer’s protocol. Residual DNA was removed by treatment
with DNA-free (Ambion). Optical density measurement at 260
and 280 nm by the SmartSpec 3000 (BioRad) spectrophotometer
was used to assess the concentration and quality of mRNA in
each sample.

Preparation of cDNA
Generation of cDNA was carried out by the RETROscript kit (Am-
bion). Briefly, each reaction was performed with 1 µg RNA in a
total volume of 20 µL composed as follows: 50 mM Tris-HCl pH
8.3, 75 mM KCl, 3 mM MgCl2, 5 mM DTT, 500 µM each dNTP, 5
µM random decamers, 10 units RNase inhibitor, and 100 units
MMLV-RT. As controls, additional reaction mixtures were gener-
ated that lacked either reverse transcriptase or template mRNA.
Subsequent reactions were allowed to proceed for 1 h at 44°C,
followed by heat inactivation for 10 min at 100°C.

Quantitative real time RT–PCR
Reactions were carried out in 96-well optical reaction plates (ABI)
with optical adhesive covers (ABI) and prepared according to the
protocol for using Quantitect SYBRgreen PCR mastermix (Qia-
gen). Three or four biological (see Fig. 5 legend) and three tech-
nical replicates were used in experiments. Reactions were carried
out in the ABI Prism 7000 with an initial activation by incuba-
tion for 2 min at 50°C followed by incubation for 15 min at 95°C
and 40 subsequent cycles of 15 sec at 95°C, 30 sec at 56°C, and 30
sec at 72°C. Primers used for amplification were:

Dusp1 forward 5�-GGAGGATATGAAGCGTTTTCGG-3�

reverse 5�-GGATTCTGCACTGTCAGGCACA-3�

Egr1 forward 5�-CAAGGCCGAGATGCAATTG-3�

reverse: 5�-GACTCTGTGGTCAGGTGCTCA-3�

Fosb forward 5�-CCGAGAAGAGACACTTACCCCA-3�

reverse 5�-AAGTCGATCTGTCAGCTCCCTC-3�

Junb forward 5�-CTTTAAAGAGGAACCGCAGACC-3�

reverse 5�-CGCTTTCGCTCCACTTTGAT-3�

Bdnf4 forward 5�-TGCGAGTATTACCTCCGCCAT-3�

reverse 5�-TCACGTGCTCAAAAGTGTCAG-3�

14-3-3 eta forward 5�-AATGTAGTTGGTGCCAGGCGAT-
reverse 5�-TGCCAGGTAGCGGTAGTAATCG-
Icer forward 5�-GGTGACATGCCAACTTACCAGA-
reverse 5�-TTGCGACTTGCTTCTTCTGC-3�

Actg1 forward 5�-CCGATCGCAATGGAAGAAG-3�

reverse 5�-CGTATGAGTCTTTCTGGCCCA-3�

Tuba4 forward 5�-ATGCGCGAGTGCATTTCAG-3�

reverse 5�-CACCAATGGTCTTATCGCTGG-3�

PCR products were cloned using the TA cloning kit (Invit-
rogen) following the manufacturer’s protocol. Cloned fragments
were then sequenced to confirm the identity of the amplified
gene. Data were normalized to Actg1 and Tubulin, alpha 4
(Tuba4 ) prior to calculation of differences. The Icer primers are
the same as previously described (Conti et al. 2004). Relative
quantitation of gene expression was performed according to Ap-
plied Biosystem’s User Bulletin #2. Fold change was calculated
from the �Ct values with corrections for standard curve data
from each gene and housekeeping gene expression levels for each
sample based on the relative standard curve method described in
the Applied Biosystems manual. For each sample, the �Ct was
calculated against the mean for that gene’s sample set. Next, each
of these �Ct values was corrected with the slope of the standard
curve for the relevant primer to account for any variation in
primer amplification efficiency. The efficiency-corrected �Ct
value was normalized to the similarly corrected �Ct from house-
keeping genes for each sample to account for variability in mRNA
input. The difference between corrected �Ct for each sample was
then grouped according to condition (CBPKIX/KIX or wild-type)
and the average �Ct calculated. Because Ct values are on a loga-
rithmic scale, fold change is equal to two raised to the difference
between experimental and control �Ct values. Because correc-
tion has been made for primer efficiency, the fold change of the
gene was the most logical expression of the data. The data pre-
sented are the calculated means for the biological replicates with
n being equal to the number of biological replicates (i.e., the
number of mice examined).

Data analysis
Statistics were performed using SigmaStat (version 2.03). Simple
planned comparisons were made using a Student’s t-test. For the
quantitative real-time RT-PCR data, a Mann-Whitney Rank Sum
test was used to determine significance, which does not assume a
normally distributed data set. Experimenters were blind to geno-
type, and genotypes were confirmed by Southern blot analysis or
PCR following behavioral and molecular experiments.
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