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Abstract
Background—Formation of long-term memories is critically dependent on extracellular-regulated
kinase (ERK) signaling. Activation of the ERK pathway by the sequential recruitment of mitogen-
activated protein kinases is well understood. In contrast, the proteins that inactivate this pathway are
not as well characterized.

Methods—Here we tested the hypothesis that the brain-specific protein tyrosine phosphatase STEP
plays a key role in neuroplasticity and fear memory formation by its ability to regulate ERK1/2
activation.

Results—STEP co-localizes with the ERKs within neurons of the lateral amygdala. A substrate-
trapping STEP protein (TAT-STEP) binds to the ERKs and prevents their nuclear translocation after
glutamate stimulation in primary cell cultures. Administration of TAT-STEP into the lateral
amygdala disrupts long-term potentiation (LTP) and selectively disrupts fear memory consolidation.
Fear conditioning induces a bi-phasic activation of ERK1/2 in the lateral amygdala (LA) with an
initial activation within 5 minutes of training, a return to baseline levels by 15 minutes, and an increase
again at 1 hour. In addition, fear conditioning results in the de novo translation of STEP. Inhibitors
of ERK1/2 activation or of protein translation block the synthesis of STEP within the LA after fear
conditioning.

Conclusions—Together, these data imply a role for STEP in experience-dependent plasticity, and
suggest that STEP modulates the activation of ERK1/2 during amygdala–dependent memory
formation. The regulation of emotional memory by modulating STEP activity may represent a target
for the treatment of psychiatric disorders such as PTSD, panic, and anxiety disorders.
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Introduction
The involvement of the extracellular-regulated kinase (ERK1/2) pathway in the formation of
long-term memories has added to our understanding of the development of synaptic plasticity
(Sweatt, 2004). The requirement for ERK1/2 signaling in the consolidation of persistent
memories has been demonstrated across numerous paradigms, such as conditioned taste
aversion in the insular cortex (Berman et al., 1998) and spatial memory in the hippocampus
(Blum et al., 1999). This is also true for Pavlovian auditory fear conditioning in the amygdala
where converging stimulation of auditory thalamic inputs related to the conditioning stimulus
(tone) and somatosensory thalamic inputs linked to the unconditioned stimulus (electrical foot
shock) during training results in activation of ERK1/2 in neurons within the lateral amygdala
(LA). Both inputs are required for the establishment of LTP in the LA and for the acquisition
and consolidation of auditory fear conditioning (Schafe and LeDoux, 2000; Blair et al.,
2001), and blockade of ERK activation impairs the consolidation of fear memory (Schafe et
al., 2000; Rodriques et al., 2004).

Although the involvement of ERK1/2 in memory consolidation is well established, the
mechanisms that regulate ERK1/2 signaling are not known. Previous studies have shown that
the protein tyrosine phosphatase (PTP) STEP modulates ERK signaling pathways by
dephosphorylating a regulatory Tyr204 within the activation domain of ERK1/2 and thereby
inactivating these proteins (Paul et al., 2003; Valjent et al., 2005). Processes that increase the
availability of active STEP should attenuate ERK1/2 activity, while mechanisms that prevent
STEP from interacting with the ERKs should prolong ERK1/2 signaling. The effects of STEP
on ERK1/2 signaling would be predicted to influence memory formation, but a direct role for
STEP in memory processes has yet to be demonstrated.

STEP is localized to brain regions involved in learning and memory, including the striatum,
hippocampus, amygdala, nucleus accumbens, and cortex (Lombroso et al., 1993; Boulanger
et al., 1995). Alternative splicing of a single STEP gene produces a 46 kDa cytosolic member
(STEP46) and a 61 kDa membrane-associated member (STEP61) (Bult et al., 1996). Lower
molecular weight isoforms (STEP38 and STEP20) are also present in striatal tissue (Lombroso
et al., 1993; Sharma et al., 1995).

STEP61 contains an additional 172 amino acids at its N-terminus that include a number of
motifs not found in STEP46. These include two transmembrane domains, two polyproline
domains, and two PEST sequences. Electron microscopy and biochemical analyses have
localized STEP61 to the endoplasmic reticulum and postsynaptic terminal, where it is
associated both with the postsynaptic density (Bult et al., 1996; Boulanger et al., 1995; Oyama
et al., 1995) and the N-methyl-D-aspartate (NMDA) receptor protein complex (Pelkey et al.,
2002). STEP-family proteins contain an ERK binding domain, the kinase interacting motif
(KIM), which is required for the association of STEP with the ERKs (Paul et al., 2003; Pulido
et al., 1998).

The present study tested the hypothesis that STEP regulates the cellular processes underlying
memory formation. We constructed a TAT-STEP fusion protein with a point mutation in the
catalytic domain that renders it inactive. The inactive STEP protein acts as a substrate-trapping
protein: it binds to ERK1/2, prevents their translocation into the nucleus, and thereby disrupts
ERK1/2 signaling. Infusion of this substrate-trapping construct into the lateral amygdala led
to a selective impairment in memory consolidation, while the acquisition of fear learning
remained intact. Parallel manipulations blocked the induction of LTP in amygdala slices after
stimulation of thalamic afferent pathways. Pavlovian auditory fear conditioning was rapidly
followed by the induction of STEP proteins in the lateral amygdala where, prior to training,
only STEP61 is normally found. This de novo STEP expression was prevented by systemic
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pretreatment with the specific MEK inhibitor SL327 or the protein synthesis inhibitor
cycloheximide. Two important conclusions are that STEP activity can be modulated by
experience, as well as that STEP regulates neuroplasticity underlying long-term memory
consolidation.

MATERIALS AND METHODS
Reagents

Cycloheximide, SL327, and glutamate were from Calbiochem (La Jolla, CA). The anti-ERK2
polyclonal antibody that only recognizes ERK2 (C-14) and the anti-myc monoclonal antibody
(sc-40) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-p44/42 ERK
antibodies that detect ERK1/2 when dually phosphorylated at Thr-202 and Tyr-204 (TPEYP)
were obtained from Cell Signaling Technology (Beverly, MA). Bicuculline was obtained from
Tocris Cookson (Ballwin, MO). All other biochemicals were obtained from Sigma (St. Louis,
MO) and media was purchased from Invitrogen-Gibco-BRL (Gaithersburg, MD).

Purification of TAT-STEP
A point mutant within the catalytic domain of STEP46 (C300S) was made by polymerase chain
reaction using site-directed mutagenesis and verified by nucleotide sequencing. This mutation
in the catalytic domain renders STEP enzymatically inactive. It still binds to its substrate
ERK1/2, but is unable to dephosphorylates them. It thus acts as a substrate-trapping mutant
that continues to bind to ERK proteins and not release them. We inserted the TAT nucleotide
sequence (TAC-GGT-CGT-AAA-AAA-CGT-CGT-CAG-CGT-CGT-CGT) at the N-terminal
of the STEP46 cDNA, subcloned it in pTrcHis-TOPO expression vector and transformed into
E. Coli, BL21 (Invitrogen, Carlsbad, CA). Six histidines and a myc tag were added to the C-
terminus to purify the fusion protein and to track it in vivo, respectively. Fusion proteins were
induced with IPTG and affinity purified, and single bands on westerns blotted with myc- and
STEP-antibodies were used as an indication of purity. A TAT-myc peptide was synthesized
by the core facility at Yale University.

Cell culture
E16-17 day old rat embryos from Sprague-Dawley rats (Charles River Laboratory,
Wilmington, MA) were used to obtain primary neuronal cultures. Pregnant dams were
euthanized with CO2 and embryos removed through Caesarean section. Cerebrum was
dissected under a microscope and tissue was mechanically dissociated. Cells were re-
suspended in DMEM/F-12 (1:1)-containing 5% fetal calf serum. Poly-L-lysine-coated 100 mm
tissue culture dishes were used and cells plated at a density of 3 x 106 per dish. For
immunocytochemistry, cells were grown on poly-D-lysine coated 2-well culture slides (Becton
Dickinson). Cells were grown for 10–12 days at 37°C in a humidified atmosphere of 5%
CO2 and 95% air. 10 μM of cytosine D-arabinofuranoside was added to the cultures 72 hrs
after plating to prevent proliferation of non-neuronal cells. For some experiments, neurons
were incubated with TAT-STEP (4 μM) for 1 hr prior to treatment. For glutamate stimulation,
cells were washed twice with MEM followed by the addition of glutamate (100 μM) for 5 min
at 37°C, in the presence or absence of TAT-STEP. For immunoprecipitation, cells were first
washed with PBS and then lysed in a buffer containing (in mM): 50 Tris-HCl, pH 7.4, 150
NaCl, 50 NaF, 10 Na4P2O7, 1 Na3VO4, 0.5% NP-40 and a cocktail of protease inhibitors.
Lysates were centrifuged for 10 min at 14,000 rpm to remove insoluble material, and then pre-
cleared with protein G sepharose. For immunoprecipitation of either TAT-STEP or TAT-myc,
samples were incubated for 1–2 hr with the anti-myc antibody. The immune complexes were
incubated with 50 μl of protein G-sepharose for 2–12 hr at 4°C. Controls included adding
protein G-sepharose only. Beads were collected by centrifugation at 1000 rpm for 2 min,

Paul et al. Page 3

Biol Psychiatry. Author manuscript; available in PMC 2007 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



washed five times with NP-40-containing lysis buffer, and proteins were eluted using SDS-
sample buffer.

Amygdala slice preparation
All procedures were carried out in compliance with the guidelines of the Canadian Council for
Animal Care. Sprague-Dawley rats (21–42 days old) were deeply anesthetized with urethane
(1.5 g/kg, i.p.) and decapitated. The brain was removed and transferred into ice-cold
oxygenated (95% O2-5% CO2) artificial cerebrospinal fluid (aCSF) containing (in mM): 125
NaCl, 2.5 KCl, 2 MgCl2, 25 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, and 25 D-glucose, pH 7.4.
Coronal slices (400 μm thick; 3–4 slices) containing the LA were cut using a vibratome (Leica
VT1000 S, Leica Microsystems Richmond Hill, ON, Canada) in ice-cold oxygenated aCSF as
described by Weisskopf and colleagues (1999). Slices were incubated at 36°C for 1 hr and then
stored at room temperature (22–24°C).

Recording and stimulation
Amygdala slices from 150 g male Sprague Dawley rats were superfused (flow rate 2–4 μl/min)
at room temperature (22–24°C) with oxygenated (95% O2-5% CO2) aCSF. Tat-myc or TAT-
STEP proteins were dissolved in aCSF (final concentration 300 nM) and applied by
superfusion. For recording field excitatory postsynaptic potentials (fEPSPs) 5–10 μM
bicuculline was included to block inhibitory GABAergic synaptic inputs. To record NMDAR-
mediated fEPSPs, CNQX (10 μM) was added to the aCSF. The LA was identifiable as a
triangular-shaped region bounded laterally by the external capsule and medially by the lateral
association bundle. fEPSPs (AMPAR- and NMDAR-mediated) were recorded with a patch
pipette pulled from thin-walled borosilicate glass (WPI, Sarasota, FL) filled with aCSF. To
record pharmacologically-isolated NMDAR-mediated fEPSPs, CNQX (10 μM) was added to
the aCSF and continuously superfused. At the conclusion of the experiment, the NMDAR-
antagonist AP5 (50μM) was superfused onto the slice to confirm the fEPSP was mediated by
NMDARs. Bipolar stainless steel stimulating electrodes (Frederick Haer, Bowhoiden, ME)
were positioned in the ventral striatum, medial to the LA. A portion of these fibers is thought
to originate in the auditory thalamus (Weisskopf et al., 1999). Synaptic responses were evoked
at a frequency of 0.05–0.1 Hz (stimulus duration 150 μsec). After 20 min of baseline recording
LTP was induced by tetanic stimulation (3 trains; 100 Hz; 1 sec duration; 90 sec inter-train
interval). Responses were recorded for 60 min following tetanus.

Electrophysiology data analysis
Data were acquired and analyzed using pCLAMP 8.0 (Axon Instruments, Inc.). fEPSP
amplitude was defined as the maximum DC voltage of a vertical line running tangent to the
points of fEPSP onset and offset. In some recordings, fEPSP slope (10–60%) was also analyzed.
However, the slope measurements were more variable and sensitive to noise, making them
difficult to analyze reliably. Therefore, we chose response amplitude for the analysis of
extracellular recordings. Responses were averaged and normalized to baseline, which was
defined as the mean value obtained in the 10 min prior to tetanus or the 10 min prior to drug
application. The amount of potentiation was analyzed by comparing pre-tetanus values (10
min before tetanus) with those collected 50 min after LTP induction. Significance of
potentiation relative to baseline was tested with a paired Student's t-test. Differences were
considered significant if p < 0.05. Statistical comparisons were made using GraphPad Instat
3.05 (GraphPad Software Inc., San Diego, CA) or Microsoft Excel. Figures were produced
with Origin 7.0 (OriginLab Corp., Northhampton, MA) or Microsoft Excel (Microsoft,
Redmond, WA).
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Behavioral procedures
Behavioral studies were conducted as described previously (Schafe et al., 2000). Rats were
anesthetized with Equithesin (4.32 ml/kg i.p.). The guide cannulae (22 gauge) fitted with
dummy cannulae were implanted just above LA using the following coordinates from Paxinos
and Watson (1986): 2.8 mm posterior to bregma, 5.3 mm lateral to midline, and 8.0 mm ventral
to the skull surface. The guide cannulae were anchored to the skull by stainless steel screws in
the skull and dental cement. All surgical procedures were conducted in accordance to the NIH
Guide for the Care and Use of Experimental Animals and were approved by the Yale University
Animal Care and Use Committee. Rats were allowed at least 5 days to recover before any
experiment was initiated.

On the day before conditioning (day 1), rats were habituated to the training chambers (dark
operant boxes with bar floors wiped with 70% ethanol) for 15 min. On the day of conditioning
(day 2), animals were randomly assigned to two groups and infused with 1 μl of either TAT-
STEP (4 μM) or TAT-myc peptide (control) bilaterally into the amygdala at a rate of 0.25 μl/
min, either 1 hr before or immediately after training. A control experiment examined the
potential non-specific effects of TAT-STEP on expression of fear and used infusions made 24
hours after training.

In all experiments, injector cannulae were left in place for an additional 2 min to allow diffusion
of the solution from the cannula tip before replacing it with the dummy cannulae. For training
sessions, rats were presented with the two pairings of a 30 sec tone CS (4.5 kHz, 75 dB) that
co-terminated with a foot shock US (1 sec, 1.5 mA). The intertrial interval was 2 min. Testing
for conditioned fear responses (freezing) was conducted at 1 hour (short term memory, STM)
or 24 hours (long term memory, LTM) after conditioning. Animals assigned to the expression
test control group were tested 24 hours after infusion, i.e., 48 hours after conditioning.

During the test session, animals were placed in a novel testing chamber (illuminated 5-hole
boxes with grid floors wiped with Nolvasan) and allowed to explore for 5 min. The rats were
then exposed to one (STM) or three (LTM) subsequent CS presentations, 30 sec each with a 2
min interval in between. The testing session was videotaped and behavior subsequently scored
by an investigator blind to the experimental treatments. The total duration of freezing (in
seconds) during the CS presentations was scored for each rat, and this number was expressed
as a percentage of the total CS presentation time. All data were analyzed with ANOVA.
Differences were considered significant if p<0.05. At the end of each behavioral experiment,
rats were anesthetized with Equithesin and perfused with 4% buffered paraformaldehyde. Nissl
staining and light microscopy was used to verify the location of the cannula tips within the
amygdala. Animals with cannula tips beyond 0.5 mm of the boundaries of the LA were
excluded from further analyses and were not included in any of the figures. Anti-myc antibody
was used in some experiments (1:250) to determine the extent and time course of TAT-STEP
diffusion.

Immunohistochemistry
To study the time kinetics of infusion of TAT-STEP in vivo, rats were implanted bilaterally
with cannulae aimed at the lateral amygdala followed by infusion of TAT-STEP, as described
above. At the appropriate time points (30, 60, 120, 180, and 360 min) after infusion, rats were
rapidly anesthetized with Equithesin (4.32 ml/kg i.p.) and perfused intracardially with ice-cold
4% paraformaldehyde in 0.1M phosphate buffered saline (PBS). Brains were removed and
post-fixed in the same fixative solution for 4 hours and cryoprotected in 15% and 30% sucrose
in 0.1M PBS and then frozen in O.C.T. compound. Immunohistochemistry was then performed
on 10 μm sections with anti-myc antibody. Briefly, sections were blocked with 10% normal
goat serum, 3% bovine serum albumin (BSA) in PBS-T (0.1M PBS and 0.2% triton X-100)
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incubated at 4ºC overnight in anti-myc antibody. After extensive washes in PBS-T, tissue
sections were incubated in Alexa Fluor 488 goat anti-mouse antibody (1:250, Molecular
Probes, Eugene, OR) for 1 hr at room temperature. Sections were extensively rinsed in PBS-
T and cover-slipped for viewing using a fluorescent microscope (Zeiss Axiovert 2000). In some
experiments, 300 μm thick amygdala slices were incubated with TAT-STEP (2 μM) at 30°C
for 5 and 10 min, fixed overnight with 4% paraformaldehyde in PBS, and cryoprotected serially
in 10, 20 and 30% sucrose in PBS. 12 μm thick cryostat sections of these slices were mounted
onto slides and processed for immunohistochemistry using the anti-myc antibody as described
above.

To determine the time kinetics of ERK1/2 phosphorylation in the amygdala following fear
conditioning, rats were anesthetized at 0, 5, 10, 30, 60, 120 and 360 minutes after training,
perfused, and brains were post-fixed as described above. Cryostat cut 30 μm free-floating
sections were obtained, and every third section was processed for pERK immunoreactivity.
Endogenous peroxidase activity was eliminated by incubation with 0.3% H2O2 in PBS
followed by blocking with 10% normal goat serum and 3% BSA in PBS-T. Sections were
incubated at 4ºC overnight with anti-phospho-p44/42 MAPK antibody (mouse monoclonal
antibody, 1:200) in PBS-T containing 1% normal goat serum and 3% BSA. After extensive
washes in PBS-T, tissue sections were incubated in biotinylated goat anti-mouse antibody
(1:200, Vector Laboratories, Burlingame, CA) for 1 hr at room temperature. Tissue was again
rinsed in PBS-T followed by incubation in avidin-biotin-peroxidase complex solution (final
dilution 1:50, Vector Laboratories, Burlingame, CA) for 1 hr at room temperature, then rinsed
in PBS, and developed in DAB-nickel chloride (Vector Laboratories, Burlingame, CA).
Sections were mounted on SuperFrost Plus slides (VWR International, Bridgeport, NJ),
counterstained with Nuclear Fast Red (Vector Laboratories), dehydrated and cover-slipped for
light microscopic examination. The number of pERK1/2 labeled cells was quantified using
ImageJ (NIH) and counts were normalized to the total number of cells as detected by the
Nuclear Fast Red staining. Briefly, the lateral amygdala was marked using the polygonal tool,
the total number of cells and the number of pERK1/2 positive cells were obtained using the
analyze particles tool. The number of pERK1/2 positive cells per 100 cells from 5 sections for
each time point was averaged and a paired Student’s t-test was performed against the control
values.

Immunoblotting of amygdala punches
For immunoblotting studies, rats were decapitated at 5, 10, 15, 20, and 60 minutes after training
without anesthesia, and the brains were frozen on dry ice and stored at −80°C until processed.
Punches from the lateral amygdala were taken using a 0.5 mm tissue corer (Fine Science Tools,
Foster City, CA) from 400 μM thick cryostat sections. The tissue were briefly sonicated in 150
μl of Laemmli sample buffer, boiled at 100°C for 10 min and processed for SDS-
polyacrylamide gel electrophoresis and immunoblotting with anti-pERK and anti-ERK
antibodies.

RESULTS
STEP is present in the amygdala and co-localizes with ERK2

We first investigated whether STEP is co-expressed with ERK2 in the LA neurons relevant to
fear conditioning by using immunofluorescent staining of rat brain coronal sections. For these
experiments, we used an antibody specific to ERK2. STEP and ERK2 co-localized in most
cells of the dorso-lateral and ventro-lateral amygdala (LAd and LAv) (Fig. 1A). To determine
which STEP isoforms were expressed in LA neurons, we performed western blot analyses on
tissue punches and compared levels of STEP within the LA, the central nucleus of the amygdala
(CeN), and the striatum (Fig. 1B). STEP61 is the only isoform expressed in the LA, while the
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alternatively spliced variants STEP61, STEP46, and STEP38 are expressed in the CeN and the
striatum (Bult et al., 1997). These data demonstrate that STEP is expressed in LA neurons that
co-express ERK2, and that the major isoform of STEP expressed during basal conditions is
STEP61.

TAT-STEP blocks nuclear translocation of ERK2 in neurons
To investigate the functional role of STEP, we used a catalytically inactive mutant of
STEP46 (STEP46 C-S), in which the essential cysteine in the catalytic domain was converted to
a serine (Pelkey et al, 2002). This mutation inactivates STEP, allowing it to bind constitutively
to substrates but not to dephosphorylate them. STEP46 C-S thus acts as a substrate-trapping
protein (Flint et al., 1997). We rendered STEP46 C-S cell-permeable by fusing it to the protein
transduction domain of the human immunodeficiency virus-type 1, TAT (Frankel and Pabo,
1988; Green and Loewenstein, 1988; Aarts et al., 2002). In addition, we added a myc epitope
tag at the carboxyl terminal to distinguish this construct from endogenous STEP and to permit
immunoprecipitation (Fig. 2A). This construct is hereafter referred to as TAT-STEP.

The initial characterization of TAT-STEP was in 10–12 day old primary neuronal cultures.
Immunocytochemistry with anti-myc antibody demonstrated intracellular uptake of the fusion
protein in most neurons (Fig. 2B). TAT-STEP was detectable within twenty minutes of
transduction and was still present 6 hours later (data not shown). To determine whether
transduced TAT-STEP was bound to ERK2, we performed immunoprecipitation with anti-
myc antibody 1 hour after transduction, followed by immunoblotting with anti-ERK2 antibody.
The results show that TAT-STEP forms a stable complex with ERK2. A control peptide
consisting of the TAT transduction sequence and the myc epitope did not interact with ERK2
(Fig. 2C).

We also investigated whether the formation of the TAT-STEP/ERK complex could affect
nuclear translocation of phospho-ERK1/2 (pERK1/2) following glutamate application.
Glutamate normally leads to the rapid activation of pERK1/2. Activated ERKs translocate into
nuclei where they directly or indirectly lead to the phosphorylation of transcription factors
required for transcriptional activation. Neuronal cultures exposed to glutamate displayed the
expected rapid phosphorylation and translocation of pERK1/2 into the nucleus (Fig. 2D, top
panels). In contrast, cultures exposed to the substrate trapping TAT-STEP and then stimulated
with glutamate showed diminished nuclear pERK1/2 (Fig. 2D, bottom panel, arrows).
Quantification of the results showed pERK1/2 translocation in 88% of nuclei after 5 minutes
treatment with glutamate alone, while pERK1/2 was detected in 29% of nuclei in the presence
of TAT-STEP and glutamate (glutamate alone, 88 ± 3%; TAT-STEP + glutamate, 29 ± 8%;
p<0.002; counts from 4 separate slides per condition). The control experiment with TAT-myc
showed little difference in the number of pERK1/2 nuclear translocations compared to the
glutamate alone condition (TAT-myc + glutamate, 94± 3%). Taken together, these results
demonstrate that TAT-STEP transduces into neurons, binds to, and blocks nuclear translocation
of pERK1/2.

TAT-STEP disrupts LTP in slices from the lateral amygdala
We next examined the effect of TAT-STEP on synaptic transmission and plasticity in the LA
in vitro. We first established that TAT-STEP was able to enter cells in slices and found that
TAT-STEP was detected within 5 min of addition to the artificial CSF (aCSF) (Fig. 3A). We
recorded extracellularly from acute brain slices containing the LA from adult rats. Orthodromic
stimulation of the internal capsule evoked monosynaptic field excitatory postsynaptic
potentials (fEPSP) that were observed to be stable over periods of 80 min (Fig. 3B, left panel)
or longer (not illustrated). We found that superfusion with aCSF containing the TAT-myc
control peptide (Fig. 3B, left panel) had no effect on fEPSP amplitude over a period of 60 min.
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Likewise, fEPSP amplitudes were unaffected by bath application of TAT-STEP. Bath
application of TAT-STEP also had no effect on pharmacologically-isolated NMDAR-mediated
fEPSP amplitude (Fig. 3B, right panel). Furthermore TAT-STEP had no effect on paired-pulse
facilitation of the fEPSP (data not shown). Thus, TAT-STEP had no effect on basal synaptic
responses in the LA.

We then determined the effect of TAT-STEP on LTP in the LA (Fig. 3C). Tetanic stimulation
(three 1 sec, 100 Hz trains, 90 sec inter-train interval) to the internal capsule in control slices
produced a sustained increase in fEPSP amplitude. fEPSP was 124 ± 2.0% (mean ± SEM; n =
6 slices; p <0.0001, paired t-test) of the baseline level 60 min after tetanus. In slices treated
with the TAT-myc peptide, the fEPSP amplitude was 119 ± 2.7% (mean ± SEM; n = 6 slices;
p >0.1 compared with control slices) of the baseline level 60 min after tetanus. On the other
hand, during application of TAT-STEP, the fEPSP amplitude was 103 ± 1.8% (mean ± SEM;
n = 7 slices; p < 0.01 compared with aCSF control) of the baseline level 60 min after tetanus.
We found that TAT-STEP did not affect the progressive, short-lasting enhancement of synaptic
responses that occurred during the tetanus (Fig. 3D). Comparing the amplitude of the first
response during the tetanus with that of the last response showed that synaptic responses
increased to 113 ± 4.2% in control slices (n = 6), 122 ± 7.2% in TAT-myc treated slices (n =
6) and 111 ± 4.6% in TAT-STEP-treated slices (n = 7; p=0.293; one-way ANOVA). Thus,
TAT-STEP but not the TAT-myc control peptide, prevented induction of LTP in the LA but
did not affect the short-term facilitation during high-frequency stimulation.

TAT-STEP blocks Pavlovian fear conditioning
Based on these electrophysiological results, we investigated whether TAT-STEP infused in
vivo blocks the consolidation of fear conditioning, as this depends upon synaptic plasticity in
the LA (Schafe et al., 2000). For this purpose, rats were implanted with guide cannulae aimed
at the LA. Following one week of recovery, animals received bilateral infusions of TAT-STEP.
We initially determined whether TAT-STEP or TAT-myc were able to get into cells and the
extent of the diffusion over time. Coronal brain sections of the amygdala were taken at different
time points after infusion and sections examined immunohistochemically with anti-myc
antibody. No myc staining was observed in uninfused control animals, whereas myc staining
was detectable in TAT-STEP and TAT-myc infused animals up to 6 hours, the longest period
examined, and its distribution was restricted to the amygdala (data not shown).

In behavioral experiments, rats received bilateral intra-amygdala infusions of either TAT-
STEP or TAT-myc control peptide 1 hour prior to training in an auditory fear conditioning
paradigm. The training consisted of two trials in which a 30 second tone was paired with
electrical shock (1.5 mA of 1 sec). The expression of fear memory was examined at 1 and 24
hours after training. TAT-STEP infusion had no effect on short-term memory (STM) formation
as indicated by a similar degree of freezing in animals infused with TAT-STEP or TAT-myc
controls during CS presentation (F1,11=0.61; p>0.45; Fig. 4A). Freezing prior to CS
presentation was low, demonstrating little generalization between the training and testing
contexts, and there were no significant differences between the experimental groups
(F1,11=0.01; p>0.91).

TAT-STEP significantly reduced long-term memory (LTM) assessed 24 hours after training
(Fig. 4B). A repeated measures ANOVA using TAT-STEP treatment as the independent
variable and freezing behavior during the three CS presentations as the repeated measure
demonstrated a significant main effect of the treatment (F1,11=80.89; p<0.0001). Post-hoc
analysis confirmed significantly less freezing in animals receiving infusion of TAT-STEP prior
to training compared to those receiving TAT-myc infusions (p<0.0001). Both groups showed
comparable freezing during the pre-CS period (F1,11=0.95; p=0.35). Figure 4C represents a
scattergram demonstrating the distribution of freezing in TAT-myc and TAT-STEP infused
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animals in the LTM test. Histological examination of all bilateral cannulae placements within
the amygdala are shown in Figure 4D. Only rats with cannula tips in, or immediately adjacent
to, the LA were included in statistical analyses: out of 16 animals, three rats were excluded on
the basis of these criteria (final group sizes; TAT-STEP, n=6; controls, n=7).

To directly examine the effect of STEP on fear memory consolidation, a second series of
experiments was performed using post-session infusion of TAT-STEP. Post-session infusions
can be used to dissociate the effects of an experimental manipulation on memory consolidation
from those on learning, as well as non-specific performance effects. Rats were infused with
TAT-STEP or TAT-myc control peptides immediately after training. Post-session TAT-STEP
infusion into the amygdala blocked memory consolidation. Repeated measures ANOVA
showed a significant main effect of the treatment on freezing behavior in the LTM test
(F1,12=9.23; p<0.01; Fig. 5B). Post-hoc analysis confirmed that TAT-STEP elicited
significantly less freezing behavior than TAT-myc infused control animals in this test (p≤0.01).
ANOVA demonstrated no effect of TAT-STEP treatment on freezing behavior prior to
(F1,12=1.49; p=0.25; pre-CS; Fig 5A) or during CS presentation (F1,12=1.63; p=0.23; fig 5A)
in the STM test. Moreover, there was no difference between the groups on freezing in response
to exposure to the novel test chambers in the LTM test (F1,12=0.706; p=0.42; Fig 5B).

Importantly, the administration of TAT-STEP after the fear memory was established 24 hours
after conditioning did not influence the fear response. Mice infused with either TAT-STEP or
the TAT-myc control showed no significant differences when tested 24 hours after the infusion
(F1,10=0.830; p=0.38). Thus, non-specific effects of the TAT-STEP infusion on expression of
freezing can not account for the impairment observed in the LTM test. Similarly, increases in
locomotor activity as a result of the TAT-STEP infusion are unlikely to explain the data, since
30 min prior to the LTM test there was no effect of infusion on baseline locomotor activity
(F1,12=0.95; p=0.35; data not shown). Figure 5C shows a scattergram representing the
distribution of freezing in the LTM test in TAT-myc and TAT-STEP animals. Histological
examination of all bilateral cannulae placements within the amygdala are shown in Figure 5D.
Out of 17 animals, three rats were excluded from this figure as well as from the statistical
analysis due to either misplaced cannulae or, in one case, extensive damage to the LA (final
group sizes; TAT-STEP, n=7; controls, n=7). Post-training infusion of TAT-STEP thus
selectively impaired auditory fear memory consolidation, indicating that STEP function is
required for long-term memory.

Fear conditioning is associated with ERK activation and de novo translation of STEP in the
lateral amygdala

We next determined the time course of pERK1/2 activation following auditory fear
conditioning. Immunohistochemical data showed that prior to conditioning, ERK1/2 is
primarily in its dephosphorylated form in the LA (Fig. 6A). However, pERK1/2
immunoreactive cells were present throughout this region 5 minutes after fear conditioning.
The number of pERK1/2 positive cells at 5 minutes following fear conditioning was
significantly higher than what was detected in the untrained control group (Fig. 6B, p< 0.001).
Western blots confirmed these findings with an increase in pERK1/2 detected by 5 minutes,
followed by a decrease at 15 minutes, and a return to higher pERK1/2 levels at 1 hour post-
training (Fig. 6C and D). We also determined whether tetanic stimulation would induce rapid
activation of ERK proteins in LA slices. Punches of LA were processed by immunoblotting
and the results indicate an increase in pERK1/2 in stimulated slices (n=3) to 168% of control
slices (n=3) by 5 min (p<0.008) with a return to baseline levels by 10 min (p>0.88).

To further characterize the role of STEP in fear conditioning, we determined the profile of
STEP expression in the LA at different time points following titanic stimulation as well as fear
training (Fig. 7A). Punches from high-frequency stimulated slices were processed at 5 and 10
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minutes, and no significant changes were detected in STEP levels (data not shown). However,
the situation was quite different from punches obtained in vivo. In the absence of training, only
the STEP61 isoform was detected (lane C). Unexpectedly, within ten minutes of fear
conditioning, the cytosolic variant, STEP46, appeared and remained present for the time course
of the study (Fig. 7A). An increase in STEP61 was also observed (approximately 20% in Fig.
7B, lane 3; p<0.05). Importantly, there was no detectable increase in STEP expression in
animals exposed to either shock or tone alone (Fig. 7B). The levels of pERK1/2 were again
examined and the same biphasic activation was clearly visible. The decrease in pERK1/2
correlated with the appearance of STEP46 (compare Fig. 7A and 7C, 5 and 10 minute time
points).

To determine whether the rapid expression of STEP resulted from de novo protein synthesis,
we tested the effects of cycloheximide, an inhibitor of protein translation. Rats were injected
with cycloheximide (200 mg/kg i.p.) or vehicle 1 hour prior to training and sacrificed 10
minutes following training. Tissue punches from the LA were processed for immunoblotting.
Control rats injected with vehicle again demonstrated the rapid expression of STEP after
training (Fig. 7D, lane 1). In contrast, rats injected with cycloheximide prior to fear
conditioning did not show increased levels of STEP (Fig. 7D, lane 2; p<0.02). These results
suggest that STEP isoforms are translated in the LA within minutes of fear conditioning.

We noted that the appearance of STEP immediately follows activation of the ERK pathways,
raising the possibility that ERK1/2 might regulate the expression of STEP. We therefore tested
this potential regulatory mechanism by injecting rats prior to training with SL327 (50 mg/kg
i.p.), a MEK inhibitor that has previously been shown to disrupt consolidation of fear
conditioning (Selcher et al., 1999). In the presence of the MEK inhibitor, no increases in STEP
levels were detected after fear conditioning (Fig. 7D, lane 3; p<0.02). Taken together, these
results indicate that fear conditioning results in the activation of ERK1/2 in the LA within 5
minutes of training, that ERK1/2 activation is required for the rapid translation of STEP46 by
10 minutes, and that there is a subsequent decrease in pERK1/2 levels.

DISCUSSION
Here we report the ability of the protein tyrosine phosphatase STEP to interfere with memory
consolidation in a Pavlovian fear conditioning paradigm and does so, in part, through its ability
to regulate the ERK signaling pathway. In the lateral amygdala, activation of the ERK pathway
results in long-term changes in synaptic activity that are thought to underlie the consolidation
of a Pavlovian auditory fear memory (Schafe et al., 2000; Rodrigues et al., 2004; Schafe and
LeDoux, 2000). Activated ERK1/2 is required for the induction of LTP in the hippocampus
(Wu et al., 1999; English and Sweatt, 2002). Once activated, ERK1/2 translocate into the
nucleus where they induce cAMP response element-containing genes (Impey et al., 1998a,
1998b; Davis et al., 2000).

However, the ERK cascades have additional functions beyond their effects on gene
transcription. An emerging model suggests that activated ERK1/2 participate in several
pathways that work together to induce synaptic plasticity (English and Sweatt, 1997;
Lamprecht and LeDoux, 2004). Thus, ERK1/2 modulate back-propagating action potentials
by phosphorylating dendritic A-type K+ channels (Kv4.2 subunits) (Watanabe et al., 2002;
Yuan et al., 2002; Morozov et al., 2003), and is one of several signaling cascades shown to
initiate local protein synthesis after synaptic activation through phosphorylation of translation
factors (eIF4E) and ribosomal protein S6 (Kelleher et al., 2004a, 2004b).

The present data suggest that STEP might act as an inhibitory constraint on the development
of synaptic plasticity through its ability to regulate the ERK pathway. It is now established that
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a subfamily of PTPs exists that are the only proteins found to date to contain a MAP kinase
binding site termed the KIM domain. These PTPs inactivate MAP kinase family members by
dephosphorylation of the regulatory tyrosine residue in the activation domain (Paul et al.,
2003; Saxena et al., 2000; Blanco-Aparicio et al., 1999; Pulido et al., 1998). Taken together
with our present findings, a parsimonious explanation for the results is that wildtype STEP
regulates the ERK pathway, and that the TAT-STEP construct used here disrupts ERK1/2
signaling. Although we have demonstrated TAT-STEP’s ability to block nuclear translocation
of ERK1/2, future studies are needed to determine whether TAT-STEP also blocks additional
functions such as the generation of back-propagating action potentials or the initiation of local
protein synthesis.

The observed disruption of nuclear translocation of pERK1/2 stimulated a second series of
experiments examining the ability of the TAT-STEP to influence memory formation. We first
demonstrate that TAT-STEP has a robust effect on the induction of LTP in the LA: superfusion
of TAT-STEP blocks tetanus-induced LTP, whereas LTP is unimpaired in the presence of the
TAT-myc peptide or aCSF. Tetanus-induced LTP in the LA is dependent upon NMDA receptor
activation (Bauer et al, 2002) but we found no depression of NMDAR synaptic responses by
TAT-STEP. Thus, the suppression of LTP induction was not caused by blockade of NMDARs.
Furthermore, we observed that neither the ability of the synapses to respond at high-frequency
nor the short-term facilitation during the tetanic stimulation was affected by TAT-STEP. Thus,
the synaptic transmission responsible for initiating LTP was not perturbed by TAT-STEP,
indicating that its site of action is downstream in the LTP-inducing signaling cascade.

In the CA1 region of the hippocampus, STEP acts as a brake on the induction of LTP by
tonically suppressing NMDARs, and inhibiting STEP causes potentiation that occludes LTP
(Pelkey et al., 2002). However, in LA slices treated with TAT-STEP we did not observe any
change in fEPSP amplitude, or in pharmacologically isolated NMDAR-mediated synaptic
responses. Thus, in the LA, in contrast to hippocampal CA1, there appears to be no tonic,
ongoing regulation of NMDARs. Since we did not observe increases in fEPSP amplitude
following application of TAT-STEP, but TAT-STEP did block induction of LTP, this suggests
that STEP is critical for LTP induction and its mechanism is other than through regulation of
glutamatergic receptors within neurons of the lateral amygdala.

The ability of TAT-STEP to block the induction of LTP within the lateral amygdala suggested
that it might also block memory formation in the Pavlovian fear conditioning paradigm. This
form of learning is believed to depend on LTP and neural plasticity in the LA (Nader et al.,
2000; Schafe et al., 2000; Schafe and LeDoux, 2000; Blair et al., 2001; Rodrigues et al.,
2004). Our data indicate that TAT-STEP impairs the consolidation of long-term memory
without affecting the acquisition of memories. These observations and the ability of TAT-STEP
to disrupt ERK signaling are consistent with a role for the ERK cascade in the formation of
fear memories (Schafe et al., 2000). Moreover, the data suggest for the first time a potential
role for STEP in memory consolidation.

ERK1/2, however, are not the only substrate of STEP, and it is possible that the disruption of
memory consolidation and LTP induction occurs through the ability of STEP to
dephosphorylate additional signaling proteins. While the focus of the present study is on the
ERK pathway, previous data have identified two additional substrates for STEP: the NMDAR
subunit NR2B and the tyrosine kinase Fyn. STEP isoforms are a component of the NMDAR
protein complex, depress NMDAR activity (Pelkey et al., 2002), and participate in NMDAR
internalization in hippocampal cultures and tissue (Snyder et al., 2005). However, the lack of
effect of TAT-STEP on NMDAR synaptic responses found in the present study suggest that
this receptor may not be a relevant of target of STEP in LA neurons. STEP also binds to Fyn,
dephosphorylates one of its two regulatory sites (Tyr420), and thereby inactivates Fyn (Nguyen
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et al., 2002). Whether regulation of Fyn by STEP contributes to synaptic plasticity and memory
formation in the LA remains to be investigated.

A striking observation is the rapid activation of the ERK signaling cascade after fear
conditioning. Phosphorylated ERK appears within 5 minutes of training. The earlier time
points, reported here for the first time, extend previous findings that demonstrated the ERK
pathway is activated 1 hour post-training (Schafe et al., 2000). The reason for the difference
is that the earlier paper did not investigate time points prior to 15 minutes, by which time our
data indicate pERK1/2 had returned to baseline levels. The rapid activation shown here is
consistent with reports indicating activation of the ERK pathways within 5 minutes of
behavioral testing for habituation (Murphy et al., 2005) or after stimulation with BDNF (Takei
et al., 2001). We also observed a biphasic activation, with pERK1/2 levels decreasing to
baseline levels by 15 minutes before increasing again at one hour. Biphasic regulation of the
ERK pathway has been reported for novel taste learning, although the cycling occurred at later
time points (Sweatt and Swank, 2001). The role for a biphasic activation of the ERK pathway
remains unclear, although it may function as a positive feed-back signal for the development
of synaptic plasticity (Sweatt and Swank, 2001).

The rapid activation of the ERK pathway was replicated in punches processed from LA slices
within 5 minutes of HFS, with a return to baseline levels by 10 minutes. We did not observe
an increase in STEP translation under these conditions. A possible explanation for differences
between the in vivo and slice work is the absence of neuromodulatory signals in the slices.
NMDA-receptor-dependent synaptic plasticity often requires additional signals through
neuromodulatory receptors such as the Gs-coupled β1 adrenergic receptor (Thomas et al., 1996;
Winder et al., 1999). In fact, preliminary data with β1 adrenergic stimulation of slices have
demonstrated a rapid translation of STEP within 10 minutes (Hu and Lombroso, unpublished
data).

The finding that STEP is rapidly translated in response to fear conditioning is the first indication
that experience-dependent plasticity regulates STEP activity in addition to previously
described phosphorylation mechanisms (Paul et al., 2000, 2003). Within minutes of the
observed activation of ERK1/2, both STEP46 and STEP61 levels are increased, and the
upregulation of STEP is followed by ERK1/2 dephosphorylation. The rapid appearance of
STEP argues against nuclear transcription, with subsequent translation and transport of STEP.
Moreover, the ability of a MEK inhibitor to block STEP translation suggests that the synthesis
of STEP is itself regulated by ERK1/2 activation. Thus, activation of ERK1/2 leads to the rapid
synthesis of STEP that in turn may decrease the ERKs activity and contribute to the observed
bi-phasic pattern of ERK signaling. Taken together, the data suggest that STEP may provide
a feedback mechanism to limit the duration that the ERKs are active. Our study does not clarify
whether STEP interacts primarily with ERK1 or ERK2. Preliminary experiments performed
using primary neuronal cultures suggest that TAT-STEP specifically immunoprecipitates
pERK2 and not pERK1. Further experiments are needed to address the differences in STEP’s
interaction with ERK1 and/or ERK2.

The results indicate a potential for STEP to dynamically regulate fear conditioning within the
amygdala and oppose the development of synaptic plasticity. These findings have broader
implications for ERK-dependent synaptic plasticity outside the amygdala as STEP co-localizes
with ERK1/2 in numerous brain regions involved in long-term memory formation. Whether
STEP modulates synaptic plasticity in other brain regions is the subject of on-going
investigations. The current findings also point to STEP as a potential target for therapeutic
interventions, as dampening STEP activity would lead to enhancement of ERK activity and
promote cognitive function (Braithwaite et al., 2006).
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Figure 1. STEP and ERK co-localize in the lateral amygdala
(A) Immunohistochemical analysis of ERK and STEP in the dorso-lateral amygdala (LAd),
ventro-lateral amygdala (LAv), baso-lateral amygdala (BLA) and the central nucleus (CeN).
Rat brain coronal sections were double-labeled with anti-ERK2 and anti-STEP antibodies. The
‘Merge’ column illustrates the co-localization of the two proteins in the same cell. (B) Tissue
punches from the LA, CeN and the striatum were analyzed by SDS-polyacrylamide gel
electrophoresis and western blots were probed with anti-STEP antibody to show the
distribution of STEP isoforms in these regions. Note that STEP61 is the only isoform expressed
in the LA.

Paul et al. Page 16

Biol Psychiatry. Author manuscript; available in PMC 2007 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Functional characterization of TAT-STEP in primary neuronal cultures
(A) Schematic diagram of TAT-STEP46 C-S indicating the positions of the TAT-peptide, six-
histidine (His) and myc tags, the KIM domain, and the C-S mutation site within the phosphatase
domain. (B) Immunocytochemical staining with anti-myc antibody and DAPI to characterize
the transduction of TAT-STEP. (C) Neuron cultures were incubated with either TAT-myc or
TAT-STEP, which were immunoprecipitated with anti-myc antibody, analyzed by SDS-
PAGE, and probed with anti-ERK2 antibody (upper panels). The blots were then reprobed with
anti-myc antibody (lower panels). (D) Immunocytochemical analysis using an antibody that
recognizes phospho-ERK1/2 illustrates the cytoplasmic and nuclear distribution of pERK1/2
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following glutamate treatment for 5 min, in the absence or presence of TAT-STEP. Arrows
point to perinuclear pERK1/2.
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Figure 3. TAT-STEP blocks induction of LTP in LA without affect basal synaptic transmission
(A) aCSF (control) or TAT-STEP (2 μM) was added to 300 μm amygdala slices and tissue
processed with anti-myc antibody at 5’ and 10’ after start of incubation. (B) Left panel. Field
EPSP (fEPSP) amplitude (mean ± SEM) is plotted every 1 min for control slices (n = 3 slices,
closed circles), for a slices treated with 300 nM TAT-myc (n = 4 slices, open circles) and for
slices treated with 300 nM TAT-STEP (n = 5, gray circles) that was applied during the period
indicated by the bar. In the middle are averaged traces from control slices (upper panel) or
before (a) application of either TAT-myc or TAT-STEP and (b) 50 min after application of
TAT-myc (middle panel) or TAT-STEP (lower panel). On the right, histogram showing
average NMDAR mediated fEPSPs before or during application of TAT-STEP (20 min after
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start of application). (C) Left panel. Field EPSP (fEPSP) amplitude (mean ± SEM) is plotted
every 1 min for control slices (n = 6 slices, closed circles), for a slices treated with 300 nM
TAT-myc (n = 6 slices, open circles) and for slices treated with 300 nM TAT-STEP (n = 7,
gray circles) that was applied during the period indicated by the bar. Tetanus (HFS; three trains
of 100 Hz stimuli, 1 sec duration, intertrain interval of 90 sec) is indicated by the arrowhead.
On the right are averaged traces taken from control slices (upper panel) or before (a) application
of either TAT-myc (middle panel) or TAT-STEP (lower panel) and (b) 50 min after tetanus.
Six sweeps were averaged to produce the responses shown. Scale bar, 0.5 msec, 0.5 mV for B
and C. (D) Representative, continuous field recordings illustrating responses during HFS trains
in control, TAT-myc- or TAT-STEP-treated slices. Scale bar, 100 msec, 0.2 mV.
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Figure 4. Effect of intra-amygdala infusion of TAT-STEP prior to fear conditioning
Rats were infused with TAT-STEP (n=6) or TAT-myc (control; n=7) 1 hr prior to training on
Pavlovian fear conditioning (two pairings of 30 sec tone and 1 sec 1.5 mA shock). They were
then assessed for fear memory formation at 1 hr (A, short term memory, STM) or 24 hr (B,
long-term memory, LTM) after training. (A & B) Mean ± S.E. freezing in rats 30 sec prior to
CS presentation (pre CS) and during the three tone presentations (CS). *p < 0.0001 relative to
the TAT-myc control. (C) Scattergram demonstrating the distribution of freezing in TAT-myc
and TAT-TAT-STEP in the LTM test. (D) Histological verification of cannula tip placements
in rats infused with either TAT-STEP (▴) or TAT-myc (•).
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Figure 5. Effect of post-session intra-amygdala infusion of TAT-STEP
Rats were infused with TAT-STEP (n=7) or TAT-myc (control; n=7) immediately following
training on Pavlovian fear conditioning (two pairings of 30 sec tone and 1 sec 1.5 mA shock).
They were then assessed for fear memory formation at 1 hr (A, short term memory, STM) or
24 hr (B, long-term memory, LTM) after training. (A & B) (A & B) Mean ± S.E. freezing in
rats prior to the tone (pre CS) and the three tone presentations (CS). *p < 0.05, **p < 0.01,
***p < 0.001 relative to the TAT-myc control. (C) Scattergram demonstrating the distribution
of freezing in TAT-myc and TAT-STEP in the LTM test. (D) Histological verification of
cannula tip placements in rats infused with either TAT-STEP (▴) or TAT-myc (•).
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Figure 6. Time kinetics of ERK1/2 activation in the lateral amygdala
Rats were presented with two pairs of tone and shock and processed for immunohistochemistry
or immunoblotting. (A) Representative immunohistochemical staining of pERK1/2 in the
amygdala at 0, 5, 10, 60, 120 and 360 min after fear conditioning. (B) Bar diagram showing
pERK1/2 immunoreactive cells per 100 cells in serial sections through the LA (mean ± S.E.,
n = 5 sections per time point). *p < 0.05, **p < 0.01, ***p < 0.001 relative to control. (C)
pERK1/2 immunoblot of tissue punches taken from the LA at 5, 10, 15, 20 and 60 min after
fear conditioning training (upper panel). The blots were reprobed with total ERK2 antibody
(lower panel). (D) Quantification of pERK1/2 levels from 3 separate experiments (***p <
0.001).
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Figure 7. De novo synthesis of STEP in the lateral amygdala following fear conditioning
(A) Tissue punches taken from LA at 5, 10, 15, 20 and 60 min after fear conditioning or from
control animals (no tone or shock, lane C) were analyzed by SDS-PAGE and processed for
immunoblotting with anti-STEP (upper panel). (B) Rats were exposed to either shock or tone
alone and punches were taken from the LA at 10 minutes, when STEP levels are at their
maximum after fear conditioning (n = 3 independent trials with 3 rats per treatment). Note the
increase in both STEP isoforms after fear conditioning. (C) pERK1/2 levels were determined
after fear conditioning (upper panel). (D) Rats were injected intraperitoneally with DMSO
(vehicle), cycloheximide (protein synthesis inhibitor) or SL327 (MEK inhibitor) 1 hr prior to
fear conditioning. Tissue punches were again processed at 10 minutes for immunoblotting with
anti-STEP antibody (upper panel). These experiments were repeated in triplicate with p<0.02
for both inhibitors. All blots were reprobed with anti-ERK2 antibody to allow for comparisons
of loading levels (A, B, C & D, all lower panels).
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