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Transcription is a critical component for consolidation of long-term memory. However, relatively few transcriptional
mechanisms have been identified for the regulation of gene expression in memory formation. In the current study,
we investigated the activity of one specific member of the NF-�B transcription factor family, c-Rel, during memory
consolidation. We found that contextual fear conditioning elicited a time-dependent increase in nuclear c-Rel levels in
area CA1 and DG of hippocampus. These results suggest that c-rel is active in regulating transcription during
memory consolidation. To identify the functional role of c-Rel in memory formation, we characterized c-rel−/− mice
in several behavioral tasks. c-rel−/− mice displayed significant deficits in freezing behavior 24 h after training for
contextual fear conditioning but showed normal freezing behavior in cued fear conditioning and in short-term
contextual fear conditioning. In a novel object recognition test, wild-type littermate mice exhibited a significant
preference for a novel object, but c-rel−/− mice did not. These results indicate that c-rel−/− mice have impaired
hippocampus-dependent memory formation. To investigate the role of c-Rel in long-term synaptic plasticity, baseline
synaptic transmission and long-term potentiation (LTP) at Schaffer collateral synapses in c-rel−/− mice was assessed.
c-rel−/− slices had normal baseline synaptic transmission but exhibited significantly less LTP than did wild-type
littermate slices. Together, our results demonstrate that c-Rel is necessary for long-term synaptic potentiation in vitro
and hippocampus-dependent memory formation in vivo.

Memory is a process through which learned information is
stored, and newly formed memories are susceptible to disruption
and must be stabilized for long-term storage through a process
referred to as memory consolidation (McGaugh 2000). Consoli-
dation of explicit long-term memory requires a series of hippo-
campus-dependent molecular processes, including gene tran-
scription. The necessity for gene transcription to sustain long-
term memory has been demonstrated in several animal models
using transcription inhibitors (Thut and Lindell 1974; Kandel
2001). However, the identity and role of transcriptional media-
tors in long-term memory formation has yet to be fully ad-
dressed. So far, a relatively few transcription factors such as
CREB, C/EBP, c-fos, and Zif268/egr-1 have been implicated in the
consolidation of long-term memory (Yin et al. 1995; Jones et al.
2001; Chen et al. 2003; Fleischmann et al. 2003). Therefore in a
previous study, we identified a list of candidate transcription
factors that are potentially involved in the process of long-term
memory consolidation using expression array profiling and a
bioinformatics approach (Levenson et al. 2004a). Through these
studies, the c-Rel transcription factor was identified as the most
probable candidate for contributing to memory consolidation
from among this novel list of transcription factors, because its
DNA-binding motif is highly enriched upstream of memory as-
sociated genes.

c-Rel is a member of the nuclear factor �B (NF-�B) transcrip-

tion factor family. The NF-�B family of dimeric transcription fac-
tors consists of four other mammalian members, RelA (p65),
RelB, NF-�B1 (p105/p50), and NF-�B2 (p100/p52) (Verma et al.
1995). NF-�B transcription factors were initially identified as
� light chain enhancer binding proteins (Sen and Baltimore
1986), and most NF-�B studies have focused on the immune
system. In the immune system, NF-�B plays critical roles in cell
survival and proliferation, as well as innate and adaptive immune
responses (Li and Verma 2002). A growing body of literature
supports a role for NF-�B in the brain, related to immune and
inflammatory activities in the central nervous system (CNS)
(Memet 2006; O’Mahony et al. 2006; Sheridan et al. 2007; Brac-
chi-Ricard et al. 2008). Recently, an increasing number of studies
have provided evidence for the involvement of NF-�B specifically
in the regulation of neuronal plasticity and memory formation
(Meffert and Baltimore 2005; Romano et al. 2006). These studies
demonstrated that p65- or p50-containing NF-�B complexes are
active during synaptic activation and regulated during synaptic
plasticity and memory formation (Wellmann et al. 2001; Yeh et
al. 2002; Freudenthal et al. 2004). Indeed, p65-deficient mice
have a spatial learning deficit (Meffert et al. 2003), and p50-
deficient mice also exhibit a learning deficit in an active avoid-
ance test (Kassed et al. 2002). More recently, our studies showed
that the NF-�B pathway and its upstream regulators are necessary
for memory reconsolidation via regulating post-translational
modification of histone H3 (Lubin and Sweatt 2007). In prelimi-
nary experiments using nonlittermate controls, we also observed
that c-Rel knockout animals appeared to have a deficit in con-
textual fear conditioning (Levenson et al. 2004a).

Although recent studies have implicated the p65 and p50 in
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synaptic plasticity and memory forma-
tion, little is known about the regula-
tion of other members of the NF-�B fam-
ily in these processes. In the case of c-Rel,
previous studies suggest that c-Rel is
regulated by glutamate receptor activa-
tion and is necessary for mGluR-LTD
(Lubin et al. 2005; O’Riordan et al.
2006). However, it is still uncertain
whether c-Rel is necessary for various
forms of hippocampus-dependent long-
term memory formation and long-term
potentiation (LTP). In the present study
we provide biochemical, physiologic,
and behavioral evidence for the involve-
ment of the NF-�B family member c-Rel
in hippocampus-dependent long-term
synaptic plasticity and long-term
memory formation.

Results

Increase of nuclear levels of c-Rel
in hippocampus during fear
memory formation
Most NF-�B dimers are present in the
cytoplasm in association with I�B in-
hibitory proteins, which prevent
nuclear translocation (Ghosh et al.
1998). In response to a variety of induc-
ers, I�B proteins are phosphorylated by
the I�B–kinase complex and degraded
via the ubiquitination pathway. The
degradation of I�B allows NF-�B dimers
to translocate to the nucleus and acti-
vate the transcription of target genes (Li
and Verma 2002). Thus far, a number of
studies have demonstrated that NF-�B is
translocated to the nucleus by synaptic
activation and is activated during
memory formation (Wellmann et al.
2001; Yeh et al. 2002; Meffert et al. 2003; Freudenthal et al. 2005;
Lubin et al. 2005). However, less is known about nuclear trans-
location of the NF-�B family member c-Rel during long-term
memory formation. We hypothesized that if c-Rel is involved in
hippocampus-dependent memory formation, then the level of
c-Rel in the nucleus should increase during long-term memory
formation.

Before testing this hypothesis, c-Rel protein expression in
area CA1 in the hippocampus was analyzed by Western blotting.
c-Rel protein was expressed predominantly in the cytoplasm of
the CA1 region of the hippocampus and slightly in the nucleus
(Fig. 1A,B). c-rel�/� mice do not express c-Rel in the cytoplasm or
nucleus (Fig. 1A). In further studies, mice were trained using the
contextual fear conditioning paradigm, which is widely used to
test hippocampus-dependent long-term memory formation (At-
kins et al. 1998; Fanselow 2000). Mice were sacrificed at various
times after training (15 min, 30 min, 1 h, and 3 h), time points
corresponding to the consolidation phase of long-term contex-
tual fear memory (Igaz et al. 2002). Nuclear fractions were pre-
pared from CA1 and the dentate gyrus (DG) of the hippocampus,
and nuclear levels of c-Rel were assessed by immunoblotting.
Nuclear c-Rel levels were significantly increased 30 min after con-
textual fear conditioning in area CA1 (185.7 � 18.40% of con-
trol [0 min]; P < 0.01, n = 5) and 60 min after training in the DG

(151.2 � 6.28% of control [0 min]; P < 0.01, n = 4). Nuclear c-Rel
levels returned to basal levels 3 h after fear conditioning in both
CA1 and DG regions (Fig. 1C,D).

This increase of nuclear levels of c-Rel during memory for-
mation is consistent with the accepted paradigm of NF-�B regu-
lation, in which activated NF-�B dimer is translocated from the
cytoplasm to the nucleus as part of the transcriptional activation
mechanism. Therefore, our results suggest that c-Rel is transcrip-
tionally active in the hippocampus during hippocampus-
dependent memory formation.

Stereological analysis of hippocampal volume and total
numbers of neurons in the CA1
To identify the functional role of c-Rel in long-term memory
formation, we used a gene knockout approach to test whether
c-Rel is necessary for memory formation. As a control for subse-
quent behavioral testing in these mice, cresyl violet-stained hip-
pocampal sections from wild-type and knockout mice were ex-
amined for differences in hippocampal volume and total number
of pyramidal neurons in area CA1. Despite the absence of c-Rel,
c-rel�/� mice did not demonstrate gross changes in hippocampal
volume or total number of pyramidal neurons in CA1 compared
with wild-type littermates (Fig. 2).

Figure 1. Temporal change of nuclear levels of c-Rel during long-term memory formation. (A) c-Rel
protein expression in area CA1 in the hippocampus was analyzed by Western blotting. c-Rel is ex-
pressed predominantly in the cytoplasm of the CA1 region of the hippocampus and slightly in the
nucleus. c-rel�/� mice do not express c-Rel in either the cytoplasm or the nucleus. (B) Cytoplasmic
marker MKP-3 and nuclear marker lamin A were used to show the purity of cytoplasmic and nuclear
extracts. (C) Mice were trained using a contextual fear conditioning paradigm and sacrificed at different
times after training (15 min, 30 min, 1 h, and 3 h). Nuclear fraction was prepared from area CA1 and
the DG of the hippocampus, and amount of c-Rel protein was assessed using Western blotting. Nuclear
marker protein lamin A was used as a loading control. Level of c-Rel in the nucleus was significantly
increased at 30 min after training in area CA1 (F[4.19] = 5.505; P < 0.01; n = 5); **P < 0.01. (D) Level of
c-Rel in the nucleus was significantly increased at1 h after fear conditioning in DG (F[4.15] = 5.900;
P < 0.01; n = 4); **P < 0.01.
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Basal behavioral characterization of c-rel−/− mice
We initially undertook a basal behavioral characterization of
c-rel�/� mice and wild-type littermates for control purposes. By
use of the open field task, c-rel�/� mice exhibited similar levels
of spontaneous locomotor activity compared with wild-type lit-
termates, as assessed by total distance traveled (Fig. 3A). They also
exhibited similar levels of basal anxiety relative to wild-type lit-
termates as assessed by the ratio of the center:total distance trav-
eled in the open field task (Fig. 3B). Thermal sensitivity, as as-
sessed by the hot-plate test, revealed no significant differences
between c-rel�/� and wild-type littermates (Fig. 3C). Moreover,
c-rel�/� mice exhibited similar levels of motor coordination and
learning compared with wild-type littermates as assessed using
the rotarod task (Fig. 3D).

Impaired hippocampus-dependent fear memory
in c-rel−/− mice
To determine whether c-rel�/� mice have deficits in long-term
memory formation, we used two types of fear-conditioning para-
digms. Amygdala-dependent long-term memory formation was
assessed via a cued fear conditioning paradigm, and hippocam-
pus-dependent long-term memory formation was assessed via a
contextual fear conditioning paradigm (Phillips and LeDoux
1992). Mice were trained to a single pairing of tone and shock.
The next day, for assessing long-term memory formation, freez-
ing behavior was measured in the two different kinds of environ-
ments. For the contextual test, mice were tested for freezing 24 h
after training by re-placing them in the training environment,
but without the tone. Subsequently, for the cue test, mice were
tested for freezing 4 h after the contextual test in a novel envi-
ronment with or without tone.

In this modest training paradigm, c-rel�/� mice had a sig-

nificant deficit in freezing behavior compared with wild-type lit-
termates in the contextual test (P < 0.05) (Fig. 4A). However, in
the cue test, c-rel�/� mice displayed similar freezing behavior to
wild-type littermates (Fig. 4B). These results indicate that
c-rel�/� mice have impaired hippocampus-dependent memory
formation. The lack of a significant difference between wild-type
and c-rel�/� animals in the cued test suggests that they have
normal amygdala-dependent memory formation, although there
is a nonsignificant trend toward diminished freezing in this test
as well. c-rel�/� mice exhibited no diminution of short-term (1
h) contextual fear memory (Fig. 4C).

To determine whether long-term contextual fear memory
could be recovered in c-rel�/� mice, mice were exposed to a
robust training paradigm consisting of three mild footshocks
spaced 2 min apart. c-rel�/� mice exhibited similar levels of
freezing behavior compared with wild-type littermates 24 h after
the robust training procedure (Fig. 4D), indicating that loss of
c-Rel did not abolish the ability for animals to form a new
memory, and is consistent with our previous findings suggesting
that loss of c-Rel does not result in profound changes in hippo-
campal ultrastructure or function. These data also illustrate that
c-rel�/� mice are capable of normal levels of freezing behavior
when exposed to a more intense training paradigm. This obser-
vation also provides an interesting parallel to prior studies in
which memory deficits in genetically engineered mice could be
overcome with more robust training protocols. Thus, like
c-rel�/� mice, CaMKII T286A mutants (Irvine et al. 2005),
CREB hypomorphs (Hebda-Bauer et al. 2005), and transgenic
Alzheimer’s disease model mice (Dineley et al. 2002) all ex-
hibit long-term memory deficits that can be overcome with ad-
ditional training. Whether this compensatory memory capacity
occurs at the molecular, cellular, or circuit level is unclear at this
time.

Figure 2. Stereological analysis of total numbers of pyramidal neurons in hippocampal area CA1 and quantification of hippocampal volume. (A) Cresyl
violet-stained horizontal section of hippocampus from c-rel�/� and wild-type littermate mice were compared for the possible presence of gross
morphological changes in c-rel�/� mice. We found no gross morphological changes or differences in the hippocampus between c-rel�/� and wild-type
littermate mice. Total hippocampal volume (B) and CA1 pyramidal neuron number (C) were determined from horizontal cresyl violet sections. The
hippocampal volume and CA1 neuron numbers were not different between c-rel�/� and wild-type littermate mice. n = 3 wild-type and 3 c-rel�/� (male
only). Scale bars, 100 µm.
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Impaired novel object recognition memory
in c-rel−/− mice
We next evaluated whether c-rel�/� mice have deficits using
another test for hippocampus-dependent memory formation.
Novel object recognition is in part a hippocampus-dependent
memory test based on the natural tendency of mice to investigate
a novel object rather than a familiar object, when both objects
are simultaneously present in an open field (Rampon et al. 2000;
Broadbent et al. 2004; Hammond et al. 2004). This test does not
involve primary reinforcement such as food or electric shocks,
making it comparable to memory tests currently used in humans
(Ennaceur and Delacour 1988).

Novel object recognition training and testing was performed
over five consecutive days. Mice were individually habituated to
the training/testing environment and to Lego blocks over the
first 3 d. On day four, two identical objects made from Legos were
placed near the corners in opposite sides of the training/testing
box. Each mouse was then placed in the middle of the box and
allowed to freely investigate the objects for 10 min. On day 5,
one of the familiar objects was replaced with a novel object.
Wild-type littermate animals showed a significant preference for
the novel object (P < 0.05). However, c-rel�/� mice did not ex-
hibit a preference for the novel object (Fig. 5). These results in-
dicate that c-Rel is necessary for the formation of long-term ob-
ject recognition memory in mice.

Impairment of long-term synaptic plasticity in c-rel−/−

mice
Synaptic plasticity is thought to be a key mechanism contribut-
ing to learning and memory (Whitlock et al. 2006). The best-
studied form of synaptic plasticity is LTP, which is a robust and
long-lasting increase in synaptic strength. To investigate whether
hippocampus-dependent memory deficits coincided with alter-
ations in hippocampal synaptic plasticity, we studied LTP and
baseline synaptic transmission in the CA1 region of hippocampal
slices. LTP can be divided into at least two temporally distinct
forms. The first stage is early LTP (E-LTP), lasting from 30 min to
∼90 min, and the second phase is late LTP (L-LTP), lasting several
hours in vitro and up to a few weeks in vivo (Adams and Sweatt
2002). Transcriptional regulation is a critical mechanism for in-
duction of L-LTP, and mRNA synthesis inhibitor studies have
provided evidence of a transcription requirement for L-LTP
(Nguyen et al. 1994; Levenson et al. 2004a). Therefore, we hy-

Figure 4. c-rel�/� mice have impaired hippocampus-dependent fear
memory. c-rel�/� and wild-type littermate mice were trained in two
different fear conditioning paradigms and then tested for freezing be-
havior. Hippocampus-dependent long-term memory formation was as-
sessed via a contextual fear conditioning paradigm, and amygdala-
dependent long-term memory formation was assessed via a cued fear
conditioning paradigm. Mice were trained with modest training protocol
(one exposure to cue and shock), and freezing behavior was measured 24
h after training. (A) In the contextual test, c-rel�/� mice had a significant
deficit in freezing behavior assessed 24 h after training (*P < 0.05). n = 9
wild-type (seven male, two female) and 9 c-rel�/� (seven male, two
female). (B) In the cued test, no significant difference was seen in freezing
behavior between c-rel�/� and wild-type littermates when mice were
tested in the absence or the presence of an auditory cue 24 h after
training. n = 9 wild-type (seven male, two female) and 9 c-rel�/� (seven
male, two female). (C) To assess short-term contextual memory in
c-rel�/� mice, in a parallel experiment, freezing behavior was measured
1 h after training via a context re-exposure test. c-rel�/� mice did not
show any deficits in short-term fear memory in this test. n = 6 wild-type
(four male, two female) and 7 c-rel�/� (five male, two female). (D)
c-rel�/� mice showed no deficits in long-term fear memory with a more
robust training paradigm consisting of three training trials instead of one.
n = 12 wild-type (seven male, five female) and 13 c-rel�/� (eight male,
five female).

Figure 3. Basal behavioral characterization of c-rel�/� mice. Several
behavioral tasks were performed in both c-rel�/� and wild-type litter-
mate mice to measure their overall levels of locomotor activity, anxiety,
nociception, and motor learning. (A) c-rel�/� mice have similar levels of
locomotor activity relative to wild-type littermates as assessed by total
distance traveled during a 15 min session in the open field task. n = 25
wild-type (14 male, 11 female) and 27 c-rel�/� (18 male, nine female).
(B) c-rel�/� mice have similar levels of basal anxiety relative to wild-type
littermate as assessed by the ratio of the center:total distance traveled in
the open field task. n = 25 wild-type (14 male, 11 female) and 27
c-rel�/� (18 male, nine female). (C) No significant difference was seen in
thermal sensitivity between c-rel�/� and wild-type littermates, indicating
that nociception is comparable between the two groups of mice. n = 25
wild-type (14 male, 11 female) and 27 c-rel�/� (18 male, nine female).
(D) Motor learning of c-rel�/� mice was measured using an accelerating
rotarod test. In this test, c-rel�/� mice did not show motor learning
deficits compared with wild-type littermates. n = 18 wild-type (11 male,
seven female) and 20 c-rel�/� (13 male, seven female).
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pothesized that loss of the transcription factor c-Rel might affect
L-LTP induction.

To test this hypothesis, LTP was measured at Schaffer col-
lateral synapses in hippocampal slice from c-rel�/� mice and
wild-type littermates for 3 h after tetanic stimulation. LTP in
c-rel�/� slices was compared to that in wild-type littermates by
inducing LTP using high-frequency stimulation consisting of two
trains of 100-Hz stimulation for 1 sec, separated by 20 sec. LTP
induced by this high-frequency stimulation protocol is NMDA
receptor dependent and transcription dependent (Selcher et al.
2003; Levenson et al. 2004b). LTP in c-rel�/� slices exhibited
similar levels of LTP versus wild-type littermate slices until ∼30
min after LTP induction. However, after that time point, levels of
synaptic efficacy in c-rel�/� slices were significantly less than
wild-type littermates (P < 0.0001) (Fig. 6A). These results indicate
that L-LTP in hippocampus of c-rel�/� mice is impaired. Further-
more, these results are consistent with the hippocampus-
dependent memory deficits we observed in c-rel�/� mice and are
in agreement with our hypothesis that c-Rel is involved in tran-
scriptional regulation mechanisms for long-term synaptic plas-
ticity.

In order to determine whether c-rel�/� mice exhibited nor-
mal baseline neurotransmitter release, we investigate input/
output functions for stimulus intensity versus evoked field excit-
atory post-synaptic potentials (fEPSP); that is, we measured the
relationship between the slopes of fEPSPs versus fiber volleys in
c-rel�/� and control mice. c-rel�/� mice and wild-type litter-
mates had comparable input/output functions (Fig. 6B,C). This
finding indicates that there is no difference in baseline synaptic
function between c-rel�/� mice versus wild-type littermates. A
previous study (O’Riordan et al. 2006) showed that the input/
output relation of hippocampal Schaeffer collateral-CA1 trans-
mission, as determined by the ratio of fEPSP slope versus fiber
volley slope, was reduced at high stimulus strengths in animals
lacking c-Rel versus littermate controls. In the present study we
limited our stimulus intensities to the lower, linear range of
stimulus strengths, where differences between knockouts and
wild types are not present (see Fig. 6B,C).

Identification of memory-associated genes potentially
regulated by c-Rel
Our behavioral and electrophysiological data strongly suggest
that the transcription factor c-Rel is involved in hippocampus-
dependent long-term memory formation and synaptic plasticity.
Therefore, as a next step in our studies, we determined genes
potentially regulated by c-Rel during long-term memory forma-
tion. In a prior microarray study, expression of genes in area CA1
was analyzed at 1 h, 2 h, 4 h, and 6 h after fear conditioning, and
a total of 35 genes were identified as memory-associated genes
based on having their transcription altered after contextual fear
conditioning. Upstream regions of genes that were identified in
our previous expression array profiling and bioinformatics study
were further analyzed for the presence of the c-Rel regulatory
binding site using the program MatInspector (Levenson et al.
2004a). In the present study, we identified the memory-
associated genes that contained likely c-Rel elements in their
DNA upstream region. Interestingly, c-Rel elements were de-
tected in seven out of eight genes regulated at 1 h after fear
conditioning (see Table 1; Levenson et al. 2004a). Among
memory-associated genes regulated at other time points after fear
conditioning, <45% of genes contained putative c-Rel elements.
This finding is consistent with our biochemical data, which in-
dicate that nuclear levels of c-Rel are significantly increased
within 1 h after fear conditioning. In addition, we screened for
regulatory elements in randomly selected genes expressed in the
hippocampus. Among these 35 randomly selected genes ex-
pressed in the hippocampus, only eight genes contained putative
c-Rel elements. This result confirmed that identification of c-Rel
elements in memory-associated genes at 1 h after fear condition-
ing is not due to random chance (P < 0.05, Fisher’s exact test).

From our current bioinformatics analysis, we hypothesize
that these genes (containing c-Rel elements) are regulated by c-
Rel during memory consolidation in the hippocampus. The up-
stream regions (1 kilobase) of these seven genes were further
analyzed using the program MatInspector to identify other pu-
tative NF-�B elements and binding elements for other transcrip-
tion factors related to memory formation, such as CREB, C/EBP,
ELK, and AP1 (Table 1). All seven candidate memory genes con-
tained likely regulatory elements for additional memory-
associated transcription factors as well.

In addition, we investigated which genes were already iden-
tified as bona fide NF-�B target gives in cell biological studies of
the immune system. Reassuringly, four out of seven genes in our
list (Egr1, Enpp2, Fos, and MKP-3) have already been identified as
known NF-�B target genes in other studies (Li et al. 2001, 2002;
Carayol et al. 2006), and even though Dnajb1 has not been di-
rectly shown to be an NF-�B target, Dnajb1 gene expression is
closely associated with NF-�B activation (Fribley et al. 2004). The
other two genes (transthyretin and D4Wsu53e) of our list of
seven have not previously been associated with NF-�B function.
The function of D4Wsu53e is unknown, but our study identifies
it as a novel candidate for a c-Rel-dependent memory-associated
gene. Interestingly, three of the genes, egr1/Zif268, transthyretin,
and fos, have been directly implicated in hippocampus-
dependent memory based on other studies of genetically engi-
neered mice (Jones et al. 2001; Fleischmann et al. 2003; Sousa et
al. 2007). Overall, our studies suggest these genes are memory
associated targets of c-Rel regulation.

Discussion
One of the most intriguing questions in contemporary neurosci-
ence is the interplay between environment and molecular ge-
netic processes within neurons to determine an animal’s behav-
ior. This is especially the case because it is becoming increasingly

Figure 5. Impaired novel object recognition memory in c-rel�/� mice.
The object recognition task is based on the natural tendency of mice to
investigate a novel object rather than a familiar object, and object rec-
ognition memory also depends on hippocampus. During the training
day, two identical objects were placed in the open field box. Each mouse
was then placed in the middle of box and allowed to freely investigate the
objects for 10 min. On the test day (24 h after training), one of the
familiar objects was replaced with a novel object, and the amount of time
the mouse explored each object was recorded. In this test, wild-type
littermate showed statistical significant preference to the novel object
(*P < 0.05). However, c-rel�/� mice did not distinguish the novel object
from the familiar object. These results indicate that c-rel�/� mice have a
deficit in hippocampus-dependent object recognition memory. n = 13
wild-type (nine male, four female) and 14 c-rel�/� (10 male, four fe-
male).
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clear that altered gene expression is a typical molecular response
in the CNS triggered by environmental stimuli. Such molecular
processes are associated with changes in synaptic strength within
behavior-mediating neuronal circuits, and these changes subse-
quently result in altered behavior. Our prior gene expression ar-
ray and bioinformatics study showed how memory-inducing en-
vironmental stimuli could trigger complex changes in gene ex-
pression in mouse hippocampus, and identified several novel
transcription factors that might be involved in consolidation of
long-term memory (Levenson et al. 2004a). Based on our find-
ings in this earlier bioinformatics study, we hypothesized that
the transcription factor c-Rel might be involved in synaptic plas-
ticity and memory formation. The present study provides evi-
dence that the NF-�B family transcription factor c-Rel plays an
important role in long-term memory formation at the molecular
level and is necessary for plasticity in neuronal circuitry and in
animal behavior.

Previous work (Levenson et al. 2004a; O’Riordan et al.
2006), has also supported the hypothesis of a role for c-Rel in
synaptic plasticity and memory formation. O’Riordan et al.
(2006) demonstrated that c-Rel-deficient animals have decreased
metabotropic glutamate receptor-dependent LTD at Schaffer/
collateral synapses, and a deficit in passive avoidance memory. In
additional preliminary studies using nonlittermate animals, Lev-
enson et al. (2004a) also found that c-Rel-deficient animals had a

deficit in contextual fear conditioning.
These preliminary studies prompted us
to undertake the more thorough study
described in this article, using littermate
control animals assessed using several
behavioral learning paradigms and
evaluating the leading candidate for a
cellular mechanism mediating long-
term memory and LTP at Schaffer/
collateral synapses. In the present stud-
ies, we observed deficits in hippocampal
LTP, novel object recognition, and con-
textual fear conditioning in knockout
animals lacking the c-Rel transcription
factor.

Consolidation of long-term mem-
ory requires new mRNA synthesis.
Therefore, in order to start transcription
of new mRNAs, signals must be trans-
ferred from activated synapses to the
nucleus. p50 and p65 NF-�B, other
members of the Rel transcription factor
family, have already been identified as
candidates for synapse-to-nucleus mes-
senger molecules. Several pioneering
studies have supported this idea. In cer-
ebellar granule neurons, NMDA-receptor
activation regulates the p65 isoform of
NF-�B (Guerrini et al. 1995), and LTP-
induced PKC activation facilitates
nuclear translocalization of p65 and p50
in rat hippocampus (Meberg et al. 1996).
In addition, Meffert et al. (2003) ob-
served p65 movement from activated
synapses to the nucleus in hippocampal
neuronal cell culture. Our prior results
using behavioral training and gene chip
analysis suggested that a specific mem-
ber of the NF-�B superfamily, c-Rel,
played a critical role in gene regulation
in long-term memory formation; this

was based on our finding that c-Rel DNA-binding elements were
highly enriched upstream of memory-associated genes in the
hippocampus.

However, until the present study little was known about
nuclear translocation of c-Rel during memory formation and the
role of this transcription factor in transcriptional regulation dur-
ing memory consolidation. Our study indicates that the nuclear
levels of c-Rel increase during consolidation of long-term
memory, and this result is consistent with our hypothesis that
c-Rel translocates to the nucleus to regulate altered gene tran-
scription necessary for consolidation of long-term memory. One
interesting point from our data is that nuclear levels of c-Rel
significantly increased within 1 h in both CA1 and DG after
treatment and returned to the basal level 3 h after training (Fig.
1). This finding is consistent with several studies of memory-
associated gene expression, which indicate that many long-term
memory associated genes are unregulated ∼1 h after behavioral
treatments or LTP induction (Levenson et al. 2004a; von Hertzen
and Giese 2005; Park et al. 2006). Furthermore, our earlier bio-
informatics and expression array analysis showed that most
memory-associated genes regulated at 1 h after behavioral train-
ing contain putative c-Rel elements in their DNA upstream re-
gions, within 1 kb of their initiation start site. In addition, Freud-
enthal et al. (2005) investigated a temporal course of hippocam-
pal NF-�B DNA-binding activity after inhibitory avoidance

Figure 6. Impaired short-term and long-term synaptic plasticity in c-rel�/� mice. (A) LTP at Schaffer
collateral synapses in hippocampal slices of c-rel�/� mice was compared with wild-type littermate
controls, after two trains of 100-Hz stimulation for 1 sec separated by 20 sec at 30°C. c-rel�/� slices
exhibited significantly less potentiation after LTP induction relative to wild-type littermate slices.
F[1,1504] = 433.00, P < 0.0001; n = 10 wild-type and 9 c-rel�/� (male only). (B) To analyze basal syn-
aptic transmission of c-rel�/� mice, input/output functions for stimulus intensity versus fEPSP was
measured. The input/output function in c-rel�/� mice was not different from wild-type littermate. (C)
Basal synaptic transmission was also assessed by examining the correlation between the slopes of fEPSP
and fiber volleys, known as the input/output relationship. c-rel�/� mice and wild-type littermate had
comparable input/output relationships.
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training. The temporal pattern of NF-�B DNA-binding activity
in their study is very similar to that of nuclear levels of c-Rel
in our study. Therefore, these parallel studies suggest
that c-Rel is an attractive candidate for a transcription factor
that is critical for the regulation of long-term memory forma-
tion. The present studies, wherein we investigated LTP and
memory formation in c-Rel deficient animals, support this hy-
pothesis.

In a previous study (Levenson et al. 2004a), we performed
pilot behavior experiments with c-rel�/� mice investigating ba-
sic behaviors such as open field mobility, hotplate responses, and
fear conditioning using robust training. The pilot data from
those studies suggested that c-rel�/� animals were deficient in
contextual fear conditioning and modestly hypoactive in the
open field test relative to age-matched wild-type mice from a
similar background strain. Our previous use of nonlittermate age-
and strain-matched wild-type control animals necessitated re-
peating and greatly extending our behavioral characterization of
c-Rel-deficient animals using appropriate controls and a much
wider battery of behavioral tests. In our pilot studies, c-rel�/�

mice had impaired fear memory as assessed using a robust-
training contextual fear conditioning paradigm. However, in the
present experiments with littermate wild-type controls, there
were no significant differences between c-rel�/� mice and litter-
mate wild type in the same test. We should note here that these
differences did not appear to arise from changes in the behavior
of the c-rel�/� mice, which exhibited comparable levels of freez-
ing in both studies, but rather appear to be due to differences in
performance between age-/strain-matched and littermate wild-
type controls. Thus, the behavioral indexes of c-rel�/� mice from
the previous and the present study were almost identical, while
the wild-type control data were different. An additional differ-
ence in the data obtained in the present study versus our prior
study was exhibited in the open field test. In open-field behav-
ioral testing, c-rel�/� mice were hypoactive relative to the age-/
strain-matched wild-types in our earlier pilot study (Levenson et
al. 2004a). However, in the present experiments with littermate

wild types, c-rel�/� mice exhibited simi-
lar levels of locomotor activity relative
to controls. Overall, these results dem-
onstrate the importance of littermate
controls in behavioral experiments,
where differences in baseline behaviors
between strain-matched controls versus
true littermate controls may complicate
the interpretation of results.

The present study suggested that c-
Rel is necessary for hippocampus-
dependent memory formation but not
amygdala-dependent memory forma-
tion. However, some previous studies
demonstrated a requirement of NF-�B
activation in amygdala-dependent fear
memory formation (Yeh et al. 2002,
2004). In these studies using amygdala
tissue (Yeh et al. 2002), the p65 and
p50 subunits, but not c-Rel, increased
their DNA-binding activity during an
amygdala-dependent memory task.
Therefore, a comparison of these results
suggests that c-Rel is involved more spe-
cifically in hippocampus-dependent
memory formation versus other NF-�B
subunits.

NF-�B family proteins are com-
prised of homo- and heterodimers of five

family members. So far, at least 12 dimers have been identified as
having affinity for �B recognition sequences (Hoffmann et al.
2006). Indeed, there are different dimerization preferences be-
tween the five family members. The c-Rel homodimer appears to
be more stable than the p65 homodimer. The p65/p50 heterodi-
mer and c-Re homodimer are more abundant than c-Rel/p50 het-
erodimer or others based on studies in many cell types. However,
the relative abundance of different NF-�B dimers differs between
each cell type, to allow specificity in NF-�B pathway signaling in
specific cell types (Hoffmann et al. 2006). Even though the dif-
ferent dimer configurations have broad sequence recognition
specificities that largely overlap, the different dimmers have dif-
ferential affinity for �B binding sequences, and each of the NF-�B
proteins also has nonredundant functions. For instance, electro-
phoretic mobility shift assays show that c-Rel/p65 heterodimer
binds to �B-like sequences (5�-CGGAGTTTCC-3�) but p65/p50
heterodimer does not (Parry and Mackman 1994). Using a fluo-
rescence polarization assay, Huang et al. (2001) observed that
c-Rel homodimer binds to the IL-2 CD28RE (CD28 response el-
ement) with higher affinities than to other �B consensus se-
quences. In contrast, p50 homodimer and p65/p50 heterodimer
bind to CD28RE weakly. In addition, each distinct member
has its own selective DNA-binding activity for specific target
genes (Sanjabi et al. 2005), and the DNA-binding activity of each
NF-�B member can be directly and selectively modified by
phosphorylation and acetylation (Chen et al. 2001; Martin et al.
2001; Yeh et al. 2004). Consistent with the idea of differen-
tial roles and regulation of individual dimer subtypes, the
available NF-�B gene-knockout animal models indicate distinct
roles for each NF-�B family member in immune system function
(Li and Verma 2002; Liou and Hsia 2003). Overall, these consid-
erations indicate that c-Rel has its own specific target genes and
c-Rel DNA-binding activity, and can be directly modulated by
unique post-translational modifications, suggesting that c-Rel
could play a unique role in long-term synaptic plasticity
and memory formation. Indeed, the present results indicate that
the presence of the other NF-�B family members in our c-rel�/�

Table 1. Identification of memory associated genes potentially regulated by c-Rel
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mice is not sufficient to compensate for the unique absence of
c-Rel.

Several prior studies had suggested that NF-�B transcription
factors might play an important role in synaptic plasticity. A
study using NF-�B decoy DNA treatment showed that inhibition
of NF-�B prevented induction of LTD and significantly reduced
LTP expression (Albensi and Mattson 2000). Additionally, over-
expression of the NF-�B super repressor (I�B�-AA) caused an
impairment of LTD and L-LTP (Kaltschmidt et al. 2006). Based on
these prior studies, an important point to keep in mind is the
fact that inhibition of NF-�B leads to an impairment of LTD as
well as LTP. In the present study, we found that loss of c-Rel
led to an impairment of L-LTP, and a previous study demon-
strated that c-Rel plays a role in the induction of mGluR-LTD in
the hippocampus (O’Riordan et al. 2006). In addition, previous
studies using nonisoform selective inhibitors of NF-�B signaling
also attenuated both LTP and LTD (Albensi and Mattson 2000;
Kaltschmidt et al. 2006). Taken together, our results and others
demonstrate that NF-�B family members generally, and c-Rel spe-
cifically, are involved in bidirectional regulation of synaptic
function in the hippocampus.

How does one single molecule participate in both forms of
plasticity, which alter synaptic strength in opposite directions?
When we consider the bidirectional characteristics of NF-�B sig-
naling in apoptosis and anti-apoptosis, this Janus face of NF-�B
in synaptic plasticity is not surprising (Silverman and Maniatis
2001; Li and Verma 2002; Kucharczak et al. 2003). NF-�B proteins
can suppress apoptosis by promoting the expression of anti-
apoptotic genes, while they can induce apoptosis in response to
certain death-inducing signals. The type of stimulus and the du-
ration of stimulus determine NF-�B’s destiny as a promoter or
protector of neuronal cell death (Kaltschmidt et al. 2002; Pizzi et
al. 2002). The role of c-Rel in LTP or LTD is likely to depend on
the type of stimulus, the duration of stimulus, and specific sig-
naling pathways that activate c-Rel. In our studies, c-Rel partici-
pates in formation of LTP via NMDA receptor-dependent signal-
ing pathway and in the formation of LTD via mGluR receptor-
dependent signaling pathway.

One question worth considering is whether the deficits in
synaptic plasticity and memory formation that we observed in
c-rel�/� mice originate from a neuro-developmental defect. Thus
far, several studies have documented the participation of NF-�B
in neural development (Gutierrez et al. 2005; Memet 2006). Ac-
cording to these earlier studies, general NF-�B signaling regulates
neurite growth and cell survival in the developing nervous sys-
tem. However, neurite growth and neural cell survival were
changed via regulating of expression of p65 or degradation of
I�B. Therefore, the specific function of c-Rel in the developing
nervous system is still unknown. Schmidt-Ullrich et al. (1996)
investigated the pattern of NF-�B activity during mouse develop-
ment using lacZ reporter construct. In their study, lacZ expres-
sion in mouse hippocampus was not observed until 2 wk
after birth, and changes of NF-�B activity in the cortex were not
observed until 3 wk after birth. Recently, Gray et al. (2004)
analyzed the expression of over 1000 transcription factors and
their coregulated genes during development in the mouse brain,
and according to their study, among NF-�B transcription factors
only p50 was expressed in E13.5 embryos or in P0 mice. c-Rel
and other NF-�B members were not expressed during mouse
brain development but rather were only present in older animals.
In addition, previous studies with c-rel�/� mice have suggested
that c-rel�/� mice do not have generalized developmental
defects in lymphocyte and macrophage function (Köntgen
et al. 1995; Tumang et al. 1998; Liou and Hsia 2003). Moreover,
our histological data indicate that there are no gross morpho-
logical changes or differences in neuron number in the hippo-

campus of c-rel�/� mice compared with wild-type littermates
(Fig. 2), and our basal behavioral studies also suggest that
c-rel�/� mice do not have any appreciable baseline defects
(Fig. 4). All these results suggest that the impaired long-term
synaptic plasticity and memory formation that we observe in
c-rel�/� mice were not caused by developmental or structural
defects.

In summary, in these studies we investigated the role of the
transcription factor c-Rel in long-term memory formation using
molecular, cellular, and behavioral approaches. We found that
nuclear levels of c-Rel were regulated in the hippocampus during
long-term memory formation. In addition, c-rel�/� mice showed
impaired long-term synaptic plasticity and behavioral deficits in
hippocampus-dependent long-term memory formation. Further-
more, using a bioinformatics approach, we have been able to
predict several bona fide memory-associated genes (fos, Zif268/
egr-1, and transthyretin) potentially regulated by c-Rel. Thus,
c-Rel can be added to a small but growing list of transcription
factors that are critical in mediating changes in gene expression
that are involved in hippocampal synaptic plasticity and
memory formation.

Materials and Methods

Animals
C57BL/6J (6-8weeks old) mice were obtained from the Baylor
College of Medicine transgenic mouse facility. Generation of
c-rel�/� mice has been previously described (Tumang et al.
1998). Animals were housed under a 12-h light/dark cycle and
were given ad libitum access to food and water. All procedures
performed with the approval of the Baylor College of Medicine
Institutional Animal Care and Use Committee and according to
national guidelines and policies. All behavioral experiments were
done with the experimenter blind to genotype. Wild-type litter-
mate controls from heterozygote breeding were used in all be-
havioral and electrophysiological experiments.

Fear conditioning
Mice were allowed to acclimate to the testing room at least 2 h
prior to use. Mice were trained in one of two training paradigms,
a modest or intense contextual training paradigm. In modest
training, mice were allowed to explore the training chamber for
1.5 min and then were exposed to a cue, a white noise tone (90
dB, 30 sec). During the last 2 sec of the tone, a single mild foot-
shock (0.5 mA) was applied to the floor grid, and mice were
removed from the training chamber 1 min after footshock. Freez-
ing behavior was measured by observing mice for 1 sec every 5
sec. Contextual learning was assessed 24 h after training by mea-
suring freezing behavior in the training chamber for 3 min. Cued
fear learning was assessed 4 h after the contextual test by placing
mice in a novel test cage with altered cage floor, dimension,
color, and odor. Mice were exposed to the novel context for 3
min prior to a 3-min presentation of the cue used during train-
ing. Freezing behavior was measured during the entire 6-min
period of cue testing. The robust contextual training was per-
formed as previously described (Levenson et al. 2004a). Mice
were allowed to explore the training chamber for the first 2 min
and then received three mild footshocks (1 sec, 0.5 mA) spaced 2
min apart. Mice were removed from the training chamber 1 min
after the last footshock. Contextual learning was assessed 24 h
after training by re-exposing mice to the same training chamber
for 7 min.

Western blotting
C57BL/6 (6–8 wk) mice were trained using the robust contextual
fear conditioning paradigm and sacrificed at four different times
after exposure to the training (15 min, 30 min, 1 h, and 3 h). For
preparation of naïve samples, i.e., controls, mice were allowed to
acclimate to the testing room for 2 h and then sacrificed without
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training or exposure to a novel context. Nuclear extracts were
prepared using NE-PER nuclear and cytoplasmic extraction re-
agents (Pierce) from hippocampal subregions: area CA1 and the
DG according to the manufacturer’s instructions. Briefly, small
pieces of tissue samples were homogenized in ice-cold cytoplas-
mic extraction reagent I with a Dounce homogenizer. The sample
was vortexed for 15 sec, followed by 10-min incubation on ice,
addition of ice-cold cytoplasmic extraction reagent II, and cen-
trifugation at 16,000g for 5 min at 4°C. The supernatant (cyto-
plasmic extract) was immediately transferred to a clean pre-
chilled tube. The nuclear pellet was resuspended with ice-cold
nuclear extraction reagent, vortexed for 15 sec, and incubated on
ice for 40 min. The extract was centrifuged at 16,000g for 10 min
at 4°C, and the supernatant (nuclear extract) was frozen at
�70°C. Nuclear extracts were resolved on 10% SDS-
polyacrylamide gels and transferred to PVDF membranes (Im-
mobilon, Millipore) membranes. The membranes were blocked
in 3% BSA and 5% skim milk in TTBS buffer (50 mM Tris-HCl, pH
7.5, 150 mM NaCl, and 0.05% Tween 20) for 1 h and then incu-
bated in the primary antibody overnight at 4°C. Primary anti-
bodies used were c-Rel (1:100), MKP-3 (1:300, Santa Cruz Bio-
technology), and Lamin A/C (1:500, Upstate Biotechnology). The
membranes were washed in TTBS buffer and then incubated in
HRP-conjugated anti-rabbit or anti-mouse secondary antibody
(Jackson ImmunoResearch) for 1 h at room temperature. The
membranes were detected with either ECL (Amersham Biosci-
ence) or Super Signal (Pierce). The immunoblots were quantified
by densitometry using Scion image software (Scion Corporation)
and levels of c-Rel were normalized to levels of nuclear marker
protein, lamin A.

Cresyl violet staining and unbiased stereology
Mice were deeply anesthetized with 0.2% avertin and then trans-
cardially perfused with ice-cold PBS (0.01 M phosphate, 0.15 M
sodium chloride) followed by 4% paraformaldehyde (PFA) in
PBS. Whole brains were extracted and post-fixed overnight at 4°C
in 4.0% PFA. Tissue was processed for paraffin embedding and
sagittally sectioned at 10 µm. Sections were deparaffinized, rehy-
drated, and stained with 0.5% cresyl violet. After thorough rins-
ing, sections were dehydrated and mounted with Permount
(Fisher Scientific). CA1 pyramidal neuron number and total hip-
pocampal volume were determined from horizontal cresyl violet
sections taken from the entire extent of the hippocampus using
a point counting method and optical fractionator methods with
the aid of a computerized stereology system powered by Stere-
ologer software (Systems Planning and Analysis Inc.) and hard-
ware consisting of a Zeiss Axioskop microscope, motorized XYZ
stage (Applied Scientific Instrumentation), Sony CCD video cam-
era, TARGA video card, and personal computer/monitor.

Basal behavioral studies
For the open field test, a mouse was placed in the center of a clear
Plexiglas box (43 � 43 cm), and locomotor activity was mea-
sured for 15 min by an automatic video tracking system (Lime-
light; Actimetrics). A thermal sensitivity test was performed using
a hotplate Analgesia Meter (Columbus Instruments) at 53°C to
measure the latency to lick a hind paw. The accelerating rotarod
task was used to measure motor coordination, balance, and mo-
tor learning. Each 5-min trial began with a 30-sec acclimation
period at 4 rpm followed by gradual acceleration to a maximum
of 40 rpm over the next 5 min. Performance was measured as the
latency for an animal to fall off of the rod. Four rotarod trials per
day were performed over two consecutive days.

Novel object recognition
The novel object recognition task was performed in the open
field apparatus for five consecutive days. Mouse movement and
locations were tracked and recorded by an automatic video track-
ing system (Limelight; Actimetrics). During the first day, each
mouse was placed in the empty open field and allowed to freely
explore the testing arena for 15 min. During days 2 and 3, each
mouse was placed in an open field with eight single Duplo Lego

blocks for 10 min. Legos of various colors (blue, green, yellow,
and red) were equally spaced 5 cm from the edge of the open field
such that each color was present in a corner and the center of a
wall. Days 1 through 3 allowed the animals to familiarize them-
selves with the apparatus and with experimenter handling. In
day 4, two identical objects made of Legos were placed in two
opposite corners of the box. Each mouse was then placed in the
middle of box and allowed to freely investigate the objects for 10
min. The time spent to explore each object was recorded. Explo-
ration of an object was defined as directing the nose to the object
within a distance of 2 cm. Some behaviors such as turning
around on or sitting on an object were not considered as explo-
ration. In day 5, one of the familiar objects was replaced with a
novel object and object exploration was recorded.

Electrophysiology
Hippocampal slices were prepared as previously described
(O’Riordan et al. 2006). Extracellular field potential recordings in
area CA1 are utilized to monitor synaptic transmission at the
Schaffer collateral inputs. Four hundred–micrometer hippocam-
pal slices were placed in a Fine Science Tools interface chamber,
maintained at 30°C, and perfused with aerated ACSF (∼1 mL/
min). An ACSF-filled glass recording electrode was placed in the
stratum radiatum of area CA1, and a stimulating electrode was
positioned along the Schaffer collateral afferents from CA3. In-
put/output (I/O) functions for stimulus intensity versus EPSP
magnitude were recorded in response to increasing intensities of
stimulation (0.5–15 V). For the remainder of the experiment, the
test stimulus intensity was set to elicit an EPSP that was 50% of
the maximum response recorded during the I/O measurements.
Following I/O curve generation, paired-pulse facilitation was
measured with various interstimulus intervals (10, 20, 50, 100,
200, and 300 msec). A minimum of 20 min of baseline stimula-
tion (0.05 Hz) was recorded before the LTP induction. LTP was
induced via high-frequency (100-Hz) stimulation, which con-
sisted of two trains of 1-sec, 100-Hz stimulation with an inter-
train interval of 20 sec.

Transcription factor bioinformatic analysis
Transcription factor analysis was performed as previously de-
scribed (Levenson et al. 2004a). Briefly, upstream sequence in-
formation of each gene in Table 1 was obtained from the Uni-
versity of California, Santa Cruz Genome Browser (http://
www.genome.ucsc.edu/). To identify putative transcription
factor binding sites, 1 kbp upstream of the immediate upstream
sequence was examined using MatInspector (Geomatix) (Car-
tharius et al. 2005). Putative binding sites for c-Rel and other
memory related transcription factors were identified using an
optimized matrix thresholds setting, with core similarity at >0.90
and matrix similarity at >0.80 to reduce false positives.

Statistical analysis
Comparison of nuclear levels of c-Rel in CA1 and the DG among
four different times after training was made using one-way
ANOVA with Bonferroni post-hoc test. The behavioral character-
ization of c-rel�/� mice in the open field, thermal sensitivity,
and fear conditioning was analyzed using a two-tailed student’s
t-test, and statistical significance in accelerating rotarod task and
LTP study was determined by repeated-measured two-way
ANOVA with Bonferroni post-hoc test. In the novel object rec-
ognition test, we used a two-tailed t-test to compare the prefer-
ences for novel or familiar objects in each group of micel, i.e.,
wild types versus knockouts were analyzed separately to assess
whether each group overall learned the objects. In all tests, data
were considered significant at P < 0.05.
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