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Abstract
Extensive research has unraveled the molecular basis of learning processes underlying contextual
fear conditioning, but the mechanisms of fear extinction remain less known. Contextual fear
extinction occurs when an aversive stimulus that initially caused fear is no longer present and
depends on the activation of the extracellular signal-regulated kinase (ERK), among other
molecules. Here we investigated how ERK signaling triggered by extinction affects its
downstream targets belonging to the activator protein-1 (AP-1) transcription factor family. We
found that extinction, when compared to conditioning of fear, markedly enhanced the interactions
of active, phospho-ERK (pERK) with c-Jun causing alterations of its phosphorylation state. The
AP-1 binding of c-Jun was decreased whereas AP-1 binding of JunD, Jun dimerization protein 2
(JDP2) and ERK were significantly enhanced. The increased AP-1 binding of the inhibitory JunD
and JDP2 transcription factors was paralleled by decreased levels of the AP-1 regulated proteins c-
Fos and GluR2. These changes were specific for extinction and were MEK-dependent. Overall,
fear extinction involves ERK/Jun interactions and a decrease of a subset of AP-1-regulated
proteins that are typically required for fear conditioning. Facilitating the formation of inhibitory
AP-1 complexes may thus facilitate the reduction of fear.
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Introduction
Regulation of fear requires learning about the presence or absence of aversive reinforcement
in a given environmental context. The learning processes causing conditioning or extinction
of fear have been researched at multiple levels in humans (Grillon, 2009; Schiller and
Delgado, 2010; Sehlmeyer et al., 2009) and rodents (Bouton et al., 2006; Maren and Quirk,
2004; Myers and Davis, 2002). Yet, the main molecular mechanisms have not been fully
identified and and characterized (Radulovic and Tronson, 2010).

Contextual fear conditioning markedly depends on glutamatergic signaling in the
hippocampus that triggers the major signalling pathways and expression of early and
delayed genes contributing to memory storage. Some of these pathways converge to co-
activate the extracellular signal-regulated kinase (ERK) (Ahi et al., 2004; Roberson et al.,
1999). In turn, ERK regulates the activity of multiple downstream substrates, such as ion
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channels in the membrane (Schrader et al., 2006), cytoskeletal proteins (Sacks, 2006) in the
neuropil, and downstream 90 kDa ribosomal S6 kinase (RSK) and mitogen- and stress-
activated protein kinase (MSK) in the nucleus (Frodin and Gammeltoft, 1999). The histone
H3 kinases RSK and MSK are thought to be the main activators of the expression of the
immediate early gene c-Fos (Ha and Redmond, 2008) and are required for contextual fear
conditioning (Chwang et al., 2006; Sananbenesi et al., 2002; Sindreu et al., 2007). Dimers
formed between c-Fos and other members of the AP-1 family of transcription factors, most
notably c-Jun, potently transactivate many genes containing the AP-1 consensus sequence in
their promoters (Raivich and Behrens, 2006). Thus, by indirectly activating gene expression
via MSK and RSK, the hippocampal ERK pathway mediates long-term storage of contextual
memory (Sweatt, 2001; Thomas and Huganir, 2004).

The hippocampus also plays an important role in fear extinction (Fischer et al., 2007) (Ji and
Maren, 2007), yet the molecular mechanisms of extinction have only recently begun to
emerge (Peters et al., 2010; Radulovic and Tronson, 2010). Activation of nuclear ERK is
robust, sustained and required for contextual fear extinction (Chen et al., 2005; Fischer et al.,
2007; Ryu et al., 2008). Surprisingly, the immediate early gene c-Fos seems to be down-
regulated after extinction of fear (Tronson et al., 2009) and other context-dependent
behaviors (Marinelli et al., 2007; Neisewander et al., 2000). These findings suggest that the
downstream effects and interactions of ERK with AP-1 transcription factors during
extinction may differ from those observed for conditioning and indicate that the learning
processes underlying acquisition and reduction of fear are substantially different at a
molecular level.

We tested this hypothesis by analyzing the interactions of ERK with Jun members of the
AP-1 transcription factor family. In addition to the AP-1 proteins known to transactivate
gene expression, we also monitored the AP-1 repressor JDP2 (Katz et al., 2001). We showed
that fear extinction, when compared to conditioning, markedly enhanced the interactions of
pERK with c-Jun causing alterations of its phosphorylation state and decreased AP-1
binding. In contrast, the AP-1 binding of JunD, JDP2 and ERK was significantly enhanced
in a MEK-dependent manner. The observed changes were paralleled by decreased levels of
c-Fos and GluR2. These findings demonstrate that, contrary to conditioning, the effects of
the MEK-ERK signaling pathway activated by fear extinction involve ERK/Jun interactions
and decrease of a subset of AP-1-regulated proteins.

Results
Enhanced pERK/c-Jun interactions during contextual fear extinction

Based on the proposed interactions between ERK and members of the AP-1 protein family
[Fig. 1A, Strings 8.3 database, (Szklarczyk et al., 2010)], and lack of pERK/c-Fos
interactions during fear extinction (Tronson et al., 2009), we hypothesized that pERK may
interact with the Jun members of AP-1 transcription factors. Training (T) in the contextual
fear conditioning paradigm in which mice were placed in a box (context) and received a
footshock, induced freezing behavior during re-exposure to the box without shock (tests
1-3). Freezing significantly declined after several (4-5) nonreinforced, indicating extinction
(E) (Fig. 1B). One hour after the last test (E5), brains of randomly selected mice (n = 6)
were removed, and pERK and c-Jun immunostaining was performed. Control groups
consisted of naïve mice (N) and mice whose brains were collected 1 hour after training in
the fear conditioning paradigm (T) (n = 6/group). As shown earlier (Huh et al., 2009), only
mice of the E group exhibited prominent nuclear pERK signals (data not shown). We
therefore quantified the co-localization pattern of pERK and c-Jun only in the E group. On
average, 48% ± 8 of pERK-positive neurons co-localized with c-Jun within the nuclei of
hippocampal CA1 neurons (Fig. 1C). In order to examine whether this co-localization is also
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accompanied by functional interaction between pERK and c-Jun, we performed co-
immunoprecipitation experiments with nuclear dorsohippocampal lysates obtained from
separate mice of the N, T and E groups (n = 6/group). In the E group, pERK, more
specifically pERK2, exhibited an enhanced interaction with c-Jun when compared to the
other groups. This interaction was specific for c-Jun but not other members of the Jun family
(Fig. 1D).

Enhanced c-Jun phosphorylation
It is thought that pERK primarily phosphorylates the Ser243 site of c-Jun mediating a
decrease of c-Jun activity (Karin, 1994). However, sustained increase of pERK, as observed
during fear extinction (Fischer et al., 2007), may also phosphorylate the Ser63/73 sites
thought to contribute to c-Jun-mediated transactivation (Behrens et al., 1999). We therefore
examined the levels of p-c-Jun Ser63/73 and Ser243 after fear extinction and compared them
to the T and N groups. Immunoblot using nuclear dorsohippocampal lysates revealed that
the level of p-c-Jun Ser63/73 was markedly and specifically elevated in mice of the E when
compared to the N and T groups. The level of p-c-Jun Ser243 was decreased in the T group,
and this decrease was reversed in the E group (Fig. 2A,B). Thus, when compared to T,
phosphorylation on both sites was significantly increased in the E group (Fig. 2B, p < 0.01).

MEK-dependent decrease of c-Jun binding to AP-1
In order to determine whether phoshorylation of c-Jun affected its DNA-binding activity, we
first performed AP-1 binding assays (TransAM, Active Motif). Dorsohippocampal nuclear
lysates were incubated with the AP-1 consensus sequence immobilized on microplates. The
interactions between c-Jun and AP-1 were visualized using colorimetric detection of the
rabbit anti-c-Jun antibody/c-Jun/AP1 complex. The mean optical density is directly
proportional to the amount of c-Jun bound to AP-1. The increase of c-Jun phosporylation
and ERK/c-Jun interaction were paralleled by a significant decrease of c-Jun binding to the
AP-1 consensus sequence (Fig. 3, left panel) in the E when compared to the T group.
Injection of the MEK inhibitor U0126 immediately after individual extinction tests, which is
known to block fear extinction (Tronson et al., 2008), restored the AP-1 binding of c-Fos
and c-Jun to AP-1 (Fig. 3, right panel).

MEK-dependent increase of JunD, JDP2 and ERK binding to AP-1
Contrary to the decreased binding of c-Jun, the AP-1 binding of Jun D and JDP2 was
significantly increased in the E when compared to the T group (Fig. 4A). This increase was
completely reversed by the MEK inhibitor U0126 (Fig. 4B). In addition to JunD and JDP2,
ERK itself exhibited enhanced, MEK-dependent (Figure 5A) and specific (Fig. 5B) binding
to AP-1 in vitro. The specificity of ERK binding to AP-1 was confirmed by the finding that
only a consensus but not mutated AP-1 sequence effectively and dose-dependently displaced
ERK from the immobilized AP-1 complex (as revealed by decreased optical density in Fig.
5B). In order to determine whether such interactions also occur during extinction in vivo on
AP-1-regulated promoters, we next performed chromatin immunoprecipitation (ChIP)
assays. ChIP assays confirmed that ERK binds to the c-Fos promoter containing, among
others, an AP-1-like site (Fig. 5C). Only the use of antibodies against non-phosphorylated
ERK showed clear signals (Fig. 5D, upper panel) whereas anti-pERK antibodies were
ineffective (data not shown). ERK binding was observed only in hippocampal extracts of the
E, but not T or N groups (Fig. 5D, lower panel). In order to determine whether extinction
enhanced the formation of ERK-containing c-Fos repressors, mSin3A or HDAC1, which are
known to bind to AP-1 we performed additional co-immunoprecipitation assays. We found
no evidence of ERK/mSin3A interaction and only a slight increase of ERK/HDAC1
complexes (Fig. 5E, upper panel) in both in the T and E groups (Fig. 5E, lower panel).
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MEK-dependent decrease of the AP-1 regulated proteins
In order to determine how the observed changes of AP-1 binding affect the expression and
translation of exemplary AP-1-regulated gene products involved in memory processes, we
determined the hippocampal AP-1 activity and level of c-Fos and levels of GluR2.
Consistent with the levels of c-Fos (Tronson et al., 2009), c-Fos AP-1 activity was
significantly reduced by E when compared to T (Fig. 6A, left panel). The MEK inhibitor
U0126 completely reversed this effect and increased the number of c-Fos-positive nuclei
(Fig. 6A, right panel). Similarly, the level of GluR2 significantly increased (Fig. 6A) in the
T group, but returned to baseline in the E group. Injection of U0126 prevented the decrease
of GluR2 levels caused by extinction (Fig. 6B). These findings suggested that activation of
MEK during fear extinction results in reduced levels of a subset of AP-1-regulated proteins.

Discussion
Here we show that learning processes contributing to conditioning and extinction of
contextual fear involve differential regulation of hippocampal ERK/AP-1 complexes with
opposite outcomes on c-Fos and GluR2 levels. These effects may involve, at least in part,
extinction-specific interactions of ERK with members of the Jun transcription factor family.

Our previous data show that nuclear levels of pERK, but not c-Fos, increase in CA1
pyramidal neurons of the hippocampus during contextual fear extinction. This finding was
surprising given that the ERK/MSK/RSK pathway mediating fear conditioning (Chwang et
al., 2007; Sananbenesi et al., 2003; Sindreu et al., 2007) triggers c-Fos production (Gao et
al., 2010). Increasing evidence demonstrates, however, that ERK activity can also down-
regulate the expression of the c-Fos gene, in particular when ERK phosphorylation is
sustained (Cook et al., 1999; Grooms et al., 2006; Nakakuki et al., 2010), as it is observed
during fear extinction (Fischer et al., 2004). These bidirectional actions may depend on the
effects of ERK on protein phosphorylation, regulation of multiprotein transcriptional
complexes, and binding to gene promoters (Denhardt, 1996; Johnson and Lapadat, 2002).
Our findings confirmed two alternatives to ERK-mediated signaling that occur during fear
extinction versus conditioning: (i) Instead of c-Fos, ERK interacts with Jun AP-1 members;
and (ii) ERK may be responsible for the down-regulation of c-Fos.

Despite the-well established role of ERK in phosphorylation and regulation of c-Jun activity
in various cell types (Davis, 1995; Murphy et al., 2004; Tian et al., 2007), the role of ERK-
Jun interactions underlying memory processes in the brain has remained unexplored. It was
previously found in vivo that active ERK2 forms stable complexes with c-Jun and JunD but
not JunB but disengage after Jun transcription factors bind to DNA (Bernstein et al., 1994).
These findings may explain why we observed ERK2 only in complexes with c-Jun and not
JunD, which exhibits significantly increased AP-1 binding during extinction. In addition, it
was proposed that ERK2/AP-1 complexes repress DNA binding (Kumar and Bernstein,
2001), suggesting that the formation of ERK2/c-Jun interactions could contribute to the
marked decrease of c-Jun AP-1 binding after fear extinction.

In vitro, ERK phosphorylates the Ser243 site of c-Jun, which is known to attenuate c-Jun-
mediated transactivation by decreasing its DNA binding (Boyle et al., 1991; Huang et al.,
2008; Lin et al., 1992). We found that the phosphorylation of this site was reduced during
fear conditioning but returned to baseline during extinction. The direct interaction of ERK
and c-Jun may contribute to this effect. The phosphorylation of the Ser 63/73 site was also
markedly increased, and not only in comparison with fear conditioning but also versus the
naive group. This modification enhances some (Behrens et al., 1999), but not all types of c-
Jun activity (Besirli et al., 2005; Cruzalegui et al., 1999) and is thought to be specifically
mediated by the c-Jun N-terminal kinase (JNK) (Derijard et al., 1994; Kallunki et al., 1994).

Guedea et al. Page 4

Mol Cell Neurosci. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



It is possible that ERK counteracts the JNK-induced activation of c-Jun by preserving
phosphorylation at the Ser243 site. Alternatively, increased phosphorylation on both sites
may not be related to c-Jun transactivation properties (Baker et al., 1992) or may induce a
new pattern of gene regulation.

To date, the effects of MEK/ERK on gene expression have mainly been viewed as indirect
(Chwang et al., 2007) and mediated by RSK, MSK or other downstream targets. This
pathway has been successfully confirmed in models of fear conditioning. Learning to
extinguish fear, on the other hand, seems to involve a different MEK/ERK pathway. Several
studies reported that ERK binds to the AP-1 (Benkoussa et al., 2002) or serum response
element (SRE) (Zhang et al., 2008) sequences of gene promoters, suggesting that the actions
of ERK on gene expression may also be direct. Our findings support the latter observations
by identifying significant loading of ERK on the c-Fos promoter associated with MEK-
dependent down-regulation of c-Fos production. The question why this phenomenon is only
observed after extinction needs further investigation. Our hypothesis that ERK may form
complexes with HDAC1 or mSin3A, which are known to repress c-Fos (Usenko et al., 2003;
Yang et al., 2001) was not confirmed. The possibility remains that pERK targets JunD and
JDP2 to AP-1 and subsequently dephosphorylates and dissociates from them. Such
mechanism is consistent with the findings that active ERK does not interact with Jun
transcription factors when they are bound to DNA (Kumar and Bernstein, 2001). This may
also explain the lack of detectable pERK/JunD complexes or direct pERK binding to the c-
Fos promoter.

In quiescent cells, juxtaposition of SRE and AP-1/ATF-like sequences (homologous to
AP-1) is required for repression of the c-Fos gene. The proximity of these sites is influenced
by transcriptional regulators, most notably Jun proteins, which co-operate to repress c-Fos
(Konig et al., 1989; Morgan and Birnie, 1992). In addition, interactions of JDP2 with JunD
and JunB generate inhibitory AP-1 complexes (Heinrich et al., 2004). Here we show that
fear extinction similarly enhances, in an ERK-dependent fashion, JunD and JDP2 AP-
binding along with decreased levels of two AP-1-regulated proteins, c-Fos and GluR2. The
later observation is consistent with the finding that N-methyl-D-aspartate receptor
(NMDAR) activation leads to ERK-mediated transcriptional arrest of GluR2 mRNA and
long-lasting reduction in synaptic GluR2 number (Grooms et al., 2006). It remains to be
determined whether NMDAR are causing the molecular alterations we observed and thus
mediate fear extinction processes (Szapiro et al., 2003).

In summary, our findings identify ERK-mediated alterations of the phosphorylation, AP-1
binding, and composition of Jun complexes, as one of the important and extinction-specific
responses of hippocampal neurons. In concert with other signaling pathways, ERK may thus
cause a decrease of the levels of the AP-1-regulated proteins c-Fos and GluR2. The
significance of the inhibitory of AP-1 complexes and individual roles of c-Jun, JunD and
JDP2 in extinction remains to be further evaluated in the framework of the alterations of
other molecules involved in fear extinction. It will be particularly important to elucidate
whether extinction of fear generally decreases transcription, or only down-regulates the
subset of molecules typically required for fear conditioning, such as c-Fos (Fleischmann et
al., 2003) and GluR2 (Wiltgen et al., 2010), while up-regulating other extinction-specific
genes.

Experimental methods
Animals

Male 9-week-old C57BL/6J (Jackson Laboratories) were individually housed after 8 weeks
of age and maintained in enclosed animal cubicles with their own ventilation system (15 air
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exchanges/hr), 12/12 dark light cycle (7 am-7 pm), 40-50% humidity, and 20 ± 2°C. All
studies were approved by the Animal Care and Use Committee of Northwestern University
in compliance with National Institutes of Health standards.

Chemicals
The MEK inhibitor U0126 was purchased from Promega. Specific antibodies employed for
immunoblot included rabbit polyclonal c-Fos (1:20,000, Oncogene), ERK (1:5000, Santa
Cruz), rabbit polyclonal mSin3A (1:500, Santa Cruz), HDAC1 (1:1000, Santa Cruz), c-Jun
(1:1,000, Santa Cruz), JunB (1:500, TransAM), JunD (1:500, TransAM), and mouse
monoclonal pERK (1:15,000, Sigma). Rabbit (1:500) and mouse (1:500) antibodies against
JDP2 were obtained from Dr. Ami Aronheim (Rappaport Faculty of Medicine, Haifa, Israel)
and Dr. Kazunari Yokoyama (RIKEN, Ibaraki, Japan), respectively.

Immunohistochemical analyses were performed with pERK and c-Jun antibodies.

Cannulation and treatment
Double cannulae were placed into the dorsal hippocampus (AP - 1.5 mm, lateral 1 mm,
depth 2 mm) as described (Radulovic et al., 1998b). The gauge of the guide and injection
cannulae was 26 and 28, respectively. U0126 (0.5 μg/site) was dissolved in 2% DMSO and
diluted in artificial cerebrospinal fluid (aCSF). The inhibitor was delivered bilaterally (0.25
μl/side) over a 15 s period immediately after individual extinction trials testing unless
indicated otherwise.

Fear conditioning and extinction
The behavioral experiments were performed as described earlier (Fischer et al., 2004).
Briefly, one-trial contextual fear consisted of exposing the mice to a conditioning context (3
min) followed by a 2-sec 0.7mA electric footshock (constant current). Extinction trials
consisted of re-exposure of the animals to the context (3 min) without shock once a day for 4
consecutive days. Freezing, defined as lack of movement besides heart beat and respiration
(Blanchard and Blanchard, 1969), was recorded every 10th second by trained observers
unaware of the experimental condition. Activity and shock responses were automatically
recorded by an infrared beam system coupled to the analysis software (TSE).

Design
Behavioral studies involved naive mice (N) or mice exposed to training (T) or training
followed by extinction (E). This group was further split by treatment (vehicle, U0126) in
indicated experiments. For molecular studies, brain tissue or dissected dorsal hippocampi
were obtained from N mice or 1 hr after training or 4th extinction test for the T and E
groups, respectively. This time point was selected from earlier experiments showing
maximal ERK activation (Fischer et al., 2007; Tronson et al., 2009).

Imunohistochemistry, image analyses and data quantification
Mice were anesthetized with an intraperitoneal injection of 240 mg/kg of Avertin, and
transcardially perfused with ice-cold 4% paraformaldehyde in phosphate buffer (pH 7.4, 150
ml/mouse). Brains were post-fixed for 48 hours in the same fixative and then immersed for
24 hrs each in 10%, 20% and 30% sucrose in phosphate buffer. After the tissue was frozen
by liquid nitrogen, 50μm thick coronal sections were used for performing free-floating
immunocytochemistry with corresponding primary antibodies as described previously
(Radulovic et al., 1998a). For co-immunolabeling studies the TSA Fluorescence System
(NEN Life Science Products) was employed, using fluorescein and rhodamine as substrates.
Multicolor immunofluorescence was captured and analyzed with a fluorescent microscope
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(Leica) provided with a CCD camera connected to the Spot software (Macintosh). Cell
counts from the dorsohippocampal CA1 subfield was performed using three consecutive
dorsohippocampal sections per mouse (Brown et al., 1998). For double labeling, the separate
FITC and rhodamine captures were digitally combined to produce composite images. Equal
cutoff thresholds were applied to all captures to remove background autofluorescence. For
each capture, cell counts were performed within 100μm2 grids (~7 grids/section) for three
sections of each CA1. Counts of individual signals were first performed separately, followed
by identification and counting of double positive cells on the composite images. An
overlapping signal of FITC and rhodamine fluorescence in nuclei that were sharply in focus
in a single focal plane was used as a criterion for nuclear colocalization of c-Jun and pERK
(Patterson et al., 2001; Tronson et al., 2009). The measures for each capture were averaged
to give the number of pERK and c-Jun-positive nuclei and expressed per 0.1 mm2 area.
Finally, the proportional number (percentage) of double positive neurons from total pERK
immunopositive neurons was calculated. Representative images (4–5 per group) were
captured using a Zeiss LSM5 Pascal confocal microscope.

Quantification of immunostaining signals was performed separately for the CA1
hippocampal layers (stratum pyramidale and stratum radiatum) as described previously
(Lalonde et al., 2004). Digital images were captured with a cooled color CCD camera
(RTKE Diagnostic Instruments) and SPOT software for Macintosh. Adobe Photoshop 5.0
for Macintosh was used for image processing. Cell counts as well as signal intensity
measures were performed with ImageJ. The separate fluorescein and rhodamine captures
were digitally combined to produce composite images. Equal cutoff thresholds were applied
to all captures to remove background fluorescence digitally. For each capture of the pERK
and c-Jun signals, nuclear cell counts were performed within a 100 μm2 grid three times for
the CA1 area. An overlapping signal of FITC and rhodamine fluorescence was used as a
criterion for co-localization of pERK and c-Jun. The number of c-Fos-positive nuclei was
determined similarly except that we used diaminobenzidine for visualization and light
microscopy for analyses. The measures for each capture were averaged to give the number
of c-Fos-positive nuclei per 0.1 μm2 area.

Nuclear extract preparation
The hippocampi were dissected, frozen in liquid nitrogen and kept at -80°C. Cytoplasmic,
membrane, cytoskeletal and nuclear fractions were prepared by using the ProteoExtract kit
for subcellular proteome extraction (EMD Biosciences) according to the instructions. To
control for the purity of the nuclear when compared to other fractions, control immunoblots
determined the levels of cAMP-response element binding protein (CREB, using rabbit
polyclonal anti-CREB antibody, 1:1,000, Cell Signaling) and histone 1 (H1, rabbit
polyclonal anti-H1, 1:1,000, Santa Cruz) as described earlier (Gao et al., 2010). Aliquots of
individual samples were used for AP-1 binding assays, immunoprecipitation or immunoblot.

AP-1 binding assays
The binding of AP-1 transcription factors to an immobilized AP-1 consensus sequence was
determined by enzyme-linked immunosorbent assays (TransAM kits, Active Motif),
according to the instructions. The AP-1 wild-type (5’ TGAGTCA 3’) and AP-1 mutated
oligonucleotide (5’ GGAGTCG 3’) were used. AP-1 was bound to its consensus sequence
by addition of binding buffer to each well of a 96-strip-well oligonucleotide-coated plate.
Lysis buffer and 10 μg of nuclear extract diluted in lysis buffer were added; the plate was
sealed and incubated at room temperature with mild agitation. Following each 1 hr
incubation, wells were washed 1x wash buffer. Binding of the primary antibody occured
when the antibody was diluted in 1x antibody binding buffer (phospho-c-Jun, 1:500 and c-
Fos, JunB or JunD 1:10,000), added to each well and incubated for 1hr at room temperature
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without agitation. Binding of the secondary antibody occurred when the anti-IgG HRP-
conjugate was added (1:10,000 in 1x antibody binding Buffer) and incubated for 1 hr at
room temperature. Developing solution was added to all wells and incubated for 20 min at
room temperature protected from direct light. Stop solution was added to terminate the
reaction. Within 5 minutes, absorbance on a spectrophotometer was recorded at 450 nm with
a reference wavelength of 655 nm. In addition to the antibodies provided within the kits, we
employed mouse monoclonal anti-pERK (1:5,000, Sigma) and JDP2 (provided by Dr. Kaz
Yokoyama, RIKEN, Japan, 1:200), and rabbit polyclonal anti-ERK (Santa Cruz, 1:1,000)
and JDP2 (provided by Dr. Ami Aronheim, The Rappaport Institute, Israel, 1:500). For
competitive binding experiments, the assay is performed in the presence of wild-type or
mutated competitor oligonucleotides. As the wild-type oligonucleotide contains a viable
binding site, its presence in the buffer reduces binding to the oligonucleotide adhered to the
plate. The mutated competitor oligonucleotide does not affect binding to the plate because it
contains three mutated bases. The mean optical density, reflecting displacement by AP-1 but
not mutant AP-1, served as an indicator of specific AP-1 binding by AP-1 proteins, ERK or
JDP2.

Immunoblot and iImmunoprecipitation
After determining the protein concentration (Bio-Rad), the lysates (5-20 μg/well) were
subjected to 10% SDS polyacrylamide gel electrophoresis and subsequently blotted to
PVDF membranes (Millipore) as described previously (Sananbenesi et al., 2002). The
membranes were saturated with I-block (Tropix) and then incubated with the primary and
corresponding secondary antibodies, enhancer (Nitro-block II, Tropix) and
chemiluminescent substrate (CDP Star, Tropix). Rabbit polyclonal anti-c-Fos, HDAC1,
mSin3A (Santa Cruz, 1:1,000) and GluR2 antibodies (obtained from Dr. Peter Penzes,
1:1,000) served as primary antibodies. Blots were exposed to X-ray films and developed in
the range of maximal chemiluminescence emission (10 min). Molecular weight and
densitometric calculations of were performed with the computer software ImageJ (NIH).
The levels of individual proteins were normalized to beta-actin.

For co-immunoprecipitation, cell lysates were combined with 4mg of antibody and
incubated 1 hour at 4°C on a rolling mixer. Protein A microbeads (Myltenyi Biotech) were
added and incubated for 30 minutes on ice. The m column was placed on mMACS separator
and rinsed with a high salt buffer (500mM NaCl, 1% Igepal CA630 NP-40, 50mM Tris HCl
pH 8.0). The cell lysates were applied to the m column and the non-bound fraction was
collected for flow-through analysis. The m column was treated with 6 high salt buffer and 3
low salt buffer (20mM Tris HCl pH 7.5) washes. 1x SDS reducing loading buffer was
applied to column and the eluate was collected for SDS-PAGE analysis.

Chromatin immunoprecipitation (ChIP) assays
Hippocampi were obtained from the N,T, and E groups after perfusion of mice with 37%
formaldehyde and kept frozen at −20°C. After tissue lysis, cross-linked chromatin was
sheared by ultrasound with 10 pulses of 20 s on ice water and a 20 s rest on ice. This yielded
DNA fragments of 200–600 bp. The samples were incubated with anti-pERK, anti-ERK or
corresponding normal immunoglobulin (IgG). Following co-immunoprecipitation, input and
immunoprecipitated samples were reverse cross-linked with proteinase K and DNA was
subsequently purified using phenol/chloroform/isoamyl-alcohol extraction followed by
ethanol precipitation. The fragment of the c-Fos promoter associated with these antibodies
was identified by a two-step PCR. A 459 base-long fragment of the c-Fos promoter (- 477 to
−18) was amplified first (PCR1) with the primers: forward, 5’- GAA CCG GGT CCA CAT
TGA ATC - 3’, reverse, 5’- CGC TCT ATC CAG TCT TCT CAG - 3’. A second, nested
PCR (PCR2) was performed to further amplify a 295 base-long fragment (-446 to −150)
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with the primers: forward, 5’- AAT GTT CGC TCG CCT TCT CTG CCT T - 3’, reverse 5’-
ACC CCC GTC TTG GCA TAC ATC TTT C -3’. This part of the c-Fos promoter contains
the AP1, SRE, cAMP-dependent response (CRE) and dyad symmetry (DSE) regulatory
elements. The sequences of both fragments matched the originally published sequence in
Genbank (accession number, K03231).

Statistical analyses
Experiments including behavior manipulations were analyzed by repeated measure or one-
way ANOVA. Data analysis for pharmacological experiments was performed by two-way
ANOVA with Group and Treatment as factors. Shefe’s test was used for post-hoc
comparisons.
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Abbreviations

ERK extracellular signal-regulated kinase

AP-1 activator protein-1

CRE cAMP-dependent element

DSE dyad symmetry element

HDAC1 histone deacetylase 1

JDP2 Jun dimerization protein 2

RSK 90 kDa ribosomal S6 kinase

MEK mitogen activated protein kinase kinase

MSK mitogen- and stress-activated protein kinase

SRE serum response element

JNK c-Jun N-terminal kinase

NMDAR N-methyl-D-aspartate receptor
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Fig. 1.
Interaction of pERK and c-Jun during fear extinction. (A) The proposed pathway linking
ERK and AP-1 proteins. (B) Extinction of conditioned fear, as revealed by a significant
reduction of freezing behavior (F1,4 = 7.23, p < 0.01 vs test 1), after repeated exposure to a
context without shock. (C) Co-localization of ERK and c-Jun within hippocampal CA1
pyramidal neurons 1 hr after the 4th extinction (E) test. i) Confocal image (overlay) of pERK
(red) and c-Jun (green) immunofluorescence in CA1. ii-vii) Orthogonal projections along
the pERK-positive cell marked with crosshair. ii-iv) Orthogonal projection (YZ plane) of
pERK (red), c-Jun (green), and pERK + c-Jun (overlay). v-vii) Orthogonal projection (XZ
plane) of pERK (red), c-Jun (green), and pERK + c-Jun (overlay). (D) pERK2 interacts with
c-Jun but not JunB or JunD in nuclear extracts of the dorsal hippocampus (left panel). This
interaction is significantly stronger in the E (middle and right panels) when compared to the
other groups (F2,15 = 11.47, p < 0.001 vs T and N). Statistically significant differences: *p <
0.01 vs test 1.
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Fig. 2.
Phosphorylation of c-Jun during extinction. (A) The levels of p-c-Jun Ser63/73 were
undetectable in the N and T groups and significantly increased in the E group (F2,15 = 9.65,
p < 0.001). p-c-Jun Ser243 was decreased in the T group and returned to control, levels in
the E group (F2,15 = 4.12, p < 0.01). (B) Quantification of the immunoblot data. Statistically
significant differences: *p < 0.01 vs N, #p < 0.01 vs E, ##p < 0.001 vs E.
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Fig. 3.
AP-1 binding of c-Jun during extinction. (A) The AP-1 binding activity of c-Jun was
triggered in the T but not E group (F2,15 = 11.23, p < 0.001 T vs E and N). (B) After
inhibition of the MEK/ERK pathway, extinction enhances the AP-1 binding of c-Jun, as it is
observed after training. Statistically significant differences: *p < 0.001 vs N and E/vehicle.
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Fig. 4.
AP-1 binding of JunD and JDP2 during extinction. (A) Contrary to c-Jun, the AP-1 binding
of JunD (F2,15 = 9.7, p < 0.001) and JDP2 (F2,15 = 8.91, p < 0.001) was increased during
extinction. (B) This enhancement was completely reversed by intrahippocampal inhibition
of the MEK/ERK pathway. Statistically significant differences: *p < 0.001 vs N and E/
vehicle.
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Fig. 5.
Biding of ERK to AP-1 and the c-Fos promoter. (A) ERK exhibits enhanced binding to the
AP- consensus sequence after extinction. (B) This effect is specific because only addition of
the consensus but not mutated AP-1 sequence displaces ERK from the immobilized AP-1
oligonucleotide. (C) Schematic representation of the c-Fos promoter. (D) ChIP assays
showing amplification of the c-Fos promoter after the nested PCR (PCR2) from genomic
DNA, input DNA and DNA co-immunoprecipitated by ERK but not control IgG (right half
of the upper panel). PCR1 alone did not yield significant amplification. ERK loaded on the
c-Fos promoter only in the E but not N and T groups (lower panel, representative of 6
independent replicates). (E) ERK did not show strong interaction with the c-Fos repressors
mSin3A or HDAC1. A slight increase of ERK/HDAC1 (upper panel) was seen both in the T
and E groups (lower panel). Statistically significant differences: *p < 0.001 vs all other
groups.
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Fig. 6.
MEK-dependent decrease of c-Fos and GluR2 levels after fear extinction. (A) The activity
of c-Fos in dorsohippocampal nuclear extracts was significantly lower in the E when
compared to the T group (F2,15 = 11.19, p < 0.001). The AP-1 binding and c-Fos levels were
increased after inhibition of the MEK/ERK pathway. (B) The level of GluR2 increased in
the T group (F2,15 = 6.67, p < 0.01) but this increase was reversed in the E group. After
inhibition of the hippocampal MEK/ERK pathway by U0126, the level of GluR2 remained
elevated (F2,15 = 15.67, p < 0.001. Statistically significant differences: *p < 0.001 all other
groups.
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Fig. 7.
ERK-dependent signalling during conditioning and extinction of fear. Conditioning involves
the ERK/MSK/RSK/c-Fos pathway. Extinction, on the other hand, induces nuclear pERK/c-
Jun interactions and increases the inhibitory AP-1 complexes JunD and JDP2. The later
changes may be involved, at least in part, in the down-regulation of c-Fos and GluR2.
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