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The formation of many forms of long-term memory requires several molecular mechanisms including regulation of
gene expression. The mechanisms directing transcription require not only activation of individual transcription
factors but also recruitment of transcriptional coactivators. CBP and p300 are transcriptional coactivators that
interact with a large number of transcription factors and regulate transcription through multiple mechanisms,
including an intrinsic histone acetyltransferase (HAT) activity. HAT activity mediates acetylation of lysine residues
on the amino-terminal tails of histone proteins, thereby increasing DNA accessibility for transcription factors to
activate gene expression. CBP has been shown to play an important role in long-term memory formation. We have
investigated whether p300 is also required for certain forms of memory. p300 shares a high degree of homology
with CBP and has been shown to interact with transcription factors known to be critical for long-term memory
formation. Here we demonstrate that conditional transgenic mice expressing an inhibitory truncated form of p300
(p300�1), which lacks the carboxy-terminal HAT and activation domains, have impaired long-term recognition
memory and contextual fear memory. Thus, our study demonstrates that p300 is required for certain forms of
memory and that the HAT and carboxy-terminal domains play a critical role.

Information is first stored as a short-term memory lasting min-
utes to hours and can then be stabilized into long-term memory
lasting days to lifetime. These forms of memory differ in that the
formation of long-term memory requires activation of transcrip-
tion (for review, see Korzus 2003). Transcriptional activation re-
quires recruitment of a large number of proteins in addition to
individual transcription factors. Cyclic AMP-responsive element
binding protein (CREB) binding protein (CBP) and its homolog
E1A binding protein (p300) are transcriptional coactivators
(Chrivia et al. 1993; Eckner et al. 1994) that interact with mul-
tiple transcriptional factors to facilitate gene-specific transcrip-
tion (for review, see Vo and Goodman 2001).

Several studies have shown that CBP plays an important role
in long-term memory formation (Oike et al. 1999; Bourtchou-
ladze et al. 2003; Alarcon et al. 2004; Korzus et al. 2004; Wood et
al. 2005, 2006). The first demonstration that CBP may play a role
in memory formation came from a study in which genetically
modified mice exhibited long-term memory deficits as well as
developmental defects that resembled the phenotype observed in
Rubinstein Taybi syndrome (RTS) patients. In these mice, a single
Cbp allele is truncated (truncated protein contains residues
1–1084), and this truncated form is expressed throughout devel-
opmental and adult stages (Oike et al. 1999). In our laboratory,
transgenic mice that express the same truncation form (CBP�1)
only in adulthood and in forebrain neurons were generated to
study the role of CBP in memory independently of its role in
development (Wood et al. 2005). CBP�1 transgenic mice exhibit
deficits in specific forms of hippocampal synaptic plasticity and
long-term memory formation. In the present study we have in-
vestigated whether p300 is also required for long-term memory
formation.

Recently, a screen for mutations in RTS patients showed that
only 40% of the patients carried mutations in the CBP gene,

suggesting that mutations in other genes could also be the cause
of this syndrome (Roelfsema et al. 2005). A potential candidate is
the EP300 gene, encoding the coactivator p300, because of its
high degree of homology with CBP. Indeed, some RTS patients
carry mutations in the EP300 gene that lead to proteins that do
not contain the HAT domain (Roelfsema et al. 2005). Although
all RTS patients have varying degrees of cognitive impairment
and mental retardation, the phenotypes of patients with muta-
tions in either the CBP or EP300 genes do not overlap completely;
RTS patients with mutations in the EP300 do not have the skel-
etal abnormalities that are usually observed in patients with mu-
tations in the CBP gene (Bartholdi et al. 2007). The phenotypic
differences between RTS patients with mutations in the CBP gene
and EP300 gene and the observation that CBP and p300 have
different functions during embryogenesis and hematopoiesis
(Tanaka et al. 1997; Yao et al. 1998; Kasper et al. 2002, 2006; for
review, see also Kalkhoven 2004) suggest that CBP and p300,
despite their high degree of homology, also have unique func-
tions in vivo. In support of this idea, we have recently found that
CBP and p300 have distinct roles in motor skill learning (Oliveira
et al. 2006).

CBP and p300 regulate transcription through multiple
mechanisms. CBP and p300 function as scaffolds that form mac-
romolecular regulatory complexes, linking gene-specific tran-
scription factors to the basal transcription machinery. Further-
more, CBP and p300 contain intrinsic histone acetyltransferase
(HAT) activity in the carboxy-terminal domain that mediates
acetylation of lysine residues on the amino-terminal tails of his-
tone proteins (for review, see Chan and La Thangue 2001). Acety-
lation neutralizes the positively charged lysine residues in his-
tones and disrupts the interaction between histones and DNA,
increasing DNA accessibility for transcription factors to activate
gene expression (Grunstein 1997). In addition to HAT activity,
CBP and p300 have also been shown to acetylate other proteins,
including transcription factors (Gu and Roeder 1997; Furia et al.
2002). p300 HAT activity has been shown to be highest in the
adult mouse brain compared with other tissues, suggesting that
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this protein may play an important role in the regulation of gene
transcription in the brain (Li et al. 2002). p300 has also been
shown to interact in vitro with transcription factors that are
known to play a role in learning and memory, such as CREB,
NF-�B, Elk-1, and C/EBP� (Lundblad et al. 1995; Li et al. 2003;
Romano et al. 2006; Cesena et al. 2007).

Thus, p300 functions in vitro and cell culture as a transcrip-
tional coactivator for transcription factors known to be critical in
memory. p300 is highly homologous to CBP, and mutations in
CBP produce memory deficits in mice. Mutations in CBP or
EP300 produce similar cognitive impairments in RTS patients.
Therefore, we have directly investigated whether p300 plays a
role in long-term memory formation using genetically modified
mice expressing a truncated form of p300 (p300�1). p300�1
lacks the carboxy-terminal portion of the protein and therefore
does not contain the HAT domain. Transgenic mice were gener-
ated using the tetracycline system to allow for temporal and re-
gional control of the expression of the transgene. We show that
expression of p300�1 is associated with deficits in long-term rec-
ognition memory and contextual fear memory, suggesting that
p300 is involved in these forms of memory.

Results

p300 expression in the mouse brain
We first examined the expression of p300 in the mouse brain as
this has not been established. We used antibodies shown to be
specific for p300 in previous studies (Kasper et al. 2006). Kasper et
al. (2006) used the same antibodies to show by immunohisto-
chemistry that p300 is absent in T-cells derived from p300 con-
ditional knockout mice. We show that p300 is expressed ubiqui-
tously in the mouse brain, including areas that are critical for
long-term memory formation such as hippocampus, amygdala,
and cortex (Fig. 1).

Generation and characterization of p300�1
transgenic mice
Many lines of evidence suggest that CBP plays a critical role in
the formation of certain types of long-term memory (Oike et al.

1999; Bourtchouladze et al. 2003; Alarcon et al. 2004; Korzus et
al. 2004; Wood et al. 2005, 2006). It is not known, however,
whether its homolog p300 is also required for long-term memory
formation. To address this question, we generated transgenic
mice expressing a truncated form of p300 (p300�1) that lacks the
carboxy-terminal part of p300 (Fig. 2A). We chose a conditional
transgenic system in which expression of the transgene could be
spatially and temporally restricted.

To spatially restrict the expression of the transgene to fore-
brain neurons, we used one transgenic mouse line (TG1 in Fig.
2C) that contains the tetracycline responsive transactivator (tTA)
under the control of the CaMKII� promoter (CaMKII�-tTA line B)
(Mayford et al. 1996). To temporally restrict the expression of the
transgene, TG1 was combined with a second transgenic mouse
line (TG2 in Fig. 2C) that contains the p300�1 transgene driven
by the tetracycline operator sequence (tetO) and a minimal pro-
moter (Mayford et al. 1996) (tetOp300�1). Crossing both trans-
genic lines generates bitransgenic mice (referred to in this paper
as p300�1 transgenic mice) in which expression of the transgene
should be restricted to excitatory neurons in the adult mouse
forebrain and suppressed by administration of doxycycline (dox)
in the animals’ food (Fig. 2C). We generated three lines of
tetOp300�1 transgenic mice and the line with higher copy num-
ber (determined by Southern blot, data not shown) was used in
the present study as this line showed the strongest impairment in
contextual fear conditioning in an initial behavioral screening of
all three lines.

CREB is one of the many transcription factors that interacts
with p300 through the kinase inducible interaction domain
(KIX) (Vo and Goodman 2001), and it has been shown to require
the HAT activity of p300 for transcriptional activation (Lundblad
et al. 1995; Yuan and Gambee 2001). Therefore, we predicted
that p300�1 expression would impair CRE-dependent transcrip-
tion. We observed that CRE-dependent transcription induced by
forskolin and 3-isobutyl-1-methylxanthine (IBMX) is signifi-
cantly inhibited (t(5) = 4.95, P < 0.05) when HEK293 cells are co-
transfected with p300�1 and a CRE-luciferase reporter (Fig. 2B).
p300�1 is likely acting in an inhibitory fashion by competing
with endogenous p300 for p300-specific binding sites, thus com-
promising the function of proteins, such as CREB, that interact
with the amino-terminal part of p300 and require its HAT and/or
other carboxy-terminal domain.

p300�1 transgenic mice do not show gross morphological
abnormalities or reduced size compared with wild-type or single
transgenic littermates. Similarly, p300�1 transgenic mice on dox
appear normal (data not shown), suggesting that p300�1 trans-
genic mice are developmentally normal. To assess the expression
of the transgene, we performed reverse transcriptase-polymerase
chain reaction (RT-PCR) analysis of cDNA prepared from RNA
from amygdala, hippocampus, cortex, and cerebellum of p300�1
transgenic and wild-type mice (Fig. 2D). We chose PCR primers
that span an intron to discriminate between transgene genomic
DNA and transgene cDNA. We observed the presence of the
p300�1 transgene after PCR analysis of cDNA from all brain re-
gions analyzed in p300�1 transgenic mice both on and off dox
(Fig. 2D). The identity of the bands was confirmed by restriction
enzyme analysis. These observations suggest that transgene ex-
pression is not restricted to the forebrain and is not suppressed by
dox treatment. However, because this approach is not quantita-
tive, we could not determine whether dox regulation is totally
absent or just incomplete. Therefore, we examined how trans-
gene expression affects acetylation of histone H3 in the forebrain
of p300�1 transgenic mice and their wild-type littermates (Fig.
2E) by Western blot. We chose to measure acetylation of the
lysines K9 and K14 in histone H3 because it has been previously
shown to be enhanced in the hippocampus after contextual fear

Figure 1. p300 expression in the brain. Fluorescent immunohisto-
chemistry of p300 in brain coronal sections from naïve C57Bl/6J mice.
p300 is ubiquitously expressed in the mouse forebrain including the CA1,
CA3, and DG regions of the hippocampus (Hp) (A,B), amygdala (Amy)
(C), and cortex (Cx) (D).
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conditioning (Levenson et al. 2004). Furthermore, lysines K9 and
K14 in histone H3 are p300 targets (McManus and Hendzel
2003). We observed a significant effect of genotype (F(1,20) = 7.94,
P < 0.05). A direct comparison of the groups showed that p300�1
transgenic mice off dox have significantly lower levels of acety-
lated histone H3 (AcH3) in the forebrain than their wild-type
littermates (P < 0.05). Wild-type animals on dox show similar

levels of AcH3 as compared with wild-type animals off dox,
showing that dox does not affect histone H3 acetylation. p300�1
transgenic mice on dox show slightly reduced levels of AcH3
compared with wild-type mice, but this reduction was not statis-
tically significant (P = 0.38). This finding suggests that p300�1
transgenic mice on dox still express the transgene in the fore-
brain but at lower levels than in p300�1 transgenic mice off dox

Figure 2. Generation and characterization of p300�1 transgenic mice. (A) Schematic representation of the truncated form of p300 (p300�1). p300�1
lacks the bromo and histone acetyltransferase (HAT) domains contained within the carboxy-terminal portion of this protein. (KIX) Kinase inducible
interaction domain. (B) Transient transfection of p300�1 and a CRE-luciferase reporter in HEK293 cells showed that p300�1 significantly reduces
CRE-dependent transcription induced by forskolin and IBMX. (C) Schematic representation of the tetracycline system used to regionally and temporally
control the expression of p300�1 transgene in mice. p300�1 transgene is under the control of a tetracycline operator sequence (tetO) and a minimal
promoter and mice carrying this transgene were generated and crossed to mice that contain the tTA transactivator driven by the CaMKII� promoter
(line B, Mayford et al. 1996) giving rise to bitransgenic mice (referred to in this paper as p300�1 transgenic mice). In the absence of doxycycline (dox),
p300�1 is expressed in postnatal forebrain neurons and in the presence of doxycycline p300�1 expression should be turned off. (D) RT-PCR analyses
of cDNA synthesized from RNA isolated from amygdala (Amy), hippocampus (Hp), cortex (Cx), and cerebellum (Cb) of wild-type and p300�1
transgenic mice on and off dox. (E) Western blot analysis of levels of acetylated lysines K9 and K14 in histone H3 (AcH3) in forebrain of wild-type (wt)
and p300�1 transgenic mice on and off dox (n = 6 per group) normalized to the levels of actin in each sample.
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and that these levels are not enough to produce a significant
reduction of acetylation of lysines K9 and K14 in histone H3.

The presence of the transgene in the cerebellum (Fig. 2D) is
perhaps not surprising because CaMKII� is expressed in Purkinje
cells of the cerebellum; however, the level of CaMKII� in the
cerebellum is much lower overall than in the forebrain (Burgin et
al. 1990; Hanson and Schulman 1992; Zou et al. 2002). We ob-
served that the levels of AcH3 in the cerebellum of wild-type and
p300�1 transgenic mice are not different (data not shown). How-
ever, it remains possible that histone acetylation is reduced in
Purkinje cells, but, since the levels of CaMKII� in these cells are
very low and the majority of cells in the cerebellum are granule
cells, we do not observe a significant difference when analyzing
the levels of AcH3 in the whole cerebellum of p300�1 transgenic
mice when compared with wild-type littermates by Western blot.
Also, p300�1 transgenic mice show normal locomotor activity
(see below) despite expression of the transgene in the cerebellum.

Overall, p300�1 transgene expression seems to be incom-
pletely regulated by dox and not fully restricted to the forebrain,
but the levels of leaky expression in the presence of dox are not
sufficient to cause a significant effect on acetylation of lysines K9
and K14 of histone H3.

p300�1 transgenic mice show normal spatial memory
but impaired recognition memory
To assess spatial memory, p300�1 transgenic mice and wild-type
littermates were tested in the hidden platform version of the
Morris water maze task (Fig. 3). The ability of rodents to acquire
this task has been shown to depend on an intact hippocampus
(Morris et al. 1982). p300�1 transgenic mice and wild-type lit-
termates showed a significant improvement across the acquisi-
tion phase (effect of training day F(7,98) = 6.1, P < 0.0001), show-
ing that both groups acquired this task. However, no effect of
genotype (F(1,98) = 2.3, P = NS) or genotype � day interaction
(F(7,98) = 1.6, P = NS) was observed. Overall, p300�1 transgenic
mice exhibited similar latencies to find the hidden platform as
their wild-type littermates (Fig. 3A). To assess spatial memory,
two probe trials were performed: the first, one day after session
four, and the second, one day after session eight. No differences
were observed between p300�1 transgenic mice and wild-type
littermates in the time spent in target quadrant or number of
crossings over the area where the platform was placed during
acquisition in either probe trail (data not shown; Fig. 3B,C).
Swim speed, thigmotaxis, and total swimming distance were also
not different between genotypes, showing that p300�1 trans-
genic mice have normal locomotor activity despite expression of
the transgene in the cerebellum. Transgenic mice also showed
normal motor coordination and motor skill learning when tested
in the rotarod task (data not shown).

Several studies have demonstrated a role for CBP in recog-
nition memory (Bourtchouladze et al. 2003; Alarcon et al. 2004;
Korzus et al. 2004; Wood et al. 2006). In agreement with these
studies, we show here that CBP�1 transgenic mice generated in
our laboratory (Wood et al. 2005) have a significant deficit in
long-term memory for novel object recognition (Fig. 4A). We
observed that CBP�1 transgenic mice had a significantly lower
preference for the novel object when tested 24 h after training
(t(14) = 2.34, P < 0.05). In contrast, when tested 30 min after
training, the preference for the novel object was similar between
CBP�1 transgenic and wild-type animals (Fig. 4A). This observa-
tion further confirms that CBP is important for long-term recog-
nition memory. We then determined if p300 also plays a role in
this type of memory (Fig. 4B,C). We observed that p300�1 trans-
genic mice show significantly lower preference for the novel ob-
ject when tested 24 h after training, as compared with wild-type

littermates (t(28) = 2.20, P < 0.05) (Fig. 4B). Short-term recogni-
tion memory, tested 30 min after training, was normal in p300�1
transgenic mice (Fig. 4B), showing that p300�1 is disrupting con-
solidation of the learning experience without affecting acquisi-
tion of the task. The long-term recognition memory phenotype
was reversed in a different set of animals that were kept on dox
food from conception (Fig. 4C), indicating that dox presumably
reduced the expression of p300�1 transgene to levels that were
not sufficient to cause an impairment. The observation that
p300�1 transgenic mice on dox do not show a significant im-
pairment supports the idea that the phenotype of p300�1 trans-
genic mice off dox is not due to a transgene insertion effect. The
total time spent exploring both objects during training and test-
ing phases among the different conditions tested was not differ-
ent between the two genotypes (data not shown). Together, these
results suggest that p300 plays a role in the formation of long-
term recognition memory but not spatial memory.

Figure 3. p300�1 transgenic mice show normal spatial memory in the
Morris water maze. (A) Wild-type (n = 8) and p300�1 transgenic (n = 8)
mice do not show a significant difference in the latency to find the hidden
platform during the acquisition phase of the task. (B) During probe trial
(performed after session 8), p300�1 transgenic mice and wild-type lit-
termates showed a similar percentage of time spent swimming in the
target quadrant. (C) During the probe trial (performed after session 8)
the number of crossings over the area where the platform was located
during acquisition was not different between wild-type and p300�1
transgenic mice.
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p300�1 transgenic mice show impaired contextual fear
memory but normal cued fear memory
We assessed the role of p300 in associative memory by using
contextual and cued fear conditioning (Fig. 5). Contextual and
cued fear conditioning partially differ in the neural systems re-
quired. Lesions in the hippocampus only affect contextual fear,
but both tasks are sensitive to lesions in the amygdala (for review,
see Maren and Quirk 2004). p300�1 transgenic mice showed sig-
nificantly lower freezing compared with their wild-type litter-
mates (t(35) = 2.12, P < 0.05) when tested 24 h after conditioning
(Fig. 5A). In the case of mice treated with dox, we still observed
a small impairment in the p300�1 transgenic mice, but this de-
crease was not statistically significant (Fig. 5B). This pattern is
consistent with the levels of histone H3 acetylation in the fore-
brain of p300�1 transgenic and wild-type mice on and off dox
(Fig. 2E). We also found that p300�1 transgenic mice had normal
cued fear memory at 24 h (Fig. 5D), normal short-term contex-
tual fear memory at 1 h (Fig. 5C), and normal freezing during the
30 sec immediately after shock. Together, these results suggest
that p300 is required for consolidation of contextual fear
memory but is not necessary for acquisition of contextual fear
memory or for long-term cued fear memory.

Discussion
This study is the first demonstration that the transcriptional co-
activator p300 plays a role in long-term memory formation. We
have investigated the role of p300 in memory using genetically
modified mice that express a truncated form of p300. p300�1
transgenic mice show deficits in long-term recognition memory
and long-term memory for contextual fear conditioning, with no
deficits in short-term memory, hippocampus-independent cued

fear conditioning, or spatial learning in
the Morris water maze. These results sug-
gest that p300 is required during learn-
ing-induced transcription activation
that is critical for the consolidation of
memory (for review, see Korzus 2003).

We generated transgenic mice that
express a truncated form of p300
(p300�1) under the control of the tetra-
cycline system. We observed that treat-
ing p300�1 transgenic mice with dox
did not completely suppress expression
of the transgene. Previous studies have
also shown incomplete suppression of
expression of the transgene in a doxycy-
cline-regulated system (Tremblay et al.
1998). Despite incomplete suppression
of the transgene expression, p300�1
transgenic mice on dox did not show
significant behavioral impairments, and
extracts from p300�1 transgenic mice
on dox had similar levels of acetylation
of lysines K9 and K14 in histone H3 as
extracts from wild-type littermates. In
contrast, the expression of the p300�1
transgene in p300�1 transgenic mice off
dox lead to significant impairments in
long-term recognition memory and con-
textual fear memory, as well as signifi-
cant reduction in H3 acetylation in the
forebrain. Our results suggest that p300
is specifically required for these types of
memory. Morris water maze and contex-
tual fear conditioning are both hippo-

campus-dependent tasks (Morris et al. 1982; Phillips and LeDoux
1992); however, increasing evidence suggests that different mol-
ecules are required for each type of memory (for review, see Mi-
zuno and Giese 2005). Thus, it is not surprising that p300 may be
involved in the molecular mechanisms involved in long-term
contextual fear memory formation but not in mechanisms un-
derlying spatial memory.

The transcriptional coactivator functions of p300 appear to
be exerted through multiple mechanisms: p300 functions as a
scaffold, forming a multiprotein transcriptional regulatory com-
plex, and through its acetyltranferase enzymatic activity can in-
fluence histone and nonhistone proteins activity (for review, see
Chan and La Thangue 2001). Similar to CBP�1 (Wood et al.
2005), p300�1 binds to molecules that interact with the amino-
terminal domain of p300. Thus, factors that bind to p300�1 will
not recruit HAT activity and carboxy-terminal activation do-
mains of p300. p300 binds to transcription factors that have been
shown to be involved in memory formation (e.g., CREB and fam-
ily members, c-Fos, Elk-1, C/EBP, NF-�B) (see Kasper et al. 2006).
The memory impairments observed in this study may be a result
of impaired CRE-dependent transcription, as we observed that
p300�1 inhibits CRE-dependent transcription in cell culture.
However, we cannot rule out the idea that other transcription
factors that interact with p300 may also be involved. Regulation
of gene expression is a multifactorial and combinatorial process
that involves a set of transcription factors and coactivators. Pre-
vious studies have implicated CBP as a critical transcriptional
coactivator in long-term memory formation (Oike et al. 1999;
Bourtchouladze et al. 2003; Alarcon et al. 2004; Korzus et al.
2004; Wood et al. 2005, 2006), and the present study constitutes
the first evidence that p300 may also play a role in this process.
Besides CREB, other transcription factors have been shown to

Figure 4. CBP�1 and p300�1 transgenic mice show impaired long-term recognition memory. (A)
CBP�1 transgenic mice (n = 5) and wild-type littermates (n = 6) show similar preference for the novel
object when tested 30 min after training. However, when tested 24 h after training, CBP�1 transgenic
mice (n = 9) show significant lower preference for the novel object than their wild-type littermates
(n = 8). (B) p300�1 transgenic mice (n = 16) and wild-type littermates (n = 16) show similar short-term
recognition memory tested 30 min after training. However, p300�1 transgenic mice (n = 15) show
impaired novel object recognition tested 24 h after training compared with their wild-type littermates
(n = 15). (C) p300�1 transgenic mice (n = 10) and wild-type littermates (n = 12) fed with doxycycline
show similar recognition memory tested 24 h after object familiarization.
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respond to the neuronal activation triggered by learning. It is
now well established that NF-�B is required for memory forma-
tion and that NF-�B-dependent transcription requires coactiva-
tors possessing HAT activity (for review, see Quivy and Van Lint
2004; Romano et al. 2006). Zhong and colleagues showed that
PKA regulates the transcriptional activity of NF-�B in cultured
cells by modulating its interaction with CBP and p300 (Zhong et
al. 1998). Also, the transcription factor Elk-1 has been implicated
in associative memory formation (Cammarota et al. 2000). Inter-
estingly, a study using fibroblasts showed that p300 is important
in Elk-1 activation of transcription and that the interactions be-
tween Elk-1 and p300 change following Elk-1 phosphorylation
by MAPK, resulting in increased p300 HAT activity (Li et al.
2003). Moreover, it was shown that p300 acetylates C/EBP� at
K39 and that this post-translational modification is required for
transcription of c-fos (Cesena et al. 2007). However, regulation of
NF-�B, Elk-1, and C/EBP� activities by p300 in neuronal cells
remains to be investigated.

A comparison of memory phenotypes in CBP�1 (Wood et
al. 2005) and p300�1 transgenic mice suggests that CBP, but not
p300, is required for spatial memory, revealing a differential role
for these highly homologous coactivators. However, such a con-
clusion should be made with caution because different trans-
genic models may give rise to different levels and patterns of
transgene expression (Furth et al. 1994), and this difference may
account for the distinct behavioral phenotype. Indeed, we ob-
served that CBP�1 transgenic mice show much lower levels of
forebrain acetylation of histone H3 than p300�1 transgenic mice
(data not shown), suggesting higher levels of expression of the
CBP�1 transgene than the p300�1 transgene. On the other hand,
both mice showed impaired long-term contextual fear condition-
ing and long-term recognition memory. Investigation of whether
CBP and p300 are recruited interchangeably after activation trig-

gered by learning or whether they are
differentially recruited by different sig-
naling pathways that lead to transcrip-
tion activation will be the subject of fur-
ther studies. Increasing evidence has
shown that CBP and p300 have unique
functions. In vivo studies found that
during embryogenesis, hematopoiesis,
and motor skill learning, CBP and p300
have distinct functions (Tanaka et al.
1997; Yao et al. 1998; Kasper et al. 2002,
2006; Oliveira et al. 2006). Different sub-
strate specificity and interaction with
distinct molecules may account for these
differences. McManus and Hendzel
(2003) have shown that CBP has a pref-
erence for acetylating K12 on histone
H4, whereas p300 preferentially acety-
lates K8 on histone H4 in vivo. Also, as
mentioned above, Li et al. (2003)
showed that in fibroblasts p300 is im-
portant in Elk-1 activation of transcrip-
tion and that the interactions between
Elk-1 and p300, but not CBP, change fol-
lowing Elk-1 phosphorylation by MAPK,
resulting in increased p300 HAT activity.
In neuronal cells, the activation of
CaMKII, CaMKIV, or PKA, but not
MAPK, can lead to induction of CBP-
mediated transcription (Hu et al. 1999).
In agreement with this study, Impey et
al. (2002) showed that in hippocampal
neurons, CaMKIV signaling activates

CBP- but not p300-dependent transcription, and that MAPK sig-
naling is dispensable for activation of CBP (Impey et al. 2002).
However, it is not known whether MAPK signaling activates p300
in neuronal cells.

Interestingly, neither CBP�1 (Wood et al. 2005) nor p300�1
transgenic mice showed impairments in cued fear conditioning.
These findings may be explained by low levels of transgene ex-
pression in the amygdala in those mice or it may suggest that
transcriptional coactivators other than CBP or p300 play a role in
cued fear conditioning. In agreement with our observations,
other recent studies that investigated a role for CBP in memory
also found no significant deficits in cued fear conditioning in
three different genetically modified CBP mutant mice (Alarcon
et al. 2004; Korzus et al. 2004; Wood et al. 2006). As it is known
that activation of transcription in the amygdala is essential
for this form of associative memory (Bailey et al. 1999), it
would be interesting to investigate whether other transcrip-
tional coactivators with HAT activity, such as p300/CBP asso-
ciated factor (P/CAF) and GCN5, play a role in this form of
memory.

Transcriptional coactivators play critical roles in coordinat-
ing and integrating multiple signal-dependent events with the
transcriptional apparatus allowing gene activation to occur in
response to diverse stimuli. The present study suggests that the
transcriptional coactivator p300 is required in the process of gene
activation induced by certain forms of learning. It remains to be
investigated which signaling pathways recruit p300 during
memory formation. A recent study showed that some RTS pa-
tients, who have cognitive abnormalities, have mutations in the
EP300 gene, some of which lead to proteins that lack the HAT
domain (Roelfsema et al. 2005). Our study is the first to suggest
that the impaired p300 activity may partially contribute to the
cognitive impairments observed in these patients.

Figure 5. p300�1 transgenic mice show impaired long-term contextual fear memory. (A) p300�1
transgenic mice (n = 18) show significant lower percentage of freezing compared with their wild-type
littermates (n = 19) when tested 24 h after training in the contextual fear conditioning. (B) p300�1
transgenic mice fed with doxycycline (n = 20) show a reduced (but not statistically significant) per-
centage of freezing compared with their wild-type littermates (n = 20). (C) p300�1 transgenic mice
(n = 10) and wild-type littermates (n = 10) show comparable contextual fear memory tested 1 h after
training. (D) p300�1 transgenic mice (n = 7) and wild-type littermates (n = 7) show comparable
long-term cued fear memory tested 24 h after training.
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Materials and Methods

Immunohistochemistry
C57Bl/6J mice were anesthetized with isoflurane and transcardi-
ally perfused with phosphate-buffered saline (PBS) followed by
4% paraformaldehyde in PBS using a peristaltic perfusion pump.
Fixed brains were dissected, post-fixed overnight, and then cryo-
protected in 30% sucrose at 4°C. Brains were flash frozen in
2-methylbutane on dry ice and mounted on cryostat chucks us-
ing OCT (Optimal Cutting Temperature compound; Sakura).
Coronal sections were cut at a thickness of 30 µm and collected
in 1� PBS. Floating sections were washed with 1� PBS. Perme-
abilization was done with 0.1% Triton X-100 (Fisher), and sec-
tions were blocked in 8% normal goat serum (NGS, Vector Labo-
ratories) with 0.3% Triton-X for 50 min at room temperature.
Incubation with p300 antibodies (C-20 and N-15, 1:500, Santa
Cruz Biotechnology) was done overnight at 4°C in 2% NGS, 0.3%
Triton X-100 in PBS and for two hours at room temperature with
goat anti-rabbit IgG-FITC secondary antibody (1:500, Santa Cruz
Biotechnology). Sections were washed three times for 5 min each
in PBS before and after each incubation step. 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.

Generation of p300�1 transgenic mice
The full-length wild-type cDNA for human p300 was kindly pro-
vided by Dr. Richard Eckner (University of New Jersey, Newark).
Amino acids 1–1031 (p300�1) were cloned into pBluescript II SK
(+/�) using NotI and ScaI sites. The truncated p300 cDNA was
then FLAG-epitope tagged by Muta-Gene Phagemid In Vitro Mu-
tagenesis (Bio-Rad). FLAG-p300�1 was cloned into the EcoRV site
of MM400, which contains the tetracycline operator sequence
(tetO) and a minimal promoter (Mayford et al. 1996). All cloning
junctions were verified by DNA sequencing. The FLAG-p300�1
transgene construct was excised from MM400 using NotI sites
and purified by CsCl gradient centrifugation. Transgenic mice
were generated by injecting purified TetO-FLAG-p300�1 into
pronuclei of B6-SJL/F1 zygotes (Transgenic and Chimeric Mouse
Facility, University of Pennsylvania, Philadelphia). Founders
were backcrossed to C57BL/6J mice for at least 5 generations.
CaMKII�-tTA (line B) mice were obtained from Dr. Mark Mayford
(Mayford et al. 1996). Mice were maintained and bred under
standard conditions, consistent with National Institutes of
Health guidelines and approved by the Institutional Animal Care
and Use Committee. Mice were maintained on a 12 h light/12 h
dark cycle with the behavioral testing occurring during the light
phase. For experiments subjects were 8–16 wk old at the time of
testing and had free access to food and water. Littermate mice
were used for controls in all experiments. For reversal experi-
ments, animals were fed with food supplemented with 40 mg/kg
doxycycline (Bio-Serv) during development and adulthood and
throughout the experiment. For genotyping, tail DNA was pre-
pared and analyzed by Southern blotting and/or PCR using trans-
gene-specific probe and/or primers respectively (Abel et al. 1997;
forward PCR primer 5�-CTTTCCCAGCCAGCTCTAAG-3�; reverse
PCR primer 5�-GGAAAGTCCTTGGGGTCTTC-3�).

Cell culture
HEK 293 cells (ATCC) were maintained in Minimum Essential
Media with Earle’s Salts (GIBCO) supplemented with 10% horse
serum (ATCC) and 1% penicillin/streptomycin (LTI) and grown
at 37°C, 5% CO2. Before transfection, cells at 60%–70% conflu-
ence were incubated in serum-free media with 1% penicillin/
streptomycin for 3 h. Cells were transfected with a total of 375 ng
plasmid DNA using FuGene 6 Transfection Reagent (Roche) ac-
cording to manufacturer’s protocol. The following plasmids were
used: pßgal-Control (BD Biosciences), CRE-Luciferase (Oh et al.
2003), and p300�1-MM400. pßgal-Control contains the SV40
early promoter and enhancer sequences inserted upstream and
downstream, respectively, of the lacZ gene and was used to nor-
malize the transfection efficacy. CRE-luciferase expresses firefly

luciferase under the control of a CRE and functions as a reporter
of CRE-mediated transcription. p300�1-MM400 expresses
p300�1 (residues 1–1031) from the CMV promoter. MM400 was
added to keep the amount of DNA in each transfection equal.
One day after transfection, the cells were treated with 10 µM of
forskolin (Sigma) and 10 µM of 3-isobutyl-1-methylxanthine
(IBMX) (Sigma) and incubated for 6 h. At the end of incubation,
cells were harvested and assayed for luciferase activity with the
Luciferase Assay System with Reporter Lysis Buffer (Promega) and
�-Galactosidase activity with �-Gal Reporter Gene Assay (Roche).

RT-PCR
Preparation of mRNA and cDNA from amygdala, hippocampi,
cortex, and cerebellum was done as described in Wood et al.
(2006). Preparation of cDNA was performed with 3 µg of total
RNA. Two sets of primers were used for nested PCR. The primers
recognize part of the p300�1 transgene and the SV40 polyA tail
(set 1: forward 5�-CTTTCCCAGCCAGCTCTAAG-3�; reverse 5�-
GGAAAGTCCTTGGGGTCTTC-3�; set 2: forward 5�-TTCCCAGG
AAGTGAAGATGG-3�; reverse 5�-AGATGGCATTTCTTCTGAG
CA-3�) and span one intron. Control primers amplify a 361-bp
fragment of a constitutively expressed housekeeping gene, rig/
S15, which encodes a small ribosomal subunit protein (RETRO-
script kit, Ambion).

AcH3 Western blotting
Forebrain from one mouse was homogenized in hypotonic lysis
buffer (10 mM Tris at pH 8.0, 1 mM EDTA, 2.5 mM sodium
pyrophosphate, 1 mM sodium ortovanadate, 1 mM PMSF, 1%
protease inhibitor cocktail [Sigma]). The nuclear pellet was resus-
pended in 5 volumes of 0.2 M HCl/10% glycerol and the acid
supernatant was mixed with 10 volumes of ice cold acetone. The
histone pellet was then resuspended in 9 M Urea. The protein
quantification was done using the Bradford reagent (Bio-Rad).
Samples were loaded in a 15% acrylamide gel and blotted onto a
nitrocellulose membrane (Bio-Rad). The membrane was blocked
in Tris-buffered saline (TBS) and 5% nonfat dry milk and probed
with Actin (Chemicon) and AcH3 (Upstate) antibodies (1:5000
dilution in TBS containing 0.05% Tween 20 [TBST] and 2% milk).
Blots were then incubated with AP-conjugated anti-rabbit or
anti-mouse secondary antibodies (1:5000 dilution in TBST and
2% milk, Jackson ImmunoResearch). Blots were then incubated
in enhanced chemifluorescent substrate (Amersham) and ex-
posed to a fluorescence scanner (Storm, Amersham).

Water maze
The hidden platform experiment was performed using the
method previously described (Wood et al. 2005).

Fear conditioning
The fear conditioning experiments were performed using the
methods previously described (Wood et al. 2005).

Novel object recognition
The experimental apparatus consisted of a white rectangular
open field (60 cm � 50 cm � 26 cm). Prior to training, mice
were handled for one minute a day for two days and habituated
to the experimental apparatus for five minutes in the absence of
objects. During the training phase, mice were placed in the ex-
perimental apparatus in the presence of two identical objects and
allowed to explore for 15 min. After a retention interval of 30
min or 24 h, mice were placed again in the apparatus where this
time one of the objects was replaced by a novel one. Mice were
allowed to explore for 15 min. Objects were rinsed with ethanol
between trials and before first trial. All testing and training ses-
sions were videotaped and analyzed by an experimenter blind to
the genotype of the animals. It was considered exploration of the
objects when mice were facing the objects and/or touching it.
Preference for the novel object was expressed as the percent time
spent exploring the novel object relative to the total time spent
exploring both objects. The identity of the objects—which one
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was novel or familiar—as well as the spatial locations where they
were located were balanced between subjects.

Statistical analyses
Statistical analyses were performed using Student’s t-test, with
the exception of the Western blot analysis of acetyl histone H3
levels in forebrain of wild-type and transgenic mice and the Mor-
ris water maze experiments. In the Western blot experiment,
two-way analyses of variance (ANOVA) were performed using
Statistica 7. In the Morris water maze experiment, two-way re-
peated-measures ANOVA were performed using SigmaStat. To
compare groups, we used the Student-Newman-Keuls multiple
comparisons post-hoc test. All experiments were done by an in-
dividual blind to genotype.
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