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SUMMARY

Previously formed memories are susceptible to
disruption immediately after recall due to a ne-
cessity to be reconsolidated after retrieval. Pro-
tein translation mechanisms have been widely
implicated as being necessary for memory re-
consolidation, but gene transcription mecha-
nisms have been much less extensively studied
in this context. We found that retrieval of con-
textual conditioned fear memories activates
the NF-kB pathway to regulate histone H3
phosphorylation and acetylation at specific
gene promoters in hippocampus, specifically
via IKKa and not the NF-kB DNA-binding com-
plex. Behaviorally, we found that inhibition of
IKKa regulation of either chromatin structure
or NF-kB DNA-binding complex activity leads
to impairments in fear memory reconsolidation,
and that elevating histone acetylation rescues
this memory deficit in the face of IKK blockade.
These data provide insights into IKK-regulated
transcriptional mechanisms in hippocampus
that are necessary for memory reconsolidation.

INTRODUCTION

Formation of long-term memory involves activation of

multiple transcription pathways that affect a highly coordi-

nated pattern of gene transcription that is necessary for

memory stabilization. The transcription factor nuclear-fac-

tor kappa B (NF-kB) has been implicated in the induction

of synaptic plasticity and initial formation of long-term

memory (Dash et al., 2005; Freudenthal et al., 2005;

Levenson et al., 2004a; Liou and Hsia, 2003; Meffert

et al., 2003; Yeh et al., 2002, 2004). In addition, recent

investigations into the role of NF-kB signaling in memory

formation have identified involvement of this pathway in

the process of long-term memory reconsolidation in the

crab Chasmagnathus (Merlo et al., 2005). These findings

suggest that specific mechanisms exist for activation of

the NF-kB transcriptional pathway during various stages
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of memory formation. However, the regulatory mechanism

and molecular targets through which the NF-kB pathway

mediates transcriptional regulation to stabilize long-term

memory have not been experimentally investigated.

Memories, when retrieved or recalled, can become la-

bile and susceptible to disruption, which implies the ne-

cessity for a process that restabilizes previously formed

memories. This process is commonly referred to as mem-

ory reconsolidation (Nader et al., 2000; Sara, 2000). For

example, in a rodent contextual fear conditioning para-

digm, a novel context (training chamber) is paired with a

footshock, and after this training event, a long-term mem-

ory for this association is formed. After memory formation,

reexposing the animal to the training chamber triggers

memory retrieval and subsequent reconsolidation of the

associative memory. Reestablishment of the contextual

conditioned fear (CCF) memory is subject to disruption

through inhibition of protein synthesis, or when signaling

cascades such as the extracellular signal-regulated ki-

nase-mitogen-activated protein kinase (ERK/MAPK) are

inhibited (Duvarci and Nader, 2004; Duvarci et al., 2005;

Suzuki et al., 2004). The goal of the present study was to

investigate the involvement of the NF-kB signaling cas-

cade, and molecular targets of this pathway, during recon-

solidation in a mammalian long-term memory paradigm,

contextual fear conditioning.

The NF-kB/Rel transcription factors are highly regulated

and require modification of inhibitor kappa B (IkB) proteins

for activation. In most cells, the binding of IkB to NF-kB

causes cytoplasmic retention of the complex, blocking

its capacity for transcriptional regulation. IkB proteins

are marked for proteolytic degradation when they are

phosphorylated by the IkB kinase (IKK) complex. The

IKK complex consists of two kinase catalytic subunits,

IKKa and IKKb, and a regulatory subunit IKKg (DiDonato

et al., 1997; Zandi et al., 1998). Once released from IkB

proteins by the action of the IKK complex, NF-kB translo-

cates to the nucleus and binds to the promoter region of

target genes by recognizing the kB consensus sequence

within DNA (reviewed in Albensi and Mattson, 2000).

Several mechanisms have been described for NF-kB

transcriptional regulation in addition to the binding of the

NF-kB DNA-binding complex to kB regulatory elements

in DNA. For example, signaling components of the NF-kB
nc.
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Figure 1. Effect of Inhibition of the NF-kB

Signaling Pathway on Contextual Fear

Conditioning after Context Reexposure

(A) Diagram outlines the experimental design

used with data presented below in (B)–(E)

(vehicle, n = 10; DDTC, n = 9).

(B) Freezing behavior on Test Day 1.

(C) Freezing behavior during reexposure on

Test Day 2.

(D) Short-term memory test, assessed 4 hr

after reexposure to chamber.

(E) Freezing behavior on Test Day 7.

(F) Effect of context reexposure for 30 min (Test

Day 1) on freezing behavior assessed on Test

Day 2.

(G) Injection of DDTC at the same time interval

experienced by the test animals in (B), but with

the first test given 48 hr later.

Student’s t test; *p < 0.05, **p < 0.01 compared

with vehicle. Error bars are SEM.
pathway have been shown to be involved in the regulation

of gene expression through modification of histone phos-

phorylation and acetylation in concert with histone deace-

tylases (HDAC) in nonneuronal cells (Ashburner et al.,

2001; Ito et al., 2001; Kumar et al., 2005; Viatour et al.,

2003; Yamamoto et al., 2003). The IkB protein isoform

IkBa has been shown to regulate transcription indepen-

dent of NF-kB DNA binding activity through interaction

with HDAC1 and HDAC3 (Viatour et al., 2003). Moreover,

the IKKa subunit has been shown to function indepen-

dently of the IKK complex to regulate cytokine-induced

gene expression through regulation of histone H3 phos-

phorylation in vitro (Anest et al., 2003; Park et al., 2006;

Yamamoto et al., 2003). Overall, these studies identify new

roles for signaling components of the NF-kB pathway,

such as IkBa and IKKa, in regulating chromatin structure

and controlling gene expression independent of NF-kB

binding to regulatory elements in DNA.

These unique regulatory mechanisms have heretofore

not been investigated in the nervous system. However,

a number of studies suggest that altered chromatin struc-
Neu
ture allows robust and lasting changes in gene expression,

particularly in the nervous system (Alarcon et al., 2004;

Battaglioli et al., 2002; Colvis et al., 2005; Huang et al.,

2002; Korzus et al., 2004; Levenson et al., 2004b; Wood

et al., 2006). In this study, we investigated whether activa-

tion of the IKK/NF-kB pathway and regulation of chroma-

tin structure in hippocampus are important in memory

reconsolidation in the mammalian CNS.

RESULTS

Inhibition of NF-kB Signaling after Memory Recall
Impairs Memory Reconsolidation
To assess the effect of inhibiting NF-kB signaling on mem-

ory recall, we used a well-known NF-kB inhibitor, diethyl-

dithiocarbamate (DDTC) (Hayakawa et al., 2003; Miyajima

et al., 2003; Morais et al., 2006; Schreck et al., 1992).

Figure 1A depicts the timing of DDTC administration and

the time points at which we determined its effects on

freezing behavior after recall of CCF memories. Immedi-

ately following reexposure to the training chamber,
ron 55, 942–957, September 20, 2007 ª2007 Elsevier Inc. 943
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animals were injected with vehicle or DDTC (Test Day 1).

Because their injections were given after context reexpo-

sure, both vehicle and DDTC-treated animals displayed

normal freezing behavior on Test Day 1 (Figure 1B). On

Test Day 2, DDTC-treated animals exhibited a significant

decrease in freezing behavior compared with vehicle-

treated animals (t(14) = 2.50, p < 0.05; Figure 1C). We also

performed a short-term memory test 4 hr after context

reexposure and found that vehicle and DDTC-treated

animals displayed similar freezing behavior (t(10) = 0.41,

p > 0.05; Figure 1D). These results indicate that the

NF-kB pathway participates in retrieval-induced reconso-

lidation of long-term CCF memories.

In order to ensure that the drug-induced interference of

CCF memories did not fade at longer drug-retest time in-

tervals, we also delayed retest for 7 days (Lattal and Abel,

2004). For these experiments, vehicle or DDTC was

administered immediately after reexposure (Test Day 1)

Figure 2. Activation of IKKa in Hippocampus after Context

Reexposure
(A) Experimental design used with data presented below.

(B) Western blot densities for phosphorylated IKKa (P-IKKa) normal-

ized to total IKKa (T-IKKa) levels from area CA1 (vehicle-unshocked,

n = 3; DDTC-unshocked, n = 3; vehicle-shocked, n = 6; DDTC-

shocked, n = 6). At the 1 hr time point assessed, there were no changes

in P-IKKa levels in area CA3 or dentate gyrus after context reexposure

(data not shown). Two-way ANOVA with post hoc test; *p < 0.05,

**p < 0.01 compared with unshocked-DDTC, #p < 0.05, ##p < 0.01

compared with vehicle-shocked group. Error bars are SEM; solid lines

represent normalized vehicle control levels.
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and the animals were given a second test (Test Day 7).

Freezing was significantly reduced in the DDTC-treated

animals on Test Day 7 (t(14) = 3.80, p < 0.05; Figure 1E).

A possible effect of inhibiting NF-kB signaling activity af-

ter memory recall could be an enhancement of memory ex-

tinction instead of a blockade of memory reconsolidation.

For assessment of this possible effect, we used a longer

reexposure trial (30 min) on Test Day 1 to initiate memory

extinction. At the end of the 30 min session, freezing be-

havior decreased in both vehicle and DDTC-treated ani-

mals (Vehicle: F(1,8) = 14.90, p < 0.001; DDTC: F(1,8) = 10.41,

p < 0.001; Figure 1F). DDTC was then administered to

animals immediately after the 30 min reexposure trial and

animals were given a second test (Test Day 2). Reassur-

ingly, both vehicle and DDTC-treated animals displayed

similar freezing behavior (Figure 1F). These results suggest

that inhibition of NF-kB signaling activity after memory

retrieval does not result in an enhancement of memory

extinction.

Another possible effect of inhibiting NF-kB signaling ac-

tivity with DDTC is that DDTC may have induced amnesia

without reactivation of memory. To control for this possi-

ble effect, DDTC was administered at the same time inter-

val the test animals experienced on Test Day 1 without

reexposure to the training chamber. On Test Day 2, we

found that freezing behavior persisted in both vehicle and

DDTC-treated animals (Figure 1G), indicating that the be-

havioral effects of DDTC are specifically related to inhibi-

tion of reconsolidation of CCF memories.

NF-kB Signaling Activity after Memory Recall
Is Specific to Context Reexposure
The hypothesis of an involvement of the NF-kB pathway in

memory reconsolidation predicts that NF-kB signaling ac-

tivity should increase when memory recall is triggered.

Therefore, we confirmed NF-kB signaling activity by eval-

uating two molecular markers of the pathway: IKK activa-

tion and NF-kB DNA-binding complex activity. Evaluation

of IKK activity indicates whether recall triggers activation

of the NF-kB signaling pathway at the IKK level of the

cascade. An assessment of NF-kB DNA-binding complex

activity indicates whether recall triggers active binding of

NF-kB to kB regulatory elements in DNA.

To evaluate IKK activity after retrieval, protein extracts

were prepared from area CA1 of hippocampus 1 hr after

context reexposure, and IKK phosphorylation was as-

sessed by western blotting with a phosphoselective anti-

body (Figure 2A; Test Day 1). Western blotting analysis

revealed significant increases in IKKa phosphorylation

at Ser-180 after reexposure (F(3,14) = 12.15, p < 0.05;

Figure 2B) with no change in IKKb phosphorylation at

Ser-181. These results suggest that memory recall trig-

gers IKKa, but not IKKb, activation in hippocampus after

reexposure to the training chamber.

As a control, we confirmed that DDTC administered

immediately after context reexposure blocked IKKa

activation in hippocampus. Similar to inhibition of CCF

memories, recall-mediated increases in phosphorylated
Inc.
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Figure 3. Activation of the NF-kB Signal-

ing Pathway Is Regulated after Reexpo-

sure to the Context

(A) Outline of the experimental procedure per-

formed.

(B) Representative western blots and densi-

tometry analysis for phosphorylated IKKa

(P-IKKa) normalized to total IKKa (T-IKKa)

levels are shown (Group A, n = 9; Group B,

n = 9; Group C, n = 6; Group D, n = 8). Student’s

t test; *p < 0.05 compared with naive group.

(C) Nuclear extracts were prepared from area

CA1 from all groups in parallel. NF-kB DNA

binding activity was measured using EMSA

(Group A, n = 5; Group B, n = 10; Group C,

n = 8, Group D, n = 5). Student’s t test;

*p < 0.05 compared with naive group.

(D) Nuclear extracts were prepared from area

CA1 1 hr after reexposure (vehicle-shocked,

n = 6; DDTC-shocked, n = 6). The specific

band is indicated with an arrow. The relative

optical density (R.O.D) values of the specific

NF-kB-shifted-band normalized to vehicle

group (VEH) are shown. Student’s t test;

*p < 0.05 compared with vehicle-shocked

group.

Error bars are SEM; solid lines represent

normalized naive control levels.
IKKa were significantly inhibited with DDTC treatment

(F(3,14) = 12.55, p < 0.001; Figure 2B).

It is possible that the upregulation in IKKa activity in hip-

pocampus was not specific to memory recall, but rather

was simply due to context exposure or to a persistent ef-

fect from the prior day’s training. Thus, we evaluated IKKa

activity in the following four groups of animals: (1) Group A,

animals trained but not reexposed to the training cham-

ber; (2) Group B, animals trained and reexposed to the

training chamber (as described in the previous section);

(3) Group C, untrained animals that were exposed to the

training chamber and 24 hr later reexposed without being

shocked; and (4) Group D, untrained animals that were

exposed to the training chamber once without being

shocked. All groups were compared to naive animals

that were not exposed to the training chamber (Figure 3A).

Western blotting analysis revealed no change in IKKa

phosphorylation 25 hr after training with no context reex-

posure (Figure 3B, Group A). Animals that were trained

and reexposed to the training chamber (24 hr later) showed

a significant increase in IKKa phosphorylation 1 hr after

context reexposure (t(16) = 2.41, p < 0.05; Figure 3B, Group

B), as we described above. Reexposure of untrained ani-

mals to the training chamber resulted in no change in

IKKa phosphorylation (t(7) = 0.13, p < 0.05; Figure 3B,
Neur
Group C). One hour after a seven-minute exposure to the

training chamber, which was similar to the duration of the

training session, we found no significant change in IKKa

phosphorylation in Group D (Figure 3B). Together these

results indicate that reexposure to the training chamber,

in previously trained animals only, selectively triggered

an increase in IKKa activity in hippocampus.

Using an electrophoretic mobility shift assay (EMSA),

we assessed NF-kB DNA-binding complex activity in hip-

pocampal nuclear extracts after context reexposure. This

assay is a technique for measurement of DNA binding

activity of the NF-kB DNA-binding complex. NF-kB DNA

binding activity in this in vitro assay system reflects nuclear

translocation and activation of the NF-kB transcription

factor. In nuclear extracts from area CA1, only one shifted

band was detected with this assay (see Figures 3C and

3D). This band corresponds to NF-kB-subunit-containing

protein complexes that specifically bind to the kB con-

sensus sequence, as we previously demonstrated using

competition assays (Lubin et al., 2005).

One hour after context reexposure, a significant in-

crease in NF-kB DNA binding activity was observed in

area CA1 of hippocampus (t(12) = 2.91, p < 0.05; Figure 3C).

Similar to IKKa activity, NF-kB DNA-binding activity after

context reexposure was significantly attenuated following
on 55, 942–957, September 20, 2007 ª2007 Elsevier Inc. 945



Neuron

IKK Regulation of Histones after Memory Recall
treatment of animals with DDTC (t(10) = 2.45, p < 0.05;

Figure 3D). These results demonstrate that the NF-kB

DNA-binding complex is activated in hippocampus after

recall of CCF memories, and that DDTC blocks this effect.

Overall, then, we observed hippocampal NF-kB pathway

activation after memory recall using two independent

biochemical assay procedures.

Like IKKa, NF-kB DNA binding activity in area CA1 of

hippocampus showed no change 25 hr after training

with no context reexposure (Figure 3C, Group A). In ani-

mals that were trained and reexposed to the same training

chamber, we found a significant increase in NF-kB DNA

binding activity (t(16) = 3.86, p < 0.01; Figure 3C, Group

B), as described above. Animals that were exposed to

the training chamber twice showed no change in NF-kB

DNA binding activity (Figure 3C, Group C). At 1 hr after

a single exposure to the training chamber, no significant

change in NF-kB DNA binding activity was detected in

area CA1 of hippocampus (Figure 3C, Group D). These re-

sults indicate that activation of the NF-kB DNA-binding

complex in hippocampus occurred selectively after reex-

posure of trained animals to the context.

Overall, these results are consistent with the hypothesis

that increases in both IKKa activity and NF-kB DNA-bind-

ing complex activity are part of the retrieval-induced mem-

ory reconsolidation process.

Regulation of Histone H3 Modifications by IKKa

Signaling Activity
The binding of transcription factors to promoter regions

within DNA can potentially trigger chromatin remodeling,

thereby inducing a mechanism for regulating the transcrip-

tion of the gene (for review see, Natoli et al., 2005). Thus,

we assessed histone H3 posttranslational modifications

in area CA1 of hippocampus 1 hr after context reexposure

of trained animals (Figure 4A). We observed significant

increases in hippocampal histone H3 phosphorylation

and acetylation levels after context reexposure (P-H3:

F(3,25) = 6.43, p < 0.05; AcH3: F(3,23) = 8.14, p < 0.05; Figures

4B and 4C). These data suggest that chromatin remodeling

occurs in response to memory recall. To determine if these

changes were dependent on NF-kB pathway activation,

we assessed the effects of the IKK inhibitor DDTC on his-

tone phosphorylation and acetylation. The increases in his-

tone H3 phosphorylation and acetylation after reexposure

were significantly attenuated with DDTC treatment (P-H3;

F(3,25) = 6.43, p < 0.01, AcH3; F(3,23) = 8.14, p < 0.01; Figures

4B and 4C). In additional experiments we found no change

in histone H4 acetylation at 1 hr after reexposure

(Figure 4D). Based on these data we hypothesize that

altered histone H3 phosphorylation and acetylation in

hippocampus after recall of CCF memories is regulated

by IKKa/NF-kB signaling activity.

Histone H3 Regulation after Recall Is Specific to
Context Reexposure
To determine whether histone H3 regulation in hippo-

campus was specific to recall of the learned context-
946 Neuron 55, 942–957, September 20, 2007 ª2007 Elsevier In
plus-shock association or whether it was induced by

context exposure alone, we evaluated histone regulation

in the four groups of animals previously described (Fig-

ure S1A in the Supplemental Data available with this

article online). We found no significant change in histone

H3 phosphorylation and acetylation 25 hr after training

with no context reexposure (Figures S1A and S1B;

Group A). Histone H3 phosphorylation and acetylation

significantly increased 1 hr after context reexposure in

previously trained animals (P-H3: t(17) = 3.90, p < 0.01;

AcH3: t(17) = 3.72, p < 0.01; Figures S1A and S1B;

Group B). Reexposure of untrained animals to the train-

ing chamber 24 hr later elicited no change in histone H3

phosphorylation and acetylation (P-H3: t(17) = 3.904, p <

0.01; AcH3: t(17) = 3.723, p < 0.01; Figures S1A and

S1B; Group C). Exposure to the training chamber alone

elicited no change in histone H3 phosphorylation and

acetylation (Figures S1A and S1B; Group D). In all

groups we observed no change in histone H4 acetyla-

tion (Figure S1C). Together these results suggest that

histone H3 regulation in hippocampus was specific to

reexposure to the context used for conditioned train-

ing. These findings implicate the regulation of chromatin

structure as a mechanism contributing to memory

reconsolidation.

IKK Activity Regulates Histone H3
Phosphorylation and Acetylation after Recall
Next, we examined the effects of directly inhibiting IKKa

activity on recall-mediated histone H3 regulation. For

these experiments we used sulfasalazine (SSZ), which

is a direct pharmacologic inhibitor of IKK (Wahl et al.,

1998; Weber et al., 2000). We first determined the effects

of inhibiting IKKa activity on memory reconsolidation, as

assessed behaviorally. Two different doses of SSZ,

5 mM and 10 mM in 5 ml of vehicle, were administered

intracerebroventricularly (i.c.v.), and their effects were as-

sessed on CCF memory reconsolidation (Figure 5A). On

Test Day 1, no significant differences in freezing behavior

were observed between the groups of animals used for

subsequent vehicle and SSZ treatment (Figure 5B). Upon

retesting, animals infused with the lower dose of SSZ

immediately after context reexposure showed a trend to-

ward a decrease, but no significant difference in, freezing

behavior when compared to the vehicle-treated animals

(Figure 5C). However, animals infused with the higher

dose of SSZ showed significantly less freezing behavior

compared with animals injected with vehicle (t(9) = 3.28,

p < 0.01; Figure 5C). We found no effect of the higher

dose of SSZ on short-term memory (t(9) = 0.61, p > 0.05;

Figure 5D), which confirms the selective actions of SSZ

for long-term memory after memory recall (24 hr). These

results demonstrate that inhibition of IKKa activity with

SSZ after recall impairs reconsolidation of CCF long-

term memories.

As a control, we confirmed the efficacy of the higher

dose of SSZ to inhibit IKKa signaling after recall. West-

ern blotting analyses show that increases in IKKa
c.
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Figure 4. Regulation of Histone H3 Phos-

phorylation and Acetylation Is Associ-

ated with Activation of the NF-kB Signal-

ing Pathway after Context Reexposure

(A) Histone extracts from area CA1 were pre-

pared from animals 1 hr after DDTC or saline

(vehicle) treatment.

(B) Phosphorylated histone H3 (P-H3) levels

were normalized to total histone H3 (T-H3) pro-

tein levels from area CA1. There were no

changes in histone H3 modifications in area

CA3 or dentate gyrus at 1 hr after recall (data

not shown) (vehicle-unshocked, n = 5; DDTC-

unshocked, n = 6; vehicle-shocked, n = 9;

DDTC-shocked, n = 9).

(C) Acetylated histone H3 (AcH3) levels were

normalized to total histone H3 (T-H3) protein

levels (vehicle-unshocked, n = 6; DDTC-

unshocked, n = 6; vehicle-shocked, n = 6;

DDTC-shocked, n = 9).

(D) Acetylated H4 (AcH4) levels normalized

to total histone H4 (T-H4) levels (vehicle-

unshocked, n = 4; DDTC-unshocked, n = 4; ve-

hicle-shocked, n = 6; DDTC-shocked, n = 6).

Two-way ANOVA with post hoc test; **p < 0.01,

***p < 0.001 compared with unshocked-DDTC,
#p < 0.05, ##p < 0.01 compared with vehicle-

shocked group. Error bars are SEM; solid lines

represent normalized vehicle-unshocked

control levels.
phosphorylation 1 hr after reexposure to the training

chamber were significantly attenuated with SSZ treatment

(F(2,12) = 12.13, p < 0.01; Figure 5E). Recall-mediated in-

creases in NF-kB DNA binding activity were also blocked

with SSZ treatment (t(6) = 3.03, p < 0.05; Figure 5F).

Having established a requirement for IKKa activity in

memory reconsolidation, we next investigated the effect

of inhibiting IKKa on histone H3 regulation in hippocam-

pus after memory recall. We found that recall-mediated

increases in histone H3 phosphorylation and acetylation

were blocked with SSZ treatment (P-H3: F(2,9) = 9.32,

p < 0.05; AcH3: F(2,8) = 8.76, p < 0.05; Figures 6A and

6B). These results suggest a mechanism for histone H3

regulation during memory reconsolidation; specifically,

that IKKa regulates histone H3 phosphorylation and acet-

ylation. Furthermore, these results confirm, using another

inhibitor of the IKKa pathway, that this signaling cascade

is involved in chromatin regulation in hippocampus after

retrieval of CCF memories.
Neuro
Effect of NF-kB Inhibition on Histone H3
Modifications after Memory Recall
Next, we considered that IKKa regulation of histone H3 in

hippocampus after recall might have occurred as a result

of two possible scenarios: (1) IKKa recruiting the NF-kB

DNA-binding complex to mediate regulation of histone

H3, or (2) IKKa directly mediating regulation of histone

H3. We distinguished between these two scenarios by us-

ing a direct inhibitor of the NF-kB DNA-binding complex,

SN50. The SN50 active peptide prevents the NF-kB tran-

scriptional complex from interacting with its normal DNA

binding sites and is known to be effective in neurons

even when applied outside of the cell (Kubota et al.,

2000; Lee and Rivier, 2005). We administered the SN50

active peptide i.c.v. to animals 2 hr prior to reexposure

to the training chamber (Figure 7A).

As a positive control for the effectiveness of SN50, we

examined nuclear extracts prepared from area CA1 1 hr

after context reexposure using EMSA. As expected,
n 55, 942–957, September 20, 2007 ª2007 Elsevier Inc. 947
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Figure 5. Inhibition of IKKa Affects CCF

Memories after Reexposure

(A) The experimental design used with the data

presented in (B)–(E).

(B) Freezing behavior of animals infused with

either vehicle or SSZ immediately following

reexposure on Test Day 1 (Vehicle, n = 6; SSZ,

n = 10).

(C) Freezing behavior of animals during reex-

posure on Test Day 2 (Vehicle, n = 6; 5 mM

SSZ, n = 5, 10 mM SSZ, n = 5).

(D) Assessment of freezing behavior 4 hr after

reexposure (10 mM SSZ, n = 6).

(E) Western blots and graph summary of data

for phosphorylated IKKa (P-IKKa) normalized

to total IKKa (T-IKKa) levels (Vehicle, n = 5;

10 mM SSZ, n = 5).

(F) The binding activity for NF-kB measured 1

hr after 10 mM SSZ treatment. The specific

band is indicated by an arrow. The specific

NF-kB retarded band from the 10 mM SSZ

treated group (n = 4) was normalized to the ve-

hicle-treated group (n = 4). R.O.D., relative op-

tical density.

Two-way ANOVA with post hoc test; *p < 0.05

compared with vehicle-shocked. Error bars are

SEM; solid lines represent normalized vehicle

control levels.
EMSA analysis showed a significant decrease in NF-kB

DNA binding activity with SN50 treatment as compared

with vehicle or SN50M treatment (F(2,9) = 10.58, p < 0.01;

Figure 7B).

We next determined whether direct inhibition of the

NF-kB DNA-binding complex by SN50 could impair

CCF memories after retrieval. On Test Day 1, all animals

showed similar freezing behavior (Figure 7C), indicating

that administration of SN50 2 hr prior to reexposure did

not prevent the retrieval of CCF memories. On Test Day

2, animals infused with SN50 showed a significant

decrease in freezing behavior when compared with vehi-

cle- or SN50M-treated animals (F(2,21) = 4.19, p < 0.05;

Figure 7D). We also confirmed that the effect of SN50

was specific for long-term CCF memory by showing that

SN50 did not affect short-term memory, assessed 4 hr

later, relative to that of vehicle- or SN50M-treated animal

controls (F(2,13) = 0.08, p > 0.05; Figure 7E). These results

demonstrate that disruption of CCF memories after recall

requires activation of the NF-kB transcriptional complex.

These experiments are also a third independent line of
948 Neuron 55, 942–957, September 20, 2007 ª2007 Elsevier
evidence indicating that the NF-kB transcriptional path-

way is required for memory reconsolidation.

Once the amnestic effects of SN50 were determined,

we next examined the effect of inhibiting NF-kB DNA bind-

ing activity on histone H3 regulation in area CA1 after

memory recall. SN50 treatment had no significant effect on

recall-induced increases in histone H3 phosphorylation

and acetylation (P-H3: F(3,12) = 3.47, p < 0.05; AcH3:

F(3,12) = 3.45, p < 0.05; Figures S2A and S2B). This indi-

cates that NF-kB DNA binding is not involved in regulating

histone H3 phosphorylation and acetylation after memory

retrieval. However, it is possible that blocking NF-kB DNA

binding might trigger alternative modifications of histones

that are not normally seen. To assess this possibility we

also measured histone H4 acetylation 1 hr after reexpo-

sure to the training chamber. No change in histone H4

acetylation was observed with SN50 treatment as com-

pared to either vehicle or SN50M treatment (Figure S2C).

In summary, the results in this section suggest that the

mechanism of regulation of histone H3 phosphorylation

and acetylation during memory reconsolidation is not at
Inc.
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Figure 6. IKKa Contributes to Increases

in Histone H3 Phosphorylation and

Acetylation during Reconsolidation

(A) Western blot and quantitative analysis of

phosphorylated histone H3 (P-H3) levels after

reexposure to the training chamber (un-

shocked, n = 4; vehicle-shocked, n = 4;

shocked-SSZ, n = 4).

(B) Western blot and quantitative analysis of

acetylated histone H3 (AcH3) levels from area

CA1 after 10 mM SSZ treatment (naive, n = 4;

vehicle-shocked, n = 4; shocked-SSZ, n = 4).

One-way ANOVA; *p < 0.05 compared with un-

shocked-vehicle. Error bars are SEM; solid

lines represent normalized unshocked-vehicle

control levels.
the level of the NF-kB DNA-binding complex, but rather at

the level of upstream IKKa activity in the NF-kB signaling

pathway. These surprising findings indicate an unex-

pected divergence of IKKa/NF-kB signaling upstream of

the genome. Thus, IKKa appears to independently regu-

late chromatin structure in addition to triggering NF-kB

DNA-binding complex activation.

IKK Signaling Activity Regulates Histone H3
Modifications at Gene Promoter Regions
In prior Affymetrix microarray studies, we identified 35

memory-associated genes expressed in area CA1 of hip-

pocampus after fear conditioning (Levenson et al., 2004a).

We found that seven of these genes contained NF-kB reg-

ulatory elements in their upstream regions. Specifically,

we found NF-kB regulatory elements in the upstream re-

gions of the immediate-early gene Zif268 (Figure 8A; also

known as EGR-1, NGFI-A, Krox 24, TIS 8, and ZENK) that

is upregulated in hippocampus after memory reactivation

(Bozon et al., 2003; Hall et al., 2001; Lee et al., 2004). This

is consistent with recent studies that have identified Zif268

as a bona fide NF-kB pathway gene target (Carayol et al.,

2006). These findings suggested the intriguing possibility

that IKKa activity might be directly involved in chromatin

remodeling across the Zif268 promoter to mediate mem-

ory reconsolidation. To this end, we investigated whether

recall triggered changes in histone H3 phosphorylation

and acetylation specifically at the level of the Zif268 gene

promoter and examined whether IKKa inhibition can alter

histone modifications at this gene promoter.

Using a chromatin immunoprecipitation (ChIP) assay

combined with quantitative real-time PCR, we found that

recall triggered a significant increase in histone H3 phos-

phoacetylation and acetylation levels at the Zif268 pro-
Neu
moter that were significantly attenuated with DDTC treat-

ment relative to naive controls (PH3/AcH3: F(3,12) = 18.49,

p < 0.01; AcH3: F(3,11) = 25.18, p < 0.001; Figure 8B). There

were no significant changes in histone H4 acetylation at

the Zif268 promoter after memory recall (Figure 8B). These

findings indicate that IKKa regulates histone H3 phos-

phorylation and acetylation at the Zif268 promoter in

response to memory recall.

As a positive control for our ChIP assay, we also tested

the effect of IKKa inhibition on histone modifications

around the IkBa promoter, a well-defined gene target of

the NF-kB signaling pathway (Baldwin, 1996). Reexposure

of animals to the training chamber triggered a significant

increase in histone H3 phosphorylation and acetylation at

the IkBa promoter that was blocked with IKKa inhibition

with DDTC compared with naive controls (PH3/AcH3:

F(3,12) = 10.95, p < 0.05; AcH3: F(3,12) = 9.49, p < 0.01; Fig-

ure 8C). We found no changes in histone H4 acetylation at

the IkBa promoter after memory recall (AcH4: F(3,12) = 0.28,

p > 0.05; Figure 8C). As an additional control, we also de-

termined that there were no changes in recall-mediated

histone modifications at the promoter for b-Actin (Fig-

ure 8D). Together these results provide further evidence

for IKKa-mediated changes in hippocampal histone H3

phosphorylation and acetylation occurring at individual

gene promoters during memory reconsolidation, and iden-

tify Zif268 as a target of chromatin modification in memory

reconsolidation.

Effect of Inhibiting HDAC and IKKa/NF-kB
Signaling after Memory Retrieval
Next, we sought to determine whether augmenting chro-

matin remodeling through triggering increased histone

acetylation could affect memory reconsolidation. Thus,
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Figure 7. Effect of Direct Inhibition of the

NF-kB Transcriptional Complex during

Reconsolidation

(A) Outline of the experimental procedure used.

(B) Representative EMSA showing NF-kB

binding activity in hippocampal nuclear ex-

tracts from animals injected with vehicle,

SN50, or SN50M. Student’s t test; **p < 0.01.

R.O.D., relative optical density. VEH, vehicle.

(C) On Test Day 1 performance of animals in-

fused with vehicle (n = 8), the active peptide

SN50 (n = 8), or the inactive peptide SN50M

(n = 7).

(D) Freezing behavior of SN50-treated animals

(n = 8) compared with vehicle- treated (n = 8) or

SN50M- treated (n = 7) animals on Test Day 2.

(E) Freezing behavior of vehicle-, SN50M-, or

SN50-treated animals (n = 5) 4 hr after reexpo-

sure.

One-way ANOVA; **p < 0.01 compared with

vehicle-shocked. Error bars are SEM.
we used the HDAC inhibitor sodium butyrate (NaB) to en-

hance hippocampal histone acetylation and determined if

this manipulation could rescue memory reconsolidation in

the presence of IKK inhibition. We speculated that inhibi-

tion of HDAC activity would enhance histone acetylation

and mimic the capacity of IKKa to alter chromatin struc-

ture, and thus overcome the deficits in memory reconso-

lidation triggered by IKKa inhibition.

Thus, to test whether IKKa-mediated histone H3 regula-

tion is functionally relevant to memory reconsolidation, we

performed the following experiment using NaB and DDTC.

Animals were trained as previously described, and on Test

Day 1, animals were injected with vehicle or NaB 1 hr prior

to reexposure to the training chamber (Figure 9A). At the

end of the reexposure trial on Test Day 1, no differences

in freezing behavior were observed in vehicle-treated

animals compared with NaB-treated animals (t(31) = 0.24,

p > 0.05; Figure 9B). These results indicate that HDAC

inhibition did not disrupt retrieval of CCF memories.

Immediately after reexposure to the training chamber

on Test Day 1, the vehicle- and NaB-treated animals

were separated into two groups, and each group received

either vehicle or DDTC injections. On Test Day 2, no differ-

ences in freezing behavior were observed with NaB treat-

ment compared with vehicle treatment. As expected, the
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conditioned freezing in animals was significantly disrupted

with DDTC treatment (F(3,40) = 6.02, p < 0.01; Figure 9C).

However, no impairment of memory was observed with

NaB plus DDTC treatments (i.e., freezing was observed),

indicating that enhancing histone acetylation was suffi-

cient to ameliorate the effect of inhibiting IKKa/NF-kB

activity on CCF memory reconsolidation. This finding is

consistent with the hypothesis that regulation of chroma-

tin structure by IKKa is functionally relevant in memory

reconsolidation.

DISCUSSION

In the present study, we demonstrate that the IKKa/NF-kB

transcription pathway contributes to memory reconsoli-

dation in a mammalian CCF paradigm. We observed an

upregulation in hippocampal NF-kB signaling activity

that was associated with increases in histone H3 phos-

phorylation and acetylation selectively triggered after re-

trieval of CCF memories. We found that inhibition of the

NF-kB signaling cascade at the level of the IKKa protein

kinase blocked both CCF memory reconsolidation and

histone H3 posttranslational modifications in hippocam-

pus after retrieval. This evidence links the IKKa protein ki-

nase and its regulation of histone H3 modifications in vivo
Inc.
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Figure 8. Inhibition of IKKa Affects Histone Modifications around Specific Gene Promoters

(A) NF-kB binding sites, including sites for the c-Rel NF-kB subunit and ELK, identified within 1 kbp promoter upstream sequences of the Zif268 gene

(GenBank accession number M18416).

(B) Histone modifications (H3 phosphoacetylation [PH3/AcH3], acetylation [AcH3], and histone H4 acetylation [AcH4]) at the Zif268 promoter.

(C) Histone modifications at the IkBa promoter.

(D) Histone modifications around the b-Actin promoter.

One-way ANOVA; *p < 0.05, **p < 0.01 compared with naive controls, #p < 0.05, ##p < 0.01, ###p < 0.001 compared to shocked-DDTC, n = 4. Error bars

are SEM.
to the process of memory reconsolidation. These findings

provide insights into roles for both NF-kB pathway-medi-

ated transcriptional regulation and chromatin structure

regulation in the process of memory reconsolidation.

Recent investigations into the molecular mechanisms

underlying formation of long-term memory have impli-

cated the NF-kB signaling pathway in the process of initial

memory consolidation (Freudenthal et al., 2005; Levenson

et al., 2004a; Merlo et al., 2005; Yeh et al., 2002), and here

we found that inhibition of NF-kB signaling significantly

impaired memory reconsolidation after retrieval of CCF

memories in rats. Thus far, the molecular targets of the

NF-kB cascade in memory formation are not known, and
Neu
we were interested in identifying these molecular marks

in hippocampus during memory reconsolidation. Recent

work has shown that IKKa translocates into the nucleus

to mediate NF-kB-dependent and -independent gene ex-

pression (Birbach et al., 2002; Ear et al., 2005; Massa

et al., 2005). Investigations into the nuclear role of IKKa

have demonstrated a corecruitment of IKKa and the

histone acetyltransferase CREB binding protein (CBP)

onto gene promoter sites (Anest et al., 2003; Yamamoto

et al., 2003). Moreover, the association between IKKa

and CBP has been shown to induce IKKa-mediated phos-

phorylation of histone H3 at Ser-10 in vitro (Anest et al.,

2003; Yamamoto et al., 2003). Thus, IKKa regulation of
ron 55, 942–957, September 20, 2007 ª2007 Elsevier Inc. 951
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Figure 9. Effects of Inhibition of the

NF-kB Signaling Pathway on Enhanced

Acetylation Activity during Memory

Reconsolidation

(A) Experimental design is outlined.

(B) Freezing behavior following vehicle or so-

dium butyrate (NaB) treatment on Test Day 1

(vehicle, n = 16; NaB, n = 17).

(C) Freezing behavior on Test Day 2 during 1

min reexposure (vehicle, n = 7; NaB, n = 7;

DDTC, n = 8; NaB+DDTC, n = 6).

One-way ANOVA; *p < 0.05 compared with ve-

hicle-shocked, **p < 0.05 compared with

shocked-NaB, #p < 0.05 compared with

shocked-DDTC. Error bars are SEM.
CBP is an appealing potential mechanism for regulating

phosphorylation and acetylation of histone H3 in hippo-

campus in our fear conditioning reconsolidation model.

These observations prompted us to hypothesize that

histone H3 regulation is a mechanism by which NF-kB sig-

naling exerts its effects in the process of memory reconso-

lidation. To shed light on this question, we extended our

studies to investigate chromatin regulation. After the ani-

mals’ recall of CCF memories, we observed a considerable

increase in histone H3 phosphorylation and acetylation in

area CA1 of the hippocampus. Like CCF memory recon-

solidation itself, the increases in phosphorylation and

acetylation of histone H3 were blocked with inhibition of

IKK complex activity. Thus, our results suggest that there

are two possible mechanisms for NF-kB pathway-medi-

ated transcriptional regulation during memory reconsoli-

dation. One possible mechanism is that recall triggers

IKKa activation to mediate release of the NF-kB DNA-

binding complex for binding to kB regulatory elements

within DNA and subsequently alter chromatin structure.

The second possible mechanism is that recall triggers

IKKa activation for direct regulation of chromatin struc-

ture, independent of NF-kB binding to DNA. Our inhibitor

studies suggest that histone H3 regulation (phosphoryla-

tion and acetylation) is directly regulated at the IKKa level

of the NF-kB pathway, independent of activation of the

NF-kB DNA-binding complex.

Despite a large body of literature establishing a role for

signaling components of the NF-kB pathway, such as

IkBa and IKKa, in NF-kB-independent gene regulation,

the NF-kB DNA-binding complex has often been thought

of as the final target in activation of the NF-kB signaling
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cascade. Our data suggest a revision to this idea, as we

found that IKKa activation regulates histone H3 modifica-

tions independently of NF-kB DNA binding. Thus, we ex-

pose a different mechanism for transcriptional regulation

by the NF-kB pathway during memory reconsolidation:

regulation of chromatin remodeling by IKKa. These stud-

ies provide insight into the role in vivo of IKKa in the regu-

lation of histone modifications, and complement prior in-

vestigations using cell culture and construct transfection

(Anest et al., 2004; Yamamoto et al., 2003).

Importantly, we found changes in histone H3 modifica-

tions across individual gene promoter regions, including

Zif268, which were induced during memory reconsolida-

tion through the IKKa/NF-kB signaling pathway. Although

functional roles of some transcription factors are unclear

in the context of memory formation, activation of Zif268

has been found to play an important role in memory recon-

solidation (Bozon et al., 2003; Hall et al., 2001; Izquierdo

and Cammarota, 2004; Lee et al., 2004). Since the inhibi-

tion of IKKa/NF-kB blocked recall-induced histone H3

phosphorylation and acetylation at the Zif268 promoter,

it is possible that recall triggers IKKa/NF-kB signaling

and subsequently induces Zif268 to further modulate

memory reconsolidation. Thus, our studies support previ-

ous findings that Zif268 is involved in memory formation

and expand on the mechanisms responsible for regulation

of this gene in hippocampus during memory reconsolida-

tion.

An interesting finding from these studies is that IKKa

mediates both histone H3 phosphorylation and acetyla-

tion in hippocampus during memory reconsolidation.

One potential outcome of histone H3 phosphorylation is
c.
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Figure 10. Model for the Role of the IKKa

Kinase Protein in the Regulation of

Chromatin Structure during Long-Term

Memory Reconsolidation

Upon activation after memory recall, the IKKa

kinase protein initiates two pathways for tran-

scriptional regulation of genes: (1) the IKKa ki-

nase protein at the IKK complex level functions

to increase the DNA binding activity of the NF-

kB DNA-binding complex for modulation of

gene transcripts; and (2) the IKKa kinase pro-

tein acts independently from the IKK complex

to mediate changes in chromatin structure

that are apparent as an increase in phosphory-

lation of histone H3 and subsequent acetyla-

tion of histone H3 through its interaction with

CBP. The changes in chromatin structure ulti-

mately lead to changes in transcriptional regu-

lation of genes relevant for restabilization of

memory after retrieval.
the recruitment and activation of histone acetyltrans-

ferases (HATs) (Cheung et al., 2000). CBP, which contains

HAT activity, has been shown to interact with chromatin-

bound IKKa at gene promoter sites (Hoberg et al., 2006;

Yamamoto et al., 2003). Therefore, we can conclude that

a possible mechanism for IKKa regulation of histone H3

acetylation is through the interaction of IKKa with CBP.

Interestingly, CBP has also been shown to be involved

in memory formation and consolidation (Alarcon et al.,

2004; Korzus et al., 2004; Wood et al., 2006).

Since inhibition of IKKa activity blocks histone H3 acet-

ylation during memory reconsolidation, we hypothesized

that enhancing histone acetylation would rescue memory

reconsolidation in the face of IKKa inhibition. Indeed, re-

sults obtained using the HDAC inhibitor NaB showed

that enhancing histone acetylation blocks the effect of in-

hibiting IKKa activity on freezing behavior. This demon-

strates that IKKa inhibition produces freezing behavior

deficits after memory recall that can be rescued by en-

hancing histone acetylation.

However, an interesting complexity to our HDAC inhib-

itor studies is that enhancing histone acetylation rescues

the effect of inhibiting IKKa, even though our results

show that IKK inhibition blocks regulation of both chroma-

tin structure and NF-kB DNA binding during memory re-

consolidation. Because NF-kB DNA binding is necessary

for memory reconsolidation, one might expect that IKK in-

hibition would still lead to loss of memory reconsolidation

even if histone acetylation was still intact. A likely explana-

tion for this result is that increasing protein acetylation with

HDAC inhibition rescues the NF-kB DNA-binding limb of

the pathway as well. This would be consistent with the

known capacity of direct acetylation of NF-kB subunits

to promote DNA regulatory element binding (Greene and

Chen, 2004; review in Perkins, 2006; Quivy and Van Lint,
Neur
2004). Thus, a plausible effect of HDAC inhibition with

NaB is not only an enhancement of histone acetylation,

but also an enhancement of NF-kB acetylation and en-

hanced NF-kB DNA binding activity, thereby leading to

a rescue of the effect of IKKa inhibition on memory recon-

solidation. Thus, while our study with the HDAC inhibitor

rescuing memory reconsolidation is consistent with our

hypothesis that increased histone acetylation is involved

in memory reconsolidation, these results may also be in-

dicative of a more general role for protein acetylation in

memory formation as well (Swank and Sweatt, 2001;

Yeh et al., 2004).

In conclusion, our results suggest that the NF-kB signal-

ing pathway regulates transcription in the hippocampus

during memory reconsolidation (Figure 10). Our working

model is that the NF-kB signaling pathway accomplishes

this through two transcriptional control mechanisms: IKK

complex-mediated activation of the NF-kB DNA-binding

complex for direct binding to kB regulatory sites within

DNA, and IKKa regulation of histone modifications (Fig-

ure 10). One interesting possibility is that the IKKa regula-

tion of chromatin is permissive for transcriptional control,

affecting transcription triggered not only by NF-kB but

also by a variety of transcription factors, including CREB.

Regardless of this specific idea, the model illustrates the

dynamic and complex nature of NF-kB signaling in mem-

ory processing after retrieval. In addition, there are several

mechanisms involved in the regulation of chromatin struc-

ture during memory formation that also might be involved

in memory reconsolidation. For example, our previous

studies have also implicated the ERK/MAPK pathway in

targeting histone H3 phosphorylation during memory con-

solidation (Chwang et al., 2006). Thus, it is possible that

IKKa and ERK might target histone H3 independently dur-

ing different stages of the process of memory formation
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and reformation. We anticipate that a major challenge for

molecular behaviorists will be to determine how the

IKKa/NF-kB and ERK signaling pathways integrate signals

to regulate chromatin structure in memory formation pro-

cesses. While there is still much to be understood about

the role of IKKa/NF-kB signaling activity in memory forma-

tion, the results presented here provide evidence that IKKa

activity regulates gene transcription and chromatin struc-

ture in hippocampus to enable memory reconsolidation.

EXPERIMENTAL PROCEDURES

See Supplemental Data for additional procedures.

Animals

Adult male Sprague-Dawley rats (200–250 g) were used for all experi-

ments. Animals were housed under light/dark 12 hr/12 hr conditions

and allowed access to rodent chow and water ad libitum. Animals

were allowed to acclimate to laboratory conditions and handled at

least 3 days prior to use in behavioral experiments. All procedures

were performed with the approval of the University of Alabama-

Birmingham Institutional Animal Care and Use Committee and accord-

ing to national guidelines and policies.

Fear Conditioning

Animals were handled for 5 days, and on the day of experiments they

were transported to the laboratory at least 2 hr prior to fear condition-

ing. Animals were placed into the training chamber and allowed to ex-

plore for 2 min, after which they received an electric shock (1 s, 0.5

mA). The 2 min/1 s shock paradigm was repeated for a total of three

shocks. After the last shock, animals were allowed to explore the con-

text for an additional 1 min prior to removal from the training chamber.

For experiments investigating the effect of inhibition of the NF-kB

signaling pathway on long-term memory after recall, animals received

an injection of either saline (vehicle) or DDTC (200 mg/kg; Sigma

Chemical Co., St. Louis, MO) intraperitoneally (i.p.). DDTC was freshly

prepared in 0.9% saline solution (final pH 7.6). For experiments inves-

tigating the effect of IKK inhibition on long-term memory after recall,

SSZ (5 or 10 mM; Sigma Chemical Co.) was infused at a rate of

1.0 ml/min. SSZ was freshly dissolved in saline solution with 10 mM

HEPES (pH 7.6) plus 20% DMSO (final pH 7.6). All injections were

performed immediately following the retrieval session in the training

chamber.

For experiments investigating the effect of NF-kB DNA-binding

complex inhibition on long-term memory after recall, the SN50 active

peptide or SN50M inactive peptide (50 mg; Calbiochem) was infused

at a rate of 2.5 ml/min. SN50 infusions were performed 2 hr prior to

the retrieval session in the training chamber. SN50 and SN50M were

dissolved in saline at 10 mg/ml.

For experiments investigating the effect of NaB on long-term mem-

ory, animals were injected with 1.2 g/kg of NaB 1 hr prior to the retrieval

session.

For behavioral experiments, freezing behavior was measured at

either 24 hr (DDTC, SSZ, or SN50) or 7 days (DDTC) after fear condi-

tioning and 24 hr after reexposure. Freezing behavior was measured

by observing the animals for 5 min.

For biochemistry studies, age-matched animals that were handled

but did not receive any experimental manipulations (unshocked)

were used as controls in all fear conditioning experiments.

Intracerebroventricular Cannulae

During surgery, each rat was implanted with a 23G single-guide can-

nula (Plastics One) from which the injector extended 1 mm to end in

the left or right lateral ventricle. Stereotaxic coordinates used were

as follows: �1.0 mm from bregma, ±1.2 mm lateral from the midline,

and �3.5 mm from dura (Paxinos and Watson, 1998), measured
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from the tip of the cannulae guide. Cannulae placements for all exper-

imental animals were verified by giving each rat an intracerebroventric-

ular infusion of angiotensin II (50 ng/2 ml; Sigma Chemical Co.) and by

observing subsequent drinking behavior. Placements were consid-

ered to be accurate if a rat drank within 1 min of the infusion and sus-

tained drinking over 2–3 min (Sakai et al., 1995). Animals were habitu-

ated to dummy cannula removal and given 5 days of recovery and

handling before the start of behavioral fear conditioning.

Isolation of Area CA1

Whole brains were immersed in oxygenated (95%/5% O2/CO2), ice-

cold cutting saline (CS) (containing 110 mM sucrose, 60 mM NaCl,

3 mM KCl, 1.25 mM NaH2PO4, 28 mM NaHCO3, 0.5 mM CaCl2, 7 mM

MgCl2, 5 mM glucose, and 0.6 mM Ascorbate) prior to isolation of

CA1 subfields. Area CA1 of hippocampus was microdissected and im-

mediately frozen with dry ice and stored at –80�C until protein extracts

were prepared.

Histone Extraction

As previously described (Chwang et al., 2006; Levenson et al., 2004b),

tissue homogenates were centrifuged at 7700 3 g for 1 min. Pelleted

nuclei were resuspended in 250 ml of 0.4 N H2SO4, incubated on ice

for 30 min, and then centrifuged at 4�C again for 10 min at 14,000 3 g.

The protein in supernatant was precipitated with trichloroacetic acid

containing 4 mg/ml deoxycholic acid (Na+ salt, Sigma), collected by

centrifugation, and dried with acetone. The resulting purified proteins

were resuspended in 10 mM Tris (pH 8.0) and stored at�80�C. Protein

concentrations were determined using the Bio-Rad protein assay

reagent.

Western Blotting

For assessment of histone phosphorylation and acetylation, histone

protein extracts (1 mg) were separated by SDS-PAGE on a 12% resolv-

ing gel with a 4% stacking gel and transferred onto a PVDF membrane.

For assessment of NF-kB signaling components, protein extracts

(20 mg) were separated by SDS-PAGE on a 10% resolving gel with a

4% stacking gel and transferred onto a PVDF membrane as previously

described (Chwang et al., 2006; Levenson et al., 2004b).

Nuclear Protein Extraction

Nuclear extracts were prepared as previously described by Lubin et al.

(2005).

EMSA

Biotinylated double-stranded oligonucleotides containing the NF-kB

binding site 5-TGGGGAATCCCGC-3 were used. Relative NF-kB

DNA binding activity was assessed using the LightShift Chemilumines-

cent EMSA kit (Pierce) as previously described (Lubin et al., 2005).

ChIP Assay

Rats were decapitated and whole hippocampi were removed by gross

dissection. The CA1 regions of hippocampus were then microdis-

sected on ice and held in ice-cold PBS solution containing protease in-

hibitors (1 mM phenylmethysulfonyl fluoride, 1 mg/ml of protease inhib-

itor cocktail, and phosphatase inhibitors [1 mM Na3VO4 and 20 mM

NaF]). Isolated CA1 was minced to �1.0 mm sized pieces and imme-

diately incubated in 1% formaldehyde in PBS at 37�C for 10 min. The

tissue was washed six times with an ice-cold PBS solution containing

protease inhibitors (1 mM phenylmethylsulfonyl fluoride and 1 mg/ml of

protease inhibitor cocktail). Tissue was homogenized in SDS lysis

buffer (50 mM Tris [pH 8.1], 10 mM EDTA, and 1% SDS) supplemented

with protease inhibitors. Chromatin was sheared by sonication using

a Branson Sonifier 250 at 1.5 power and constant duty cycle. Lysates

were centrifuged to pellet debris and then diluted 1:10 in ChIP dilution

buffer (16.7 mM Tris [pH 8.1], 0.01% SDS, 1.1% Triton X-100, 167 mM

NaCl, 1.2 mM EDTA). Extracts were precleared for 30 min with 40 ml of

a 50% suspension of salmon-sperm-saturated protein A.
nc.
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Immunoprecipitations were carried out at 4�C overnight with primary

antibodies specific to (1) AcH3, which recognizes acetylated Lys14

(Upstate Biotechnology); (2) PH3/AcH3, which recognizes phosphory-

lated Ser-10 and acetylated Lys14; or (3) AcH4, which recognizes acet-

ylated Lys5, Lys8, Lys12, and Lys16 (Upstate Biotechnology); or (4) an

equivalent amount of control IgG (rabbit; Santa Cruz). Immune com-

plexes were collected with protein A and sequentially washed with

low-salt buffer (20 mM Tris [pH 8.0], 0.1% SDS, 1% Triton X-100,

2 mM EDTA, and 150 mM NaCl), high-salt buffer (20 mM Tris [pH 8.1],

0.1% SDS, 1% Triton X-100, 500 mM NaCl, and 1 mM EDTA), LiCl im-

mune complex buffer (0.25 M LiCl, 10 mM Tris [pH 8.1], 1% deoxy-

cholic acid, 1% IGEPAL-CA630, 500 mM NaCl, and 2 mM EDTA),

and TE buffer. Immune complexes were extracted in 1 3 TE containing

1% SDS, and protein-DNA cross-links were reverted by heating at

65�C overnight. After proteinase K digestion (100 mg; 2 hr at 37�C),

DNA was extracted by phenol/chloroform/isoamyl alcohol and then

ethanol-precipitated.

Immunoprecipitated DNA was subjected to quantitative real-time

PCR using primers specific for 150–200 bp segments corresponding

to promoters upstream of the rat Zif268, IkBa, or b-actin (used as a

negative control): Zif268 sense, 50-ATGGGCTGTTAGGGACAGTG-30;

antisense, 50-TTGGGGATTTAGCTCAGTGG-30; IkBa sense, 50-CGCT

AAGAGGAACAGCCTAG-30; antisense, 50- CAGCTGGTCGAAACA

TGGC-30; b-actin sense, 50-CTCTCTCCCAGGAGTTGTGC �30; anti-

sense, 50-GCTACAGCAGGGGATCAGAG-30. The cumulative fluores-

cence for each amplicon was normalized to input amplification.

Transcription Factor Analysis

Transcription factor analysis was performed as previously described

(Levenson et al., 2004a). Briefly, upstream sequence information of

Zif268 was obtained form the University of California, Santa Cruz

Genome Browser (http://www.genome.ucsc.edu/). To identify putative

NF-kB transcription factor binding sites, 1000 bp upstream of the

immediate upstream sequence was examined using MatInspector

(Geomatix, Munich, Germany) (Cartharius et al., 2005).

Statistics

The experimenter was blind to treatment groups when taking all mea-

surements. For experiments using SSZ or SN50 (Figure 5, Figure 6,

Figure 7, and Figure S2), area CA1 was isolated from one hippocam-

pus, alternating left (n = 4–9) or right (n = 4–9), from each animal per ex-

periment. For all other experiments both hippocampi were pooled from

each animal per experiment (n = 4–9). Effects of DDTC on recall of CCF

memories with accompanying immunoreactivity (Figure 2B and Fig-

ure 4) were analyzed by two-way ANOVA with Bonferronni corrections.

Effects of SSZ or SN50 on freezing behavior after recall with accompa-

nying immunoreactivity were analyzed by one-way ANOVA with Tukey

post hoc test (Figure 5, Figure 6, Figure 7, and Figure S2). For evalua-

tion of DNA binding of nuclear NF-kB (Figure 3D, Figure 5F, and

Figure 7B), specific comparisons between vehicle- and DDTC-,

SSZ-, or SN50-treated shock groups were made using Student’s t

test for each of the experiments. Separate comparisons between

freezing behaviors for drug- and vehicle-treated groups were made us-

ing Student’s t tests for each of the Test Days (Figure 1, Figure 5, and

Figure 9B). Immunoreactivity was quantified by densitometry (Scion)

and GraphPad Prism software was used for statistical analysis of the

data. Data are shown as the mean ± standard error of mean (SEM).

Supplemental Data

The Supplemental Data for this article can be found online at http://

www.neuron.org/cgi/content/full/55/6/942/DC1/.
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Supplemental Experimental Procedures  
 
Western blotting. After transfer, PVDF membranes were briefly rinsed with 100% 

methanol, air-dried for 15 min, and washed briefly with 25 ml TTBS (0.1% Tween 20, 50 

mM, Tris-HCl, pH 7.5, 150 mM, NaCl) for 5 min at room temperature. This was 

followed by incubation in 25 ml of blocking buffer (0.1% Tween 20, 50 mM, Tris-HCl, 

pH 7.5, 150 mM, NaCl, and 5% w/v non-fat dry milk or bovine serum albumin) for 1 

hour at room temperature. The membranes were then washed with 25 ml TTBS and 

incubated overnight with a primary antibody in primary buffer (0.1% Tween 20, 50 mM, 

Tris-HCl, pH 7.5, 150 mM, NaCl, and 5% w/v non-fat dry milk or bovine serum 

albumin). This was followed by three washes in TTBS and incubation for 1 hour with a 

HRP-conjugated secondary anti-rabbit antibody in primary buffer (1:10,000). The 

membranes were washed in TTBS and blots were developed using enhanced 

chemiluminescence (ECL) and exposed to X-ray film. Antibodies—The anti-rabbit 

primary antibodies used, and their dilutions were as follows: anti-IKKα/β (1:1000, Cell 

Signaling Technology, Beverly, CA), anti-phospho- IKKα and IKKβ (1:500, Cell 

Signaling Technology, Beverly, CA), (IKKα at Ser 180, IKKβ at Ser-181;1:1000, Cell 

Signaling Technology, Beverly, CA), anti-Histone H3 (1:1000, Upstate Biotechnology 

Inc.), anti-Phosphorylated H3 (Ser-10; 1:1000, Upstate Biotechnology Inc.), anti-acetyl 



Histone H3 (Lys-14, 1:1000, Upstate), anti-acetyl Histone H4 (Lys-5/Lys-8/Lys-

12/Lys16; 1:1000, Upstate). 

 

Nuclear protein extraction. Hippocampal CA1 regions from experimental animals were 

homogenized with a Dounce homogenizer using 10 strokes in 400 µl of ice-cold PBS 

supplemented with 0.5 mM PMSF, 20 mM NaF, and 1 µg/ml of protease inhibitor 

cocktail. Homogenates were centrifuged at 4 oC for 30 s at 12,000 g. Pellets were 

resuspended in 200 µl of lysis buffer (10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl, 0.5 

mM DTT, 20 mM NaF, 20 mM p-nitrophenyl phosphate, 1 mM Na3VO4 , 0.5 mM 

PMSF, 1 µg/ml of protease inhibitor cocktail) and incubated on ice for 10 min. Then 10 

µl of 10% IGEPAL solution was added, and resuspended pellets were vigorously mixed 

for 30 s and recentrifuged for 30 s at 12,000 g at 4 oC. The supernatant from this 

centrifugation was taken as the cytoplasmic fractions. Pelleted nuclei were resuspended 

in 50 µl of extraction buffer (20 mM HEPES, 25 % glycerol, 1.5 mM MgCl2, 300 mM 

NaCl, 0.25 mM EDTA, 0.5 mM DTT, 20 mM NaF, 20 mM p-nitrophenyl phosphate, 1 

mM Na3VO4, 0.5 mM PMSF, 1 µg/ml of protease inhibitor cocktail), incubated on ice for 

20 min, and then centrifuged again for 20 min at 12,000 g at 4 oC. The supernatant 

contained nuclear proteins. Protein concentration was determined by using Bio-Rad 

protein assay reagent to control for protein loading.  

 

Electrophoretic mobility shift assays (EMSA). Briefly, 10 µg of nuclear extracts were 

incubated in 20 µl of binding reaction mixture (10 mM Tris, pH 7.5; 50 mM KCl, 1 mM 

DTT, 50 ng/µl Poly (dI-dC), 5 mM MgCl2, 2.5% glycerol, 10 mM EDTA, and 0.05% 



NP-40) for 2 min before the addition of the double-stranded DNA biotin labeled probe (6 

ng) for 20 min at room temperature. Samples were subjected to electrophoretic separation 

at a voltage of 150 V for 1 h on a 5% non-denaturing polyacrylamide gel in 0.5X TBE 

diluted from a 5X TBE stock buffer solution (450 mM Tris, 450 mM boric acid, and 10 

mM EDTA). The protein–DNA complexes were then transferred to a Biodyne B 

membrane in 0.5X TBE buffer pre-cooled to 10 °C and cross-linked to membrane using a 

Stratalinker® 1800 UV Crosslinker (Strategene, La Jolla, CA). The biotinylated probes 

were visualized using the EMSA kit according to the specifications of the manufacturer 

followed by exposure to X-ray film. 
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Supplemental Figures 
 
Supplemental Figure 1. Histone H3 phosphorylation and acetylation is regulated after re-

exposure to the context. A, Outline of the experimental procedure performed on the 

following four groups of animals: Group A; trained animals whose hippocampal tissue 

was collected 25 h later, Group B; trained animals that were re-exposed to training 

chamber and their hippocampal tissue collected 1 h later, Group C; animals exposed to 

the training chamber with no shock, re-exposed 24 h later with no training or shocks, and 

tissue collected 1 h later, Group D; animals exposed once to the training chamber with no 

shock and hippocampal tissue collected 1 hr later. Western blots and graph summary of 

data for phosphorylated Histone H3 (B; P-H3) and acetylated Histone H3 (C; AcH3) 

normalized to total Histone H3 (T-H3) levels are shown. In Group B, phosphorylated and 

acetylated histone H3 levels significantly increased compared to Group A or C (Student’s 

t-test; **p<0.01 compared with naive controls). D, Western blots for acetylated histone 

H4 (AcH4) normalized to total histone H4 (T-H4) are shown. Summary quantification of 

histone H4 showed no significant effect on acetylated histone H4 in all three groups. 

(Student’s t-test; p>0.05 compared with naive controls). Error bars are SEM; Solid lines 

represent normalized vehicle naïve control levels. 

 



 

 



Supplemental Figure 2. Histone H3 phosphorylation and acetylation is not effected by 

direct inhibition of the NF-κB transcriptional complex. After 2 h of pre-treatment with 

either vehicle, SN50 or SN50M animals were re-exposure to the training chamber. 

Histone extracts were prepared from area CA1 of hippocampus 1hr after re-exposure to 

the training chamber. (unshocked, n=4; shocked-vehicle, n=4; shocked-SN50, n=4; 

shocked-SN50M, n=4). A, Western blot analysis show no significant difference in 

increased Histone H3 phosphorylation (P-H3) levels following SN50 pre-treament prior 

to re-exposure to the training chamber. B, Quantitative analysis of western blots for 

Histone H3 actelylation (AcH3) showed no significant change in increased levels 

following vehicle, SN50, or SN50M pre-treatment. C, Acetylated Histone H4 (AcH4) 

was determined by western blotting following vehicle, SN50, or SN50M pre-treatment 

and showed no significant change. (One-way ANOVA; *p<0.05, compared with shocked-

vehicle). Error bars are SEM; Solid lines represent normalized unshocked-vehicle 

control levels. 
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