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Abstract

The mechanisms that regulate synapse formation and main-
tenance are incompletely understood. In particular, relatively
few inhibitors of synapse formation have been identified.
Receptor protein tyrosine phosphatase o (RPTPg), a trans-
membrane tyrosine phosphatase, is widely expressed by
neurons in developing and mature mammalian brain, and
functions as a receptor for chondroitin sulfate proteoglycans
that inhibits axon regeneration following injury. In this study,
we address RPTPg function in the mature brain. We dem-
onstrate increased axon collateral branching in the hippo-
campus of RPTPg null mice during normal aging or following
chemically induced seizure, indicating that RPTP¢ maintains
neural circuitry by inhibiting axonal branching. Previous
studies demonstrated a role for pre-synaptic RPTPa promot-

Receptor protein tyrosine phosphatases (RPTPs) are a large
family of transmembrane proteins implicated in axon growth
and guidance (Chagnon et al. 2004; Tremblay 2009). The
type Ila subfamily of RPTPs in mammals includes leukocyte
common antigen-related (LAR), RPTPS, and RPTPg. All
three family members are expressed in the developing and
mature mammalian CNS: RPTPg is widely expressed by
neurons, while expression of LAR and RPTPS is more
restricted (Yan et al. 1993; Wang et al. 1995; Sommer et al.
1997; Schaapveld ef al. 1998; Zhang et al. 1998). RPTPao
expression is not limited to the nervous system, and although
RPTPo knockout mice live to adulthood and are fertile,
they exhibit multiple developmental deficiencies including
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ing synaptic differentiation during development; however,
subcellular fractionation revealed enrichment of RPTPg in
post-synaptic densities. We report that neurons lacking
RPTPo have an increased density of pre-synaptic varicosities
in vitro and increased dendritic spine density and length
in vivo. RPTPg knockouts exhibit an increased frequency of
miniature excitatory post-synaptic currents, and greater
paired-pulse facilitation, consistent with increased synapse
density but reduced synaptic efficiency. Furthermore, RPTPa
nulls exhibit reduced long-term potentiation and enhanced
novel object recognition memory. We conclude that RPTPao
limits synapse number and regulates synapse structure and
function in the mature CNS.
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retarded growth, elevated mortality rate, delayed peripheral
nerve development, and altered development of the hypo-
thalamus, olfactory bulb, and pituitary gland (Elchebly et al.
1999; Wallace et al. 1999). Studies of developmental
synaptogenesis carried out in vitro have provided evidence
that pre-synaptic LAR, RPTPS and RPTP¢ promote the
differentiation of glutamatergic synapses through trans-
synaptic interactions with post-synaptic netrin-G ligand 3
(NGL-3) and TrkC (Dunah et al. 2005; Stryker and Johnson
2007; Woo et al. 2009; Kwon et al. 2010; Takahashi et al.
2011).

Recent findings indicate that RPTPo is a receptor for
chondroitin sulfate proteoglycans (CSPGs), which are key
components of glial scars that inhibit axon regeneration in
the CNS following injury (Shen et al. 2009; Fry et al. 2010;
Coles et al. 2011). Consistent with this, the absence of
RPTPo promotes axon regeneration in both the PNS and
CNS (Thompson et al. 2003; Sapieha et al. 2005; Fry et al.
2010). Based on these findings, we hypothesized that RPTPa
expression in the intact adult nervous system may function to
inhibit axon growth, sprouting, and synapse formation.

Investigating the distribution and function of RPTPg in the
CNS, we report that RPTPg is enriched in synaptosomes and
post-synaptic densities. Increased hippocampal mossy fiber
axon sprouting was detected in RPTPs null mice during
aging and following chemically induced seizures, consistent
with RPTPg inhibiting axon growth and limiting synapse
formation. RPTPs knockouts also exhibited an increased
density of pre-synaptic varicosities in neuronal cultures and
increased dendritic spine density and spine length along CA1
pyramidal cell dendrites in vivo. In accordance with these
findings, we detected an increase in the frequency of
miniature post-synaptic o-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid (AMPA) currents, and an increase in
paired-pulse facilitation in RPTP¢ knockouts, consistent with
increased synapse density but reduced synaptic efficiency.
Mice deficient in RPTPS are impaired in learning and
memory tasks and exhibit enhanced long-term potentiation
(LTP), a form of activity dependent plasticity (Uetani et al.
2000). In contrast to RPTPJ, we identified reduced LTP at
hippocampal Schaffer collateral-CA1 synapses in RPTPo
null mice, and enhanced performance in a novel object
recognition memory task. Our findings identify novel roles
for RPTPo regulating synapse structure and function,
synaptic plasticity and learning and memory, and reveal
diversity in the function of members of the LAR family of
type Ila RPTPs at synapses.

Materials and methods
Animals

All procedures were performed in accordance with the Canadian
Council on Animal Care guideline for the use of animals in research.
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Transgenic mice lacking RPTPo were generated and bred in a Balb/
C background as described (Elchebly et al. 1999). For subcellular
fractionation, adult Long-Evans hooded rats (250 to 300g) were
obtained from Charles River Canada (QC).

Subcellular fractionation and western blotting

Cortices from adult rats and postnatal day 14 (P14) rats were
dissected and homogenized in ice cold homogenization buffer
(0.32 M sucrose, | mM NaHCO;, 1 mM MgCl,, 0.5 mM CaCl,,
2 pg/mL aprotinin, 2 pg/mL leupeptin, 1 pg/mL pepstatin) in a
teflon-glass homogenizer. For subcellular fractionation, homogen-
ates were fractionated by differential centrifugation as described
(Cohen et al. 1977; Ueda et al. 1979; Carlin et al. 1980). Post-
synaptic density fractionation of adult rat brain (Unstripped, 56004-
2; Pel-Freez Biologicals, Rogers, AR, USA) was performed as
described (Fallon et al. 2002). Protein concentration was quantified
using the BCA kit (Pierce, Rockford, IL, USA). For fractionations
and western blots, protein was separated using sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and transferred to a
nitrocellulose membrane (Amersham Pharmacia Biotech, Piscat-
away, NJ, USA). Following blocking for 1 h at ~25°C in 5% milk
Tris-buffered saline with Tween 20 (10 mM Tris pH 7.5, 100 mM
NaCl, 0.1% Tween 20), membranes were incubated with mouse
monoclonal anti-beta-tubulin IIT (1 : 500, T4026; Sigma-Aldrich,
St. Louis, MO, USA), rabbit polyclonal anti-GluR2/3 (1 : 1000,
AB1506; Chemicon, Temecula, CA, USA), rabbit polyclonal anti-
LAR (1 : 500; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
mouse monoclonal anti-PSD95 (1 : 500; BD Pharmingen, San Jose,
CA, USA); goat polyclonal anti-RPTPS (1 : 500, K20; Santa Cruz)
mouse monoclonal anti-RPTPs (17G7.2; 1 : 500; Thompson et al.
2003), mouse monoclonal anti-synaptophysin (1 : 10 000, S 5768;
Sigma-Aldrich), rabbit polyclonal anti-synaptotagmin I (8907,
provided by P. De Camilli, Yale University, New Haven, CT,
USA) or rabbit polyclonal anti-VAMP2 (vesicle-associated mem-
brane protein 2, 1 : 1000; Chemicon) in blocking solution at 4°C
overnight. Immunoreactivity was visualized using peroxidase-
conjugated secondary antibodies (Jackson ImmunoResearch, West
Grove, PA, USA) and Chemiluminescence Reagent Plus protein
detection (NEN Life Science Products, Boston, MA, USA).

Kainic acid-induced status epilepticus, Timm staining, and
histology
Prior to seizure induction, animals were injected with methyl
scopolamine (1 mg/kg; i.p.) to prevent the peripheral autonomic
effects of kainic acid. Adult RPTP¢™"~ and RPTP¢*"* mice aged
between 10 and 12 weeks received a single i.p. injection of kainic
acid (KA) at a dose of 20 mg/kg. The development of behavioral
seizures was monitored and graded by an observer blind to the
experimental conditions according to the Racine Classification
(Racine 1972): class 1, facial clonus; class 2, head nodding; class 3,
unilateral forelimb clonus; class 4, rearing with bilateral forelimb
clonus; and class 5, rearing and falling (loss of postural control).
Once animals experienced status epilepticus (continuous behavioral
seizures) for 2 h, seizures were terminated with a single dose of
sodium pentobarbital of 20 mg/kg.

Four weeks following KA treatment, animals were perfused
transcardiacally with sodium sulfide solution (8.9 g Na,S-9H,0,
10.9 g sucrose, and 1.19 g Na,HPO,4-H,O per 100 ml dH,0). Brains
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were removed and immediately frozen in isopentane cooled to
—40°C. Horizontal, serial, 40 pm sections were cut with a cryostat
(Leica CM1850; Leica Microsystems Inc., Richmond Hill, ON,
Canada). Alternate sections were stained using either a modified
Timm staining method (Xu et al. 2004) for the analysis of Timm
granule density, or Cresyl violet to determine the neuronal density in
the hilar area.

Untreated young adults aged between 10 and 14 weeks, or aged
adults between 14 to 16 months were perfused and processed as
described above to evaluate the baseline level of Timm granule
density in young and aged hippocampi. The Timm staining
procedure selectively labels mossy fibers in the dentate gyrus and
CA3 due to relatively high concentrations of Zn** present. Using an
Axiovert 100 microscope (Carl Zeiss, Toronto, ON, Canada),
digital images of hippocampus were captured from five horizontal
sections 4.0, 4.7, 5.4, 6.1, and 6.8 mm ventral to bregma, and
analyzed using Northern Eclipse software (Empix Imaging,
Mississauga, ON, Canada). All images, including the fluorescence
immunohistochemistry described below, were obtained and quan-
tified by an observer blind to the experimental conditions using the
same exposure time to allow comparison of measurements within
an experiment.

Measurements were collected, including the optical density of
Timm granules within the CA3c and CA3a subregions, and
subjected to four-way repeated measures aNovas. To evaluate
whether KA treatment induced neuronal damage in wild-type or
RPTPs '~ mice, the number of neurons located in the hilus was
counted on five horizontal sections from mice that had received
KA treatment and a three-way ANOvVA (genotypes X sections X
hemispheres) conducted.

Embryonic cortical neuron culture

Cultures of dispersed embryonic cortical neurons were prepared as
described (Thompson ez al. 2003). In brief, neocortices from RPTPa
null and wild-type E15 littermates were dissected in Hanks’
balanced salt solution (Invitrogen, Burlington, ON, Canada). Diced
tissue was treated with 0.25% trypsin (Invitrogen) in SMEM
(Invitrogen) at 37°C for 25 min and washed in Neurobasal medium
containing 10% heat-inactivated fetal bovine serum (Biomedia, QC,
Canada), 2 mM glutamine, 100 units/mL penicillin, and 100 pg/mL
streptomycin. Cells were plated at a density of 25 000 cells per poly-
D-lysine (Sigma) pre-coated 12 mm glass coverslip (Carolina
Biological Supply, Burlington, NC, USA).

Immunohistochemistry and image analysis

After 14 days in vitro, cortical cultures were fixed with 4%
paraformaldehyde in 0.1 M phosphate-buffered saline, pH 7.4, and
blocked with 2% heat-inactivated fetal bovine serum/2% bovine
serum albumin in phosphate-buffered saline with 0.1% triton-X 100
for 1 h at ~25°C. Antibodies against [microtubule-associated
protein (MAP-2) 21 : 6000; Sigma-Aldrich, Oakville, ON, Canada]
and VAMP2 (1 : 500; Chemicon) were used in blocking solution
overnight at 4°C. Cells were labelled with Alexa 488 or Alexa 546
secondary antibodies (Invitrogen). Analysis of branch complexity
was performed on MAP-2 positive processes as described (Sholl
1953). For quantitative measurements of synaptic puncta, we
counted the number of VAMP2-immunoreactive pre-synaptic
puncta closely apposed to the proximal 30 um segments of MAP-
2-positive primary dendrites. The density of pre-synaptic puncta was
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calculated by dividing the number of VAMP2-positive puncta by the
surface area of the proximal dendritic segments measured. The
average density of pre-synaptic puncta was calculated for each
embryo and subjected to one-way ANOVA followed by a post hoc
Tukey test.

Golgi staining and analysis of dendritic spine morphology
Neuronal morphology was analyzed with tissue stained using the
Golgi-Cox impregnation technique. Adult wild-type and RPTPg™"~
mice were euthanized and brains processed as dictated by the FD
Rapid GolgiStain Kit (FD Neurotechnologies, Inc., Columbia, MD,
USA). Tissue was sliced into thick horizontal serial 100 pm sections
with a cryostat (Leica CM1850; Leica Microsystems Inc., Richmond
Hill, ON, Canada).

Spines of primary CA1 dendrites traced by an investigator blind
to animal genotype were imaged on a light microscope (Nikon
Eclipse E800; Nikon, Melville, NY, USA) with a 100x oil-
immersion objective (Nikon, n.a. 1.30), using the Neurolucida 9
program (MBF Bioscience Inc., Williston, VT, USA). Analysis of
tracings was performed with the NeuroExplorer 9 program.
Student’s #-test was used to compare the data between genotypes.

Electrophysiological recordings

Field recordings were performed on slices obtained from adult male
wild-type and RPTPc™~ mice (8-12 weeks old) as described
(Chapman ez al. 1998; Kourrich and Chapman 2003). Animals were
anesthetized with isoflurane and brains removed and cooled (4°C) in
oxygenated (95% O,, 5% CO,) artificial CSF (ACSF). ACSF
consisted of 124 mM NaCl, 2.5 mM KCIl, 1.25 mM NaH,PO,, 1.3
mM MgSOy, 2.5 mM CaCl,, 26 mM NaHCOj;, and 10 mM dextrose
(5 mM KCI, 2 mM MgSO, and 2 mM CaCl, for plasticity
experiments). Acute hippocampal slices (400 pm) were cut using a
vibratome (Leica Microsystems, GmbH, Germany) and placed on a
nylon net in a gas-fluid interface recording chamber (Fine Science
Tools, Foster City, CA, USA) in which oxygenated ACSF was
perfused at 1.0-2.0 ml/min at 32°C. Slices were allowed to recover
1 h before recordings.

Field excitatory post-synaptic potential (fEPSP) recordings were
obtained using glass micropipettes filled with 2 M NaCl (2 to 5 MQ)
positioned in the middle of stratum radiatum. A bipolar stimulating
electrode constructed from 0.1 M€ tungsten electrodes (Frederick
Haer & Co., Bowdoin, ME, USA) was placed in stratum radiatum at
least 500 pm from the recording electrode. Constant current
stimulation pulses (0.1 ms duration) were delivered using a stimulus
isolation unit (WPI, Models A300 and A360). Field potentials were
filtered (3 kHz low-pass) and amplified with an AxoClamp 2B
amplifier (Molecular Devices, Sunnyvale, CA, USA), and digitized
at 20 kHz (Digidata 1322A; Molecular Devices) for storage using
Clampex 8.1 software (Molecular Devices). Input—output tests
monitored synaptic responses evoked by a range of stimulus
intensities in increments between 25 and 200 pA.

Responses to test pulses were monitored every 20 s for at least a
20-min baseline period prior to the induction of LTP or long-term
depression (LTD). The intensity of test pulses was adjusted to evoke
fEPSPs with an amplitude of 60-70% of the maximum observed
during input—output tests. High-frequency stimulation to induce
LTP consisted of a 1-s 100 Hz train of pulses (Chapman et al.
1998). Low-frequency stimulation used to induce LTD consisted of
900 pairs of pulses (25 ms interpulse interval), delivered at 1 Hz for
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15 min (Thiels er al. 1996; Kourrich and Chapman 2003).
Responses evoked by test pulses were monitored every 20 s
following conditioning stimulation.

The rising fEPSP slope was measured using Clampfit software
(Molecular Devices). Changes in fEPSPs were assessed using mixed
design ANovAas and Neuman—Keuls tests that compared averaged
measures during the baseline period, 1 min after conditioning
stimulation, and during the last 20 min of recordings.

Miniature excitatory post-synaptic currents (mEPSCs) were
recorded in whole-cell patch-clamp mode from CA1l pyramidal
cells using a MultiClamp 700B amplifier (Molecular Devices) in
transverse hippocampal slices maintained at 30°C. Recording
pipettes (4-5 MQ) were filled with a solution containing: 100 mM
CsMeSOs;, 15.5 mM CsCl, 10 mM TEA-CI, 10 mM HEPES, 0.25
mM EGTA, 8 mM NaCl, 10 mM dextrose, 2 mM MgATP, and 0.4
mM Na;GTP (pH 7.2-7.3, 280-290 mOsm). Picrotoxin (100 pM)
and tetrodotoxin (0.5 pM) were added to the extracellular ACSF
prior to recordings. Cells were voltage-clamped at —60 mV and
series (10-30 MQ) and input (100-200 MQ) resistances were
monitored online throughout each experiment. Data acquisition was
digitized at 10 kHz and filtered at 2 kHz (Digidata 1440A;
Molecular Devices) for storage using pClampl0 software (Molec-
ular Devices). Analysis was performed with MiniAnalysis software
(Synaptosoft, Fort Lee, NJ, USA) selecting 100 events at random
per cell. Threshold mEPSC amplitude was set at 4 pA.

Novel object recognition test

Recognition memory was assessed using the novel object recogni-
tion test (Bevins and Besheer 2006). Briefly, the mice were
individually habituated to a brightly lit, empty open field for a
period of 10 min. Twenty-four hours later, the mice were returned to
the field, but this time the area contained two identical, biologically
neutral objects, placed equidistant from the centre and walls of the
field. Each mouse was allowed to explore the objects for a period of
5 min, after which the mouse was returned to its cage to rest for 4 h.
Following the 4-h rest period, the mouse was returned to the same
testing field, but with one of the familiar objects replaced by a
similar-sized novel object. The mouse’s exploration was tracked for
5 min with an overhead video recorder (VideoTrack; ViewPoint Life
Sciences Inc., Montreal, QC, Canada). Post hoc, the amount of time
that the mouse spent exploring the novel object relative to the
amount of time spent exploring the familiar object was used to
generate a difference score. Enhanced cognitive performance is
measured by an increased exploration of the novel object.
Measurements were subjected to statistical analysis using a two-
tailed Student’s #-test.

Results

RPTPg is enriched in synaptic membranes in mature brain
To identify the possible contribution of RPTPg to synaptic
function, we initially assessed the distribution of RPTPgs in
the neocortices of P14 and mature rats using subcellular
fractionation. Protein was detected using a monoclonal
antibody (17G7.2) that does not bind LAR or RPTPS and
is specific for RPTPg (Thompson et al. 2003). Type Ila
RPTPs, including RPTPg, are transmembrane proteins that
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are proteolytically processed and presented on the cell
surface as non-covalently linked extracellular and intracellu-
lar domains (Aicher et al. 1997). In homogenates of P14 and
adult rat brain, and in subsequent fractions that contain
membranes, antibody 17G7.2 detected an approximately 80
kDa band, consistent with the molecular weight of the
intracellular domain of RPTPs. The RPTPos intracellular
domain was abundant in the crude synaptosomal fraction
(P2), derived from the neocortices of P14 and mature rats.
The P2 fractions were then hypotonically lysed and further
separated into fractions enriched for synaptosomal plasma
membranes (LP1) and synaptic vesicles (LP2). RPTPs was
enriched in the synaptic plasma membrane (LP1) and
vesicle-enriched (LP2) fractions of the neocortices from
both P14 and adult rats (Fig. 1). Synaptotagmin and GluR2/3
immunoreactivity illustrate the enrichment of pre-synaptic
and post-synaptic markers, respectively.

We then applied a second method that generates fractions
enriched with components of the post-synaptic density (PSD)
(Fallon et al. 2002). Using this technique, synaptophysin was
not detected in the PSD fractions, consistent with pre-
synaptic proteins fractionating away from the PSD. In
contrast, RPTPs co-fractionated with PSD-95, a major
component of the PSD (Fig. 1). These findings indicate that
in addition to the previously described role for pre-synaptic
RPTPo promoting synaptogenesis, RPTP¢ is also present on
the post-synaptic side of developing and mature synapses.

To determine if the absence of RPTPo altered the
expression of the other LAR subfamily members, western
blots of whole brain homogenates derived from adult
RPTPs*"* and RPTP6 ™"~ mice were probed with antibodies
directed against RPTPS and LAR. No change in the level of
expression of either RPTPS or LAR was detected (Fig. 1).

Increased mossy fiber innervation and axon sprouting in
RPTPg null mice

RPTPg inhibits axon extension during neural development
and axon regeneration in the CNS following injury (Thompson
et al. 2003; Sapieha et al. 2005; Shen et al. 2009; Fry et al.
2010). We therefore investigated the possibility that RPTPa
expression in the mature CNS might function to restrain axon
collateral sprouting. Hippocampal granule cell mossy fibers
course through the hilus of the dentate gyrus and normally
form a narrow band within the stratum lucidum where they
synapse on the dendrites of CA3 pyramidal neurons (Fig. 2a).
In the adult brain, mossy fibers sprout collateral branches out
of the stratum lucidum into stratum oriens of subregion CA3c
during normal aging and in response to pathological condi-
tions, such as seizure (Schopke er al. 1991; Cavazos et al.
1992; Masukawa et al. 1995; Adams et al. 1997; Magarinos
et al. 1997; Teter et al. 1999; Ramirez-Amaya et al. 2001).
Thus, we investigated the possibility that RPTPo might
influence axonal sprouting caused either by aging or due to
seizures induced by injection of KA.
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Fig. 1 Fractionation of RPTP¢ in postnatal day 14 and mature brain.
Subcellular fractionation of postnatal day 14 (P14) and adult rat cor-
tical lysates illustrates that RPTPg is enriched in the synaptosome
fraction (P2) in developing and mature cortices. Hypotonic lysis and
further fractionation indicate enrichment of RPTPq in the synaptoso-
mal membrane fraction (LP1) derived from the cortex of adult and P14
brains. Distributions of synaptotagmin and GIuR2/3 illustrate the
fractionation of pre-synaptic and post-synaptic markers. Post-synaptic
density (PSD) fractionation of adult rat brain reveals co-fractionation of
RPTPs with PSD-95 in the PSD fraction. The pre-synaptic protein
synaptophysin was not detected in the PSD fraction. (H: homogenate;
of whole cells; P1: nuclei and cellular debris; P2: mitochondria, plasma
membrane, synaptosomes, and synaptic vesicles; P2*: plasma
membrane, synaptosomes, and synaptic vesicles; S: cytosol and
soluble fraction; P3: Golgi apparatus; endoplasmic reticulum, internal
membranes; LP1: synaptic plasma membrane; LP2: synaptic vesicles,
microsomes; PSD: post-synaptic densities). Whole brain homogenate
from RPTPs** and RPTPs~"~ mice was probed using antibodies di-
rected against the intracellular subunits of LAR subfamily members
and no change was detected in expression of RPTPS and LAR in the
absence of RPTPg. B-tubulin Il staining shows equal loading of
RPTPs** and RPTPs~'~ whole brain homogenates.

To evaluate the distribution of mossy fiber axons inner-
vating CA3, we measured the surface area occupied by dark
Timm labelling, a histochemical stain that selectively labels
mossy fiber axons (Amaral and Dent 1981; Danscher 1981).
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All of the young adult wild-type (n = 5) and RPTPs ™"~ mice
(n = 6) developed status epilepticus following i.p. injection
of KA, with similar severity between the two genotypes
(Table 1, chi-squared test, p > 0.05). Prolonged seizure
activity can induce neuronal loss in hippocampus and other
limbic structures and such damage can contribute to axonal
sprouting and circuit reorganization in the epileptic brain
(Nadler 2003; Morimoto et al. 2004; Sutula 2004). Impor-
tantly, certain inbred mouse strains, including the Balb/C
genetic background used here, are relatively resistant to
KA-induced excitotoxic cell damage and mossy fiber
sprouting (Schauwecker and Steward 1997; Cantallops and
Routtenberg 2000; McKhann et al. 2003). To determine if
loss of RPTPo might affect seizure-related neuronal damage
and cell death, which might contribute to mossy fiber
sprouting, we carried out an unbiased count of cells within
the hilar area. This revealed no increased cell loss in
RPTPs '~ mice compared with wild-type littermates follow-
ing KA-induced seizures, indicating that differences in
seizure-induced cell death do not contribute to mossy fiber
sprouting (three-way repeated measures ANOVA, p > 0.05,
Table 2).

We then assessed the density of Timm staining within the
CA3a and CA3c subregions of stratum oriens (Fig. 2a) in
young untreated, aged untreated, or young KA-treated,
RPTPs ™~ and wild-type littermate mice. The extent of
mossy fiber innervation across the entire surface area of CA3
stratum oriens, measured as the surface area occupied by
Timm granules, did not differ significantly between RPT Po '~
and wild-type mice regardless of age or KA-treatment
(p > 0.05, Fig. 2b). Nor did the optical density within the
CA3c or CA3a subregions of stratum oriens differ between
young untreated RPTPs ™"~ and wild-type mice (Fig. 2¢ and
d), indicating that the absence of RPTPg did not detectably
alter the projection of mossy fiber axons to CA3 during early
development up to young adulthood. With aging, increased
Timm labeling was detected in subregion CA3a, distal to the
dentrate gyrus, but this increase did not differ between
genotypes (Fig. 2d and e). In contrast, following seizures or
in aged animals, the CA3c subregion, proximal to the dentate
gyrus, exhibited a signficantly higher density of Timm
granules in RPTP¢ ™/~ compared with wild-type mice
(Fig. 2c and e). These findings reveal that the RPTPg '~
mice exhibit increased mossy fiber axon sprouting in CA3c
following KA-induced seizure and as a result of normal
aging. We conclude that RPTPg expression inhibits axon
collateral sprouting in the mature CNS.

Increased density of pre-synaptic puncta formed by
RPTPo null cortical neurons in vitro

As a first step toward determining whether RPTPg alters the
density of synaptic innervation, cortical neurons were
obtained from E15 wild-type and RPTP¢ " littermate mouse
embryos and cultured for two weeks in vitro. Pre-synaptic

Journal of Neurochemistry © 2012 International Society for Neurochemistry, J. Neurochem. (2012) 122, 147-161



152 | K. E. Horn et al.

®

2 W

E ‘E ORPTPa (-]

g _‘;-4 4 Fig. 2 Increased mossy fiber axon sprout-
2 + ing in CA3c of aged and KA-treated
E el | RPTPs~"~ mice. (a) Representative image
'; - of Timm staining in area CA3. The white
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surface area. Measures were taken from
young untreated wild-type, young untreated
RPTPs~~, young KA-treated wild-type,
young KA-treated RPTPs~”~, aged un-
treated wild-type, and aged untreated
RPTPs~~ mice. Although the mean density
of Timm staining increased in the KA-trea-
ted RPTP¢™'~ mice, no significant differ-
ences in surface area occupied by dark
Timm granules over this measure of entire
surface area of CA3 were present between
genotypes and conditions (three-way re-
peated measures anova, p > 0.05; for
genotype effect: young untreated WT vs.
KO p = 0.79; young KA-treated WT vs. KO
p=0.08; old untreated WT vs. KO
p = 0.85). (c) To assess regionally specific
effects on axon sprouting, CA3 was divided
into CA3a and CA3c. In the CA3c subre-
gion, proximal to the DG, measurement of
optical density revealed that RPTPo™'~ mice
exhibit significantly more mossy fiber
sprouting compared with wild-type mice, in
aged animals or following seizure (four-way
repeated measures, *p < 0.05). (d) In the
CA3a subregion, RPTPs~~ mice do not
exhibit more mossy fiber sprouting com-
pared with wild-type mice in the CA3a re-
gion, distal to the DG, following seizures.
While aging resulted in increased Timm
labelling in area CA3a (*p < 0.0001), the
difference does not differ between geno-
types (young untreated WT vs. KO
p =0.49; young KA-treated WT vs. KO
p=0.14; old untreated WT vs. KO
p =0.60). (e) Representative images of
CAS3 taken from young wild-type untreated
(upper left), aged knockout untreated (lower
left), and KA-treated mice (right column).
Scale bar: 500 um, error bars show SEM. A
region showing sprouting in aged-untreated
RPTPs - brain, outlined by a dashed line,
is enlarged and shown below the repre-
sentative images.
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g
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Table 1 Kainic acid-induced status epilepticus
RPTPo RPTPo
Behavioral seizures (+/+) (-/-)
Continuous bilateral forelimb clonus with intermittent unilateral rear limb clonus (Racine classification, 1 (20%) 2 (33%)
class 3 and above)
Continuous bilateral rear limb clonus, with intermittent loss of gesture controls and falling 1 (20%) 1 (17%)
(Racine classification, class 4 and above)
Continuous bilateral rear limb clonus, with intermittent loss of gesture controls and falling and other 3 (60%) 2 (33%)
signs of severe seizures, especially jumping (Racine classification, class 4 and above with jumping)
Died during status epilepticus 0 1 (17%)
Total 5 6

Table 2 Average number of hilar cells per section

RPTPo (+/+) RPTPs (-/-)
Untreated 36.30 = 4.10 3723+ 3.55
KA-induced SE 36.98 + 3.88 36.38 + 2.07

varicosities were scored as VAMP2 immunoreactive puncta
closely apposed to MAP-2 immunoreactive dendrites
(Fig. 3a) and the density of positive puncta quantified along

the most proximal 30 pm of secondary dendrites. These

(a)

WT RPTPa

==

Puncta density (WiEm’)

Fig. 3 Increased density of pre-synaptic puncta in cultured cortical
neurons from RPTPg null mice. (a) Immunofluorescence images of
cortical neurons, 14 days in vitro, derived from wild-type and
RPTPs~~ mice labelled with antibodies against MAP-2 (blue) and
VAMP2 (red). The density of pre-synaptic specializations was mea-
sured by counting the VAMP2-positive varicosities located along
proximal MAP-2-positive dendrites. Scale bar: 50 um. (b) The density
of pre-synaptic puncta along proximal dendrites of cortical neurons

© 2012 The Authors
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measures revealed an approximately 20% increase in the
density of VAMP2-positive puncta in cultures of cortical
neurons derived from RPTP¢™’~ mice compared with wild-
type mice (aNova with post hoc Tukey test, p < 0.05,
Fig. 3b). Western blots of hippocampal homogenates from
wild-type and RPTPs™'~ adult mice show no apparent
differences in VAMP2 protein levels (Fig. 3c), indicating
that increases in VAMP2-positive puncta detected in the
cultures derived from RPTP¢ ™'~ mice do not result from
increased VAMP?2 expression in RPTPo knockouts.

To determine whether RPTPg¢ influences dendritic branch-
ing, dendritic arbor complexity was assessed using Sholl

RPTPg (/-
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| ‘ RPTPg {=i=)
‘ ‘ | L1
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(within 30 um of soma) is significantly increased in RPTPs~'~ com-
pared with wild-type littermates (Tukey test, *p < 0.05, error bars
show SEM). (c) Western blots show no differences in levels of
VAMP2 protein in hippocampal homogenates of adult wild-type and
RPTPs~~ mice. B-Tubulin Il staining shows equal loading of wild-
type and RPTPs~'~ homogenates. (d) Dendritic branching as mea-
sured by Sholl analysis does not differ between genotypes (error
bars indicate SEM).
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(1953) analysis as described. The number of primary
dendrites and branching points at each radius did not differ
between genotypes (two-way ANova, p > 0.05, Fig. 3c),
providing evidence that RPTPo does not affect dendritic
branching of cortical neurons in vitro.

Increased dendritic spine density and spine length along
CA1 pyramidal cell dendrites in RPTPg null mice

RPTPo inhibits neurite extension in vitro and in vivo
(Thompson et al. 2003; Sapieha et al. 2005; Fry et al.
2010). Our subcellular fractionation revealed an unexpected
enrichment of RPTP¢g in PSDs (Fig. 1). The morphology of
axonal growth cones and dendritic spines are both highly
dependent on the organization of the actin cytoskeleton and
similar molecular mechanisms regulate F-actin in both
structures (Hotulainen and Hoogenraad 2010; Dent et al.
2011). We therefore tested the hypothesis that RPTPo
would inhibit dendritic spine growth and that dendritic
spines in mice lacking RPTPs might be larger than spines
in the brains of wild-type littermates. Brains of adult wild-
type and RPTP¢™"~ mice aged from 6 to 7 months were
stained using the Golgi-Cox impregnation method. To
investigate spine morphology, segments of the primary
dendrites of CA1 pyramidal cells (Fig. 4a) were traced to
measure the density, length, and diameter of dendritic
spines. Consistent with the increased density of pre-synaptic
puncta detected in vitro, spine density in RPTP¢™'~ mice
was increased relative to wild-type counterparts (Fig. 4b;
n =44 dendritic segments per genotype; one-tailed Stu-
dent’s r-test, p < 0.05). In addition to the increased spine
density, we detected a significant increase in the length of

(a)

RPTPo
(=)

Fig. 4 Increased spine density and length along proximal primary
dendrites of CA1 pyramidal cells in RPTPo~'~ mice. (a) Representative
images of Golgi-Cox stained CA1 pyramidal cell dendrites from adult
wild-type and RPTPs~"~ mice. Scale bar: 10 um. (b) RPTPs™"~ mice
exhibited significantly higher spine density than wild-type mice (4 mice
per genotype: for density, n= 44 segments/condition (11 dendritic
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dendritic spines in RPTPc null mice compared with
RPTPs** mice (Fig. 4b; spines, wild-type: n = 758;
RPTPs'": n = 845; two-tailed Student’s #-test, p < 0.05).
Although this is a modest difference, relatively small
changes in dendritic spine geometry are thought to have
consequences for synaptic function (Matsuzaki et al. 2004;
Zito et al. 2009). Importantly, the change in morphology
detected may result from a mechanistic alteration down-
stream of RPTPo that directly regulates dendritic spine
elongation, or may be a consequence of a change in
synaptic activity due to the absence of RPTPg, or due to
some combination of both.

Altered synaptic properties in hippocampus of RPTPo
null mice
We then assessed the possibility that basal synaptic activity
might be sensitive to expression of RPTPs. We first
determined that field potentials evoked by stimulating the
Schaffer collaterals and recorded in stratum radiatum of CA1
were similar in acute hippocampal slices from wild-type
(n =9)and RPTPo™"™ mice (n = 9; Fig. 5a). Responses from
wild-type and knockout mice did not differ significantly in
the magnitude of either the fEPSP amplitude (wild-type:
1.06 = 1.90 mV; RPTPO'_/_, 1.07 £ 1.76 mV at 250 pA;
p =0.98) or slope (wild-type: 307.64 = 75.08 uV/ms;
RPTPs™": 320.60 + 52.64 puV/ms at 250 pA; p = 0.89).
The absence of RPTPg therefore does not appear to induce
marked changes in extracellular measures of synaptic current
in the CA1 region of acute hippocampal slices (Fig. 5b).
We next evaluated if the absence of RPTPag was associated
with functional changes at unitary excitatory synapses. To

(b) .
207 '— mWT
ORPTPo (=)
1.5 1
.3

1.0 4
0.54
0.04 r 5 )

Density Length Diameter

(1m)  (m)  (um)

segments of different pyramidal cells per brain, 4 mice per genotype),
wild-type: mean = 1.73; RPTPs~": mean = 1.87; one-tailed Student’s
ttest, p < 0.05). When compared with wild-type littermates, a signifi-
cant increase was detected in the lengths of spines of RPTPg null mice
(wild-type: n =758, mean = 1.16; RPTPs™": n= 845, mean = 1.21;
two-tailed Student’s t-test, *p < 0.05). Error bars indicate SEM.
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Fig. 5 Similar evoked synaptic field potentials in CA1 in acute hip-
pocampal slices of wild-type and RPTPs~'~ mice. (a) Field potentials
evoked in CA1 stratum radiatum in acute hippocampal slices by
stimulation pulses between 25 and 200 pA are shown for represen-
tative slices taken from wild-type and RPTPs~~ mice. (b) Mean input-
output curves show the mean slope of the fEPSP as a function of
stimulation intensity for each group. Responses did not differ signifi-
cantly between slices obtained from wild-type animals (n = 9) versus
RPTPg knockout mice (n = 9). Error bars show SEM.

this end, we recorded miniature AMPAR-mediated excitatory
post-synaptic currents (o-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid mEPSCs) from CA1l pyramidal cells
voltage-clamped at -60 mV and compared amplitude,
frequency and inter-event interval of spontaneous synaptic
events between groups. AMPA mEPSC amplitudes were not
significantly different in wild-type and RPTP¢ knockout mice
(wild-type: 7.51 = 0.34 pA, n = 13; RPTP¢™"": 7.25 + 0.43
pPA, n = 14; two-tailed Student’s 7-test; p = 0.65) (Fig. 6a and
b), suggesting no differences in the maturation state of the
synapses. In contrast, the mean frequency of miniature events
was increased in CA1 pyramidal cells from RPTPs knockout
mice as compared with wild-type littermates (wild-type:
0.63 +0.04 Hz, n = 11; RPTPs'": 0.92 + 0.09 Hz,n=11;
p < 0.05) (Fig. 6¢). Similarly, the mean inter-event interval
was reduced in cells from RPTPo null mice (wild-type:
1630 + 102.4 ms, n=11; RPTPs'": 1188 + 105.7 ms,
n=11; p <0.01) and the cumulative distribution of inter-
event intervals in CA1 pyramidal cells from knockout mice
was shifted toward shorter intervals relative to cells from
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wild-type mice (Fig. 6d and e). These data suggest an
increase in the total number of AMPAR-bearing synapses in
mice lacking RPTPo.

To further examine the properties of CA1l synapses and
determine if the increased number of synapses in RPTP¢ null
mice was associated with modification of pre-synaptic
release probability, we next measured paired-pulse ratios at
Schaffer collateral-CA1 synapses. Slices from both wild-type
and knockout mice exhibited paired-pulse facilitation at all
inter-pulse intervals tested (Fig. 6f), but facilitation tended to
be greater in slices from RPTP¢ ™'~ mice, with this difference
reaching significance at a paired-pulse interval of 50 ms
(wild-type: 152.5 + 3.8%, n = 13; RPTPs"": 165.5 = 4.7%,
n =13; two-way anova followed by a Holm-Sidak’s
multiple comparison test; p < 0.05). This result is consistent
with a difference in pre-synaptic release properties, and
suggests that the basal probability of release may be lower in
RPTPo null mice than in wild-type littermates.

Having established that RPTP¢™"~ mice exhibit some
differences in their basal synaptic transmission, we subse-
quently tested the capacity of the Schaffer collateral-CA1l
synapses in these slices to undergo long-term potentiation
(LTP) and LTD, two widely studied forms of activity-
dependent synaptic plasticity (Malenka and Bear 2004).
High-frequency stimulation induced LTP of the fEPSP slope
in slices from both wild-type (n = 13) and RPTPs '~ mice
(n = 15; Fig. 7a), but the amount of potentiation was reduced
in slices from RPTPo null mice. Immediately following
tetanization, responses in slices from RPTPs '~ mice were
160.2 £ 10.5% of baseline as compared with 197.7 + 13.7%
in wild-type slices (f, s, = 3.32, p < 0.05; Newman—Keuls,
p < 0.01). This reduced potentiation in slices from RPTPa
null mice persisted after 1 h, at 135.6 + 7.7% of baseline as
compared with 159.9 = 10.8% in wild-type slices (Newman—
Keuls, p < 0.05).

Taken together, our findings provide evidence for an
increased number of synapses that have a lower probability
of release in RPTPa knockout mice, as reflected by greater
mEPSC frequency and by increased paired-pulse facilitation,
respectively. These differences in baseline synaptic trans-
mission in RPTP¢ ™'~ mice may in part account for their
reduced susceptibility to undergo synaptic potentiation in
response to high-frequency stimulation. Nevertheless, fE-
PSPs recorded during a train of high-frequency stimulation
(100 Hz for 1 s) did not reveal any obvious differences
between wild-type and RPTPg™'~ mice.

In contrast to LTP, low-frequency stimulation induced
synaptic depression that did not differ significantly between
slices from wild-type (n = 6) and RPTP6™"~ mice (n = 9;
Fig. 7b). Fifteen minutes of 1 Hz paired-pulse stimulation
caused a significant depression of the fEPSP slope immedi-
ately after stimulation in both groups (wild-type: 83.9+4.6%;
RPTPc"": 86.6 + 10.8%; Fsoe= 3.46, p <0.05; N-K,
p <0.05), and the reduction recorded 20-30 min after
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stimulation did not differ between slices derived from wild-
type and RPTP¢™"~ mice (slope, Fs,6 = 0.53, p = 0.60;
amplitude, F; 56 = 0.31, p = 0.73).

RPTPa null mice exhibit enhanced novel object
recognition memory

We then assessed recognition memory in these mice using the
novel object recognition test (Fig. 8a). This test is considered
to evaluate cognition, particularly recognition memory, and is
typically applied to rodent models of CNS disorders. Mice
exhibit the spontaneous tendency to be more interested in a
novel object than a familiar object. The novel object
recognition test predicts that if a mouse recalls a familiar
object, it will then spend relatively more time exploring a
novel object. This test period compares the amount of time
that mice spend exploring a novel object with the amount of
time spent exploring a familiar object during a 5-min test
period (Bevins and Besheer 2006). The difference between
the time spent exploring a novel object compared with time
spent exploring a familiar object provides a measure of
memory for the familiar object. No significant difference in
total exploration time was noted between wild-type and
RPTP¢™"~ mice (Fig. 8b; p =0.21, two-tailed Student’s
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Error bars indicate SEM.

t-test). Wild-type mice; however, exhibit a relatively low
difference score, indicating an intrinsic preference for the
familiar object that was chosen for this assay. Comparison of
the difference scores of wild-type and RPTPc™'~ mice
indicates that RPTPo null mice spend significantly more
time than wild-type littermates with the novel object than the
familiar object (Fig. 8c; p < 0.05, two-tailed Student’s #-test),
providing evidence for enhanced recognition memory in
the RPTPo null mice compared with wild-type littermates.

Discussion

RPTPo is essential for normal neural development and
inhibits axon regeneration following injury, but its function
in the intact adult nervous system had not been described.
Here, we demonstrate that RPTPo is enriched at developing
and mature synapses. We provide evidence that RPTPo
inhibits axon collateral sprouting and limits synapse forma-
tion and the length of dendritic spines in the mature brain.
Analyses of synapse function revealed grossly normal basal
transmission in mice lacking RPTPo. However, increases in
the mean frequency of AMPAR mEPSCs and in paired-pulse
facilitation are consistent with more synapses being made
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Fig. 7 Reduced long-term potentiation of fEPSPs in RPTPg null mice.
(a) Significantly less potentiation of fEPSPs in slices from RPTPs ™/~
(n=15) versus wild-type (n=13) animals was measured both
immediately and 1 h following high-frequency stimulation (HFS). Tra-
ces obtained from an RPTPg null slice show averaged responses
recorded at the end of the baseline period (i) and at the end of the
follow-up period (ii). Each point reflects the average of three consec-
utive responses. (b) Low-frequency paired-pulse stimulation (LFS,
bar) induced a transient depression of fEPSP slope in both wild-type
and RPTPg null slices. Traces in by illustrate averaged responses
recorded from an RPTP null slice at the end of the baseline period (i)
and 1-2 min post-LFS (i) at the times indicated in B,. The depression
of responses was not significantly different in wild-type (n = 6) versus
RPTPs~'~ (n = 9) mice after 30 min. Error bars show SEM.

between neurons lacking RPTP¢ and with individual
synapses being less effective than wild-type counterparts.
Investigating possible contributions of RPTPs to synaptic
plasticity and learning and memory, we show that RPTPa
null mice exhibit reduced LTP and enhanced performance in
a novel object recognition task. These findings identify novel
contributions of RPTPg to synaptic structure, function, and
plasticity in the mature brain.
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RPTPo, RPTPS, and LAR share approximately 60% and
85% amino acid identity among their extracellular and
intracellular domains respectively (Yan et al. 1993). In spite
of this level of sequence conservation, functions attributed to
RPTPo often differ from those documented for RPTPS and
LAR. Specifically, RPTPs expression restrains axon out-
growth during neural development, while RPTPS and LAR
promote axon extension (Wang and Bixby 1999; Thompson
et al. 2003; Chagnon et al. 2004). LAR promotes axon
regeneration in the peripheral nervous system (Xie et al.
2001), but inhibits regeneration in the CNS (Fisher et al.
2011), while RPTP¢ inhibits axon regeneration in both the
CNS and PNS (McLean et al. 2002; Thompson et al. 2003;
Sapieha et al. 2005; Fry et al. 2010). Early studies in
embryonic chick implicated RPTPs in promoting axon
growth; however, it was not clear at the time if this was
due to phosphatase activation or inactivation (Ledig et al.
1999; Aricescu et al. 2002; Rashid-Doubell et al. 2002).

While RPTPo and LAR bind CSPGs (Shen et al. 2009;
Fry et al. 2010; Coles et al. 2011), they also bind heparin
sulfate proteoglycans (HSPGs) (Aricescu et al. 2002), which
in contrast to CSPGs, typically promote axon extension (Van
Vactor et al. 2006). HSPGs and CSPGs are a heterogeneous
group of cell surface and extracellular matrix glycosamino-
glycans (Bulow and Hobert 2006). They are widely distrib-
uted in the developing and mature CNS, wrapping neuronal
cell bodies and synapses in a glycoprotein mesh referred to as
the peri-neuronal net, a brain-specific form of extracellular
matrix (Frischknecht and Seidenbecher 2008). Among HSPG
family members, RPTP¢ has been demonstrated to bind agrin
and collagen XVIII in vertebrates (Aricescu et al. 2002). In
Drosophila, the HSPGs syndecan and dally-like bind LAR
(Fox and Zinn 2005; Johnson et al. 2006); however, these
HSPGs have distinct functions in the assembly of the visual
system (Rawson ef al. 2005) and at the neuromuscular
junction (Johnson et al. 2006). Syndecan and dally-like
compete to bind LAR, with syndecan activating LAR to
promote pre-synaptic terminal growth, and Dally-like inhi-
bition of LAR regulating pre-synaptic active zone structure
and synaptic quantal release (Johnson et al. 2006).

The differences in function between different LAR family
members could result from different responses of the same
phosphatase to different ligands, differences in subcellular
distribution, or from differences between the specific down-
stream signaling mechanisms activated by LAR, RPTPs and
RPTPS. A recent study reported that HSPG binding promotes
RPTPo multimerization, thereby inactivating phosphatase
activity, while CSPG binding antagonizes RPTPo multimer-
ization and promotes phosphatase activation (Coles et al.
2011). This supports a mechanism of action whereby the
glysosaminoglycan ligand bound determines whether RPTPa
will promote or inhibit motility. Such a mechanism could
underlie different responses generated by RPTPg, RPTPS
and LAR to different ligands.
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Fig. 8 Enhanced performance in a novel object recognition test by
RPTPgs null mice. (a) The novel object recognition test assesses the
ability of a mouse to recognize an object that it has already been
familiarized with by comparing the amount of time spent exploring a
novel object with the amount of time spent exploring a familiar object.
The diagram depicts a mouse exploring an object. The mouse must be
properly oriented towards the object within the region indicated by the
dashed lines for exploration to be scored as positive. (b) Age-matched

Studies carried out in vitro indicate that pre-synaptic LAR,
RPTPS, and RPTPg promote pre-synaptic differentiation of
glutamatergic synapses by binding post-synaptic NGL-3
(Woo et al. 2009), and in the case of RPTP¢ also through
interaction with post-synaptic TrkC (Takahashi et al. 2011).
Our findings provide evidence that loss of RPTPg function in
the mammalian brain reduces synaptic effectiveness while
increasing the density of synapses and dendritic spine length
in vivo, consistent with RPTP¢ inhibiting synaptogenesis and
dendritic spine growth. Although the identification of an
inhibitory role for RPTPo at synapses may appear at odds
with studies indicating that RPTPg promotes pre-synaptic
differentiation, the precise relationship between mechanisms
that regulate synapse density and those that promote synaptic
differentiation is not clear. Studies investigating potential
roles for NGL-3, TrkC, and various glysosaminoglycans
interacting with RPTP¢ at mature synapses are required.

In addition to the pre-synaptic function of RPTPg, our
findings reveal enrichment in the PSD, supporting a novel
role for RPTPg in dendrites. RPTPo null mice exhibit
elongated dendritic spines, indicating that RPTP¢ expression
restrains spine growth. RPTP¢ activates p250GAP, thereby
inhibiting Rac (Chagnon ef al. 2010), which is a central
regulator of dendritic spine morphology (Penzes et al. 2008).
The RPTPo binding proteins TrkC and NGL-3 are both
localized to post-synaptic specializations (Woo et al. 2009;
Takahashi ef al. 2011) and the described trans-synaptic
interactions between pre-synaptic RPTPag and post-synaptic
NGL-3 and TrkC likely occur in parallel to RPTPg localized
to the PSD. The specific contribution of dendritic RPTPa to
synaptic differentiation and the pre-synaptic binding partners
involved remains to be identified.

Although RPTPg null mice exhibit a number of morpho-
logical abnormalities within the CNS (Elchebly et al. 1999;
Wallace et al. 1999), our electrophysiological findings
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wild-type and RPTPs~~ mice did not spend significantly different
amounts of total time exploring the objects than wild-type littermates
(wild-type: n=9; RPTP6": n=7; p > 0.05 by two-tailed Student’s
t-test; error bars show SEM). (c) The difference score (time spent with
novel object minus time spent with familiar object) indicates that
RPTPs "~ mice spent significantly more time with the novel object than
the familiar object compared with wild-type littermates (*p < 0.05 by
two-tailed Student’s t-test; error bars indicate SEM).

indicate that they nonetheless present grossly normal basal
synaptic transmission. We did, however, detect an increase in
the mean frequency of mEPSCs recorded at excitatory
synapses, suggesting an increased number of synapses in
RPTPs null mice. This result is consistent with our
anatomical findings in vitro and in vivo, demonstrating that
neurons in culture exhibit a higher density of VAMP2-
positive puncta, and that CAl hippocampal pyramidal
neurons in RPTPas knockout mice exhibit a higher density
of dendritic spines. Our analysis of paired-pulse ratios
suggests that Schaffer collateral synapses onto CA1 neurons
in RPTPg null mice have an abnormally low probability of
release. In the neocortex, immature synapses typically show
an initial high probability of transmitter release that declines
as maturation proceeds (Feldmeyer and Radnikow 2009).
Therefore, the low probability of release detected in knock-
outs could correlate with relatively mature pre-synaptic
function in RPTPo null mice. However, increased AMPA
mEPSC amplitude is associated with increased post-synaptic
maturity (Hsia e al. 1998), yet our mEPSC analysis revealed
no differences in the mean amplitude of events recorded in
wild-types or RPTPg null littermates, and therefore does not
indicate differences in post-synaptic maturation. Together,
these findings support the conclusion that the absence of
RPTPg increases the density of synapses between neurons,
but that individual synapses lacking RPTPq are less effective
than wild-type counterparts.

Both RPTPg and RPTPS are expressed throughout the
hippocampus, however RPTPg is expressed more widely in
the pyramidal cell layer and at more readily detectable levels
(Kwon et al. 2010). Examining activity-dependent plasticity,
we found that RPTPs null mice have reduced LTP at
hippocampal Schaffer collateral-CA1l synapses. Deficits in
spatial learning and memory have been documented in
RPTPS null mice (Uetani ef al. 2000). In contrast, we found
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that RPTPo null mice perform better than wild-type litter-
mates in a novel object recognition test. Interestingly, RPTPd
knockout mice also exhibit a reciprocal disconnection
between learning and synaptic plasticity: while Schaffer
collateral-CA1 LTP was enhanced in RPTPS null mice, they
have deficits in spatial learning and memory tasks (Uetani
et al. 2000). These findings reveal that both RPTP¢ and
RPTPS contribute to synaptic plasticity and learning and
memory, and provide examples in which the ability to induce
LTP is not positively correlated with learning and memory
capacity. Importantly, this difference between RPTPs and
RPTPS reveals a previously unappreciated level of functional
diversity between members of the type Ila LAR subfamily of
tyrosine phosphatases at synapses.

CSPGs exert a potent inhibitory influence on certain forms
of synaptic plasticity and learning and memory. For example,
enzymatic degradation of CSPGs enhances synaptic plastic-
ity during neural development (Pizzorusso et al. 2002), and
promotes regeneration, repair and recovery of function in the
injured adult CNS (Moon et al. 2001; Bradbury et al. 2002;
Tester and Howland 2008; Garcia-Alias et al. 2009). These
studies, together with our current findings, suggest that
inhibitors of RPTPs might be developed to manipulate
synaptic plasticity, promote recovery of function following
injury, and perhaps enhance learning and memory.
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