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Abstract

STEP is a brain-specific phosphatase that opposes synaptic strengthening by the regulation of key
synaptic signaling proteins. Previous studies suggest a possible role for STriatal-Enriched protein
tyrosine Phosphatase (STEP) in learning and memory. To demonstrate the functional importance
of STEP in learning and memory, we generated STEP knockout (KO) mice and examined the
effect of deletion of STEP on behavioral performance, as well as the phosphorylation and
expression of its substrates. Here we report that loss of STEP leads to significantly enhanced
performance in hippocampal-dependent learning and memory tasks. In addition, STEP KO mice
displayed greater dominance behavior, although they were normal in their motivation, motor
coordination, visual acuity and social interactions. STEP KO mice displayed enhanced tyrosine
phosphorylation of extracellular-signal regulated kinase 1/2 (ERK1/2), the NR2B subunit of the
N-methyl-D-aspartate receptor (NMDAR), Proline-rich tyrosine kinase (Pyk2), as well as an
increased phosphorylation of ERK1/2 substrates. Concomitant to the increased phosphorylation of
NR2B, synaptosomal expression of NR1/NR2B NMDARs was increased in STEP KO mice, as
was the GIUR1/GIuR2 containing a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid
receptors (AMPAR), providing a potential molecular mechanism for the improved cognitive
performance. The data support a role for STEP in the regulation of synaptic strengthening. The
absence of STEP improves cognitive performance, and may do so by the regulation of
downstream effectors necessary for synaptic transmission.
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Introduction

STriatal-Enriched protein tyrosine Phosphatase (STEP; PTPN5) is a neuronal-specific
tyrosine phosphatase that has been implicated in the regulation of learning and memory.
STEP is expressed in the hippocampus, cortex, striatum, and related brain regions
(Lombroso et al., 1993; Boulanger et al., 1995). Alternative splicing produces several STEP
isoforms (Sharma et al., 1995; Bult et al., 1997) that are differentially targeted to the post-
synaptic density (Oyama et al., 1995), extrasynaptic, and cytosolic compartments (Goebel-
Goody et al., 2009; Xu et al., 2009). The activity of STEP is itself regulated by both
dopamine and glutamate signaling (Paul et al., 2000; Paul et al., 2003). Activation of Dy
receptors by dopamine results in PKA-mediated phosphorylation of a regulatory serine
residue within the Kinase Interacting Motif (KIM) of STEP (Paul et al., 2000; Paul et al.,
2003). Phosphorylation at this site sterically prevents STEP from associating with and
dephosphorylating its substrates (Paul et al., 2000; Xu et al., 2009). In contrast, stimulation
of NMDA receptors (NMDARS) by glutamate leads to CaZ*-dependent, calcineurin/PP1-
mediated dephosphorylation and activation of STEP (Paul et al., 2003; Valjent et al., 2005).

STEP associates with NMDARSs, decreases NMDAR activity, and opposes the induction of
LTP through dephosphorylation of Y1472 on the NR2B receptor subunit, leading to
endocytosis of NR1/NR2B receptors (Pelkey et al., 2002; Snyder et al., 2005). Acute
reduction in STEP expression by RNA interference increases surface expression and
function of NR1/NR2B receptors (Braithwaite et al., 2006a), and STEP knockout (STEP™7)
mice have enhanced hippocampal LTP (Zhang et al., 2010). In addition, STEP inactivates
ERK1/2, Fyn, and p38 kinases by dephosphorylating a regulatory tyrosine within their
activation loops (Nguyen et al., 2002; Paul et al., 2003). As these kinases are required for
the development of synaptic plasticity, the results suggest that STEP activity opposes the
development of synaptic strengthening (Braithwaite et al., 2006b).

Earlier studies using a substrate-trapping STEP protein demonstrated that infusion of this
inactive/dominant-negative protein into the lateral amygdala or ventrolateral striatum of
rodents blocked consolidation of fear memories and sensitization to repeated administration
of amphetamine, respectively (Paul et al., 2007; Tashev et al., 2009). However, these studies
did not address the role of STEP in synaptic plasticity directly. In order to determine the role
of STEP in modulating synaptic transmission, we generated mice lacking the STEP protein
(STEP KO mice) (Venkitaramani et al., 2009). Mice null for STEP had increased baseline
levels of phospho-ERK1/2 (pERK1/2) and enhanced activation of ERK1/2 after stimulation
of hippocampal neurons (Venkitaramani et al., 2009). In the current study, we examined the
effect of knocking out STEP on behavior in hippocampal-dependent learning and memory
paradigms and on the Tyr phosphorylation of STEP substrates and ERK1/2 downstream
signaling molecules.

Material and methods

Reagents and animals

The primary and secondary antibodies used for immunoblotting are listed in Table 1. The
wildtype (WT) and STEP knockout (KO) male mice used in these experiments were 3-4
months of age, maintained on the C57BI/6 background, and generated at Yale University
from heterozygous (HET) crosses as described previously (Venkitaramani et al., 2009).
STEP HET were backcrossed for at least 9 generations with C57BI1/6 WT mice from Charles
River Laboratories (Wilmington, MA). Experimental mice were group-housed with a
maximum of 5 mice per cage in a climate-controlled facility with 12h light-dark cycle with
access to food and water ad libitum. All experiments were carried out during the light phase
of the cycle. All procedures were performed according to the National Institutes of Health
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Guide for the Care and Use of Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee at Yale University.

Morris water maze

The Morris water maze was used as a measure of spatial memory and was carried out as
previously described (Vorhees & Williams, 2006). Mice were handled for 4 days prior to
training. The maze consisted of 1-m circular pool with a submerged 10 x 10 cm transparent
platform. Spatial training consisted of 4 trials/day with the platform in the same quadrant
location on all training days, an inter-trial interval of 10 min, and each trial lasting until the
mouse reached the platform. Mice that failed to locate the platform within 60 s were gently
guided onto the platform. All animals were allowed to remain on the platform for 30 s. The
latency to reach the platform, pathlength and time spent in each quadrant was measured by a
PolyTrack Video tracking System (San Diego Instruments, San Diego, CA). The animals
were trained for 5 consecutive days, with a pseudo-randomized starting location (one trial
was initiated from each quadrant each day). A probe trial was administered 24 h after the
final training trial and the amount of time spent in the target quadrant was recorded.
Following the first probe trial, animals were retrained for the same platform location for 2
additional days. The platform location was then changed to the opposite quadrant and
reversal training consisted with 4 trials/day for 5 days. Twenty-four h following the last
reversal trial, mice were given another probe test. Visible platform tests were also performed
to control for visual acuity, motivation and swimming speed. The swim path for each trial
was plotted using the Polytrack system and an investigator blind to genotype assigned a
predominant search strategy as described in (Brody & Holtzman, 2006). Although the mice
sometimes changed strategies during the trial, the strategy that fit the majority of the swim
path was assigned.

Radial-arm water maze

The water-escape motivated, six-arm radial task was carried out as previously described
(Alamed et al., 2006; Park et al., 2006) with minor modifications. Mice were handled for 4
days before testing. The radial-arm water maze consisted of a circular 1-m pool with six
arms that were 20 cm wide, 30 cm in length and that radiated from a central open area 40 cm
in diameter. The submerged escape platform was located at the end of one of the arms,
which was randomized for each mouse. The hidden platform location was kept constant for
each mouse during the first 2 days of testing. Training consisted of 3 blocks of 5 trials/day
and mice were placed at the end of a random starting arm for each trial. Mice were allowed
60 s to find the platform and each entry into an incorrect arm (all four paws in the arm
without the platform) was recorded as an error. If a mouse failed to choose an arm for 20 s,
it was assigned an error. The intertrial interval was 10 min and mice were allowed to rest for
30 min between each block of 5 trials. The number of errors was averaged over 5 trials for
each mouse resulting in 3 error blocks per animal per day. On day 3, the location of the
platform was changed to the opposite arm and mice were tested for 2 days in the reversed
location. Latency to find the platform and total number of errors were recorded. Errors were
further categorized as reference memory, working memory and perseverative errors.
Reference memory errors were defined as errors when the mouse entered the arm that did
not contain the platform. Re-entry into an arm without a platform (that had already been
explored) within the same trial was scored as a working memory error. Perseverative errors,
measured during reversal trials, were defined as the number of entries into the arm that
contained the platform before the reversal. The strategy used to solve the maze was
measured as the angle between two-arms visited successively (Lavenex & Schenk, 1996).
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Open Field activity

Rotarod

To measure exploratory activity, mice were placed in open-field chambers (Med Associates)
and activity was recorded for 30 min. Activity chambers were located in a sound-attenuated
enclosure with appropriate lighting. The response to a novel environment was recorded as a
function of distance traveled, ambulatory time, average velocity, ambulatory counts, and
ambulatory episodes. Ambulatory counts were defined as the number of beam breaks during
the period the mouse was moving, while ambulatory episodes was defined as the number of
times the mouse started to move from a resting position. The distance traveled was binned
into 5 min periods to monitor habituation over time.

To test the motor coordination of STEP KO mice, animals were trained on an accelerating
rotarod (Accurotor Rotarod, Accuscan Instruments) for 2 days. The rotarod accelerated
gradually from 0-40 rpm over 200 s. Maximum time allotted on the drum was 300 s. Mice
were given 6 trials/day with an intertrial interval of 15 min and latency to fall off the drum
onto a soft pad was recorded.

Social Discrimination task

Animals were brought to the experimental room 1 h before behavioral testing. Adult resident
(test) mice were habituated to a new home cage for 20 min. Following habituation, an
intruder (juvenile) was introduced for 4 min and the session was video-recorded. Test mice
were returned to the animal facility 6 h following the first meeting. Twenty-four hours later,
test mice were exposed to either a familiar or unfamiliar/novel juvenile intruder for 4 min in
their home cage and the session was again video-recorded. The intruders were always WT,
while the test mice was either STEP KO or WT. Social behaviors scored include sniffing of
anogenital region, head or body, following the intruder and dominance or aggressive
behaviors (Gheusi et al., 1994; Engelmann et al., 1995; Garau et al., 2000). Sniffing
behaviors were considered when test mouse had its nose as close as 1 cm or less from the
region of interest, i.e., anogenital, head or other body regions. Dominance behavior was
scored when the resident held down the other mouse against the cage floor or cage wall, and
aggressive behaviors scored if kicks and/or bites were observed. During all sessions an
experienced investigator observed if any animal displayed aggressive behavior that could
injure the other animal, which would lead to termination of the session, but such behaviors
were not observed. A computer-assisted data acquisition system was used by an investigator
blind to genotype to quantify the total time spent by test mice in each social interaction in
both social meetings.

Western blotting

Immunoblot analysis was performed as described (Zhang et al., 2008). Briefly, hippocampus
was dissected and homogenized in TEVP + 320 mM sucrose containing protease inhibitors.
The homogenates were fractionated (Hallett et al., 2008) and the following fractions were
used for immunoblotting: nuclear (P1: EIk1 and CREB), crude synaptosomal membranes
(P2: Pyk2 and synapsin 1) and synaptosomal membranes (LP1: ERK1/2, NMDA and AMPA
receptors). Proteins (25-40 ug) were separated on 8% (LP1 fractions) or 10% (P1 and P2
fractions) SDS-PAGE and transferred to nitrocellulose membranes. Membranes were
blocked and then incubated with primary antibodies overnight at 4°C followed by
appropriate secondary antibodies. Signals were visualized using the SuperSignal western
blot kit (Pierce Biotechnology) and captured using a Chemi-HR imaging system (Syngene).
Since levels of ERK2 did not differ between WT and STEP KO mice, band intensities were
analyzed using ImageJ (NIH) software and normalized to ERK2 levels from the same blot.
Levels of non-phosphorylated proteins were normalized to total ERK2 levels from the same

Eur J Neurosci. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Venkitaramani et al.

Page 5

blot and WT levels were set as 100% for all comparisons with proteins from STEP KO
mice. For phosphorylated proteins, we first normalized the total protein levels to ERK?2
levels from the same blot and then determined the ratio of phosphorylated protein to total
protein within the same blot.

Statistical Analysis

Results

All analyses were performed using statistical software SPSS (Chicago, IL, USA). Statistical
analyses were performed using one-way (genotype) repeated-measures ANOVA on latency
(to find platform), number of errors per block, bins or trials and groups with significant
differences were compared using one-way ANOVA with genotype as factor. The search
strategy used during Morris water maze trials and turn angle during radial-arm water maze
were analyzed using the non-parametric Mann-Whitney U test. The time spent by the test
mice (resident) performing social behaviors was analyzed by a two-way ANOVA with
duration of the interval (30 min vs. 24 hours) and familiarity (familiar vs. unfamiliar) as
factors. Analysis of experiments involving two groups including western blots was
performed using unpaired two-tailed (non-directional) t-tests. All data are presented as
means + SEM and P < 0.05 was considered to be significant.

STEP KO mice showed increased behavioral flexibility and accuracy in tests of spatial
learning and memory

We used two hippocampus-dependent spatial tasks to assess learning and memory in STEP
KO mice. First, we tested STEP WT and KO mice in the Morris water maze. The latency to
find the hidden platform as well as the pathlength was similar between the WT and KO mice
on all training days (Fig. 1A and B). Both STEP WT and KO mice showed improvement in
performance over the training blocks, and the latency and pathlength decreased significantly
over training blocks (Fg 180 = 29.49, P < 0.001 for latency; Fg 156 = 24.81, P < 0.001 for
pathlength). The performance on the probe trial on day 6 did not differ significantly between
WT and KO mice (Fig. 1C). Both groups spent significantly more time in the target quadrant
as opposed to other quadrants during this probe trial (t3; = 4.18, P < 0.001 as compared to
chance). The latency to find the platform and pathlength decreased significantly during
reversal trials for both genotypes (F4 120 = 18.81, P < 0.001 for latency; Fs 112 = 17.55, P <
0.001 for pathlength).

However, during the second probe trial after reversal training on day 13, the STEP KO mice
spent significantly more time in the target quadrant as compared to WT mice (Fig. 1D, t3; =
4.46, P < 0.001 for STEP KO mice in the new target quadrant as compared to chance).
Although there was no difference in the latencies to find the platform on training trials
during reversal learning, WT mice spent significantly more time in the quadrant that housed
the hidden platform before reversal (for STEP WT mice, t3; = 3.09, P < 0.01 in the opposite
quadrant as compared to chance). These results indicate that STEP KO mice showed
enhanced performance during the reversal probe test, which is a measure of cognitive
flexibility. This difference between STEP WT and KO mice was not detected during a probe
trial on day 20 (Fig. 1E), suggesting that the STEP KO mice were able to learn and
consolidate the new location of the platform better than WT controls, but were also able to
extinguish the memory. We also tested the ability of WT and KO mice to locate the visible
platform. There were no significant differences in either the latency to find the platform or
the pathlength between the two genotypes, suggesting that the differences observed in the
hidden platform trials cannot be attributed to changes in mativation or ability to perform the
task.
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We analyzed the strategy used by the WT and STEP KO mice to complete this spatial task.
The search strategy was scored during training blocks 1, 5, 7, 8 and 12 as well as during
probe trials I, 11 and I11. Search strategies were grouped into 3 main categories, spatial, non-
spatial/systematic and repetitive looping. The search strategies used by STEP KO mice did
not differ from those used by WT controls during first training block (Trial block 1) or
training blocks after reversal (Trial blocks 8 and 12 (Fig 2B)). During trial block 5, WT
mice predominantly used a spatial search strategy, whereas STEP KO mice used both spatial
(Z=-1.97, P < 0.05) and non-spatial/systematic strategies (Z = —2.25, P < 0.024) equally.
STEP KO mice exhibited significantly more repetitive looping than WT mice during trial
block 7 (Z =-1.97, P < 0.05). In the first two probe trials there was no difference in the
strategy used between the WT controls and STEP KO mice. However, during probe trial 111,
STEP KO mice did not use a spatial strategy as often as WT mice (Z = —2.10, P < 0.04). We
sub-categorized each group of search strategies (Table 2.) and found that STEP KO mice
preferred the non-spatial/systematic strategy more than the spatial strategy during trial block
5 and probe trial 111. Interestingly, the latency and pathlength did not differ between the two
genotypes during trial block 5.

Next, we evaluated performance in the radial-arm water maze, which tests spatial working
memory in addition to spatial reference memory. Unlike the Morris water maze, there was a
significant main effect of genotype (F1 25 = 4.32, P < 0.05 for reference memory error; F1 g
=4.65, P < 0.04 for latency; Fq 25 = 4.40, P < 0.05 for working memory error) and an
interaction between genotype and blocks (Fs 149 = 2.74, P < 0.03 for reference memory
error; Fs 140 = 2.29, P < 0.05 for latency; Fs 140 = 2.72, P < 0.03 for working memory error)
during the first two days of testing. STEP KO mice committed fewer reference errors (Fig.
3A, F1 28 =5.18, P <0.02 for Block 1; F1 »g = 10.60, P < 0.003 for Block 3) and working
memory errors (Fig. 3C, Fy g = 4.32, P < 0.05 for Block 1; F1 »g = 7.89, P < 0.009 for
Block 3) on the first day of testing. The latency to find the hidden platform was also
significantly faster in the STEP KO as compared to their WT controls (Fig. 3B, F1 28 =
10.81, P < 0.003 for Block 3).

There were no significant effects of genotype or interactions between genotype and block
during reversal trials. Although there was no significant difference in the latency to find the
platform or in errors on the second testing day or during reversal training and testing, STEP
KO mice committed fewer errors and, on average, located the platform more quickly than
their WT controls (Fig. 3A, 3B and 3C). The two groups did not differ in the perseverative
error rate during reversal learning (Fig. 3D). This suggests that in a more complex learning
spatial task, STEP KO mice show enhanced acquisition of the behavior.

We assessed the strategy used to solve the radial-arm water maze by measuring the angle of
turn between two successive arm choices. We also evaluated the reference memory errors
during the first and last trials on each training day (Fig. 4A). The number of reference
memory errors decreased across trials in both genotypes. However, STEP KO mice
committed significantly fewer reference memory errors than WT controls during trial 46
(F1.28 =5.36, P < 0.03). The turn angle was not different between WT and STEP KO mice
(Fig. 4B) across most trials except the last trial (trial 60) after reversal (Z = —2.48, P <
0.014). An average turn angle value close to 60° would suggest a serial/sequential search
strategy was used while a larger turn angle values is indicative of spatial search strategy.
During trial 60, WT mice made more 180° arm choices than STEP KO mice (Table 3.).
However, both the WT and KO mice used a spatial strategy as indicated by average turn
angles greater than 60°.
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Activity levels and motor coordination were similar in STEP KO and WT mice

We examined the effect of the STEP knockout on baseline locomotor activity and motor
coordination, since locomotor activity is essential for performing the behavioral tasks used.
STEP WT and KO mice were allowed to explore an open field for 30 min on 3 consecutive
days. Baseline activity was not significantly different between the STEP WT and KO mice,
suggesting similar locomotor responses to a novel environment. STEP WT and KO mice did
not differ in measures of total distance travelled (F1 26 = 0.003, P > 0.05; Fig. 5A), showed a
similar significant decrease in activity over time (Fs 2 = 7.517, P < 0.001; Fig. 5B), time of
ambulation (F1 ¢ = 0.003, P > 0.05; Fig. 5C), average velocity (F1 26 = 0.797, P > 0.05;

Fig. 5D), ambulatory counts (F 26 = 0.013, P > 0.05; Fig. 5E) or ambulatory episodes (F1 26
=0.214, P > 0.05; Fig. 5F).

Motor coordination and learning were assessed using an accelerating rotarod test. The
latency to fall from the rotarod within each day and over the 2 days of testing did not differ
significantly between the STEP WT and KO mice (Fig. 5G). The latency to fall off the drum
increased significantly over trials for both genotypes, suggesting improved performance
with training (Fs g5 = 25.703, P < 0.001 for day 1; Fs g5 = 9.273, P < 0.001 for day 2). There
was no interaction between trials and genotype. These results suggest that STEP KO mice
do not exhibit deficits in motor coordination or motor learning.

STEP KO mice differ from WT mice in specific social behaviors

Social recognition memory is a measure of the ability of mice to discriminate between
familiar and unfamiliar (novel) conspecifics. The analysis of the baseline social interaction
of STEP KO and WT observed during the first meeting shows that STEP KO mice spent
significantly more time showing dominance behavior as compared to WT mice (Fig. 5H,
F1.20=6.07, P <0.03). STEP WT and KO mice did not differ significantly in the total
amount of time spent in social behaviors during either a first or second meeting. Both groups
showed a decrease in social behaviors towards the familiar intruder after 30 min or 24 h, and
spent more time with the unfamiliar intruder (data not shown). These data suggest that STEP
KO mice showed intact short- and long-term social memory, but presented high levels of
dominance behavior at baseline.

Increased tyrosine phosphorylation and expression of ionotropic glutamate receptors

It is possible that the decreased ability of STEP to dephosphorylate its molecular targets in
the hippocampus underlies the improved performance of these mice in these learning tasks.
We previously found that the Tyr phosphorylation of ERK1/2 was elevated in the
hippocampus of STEP KO mice (Venkitaramani et al., 2009). Here, we examined the
phosphorylation state of glutamate receptors and an upstream kinase known to regulate their
Tyr phosphorylation in synaptosomal membrane fractions from the hippocampus of STEP
WT and KO mice. We confirmed the absence of STEP in KO mice, and detected STEPg;,
the only isoform expressed in the hippocampus, in blots from WT samples. The level of
activated ERK1/2 served as a positive control and was significantly increased in the STEP
KO mice as compared to WT controls (Fig. 6A and 6B, t, = 2.78, P < 0.04) (Venkitaramani
etal., 2009).

We next measured the Tyr phosphorylation of NR2B at Y1472, Phosphorylation of NR2B at
Y1472 by Fyn is associated with increased NMDAR surface expression, increased NMDAR
channel activity, and enhanced synaptic transmission (Xu et al., 2006). There was a
significant elevation in the phosphorylation of Y1472 in hippocampal synaptosomal fractions
from STEP KO mice (Fig. 6A and 6B, t; = 2.90, P < 0.05). We also examined the total
levels of the NR1, NR2B and NR2A subunits of the NMDAR complex. There were
significant increases in total levels of the NR1 subunit (t; = 2.88, P < 0.05), which is
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essential for NMDAR assembly and function, as well as total levels of the NR2B subunit (t4
= 2.86, P < 0.05) in the hippocampal synaptosomal membrane compartment of STEP KO
mice compared to WT controls (Fig. 6A and 6B); however, we did not observe any
differences in the total levels of the NR2A subunit between STEP WT and KO mice.

We next examined the level of AMPAR subunits in synaptosomal membrane fractions. We
found a significant increase in the expression levels of both GIuR1 (t4 = 3.33, P < 0.03) and
GIuR2 (t4 = 5.60, P < 0.005) subunits in STEP KO mice, while GIuR3 subunit levels were
similar between the two genotypes (Fig. 6A and 6B). These results suggest that STEP
activity is important for regulating the trafficking of two classes of glutamate receptors, and
are consistent with earlier findings that mice null for STEP have significant increases in
surface expression of GIUR1/GIuR2 subunits of AMPAR (Zhang et al., 2008).

Calcium entry through NMDARSs results in the tyrosine phosphorylation of Pyk2, leading to
activation of ERK1/2 (Lev et al., 1995). Pyk2 also induces the phosphorylation of glutamate
receptors on residues important for membrane insertion via activation of Src kinase, and is
necessary for the induction of hippocampal LTP (Huang et al., 2001). Recent studies in our
lab have shown that Pyk2/CAKf, a member of FAK family of kinases, is a substrate of
STEP (Xu and Lombroso, unpublished results). We therefore examined the Tyr
phosphorylation of Pyk2 (Y492) in the crude synaptosomal fractions of STEP WT and KO
mice. There were significant increases in pY“%2 Pyk2 phosphorylation in STEP KO mice
compared to their WT controls (Fig. 6E and 6F, t, = 3.75, P < 0.02).

We examined the phosphorylation levels of downstream targets of pERK1/2 known to
contribute to synaptic plasticity in the hippocampus. We observed a significant increase in
the phosphorylation of two transcription factors with roles in synaptic plasticity and
performance in tests of learning and memory (Thomas & Huganir, 2004), S383-EIk1 (t4 =
3.02, P < 0.04) and S133-CREB (4 = 2.82, P < 0.05) in the nuclear fraction of STEP KO
mice as compared to WT controls (Fig. 6C and 6D). In addition, we detected a significant
increase in synapsin | phosphorylation at ERK1/2 specific sites in the crude synaptosomal
fraction of STEP KO mice (Fig. 6E and 6F, t4 = 5.95, P < 0.004). Phosphorylation of
synapsin | at these sites is associated with an increased probability of vesicle release
(Jovanovic et al., 2001).

Discussion

We report for the first time that STEP KO mice show improved hippocampal learning and
memory and that the loss of STEP is associated with increased tyrosine phosphorylation of
STEP substrates that are essential for synaptic plasticity in the hippocampus. The altered
performance of STEP KO mice in these behavioral paradigms is not due to lack of
motivation, impaired motor coordination, or loss of visual acuity.

Previous studies suggested a role for STEP in the regulation of synaptic plasticity in the
amygdala and striatum (Paul et al., 2007; Tashev et al., 2009). Here, we directly examined
whether STEP modulates hippocampal learning and memory. Mice null for STEP did not
show altered acquisition of spatial memory in the Morris water maze. There were also no
differences during the first probe trial, which is a measure of memory consolidation.
However, loss of STEP enhanced performance and resulted in more selective search of the
target quadrant during the probe trial after reversal learning. The improved performance
during reversal in the STEP KO mice could be due to increased cognitive flexibility or due
to enhanced extinction of initial learning. The lack of detectable differences during the
initial acquisition phase and first probe trial may indicate a ceiling effect. It is possible that
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we might have detected differences in the rate of acquisition of spatial memory between WT
and STEP KO mice using a pool of larger diameter.

Search strategy analysis suggested that STEP KO mice employed both spatial and non-
spatial/systematic approaches equally during most trial blocks as compared to WT controls.
During probe trial 111, STEP KO failed to use a spatial strategy. Typically, use of a spatial
strategy is associated with decreased latency to find the platform, but STEP KO mice were
not outperformed by WT controls during any of the trial blocks.

To examine whether STEP KO mice have increased cognitive flexibility, we subjected them
to a more complex spatial task, the radial-arm water maze. In this task, we detected
significant differences in latency and error rates between STEP KO and control mice. STEP
KO mice committed significantly less reference and working memory errors. Thus, the
enhanced acquisition of spatial memory by STEP KO mice was not discernible in the
traditional water maze task, but was demonstrable in the more complex radial-arm water
maze.

The search strategy used to perform the radial-arm water maze task did not differ
significantly between WT and STEP KO mice until the last trial after reversal. Although the
turn angle was smaller for the STEP KO mice, the latency to find the platform was similar to
that of WT controls. Both groups of mice used a spatial strategy as indicated by average turn
angles greater than 60°.

To investigate baseline activity and motor coordination, we tested open field activity and
rotarod performance of STEP KO mice. Knocking out STEP did not affect exploratory
behavior or motor learning. In contrast, the knock-out of a highly related phosphatase (PTP-
STEP-like; PTPRR) that regulates MAPK activity in the cerebellum (Hendriks & Stoker,
2008) resulted in deficits in motor coordination and balance (Chirivi et al., 2007).
Interestingly, STEP is not expressed in the cerebellum and deletion of STEP does not alter
phospho-ERK1/2 levels in this brain region (Venkitaramani et al., 2009). This suggests that
improved performance of STEP KO mice in hippocampal-dependent tasks is not associated
with altered activity, motivation or motor coordination.

We also examined the performance of STEP KO mice in social behaviors, and found that
STEP KO and WT mice showed similar short- and long-term social memory as WT
controls. However, the analysis of specific social behaviors during an initial exposure to an
intruder revealed that STEP KO mice exhibit more dominance behavior. Dominance
behavior is important for establishing hierarchy amongst conspecifics and has evolutionary
advantages. Changes in dominance behavior between conspecific males have been noted in
a variety of genetic mutants, including mice null for neuronal nitric oxide synthase and the
dopamine transporter, and p25 over-expressing mice (Nelson & Chiavegatto, 2001; Angelo
et al., 2003; Nelson & Trainor, 2007). Reduction in aggression has been shown in mice null
for GIuR1 and aromatase (Toda et al., 2001; Vekovischeva et al., 2004).

Previous studies have shown that mice exhibiting dominance behavior during social
interaction commit fewer errors than subordinates when the radial maze test is administered
immediately after the social interaction (Barnard & Luo, 2002). This improvement has been
attributed to state-dependent change in learning and memory (Barnard & Luo, 2002). In the
current work, different mice were used in each behavioral test, which rules out the
possibility of a state-dependent change in learning. However, STEP KO mice showed
increased levels of dominance behavior as well as improved hippocampal learning and
memory suggesting a possible correlation between the two behaviors. Thus, one may
speculate that STEP could be the common link leading to changes in dominance behavior
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and also learning and memory. The effects of knocking down STEP and the concomitant
effects on dominance and learning and memory should be addressed in future studies.

Improved performance in learning and memory tasks is generally associated with altered
expression, post-translational modification, or targeting of signaling molecules that
modulate synaptic plasticity. Post-translational modification by phosphorylation is an
important mechanism underlying synaptic plasticity (Lee, 2006). STEP regulates the activity
of ERK1/2 (Paul et al., 2003), p38 kinase (Xu et al., 2009), and Fyn (Nguyen et al., 2002),
as well as the trafficking of NMDARs and AMPARSs (Pelkey et al., 2002; Snyder et al.,
2005; Kurup et al., 2010b; Zhang et al., 2010), all of which are critical for synaptic
plasticity. Thus, the activity of STEP is likely to be critical for the regulation of synaptic
strengthening. The NR2B subunit can interact with aCaMKI|I at synaptic membrane via its
C-terminal domain resulting in phosphorylation of GIuR1 subunit of AMPAR, which is
essential for spatial learning and synaptic plasticity (Zhou et al., 2007). In addition, the
baseline tyrosine phosphorylation of ERK1/2 and NR2B subunit of the NMDAR is
increased in the STEP KO mice. Interestingly, both p25 over-expressing mice (Angelo et al.,
2003) and cdk5 conditional knockout mice (Hawasli et al., 2007), in which baseline pY1472-
NR2B levels is enhanced, show increased aggression, reversal learning in spatial tasks and
enhanced spatial learning respectively, suggesting that increased baseline pY1472 of NR2B
may be an important molecular event underlying the behavioral changes reported here.

In addition, expression of NR1, NR2B, GIuR1 and GIuR2 subunits, but not NR2A and
GIuR3, were enhanced in synaptosomal membrane fraction of STEP deficient mice. The
ability to learn hippocampal-dependent tasks has been shown to correlate with NR1 levels in
the CA3 region (Adams et al., 2001). Region specific knockdown of GIuR2 subunit of
AMPAR results in impaired hippocampal-dependent spatial learning (Wiltgen et al., 2010).
The results presented here confirm earlier findings that STEP regulates the surface
expression of specific NMDAR and AMPAR subunits (Zhang et al., 2008; Zhang et al.,
2010). We have also previously shown that endocytosis of NMDARs by amyloid-p (Kurup
et al., 2010a; Kurup et al., 2010b) and internalization of AMPARS in response to DHPG
(Zhang et al., 2008) are both reduced in STEP KO mice and this is reversed by the
restoration of active STEP protein to neuronal cultures. Thus, STEP is likely to have a
regulatory role in activity-dependent trafficking of glutamate receptors.

Recent data from our lab have suggested that Pyk2 is a substrate of STEP (Xu and
Lombroso, unpublished results). Pyk2/CAKP is a FAK family kinase that is required for
induction of hippocampal LTP and is necessary for src kinase-mediated phosphorylation and
upregulation of NMDAR surface expression (Huang et al., 2001). Stimulation of ionotropic
and metabotropic glutamate receptors leads to the activation of Pyk2 and subsequent
increase in the phosphorylation of ERK1/2 (Nicodemo et al., 2010). Tyrosine
phosphorylation of Pyk2 at Y492 js elevated in the STEP KO mice as compared to WT
controls, suggesting that STEP normally decreases the activity of Pyk2.

Similarly, ERK/MAPK regulates synaptic strengthening in part by targeting the CREB and
ElIk1 transcription factors, leading to activity-dependent gene transcription (Davis et al.,
2000). In STEP KO mice, the baseline phosphorylation of ERK1/2-dependent
phosphorylation sites on both CREB and EIk1 was increased. Blockade of ERK1/2-
mediated activation of CREB and EIk1 have been shown to prevent maintenance of LTP
(Davis et al., 2000). Thus, the increased basal activity of CREB and Elk1 in the STEP KO
mice may contribute to the enhanced learning observed here. ERK1/2 also phosphorylates
synapsin | after depolarization, which leads to an increased probability of vesicle release
(Jovanovic et al., 2001; Kushner et al., 2005). The ERK1/2 sites 4 and 5 on synapsin | are
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hyperphosphorylated in STEP KO mice, suggesting that there may also be presynaptic
changes associated with the knockdown of STEP.

Since the current studies used mice with constitutive loss of the STEP protein, it is possible
that some of the molecular changes observed here might be attributed to the absence of
STEP during development. The levels of synaptic proteins (NR1, NR2B, GIuR1 and GIuR2)
are elevated in primary hippocampal or cortical neurons prepared from embryonic tissue.
However, restoration of wildtype, but not inactive, STEP protein normalized these receptor
levels to that of WT controls (Zhang et al., 2008; Kurup et al., 2010a). Although, we cannot
rule out the possibility that STEP’s function during development increases expression and
localization of synaptic proteins, our data suggest that constitutive knockdown of STEP does
not irreversibly alter markers of synaptic plasticity. Further studies are needed to evaluate
whether selective ablation of STEP in adult mice can improve memory.

It is interesting to speculate about how a protein that impairs memory might have evolved.
One of the functions of STEP is to dephosphorylate and internalize both AMPA and NMDA
receptor complexes. In the absence of STEP, the internalization of these receptors would be
hampered, and there would soon be an over-expression of glutamate receptors on synaptic
membrane surfaces. Thus, STEP may have evolved to return glutamate receptors to baseline
levels so that further learning can occur.

In summary, we examined the hypothesis that reducing STEP levels would facilitate
learning and memory. Genetic ablation of STEP resulted in enhanced performance in
hippocampal-dependent spatial tasks without affecting baseline activity or motor
coordination. We detected increased tyrosine phosphorylation of substrates of STEP as well
as augmented expression of selected NMDAR and AMPAR subunits in the synaptosomal
membrane fraction. In addition, activation of downstream substrates of phospho-ERK1/2
was enhanced in the STEP KO mice. Given that phosphorylation of signaling molecules as
well as the synaptic distribution of ionotropic receptors significantly affects synaptic
transmission, these changes may account for the improved performance of STEP KO in
spatial tasks. Thus, reduction of STEP activity may be valuable in reversing synaptic deficits
associated with various neurological disorders.
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PAGE polyacrylamide gel electrophoresis

Pyk?2 proline-rich tyrosine kinase 2

PKA protein kinase A

STEP STriatal-Enriched protein tyrosine Phosphatase
References

Adams MM, Smith TD, Moga D, Gallagher M, Wang Y, Wolfe BB, Rapp PR, Morrison JH.
Hippocampal dependent learning ability correlates with N-methyl-D-aspartate (NMDA) receptor
levels in CA3 neurons of young and aged rats. J Comp Neurol. 2001; 432:230-243. [PubMed:
11241388]

Alamed J, Wilcock DM, Diamond DM, Gordon MN, Morgan D. Two-day radial-arm water maze
learning and memory task; robust resolution of amyloid-related memory deficits in transgenic mice.
Nat Protoc. 2006; 1:1671-1679. [PubMed: 17487150]

Angelo M, Plattner F, Irvine EE, Giese KP. Improved reversal learning and altered fear conditioning in
transgenic mice with regionally restricted p25 expression. Eur J Neurosci. 2003; 18:423-431.
[PubMed: 12887424]

Barnard CJ, Luo N. Acquisition of dominance status affects maze learning in mice. Behav Processes.
2002; 60:53-59. [PubMed: 12429392]

Boulanger LM, Lombroso PJ, Raghunathan A, During MJ, Wahle P, Naegele JR. Cellular and
molecular characterization of a brain-enriched protein tyrosine phosphatase. J Neurosci. 1995;
15:1532-1544. [PubMed: 7869116]

Braithwaite SP, Adkisson M, Leung J, Nava A, Masterson B, Urfer R, Oksenberg D, Nikolich K.
Regulation of NMDA receptor trafficking and function by striatal-enriched tyrosine phosphatase
(STEP). Eur J Neurosci. 2006a; 23:2847-2856. [PubMed: 16819973]

Braithwaite SP, Paul S, Nairn AC, Lombroso PJ. Synaptic plasticity: one STEP at a time. Trends
Neurosci. 2006b; 29:452-458. [PubMed: 16806510]

Brody DL, Holtzman DM. Morris water maze search strategy analysis in PDAPP mice before and after
experimental traumatic brain injury. Exp Neurol. 2006; 197:330-340. [PubMed: 16309676]

Bult A, Zhao F, Dirkx R Jr, Raghunathan A, Solimena M, Lombroso PJ. STEP: a family of brain-
enriched PTPs. Alternative splicing produces transmembrane, cytosolic and truncated isoforms. Eur
J Cell Biol. 1997; 72:337-344. [PubMed: 9127733]

Chirivi RG, Noordman YE, Van der Zee CE, Hendriks WJ. Altered MAP kinase phosphorylation and
impaired motor coordination in PTPRR deficient mice. J Neurochem. 2007; 101:829-840.
[PubMed: 17266727]

Davis S, Vanhoutte P, Pages C, Caboche J, Laroche S. The MAPK/ERK cascade targets both Elk-1
and cAMP response element-binding protein to control long-term potentiation-dependent gene
expression in the dentate gyrus in vivo. J Neurosci. 2000; 20:4563-4572. [PubMed: 10844026]

Engelmann M, Wotjak CT, Landgraf R. Social discrimination procedure: an alternative method to
investigate juvenile recognition abilities in rats. Physiol Behav. 1995; 58:315-321. [PubMed:
7568435]

Garau A, Marti MA, Sala J, Balada F. Age effects on the social interaction test in early adulthood male
rats. Depress Anxiety. 2000; 12:226-231. [PubMed: 11195759]

Gheusi G, Bluthe RM, Goodall G, Dantzer R. Ethological study of the effects of
tetrahydroaminoacridine (THA) on social recognition in rats. Psychopharmacology (Berl). 1994;
114:644-650. [PubMed: 7855227]

Goebel-Goody SM, Davies KD, Alvestad Linger RM, Freund RK, Browning MD. Phospho-regulation
of synaptic and extrasynaptic N-methyl-d-aspartate receptors in adult hippocampal slices.
Neuroscience. 2009; 158:1446-1459. [PubMed: 19041929]

Hallett, PJ.; Collins, TL.; Standaert, DG.; Dunah, AW. Curr Protoc Neurosci. Vol. Chapter 1. 2008.
Biochemical fractionation of brain tissue for studies of receptor distribution and trafficking.

Eur J Neurosci. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Venkitaramani et al.

Page 13

Hawasli AH, Benavides DR, Nguyen C, Kansy JW, Hayashi K, Chambon P, Greengard P, Powell CM,
Cooper DC, Bibb JA. Cyclin-dependent kinase 5 governs learning and synaptic plasticity via
control of NMDAR degradation. Nat Neurosci. 2007; 10:880-886. [PubMed: 17529984]

Hendriks WJ, Stoker AW. Protein tyrosine phosphatases: sequences and beyond. FEBS J. 2008;
275:815. [PubMed: 18298789]

Huang Y, Lu W, Ali DW, Pelkey KA, Pitcher GM, Lu YM, Aoto H, Roder JC, Sasaki T, Salter MW,
MacDonald JF. CAKbeta/Pyk2 kinase is a signaling link for induction of long-term potentiation in
CA1 hippocampus. Neuron. 2001; 29:485-496. [PubMed: 11239437]

Jovanovic JN, Sihra TS, Nairn AC, Hemmings HC Jr, Greengard P, Czernik AJ. Opposing changes in
phosphorylation of specific sites in synapsin | during Ca2+-dependent glutamate release in isolated
nerve terminals. J Neurosci. 2001; 21:7944-7953. [PubMed: 11588168]

Kurup P, Zhang Y, Venkitaramani DV, Xu J, Lombroso PJ. The role of STEP in Alzheimer disease.
Channels (Austin). 2010a; 4:347-350. [PubMed: 20699650]

Kurup P, Zhang Y, Xu J, Venkitaramani DV, Haroutunian V, Greengard P, Nairn AC, Lombroso PJ.
Abeta-mediated NMDA receptor endocytosis in Alzheimer’s disease involves ubiquitination of the
tyrosine phosphatase STEP61. J Neurosci. 2010b; 30:5948-5957. [PubMed: 20427654]

Kushner SA, Elgersma Y, Murphy GG, Jaarsma D, van Woerden GM, Hojjati MR, Cui Y,
LeBoutillier JC, Marrone DF, Choi ES, De Zeeuw CI, Petit TL, Pozzo-Miller L, Silva AJ.
Modulation of presynaptic plasticity and learning by the H-ras/extracellular signal-regulated
kinase/synapsin | signaling pathway. J Neurosci. 2005; 25:9721-9734. [PubMed: 16237176]

Lavenex P, Schenk F. Integration of olfactory information in a spatial representation enabling accurate
arm choice in the radial arm maze. Learn Mem. 1996; 2:299-319. [PubMed: 10467581]

Lee HK. Synaptic plasticity and phosphorylation. Pharmacol Ther. 2006; 112:810-832. [PubMed:
16904750]

Lev S, Moreno H, Martinez R, Canoll P, Peles E, Musacchio JM, Plowman GD, Rudy B, Schlessinger
J. Protein tyrosine kinase PYK2 involved in Ca(2+)-induced regulation of ion channel and MAP
kinase functions. Nature. 1995; 376:737-745. [PubMed: 7544443]

Lombroso PJ, Naegele JR, Sharma E, Lerner M. A protein tyrosine phosphatase expressed within
dopaminoceptive neurons of the basal ganglia and related structures. J Neurosci. 1993; 13:3064—
3074. [PubMed: 8331384]

Nelson RJ, Chiavegatto S. Molecular basis of aggression. Trends Neurosci. 2001; 24:713-719.
[PubMed: 11718876]

Nelson RJ, Trainor BC. Neural mechanisms of aggression. Nat Rev Neurosci. 2007; 8:536-546.
[PubMed: 17585306]

Nguyen TH, Liu J, Lombroso PJ. Striatal enriched phosphatase 61 dephosphorylates Fyn at
phosphotyrosine 420. J Biol Chem. 2002; 277:24274-24279. [PubMed: 11983687]

Nicodemo AA, Pampillo M, Ferreira LT, Dale LB, Cregan T, Ribeiro FM, Ferguson SS. Pyk2
uncouples metabotropic glutamate receptor G protein signaling but facilitates ERK1/2 activation.
Mol Brain. 2010; 3:4. [PubMed: 20180987]

Oyama T, Goto S, Nishi T, Sato K, Yamada K, Yoshikawa M, Ushio Y. Immunocytochemical
localization of the striatal enriched protein tyrosine phosphatase in the rat striatum: a light and
electron microscopic study with a complementary DNA-generated polyclonal antibody.
Neuroscience. 1995; 69:869-880. [PubMed: 8596655]

Park JH, Widi GA, Gimbel DA, Harel NY, Lee DH, Strittmatter SM. Subcutaneous Nogo receptor
removes brain amyloid-beta and improves spatial memory in Alzheimer’s transgenic mice. J
Neurosci. 2006; 26:13279-13286. [PubMed: 17182778]

Paul S, Nairn AC, Wang P, Lombroso PJ. NMDA-mediated activation of the tyrosine phosphatase
STEP regulates the duration of ERK signaling. Nat Neurosci. 2003; 6:34-42. [PubMed:
12483215]

Paul S, Olausson P, Venkitaramani DV, Ruchkina I, Moran TD, Tronson N, Mills E, Hakim S, Salter
MW, Taylor JR, Lombroso PJ. The striatal-enriched protein tyrosine phosphatase gates long-term
potentiation and fear memory in the lateral amygdala. Biol Psychiatry. 2007; 61:1049-1061.
[PubMed: 17081505]

Eur J Neurosci. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Venkitaramani et al.

Page 14

Paul S, Snyder GL, Yokakura H, Picciotto MR, Nairn AC, Lombroso PJ. The Dopamine/D1 receptor
mediates the phosphorylation and inactivation of the protein tyrosine phosphatase STEP via a
PKA-dependent pathway. J Neurosci. 2000; 20:5630-5638. [PubMed: 10908600]

Pelkey KA, Askalan R, Paul S, Kalia LV, Nguyen TH, Pitcher GM, Salter MW, Lombroso PJ.
Tyrosine phosphatase STEP is a tonic brake on induction of long-term potentiation. Neuron. 2002;
34:127-138. [PubMed: 11931747]

Sharma E, Zhao F, Bult A, Lombroso PJ. Identification of two alternatively spliced transcripts of
STEP: a subfamily of brain-enriched protein tyrosine phosphatases. Brain Res Mol Brain Res.
1995; 32:87-93. [PubMed: 7494467]

Snyder EM, Nong Y, Almeida CG, Paul S, Moran T, Choi EY, Nairn AC, Salter MW, Lombroso PJ,
Gouras GK, Greengard P. Regulation of NMDA receptor trafficking by amyloid-beta. Nat
Neurosci. 2005; 8:1051-1058. [PubMed: 16025111]

Tashev R, Moura PJ, Venkitaramani DV, Prosperetti C, Centonze D, Paul S, Lombroso PJ. A substrate
trapping mutant form of striatal-enriched protein tyrosine phosphatase prevents amphetamine-
induced stereotypies and long-term potentiation in the striatum. Biol Psychiatry. 2009; 65:637—
645. [PubMed: 19026408]

Thomas GM, Huganir RL. MAPK cascade signalling and synaptic plasticity. Nat Rev Neurosci. 2004;
5:173-183. [PubMed: 14976517]

Toda K, Saibara T, Okada T, Onishi S, Shizuta Y. A loss of aggressive behaviour and its reinstatement
by oestrogen in mice lacking the aromatase gene (Cyp19). J Endocrinol. 2001; 168:217-220.
[PubMed: 11182758]

Valjent E, Pascoli V, Svenningsson P, Paul S, Enslen H, Corvol JC, Stipanovich A, Caboche J,
Lombroso PJ, Nairn AC, Greengard P, Herve D, Girault JA. Regulation of a protein phosphatase
cascade allows convergent dopamine and glutamate signals to activate ERK in the striatum. Proc
Natl Acad Sci U S A. 2005; 102:491-496. [PubMed: 15608059]

Vekovischeva QY, Aitta-Aho T, Echenko O, Kankaanpaa A, Seppala T, Honkanen A, Sprengel R,
Korpi ER. Reduced aggression in AMPA-type glutamate receptor GIuR-A subunit-deficient mice.
Genes Brain Behav. 2004; 3:253-265. [PubMed: 15344919]

Venkitaramani DV, Paul S, Zhang Y, Kurup P, Ding L, Tressler L, Allen M, Sacca R, Picciotto MR,
Lombroso PJ. Knockout of Striatal enriched protein tyrosine phosphatase in mice results in
increased ERK1/2 phosphorylation. Synapse. 2009; 63:69-81. [PubMed: 18932218]

Vorhees CV, Williams MT. Morris water maze: procedures for assessing spatial and related forms of
learning and memory. Nat Protoc. 2006; 1:848-858. [PubMed: 17406317]

Wiltgen BJ, Royle GA, Gray EE, Abdipranoto A, Thangthaeng N, Jacobs N, Saab F, Tonegawa S,
Heinemann SF, O’Dell TJ, Fanselow MS, Vissel B. A role for calcium-permeable AMPA
receptors in synaptic plasticity and learning. PLoS ONE. 2010; 5:e12818. [PubMed: 20927382]

Xu F, Plummer MR, Len GW, Nakazawa T, Yamamoto T, Black IB, Wu K. Brain-derived
neurotrophic factor rapidly increases NMDA receptor channel activity through Fyn-mediated
phosphorylation. Brain Res. 2006; 1121:22-34. [PubMed: 17045972]

Xu J, Kurup P, Zhang Y, Goebel-Goody SM, Wu PH, Hawasli AH, Baum ML, Bibb JA, Lombroso PJ.
Extrasynaptic NMDA receptors couple preferentially to excitotoxicity via calpain-mediated
cleavage of STEP. J Neurosci. 2009; 29:9330-9343. [PubMed: 19625523]

Zhang Y, Kurup P, Xu J, Carty N, Fernandez SM, Nygaard HB, Pittenger C, Greengard P, Strittmatter
SM, Nairn AC, Lombroso PJ. Genetic reduction of striatal-enriched tyrosine phosphatase (STEP)
reverses cognitive and cellular deficits in an Alzheimer’s disease mouse model. Proc Natl Acad
Sci U S A. 2010; 107:19014-19019. [PubMed: 20956308]

Zhang Y, Venkitaramani DV, Gladding CM, Zhang Y, Kurup P, Molnar E, Collingridge GL,
Lombroso PJ. The tyrosine phosphatase STEP mediates AMPA receptor endocytosis after
metabotropic glutamate receptor stimulation. J Neurosci. 2008; 28:10561-10566. [PubMed:
18923032]

Zhou Y, Takahashi E, Li W, Halt A, Wiltgen B, Ehninger D, Li GD, Hell JW, Kennedy MB, Silva AJ.
Interactions between the NR2B receptor and CaMKII modulate synaptic plasticity and spatial
learning. J Neurosci. 2007; 27:13843-13853. [PubMed: 18077696]

Eur J Neurosci. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Venkitaramani et al.

Page 15

>
&

(o]
s

8

Reversal Visible

o
30 _— —_—
25
20 ~aWT
—KO P
15
10 Target Q2 Opposite Qs
-

Time spent (%)
o o 3 a B R S8

Latency (s)

1.2 3 4 5 6 7 8 9 10 11 12 Vi V2 V3
Trial Block
B 3000
Reversal Visible [
2500
T Opposite a2 Torget a4
G5 2000 Ew
£ - E
1500 Ko = . .
5 g=
s FER S
£
5 1000 N né_ »
@ 15
s00 E 0
5
o 0
1.2 3 4 5 6 7 8 9 10 11 12 viov2 V3
Trial Block

FIG. 1. Altered performance of STEP KO mice on the Morris water maze

The latency to find the platform (A) as well as the pathlength (B) were not different between
WT and KO mice during all training blocks. The time spent in the four quadrants during
probe trial I (Day 6) were similar between WT and STEP KO mice (C). Both groups spent
significantly more time than chance in the target quadrant (p < 0.001). During probe trial Il
(Day 13) after reversal (D), the STEP KO mice spent significantly more time in the new
target quadrant than WT mice (p < 0.05 as compared to WT). In probe trial 111 (Day 20),
there were no significant differences between the WT and STEP KO mice (E) (n=14-16 per

genotype).
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FIG. 2. Differences in search strategy used by STEP KO during first and last blocks of training
as well as probe trials

The search strategy (A) used by STEP KO mice did not differ from WT mice during the first
training block or training blocks after reversal. The STEP KO mice used different search
strategy during training blocks 5 and 7. The search strategy (B) of STEP KO mice was
similar to that of WT controls during probe trials | and Il. The STEP KO mice did not utilize
spatial strategy during probe trial I11.
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FIG. 3. Enhanced performance of STEP KO mice on radial-arm water maze
The number of reference memory errors (A), latency to find the platform (B) as well as the
working memory errors (C) were significantly lower in STEP KO mice as compared to WT
controls during the first two days of testing. The STEP KO mice and WT littermates did not
differ significantly in error rate or latency during reversal trials. However, the STEP KO

mice had consistently exhibited lower error rates and latency. Perseverative errors (D)
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during reversal trials were similar between WT and STEP KO mice (n=15 per genotype).
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FIG. 4. Comparison of Reference memory errors and turn angles between successive arm visits
The number of reference memory errors (A) during the first and last trial of each training
day was similar between WT and STEP KO mice except for the first trial of the last
experimental day (Day 4). The number of reference memory errors decreased over trials in
both genotypes. WT mice committed significantly more reference memory errors during the
first trial on day 4. The average turn angle (B) during each arm visit was comparable
between WT and STEP KO mice except during the last trial of the experiment. During the
last trial on day 4, STEP KO mice used a strategy that significantly reduced the turn angle.
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FIG. 5. Comparison of open field activity, motor coordination and social interaction between
WT controls and STEP KO mice

The total distance travelled (A), time of ambulation (C), average velocity (D), ambulatory
counts (E) and ambulatory episodes (F) averaged over 3 consecutive days were not different
between STEP WT and KO mice. Total distance moved per 5 min blocks (B) over 30 min
showed that both WT and KO mice habituated to the environment. The latency to fall (G)
from a rotarod increased significantly over 6 trials on both testing days. Total time spent in
social behaviors as well as specific categories of behaviors are shown in (H). STEP KO
mice showed significantly more dominance behaviors than WT controls (p < 0.03) (n=10-
14 for open field and rotarod, n=5-7 for social interaction for each genotype).
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FIG. 6. STEP KO mice have elevated Tyr phosphorylation of STEP substrates and increased
surface expression of ionotropic glutamate receptors

Synaptosomal membrane fractions from WT and STEP KO hippocampi were probed with p-
ERK1/2, ERK2, STEP, pY1472-NR2B, NR2B, NR2A, GIuR1, GIuR2, and GIuR3.
Representative immunoblots are shown in (A) and histograms in (B). The STEP KO mice
show no detectable STEP expression and increased Tyr phosphorylation of ERK1/2 and
NR2B. The expression levels of NR1, NR2B, GluR1, and GIuR2 but not NR2A and GIuR3
are elevated in the STEP KO mice. The levels of phosphorylation of ERK substrates in
nuclear fraction were detected by immunoblotting (C, E) and quantified (D, F). There were
significant increases in activated CREB, Elk1 and synapsin I in STEP KO mice. The Tyr
phosphorylation of Pyk2 was significantly enhanced in crude synaptosomal fractions from
STEP KO mice (E, F) (n=5 per genotype).

Eur J Neurosci. Author manuscript; available in PMC 2012 June 1.



Page 21

Venkitaramani et al.

S39UR19501g Weysiawy | 000°0T:T deays 94 asnoj | payebnfuod-asepixolad 96| 8joum asnow-1jue

N ‘Aemeleosid ‘saousiosolg weysiswy | 000'0T:T | Aexuoq o4 )qqey | parebnfuoo-asepixosad 9B ajoym HqQes-nue
vO ‘obalg ues ‘saoualosolg ag 000T:T 3sSNoIN DIAd 1Y J0 snuiwigl-) pajebnfuooun ‘THH| DIRd-nue

VD ‘pegsired ‘uaboniaug 000T:T nqoey apndad-oydoyd onayiuAs parebnluoaun ‘96| ajoym DI 7oy Ad-nUE

VA ‘eoua)|ig ‘asodijiiN 000T:T 1qgey | uisdeuAs auinog payebnfuooun ‘9B ajoym | uisdeuAs-nue

71 “pIop{o0y IYNUBIDS Jaysid oYL | 000T:T | Nddey apndad-oydsoyd onapuAs payeBnfuooun ‘9b) sjoym | | UIsdeUAs ,4SzSd-ue
VN ‘sianueq ‘ABojouyda ) Buljeubis 1190 000T:T Hnqoey apndad onayiuAs uewnH payebnfuoaun ‘9B ajoym g34D-nue
VN ‘sianueq ‘ABojouyds ) Buljeubis 1190 000T:T 1qgey apndad-oydsoyd ansyiuAs parebnluoaun ‘96| ajoym 9340 gerSA-nue
VIN ‘sianueq ‘ABojouyds ) Buljeubis 1190 000T:T Hnqgey apndad ansyjuAs uewnH payebnfuoaun ‘9B ajoymn I3-nue
VIN ‘sianueq ‘ABojouyds ) Buljeubis 1190 0002:T SO apndad-oydsoyd ansyuAs pajebnfuooun ‘THB| T3 ggeSU-Nue
VIN ‘03|11 ‘BJodilA | 000T:T | 8snow £4N|D J0 SNUIWIRI-N paebnfuooun ‘Tobj gun|o-nue

WIN ‘eaua]ig ‘asodif|iN 000Z:T | @snow 9ouanbas [eulwial-N payebnfuoaun V2B Z2yn|9-nue

VN ‘eous|ig alodiliN | 000T:T | Nagey | THNID Yed Jo apndad [eulwial-O perebinfuooun ‘9B sjoym TYNIO-NUe

VIN ‘BoLR||Ig ‘BJodilA | 000T:T | Waged V2N 8Snow 40 snuiwial- pereBnfuooun ‘9b| sjoum VZuN-1nue

VIN ‘®ou3||Ig ‘aJodilA | 000T:T | 8snow THN 784 JO snuIuLg)-O perebnfuooun ‘96| sjoum TUN-Nue

VIN ‘BOLR||Ig ‘BJodilA | 00ST:T | haged G2yN 8Snow 40 snuiwial-O pereBnfuooun ‘9b| sjoum gzuN-nue

02 ‘JanuaQ ‘suonnjosoydsoyd 000T:T 1qgey apndad-oydsoyd onsyiuAs payebnfuoaun ‘9B ajoymn gzUN 2y Ad-1UR

V2 ‘zniD vlues ‘ABojouydsiolg znid eiues 000S:T nqoey 80uanbas el JO SnuIWIBY-D) parebnluoaun ‘96| ajoym o1Y3-nue
VIN ‘slanueq ‘ABojouyoa] Buipeubis 18D 000T:T asnoN apndad-oydsoyd onsyiuAs payebnfuooun T96) | Z/TMYT yozAzozLA-nUE
G66T “[e 10 Jabuelnog 000T:T asno apndad onsyiuAs ey pajebnfuooun ‘THB| d31S-nue

9o4nos | uonn@ 1S0H uaounwiw Jew.lo4 Apognuy

S10|q UJ8}SeMm Ul pasn salpogiue Arepuodss pue Asewlid

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Eur J Neurosci. Author manuscript; available in PMC 2012 June 1.




Page 22

Venkitaramani et al.

1000>d
*

xx

‘T00>d
%

¥

‘500>d

1591 N Asunypn-uuey

NIH-PA Author Manuscript

NIH-PA Author Manuscript

69y 000 000 000 82 69'62 529 90'6€ 05t o -
9G'T 99T 99T 000 ¥6°0T 00°G¢ 69V 95'9¢ €1'8¢ 1M
000 000 697 897 w8 L[, 5298 000 6,81 18°2 o o
99T 000 99T €9°GT 00°G¢ 0052 94’7 ¥6°0T SL'8T 1M
8€'6 99T 99T 000 691 18°¢E G¢'9 00'G¢ G.'8T ()7}
€Te 000 000 000 90vT 88'T¢ 8L 18°¢CE T€0C 1M ‘
529 000 95T 000 5481 vree 000 182€ 6T'LT o .
18°L 99T 000 000 S¢'9 6T'LT 000 €9°0v 99'9¢ 1M
0S¢t 0S¢t 000 Rl 8EvE S¢'9 99T 99'9¢ 697 O I
182 69'v 000 0S°¢T 8EVE §¢'9 8€'6 y'ee 98T 1M
Burony | Burdoo reasyduad | Butureyd | 1084400uf |04 | wopuey | Buluueds | 1084400 [eo04 | 10841pu| [eneds | 10841 [eneds | adAlouss | ‘o N Xoolg
'SY20|q |14 Buinp sa1fayel)s Youeas aze|n JalepA SLUOIA
ez alqel

NIH-PA Author Manuscript

Eur J Neurosci. Author manuscript; available in PMC 2012 June 1.



Page 23

Venkitaramani et al.

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

000 000 §29 000 05'2€ §2'95 000 000 000 (0)7]

1]
000 000 629 000 SL'ey 005 G.'81 629 000 1M
000 000 §29 000 05'2€ TR §L'81 STAY] 000 (0)7]

1
629 §29 000 000 0005 TR §29 000 000 1M
000 000 §29 000 05'2€ TR §L'81 STAY] 000 (0)7]

1
629 §29 000 000 0005 TR §29 000 000 1M

Buijoaip | BuidooT essydisad | Bulureyd | 1994400u] [e204 | wopuey | Buluueds | 1084400 [e204 | 30a41pu] [eneds | 19841Q [eneds | adAlouss | ‘oN 8goid
‘S|eLn mno\_a mct:c mw_mwumbm YaJess aze|A JalepA SLIIOIN
qc¢ ajqel

Eur J Neurosci. Author manuscript; available in PMC 2012 June 1.



Page 24

Venkitaramani et al.

S0'0>d

¥

158} N Asunym-uuey

LITFLOT | 2187178 | €667€8€9 | 0007000 o 0
006 ¥1G¢C | LC6F86'VE | 8GBFELOY SCT+8LT 1M
C6'EFLI99 | 66'9F8LLE 6v'L ¥ 68'€S L9TF/9T ()]
¢8EFCLOT | TSLF08VE LL'L¥ST'€S EETFECT 1M o
68 9FTTVT | ¢T'8F90°LE | ¥6'8 F€8'8Y 00'0¥000 ()]
L0S¥68YT | C09FGL'9¢ | C€LF.€8G | 000F000 1M 5
99'C¥6¢'9 | 08°'L+¢CE8E | 998F /9%y | TSV +¢L0T ()]
8y'CF6T°0T | LT'S+¥980E | 669F18VS | CCC+STY 1M *
TELF90€ET | 9L+ T9€C | €90T #8209 €8'0¥ €80 ()]
€67 F6EET | 0T'9F059C | SFLFTT09 | 0000%000 1M o
6V'€EF6¢'8 | L69FE0BC | ¥ELFCO0E9 190% /.90 ()7}
0L'€F¥¥88 | 908+ 9SVE | G6'LF90°€S ¥6'T ¥ ¥9°€ IM o
TELF90CT | ¢G8F86°LE | 066 F .28V ITTF69T ()7}
99°CF¥9LL | ¢96F8LEY | CS6F09VY ¢LT+98€ IM st
6T'EF628T | T6VFES0F | €08 FT9°8E LLTFTIVC ()7}
VCSFLEVC | ¢C9FGC9E | €0BFT19'LE 6L0F9TT IM k
uiny ,08T uinl 02T uinl .09 uinl .0 adAiouss | 'ON [emL

€9lgel

NIH-PA Author Manuscript

"sabejuadlad ajfue Buiuiny aze|N Ja1eAA We-[eIpey

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Eur J Neurosci. Author manuscript; available in PMC 2012 June 1.



