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We have recently hypothesized that NO-cGMP-PKG signaling in the lateral nucleus of the amygdala (LA) during auditory

fear conditioning coordinately regulates ERK-driven transcriptional changes in both auditory thalamic (MGm/PIN) and LA

neurons that serve to promote pre- and postsynaptic alterations at thalamo-LA synapses, respectively. In the present series

of experiments, we show that N-methyl-D-aspartate receptor (NMDAR)-driven synaptic plasticity and NO-cGMP-PKG sig-

naling in the LA regulate the training-induced expression of ERK and the ERK-driven immediate early genes (IEGs) Arc/
Arg3.1, c-Fos, and EGR-1 in the LA and the MGm/PIN. Rats receiving intra-LA infusion of the NR2B selective antagonist

Ifenprodil, the NOS inhibitor 7-Ni, or the PKG inhibitor Rp-8-Br-PET-cGMPS exhibited significant decreases in ERK acti-

vation and in the training-induced expression of all three IEGs in the LA and MGm/PIN while intra-LA infusion of the

PKG activator 8-Br-cGMP had the opposite effect. Remarkably, those rats given intra-LA infusion of the membrane imper-

meable NO scavenger c-PTIO exhibited significant decreases in ERK activation and ERK-driven IEG expression in the

MGm/PIN, but not in the LA. Together with our previous experiments, these results suggest that synaptic plasticity and

the NO-cGMP-PKG signaling pathway promote fear memory consolidation, in part, by regulating ERK-driven transcrip-

tion in both the LA and the MGm/PIN. They further suggest that synaptic plasticity in the LA during fear conditioning

promotes ERK-driven transcription in MGm/PIN neurons via NO-driven “retrograde signaling.”

[Supplemental material is available online at http://www.learnmem.org.]

Most recent research aimed at studying fear memory forma-
tion and synaptic plasticity in the amygdala has focused on
N-methyl-D-aspartate receptor (NMDAR)-mediated alterations in
intracellular signaling pathways in lateral amygdala (LA) neurons
that are thought, in part, to promote long-term plastic change and
memory through the alterations of transcription and translation
(Schafe et al. 2001; Lin et al. 2003). However, while the LA has
clearly been established as an essential locus of fear memory for-
mation and consolidation (Blair et al. 2001; Schafe et al. 2001,
2005a; Rodrigues et al. 2004a), recent studies have suggested
that the auditory thalamus (including the medial division of
the medial geniculate nucleus and the posterior intralaminar
nucleus; MGm/PIN) may also play a critical role in fear memory
consolidation. For example, recent work in our laboratory
and others has pointed to a critical role of ERK and ERK-driven
transcription in fear memory consolidation not only in the
LA (Schafe et al. 2000, 2005a), but also in the MGm/PIN
(Apergis-Schoute et al. 2005; Parsons et al. 2006; Han et al.
2008; Overeem et al. 2010). Interestingly, recent findings suggest
that the functional significance of ERK-driven gene expression
in the MGm/PIN may be to promote presynaptic aspects of
fear memory formation back at the level of the LA. For example,

activation of ERK/MAPK in the MGm/PIN is required for synaptic
plasticity in the LA (Apergis-Schoute et al. 2005), and ERK-driven
gene expression in MGm/PIN neurons regulates the expression of
presynaptically localized proteins at LA synapses following fear
learning (Overeem et al. 2010).

Based in part on these findings, our laboratory has recently
developed a revised model of fear memory consolidation that
emphasizes the importance of ERK-driven gene expression on
both sides of the thalamo-LA synapse. Further, we propose that
synaptic plasticity and nitric oxide (NO) signaling in the LA dur-
ing fear learning may be critical for coordinating ERK-driven tran-
scriptional changes in both the MGm/PIN and the LA that may, in
turn, contribute to pre- and postsynaptic aspects of plasticity back
in the LA. We have recently shown that NO-cGMP-PKG signaling
in the LA is critical for fear memory consolidation (Schafe et al.
2005b; Ota et al. 2008), an effect that is attributable, at least in
part, to activation of the ERK/MAPK signaling pathway (Schafe
et al. 2005b; Ota et al. 2008). The NO-cGMP-PKG signaling path-
way is known to activate various components of the MAPK signal-
ing pathway upstream of and including ERK (Lander et al. 1995,
1996, 1997; Yun et al. 1998, 1999), and to have a variety of effects
on synaptic plasticity both pre- and postsynaptically. In vitro
studies, for example, have shown that NO-cGMP-PKG signaling
may promote the activation of protein kinase signaling cascades
in the postsynaptic cell, leading to activation of transcription
and translation that are critical for long-term synaptic plasticity

3Corresponding author.
E-mail glenn.schafe@yale.edu; fax (203) 432-7172.
Article is online at http://www.learnmem.org/cgi/doi/10.1101/lm.1592510.

17:221–235 Copyright # 2010 Cold Spring Harbor Laboratory Press
ISSN 1549-5485/10; www.learnmem.org

221 Learning & Memory



and memory formation (Lu et al. 1999; Chien et al. 2003). In addi-
tion, NO has also been proposed to act as a “retrograde messenger”
that may be critical for promoting mobilization of synaptic
vesicles in the presynaptic cell, leading to enhanced transmitter
release (Ninan et al. 2006), as well as structural changes in the pre-
synaptic terminal (Antonova et al. 2001; Wang et al. 2005).

In the present study, we use pharmacological and immuno-
labeling methods to examine whether NMDAR-driven synaptic
plasticity and NO-cGMP-PKG signaling in the LA regulate both
ERK and ERK-driven gene expression in LA and MGm/PIN neu-
rons following auditory fear conditioning. Our findings suggest
that synaptic plasticity and the NO-cGMP-PKG signaling pathway
in the LA regulate fear memory consolidation, in part, by promot-
ing ERK-driven transcriptional regulation in both the LA and
the MGm/PIN. They further suggest that NO-driven “retrograde
signaling” in the LA during fear conditioning promotes ERK
activation and ERK-driven transcription in MGm/PIN neurons.

Results

Synaptic plasticity and the NO-cGMP-PKG signaling

pathway in the LA regulate phosphorylation of ERK/
MAPK in the LA and MGm/PIN following fear

conditioning
We have recently shown that blockade or facilitation of the
NO-cGMP-PKG signaling pathway in the LA impairs or enhances
memory consolidation of Pavlovian fear conditioning and synap-
tic plasticity in the LA by activating the ERK/MAPK signaling
pathway, suggesting that NO-driven increases in ERK-driven
transcriptional regulation in the LA regulate the formation of
long-term memory storage (Ota et al. 2008). Previous work in
our laboratory and others, however, has pointed to a critical role
of ERK and ERK-mediated transcription in fear memory consoli-
dation not only in the LA, but also in the auditory thalamus
(Apergis-Schoute et al. 2005). Specifically, intra-MGm/PIN block-
ade of ERK activation or mRNA synthesis have been shown
to impair memory consolidation of an auditory fear memory
(Apergis-Schoute et al. 2005; Parsons et al. 2006). Conversely,
overexpression of the transcription factor CREB in the MGm/
PIN has been shown to enhance fear memory formation (Han
et al. 2008). Furthermore, recent findings showing that inhibition
of ERK signaling in the MGm/PIN impairs LTP in the LA have
suggested that the functional significance of ERK-driven tran-
scription in the MGm/PIN is to promote presynaptic aspects of
plasticity in the LA (Apergis-Schoute et al. 2005). When consid-
ered collectively with our recent observations that NO signaling
in the LA is required for fear memory consolidation (Schafe
et al. 2005b; Ota et al. 2008), we have hypothesized that synaptic
plasticity and NO signaling in the LA at the time of fear learning
coordinate ERK-driven transcriptional changes in MGm/PIN
and LA neurons that serve to promote pre- and postsynaptic alter-
ations at thalamo-LA synapses. In the present series of experi-
ments, we have used pharmacological and Western blotting
techniques to examine whether synaptic plasticity and NO signal-
ing in the LA coordinately regulate phosphorylation of ERK/

MAPK in the LA and MGm/PIN following fear conditioning.

Synaptic plasticity and NO signaling in the LA selectively regulate

phosphorylation of ERK/MAPK in the LA and MGm/PIN following

fear conditioning

In our first experiment, we asked whether synaptic plasticity and
NO signaling in the LA regulate ERK/MAPK phosphorylation
in the LA and MGm/PIN following fear conditioning (Fig. 1). In
these experiments, rats were given intra-LA infusion of either

vehicle, the NR2B selective antagonist Ifenprodil (1 mg/side;
0.5 mL), the NOS inhibitor 7-Ni (1 mg/side; 0.5 mL), or the
membrane impermeable NO scavenger c-PTIO (1 mg/side;
0.5 mL), followed by evaluation of the effects of each of these
pharmacological manipulations on training-induced ERK acti-
vation in both LA and MGm/PIN. This dose of Ifenprodil has
previously been shown to significantly impair fear memory
acquisition when infused into the LA prior to fear conditioning
(Rodrigues et al. 2001). The doses of c-PTIO and 7-Ni have been
shown to significantly impair fear memory consolidation when
infused into the LA prior to fear conditioning; that is, fear acquis-
ition and short-term memory (STM) are intact, while long-term
memory (LTM) is impaired (Schafe et al. 2005b). Thirty minutes
following infusion, rats were trained with three tone-shock
pairings and sacrificed 1 h after training (Fig. 1A), a time point
that we have previously shown to be optimal for observing
training-induced increases in ERK activation in the LA (Schafe
et al. 2000). Western blotting on LA and MGm/PIN homogenates
was performed to determine whether training-induced activation
of ERK/MAPK in the LA and MGm/PIN is impaired following
intra-LA infusion of the NR2B antagonist, the NOS inhibitor, or
the NO scavenger.

The effects of intra-LA infusion of Ifenprodil, 7-Ni, and
c-PTIO on training-induced ERK activation in the LA are depicted
in Figure 1D, while representative Western blots can be viewed in
Figure 1B. Relative to vehicle controls, rats given intra-LA infu-
sions of either Ifenprodil or 7-Ni exhibited marked reductions
in ERK activation in LA homogenates, while rats infused with
c-PTIO did not. The ANOVA (drug by kinase) revealed a significant
effect for drug (vehicle vs. Ifenprodil vs. 7-Ni vs. c-PTIO; F(3,56) ¼

11.73, P , 0.001), a nonsignificant effect for kinase, and a non-
significant drug by kinase interaction. Specifically, post-hoc tests
revealed that ERK labeling in the vehicle-infused group differed
significantly from that infused with either Ifenprodil (P , 0.001)
or 7-Ni (P , 0.001), but did not significantly differ from the group
infused with c-PTIO (P . 0.05). In addition, ERK labeling in the
c-PTIO group differed significantly from that in both Ifenprodil
(P , 0.001) and 7-Ni (P , 0.001) groups. Furthermore, this
impairment of ERK activation cannot be accounted for by differ-
ences in total ERK/MAPK. Total ERK/MAPK levels, expressed rela-
tive to the loading control GAPDH, were not significantly
changed from vehicle levels following infusion of any of these
drugs (Fig. 1E). The ANOVA for total ERK revealed a nonsignificant
effect for drug, a nonsignificant effect for kinase, and a nonsigni-
ficant drug by kinase interaction.

The effects of intra-LA infusion of Ifenprodil, 7-Ni, and
c-PTIO on training-induced ERK activation in the MGm/PIN are
depicted in Figure 1F, while representative Western blots can be
viewed in Figure 1C. Relative to vehicle controls, rats given
intra-LA infusions of either Ifenprodil, 7-Ni, or c-PTIO exhibited
marked reductions in ERK activation in MGm/PIN homogenates.
The ANOVA (drug by kinase) revealed a significant effect for drug
(vehicle vs. Ifenprodil vs. 7-Ni vs. c-PTIO; F(3,56) ¼ 10.00, P ,

0.001), a nonsignificant effect for kinase, and a nonsignificant
drug by kinase interaction (Fig. 1F). Specifically, post-hoc tests
revealed that the vehicle condition differed significantly from
all three drug conditions (Ifenprodil [P , 0.001], 7-Ni [P ,

0.001], and c-PTIO [P , 0.05]). Furthermore, this impairment of
ERK activation cannot be accounted for by differences in total
ERK/MAPK (Fig. 1G). Total ERK/MAPK levels, expressed relative
to the loading control GAPDH, were not significantly changed
from vehicle levels following infusion of any of these drugs. The
ANOVA revealed nonsignificant effects for drug, kinase, and the
drug by kinase interaction.

Thus, intra-LA infusion of agents that block synaptic plasticity
(Ifenprodil) or nNOS activation (7-Ni) impair training-induced
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ERK-activation in both the LA and the MGm/PIN, while intra-LA
infusion of a membrane impermeable NO scavenger (c-PTIO)
selectively impairs ERK activation in the MGm/PIN.

Intra-LA infusion of a PKG inhibitor impairs ERK phosphorylation in the

LA and MGm/PIN following fear conditioning

In our next series of experiments, we looked further downstream
in the NO-cGMP-PKG signaling pathway to examine the effect
of inhibition of the cGMP-dependent protein kinase (PKG) in

the LA on ERK activation in the LA and MGm/PIN using a
combination of Western blotting and immunohistochemistry.
Rats were given intra-LA infusion of either vehicle or the PKG
inhibitor Rp-8-Br-PET-cGMPS (1 mg/side; 0.5 mL), a dose that we
have recently shown to be effective in impairing fear memory
consolidation (Ota et al. 2008). One hour following infusion,
rats were trained with three tone-shock pairings and then sacri-
ficed 1 h later (Fig. 2A). Western blotting and immunohistochem-
istry were performed to determine whether training-induced
activation of ERK/MAPK in the LA and MGm/PIN is impaired
following intra-LA infusion of the PKG inhibitor.

Figure 1. Synaptic plasticity and NO signaling in the LA selectively regulate phosphorylation of ERK/MAPK in the LA and MGm/PIN following fear con-
ditioning. (A) Schematic of behavioral protocol. Rats were given intra-LA infusion of the vehicle (n ¼ 8), the NR2B selective antagonist Ifenprodil (1 mg/
side; n ¼ 8), the NOS inhibitor 7-Ni (1 mg/side; n ¼ 8), or the membrane impermeable NO scavenger c-PTIO (1 mg/side; n ¼ 8), followed 30 min later by
fear conditioning. Rats were sacrificed 1 h following training. (B) Representative blots for both phospho-ERK (pERK) and total ERK in the LA. (C)
Representative blots for both pERK and total ERK in the MGm/PIN. (D) Mean (+ SEM) percent pERK immunoreactivity from LA punches taken from
rats given intra-LA infusions of vehicle, Ifenprodil, 7-Ni, or c-PTIO. Here, pERK levels have been normalized to total ERK levels for each sample. (E)
Mean (+ SEM) percent total-ERK immunoreactivity from LA punches taken from rats given intra-LA infusions of vehicle, Ifenprodil, 7-Ni, or c-PTIO.
Here, total ERK levels have been normalized to GAPDH levels for each sample. (F) Mean (+ SEM) percent pERK immunoreactivity from MGm/PIN
punches taken from the rats in D given intra-LA infusions of vehicle, Ifenprodil, 7-Ni, or c-PTIO. Here, pERK levels have been normalized to total ERK
levels for each sample. (G) Mean (+ SEM) percent total-ERK immunoreactivity from MGm/PIN punches taken from the rats in D given intra-LA infusions
of vehicle, Ifenprodil, 7-Ni, or c-PTIO. Here, total ERK levels have been normalized to GAPDH levels for each sample. (�) P , 0.05 relative to
vehicle-infused rats.

Thalamo-amygdala gene expression and fear learning

www.learnmem.org 223 Learning & Memory



The effect of intra-LA infusion of Rp-8-Br-PET-cGMPS on ERK
activation in the LA is depicted in Figure 2D, while representative
Western blots can be viewed in Figure 2B. Relative to vehicle-
infused controls, rats given intra-LA infusion of Rp-8-Br-PET-
cGMPS prior to training exhibited significant decreases in both
phospho-ERK1 and phospho-ERK2 in the LA (Fig. 2D). The
ANOVA revealed a significant effect for drug (vehicle vs. Rp-8-Br-
PET-cGMPS; F(1,20) ¼ 17.98, P , 0.001), a nonsignificant effect for
kinase, and a nonsignificant drug by kinase interaction. Fur-
thermore, this impairment of ERK activation cannot be accounted
for by differences in total ERK/MAPK (Fig. 2E). Total ERK/MAPK
levels, expressed relative to the loading control GAPDH, were not
significantly changed from vehicle levels following infusion of
Rp-8-Br-PET-cGMPS. The ANOVA revealed nonsignificant effects
for drug, kinase, and the drug by kinase interaction.

The effect of intra-LA infusion of Rp-8-Br-PET-cGMPS on ERK
activation in the MGm/PIN is depicted in Figure 2F, while repre-
sentative Western blots can be viewed in Figure 2C. Relative
to vehicle-infused controls, rats given intra-LA infusions of the
PKG inhibitor Rp-8-Br-PET-cGMPS prior to training exhibited sig-
nificant decreases in both phospho-ERK1 and phospho-ERK2 in
the MGm/PIN (Fig. 2F). The ANOVA revealed a significant effect
for drug (vehicle vs. Rp-8-Br-PET-cGMPS; F(1,22) ¼ 16.59, P ,

0.001), a nonsignificant effect for kinase, and a nonsignificant

drug by kinase interaction. Furthermore, this impairment of
ERK activation cannot be accounted for by differences in total
ERK/MAPK (Fig. 2G). Total ERK/MAPK levels, expressed relative
to the loading control GAPDH, were not significantly changed
from vehicle levels following infusion of Rp-8-Br-PET-cGMPS.
The ANOVA revealed nonsignificant effects for drug, kinase, and
the drug by kinase interaction.

Representative sections from the immunohistochemical
experiments are depicted in Figure 2H–K. Similar to the findings
of previous studies (Schafe et al. 2000; Paul et al. 2007),
pERK-labeled cells in vehicle-infused rats were evident in the ven-
tral regions of the LA and the basal nucleus of the amygdala, as
well as the central nucleus (CE) and the amygdala-striatal transi-
tion zone (AST; Fig. 2H). In the MGm/PIN, we observed
pERK-labeled cells throughout the PIN and extending dorsally
into the MGm/PIN. In contrast, little to no pERK labeling was
observed in the MGv (Fig. 2J). Consistent with the findings of
the Western blotting experiments, we observed reductions in
pERK-labeled cells in the LA (Fig. 2I) and MGm/PIN (Fig. 2K) fol-
lowing intra-LA infusion of Rp-8-Br-PET-cGMPS. Cell counts of
pERK-labeled cells in the LA and MGm/PIN for rats infused with
Rp-8-Br-PET-cGMPS can be viewed in Supplemental Figure 1A,B,
while statistical analysis of these data may be viewed in
Supplemental Analysis 1.

Figure 2. Intra-LA infusion of a PKG inhibitor impairs ERK phosphorylation in the LA and MGm/PIN following fear conditioning. (A) Schematic of
behavioral protocol. Rats were given intra-LA infusion of the vehicle (n ¼ 7) or Rp-8-Br-PET-cGMPS (1 mg/side; n ¼ 5), followed 1 h later by fear condition-
ing. Rats were sacrificed 1 h following training. (B) Representative blots for both phospho-ERK (pERK) and total ERK in the LA. (C) Representative blots for
both pERK and total ERK in the MGm/PIN. (D) Mean (+ SEM) percent pERK immunoreactivity from LA punches taken from rats given intra-LA infusions of
vehicle or Rp-8-Br-PET-cGMPS. Here, pERK levels have been normalized to total ERK levels for each sample. (E) Mean (+ SEM) percent total-ERK immu-
noreactivity from LA punches taken from rats given intra-LA infusions of vehicle or Rp-8-Br-PET-cGMPS. Here, total ERK levels have been normalized to
GAPDH levels for each sample. (F) Mean (+ SEM) percent pERK immunoreactivity from MGm/PIN punches taken from the rats in D given intra-LA infu-
sions of vehicle (n ¼ 6) or Rp-8-Br-PET-cGMPS (1 mg/side; n ¼ 7). Here, pERK levels have been normalized to total ERK levels for each sample. (G) Mean
(+ SEM) percent total-ERK immunoreactivity from MGm/PIN punches taken from rats in D given intra-LA infusions of vehicle or Rp-8-Br-PET-cGMPS.
Here, total ERK levels have been normalized to GAPDH levels for each sample. (�) P , 0.05 relative to vehicle-infused rats. (H) Representative 10X photo-
micrograph of the LA of an animal given intra-LA infusion of vehicle, trained, and sacrificed 1 h later. (I) Representative 10X photomicrograph of the LA of
an animal given intra-LA infusion of Rp-8-Br-PET-cGMPS (1 mg/side), trained, and sacrificed 1 h later. (J) Representative 10X photomicrograph of the
MGm/PIN of an animal given intra-LA infusion of vehicle, trained, and sacrificed 1 h later. (K) Representative 10X photomicrograph of the MGm/PIN
of an animal given intra-LA infusion of Rp-8-Br-PET-cGMPS (1 mg/side), trained, and sacrificed 1 h later. (LA) Lateral nucleus of the amygdala; (CE)
central nucleus of the amygdala; (B) basal nucleus of the amygdala; (AST) amygdala-striatal transition zone; (MGm) medial division of the medial
geniculate nucleus; (PIN) posterior intralaminar nucleus; (MGv) ventral division of the medial geniculate nucleus.
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Intra-LA infusion of a PKG activator enhances ERK phosphorylation

in the LA and MGm/PIN

The previous experiment examined the effects of intra-LA inhibi-
tion of the PKG signaling pathway on ERK activation in the LA
and MGm/PIN. In the present experiment, we examined the
effect of intra-LA infusion of a PKG activator on ERK activation
in the LA and MGm/PIN (Fig. 3). In this experiment, rats were
given intra-LA infusion of the PKG activator 8-Br-cGMP (10 mg/
side; 0.5 mL), a dose that we have previously shown to be effective
in enhancing fear memory consolidation (Ota et al. 2008). One
hour following the infusion, rats were trained with two tone-
shock pairings and then sacrificed 1 h later (Fig. 3A). We have pre-
viously used this slightly weaker two-pairing training protocol in
behavioral experiments to allow for observation of memory
enhancements in the 8-Br-cGMP-infused group relative to
vehicle-infused controls (Ota et al. 2008). As before, Western blot-
ting and immunohistochemistry were performed to determine
whether training-induced activation of ERK/MAPK in the LA
and MGm/PIN is enhanced following intra-LA infusion of the
PKG activator.

The effect of intra-LA infusion of 8-Br-cGMP on ERK activa-
tion in the LA is depicted in Figure 3D, while representative
Western blots can be viewed in Figure 3B. Relative to vehicle-
infused controls, rats given intra-LA infusion of 8-Br-cGMP prior
to training exhibited significant increases in both phospho-
ERK1 and phospho-ERK2 in the LA (Fig. 3D). The ANOVA revealed

a significant effect for drug (vehicle vs. 8-Br-cGMP; F(1,24) ¼ 31.44,
P , 0.001), a nonsignificant effect for kinase, and a nonsignifi-
cant drug by kinase interaction. Furthermore, this increase in
ERK activation cannot be accounted for by differences in total
ERK/MAPK (Fig. 3E). Total ERK/MAPK levels, expressed relative
to the loading control GAPDH, were not significantly changed
from vehicle levels following infusion of 8-Br-cGMP. The
ANOVA revealed a nonsignificant effect for drug, a nonsignificant
effect for kinase, and a nonsignificant drug by kinase interaction.

The effect of intra-LA infusion of 8-Br-cGMP on ERK activa-
tion in the MGm/PIN is depicted in Figure 3F, while representative
Western blots can be viewed in Figure 3C. Relative to vehicle-
infused controls, rats given intra-LA infusions of the PKG activator
8-Br-cGMP prior to training exhibited significant increases in both
phospho-ERK1 and phospho-ERK2 in the MGm/PIN (Fig. 3F). The
ANOVA revealed a significant effect for drug (vehicle vs. 8-Br-
cGMP; F(1,24) ¼ 12.35, P , 0.01), a nonsignificant effect for kinase,
and a nonsignificant drug by kinase interaction. Furthermore, this
increase in ERK activation cannot be accounted for by differences
in total ERK/MAPK (Fig. 3G). Total ERK/MAPK levels, expressed
relative to the loading control GAPDH, were not significantly
changed from vehicle levels following infusion of 8-Br-cGMP.
The ANOVA revealed nonsignificant effects for drug, kinase, and
the drug by kinase interaction.

Representative sections from the immunohistochemical
experiments are depicted in Figure 3H–K. Consistent with the

Figure 3. Intra-LA infusion of a PKG activator enhances ERK phosphorylation in the LA and MGm/PIN following fear conditioning. (A) Schematic of
behavioral protocol. Rats were given intra-LA infusion of the vehicle (n ¼ 6) or 8-Br-cGMP (10 mg/side; n ¼ 8), followed 1 h later by fear conditioning.
Rats were sacrificed 1 h following training. (B) Representative blots for both phospho-ERK (pERK) and total ERK in the LA. (C) Representative blots for both
pERK and total ERK in the MGm/PIN. (D) Mean (+ SEM) percent pERK immunoreactivity from LA punches taken from rats given intra-LA infusions of
vehicle or 8-Br-cGMP. Here, pERK levels have been normalized to total ERK levels for each sample. (E) Mean (+ SEM) percent total-ERK immunoreactivity
from LA punches taken from rats given intra-LA infusions of vehicle or 8-Br-cGMP. Here, total ERK levels have been normalized to GAPDH levels for each
sample. (F) Mean (+ SEM) percent pERK immunoreactivity from MGm/PIN punches taken from the rats in D given intra-LA infusions of vehicle or
8-Br-cGMP. Here, pERK levels have been normalized to total ERK levels for each sample. (G) Mean (+ SEM) percent total-ERK immunoreactivity from
MGm/PIN punches taken from the rats in D given intra-LA infusions of vehicle or 8-Br-cGMP. Here, total ERK levels have been normalized to GAPDH
levels for each sample. (H) Representative 10X photomicrograph of the LA of an animal given intra-LA infusion of vehicle, trained, and sacrificed 1 h
later. (I) Representative 10X photomicrograph of the LA of an animal given intra-LA infusion of 8-Br-cGMP (10 mg/side), trained, and sacrificed 1 h
later. (J) Representative 10X photomicrograph of the MGm/PIN of an animal given intra-LA infusion of vehicle, trained, and sacrificed 1 h later. (K)
Representative 10X photomicrograph of the MGm/PIN of an animal given intra-LA infusion of 8-Br cGMP (10 mg/side), trained, and sacrificed 1 h
later. (�) P , 0.05 relative to vehicle-infused rats.
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findings of the Western blotting experiments, we observed eleva-
tions in pERK-labeled cells in the LA (Fig. 3I) and MGm/PIN
(Fig. 3K) following intra-LA infusion of 8-Br-cGMP. Relative to
vehicle-infused controls (Fig. 3H,J), most of the enhanced pERK
labeling in 8-Br-cGMP-infused rats was evident in ventral regions
of the LA (Fig. 3I), while that in the MGm/PIN was observed
throughout the PIN and extending dorsally into the MGm/PIN
(Fig. 3K). As before, little to no pERK labeling was observed in
the MGv (Fig. 3K). Cell counts of pERK-labeled cells in the LA
and MGm/PIN in rats infused with 8-Br-cGMP can be viewed in
Supplemental Figure 1C,D, while statistical analysis of these
data may be viewed in Supplemental Analysis 1.

Together with our previous experiments, these findings sug-
gest that NMDAR-driven synaptic plasticity and NO-cGMP-PKG
signaling in the LA promotes fear memory consolidation, in
part, by regulating ERK signaling in both the LA and the MGm/
PIN. Further, given the fact that the NOS inhibitor 7-Ni impairs
ERK activation in both LA and MGm/PIN, while the membrane
impermeable NO scavenger c-PTIO selectively impairs ERK activa-
tion in the MGm/PIN, our findings suggest that synaptic plasticity
in the LA during fear conditioning promotes ERK/MAPK activa-
tion in MGm/PIN neurons via extracellular release of NO from
LA neurons.

Synaptic plasticity and the NO-cGMP-PKG signaling

pathway in the LA regulate ERK-driven IEG expression in

the LA and MGm/PIN following fear conditioning
In our first series of experiments, we showed that NMDAR-driven
synaptic plasticity and NO-cGMP-PKG signaling in the LA
regulate ERK/MAPK phosphorylation in the LA and MGm/PIN.
In this next series of experiments, we examined whether these
same signaling pathways also regulate downstream targets of
ERK, including the immediate early genes (IEGs) Arc/Arg3.1,
c-Fos, and EGR-1, in the LA and the MGm/PIN. Each of these
downstream targets has been implicated in memory formation,
including fear memory formation (Rosen et al. 1998; Malkani
and Rosen 2000; Hall et al. 2001; Malkani et al. 2004; Ko et al.
2005; Zhang et al. 2005; Huff et al. 2006), but little is known
about whether they are regulated by NO signaling in the LA and
MGm/PIN.

Synaptic plasticity and NO signaling in the LA selectively regulate ERK-driven

IEG expression in the LA and MGm/PIN following fear conditioning

In the first series of experiments, we asked whether NMDAR-
driven synaptic plasticity and NO signaling in the LA regulate
ERK-driven IEG expression in the LA after fear conditioning
(Fig. 4). We gave rats intra-LA infusion of either vehicle,
Ifenprodil (1 mg/side; 0.5 mL), 7-Ni (1 mg/side; 0.5 mL), or c-PTIO
(1 mg/side; 0.5 mL). Thirty minutes following infusion, rats were
conditioned using three tone-shock pairings, then sacrificed
at 2 h following training, a time point that previous studies
have determined to be effective for observing training-induced
regulation of IEGs in both LA and MGm/PIN (Wallace et al.
1998; Ploski et al. 2008) (Fig. 4A). Western blotting was used to
probe for Arc/Arg3.1, c-Fos, and EGR-1 in LA and MGm/PIN
homogenates.

The effects of intra-LA infusion of Ifenprodil, 7-Ni, and
c-PTIO on IEG expression in the LA are depicted in Figure 4D,
while representative Western blots can be viewed in
Figure 4B. Relative to vehicle controls, rats given intra-LA infusion
of either Ifenprodil or 7-Ni prior to training exhibited significant
reductions in levels of Arc/Arg3.1, c-Fos, and EGR-1 immunoreac-
tivity in LA homogenates, while rats infused with c-PTIO did not
(Fig. 4D). The ANOVAs for Arc/Arg3.1 (F(3,22) ¼ 3.26, P , 0.05),

c-Fos (F(3,24) ¼ 6.28, P , 0.01), and EGR-1 (F(3,24) ¼ 5.82, P ,

0.01) all revealed significant overall effects. Specifically, post-hoc
t-tests revealed that for each IEG the vehicle group differed sig-
nificantly from those infused with Ifenprodil (Arc: P , 0.05;
c-Fos: P , 0.01; EGR-1: P , 0.05) and 7-Ni (Arc: P , 0.05; c-Fos:
P , 0.05; EGR-1: P , 0.05), but not from the group infused
with c-PTIO (Arc: P . 0.05; c-Fos: P . 0.05; EGR-1: P . 0.05).
Furthermore, IEG expression in the group infused with c-PTIO dif-
fered significantly from that infused with Ifenprodil (c-Fos: P ,

0.01; EGR-1: P , 0.01) and 7-Ni (c-Fos: P , 0.05; EGR-1: P ,

0.01) for c-Fos and EGR-1. Importantly, levels of the loading
control, GAPDH, did not differ between any of the groups for
Arc/Arg3.1, c-Fos, and EGR-1.

The effects of intra-LA infusion of Ifenprodil, 7-Ni, and
c-PTIO on IEG expression in the MGm/PIN are depicted
in Figure 4E, while representative Western blots can be viewed
in Figure 4C. Relative to vehicle controls, rats given intra-LA infu-
sion of either Ifenprodil, 7-Ni, or c-PTIO prior to training exhib-
ited significant reductions in the expression of all three IEGs in
the MGm/PIN (Fig. 4E). The ANOVAs for Arc/Arg3.1 (F(3,27) ¼

16.09, P , 0.001), c-Fos (F(3,27) ¼ 5.02, P , 0.01), and EGR-1
(F(3,27) ¼ 11.85, P , 0.001) all revealed significant effects.
Specifically, post-hoc t-tests revealed that the vehicle-infused
group differed significantly from that infused with Ifenprodil
(Arc: P , 0.001; c-Fos: P , 0.01; EGR-1: P , 0.001), 7-Ni (Arc:
P , 0.001; c-Fos: P , 0.01; EGR-1: P , 0.001), and c-PTIO (Arc:
P , 0.001; c-Fos: P , 0.05; EGR-1: P , 0.001) for all three IEGs.
In addition, levels of the loading control, GAPDH, did not differ
between any of the groups for Arc, c-Fos, and EGR-1.

Importantly, the reduction in IEG expression in both the LA
and MGm/PIN following intra-LA infusion of either Ifenprodil,
7-Ni, or c-PTIO was not observed in naı̈ve animals that did not
receive fear conditioning (Fig. 4F–J). Representative Western blots
from either LA or MGm/PIN for naı̈ve rats given intra-LA infusion
of Ifenprodil, 7-Ni, or c-PTIO can be viewed in Figure 4, G and H,
respectively. Rats given intra-LA infusions of vehicle, Ifenprodil,
7-Ni, or c-PTIO prior to sacrifice at the same time as the trained
animals described above exhibited no significant differences in
levels of Arc/Arg3.1, c-Fos, or EGR-1 protein in the LA (Fig. 4I).
In addition, overall protein levels remained unchanged, as the lev-
els of the loading control, GAPDH, did not differ between any of
the groups for the three IEGs. Similarly, naı̈ve rats given intra-LA
infusion of Ifenprodil, 7-Ni, or c-PTIO exhibited no significant dif-
ferences in levels of Arc/Arg3.1, c-Fos, and EGR-1 protein in the
MGm/PIN (Fig. 4J). In addition, levels of the loading control,
GAPDH, did not differ between any of the groups for the three
IEGs. Collectively, our findings suggest that the reductions in
IEG expression in the LA and MGm/PIN following intra-LA infu-
sion of Ifenprodil, 7-Ni, or c-PTIO cannot be attributed to infusion
of these drugs alone, but rather by infusion in combination with
fear conditioning.

Intra-LA infusion of a PKG inhibitor or a PKG activator impairs or

enhances, respectively, ERK-driven IEG expression in the LA and

MGm/PIN following fear conditioning

In our next series of experiments, we examined the effects
of either inhibition or activation of PKG in the LA on
training-induced IEG expression in the LA and MGm/PIN. As in
our initial experiments examining ERK activation, rats were given
intra-LA infusion of either Rp-8-Br-PET-cGMPS (1 mg/side;
0.5 mL), 8-Br-cGMP (10 mg/side; 0.5 mL), or their respective
vehicle solutions 1 h prior to fear conditioning, followed by sacri-
fice 2 h later (Figs. 5A, 6A). Next, samples taken from the LA and
MGm/PIN of these animals were probed using Western blotting
for Arc/Arg3.1, c-Fos, and EGR-1.
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Representative Western blots from either LA or MGm/PIN for
rats given intra-LA infusion of Rp-8-Br-PET-cGMPS can be viewed
in Figure 5, B and C, respectively. Relative to vehicle-infused con-
trols, rats given intra-LA infusion of Rp-8-Br-PET-cGMPS prior to
training exhibited significant decreases in levels of Arc/Arg3.1
(t(22) ¼ 3.29, P , 0.01), c-Fos (t(22) ¼ 2.72, P , 0.05), and EGR-1
(t(15) ¼ 2.75, P , 0.05) protein in the LA (Fig. 5D). In the MGm/

PIN, we found similar significant decreases in levels of Arc/
Arg3.1 (t(20) ¼ 2.33, P , 0.05), c-Fos (t(19) ¼ 3.07, P , 0.01), and
EGR-1 (t(20) ¼ 3.24, P , 0.01) protein (Fig. 5E). Importantly, levels
of the loading control, GAPDH, did not differ between the
vehicle- and Rp-8-Br-PET-cGMPS-infused rats in either the LA or
MGm/PIN samples.

Representative Western blots from either LA or MGm/PIN
for rats given intra-LA infusion of 8-Br-cGMP can be viewed
in Figure 6, B and C, respectively. Relative to vehicle-infused
controls, rats given intra-LA infusion of 8-Br-cGMP prior to
training exhibited significant increases in levels of Arc/Arg3.1
(t(20) ¼ 2.94, P , 0.01), c-Fos (t(20) ¼ 2.27, P , 0.05), and EGR-1
(t(20) ¼ 3.01, P , 0.01) protein in the LA (Fig. 6D). In the MGm/

PIN, we found similar significant increases in levels of Arc/
Arg3.1 (t(24) ¼ 3.21, P , 0.01), c-Fos (t(27) ¼ 3.32, P , 0.01), and
EGR-1 (t(26) ¼ 3.03, P , 0.01) proteins (Fig. 6E). Levels of the

loading control, GAPDH, however, did not differ between the
vehicle- and 8-Br-cGMP-infused rats in either the LA or MGm/

PIN samples.
Importantly, this reduction or enhancement in IEG expres-

sion in both the LA and MGm/PIN following intra-LA infusion of
Rp-8-Br-PET-cGMPS or 8-Br-cGMP, respectively, was not observed
in naı̈ve animals that did not receive fear conditioning (Figs. 5F–J,
6F–J). Representative Western blots from either LA or MGm/PIN
for naı̈ve rats given intra-LA infusion of Rp-8-Br-PET-cGMPS can
be viewed in Figure 5, G and H, respectively, and representative
Western blots from either LA or MGm/PIN for naı̈ve rats given
intra-LA infusion of 8-Br-cGMP can be viewed in Figure 6, G and
H, respectively. Relative to vehicle controls, naı̈ve rats given
intra-LA infusion of either Rp-8-Br-PET-cGMPS or 8-Br-cGMP
prior to sacrifice at the same time as the trained animals described
above exhibited no significant differences in levels of these IEGS
in either the LA or the MGm/PIN (Figs. 5I,J, 6I,J). In addition,
levels of the loading control, GAPDH, did not differ between
any of the groups in either the LA or the MGm/PIN.

To further support our findings that each of the drugs that we
used in our experiments have affected training-induced changes
in IEG expression, we performed an additional analysis for each
of our drug groups comparing both conditioned and naı̈ve

Figure 4. Synaptic plasticity and NO signaling in the LA selectively regulate ERK-driven IEG expression in the LA and MGm/PIN following fear condition-
ing. (A) Schematic of behavioral protocol. Rats were given intra-LA infusion of the vehicle, Ifenprodil (1 mg/side), 7-Ni (1 mg/side), or c-PTIO (1 mg/side),
followed 30 min later by fear conditioning. Rats were sacrificed 2 h following training. (B) Representative blots for Arc/Arg3.1, c-Fos, EGR-1, and GAPDH
in the LA. (C) Representative blots for Arc/Arg3.1, c-Fos, EGR-1, and GAPDH in the MGm/PIN. (D) Mean (+ SEM) percent Arc/Arg3.1, c-Fos, and EGR-1
immunoreactivity from LA punches taken from rats given intra-LA infusions of vehicle (Arc/Arg3.1: n ¼ 7, c-Fos: n ¼ 8, EGR-1: n ¼ 8), Ifenprodil (Arc/
Arg3.1: n ¼ 6, c-Fos: n ¼ 6, EGR-1: n ¼ 6), 7-Ni (Arc/Arg3.1: n ¼ 7, c-Fos: n ¼ 7, EGR-1: n ¼ 7), or c-PTIO (Arc/Arg3.1: n ¼ 6, c-Fos: n ¼ 7, EGR-1:
n ¼ 7). Here, Arc/Arg3.1, c-Fos, and EGR-1 levels have been normalized to GAPDH levels for each sample. (E) Mean (+ SEM) percent Arc/Arg3.1,
c-Fos, and EGR-1 immunoreactivity from MGm/PIN punches taken from rats in D given intra-LA infusions of vehicle (Arc/Arg3.1: n ¼ 8, c-Fos: n ¼ 8,
EGR-1: n ¼ 8), Ifenprodil (Arc/Arg3.1: n ¼ 8, c-Fos: n ¼ 8, EGR-1: n ¼ 8), 7-Ni (Arc/Arg3.1: n ¼ 7, c-Fos: n ¼ 7, EGR-1: n ¼ 7), or c-PTIO (Arc/Arg3.1:
n ¼ 8, c-Fos: n ¼ 8, EGR-1: n ¼ 8). Here, Arc/Arg3.1, c-Fos, and EGR-1 levels have been normalized to GAPDH levels for each sample. (F) Schematic
of behavioral protocol. Rats were given intra-LA infusion of the vehicle (n ¼ 7), Ifenprodil (1 mg/side; n ¼ 7), 7-Ni (1 mg/side; n ¼ 7), or c-PTIO (1
mg/side; n ¼ 7), then sacrificed 2 h and 40 min following infusion. (G) Representative blots for Arc/Arg3.1, c-Fos, EGR-1, and GAPDH in the LA. (H)
Representative blots for Arc/Arg3.1, c-Fos, EGR-1, and GAPDH in the MGm/PIN. (I ) Mean (+ SEM) percent Arc/Arg3.1, c-Fos, and EGR-1 immunoreac-
tivity from LA punches taken from naı̈ve rats given intra-LA infusions of vehicle, Ifenprodil, 7-Ni, or c-PTIO. Here, protein levels have been normalized to
GAPDH levels for each sample. (J) Mean (+ SEM) percent Arc/Arg3.1, c-Fos, and EGR-1 immunoreactivity from MGm/PIN punches taken from naı̈ve rats
given intra-LA infusions of vehicle, Ifenprodil, 7-Ni, or c-PTIO. Here, protein levels have been normalized to GAPDH levels for each sample. (�) P , 0.05
relative to vehicle-infused rats.
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animals within the same overall Drug Condition (Vehicle vs.
Drug) by Training Condition (Naı̈ve vs. Trained) by IEG (Arc/
Arg3.1 vs. EGR-1 vs. c-Fos) ANOVA. In these experiments, all ani-
mals were treated identically except for the presence or absence of
paired tone-shock presentations (i.e., both Naı̈ve and Trained
groups were each infused with the same dose and volume of
drug and sacrificed at the same time point following infusion
of the drug). Here, we report only the results of the Drug
Condition (Vehicle vs. Drug) by Training Condition (Naı̈ve vs.
Trained) interaction, since this analysis is the most relevant for
supporting our conclusion that our effects on IEG expression in
both the LA and MGm/PIN are specific to training and not due
to a generalized effect of infusion of the drugs alone. Further,
we found no significant effects for the Drug Condition by IEG,
Training Condition by IEG, or Drug Condition by Training
Condition by IEG interactions in any of our analyses.

The overall ANOVA for Naı̈ve and Trained animals infused
with Ifenprodil showed a significant Drug Condition by
Training Condition interaction in both the LA (F(1,71) ¼ 9.79,
P , 0.01) and the MGm/PIN (F(1,78) ¼ 16.43, P , 0.001). A similar
pattern of results was seen for 7-Ni-infused animals. The ANOVA
showed a significant Drug Condition by Training Condition inter-
action in both the LA (F(1,74) ¼ 6.07, P , 0.05) and the MGm/PIN
(F(1,75) ¼ 12.77, P , 0.001). The ANOVA for c-PTIO-infused ani-
mals, in contrast, showed a nonsignificant Drug Condition by
Training Condition interaction in the LA (F(1,73) ¼ 0.52, P .

0.05), but a significant Drug Condition by Training Condition
interaction in the MGm/PIN (F(1,78) ¼ 18.43, P , 0.001). This is
consistent with our earlier analysis, in which we showed that ani-
mals given intra-LA infusion of c-PTIO showed significant differ-
ences relative to the vehicle group in expression of the IEGs
Arc/Arg3.1, c-Fos, and EGR-1 in the MGm/PIN (Fig. 4E), but

Figure 5. Intra-LA infusion of a PKG inhibitor impairs ERK-driven gene expression in the LA and MGm/PIN following fear conditioning. (A) Schematic of
behavioral protocol for the PKG inhibitor. Rats were given intra-LA infusion of the vehicle or Rp-8-Br-PET-cGMPS (1 mg/side), followed 1 h later by fear
conditioning. Rats were sacrificed 2 h following training. (B) Representative blots for Arc/Arg3.1, c-Fos, EGR-1, and GAPDH in the LA. (C) Representative
blots for Arc/Arg3.1, c-Fos, EGR-1, and GAPDH in the MGm/PIN. (D) Mean (+ SEM) percent Arc/Arg3.1, c-Fos, and EGR-1 immunoreactivity from LA
punches taken from rats given intra-LA infusions of vehicle (Arc/Arg3.1: n ¼ 10, c-Fos: n ¼ 10, EGR-1: n ¼ 7) or Rp-8-Br-PET-cGMPS (Arc/Arg3.1: n ¼ 14,
c-Fos: n ¼ 14, EGR-1: n ¼ 10). Here, Arc/Arg3.1, c-Fos, and EGR-1 levels have been normalized to GAPDH levels for each sample. (E) Mean (+ SEM)
percent Arc/Arg3.1, c-Fos, and EGR-1 immunoreactivity from MGm/PIN punches taken from rats in D given intra-LA infusions of vehicle (Arc/Arg3.1:
n ¼ 9, c-Fos: n ¼ 9, EGR-1: n ¼ 9) or Rp-8-Br-PET-cGMPS (Arc/Arg3.1: n ¼ 13, c-Fos: n ¼ 12, EGR-1: n ¼ 13). Here, Arc/Arg3.1, c-Fos, and EGR-1
levels have been normalized to GAPDH levels for each sample. (F) Schematic of behavioral protocol. Rats were given intra-LA infusion of the vehicle
or Rp-8-Br-PET-cGMPS (1 mg/side). Rats were sacrificed 3 h and 10 min following infusion. (G) Representative blots for Arc/Arg3.1, c-Fos, EGR-1, and
GAPDH in the LA. (H) Representative blots for Arc/Arg3.1, c-Fos, EGR-1, and GAPDH in the MGm/PIN. (I) Mean (+ SEM) percent Arc/Arg3.1, c-Fos,
and EGR-1 immunoreactivity from LA punches taken from naı̈ve rats given intra-LA infusions of vehicle (Arc/Arg3.1: n ¼ 5, c-Fos: n ¼ 5, EGR-1: n ¼ 5)
or Rp-8-Br-PET-cGMPS (Arc/Arg3.1: n ¼ 5, c-Fos: n ¼ 5, EGR-1: n ¼ 4). Here, protein levels have been normalized to GAPDH levels for each sample.
(J) Mean (+ SEM) percent Arc/Arg3.1, c-Fos, and EGR-1 immunoreactivity from MGm/PIN punches taken from naı̈ve rats given intra-LA infusions of
vehicle (Arc/Arg3.1: n ¼ 5, c-Fos: n ¼ 5, EGR-1: n ¼ 5) or Rp-8-Br-PET-cGMPS (Arc/Arg3.1: n ¼ 5, c-Fos: n ¼ 5, EGR-1: n ¼ 5). Here, protein levels
have been normalized to GAPDH levels for each sample. (�) P , 0.05 relative to vehicle-infused rats.
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not in the LA (Fig. 4D). The ANOVA for the Rp-8-Br-PET-cGMPS-
infused animals showed a significant Drug Condition by
Training Condition interaction in both the LA (F(1,82) ¼ 5.48,
P , 0.05) and in the MGm/PIN (F(1,83) ¼ 10.50, P , 0.01).
Similarly, the ANOVA for 8-Br-cGMP-infused animals showed
a significant Drug Condition by Training Condition interaction
in both the LA (F(1,87) ¼ 5.21, P , 0.05) and in the MGm/PIN
(F(1,102) ¼ 9.76, P , 0.01). Taken together, the results of these
analyses suggest that our effects on IEG expression in both the
LA and MGm/PIN are not due to a generalized effect of infusion
of the drugs alone. Rather, our effects appear to be specific to
the combination of training with the drug infused.

Collectively, the findings from this second series of experi-
ments suggest that NMDAR-driven synaptic plasticity and
NO-cGMP-PKG signaling in the LA regulate fear memory consol-
idation via training-induced expression of the IEGs Arc/Arg3.1,
c-Fos, and EGR-1 in both the LA and in the MGm/PIN. Further,

given the fact that the NOS inhibitor 7-Ni impairs training-
induced IEG expression in both the LA and the MGm/PIN, while
the membrane impermeable NO scavenger c-PTIO selectively
impairs training-induced IEG expression in the MGm/PIN, these
findings further suggest that synaptic plasticity in the LA during
fear conditioning promotes IEG expression in MGm/PIN neurons
via extracellular release of NO from LA neurons.

Training-induced IEG expression in the LA and MGm/PIN

is downstream from ERK/MAPK activation
The experiments presented thus far support the hypothesis that
NMDAR-driven synaptic plasticity and NO-cGMP-PKG signaling
in the LA at the time of fear learning coordinately regulate ERK
and ERK-driven transcriptional changes in MGm/PIN and LA neu-
rons. In our first series of experiments, we showed that pharmaco-
logical manipulations in the LA that target synaptic plasticity and

Figure 6. Intra-LA infusion of a PKG activator enhances ERK-driven gene expression in the LA and MGm/PIN following fear conditioning. (A) Schematic
of behavioral protocol for PKG activator. Rats were given intra-LA infusion of the vehicle or 8-Br-cGMP (10 mg/side), followed 1 h later by fear condition-
ing. Rats were sacrificed 2 h following training. (B) Representative blots for Arc/Arg3.1, c-Fos, EGR-1, and GAPDH in the LA. (C) Representative blots for
Arc/Arg3.1, c-Fos, EGR-1, and GAPDH in the MGm/PIN. (D) Mean (+ SEM) percent Arc/Arg3.1, c-Fos, and EGR-1 immunoreactivity from LA punches
taken from rats given intra-LA infusions of vehicle (Arc/Arg3.1: n ¼ 11, c-Fos: n ¼ 11, EGR-1: n ¼ 11) or 8-Br-cGMP (Arc/Arg3.1: n ¼ 11, c-Fos: n ¼ 11,
EGR-1: n ¼ 11). Here, Arc/Arg3.1, c-Fos, and EGR-1 levels have been normalized to GAPDH levels for each sample. (E) Mean (+ SEM) percent Arc/Arg3.1,
c-Fos, and EGR-1 immunoreactivity from MGm/PIN punches taken from rats in D given intra-LA infusions of vehicle (Arc/Arg3.1: n ¼ 13, c-Fos: n ¼ 15,
EGR-1: n ¼ 14) or 8-Br-cGMP (Arc/Arg3.1: n ¼ 13, c-Fos: n ¼ 14, EGR-1: n ¼ 14). Here, Arc/Arg3.1, c-Fos, and EGR-1 levels have been normalized to
GAPDH levels for each sample. (F) Schematic of behavioral protocol. Rats were given intra-LA infusion of the vehicle or 8-Br-cGMP (10 mg/side). Rats
were sacrificed 3 h and 10 min following infusion. (G) Representative blots for Arc/Arg3.1, c-Fos, EGR-1, and GAPDH in the LA. (H) Representative
blots for Arc/Arg3.1, c-Fos, EGR-1, and GAPDH in the MGm/PIN. (I) Mean (+ SEM) percent Arc/Arg3.1, c-Fos, and EGR-1 immunoreactivity from LA
punches taken from naı̈ve rats given intra-LA infusions of vehicle (Arc/Arg3.1: n ¼ 5, c-Fos: n ¼ 5, EGR-1: n ¼ 5) or 8-Br-cGMP (Arc/Arg3.1: n ¼ 6,
c-Fos: n ¼ 6, EGR-1: n ¼ 6). Here, protein levels have been normalized to GAPDH levels for each sample. (J) Mean (+ SEM) percent Arc/Arg3.1,
c-Fos, and EGR-1 immunoreactivity from MGm/PIN punches taken from naı̈ve rats given intra-LA infusions of vehicle (Arc/Arg3.1: n ¼ 5, c-Fos: n ¼ 5,
EGR-1: n ¼ 5) or 8-Br-cGMP (Arc/Arg3.1: n ¼ 4, c-Fos: n ¼ 6, EGR-1: n ¼ 6). Here, protein levels have been normalized to GAPDH levels for each
sample. (�) P , 0.05 relative to vehicle-infused rats.
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the NO-cGMP-PKG signaling pathway
regulate ERK/MAPK phosphorylation in
the LA and MGm/PIN (Figs. 1–3).
In our second series of experiments, we
showed that NMDAR-driven synaptic
plasticity and NO-cGMP-PKG signaling
in the LA also regulate the expression of
the IEGs Arc/Arg3.1, c-Fos, and EGR-1
in the LA and the MGm/PIN (Figs. 4–
6). In this final set of experiments, we
ask whether these two processes are
linked: that is, whether the training
induced expression of IEGs that we
have observed in the LA and MGm/PIN
are downstream from the ERK/MAPK sig-
naling pathway.

Inhibition of ERK/MAPK signaling in the LA

impairs training-induced IEG expression in the

LA, but not in the MGm/PIN

In this first experiment, we gave rats
intra-LA infusion of either vehicle or
the MEK inhibitor U0126 (1 mg/side;
0.5 mL), a dose that we have shown to
effectively impair fear memory consoli-
dation when infused into the LA
(Schafe et al. 2000). Thirty minutes later,
rats were conditioned using three tone-
shock pairings as before and sacrificed
2 h later. Western blotting was used to
assay for the IEGs Arc/Arg3.1, c-Fos,
and EGR-1 in both the LA and MGm/
PIN (Fig. 7A). Relative to vehicle-infused
controls, rats given intra-LA infusion of
U0126 exhibited significant decreases in
the expression of Arc/Arg3.1 (t(13) ¼

2.49, P , 0.05), c-Fos (t(13) ¼ 3.96, P ,

0.01), and EGR-1 (t(13) ¼ 2.82, P , 0.05)
protein in the LA (Fig. 7B). In the
MGm/PIN, however, no significant dif-
ferences in levels of Arc/Arg3.1, c-Fos, or
EGR-1 protein were observed (Fig. 7C).
Representative blots for each IEG from
the LA and MGm/PIN are represented
adjacent to Figure 7, B and C, respec-
tively. Importantly, levels of the loading
control, GAPDH, did not differ between
vehicle- and U0126-infused rats in either
the LA or the MGm/PIN. Thus, intra-LA
infusion of U0126 impairs IEG expression
in the LA, but not in the MGm/PIN.

Inhibition of ERK/MAPK signaling in the MGm/

PIN impairs training-induced IEG expression in the MGm/PIN

Next, we asked whether training-induced IEG expression in the
MGm/PIN is downstream from ERK/MAPK signaling in the
MGm/PIN. We gave rats intra-MGm/PIN infusion of either
vehicle or U0126 (1 mg/side; 0.5 mL), a dose that we have shown
to effectively block fear memory consolidation when infused
into the MGm/PIN (Apergis-Schoute et al. 2005). Thirty minutes
later, rats were conditioned using three tone-shock pairings
as before and sacrificed 2 h later. Punches taken from the
MGm/PIN were homogenized and probed for Arc/Arg3.1, c-Fos,
and EGR-1 (Fig. 7D). Relative to vehicle-infused controls,

rats given an intra-MGm/PIN infusion of U0126 exhibited signi-
ficant decreases in levels of Arc/Arg3.1 (t(10) ¼ 2.74, P , 0.05),
c-Fos (t(10) ¼ 2.75, P , 0.05), and EGR-1 (t(10) ¼ 2.48, P , 0.05)
protein in the MGm/PIN (Fig. 7E). Representative blots for
each IEG from the MGm/PIN are represented adjacent to
Figure 7E. Importantly, levels of the loading control, GAPDH,
did not differ between the vehicle- and U0126-infused rats for
Arc/Arg3.1, c-Fos, or EGR-1, indicating that overall protein levels
were not significantly changed in animals that received U0126.
These findings indicate that IEG expression in the MGm/PIN is
downstream from ERK/MAPK, suggesting that the mechanism
of IEG regulation there may be similar to that in the LA.

Figure 7. Training-induced IEG expression in the LA and MGm/PIN is downstream from ERK/MAPK
in the LA and MGm/PIN, respectively. (A) Schematic of behavioral protocol for intra-LA infusion of
U0126. Rats were given intra-LA infusion of the vehicle or U0126 (1 mg/side), followed 30 min later
by fear conditioning. Rats were sacrificed 2 h following training. (B) Mean (+ SEM) percent Arc/
Arg3.1, c-Fos, and EGR-1 immunoreactivity from LA punches taken from rats given intra-LA infusions
of vehicle (Arc/Arg3.1: n ¼ 7, c-Fos: n ¼ 7, EGR-1: n ¼ 7) or U0126 (Arc/Arg3.1: n ¼ 8, c-Fos: n ¼ 8,
EGR-1: n ¼ 8). Here, Arc/Arg3.1, c-Fos, and EGR-1 levels have been normalized to GAPDH levels for
each sample. Representative blots for Arc/Arg3.1, c-Fos, EGR-1, and GAPDH can be viewed at the
right. (C) Mean (+ SEM) percent Arc/Arg3.1, c-Fos, and EGR-1 immunoreactivity from MGm/PIN
punches taken from rats in B given intra-LA infusions of vehicle (Arc/Arg3.1: n ¼ 9, c-Fos: n ¼ 9,
EGR-1: n ¼ 9) or U0126 (Arc/Arg3.1: n ¼ 8, c-Fos: n ¼ 8, EGR-1: n ¼ 8). Here, Arc/Arg3.1, c-Fos,
and EGR-1 levels have been normalized to GAPDH levels for each sample. Representative blots for
Arc/Arg3.1, c-Fos, EGR-1, and GAPDH can be viewed at the right. (D) Schematic of behavioral protocol
for intra-MGm/PIN infusion of U0126. Rats were given intra-MGm/PIN infusion of vehicle or U0126 (1
mg/side), followed 30 min later by fear conditioning. Rats were sacrificed 2 h following training. (E)
Mean (+ SEM) percent Arc/Arg3.1, c-Fos, and EGR-1 immunoreactivity from MGm/PIN punches
taken from rats given intra-MGm/PIN infusions of vehicle (Arc/Arg3.1: n ¼ 5, c-Fos: n ¼ 5, EGR-1: n
¼ 5) or U0126 (Arc/Arg3.1: n ¼ 7, c-Fos: n ¼ 7, EGR-1: n ¼ 7). Here, Arc/Arg3.1, c-Fos, and EGR-1
levels have been normalized to GAPDH levels for each sample. Representative blots for Arc/Arg3.1,
c-Fos, EGR-1, and GAPDH can be viewed at the right. (�) P , 0.05 relative to vehicle-infused rats.
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Discussion

Recent studies from our laboratory have shown that blockade or
facilitation of the NO-cGMP-PKG signaling pathway in the LA
impairs or enhances memory consolidation of Pavlovian fear
conditioning and synaptic plasticity in the LA by activating the
ERK/MAPK signaling pathway (Schafe et al. 2005b; Ota et al.
2008). Further, we and others have shown that ERK-driven gene
expression in the MGm/PIN plays a critical role in fear memory
consolidation (Apergis-Schoute et al. 2005) and synaptic plasticity
in the LA (Apergis-Schoute et al. 2005). In the present study,
we now show that pharmacological manipulation of synaptic
plasticity and NO-cGMP-PKG signaling in the LA regulates the
expression of ERK and ERK-driven IEGs in both the LA and
the MGm/PIN following auditory fear conditioning. These find-
ings suggest that NMDAR-driven synaptic plasticity and the
NO-cGMP-PKG signaling pathway may promote fear memory
consolidation, in part, by regulating ERK-driven transcription at
both sides of the thalamo-LA synapse.

NO signaling promotes ERK-driven gene expression in both the LA

and MGm/PIN

In both vertebrate and invertebrate models of memory formation,
long-term synaptic plasticity is thought to involve NMDAR-
driven recruitment of intracellular signaling pathways that pro-
mote long-term plastic change and memory through alterations
of transcription and translation and
accompanying morphological changes
at both pre- and postsynaptic sites
(Bonhoeffer et al. 1989; Lisman and
Harris 1993; Engert and Bonhoeffer
1999; Malenka and Nicoll 1999; Toni
et al. 1999; Roberts and Glanzman
2003). Further, many studies have sug-
gested that the NO-cGMP-PKG signaling
pathway plays a critical role
in coordinating these two events
(Schuman and Madison 1991; Zhuo
et al. 1994; Arancio et al. 1996; Son
et al. 1998; Lu et al. 1999; Monfort et al.
2002). In the postsynaptic cell, for exam-
ple, NMDAR-driven activation of NOS
and the formation of NO has been sug-
gested to play a critical role in transcrip-
tional regulation (Lu et al. 1999), while,
presynaptically, activation of cGMP-
PKG signaling via “retrograde signaling”
of NO has been suggested to promote
mobilization of synaptic vesicles in the
presynaptic cell, leading to enhanced
transmitter release (Ninan et al. 2006)
as well as structural changes in the presy-
naptic terminal (Antonova et al. 2001;
Wang et al. 2005). In our experiments,
we targeted the NO-cGMP-PKG signaling
pathway in the LA at several different
levels. Of particular interest is the find-
ing that intra-LA infusion of the NOS
inhibitor 7-Ni or the PKG inhibitor
Rp-8-Br-PET-cGMPS impairs ERK activa-
tion and ERK-driven gene expression in
both the LA and MGm/PIN, while
intra-LA infusion of the membrane
impermeable NO scavenger c-PTIO
impairs ERK activation and ERK-driven

gene expression in the MGm/PIN, but not in the LA. These find-
ings indicate that ERK-driven gene expression at both sides of
the thalamo-LA synapse is coordinately regulated by
NO-cGMP-PKG signaling in the LA, and are consistent with the
view that NO-driven “retrograde signaling” in the LA during
fear conditioning promotes ERK activation and ERK-driven tran-
scription in MGm/PIN neurons.

A revised model of fear memory consolidation

The present findings are consistent with, and expand upon a
revised model of fear learning and memory consolidation
in which NMDAR-driven synaptic plasticity and NO signaling
in LA neurons promotes pre- and postsynaptic aspects of fear
memory formation at thalamo-LA synapses via regulation of
ERK-driven gene expression in MGm/PIN and LA neurons, respec-
tively (Fig. 8). In that model, fear memory consolidation is
hypothesized to involve both pre- and postsynaptic modifications
at thalamo-LA synapses. These modifications are first triggered by
NMDAR-mediated activation of the NO-cGMP-PKG signaling
pathway in the postsynaptic cell (Step 1) that promotes the activa-
tion of ERK (Schafe et al. 2000) (Step 2) and ERK-driven tran-
scription (Bailey et al. 1999; Josselyn et al. 2001) in LA neurons
(Step 3). The transcription of these ERK-driven genes is ultimately
thought to lead to postsynaptic functional and/or structural
changes that contribute to the formation of the memory
(Rodrigues et al. 2004a). Concurrently, “retrograde signaling”

Figure 8. A model of fear memory consolidation. Fear memory consolidation is hypothesized to
involve both pre- and postsynaptic modifications at thalamo-LA synapses. These modifications are
first triggered by NMDAR-mediated alterations in protein kinase signaling pathways in LA neurons
(Step 1) that promote ERK-dependent signaling in LA neurons (Step 2). Signaling via ERK/MAPK in
LA neurons, in turn, promotes the transcription of IEGs including Arc/Arg3.1, c-Fos, and EGR-1 (Step
3), which is ultimately thought to lead to postsynaptic functional and/or structural changes that con-
tribute to the formation of the memory. Concurrently, NMDAR-driven synaptic plasticity in LA neurons
is also hypothesized to lead to the activation of nNOS in LA neurons and the release of nitric oxide (NO;
Step 4), which can, in turn, engage ERK-driven signaling (Step 5) and mRNA synthesis (Step 6), fol-
lowed by translation of IEGs including Arc/Arg3.1, c-Fos, and EGR-1 in MGm/PIN neurons (Step 7).
ERK-driven gene expression in MGm/PIN neurons is, in turn, hypothesized to promote presynaptic
functional and/or structural changes at thalamo-LA synapses (Step 8). Together with the postsynaptic
modifications driven by ERK signaling in the LA, these presynaptic modifications act to strengthen the
connectivity of thalamo-LA synapses, which is reflected neurophysiologically in an enhanced response
to the CS in the LA after training (Step 9).
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via NO (Step 4) may promote the activation of ERK (Step 5) and
ERK-driven transcription (Steps 6,7) in presynaptic thalamic tar-
gets of LA neurons that are necessary to promote structural and/
or functional changes on the presynaptic side of LA synapses
(Step 8). Together with the postsynaptic modifications driven by
ERK signaling in the LA, these presynaptic modifications act to
strengthen the connectivity of thalamo-LA synapses, which is
reflected neurophysiologically in an enhanced response to the
CS in the LA after training (Step 9). Importantly, previous studies
from our laboratory and others have shown that ERK-driven
transcription in the MGm/PIN is required not only for fear
memory consolidation (Apergis-Schoute et al. 2005; Parsons
et al. 2006; Han et al. 2008), but also for synaptic plasticity at
thalamo-LA synapses (Apergis-Schoute et al. 2005). Further, audi-
tory fear conditioning has recently been shown to lead to
increased expression of the presynaptically localized protein syn-
aptophysin in the LA (Nithianantharajah and Murphy 2008),
suggesting that fear memory consolidation is accompanied by
presynaptic alterations at LA synapses. Finally, a recent study
from our laboratory showed that fear conditioning is associated
with increases in the ERK-driven IEG EGR-1 in the MGm/PIN,
and that knockdown of EGR-1 in MGm/PIN neurons impairs
both fear memory consolidation and the training-induced expres-
sion of both synapsin and synaptophysin in the LA (Overeem
et al. 2010). Together with the findings of the present study, these
findings collectively suggest that synaptic plasticity and NO
signaling in the LA regulate ERK and ERK-driven gene expression
in the MGm/PIN that contributes to fear memory consolidation
by promoting presynaptic aspects of plasticity at the level of
the LA.

Two pools of ERK activation associated with fear memory formation

In the present study, we found that although pharmacological
inhibition of synaptic plasticity (via Ifenprodil) or NO signaling
(via 7-Ni, c-PTIO, or Rp-8-Br-PET-cGMPS) in the LA impairs
ERK-driven gene expression in the MGm/PIN, inhibition of
ERK/MAPK (via U0126) in the LA has no effect at the thalamic
level (Fig. 7C). In contrast, we found that intra-MGm/PIN infu-
sion of U0126 does in fact impair ERK-driven gene expression
in the MGm/PIN (Fig. 7E). This pattern of findings suggests
that there are two functionally distinct pools of ERK/MAPK,
one in LA neurons and one in MGm/PIN neurons, that are
required for fear memory consolidation (Schafe et al. 2000;
Apergis-Schoute et al. 2005). Further, our findings suggest that
each pool of ERK is linked by a common upstream mechanism
(e.g., NO-cGMP-PKG signaling) in the LA. While the mechanism
by which NO signaling leads to ERK activation in the LA during
fear learning is presently unknown, previous studies have sug-
gested that PKG or its downstream substrates can activate Raf-1,
an upstream regulator of ERK1/2 (Hood and Granger 1998), or
inhibit protein phosphatase-1 (Hall et al. 1998), which may indi-
rectly regulate ERK1/2.

A second outstanding question is how NO signaling at the
level of the LA might be regulating ERK and ERK-driven gene
expression at the thalamic level. Our revised model of fear mem-
ory consolidation hypothesizes that “retrograde” signaling via
NO at thalamo-LA synapses promotes the activation of a presy-
naptic target that, via some retrograde transport process, leads
to ERK-driven gene expression at the somatic level in MGm/PIN
neurons (�2.5 mm away; Fig. 8). Previous reports have suggested
that such retrograde transport can occur very rapidly in neurons,
between �4 and 8 mm/hr (Oztas 2003). Our findings, however,
suggest that this retrogradely transported presynaptic target can-

not be ERK itself; intra-LA infusion of the MEK inhibitor U0126,
which would presumably affect ERK activation both pre- and
postsynaptically, has no effect on training-induced elevations of
Arc/Arg3.1, c-Fos, or EGR-1 in the MGm/PIN (Fig. 7C). Two addi-
tional candidates are PKG and aCaMKII. In in vitro models of
synaptic plasticity in the hippocampus, both PKG and aCaMKII
are known presynaptic targets of NO. Presynaptic injection of
an aCaMKII inhibitor peptide, for example, has been shown
to block both LTP at CA1 synapses and accompanying presynap-
tic morphological alterations induced by NO donors or cGMP
analogs (Ninan and Arancio 2004), suggesting that aCaMKII
may act downstream from cGMP-PKG signaling to promote presy-
naptic aspects of plasticity. Our laboratory has recently shown
that intra-LA infusion of either an inhibitor or activator of
cGMP-PKG signaling impairs or enhances, respectively, synaptic
plasticity at thalamo-LA synapses, fear memory consolidation,
and ERK activation in the LA (Ota et al. 2008). Similarly, fear
conditioning has been shown to regulate the autophosphoryla-
tion of aCaMKII at postsynaptic sites, while inhibition of
CaMKII activity in the LA impairs fear memory formation and
synaptic plasticity at thalamo-LA synapses (Rodrigues et al.
2004b). While these findings suggest that signaling via both
PKG and aCaMKII are critical regulators of postsynaptic signaling
in LA neurons (Rodrigues et al. 2004b; Ota et al. 2008), these same
pathways may also be critical for regulating ERK and ERK-driven
gene expression in the MGm/PIN following fear learning.
Future experiments will be necessary to further define the signal-
ing pathways by which NO regulates ERK in the MGm/PIN during
fear learning.

In the present study, we have used pharmacological tools
to define the contribution of NMDAR-driven synaptic plasticity
and NO-cGMP-PKG signaling in the LA on ERK activation and
ERK-driven gene expression in both the LA and the MGm/
PIN. Given that many of our pharmacological manipulations
have similar effects in both LA and MGm/PIN, it is critical to
address the possibility that passive drug diffusion from the LA
to the MGm/PIN can account for our findings. However, we
think this is an unlikely possibility. For example, we show by
using intra-LA infusion of two different drugs (c-PTIO; U0126)
that we can obtain differential effects on molecular signaling
cascades in LA and MGm/PIN. This is particularly striking in
the case of U0126, which is capable of blocking IEG expression
in either the LA or MGm/PIN when infused directly into either
structure. However, when U0126 is infused into LA, it impairs
IEG expression in LA, while sparing that in MGm/PIN (Fig. 7).
Further, a recent study from our laboratory showed that infu-
sion of an antisense oligodeoxynucleotide to EGR-1 that remains
confined to the MGm/PIN impairs fear memory consolidation
and associated presynaptic alterations at the level of the LA
(Overeem et al. 2010). Collectively, we think these observations
provide the best evidence that passive drug diffusion between the
LA and the MGm/PIN is unlikely to account for our findings.

In summary, the results of the present study clearly suggest
that synaptic plasticity and the NO-cGMP-PKG signaling path-
way in the LA coordinately regulate ERK and ERK-driven gene
expression in the LA and in the MGm/PIN, helping to further
define a signaling cascade involved in the formation of emotional
memories in the LA and further supporting a revised model of
fear learning that incorporates a role for the auditory thalamus.
The present findings also provide further support for the role of
NO as a “retrograde messenger” in the LA, and make an additional
contribution toward understanding the cellular and molecular
processes underlying emotional memory formation in the
amygdala.
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Materials and Methods

Subjects
Adult male Sprague–Dawley rats (Harlan) were housed individu-
ally in plastic cages and maintained on a 12:12 h light/dark cycle.
Food and water were provided ad libitum throughout the
experiment.

Surgical procedures
Under a mixture of Ketamine (100 mg/kg) and Xylazine (6.0 mg/
kg) anesthesia, rats were implanted bilaterally with 22- or
26-gauge stainless steel guide cannulas (Plastics One) aimed
at the LA or MGm/PIN, respectively. The coordinates for the
LA were: 23.2 mm, +5.0 mm, 28.0 mm relative to bregma.
The coordinates for the MGm/PIN were: 25.5 mm, +2.8 mm,
26.6 mm relative to bregma. The guide cannulas were fixed to
screws in the skull using a mixture of acrylic and dental cement,
and a 28- or 31-gauge dummy cannula was inserted into each
guide cannula to prevent clogging. Rats were given Buprenex
(0.2 mg/kg) as an analgesic and given at least 5 d to recover prior
to experimental procedures. All procedures were conducted in
accordance with the National Institutes of Health Guide for the
Care and Use of Experimental Animals and were approved by
the Yale University Animal Care and Use Committee.

Drugs
The NR2B selective antagonist a-(4-Hydroxyphenyl)-b-methyl-4-
benzyl-1-piperidineethanol (þ)-tartrate salt (Ifenprodil; Sigma,
Cat. No. 12892) was dissolved in physiological saline at a
concentration of 2 mg/mL in 2% HBC. The NOS inhibitor
7-Nitroindazole, 3-Bromo-, sodium salt (7-Ni; EMD Chemicals,
Cat. No. 483400), the membrane impermeable NO scavenger
2-(4-Carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-
oxide, potassium salt (c-PTIO; Tocris, Cat. No. 0772), and the MEK
inhibitor 1,4-Diamino-2,3-dicyano-1,4-bis(aminophenylthio)-
butadiene (U0126; Promega, Cat. No. V1121) were dissolved in
100% DMSO to yield a stock concentration of 4 mg/mL, which
was then diluted 1:1 in ACSF prior to infusion. The PKG inhibitor
Guanosine 30,50-cyclic Monophosphorothioate, b-Phenyl-1,N2-
etheno-8-bromo-, Rp-Isomer, sodium salt (Rp-8-Br-PET-cGMPS;
Calbiochem, Cat. No. 370679) and the PKG activator Guanosine
30,50-cyclic Monophosphate, 8-Bromo-, sodium salt (8-Br-cGMP;
Calbiochem, Cat. No. 203820) were dissolved in distilled water
at concentrations of either 2 mg/mL (Rp-8-Br-PET-cGMPS) or
20 mg/mL (8-Br-cGMP).

Behavioral procedures
Rats were habituated to handling and dummy cannula removal
for 2 d prior to training. On the training day, rats were given
intra-LA infusion of 50% DMSO in ACSF (vehicle), the NR2B selec-
tive antagonist Ifenprodil (1 mg/side in 0.5 mL; 0.25 mL/min), the
NOS inhibitor 7-Ni (1 mg/side in 0.5 mL; 0.25 mL/min), the mem-
brane impermeable NO scavenger c-PTIO (1 mg/side in 0.5 mL;
0.25 mL/min), or the MEK inhibitor U0126 (1 mg/side in 0.5 mL;
0.25 mL/min). In other experiments, rats were given an intra-LA
infusion of either ACSF (vehicle; containing [in millimolars]:
115 NaCl, 3.3 KCl, 1 MgSO4, 2 CaCl2, 25.5 NaHCO3, 1.2
NaH2PO4, and 10 glucose), the PKG inhibitor Rp-8-Br-PET-
cGMPS (1 mg/side in 0.5 mL; 0.25 mL/min), or the PKG activator
8-Br-cGMP (10 mg/side in 0.5 mL; 0.25 mL/min). In a final set of
experiments, rats received intra-MGm/PIN infusion of vehicle
(50% DMSO in ACSF) or U0126 (1 mg/side in 0.5 mL; 0.25 mL/
min). Injectors remained in the cannulas for 1 min after drug infu-
sion to allow diffusion of the drug from the tip.

Thirty (Ifenprodil, 7-Ni, c-PTIO, and U0126, and respective
vehicle controls) or 60 (Rp-8-Br-PET-cGMPS and 8-Br-cGMP, and
respective vehicle controls) min following drug infusion, rats
were trained with three conditioning trials consisting of a 20-

sec, 5-kHz, 75-dB tone that coterminated with a 1.0-sec, 1-mA
footshock (intertrial interval [ITI] ¼ 120 sec). For experiments
involving intra-LA infusion of 8-Br-cGMPS, rats received two
tone-shock pairings consisting of a 20-sec, 5-kHz, 75-dB tone
that coterminated with a 1.0-sec, 0.5-mA footshock (ITI ¼ 120
sec). This slightly weaker training protocol was used in an effort
to avoid ceiling effects that might obscure observation of train-
ing-induced elevations in ERK and ERK-driven IEGs above the
level of vehicle controls (Ota et al. 2008). Either 1 or 2 h following
training, rats received an overdose of chloral hydrate (250 mg/kg)
and were decapitated. The 1-h time point has previously been
shown to be optimal for assaying training-induced elevations in
ERK/MAPK activation in the LA (Schafe et al. 2000; Ota et al.
2008). The 2-h time point has also previously been shown to be
optimal for assaying training-induced elevations in IEG activation
in the LA and the MGm/PIN (Ploski et al. 2008).

Western blotting
Following behavioral training and sacrifice, brains were frozen
and stored at 2808C until processed. Punches containing the LA
or the MGm/PIN were obtained using a 1-mm punch tool (Fine
Science Tools) from 400-mm-thick sections taken on a sliding
freezing microtome. Representative punches from both LA and
MGm/PIN can be viewed in Supplemental Figure 2. Punches
were manually dounced in 100 mL of ice-cold hypotonic lysate
buffer (10 mM Tris-Hcl, pH 7.5, 1 mM EDTA, 2.5 mM sodium
pyrophosphate, 1 mM phenylmethylsulfonyl fluoride, 1 mM
b-glycero-phosphate, 1% Igepal CA-630, 1% protease inhibitor
cocktail [Sigma], and 1 mM sodium orthovanadate). Sample
buffer (25 mL) was immediately added to the homogenates, and
the samples were boiled for 4 min. Homogenates were electro-
phoresed on 10% Tris-HCl gels and blotted to Immobilon-P
(Millipore). Western blots were blocked in 5% milk in TTBS buffer
(50 mM Tris-Hcl, pH 7.5, 150 mM NaCl, and 0.05% Tween
20), then incubated with anti-phospho-MAPK (1:1000; Cell
Signaling), anti-total MAPK (1:1000; Cell Signaling), anti-Arc
(1:1000; Santa Cruz), anti-c-Fos (1:1000; Santa Cruz), or anti-
EGR-1 (1:1000; Santa Cruz) antibody. Blots were then incubated
with the appropriate secondary antibody conjugated to horserad-
ish peroxidase (1:20K; Cell Signaling) and developed using
enhanced chemiluminescence (Pierce). GAPDH (1:5000; Abcam)
was used as a loading control for all Western blotting experiments
to control for inconsistencies in protein loading. Optical densities
of the bands were analyzed using NIH Image J software.

To assess for changes in the activation of ERK/MAPK, total
ERK levels were first normalized to the reference protein GAPDH
for each sample. Activated (phosphorylated) ERK levels were
then normalized to total ERK. For analysis, activated ERK levels
in drug-infused rats were expressed as a percentage of those in
vehicle-infused rats.

Immunohistochemistry
For immunohistochemistry experiments, rats were cannulated as
described above. Rats were habituated to handling and dummy
cannula removal for 2 d prior to training. On the training day,
animals were given an intra-LA infusion of either ACSF (vehicle),
the PKG inhibitor Rp-8-Br-PET-cGMPS (1 mg/side in 0.5 mL;
0.25 mL/min) or the PKG activator 8-Br-cGMP (10 mg/side in
0.5 mL; 0.25 mL/min). Injectors remained in the cannulas for
1 min after drug infusion to allow diffusion of the drug from the
tip. One hour following drug infusion, rats were trained with
either two (8-Br-cGMP) or three (Rp-8-Br-PET-cGMPS) condition-
ing trials consisting of a 20-sec, 5-kHz, 75-dB tone that cotermi-
nated with a 1.0-sec, 0.5-mA or 1-mA footshock, respectively
(ITI ¼ 120 sec). One hour following training, rats were rapidly
and deeply anesthetized with chloral hydrate (250 mg/kg, i.p.)
and perfused through the heart with ice-cold phosphate-buffered
saline (PBS), followed by ice-cold 4% paraformaldehyde in 0.1 M
phosphate buffer (PB). Following perfusion, brains were removed
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and post-fixed in 4% paraformaldehyde-PB for 12 h and then cry-
oprotected in 20% glycerol—0.1 M PB for 48–72 h. Free-floating
sections (40 mm) containing either the LA or the MGm/PIN
were cut using a sliding microtome. After blocking in Tris-buffered
saline (TBS) containing 1% goat serum-0.1% Triton X-100, slices
were incubated overnight at room temperature in anti-phospho-
MAPK antibody (1:1000; Cell Signaling) in TBS-1% goat serum-
0.1% Triton X-100. After three washes in PBS, tissue sections
were visualized using VectaStain ABC kit (Vector Laboratories)
and developed using a DAB peroxidase substrate (Sigma).
Sections were mounted on Fisherbrand electrostatic slides and
coverslipped.
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