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Abstract
STriatal-Enriched protein tyrosine Phosphatase (STEP; PTPN5) is expressed in brain regions
displaying adult neuroplasticity. STEP modulates neurotransmission by dephosphorylating
regulatory tyrosine residues on its substrates. In this way, STEP inactivates extracellular-signal-
regulated kinase 1/2 (ERK1/2), limiting the duration and spatial distribution of ERK signaling.
Two additional substrates, the tyrosine kinase Fyn and the NR2B subunit of the N-methyl-D-
aspartic acid receptor, link STEP to glutamate receptor internalization in the synapse. Thus, STEP
may act through parallel pathways to oppose the development of experience-dependent synaptic
plasticity. We examined the hypothesis that the absence of STEP facilitates amygdala-dependent
behavioral and synaptic plasticity (i.e., fear conditioning and long-term potentiation) using STEP-
deficient mice (STEP KO). These mice show no detectable expression of STEP in the brain along
with increases in Tyr phosphorylation of STEP substrates. Here we demonstrate that STEP KO
mice also display augmented fear conditioning as measured by an enhancement in conditioned
suppression of instrumental response when a fear-associated conditioned stimulus was presented.
Deletion of STEP also increases long-term potentiation and ERK phosphorylation in the lateral
amygdala. The current experiments demonstrate that deletion of STEP can enhance experience-
induced neuroplasticity and memory formation and identifies STEP as a target for
pharmacological treatment aimed at improving the formation of long-term memories.
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INTRODUCTION
Memory formation involves the coordinated activation of multiple intracellular signaling
cascades that underlie experience-dependent neuroplasticity. The critical role for amygdala
extracellular-signal-regulated kinase 1/2 (ERK1/2) pathway in consolidation of long-term
memories is well established across numerous paradigms, including Pavlovian fear
conditioning (Schafe et al., 2000; Sweatt, 2001; Rodrigues et al., 2004). The mechanisms
and proteins involved in the regulation of ERK1/2 activity during neuroplasticity remain
poorly defined. The STriatal-Enriched protein tyrosine Phosphatase (STEP), present in the
lateral amygdala (LA) and other regions displaying adult neuroplasticity (Lombroso et al.,
1993; Boulanger et al., 1995; Braithwaite et al., 2006), inactivates ERK1/2 by
dephosphorylation of a regulatory Tyr in its activation loop (Paul et al., 2003; Valjent et al.,
2005; Choi et al., 2007). Additional experiments have demonstrated STEP-mediated
regulation of NMDA and AMPA receptor phosphorylation and endocytosis (Zhang et al.,
2008, 2010, 2011; Kurup et al., 2010). By infusing a substrate-trapping TAT-STEP protein
into the LA, we showed that blockade of STEP substrates inhibits fear memory
consolidation and long-term potentiation (LTP) and that training on Pavlovian fear
conditioning increases the expression of STEP in this region in an ERK-dependent manner
(Paul et al., 2007). These findings suggest that dynamic co-regulation of STEP and its
substrates is involved in amygdala-dependent neuroplasticity.

Several STEP isoforms are produced through alternative splicing and four have been
isolated to date (Lombroso et al., 1991; Sharma et al., 1995; Bult et al., 1996, 1997). Of the
two most widely expressed, STEP61 is targeted to the postsynaptic density (Oyama et al.,
1995), extrasynaptic compartments (Xu et al., 2009), and the endoplasmic reticulum
(Boulanger et al., 1995). STEP46 is contained in its entirety within STEP61 (Bult et al.,
1996), and is present in the cytosol. Both isoforms contain a kinase interacting motif (KIM)
required for the binding of STEP to all known substrates. STEP is activated by calcineurin/
PP1-mediated dephosphorylation of a serine residue located in the KIM domain (Paul et al.,
2003; Valjent et al., 2005), while protein kinase A (PKA)-phosphorylation of this residue
prevents the interaction of STEP with substrates (Paul et al., 2000).

As mentioned above, STEP inactivates ERK but also p38 MAPK, Fyn, and Pyk2 (Nguyen et
al., 2002; Pelkey et al., 2002; Xu et al., 2012). Additionally, STEP dephosphorylation
promotes internalization of NR1/NR2B receptors (Snyder et al., 2005) and GluR1/GluR2-
containing AMPARs (Zhang et al., 2008). These ionotrophic glutamate receptors have been
shown to be essential for the induction (i.e., NMDA) and expression (i.e., AMPA) of
amygdala LTP and emotionally salient fear memories (Nakazawa et al., 2006; Sotres-Bayon
et al., 2007; Zushida et al., 2007).

Taken together, STEP appears to participate in the integration of ERK1/2 activation and
glutamate receptor functioning and may thus modulate neuroplasticity and memory
formation in the LA. While our previous report shows the importance of STEP targets in
these processes (Paul et al., 2007), no studies have directly examined the necessity of
endogenous STEP in this process. Here we examined if STEP coordinates amygdala-
dependent neuroplasticity and long-term memory formation by examining the hypothesis
that fear conditioning and amygdala LTP is facilitated in STEP knockout mice.

EXPERIMENTAL PROCEDURES
Animals

Experimentally naïve male transgenic mice, wild-type (STEP+/+; WT), heterozygous (STEP
+/−; HET) or homozygous (i.e., STEP−/−; KO) mice were backcrossed for at least nine
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generations with C57Bl/6WT mice from Charles River Laboratories (Wilmington, MA,
USA) and used for all experiments (Venkitaramani et al., 2009). The animals were randomly
selected from the breeding colony. All experimental subjects were generated at Yale
University. After weaning they were housed in groups of 2–4 mice/cage under controlled
temperature and humidity conditions under a 12/12-h light–dark cycle (light on at 7 am and
off at 7 pm). Mice had free access to water at all times and limited access to food as detailed
below. All animal use was conducted in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and was approved by the Animal Care
and Use Committee at Yale University.

Conditioned suppression testing
Testing was initiated by training on food-reinforced instrumental responding using standard
operant chambers for mice (16 × 14 × 13 cm). The boxes were controlled by MedPC
software (Med Associates Inc., St Albans, VT, USA). Each chamber was housed in a sound-
attenuating outer chamber equipped with a white noise generator (65 dB) and a fan to reduce
the impact of external noise. A house light mounted on the back wall illuminated the
chamber. A pellet dispenser delivered food pellets (20 mg; Bio-Serv, USA) as the reinforcer
into the magazine. Head entries were detected by a photocell mounted in the reinforcer
magazine. In this magazine was also a stimulus light. Two nosepoke apertures were placed
on the back wall of the chambers (i.e., opposite to the reinforcer magazine).

Male STEP WT, HET and KO mice (n = 8/group) were used for behavioral testing. During
the 5 days immediately prior to the start of training, animals were restricted to 90-min access
to food per day and exposed to 20-mg food pellets containing sucrose in their home cages.
During the testing period, food pellets were intermittently available in the operant chambers
according to the behavioral protocol (see below) as well as in unlimited amounts in the
home cage for 90 min, beginning 30 min after the daily testing session. This food access
schedule allows for each individual animal to reach their individual satiety point and reduces
the variability caused by competition between dominant and subordinate animals. In our
hands, this schedule allows for a slow weight gain following the initial weight loss to about
90% of free-feeding weights. Animal weights were monitored throughout the experiment.

All subjects were initially habituated to the testing apparatus for 2 days; during these
sessions food pellets were delivered into the reinforcer magazine on a fixed time 15-s
(FT-15) schedule. Beginning on the next day, the subjects received daily training sessions
for 10 consecutive days. Responding on the correct (i.e., active) nosepoke was reinforced,
whereas responding on the other (inactive) nosepoke had no programmed consequences.
The position of the active nosepoke (left/right) was balanced for all experimental groups.
Completion of the response requirement (see below) resulted in onset of the magazine
stimulus light, followed 1 s later by delivery of a single food pellet. Two seconds later the
stimulus light was turned off. The first ten (10) reinforcers were obtained after successful
completion of responding according to a fixed ratio (FR1) schedule, following which pellets
were available after responding on a variable ratio (VR2) schedule. The session lasted for 15
min.

When stable performance on the instrumental response had been acquired, mice were
subjected to a single training session where an auditory stimulus was paired with foot shock.
Here, mice were placed in a new context, a chamber that was equipped with tone and shock
generators. Animals were first allowed to habituate to this environment for 3 min, followed
by three pairings of a 30-s auditory stimulus (CS+) at 75 dB coterminating with a 1 s 0.4
mA foot-shock. The training trials were separated by 2 min, and animals were left in the
chamber for 1 min after the final shock. All the training procedures were selected based on a
pilot experiment using Pavlovian fear conditioning. Moreover, we selected a 75-dB tone
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intensity for this experiment as pilot experiments showed that it does not significantly
disrupt ongoing instrumental performance in well-trained animals when presented in the
context of a continuous 65-dB white noise background sound.

For the next 3 days, mice received daily training on the instrumental task as above but the
schedule of reinforcement was increased such that 1–5 correct responses were required for
reinforcement. On the following day the conditioned suppression test was performed. Here,
instrumental performance was assessed before, during and after the intermittent presentation
of the shock-associated CS+. A total of five CS+ presentations were given, spaced 4 min
apart. The response suppression ratio, calculated as responses during the 30-s CS
presentation/responses during the 30 s immediately preceding the CS onset, was used as a
measure of memory strength.

Western blots of amygdala punches
Immunoblotting of punches from the LA and central nucleus of the amygdala (CeN) was
performed as previously described (Paul et al., 2007) with minor modifications. Briefly,
STEP WT, HET and KO littermates (n = 15/group) were sacrificed by cervical dislocation,
brains rapidly dissected and immediately frozen on dry ice. The brains were stored at −80 °C
until sample preparation. Punches from 400-μm frozen sections were taken using 0.5-mm
tissue corer and sonicated in buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1%
SDS, 50 mM NaF and 5 mM Na4P2O7. Each sample consisted of punches pooled from five
mice. The sonicated samples were boiled for 10 min, spun down and supernatant stored at
−20 °C until use. For immunoblotting, 25 μg of protein was separated on 10% SDS–PAGE,
transferred onto nitrocellulose membrane and probed sequentially with pERK1/2 or STEP
and ERK2 antibodies. The horseradish peroxidase (HRP) signal from the secondary
antibody was detected with Chemi-HR16 gel imaging system (Syngene, Frederick, MD,
USA), quantified using ImageJ software and normalized to ERK2 loading control from the
same gel.

Electrophysiology data and analysis
This experiment used the experimental procedures described in Paul et al. (2007) for testing
amygdala brain slices from STEP WT and KO littermates (n = 3/group). All
electrophysiology data were acquired and analyzed using pCLAMP 8.0 (Axon Instruments,
Inc., Union City, CA, USA). Field excitatory post-synaptic potentials (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 potentiation was analyzed by comparing pre-tetanus values (10 min before
tetanus) with those collected 50 min after LTP induction. Electrophysiological analyses
were conducted using Student’s t-test. The data are presented as mean ± SEM and p < 0.05
was considered statistically significant.

Statistics
The data were analyzed by analysis of variance (ANOVA) using the genotype as the
independent factor. Statistically significant main effects were further evaluated using post
hoc analysis using the Tukey HSD or Scheffe’s tests that corrects for multiple comparisons.
Electrophysiological analyses were conducted using Student’s t-test. The data are as mean ±
SEM and p ≤ 0.05 was considered statistically significant.
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RESULTS
Deletion of STEP increases amygdala-dependent fear learning

When tested in the conditioned suppression paradigm, HET and KO mice displayed greater
conditioned suppression of food-motivated instrumental performance when an auditory CS+
that had previously been associated with foot shock was presented (Fig. 1, right). There were
significant main effects of both Genotype (F(2,21) = 4.236; p < 0.05) and CS presentation
(F(2,42) = 3.313; p < 0.05) on performance on this task. Post hoc analyses demonstrated that
both STEP HET (p < 0.05) and KO (p < 0.05) displayed greater suppression ratios compared
to wild-type controls, indicating that the deletion of STEP augmented the strength of the
fear-associated memory.

Importantly, there was no group difference in baseline performance prior to the conditioned
suppression test and ANOVA analysis found no effects on nosepoke responses (F(2,21) =
0.695; n.s.) or reinforcers (F(2,21) = 0.443; n.s.), demonstrating that the results cannot be
explained by changes in motivation or the ability to perform the instrumental response (Fig.
1, left). There was also no difference in performance between the groups prior to
presentation of the first CS in the conditioned suppression test session, confirming that the
differences in instrumental responding during CS presentations were selectively related to
enhancements in Pavlovian fear learning.

Reducing STEP levels results in increased ERK1/2 activation in the amygdala
Western blots of punch biopsies from the LA and CeN were probed with STEP antibody. As
previously reported (Paul et al., 2007), the only isoform expressed at baseline in the LA is
STEP61, while in the CeN both STEP61 and STEP46 are expressed (Fig. 2). The KO mice
lacked the expression of all STEP isoforms, while the HET displayed approximately half the
amount of STEP proteins.

We next confirmed the physiological effects of STEP deletion by determining the levels of
phosphorylation of the STEP substrate ERK1/2 in the LA and CeN of STEP KO mice.
There was a significant difference between the genotypes both in the LA (F(2,6) = 8.91; p <
0.05) and in the CeN (F(2,6) = 7.14; p < 0.05). There were no significant differences
between the two regions. STEP KO mice showed significantly higher levels of pERK1/2 in
both the LA (155.63 ± 15.14%; p < 0.02) and CeN (148.32 ± 9.34%; p < 0.01), as compared
to WT (100%; p < 0.05, both regions). Although the pERK1/2 levels were elevated in both
LA (123.89 ± 9.90%) and CeN (120.72 ± 10.51%) of HET mice compared to WT, the
differences were not significant. These results were confirmed by immunohistochemical
staining (data not shown) and confirmed our previous observations with
immunohistochemistry (Venkitaramani et al., 2009).

Eliminating STEP facilitates LTP in the LA
We next determined the effect of STEP deletion on LTP in the LA (Fig. 3). First we
examined basal synaptic transmission in amygdala slices from WT and STEP−/− mice. The
fEPSP amplitude recorded as a function of stimulus intensity in slices from WT mice (n = 9
slices, 3 mice) was not different in slices from STEP−/− mice (n = 11 slices, 3 mice; Fig.
3A). Moreover, paired synaptic responses from WT and STEP−/− slices at different
interstimulus intervals did not differ in WT (n = 9 slices, 3 mice, black circles) versus STEP
−/− mice (n = 11 slices, 3 mice, open circles; (Fig. 3 B). Together, these measures indicate
that deletion of STEP does not alter baseline synaptic transmission or short-term facilitation
in the LA.
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To examine whether STEP deletion altered persistent synaptic plasticity in the LA, we
investigated the induction of LTP. Tetanic stimulation (three 1 s, 100 Hz trains, 90 s inter-
train interval) to the internal capsule in control slices produced a sustained increase in fEPSP
amplitude in both WT (n = 9 slices; p < 0.0001; Fig. 3C) and STEP−/− slices (n = 10 slices;
p < 0.0001). In slices from WT mice, the fEPSP amplitude was 124 ± 16% (mean ± SEM)
of the baseline level 60 min after tetanus, whereas in slices STEP−/− mice fEPSP amplitude
was 185 ± 18% (p < 0.05 compared with WT slices). These results demonstrate that deletion
of STEP increased the magnitude of LTP in the LA but did not affect baseline synaptic
transmission or short-term facilitation.

DISCUSSION
The current research demonstrates that the protein tyrosine phosphatase STEP exerts an
inhibitory influence on neuroplasticity in the LA, and that elimination of STEP in the brain
of genetically modified mice results in facilitated Pavlovian fear conditioning, increased
ERK1/2 phosphorylation and enhanced LTP in the LA.

STEP, as a regulator of tyrosine phosphorylation in the brain, has been shown to temporally
and spatially modulate ERK1/2 activity (Paul et al., 2003; Venkitaramani et al., 2009) and
synaptic glutamate receptor function (Pelkey et al., 2002). The activity or levels of STEP
protein may thus play a central role in coordinating several key elements of experience-
induced neuroplasticity. To further understand the physiological roles of STEP, and STEP-
mediated regulation of behavioral and synaptic plasticity, we generated STEP KO mice.
These mice do not express any of the STEP isoforms normally found in wild-type animals
(Venkitaramani et al., 2009). Using immunohistochemistry we have shown that STEP KO
mice have increased baseline phosphorylation of ERK1/2 and other STEP targets (i.e., fyn,
NR2B and GluR2) in regions of the brain involved in learning and memory, such as the
hippocampus, amygdala and cortex (Zhang et al., 2008, 2010; Venkitaramani et al., 2009).
Here we further confirmed the increase in amygdala ERK activity using Western blot to
allow for quantitative analysis. We determined that knocking down STEP expression results
in enhanced activation of ERK1/2 without changes in total protein expression of ERK in the
CeN and LA, supporting the previously reported immunohistochemistry results. These data
confirm that a reduction of STEP has immediate consequences for the function of ERK1/2,
and other downstream targets of STEP such as Fyn, NR2B, and GluR2 within multiple
regions (c.f., Goebel-Goody et al., 2012a,b).

However, like other studies that use developmental knockout mice, there are potential
limitations, such as the possibility of compensatory changes that are not directly related to
STEP. These issues have been investigated extensively in previous studies (Venkitaramani
et al., 2009, 2011; Kurup et al., 2010; Zhang et al., 2010; Carty et al., 2012; Goebel-Goody
et al., 2012a,b). Nevertheless, the current data may be particularly relevant to those
circumstances where the levels or the activity of STEP is chronically altered such as is
expected in progressive or permanent clinical disorders. Indeed, STEP is elevated in brains
of individuals suffering from several chronic disorders with cognitive impairments such as
Alzheimer’s disease, fragile × syndrome and schizophrenia, as well as in genetic animal
models that reproduce these disorders (Zhang et al., 2010; Carty et al., 2012; Goebel-Goody
et al., 2012a,b). In these studies, we identified a common outcome of STEP deletion that
results in increased phosphorylation of its primary targets ERK, Fyn, NR2B, and GluR2.
Importantly, we have not found any evidence of decreases of Tyr phosphorylation, total
protein levels, or localization of these substrates, suggesting that compensatory regulation is
limited. The increased Tyr phosphorylation of STEP substrates occurs within several brain
regions, and while the current study focuses on the amygdala, parallel effects of STEP
deletion on neuroplasticity and cognition dependent on the hippocampus and prefrontal
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cortex have been demonstrated (Hicklin et al., 2011; Venkitaramani et al., 2011; Zhang et
al., 2011; Goebel-Goody et al., 2012a,b). To date, our work using the STEP KO shows no
evidence of significant compensation by other tyrosine phosphatases, thus making the STEP
KO mouse a valuable model for understanding STEP function in the brain.

The increase in ERK1/2 phosphorylation within the LA suggested that STEP KO mice
would display facilitated Pavlovian fear conditioning, as this form of learning requires
experience-induced activation of ERK1/2 within this region. Consistent with this hypothesis,
we found that the STEP KO mice showed augmented conditioned suppression after training
on Pavlovian fear conditioning. Conditioned suppression and conditioned freezing show a
high degree of correlation (Bouton and Bolles, 1980). At the level of fear memory formation
and expression in the amygdala, conditioned suppression is likely analogous to conditioned
freezing behavior. Specifically, lesions of the LA and CeA blocks both conditioned freezing
behavior and conditioned suppression (LeDoux et al., 1990; Killcross et al., 1997).
However, the expression of freezing and conditioned suppression also involves dissociable
neural circuits as lesions of the periaqueductal gray blocks freezing but only partially affects
conditioned suppression (Amorapanth et al., 1999). Based on the role of LA in both
behaviors, the reduction in motivated instrumental performance during presentation of a
fear-associated CS can thus be used as an index of LA-dependent fear memory strength, i.e.,
the greater response suppression, the stronger the fear memory.

Deletion of STEP augmented the formation of Pavlovian fear memory and these behavioral
observations provide evidence that one important function of STEP may be to regulate
neuroplasticity and memory formation or expression. This notion is supported by the
augmented LTP in amygdala slices from STEP KO mice compared to WT controls, without
significant effects on baseline electrophysiological measures or paired-pulse facilitation. The
induction of LTP in the LA has been demonstrated to be an essential step in the formation of
a long-term fear memory (Sigurdsson et al., 2007), and this enhancement in amygdala
neuroplasticity is consistent with the present behavioral observations.

We have previously reported that infusion of a substrate-trapping inactive form of STEP into
the LA impairs Pavlovian fear conditioning (Paul et al., 2007). Post-training infusions of this
substrate-trapping STEP variant into the LA was sufficient to reduce fear memory
expression, demonstrating an effect on memory consolidation. These observations suggest
that the effect of STEP deletion may primarily be through enhancement of memory
consolidation. In our previous study, we also found that training on the Pavlovian fear
conditioning task increased STEP expression by the de novo translation of both the cytosolic
STEP46 and the membrane-bound STEP61 through a mechanism dependent on ERK1/2
activation. The rapid translation of STEP in response to a significant learning event suggests
that this is an important step in the temporal or spatial regulation of STEP targets during
neuroplasticity, including ERK1/2 phosphorylation. It was suggested that the increase in
STEP serves to constrain the duration of the cellular processes underlying experience-
induced neuroplasticity during fear conditioning to promote the temporal and/or stimulus
specificity of the fear memory.

The role of STEP in neuroplasticity is also mediated through the regulation of ionotropic
glutamate receptor trafficking and function. STEP knockdown by RNAi increases the
functional properties of NR2B-containing NMDARs (Pelkey et al., 2002; Braithwaite et al.,
2006), and we recently established that the synaptic localization of NR1/NR2B and GluR1/
GluR2 receptors are regulated by STEP. Indeed, STEP KO mice show increased levels of
both NR1/NR2B (Venkitaramani et al., 2011) and GluR1/GluR2 in the synaptic membrane
(Zhang et al., 2008). The tyrosine kinase Fyn phosphorylates tyrNR2B at tyr1472, leading to
exocytosis of NMDARs to surface membranes (Dunah et al., 2004). STEP dephosphorylates
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and inactivates Fyn, thus suggesting that STEP works through two pathways to promote
internalization of NMDARs: direct dephosphorylation of both tyr1472 of the NR2B subunit
and tyr420 of Fyn. GluR2 is tyrosine phosphorylated by Src family kinases (Ahmadian et
al., 2004; Hayashi and Huganir, 2004). STEP was recently shown to regulate GluR1/GluR2
trafficking (Zhang et al., 2008). GluR2 is known to be tyrosine dephosphorylated and
internalized after dihydroxyphenylaglycine (DHPG)-induced long-term depression (LTD),
although the identity of the PTP was unknown (Moult et al., 2006). We determined that
STEP is required for DHPG-induced endocytosis of GluR1/GluR2 (Zhang et al., 2008).
Moreover, GluR1/GluR2 receptors are no longer internalized in STEP KO cultures after
DHPG stimulation, but are again internalized if STEP is acutely replaced using a TAT-
STEP protein (but are not internalized by an inactive TAT-STEP control).

Importantly, the consequences of STEP deletion are persistent and not compensated for by
other tyrosine phosphatases. The lack of redundancy may indicate unique and essential
cellular functions for STEP that cannot be executed by other PTPs. This important aspect of
STEP function may provide an opportunity to selectively modulate STEP activity without at
the same time affecting additional intracellular signaling pathways. This is an exciting
possibility since it indicates a potential role for STEP inhibitors as novel therapeutic agents
to promote neuroplasticity in an effort to reduce cognitive deficits and aberrant emotional
and motivational processes that emerge in neuropsychiatric disorders.
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Abbreviations

CeN central nucleus of the amygdala

DHPG dihydroxyphenylaglycine3

ERK1/2 extracellular-signal-regulated kinase 1/2

fEPSP field excitatory post-synaptic potential

HET heterozygous

KIM kinase interacting motif

KO knockout

LA lateral amygdala

LTD long-term depression

LTP long-term potentiation

STEP STriatal-Enriched protein tyrosine Phosphatase

WT wild-type
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Fig. 1.
Deletion of STEP levels increases amygdala-dependent fear learning. Deletion of STEP
levels increases amygdala-dependent fear learning. Animals hetero- or homozygous for the
deletion of the STEP gene displayed greater conditioned suppression when presented with
an auditory CS+ that had previously been associated with foot shock. Data shown is the
average suppression ratio over the five CS+ presentations. ANOVA analysis identified a
main effect of genotype (p ≤ 0.05) on conditioned suppression.
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Fig. 2.
Increased amygdala ERK1/2 activity in STEP−/− mice. (A) Tissue punches from the LA and
the CeN were analyzed by SDS–polyacrylamide gel electrophoresis and Western blots
probed with anti-ERK1/2, anti-pERK1/2 and anti-STEP antibodies to determine the level of
ERK1/2 activity and distribution of STEP isoforms in these regions. (B) Histograms
showing an increase in pERK in both the LA and the CeN of STEP−/− mice (*p ≤ 0.05 and
**p ≤ 0.01).
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Fig. 3.
Deletion of STEP facilitates induction of LTP in LA without affecting basal synaptic
transmission. (A) Basal synaptic transmission and LTP in STEP−/− mice. Synaptic
responses to increasing stimulus intensity (upper left panel). The fEPSP amplitude is plotted
as a function of stimulus intensity in slices from WT mice (n = 9 slices, 3 mice, black
circles) or from STEP−/− (KO) mice (n = 11 slices, 3 mice, open circles). (B) Paired
synaptic responses from WT and STEP−/− slices at different interstimulus intervals do not
differ (upper right panel). Ratio of the second fEPSP the first fEPSP (mean ± SEM) is
plotted for WT (n = 9 slices, 3 mice, black circles) and STEP−/− mice (n = 11 slices, 3 mice,
open circles). (C) Pooled fEPSP amplitude (lower panel) (mean ± SEM) is plotted for WT
slices (n = 9 slices, 3 mice, black circles) and STEP−/− slices (n = 10 slices, 3 mice, open
circles circles). Tetanic stimulation was delivered at t = 20 min as indicated by the arrow.
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