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Neurodevelopmental Role for VGLUT2 in Pyramidal Neuron
Plasticity, Dendritic Refinement, and in Spatial Learning

Hongbo He,' Amanda H. Mahnke,’ Sukhjeevan Doyle,' Ni Fan,' Chih-Chieh Wang,’ Benjamin J. Hall,’ Ya-Ping Tang,’
Fiona M. Inglis,> Chu Chen,' and Jeffrey D. Erickson'

"Neuroscience Center of Excellence and ?Department of Cell Biology and Anatomy, Louisiana State University Health Sciences Center, New Orleans,
Louisiana 70112, and *Department of Cell and Molecular Biology, Tulane University, New Orleans, Louisiana 70118

The level and integrity of glutamate transmission during critical periods of postnatal development plays an important role in the
refinement of pyramidal neuron dendritic arbor, synaptic plasticity, and cognition. Presently, it is not clear how excitatory transmission
via the two predominant isoforms of the vesicular glutamate transporter (VGLUT1 and VGLUT2) participate in this process. To assess a
neurodevelopmental role for VGLUT2 in pyramidal neuron maturation, we generated recombinant VGLUT2 knock-out mice and inac-
tivated VGLUT2 throughout development using Emx1-Cre "/ knock-in mice. We show that VGLUT2 deficiency in corticolimbic circuits
results in reduced evoked glutamate transmission, release probability, and LTD at hippocampal CA3-CA1 synapses during a formative
developmental period (postnatal days 11-14). In adults, we find a marked reduction in the amount of dendritic arbor across the span of
the dendritic tree of CA1 pyramidal neurons and reduced long-term potentiation and levels of synaptic markers spinophilinand VGLUT1.
Loss of dendritic arbor is accompanied by corresponding reductions in the number of dendritic spines, suggesting widespread alterations
in synaptic connectivity. Conditional VGLUT2 knock-out mice exhibit increased open-field exploratory activity yet impaired spatial
learning and memory, endophenotypes similar to those of NMDA receptor knock-down mice. Remarkably, the impairment in learning
can be partially restored by selectively increasing NMDA receptor-mediated glutamate transmission in adult mice by prolonged treat-
ment with p-serine and a p-amino acid oxidase inhibitor. Our data indicate that VGLUT2 expression is pivotal to the proper development
of mature pyramidal neuronal architecture and plasticity, and that such glutamatergic deficiency leads to cognitive malfunction as

observed in several neurodevelopmental psychiatric disorders.

Introduction

A large body of work has revealed a close association between
activity-dependent plasticity, such as long-term depression
(LTD) and long-term potentiation (LTP), dendrite refinement,
and cognition (Négerl et al., 2004; Cline and Haas, 2008). Alter-
ations in dendritic structure and plasticity lead to cognitive im-
pairment in some models of neurodevelopmental psychiatric
disorders (Broadbelt et al., 2002; Zoghbi, 2003; Asaka et al., 20065
Ramsey, 2009; Penzes et al., 2011; Na et al., 2012). Recent work
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suggests that deficits in glutamate release might also contribute to
impaired dendritic structure and cognition (Sorensen and Rubel,
2006; Chao et al., 2007; Oni-Orisan et al., 2008; Jentsch et al.,
2009; Wallén-Mackenzie et al., 2009; Balschun et al., 2010; So-
rensen and Rubel, 2011). Glutamate release from most excitatory
synapses in mammalian brain relies on the vesicular transporter
isoforms VGLUT1 and VGLUT2 (Fremeau et al., 2004a). Evi-
dence for specialized physiological roles for VGLUTI1 and
VGLUT?2 include the following: (1) presence of only a single
VGLUT isoform in lower organisms (Lee et al., 1999; Daniels et
al., 2004); (2) differential distribution in neurons where LTP and
LTD are generally studied (Fremeau et al., 2001; Herzog et al.,
2001; Varoqui et al., 2002); (3) differential release probability
when expressed in hippocampal pyramidal neurons in vitro
(Weston et al., 2011); (4) differential activity-dependent regula-
tion in neocortical neuronal networks in vitro (De Gois et al.,
2005; Erickson et al., 2006; Doyle et al., 2010); (5) differential
transcriptional response to psychiatric drugs in vivo (Moutsimilli
et al., 2005; Tordera et al., 2005; Moutsimilli et al., 2008); and (6)
differential behavioral effects of gene deletion relevant to psychi-
atric/cognitive illness (Moechars et al., 2006; Tordera et al., 2007;
Wallén-Mackenzie et al., 2009; Balschun et al., 2010).

VGLUTT1 is the predominant transporter in adult pyramidal
neurons (Kaneko and Fujiyama, 2002), while VGLUT?2 is the
major isoform in thalamocortical sensory projections (Fujiyama
et al, 2001). An important window for the maturation of
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VGLUT1-encoded transmission in pyramidal neurons occurs
during the second and third postnatal weeks in rodents (Bolsha-
kov and Siegelbaum, 1995; Wasling et al., 2004; Wilson et al.,
2005). We hypothesize that VGLUT2 plays an important role in
the maturation of cortical VGLUT1 transmission as it is ex-
pressed in a considerable number of VGLUTI-containing
pyramidal neurons and synapses during critical periods of devel-
opmental plasticity (Boulland et al., 2004; Fremeau et al., 2004b;
De Gois et al., 2005; Herzog et al., 2006; Nakamura et al., 2007).
To assess a role for VGLUT2-encoded transmission in pyramidal
neuron maturation and plasticity, we generated recombinant
VGLUT2 knock-out mice and inactivated VGLUT?2 using Emx1-
Cre " knock-in mice. Emx1-Cre is expressed in multiple areas
during development that have roles in processing limbic infor-
mation in adults, including the cingulate, prefrontal, temporal,
and sensory association cortices, and in limbic structures in-
volved in learning and memory, including the hippocampal
formation (Gorski et al., 2002). Here, we examined the elec-
trophysiological properties of young and adult hippocampal
CA3-CA1 connections, dendritic structure of adult CA1 pyra-
midal neurons, and spatial learning and memory in control
and VGLUT2-deficient mice. Our results support a critical
neurodevelopmental role for VGLUT2 in the postnatal matu-
ration of pyramidal neuron plasticity, dendritic refinement,
and cognition.

Materials and Methods

Generation of VGLUT2 recombinant mice. A 4.5 kb fragment upstream
and a 3.9 kb fragment downstream of exon 2 of the murine (C57BL/6])
Slc17a6 gene that encodes VGLUT2 were amplified by high-fidelity Plat-
inum Pfx Polymerase DNA (Epicenter Technologies) PCR from a bacte-
rial artificial chromosome (BAC) mouse genomic clone (Invitrogen) and
correspond to homologous 5’ and 3’ VGLUT2 arms, respectively. A 782
bp floxed region containing exon 2 was also obtained by PCR. These
fragments were inserted into the conditional targeting vector pVB-
FRTCKR (Vega Biolabs) such that exon 2 is floxed by LoxP sites and the
neomycin resistance gene is floxed by Frt sites. Primary sequences of
exons 1-3 were verified in the targeting construct by direct sequencing
before electroporation into mouse embryonic stem (ES) cells that were
an F1 hybrid of C57BL/6] and 129 Sv mice.

We analyzed the DNA from initial ES cell transformants by Southern
blotting to choose a sample for blastocyst injection by standard techniques.
We distinguished the pattern of labeling in the normal genome from the
homologous recombination using two probes (**P-dCTP labeled by ran-
dom priming) and three different restriction digestions (BstEII, Nsil, and
NdeI). Thirteen positive ES cell recombinants were identified by Southern
analysis. The two cDNA probes were made against intronic sequences and
amplified by PCR. For probel the outside primers were 5'-ctaatggtggaagaga
gotgatgg-3" (forward) and 5’'-tctgagtctgagatgatgatgatge-3' (reverse); inside
primers were 5'-ccgaattcaaggcttttacaactatggetaag-3" (forward) and 5'-geggat
ccagatggaactagacacgataggaag-3' (reverse). For probe2 the outside primers
were 5'-cgagaatgcttcttatccctcttc-3" (forward) and 5'-atatgcagectctgtgtagetat
c-3' (reverse); inside primers were 5'-ccgaattcaggaagtaagatgggatttcagagg-3’
(forward) and 5'-gcggatcctgatattcaagatggtagcaatgee-3' (reverse). BamHI and
EcoRlI restriction sites (in italics) were added to the 5" ends of the inside set of
primers to facilitate subcloning into a riboprobe vector (pBluescript). Sizes
of wild-type genomic fragments cut by BstEIl, Nsil, and Ndel are predicted
to be 18.2, 6, and 5.9 kb, respectively. As new restriction sites are engineered
into the vector targeting sequences (i.e., Nsil, Ndel, and BstEII at the 3’ LoxP
site), new recombinant fragments can be predicted in the transformants.
Following karyotyping and verification of normal chromosomal number in
four of these samples, one clone was chosen and used for mouse blastocyst
injection. Recombinant ES cells were injected into blastocysts at the Human
Embryonic Stem Cell Core Facility at Yale University, New Haven, CT
(courtesy of Dr. Tim Nolti) that were implanted into pseudo-pregnant fe-
males and resulted in four chimeric mice. Tail DNA from chimeric heterozy-
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gotic offspring was isolated using the DirectPCR Lysis Reagent (Viagen
Biotec), digested with Ndel, and analyzed by Southern blotting using probe2
as described above in this paragraph.

The positive selectable marker at flanking Frt sites was excised by
crossing chimeric mice to mice that express germ line flp recombinase
(Farley et al., 2000). To show that the placement of the LoxP sites keeps
the conditional allele fully functional for recombination by Cre recom-
binase and that they are in a position suitable for the deletion of exon 2,
we have mated F1 offspring from the chimera/flp mice (VGLUT2 */™) to
a Cre-deleter strain (Schwenk et al., 1995) to obtain VGLUT2%'* off-
spring with a single functional VGLUT2 allele. Then, we bred
VGLUT2*'" heterozygotes to each other and harvested embryonic day
(E)16 embryos. Whole brains from offspring of VGLUT2“/" heterozy-
gotes were homogenized in cold PBS containing 5 pg/ml pepstatin, 5
pg/ml aprotinin, 5 pg/ml leupeptin, and 1 mm phenylmethylsulfonyl
fluoride, subjected to brief sonication, and then centrifuged at 10,000 X
g for 20 min. The supernatants were subsequently centrifuged at
100,000 X g for 30 min, the pellets were dissolved in SDS-containing
sample buffer, and the membrane protein content was quantified.
Vesicle-enriched membrane samples from VGLUT2 I OVGLUT22 T,
and VGLUT2 %2 mice (10 ug protein) were separated by SDS-PAGE for
Western blotting and probed with anti-VGLUT2 antibodies as described
(Varoqui et al., 2002).

To selectively silence VGLUT?2 in corticolimbic circuits, VGLUT2 f/fx
mice were bred with Emx1-Cre */* knock-in mice (Gorski et al., 2002)
that are available from The Jackson Laboratory (stock no. 005628).
Genotyping for the EmxI or by default the EmxI-Cre knock-in, allele was
determined by PCR using tail DNA and two primers sets: wild type (wt),
5'-aaggtgtggttccagaatcg-3' (forward) and 5'-ctctccaccagaaggcetgag-3'
(reverse) (378 bp); Cre, 5'-gcggtctggcagtaaaaactatc-3’ (forward) and 5'-
gtgaaacagcattgctgtcactt-3' (reverse) (100 bp). The 378 bp band is found
only in the wild-type EmxI locus and is lost in the EmxI-Cre genome
because the 3" downstream primer is in noncoding sequences of Ermx]I
that have been replaced by internal ribosome entry site (IRES) sequences
followed by the coding sequences of Cre recombinase. Thus, Emx1 cod-
ing sequences in the EmxI-Cre gene locus do not differ between Emx-
Cre **/VGLUT2 ™ and Emx1-Cre */~/VGLUT2 */* and are identical
in VGLUT2 % mice (Gorski et al., 2002). In addition, no Emx1 gene
dosage effects occur between Emx-Cre */*/VGLUT2 %%, Emx1-Cre */~/
VGLUT2 %% and VGLUT2 ¥* mice (Gorski et al., 2002). Unexpectedly,
some offspring of VGLUT2 */® breeding with the Emx1-Cre */™ strain gave
rise to null alleles (VGLUT2 allele), indicating occasional germline expres-
sion of Cre, although VGLUT2/* mice do not display any discernible elec-
trophysiological phenotype or any change in hippocampus-dependent types
of learning (Moechars et al., 2006; Balschun et al., 2010), and VGLUT2 AIA
mice die at birth.

To assess the efficiency of Cre-mediated recombination in vitro, pri-
mary cortical/hippocampal cultures were prepared from Emx1-Cre */*/
VGLUT2 ¥ and VGLUT2 %% embryos (E18) and treated with gabazine
as described (Doyle et al.,, 2010). Fully differentiated neurons were har-
vested and disrupted using brief pulses from a probe sonicator, and total
RNA was isolated using the Qiagen RNeasy MINI kit according to the
manufacturer’s instructions. RNA (1 pg) was reversed-transcribed using
Bio-Rad iScript cDNA synthesis kit (oligo(dT) plus random hexamers)
(Bio-Rad). The mRNA region of VGLUT2 between exons 1 and 3 was
amplified using the following primer set 5'-ggaattccagtctttacaagaatggagt
cg-3' (forward) and 5'-ctggatccagaagaacgatccgtggatcat-3' (reverse).

To assess the specificity of Cre-mediated recombination, in vivo
Emx1-Cre ¥’ mice were bred with Z/EG mice (Novak et al., 2000),
which are available from The Jackson Laboratory (stock no. 004178).
Genotyping for one or two copies of EmxI-Cre was determined as above.
The primer sets, 5'-aagttcatctgcaccaccg-3' (forward) and 5'tccttgaagaag
atggtgcg-3’ (reverse), were used to detect the presence of enhanced green
fluorescent protein (EGFP).

Mouse care. Animals were maintained in a specific pathogen-free fa-
cility. Mice were group housed in a climate-controlled animal colony
with a 12 h light/dark cycle with access to food and water ad libitum.
Adequate measures were taken to minimize pain or discomfort. All pro-
cedures using animals were approved by Louisiana State University
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Health Sciences Center Institutional Animal Care Committee (New Or-
leans, LA) and are consistent with recommendations by the Panel of
Euthanasia of the American Veterinary Medical Association.

Behavioral analysis. The Morris water maze test (Morris, 1984) was
used to evaluate spatial learning and memory as described previously
(Tang et al., 1999). A circular water tank (diameter 120 cm and 75 cm in
height) was filled with water that was made opaque with nontoxic white
paint. A black curtain surrounded the pool and four visual cues were
present (four standing lamps). The investigator was behind the curtain. A
round platform (diameter 15 cm) was placed in the center of a given
quadrant of the pool and was hidden 1 cm beneath the surface of the
water. Training was conducted each day for 6-7 days (67 sessions), and
each session consisted of four trials. In every trial the mouse was placed
into the water facing the wall of the pool and allowed to search for the
platform. The trial ended either when an animal climbed onto the plat-
form or when a maximum of 60 s elapsed. At the end of each trial the
mouse was allowed to rest on the platform for 15 s. Mice that failed to find
the platform were placed on the platform and allowed to sit there for 15s.
In a block of four trials the starting position was varied pseudo-randomly
among four positions. An interval of 2 h was set between two trials.
Navigation was recorded by a video camera and the task performances,
which included swimming paths, swimming speed, and time spent in
each quadrant, were recorded and analyzed by a PolyTrack video track-
ing system (San Diego Instruments). A probe test was conducted 24 h
after the completion of the training. In this test, the platform was re-
moved from the pool and the task performances were recorded for 60 s.
The time spent in each quadrant and the number of times the animal
crossed the location where the platform was previously located were
considered indices for their memory retention.

Novelty-induced exploratory activity was measured in an open-field
Plexiglas chamber (41 X 41 ¢cm). Mice were removed from their home
cage and allowed to explore the open field chamber once. Forward move-
ments (locomotion) were measured by the number of interruptions of
infrared beams in the chamber, which were counted and transferred to a
microcomputer via an interface. For open-field activity, forward loco-
motion scores were summed every 5 min for a duration of 1 h, or
summed for 20 min.

Dendritic analysis. Adult animals were killed by CO, inhalation. Di-
rectly after sacrifice, the brains were excised, split into two hemispheres,
and processed using a modified Golgi—Cox stain (Rapid Golgi; FD Neu-
roTechnologies). After impregnation, coronal sections (100 wm) were
obtained using a cryostat, mounted on gelatin-coated glass slides, and
then developed as per the manufacturer’s instructions. Sections were
counterstained with cresyl violet (Sigma-Aldrich), dehydrated, and
cleared with xylenes. Slides were coverslipped using Permount (Fisher
Scientific) and allowed to dry. For quantitative analyses, neurons from
the CA1 region were imaged through the z-plane (Zeiss Axiovert 200M,
Oberkochen, Germany) to allow for accurate reconstruction of the whole
neuron in three dimensions using camera lucida software (Neurolucida;
MBF Biosciences). Digital images were collected at 20X for quantifica-
tion of dendritic parameters and at 100.8 X for visualization of dendritic
spines. For analyses of dendrite morphology, the following parameters
were measured: number of primary dendrites; number of branch points
and branch tips; total arbor per cell; average segment length; total num-
ber of dendritic segments. We have used these parameters previously to
provide a reliable estimate of the length and complexity of dendritic
arbor (Prithviraj and Inglis, 2008). Dendrites were also analyzed accord-
ing to branch order (where a primary dendrite emanates directly from
the cell body) and by Sholl analyses to provide estimates of intrinsic
geometry and spatial distribution of dendritic trees. In a subset of neu-
rons, the number of dendritic spines, spines per segment, and spine
density per 10 wm dendritic length were compared between the two
groups of mice.

Electrophysiological analysis. Transverse acute hippocampal slices
(350—-400 M) were prepared from young postnatal (P11-14) and adult
(P45-60) mice. After decapitation, the brains were rapidly removed and
cut in artificial CSF (ACSF) composed of (in mm) 125 NaCl, 2.5 KCl, 1
MgCl,, 25 NaHCO3, 1.25 NaH,PO,, 2 CaCl,, 25 glucose, 3 pyruvic acid,
and 1 ascorbic acid. Slices were transferred to a holding chamber in an
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incubator containing oxygenated (95% O,, 5% CO,) ACSF at 34°C for
0.5-1 h and then maintained in an incubator containing oxygenated
ACSF at room temperature for at least 1 h before recordings. Slices were
then transferred to a nylon mesh interface recording chamber main-
tained at 30°C and constantly perfused with oxygenated ACSF (~1 ml/
min) containing (in mm) 120 NaCl, 3 KCI, 2 MgSO,, 2 CaCl,, 1.2
NaH,P0,, 23 NaHCO,, and 11 glucose.

Hippocampal CAL field potentials were evoked by constant current
stimuli (200 us) applied via bipolar stimulus electrodes to CA3 Schaffer
collateral commissural projections. Field potentials were recorded via an
extracellular glass microelectrode filled with ACSF placed in the stratum
radiatum of CAl. LTP, paired-pulse facilitation (PPF), and input—out-
put (I/O) function were measured as described previously (Fan et al.,
2010). Evoked fEPSPs were amplified, digitized (Axoclamp-2B, DigiData
1320), and analyzed using Axon Clampfit 8.2. Hippocampal Schaffer
collateral LTP was induced by a theta-burst stimulation (TBS) consisting
of a series of 10 bursts of 5 stimuli at 100 Hz (200 ms interburst interval,
which was repeated three times). The baseline stimulation strength was
set to provide fEPSP with an amplitude of ~30% from the subthreshold
maximum derived from the input—output function. Paired-pulse stim-
ulation was induced by delivering two pulses with an interpulse interval
of 30-330 ms. The paired-pulse ratio (PPR) was calculated as fEPSP2/
fEPSP1. LTD was induced by low-frequency stimulation (LFS) consist-
ing of 900 shocks at 1 Hz for 15 min.

For whole-cell voltage-clamp analysis, sagittal hippocampal slices
were prepared from young (P12-P16) mice. Slices were perfused and
recorded at room temperature in a bicarbonate-buffered ACSF contain-
ing (in mm) 124 NaCl, 5 KCl, 26 NaHCO,, 1.23 NaH,PO,, 3 MgCl,, 2
CaCl,, and 10 glucose and bubbled constantly with 95% O, and 5% CO,,.
Recordings were made using glass microelectrodes (Warner Instru-
ments) filled with a cesium-based intracellular solution containing (in
mM): 10 CsCl, 105 CsMeSO;, 8 NaCl, 0.5 ATP, 10 HEPES, 5 glucose, 2
MgCl,, and 3 EGTA (pH 7.3). Pipette resistances ranged from 3—13 M{).
Series access resistances ranged from ~7 to 35 M() and were monitored
for consistency during recordings. Spontaneous AMPAR-mediated
mEPSCs were isolated by voltage-clamping neurons at —65 mV in the
presence of TTX (0.5 um) and picrotoxin (50 um). mEPSCs were ac-
quired and analyzed using Igor Pro software (WaveMetrics) as described
(Hall et al., 2007; Wang et al.,, 2011).

Biochemical analysis. The expression of various synaptic markers in
adult hippocampus was examined by Western blotting. Mouse hip-
pocampi were dissected and homogenized in CelLytic MT Mammalian
Tissue Lysis/Extraction Reagent (Sigma-Aldrich), briefly sonicated, and
centrifuged at 10,000 X g for 10 min. Supernatants were collected and
proteins were quantitated using the Bradford assay and then solubilized
in Laemmli SDS sample buffer, size-fractionated on 10% precise Tris-
HCl polyacrylamide gels, and electrophoretically transferred to nitrocel-
lulose membrane using standard protocols. Primary antibodies used
were rabbit anti-VGLUT1 (1:1500, (Varoqui et al., 2002), guinea pig
anti-VGLUT?2 (1:3000, ( Schifer et al., 2002), rabbit anti-VIAAT (vesic-
ular inhibitory amino acid transporter, also known as vesicular GABA
transporter VGAT) (1:3000, a kind gift of Dr. B. Gasnier, Paris, France),
mouse PSD95 (1:1000, Sigma-Aldrich), rabbit anti-spinophilin (1:1000,
Millipore), and mouse anti-B-actin (1:1000, Abcam). Secondary anti-
bodies used were horseradish peroxidase-conjugated anti-rabbit, anti-
guinea pig, or anti-mouse (1:8000; Sigma-Aldrich), followed by
enhanced chemiluminescence (West Pico, Pierce) and exposure to Hy-
perfilm ECL (GE Healthcare). Individual bands were visualized by the
enhanced chemiluminescence method (West Pico, Pierce), quantitated
by densitometry MultiGauge software analysis, and normalized to aload-
ing control (B-actin) or to PSD95, which did not differ between groups.

Immunohistochemistry. Adult and 18-day-old Emx1-Cre™/"/
VGLUT2 %", Emx1-Cre /7 /VGLUT2 ™™, and VGLUT2 */* mice were
anesthetized with a mixture of ketamine and xylazine (100 mg/kg; 10
mg/kg), cardiac perfused with cold PBS followed by 4% paraformalde-
hyde (PFA) in PBS, and the brains were removed and divided into two
hemispheres, postfixed by immersion in 4% PFA/PBS overnight, equili-
brated with 20% sucrose/PBS, cut obliquely at 30 ® angle for parasagittal
sectioning, and frozen in OCT. Alternatively, E16-E19 mice from
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VGLUT24" X VGLUT2%'" embryos were killed by decapitation and
the brains removed, immersion fixed in 4% PAF/PBS overnight, equili-
brated with 20% sucrose/PBS, and frozen in OTC for coronal sectioning.
Emx1-Cre "7 /Z-EG X Emx1-Cre "/~ /Z-EG offspring (PO mice) were
processed the same way except that immersion fixation in 4% PAF/PBS
was for only 6 h to preserve the autofluorescence of EGFP. Section (35
M) were cut and then floated onto PBS, postfixed in methanol at —20°C
(5 min), washed in PBS, and then transferred to a 24-well chamber plate
containing 400 ul of 10% (v/v) normal goat serum (NGS) and 3% bovine
serum albumin (BSA) in 0.1 M Tris base/0.3 M NaCl (TBS) and 0.25%
(w/v) Triton X-100, pH 7.4 (blocking buffer). Sections were incubated in
blocking buffer overnight (4°C) and then incubated again overnight
(4°C) in blocking buffer (200 ul) containing the primary antibodies
guinea pig anti-VGLUT2 (1:5000), rabbit anti-VGLUT1 (1:5000),
and/or rabbit anti-VIAAT (1:4000). Sections were then diluted tenfold
with TBS (1 h, room temperature) and washed once (15 min) with TBS
containing 0.2% BSA/0.1%Tween-20 followed by three rinses in TBS.
Sections were then incubated in buffer containing 3% NGS/1% BSA/
TBS for 1 h and then incubated in same buffer with species-specific and
highly cross-adsorbed secondary antibodies coupled to Alexa Fluor 488
or 594 (Invitrogen) diluted 1:300 and 4',6-diamidino-2-phenylindole
(DAPI, Invitrogen) diluted to 0.5 pg/ml for 30 min at room temperature.
Sections were then diluted tenfold with TBS, washed (15 min) two times
with TBS containing 0.2% BSA/0.1% Tween 20 followed by three rinses
in TBS. Sections were transferred to glass slides, mounted with Prolong
Gold antifade reagent (Invitrogen), and viewed. For EGFP sections from
Emx1-Cre *'~/Z/EG offspring, the methanol postfixation step and anti-
body reactions were omitted and they were cut coronally, floated onto
PBS, mounted, and viewed directly. All images were obtained from a
Leica DMRXA automated upright epifluorescent microscope, a Sensi-
cam QE charge-coupled devise digital camera (PCO-TECH), and suit-
able filter sets (Chroma sets 4001 and 31004; Chroma Technology).
Images were deconvolved using SlideBook 5 software (Intelligent Imag-
ing Innovations).

Statistical Analysis. Statistical comparisons were made by one-way,
two-way, or repeated measures ANOVA with appropriate post hoc anal-
yses or by Student’s ¢ test as indicated. I/O function and paired-pulse
ratios (PPRs) for the two genotypes were analyzed in nested ANOVA.
Interaction means (genotype X stimulus) were separated after the find-
ing of a significant overall F test in the ANOVA as well as a significant
effect of genotype in the nested term tests of the ANOVA model. Sepa-
ration of genotype by stimulus interaction means was conducted by post
hoc protected t tests on least square means (Milliken and Johnson, 1984)
using « level adjustment for multiple comparisons by a method of sim-
ulation (Edwards and Berry, 1987). Statistics reported included mean *+
SEM Statistical significance was set at p < 0.05.

Results

Emx1-Cre */*/VGLUT2 ™™ mice are viable but
developmentally delayed

We have used the Cre/LoxP and flp recombinase systems com-
bined with VGLUT2 gene targeting to generate conditional
VGLUT2 knock-out mice (VGLUT2 ™). We used homologous
recombination in embryonic stem cells to produce a conditional
allele of the mouse Slc17a6 gene encoding VGLUT?2 with exon 2
surrounded by LoxP sites (Fig. 1A). Exon 2 contains part of the
N terminus, the entire first transmembrane, and a portion of
the first vesicle luminal domain including the predicted
N-glycosylation sites. We analyzed the DNA from initial ES cell
transformants by Southern blotting, which gave the expected re-
construction patterns (Fig. 1B). Chimeric mice were bred with flp
mice (Farley et al., 2000) that express flp recombinase to excise
the neomycin gene that was floxed by Frt sites (Fig. 1A). To show
that the placement of the LoxP sites keeps the conditional allele
fully functional for recombination by Cre recombinase, and that
they are in a position suitable for the deletion of exon 2, we have
mated F1 offspring from the chimera/flp mice (VGLUT2 *'™) to
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a Cre-deleter strain (Schwenk et al., 1995) to obtain VGLUT24/*
offspring with a single functional VGLUT?2 allele. Previous stud-
ies have shown that global VGLUT2%'* knock-out mice die at
birth due to respiratory failure (Moechars et al., 2006; Wallén-
Mackenzie et al., 2006). So, to assess the loss of VGLUT2 protein
we crossed VGLUT2'" heterozygote mice and processed the
brains from these E16-E19 embryos for Western blot and immu-
nohistochemical analysis. Vesicle-enriched membrane fractions
from harvested brains revealed that a VGLUT2 immunoreactive
band (~60 kDa) in wild-type VGLUT2 */* mice is less abundant
in VGLUT2'* mice and is not present in VGLUT2 *’* mice (Fig.
1C). In addition, Cre-mediated recombination eliminated
VGLUT2 expression in the brains from VGLUT2%* mice by
immunohistochemistry (IHC) (Fig. 1D).

VGLUT2 %" mice were backcrossed with C57BL/6] mice for
five generations and then bred with each other to produce ho-
mozygous VGLUT2™™ mice. Genotyping of offspring from
VGLUT2%" crosses reveals DNA fragments of defined size (Fig.
1E) by PCR corresponding to wild-type (+/+, 763 bp), hetero-
zygote (fx/+, 763 bp and 857 bp), and homozygote (fx/fx, 857
bp) mice. VGLUT2 ™™ mice were subsequently bred with Emx1-
Cre ™" knock-in mice to inactivate VGLUT2 mRNA before birth
(E9.5-E11.5) in corticolimbic areas (Gorski et al., 2002). We used
Emx1-Cre "~ /VGLUT2 ™ mice as breeding pairs to produce
Emx1-Cre ™' "/VGLUT2 ™%, Emx1-Cre ™’ /VGLUT2™% and
VGLUT2 %™ control mice that were generated at the expected
Mendelian ratios. Emx1-Cre */*/VGLUT2 ®™ mice are indistin-
guishable from Emx1-Cre ™'~ /VGLUT2™* and VGLUT2 ™
mice with regard to survival. However, EmxI-Cre Hry
VGLUT2™% mice are smaller in size at P14 (Emx1-Cre ™"/
VGLUT2 %™ mice, 5.95 * 0.5 g; VGLUT2 ** mice, 7.55 * 0.6 g).
Body weights of adult (P45-60) Emx1-Cre*/*/VGLUT2™"
mice, however, were not different from VGLUT2™™ mice
(Emx1-Cre *'*/VGLUT2™™ mice, 20.6 * 2.1 g VGLUT2™™
mice, 23.0 = 1.9 g).

To assess the efficiency of recombination (Fig. 1F) we pre-
pared dissociated neuronal cultures from cortex and hippocam-
pus dissections of brains from Emx1-Cre */*/VGLUT2™™ and
VGLUT2 ™™ embryos (E18) and pharmacologically treated ma-
ture neurons (day in vitro 18) with the GABA ,-receptor antago-
nist gabazine (20 uM; 24 h) to increase neural network activity
and trigger the induction of VGLUT2 biosynthesis (De Gois et al.,
2005; Doyle et al., 2010). VGLUT2 mRNA expression was as-
sessed by RT-PCR using primers that amplify the region between
exon 1 and exon 3 of the VGLUT2 open-reading frame. A 414 bp
PCR fragment was obtained from VGLUT2™™ control mice,
which corresponds to wild-type VGLUT2 and contains exon 2.
Only a shorter 165 bp fragment was induced by prolonged activ-
ity in cultures from Emx1-Cre */*/VGLUT2** mice (Fig. 1F).
Subcloning and direct sequencing of the shorter VGLUT2 ampli-
con indicated that it contained a stop codon in the open reading
frame; the predicted amino acid sequence thus encodes a frame-
shifted polypeptide (41 amino acids), thereby inactivating the
VGLUT2 mRNA. Hence, while VGLUT2 mRNA is still expressed
in cortical/hippocampal excitatory neurons from Emx1-Cre "'/
VGLUT2 %™ mice, it has been inactivated and does not produce
VGLUT?2 protein.

Previous studies characterizing the specificity of recombina-
tion using Emx1-Cre mice have employed the R26R strain (So-
riano, 1999) in which Cre-mediated recombination enables
expression of lacZ-encoded B-galactosidase in corticolimbic ar-
eas (Gorski et al., 2002). Since Rosa26 and Emx1 are on the same
chromosome and too near one another (13 centimorgan separa-
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tion) for rare recombination events, we
have used Z-EG, a double reporter mouse
line that expresses EGFP upon Cre-
mediated excision (Novak et al., 2000) to
examine the specificity of recombination
in Emx1-Cre /" mice. We find that high
levels of EGFP autofluorescence in coro-
nal sections from newborn Emx1-Cre */*/
7Z-EG and Emxl1-Cre"’ /Z-EG mice
appeared to be similarly confined to cor-
tical and hippocampal regions (Fig. 1G).

Impairment in spatial learning, yet
increased novelty-exploratory activity,
in Emx1-Cre */*/VGLUT2 ™™ mice

To assess a physiological role for VGLUT2
in cognition, we have used the Morris wa-

<«

and Probe 2 that recognize wild-type sequence are indicated.
Approximate sites of insertion of vector targeting sequences
(*, LoxP-Frt, and LoxP) in wild-type genome are shown. The
vector cassette (pVBFRTCKRO1) with the thymidine kinase
promoter (TK) and /-Ceul vector linearization site are shown.
The selectable marker (Neo, neomycin gene) is flanked by Frt
sites. Exon 2 (E2), including this Frt region, is flanked by LoxP
sites. Relative distances between sites in relation to the wild-
type genome are marked and indicated in kilobase pairs (kb).
New restriction sites (Nsil, Ndel, BstEll) introduced in the
downstream LoxP site of the conditional allele are indicated
(arrow), and the predicted sizes of fragments following restric-
tionin the wild-type genome and conditional allele are shown.
A, Bottom, Expanded view of floxed conditional VGLUT2 allele
inflp * mice whereby excision of the neomycin gene (Neo) has
taken place, leaving one Frt site remaining in genome. Note:
additional DNA sequences are added to intronic regions flank-
ing exon 2 of VGLUT2 (shaded). B, Southern blot screening of
ES cell genomic DNA from wild-type (Wt) and recombinant
(rec) sample using Ndel and Nsil with probe 2 and BstEll with
probe 1. In the normal genome, Nsil digestion gives rise to a
6.0 kb fragment and Ndel digestion gives rise toa 5.9 kb frag-
ment hybridizing to probe 2. Instead, homologous recombina-
tion reveals bands of 4.5 kb and 4.8 kb following Nsil and Ndel
digestion, respectively. BstEll digestion gives an 8.9 kb band in
the recombinant (rec). G, Loss of VGLUT2 protein expression in
VGLUT2 "2 mice. Western blot of enriched whole brain vesi-
cles prepared from E16-E19 wild-type (+/+), heterozygote
(A/+),and unconditional VGLUT2 knock-out (A/A) mice. D,
Immunostaining of wild-type mouse brain (+/+, left) shows
VGLUT2 immunoreactivity absent from the unconditional
VGLUT2 knock-out (A/A, right). E, Genotypes of wild-type
(+/+), heterozygotes (fx/+), and homozygous (fx/fx) mice
were verified by PCR using DNA extracted from tail samples
and PCR amplification, revealing an 857 bp fragment in the
floxed VGLUT2 conditional allele and a 763 bp fragment in the
wild-type allele. F, VGLUT2 mRNA is inactivated by excision of
exon 2 in cortical/hippocampal neurons in vitro from Emx1-
Cre ™/ VGLUT2 ™™ mice. In VGLUT2 ™™ control cultures, a
414 bp fragment can be amplified using cRNA primers in exon
1and exon 3, whereas only a 165 bp fragment was amplified
from Emx1-Cre ' VGLUT2 %™ cultures. Con, Control; GZ,
gabazine. G, EGFP autofluorescence in coronal brain sections
from Emx1-Cre */* /2-EGand Emx-Cre */~ /Z-EG mice shows
the vast majority of EGFP ™ neurons are found in cortical/hip-
pocampal regions, demonstrating the specificity of recombi-
nation in vivo.
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the maze and exhibited a significant im-

pairment in spatial learning throughout
/- the training period (Fig. 2A; F(, 305 =
12.418, p = 0.001). Since Emx1-Cre ™"/
VGLUT2 ™™ mice failed the spatial navi-
gation learning test, they similarly failed
the test for spatial reference memory (Fig.
2C-E). Spatial memory was tested 24 h
after the last training period by allowing
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the mice to search the pool in which the
platform was removed. EmxI1-Cre*/*/
VGLUT2%™ mice did not spend more
time in the quadrant where the platform
was previously located (Fig. 2C; p =
0.015), and they crossed the area where
the platform was previously located only
0.8 = 0.3 times compared to control mice
that crossed the area 3.7 = 0.4 times (Fig.
2D; p = 0.001). In contrast, acquisition
training showed comparable learning per-
formance in Emx1-Cre ™/~ /VGLUT2 */&
mice and in control mice (Fig. 24). A
trend for a decrease in the amount of time

4 5 6

Emx1 -Cre+’+

—a— Emxi-cret’* spent in the target quadrant (Fig. 2C; p =

0.071) was observed for Emx1-Cre ™'~/
VGLUT2™™ mice, and a significant de-
crease in the number of platform crossings
(Fig. 2D; p = 0.037) during the memory
probe test was observed for Emx1-Cre ™'~/
VGLUT2 % mice (2.4 = 0.3) compared to

Figure2.

chamber. Error bars represent SEM; *p << 0.05; Student’s ¢ test.

ter maze test to evaluate spatial learning and reference memory
in adult Emx1-Cre™"/VGLUT2®* and EmxI1-Cre™’/
VGLUT2 %™ mice. Performance in this test relies on several cog-
nitive functions, including learning, working and long-term
memory, memory retention, and attention (Morris, 1984). Pre-
vious work has shown that spatial learning curves are not im-
paired in global VGLUT2 */~ mice (Moechars et al., 2006).
In addition, spatial learning is normal in CaMKIla“**/
VGLUT2 %™ mice where an escalating deletion of VGLUT2 occurs
in cortical/hippocampal neurons from P15-30 (Minichiello et al., 1999;
Wallén-Mackenzie et al., 2009), although spatial memory is impaired
in adults (Wallén-Mackenzie et al., 2009). Our controls included
VGLUT2 ™™ mice and Emx1-Cre *'* mice, which did not differ. We
trained Emx-Cre ™/ "/VGLUT2 ™" mice, Emx1-Cre "/~ /VGLUT2 %
mice, and control mice with a 6 day training protocol to find a
hidden platform submerged under water. Interestingly, we found
that Emx1-Cre */*/VGLUT2 ™™ mice could not learn to navigate

0 . T T . T .
0 10 20 30 40 50 60
Time (min)

Impairment of spatial learning yetincreased novelty— exploratory activity in Emx1-Cre ™/ /VGLUT2 */™ mice. 4, We
used the Morris water maze to assess spatial leaming. Comparison of the latency among Emx1-Cre */* VGLUT2 ¥, Emx1-Cre '~/
VGLUT2 ™™ and control VGLUT2 ™™ (Wt) mice shows impairment of spatial learning in Emx1-Cre */* /VGLUT2 **mice. A similar
decrease in escape latency occurred for Emx1-Cre ™/~ /VGLUT2 ™™ mice and Wt mice during training. Data are presented as the
mean = SEM (n = 14-21n each group; males and females); **p < 0.001; repeated-measures ANOVA with a LSD post hoc test.
B, Comparison of swimming speed during training among Emx1-Cre '+ /VGLUT2 ™™ Emx1-Cre */~ /VGLUT2 ™™ and control
mice showed no differences between groups. €, Control mice spent significantly more time in the quadrant where the platform was
previously located in a probe test for spatial reference memory. *p << 0.05; ANOVA. In contrast, Emx1-Cre */* /VGLUT2 ™™ and
Emx1-Cre ¥/~ /VGLUT2 ™ mice showed no preference for any quadrant. D, During the probe test, control mice crossed the
platform more often than Emx1-Cre ™/~ /VGLUT2 */™ mice and Emx1-Cre */* /VGLUT2 ™™ mice; *p < 0.05, **p << 0.01, signif-
icant difference from control mice; ANOVA. E, Swimming traces during the probe test. £, Emx1-Cre */* /VGLUT2 ™ mice retain
higher forward locomotion level throughout a 1 h period compared to control mice using a novelty exploration test in an open-field

control mice (3.7 = 0.4). These results indi-
cate that Emx1-Cre ™/~ /VGLUT2** mice
are similar to the CaMKIIa-Cre*’"/
VGLUT2™™ mice described previously
(Wallén-Mackenzie et al., 2009), as they ex-
hibit a minor cognitive impairment in spa-
tial reference memory. Thigmotaxis (i.e.,
wall swimming) was observed in many mice
during the first couple days of training, but
most  Emx1-Cre /*/VGLUT2** mice
used a search strategy involving repetitive
looping paths with persistent swimming
around the outer 15 cm of the pool or a ran-
dom search strategy during the probe test
(Fig. 2E). Emx1-Cre */*/VGLUT2 ™ mice
did not exhibit motor disturbances, as
swimming speed and swimming distance for Emx1-Cre *'*/
VGLUT2 ™™ mice was not different from those of Emx1-Cre ™'~/
VGLUT2%® and control mice (Fig. 2B,E). Furthermore, we
measured novelty-induced exploratory activity in open-field cham-
bers and found that Emx1-Cre ™" /VGLUT2 ™™ mice displayed
higher forward locomotion levels throughout a 1 h period, com-
pared to control mice (Fig. 2F). This novelty-induced locomotion
was reduced by 2 h in both groups of mice.

VGLUT2-deficiency in Emx1-Cre */*/VGLUT2 ™™ mice
results in reduced dendritic arbor and reduced number of
spines in adult CA1 hippocampal pyramidal neurons
Aberrant dendritic structure of pyramidal neurons is associated
with deficits in learning (Penzes et al., 2011). To determine
whether the deficit in spatial learning in Emx1-Cre ™"/
VGLUT2™™ mice was associated with aberrant dendritic
structure, we used the Golgi—Cox stain to visualize neuronal
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Figure 3.  VGLUT2-deficiency results in reduced dendritic arbor and reduced number of spines in adult CA1 hippocampal pyramidal neurons. A, Golgi—Cox impregnated neurons and their
corresponding digital camera lucida reconstructions. Scale bar represents 50 wm for whole neurons and 10 zum for spine images. Wt, Wild type. B, Basal dendrites of Emx1-Cre ™/ /VGLUT2 ot
mice show a significant reduction in arbor over most of the dendritic tree. Apical dendrites show incremental decreases in arbor over the tree. €, Basal and apical dendrites have significantly reduced
total arbor and decreased average segment length. D, Both the basal and apical dendrites show reductions in the number of spines. E, Spine density remains unchanged across groups. Results for
each group are obtained from 30 neurons among 6 animals. Error bars represent SEM; *p << 0.05, **p << 0.01; two-way repeated-measures ANOVA with a Scheffé post hoc or a Student's ¢ test.

Table 1. Effects of VGLUT2 deficiency on the dendrite arbor of adult CA1 pyramidal neurons

Neuron parameter VGLUT2 P& Emx1-Cre */* /VGLUT2 tp

Basal dendrites
Total dendrite arbor per cell (m) 1095 £ 73 810.7 = 65.5%* t = —2.889;p = 0.005
Total number of dendritic segments 39323 33.7 £ 109537 t= —1.965p=0.054
Average length of segment (um) 268 = 14 28=*16 t= —1.921;p = 0.060
Branch points 179 £1.1 153 £09 t= —1.837;p =0.071
Branch tips 21411 18.4 £ 0.9% t=—2.077;p = 0.042

Apical dendrites
Total dendrite arbor per cell (um) 1270 = 127 996.0 = 72.5% t= —2.168;p = 0.034
Total number of dendritic segments 487 =34 427 *27 t=—1374,p=0.175
Average length of segment (um) 33.0 =38 23.9 &= 1.4* t= —2.239;p=10.029
Branch points 238*17 208 =13 t=—1397;p=0.168
Branch tips 25+17 219 +13 t=—1418,p=0.162

Numbers represent mean = SEM of parameters from VGLUT2 ™™ (n = 30, 6 animals) and Emx1-Cre */* / VGLUT2 ** (n = 30, 6 animals) mice. Significance was determined at p < 0.05 using the Student’s  test.

*Significant difference from wild-type with p < 0.05; **Significant difference from wild-type with p < 0.01; "Difference trending to significance (p << 0.06).

Table 2. Effects of VGLUT2 deficiency on the number and distribution of spines on CA1 pyramidal neurons

Spine parameter VGLUT2 P/ Emx1-Cre */* )VGLUT2 /™ tp
Basal dendrites
Number of spines per segment 559+ 34 519+54 t= —0.620;p = 0.538
Spine density per 10 m dendrite length 18.1+0.7 17.7 =09 t= —0.383;p = 0.703
Apical dendrites
Number of spines per segment 472 *+32 41440 t=—1.139;p=0.259
Spine density per 10 m dendrite length 192 +0.8 174 =09 t=—1513;p=0.136

Numbers represent mean = SEM of parameters from VGLUT2 ™™ (basal n = 26, apical n = 30; 6 animals) and Emx1-Cre */* /VGLUT2 '™ (basal n = 27, apical n = 30; 6 animals) mice. Significance was determined at p < 0.05 using

the Student’s ¢ test.

architecture and spine distribution. We show that adult
Emx1-Cre ™/ "/VGLUT2™®™ mice exhibit substantial reduc-
tions in the total amount of dendritic arbor in CA1 pyramidal
neurons in vivo. Reduction of dendritic length was found in
both basal and apical dendrites (Fig. 3A—C; Table 1). Notably,
there was no reduction in the number of dendritic segments;
rather, loss of arbor was due to a reduction in the length of
segments across the span of the dendritic tree. However, basal
dendrites of Emx1-Cre */*/VGLUT2 ™™ mice show a greater

reduction in arbor over most of the dendritic tree (F(,5 1044y =
4.345, p = 0.001). We also observed a trend toward a decrease
in dendrite complexity in basal dendrites (Table 1), as indi-
cated by the total number of interbranch dendritic segments
(p =0.054). These changes were accompanied by a decrease in
the average segment length (Fig. 3C; Table 1).

Loss of dendritic arbor was accompanied by corresponding
reductions in the number of dendritic spines, suggesting wide-
spread alterations in the connectivity of hippocampal pyramidal
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while enhanced synaptic glutamate ac-
tivity promotes dendritic arbor elabora-
tion (Cline and Haas, 2008). Our
observations suggest that a deficiency of
VGLUT2-encoded glutamate transmis-
sion in Emx1-Cre **/VGLUT2 ™™ mice
during postnatal development has long-
term consequences on the maturation of
pyramidal neuron dendritic arbor. These
changes in dendrite architecture imply a
decreased synaptic connectivity in adult
mice that likely contributes to the deficit
in spatial learning observed.

VGLUT2-deficiency in Emx1-Cre *'*/
VGLUT2 ™™ mice results in reduced
evoked basal transmission, increased
paired-pulse ratio, and reduced LTD in
young CA3-CA1 connections

VGLUT2 loads synaptic vesicles with
glutamate to be made available for re-
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lease from synapses (Takamori et al.,
2001). To test whether VGLUT?2 defi-
ciency results in altered basal synaptic
glutamatergic transmission in young
CA3—-CAl connections, we measured
the input—output function in acute hip-
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40 60 pocampal slices (P11-14) from Emx1-
Cre /" /VGLUT2™™ mice and control
VGLUT2 ™™ mice (wild type) by field
potential recordings. We found that the
I/O function (Fig. 4A) was lower in
Emx1-Cre ™" /VGLUT2™®™ mice com-
pared to that of control mice (F, 45 =
13.26; p = 0.001). To determine whether

the reduction in basal excitatory transmis-

wt Emx1-Cre™* Wt

Figure 4.

neurons. Both the basal and apical dendrites show reductions in
the number of spines (basal, F,4,,4) = 2.055, p = 0.012; apical,
F6012) = 2.155, p = 0.005). The EmxI- Cre H/* [VGLUT2 /&
mice maintained a spine density equivalent to that of the
VGLUT2 %™ (wild type) controls (Table 2). Sholl analyses re-
vealed that the reduction in dendritic arbor contributed to a de-
crease in the number of spines, especially in the basal dendrites
(Fig. 3D,E), due to the overall loss of dendritic length. Previous
work has revealed that deficient glutamatergic input early in
postnatal development results in CA1 pyramidal neurons with
reduced total length of the dendritic tree (Groc et al., 2002),

VGLUT2-deficiency results in reduced basal transmission, increased paired-pulse ratio, and reduced LTD in young
(CA3-CAT connections. A, Representative fEPSP waveforms recorded at in the stratum radiatum of the CA1 region from hippocam-
pal CA3—CA1 connections in young (P11-14) control VGLUT2 ™™ (Wt, wild type) and Emx1-Cre ™/ /VGLUT2 ™™ mice. Input—
output function (Wt, 29 recordings/6 animals; Emx1-Cre ™+ /VGLUT2 %/, 18 recordings/5 animals). Stimulus intensity was
normalized to the maximum intensity. B, Representative fEPSP traces. fEPSPs were induced by a paired-pulse protocol with varying
interpulse intervals. Paired-pulse ratio (fEPSP2/fEPSP1) in control and Emx1-Cre */* /VGLUT2 ™™ mice (Wt, 19 recordings/4
animals; Emx1-Cre ™/ /VGLUT2 ™/, 25 recordings/5 animals). €, Representative traces of fEPSPs recorded before (1) and after (2)
LFS by stimulating the Schaffer collateral pathway in acute hippocampal slices from young (P11-14) animals. Time courses of
fEPSP slopes are also shown. D, Representative traces of fEPSPs recorded before and after LFS by stimulating the Schaffer collateral
pathway in acute hippocampal slices from adult (P45— 60) animals. Time courses of fEPSP slopes are also shown. E, Mean values of
the potentiation of fEPSPs averaged from 55 to 60 min following LFS (Wt, 11 recordings/5 animals; Emx1-Cre */* /VGLUT2 ™™ 10
recordings/5 animals). F, Mean values of the potentiation of fEPSPs averaged from 55 to 60 min following TBS (Wt, 7 recordings/4
animals; Emx1-Cre */* /VGLUT2 ™™ 10 recordings/4 animals). Error bars represent SEM; **p < 0.01; ANOVA.

I+ sion observed was associated with a pre-
synaptic change in glutamate release
probability at pyramidal neuron synapses,
we assessed glutamate release probability
by PPF, whereby the synaptic response
following the second stimulus in a stimu-
lus pair is larger than following the first
stimulus. A change in the ratio of the sec-
ond to the first response (PPR) is indica-
tive of a change in release probability. We
find that PPR is increased (Fig. 4B) at
P11-14 CA3-CAl synapses in EmxI-
Cre """ /VGLUT2™™ mice compared to
VGLUT2 5 control mice (Fion = 8.2
p =0.009). An increased PPR is indicative
of a decreased evoked glutamate release
probability in young VGLUT2-deficient Emx1-Cre ™"/
VGLUT2 %™ CA3-CA1 hippocampal synapses.

In adults, synapses with high evoked release probability (i.e.,
VGLUT2-encoded neurons) more easily express some forms of
synaptic plasticity, such as LTD, while those synapses with inher-
ent low release probability (i.e., VGLUT1-encoded neurons)
more easily express LTP (Varoqui et al., 2002). In contrast to the
adult, LTD can be induced in CA3—CA1 connections by low-
frequency stimulation (LFS) only during the second and third
postnatal weeks of development (Dudek and Bear, 1992, 1993;
Milner et al., 2004; Le Roux et al., 2007; Gonzalez-Burgos et al.,

Emx1-C re+
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2008). To determine whether VGLUT2
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transmission might contribute to age-
dependent LTD, we measured LTD by TW
field stimulation usinga LFS protocol (1 0.amv|
Hz; 900 pulses). We verified that LTD is 2 10 msec .5,
observed in young control hippocampal o | O we ’ 4 mv
CA3-CA1l synapses (Fig. 4C), but not in g 101 _ao  Emxtcre™™ §/§ § 161 100 meec
the adult synapses (Fig. 4D). Impo.r- E 0] - 1 i
tantly, we show that LTD was reduced in N /ﬁ/;/x &S 14 \&
young Emx1-Cre */*/VGLUT2 ™/ £ 061 /1/1 P ii
mice (Fig. 4C) compared to control 2 0.4l /Eﬂ L \K;\}E\
mice (F(, ;o) = 20.9; p = 0.001). Taken x R
together, our electrophysiology data in- 0.2 7 07 o o5 o 5 o B 3w
dicate that VGLUT2 deficiency in Emx1- ' N Intorpulse inforval

re P VGLUT2™  mice results in Relative stimulus intensity nterpulse interval (ms)
persistent glutamatergic hypofunction (03 Wt Emx1-cre*’* D Wt Emt-cre*

during postnatal development that likely
contributes to the deficit in the dendritic
refinement of CA1 pyramidal neurons.
To assess the strength and frequency of
spontaneous quantal synaptic transmission
onto CALl cells, AMPAR-mediated miniature
excitatory postsynaptic currents (AMPA-
mEPSCs) were recorded from CA1 pyramidal
neurons in young slices. We found no signifi-

cant difference in the mean amplitude of

events in response to conditional knock-out of 200 20 4 80 200 ) 20_ 40 60

VGLUT2. We did observe a trend toward de- Time (min) Tie {min}

creased interevent intervals in Emx1-Cre */*/ E F

VGLUT2 %™ neurons compared to control 200 e

VGLUT2 ¥ neurons (8.7 = 0.68 s, n = 41 T 150 L § 150 *

vs 102+ 0.88's, 1= 24; p = 0.16; t = 1.42; 2 <

df = 63). This translated into a minor but & 100 5:: 100

significant increase in the frequency of g 50 @ s0

AMPAR-mEPSCs in  Emx1-Cre ™'/ =

VGLUT2 %™ neurons compared to controls 0 i+ 0 +r
Wt Emx1-Cre Wt Emx1-Cre

(11.8 = 0.75 events per 100 s vs 9.4 = 0.83
events per 100 s; p = 0.04; t = —2.1). While
the spontaneous release events are low,
these data are consistent with a minor in-
crease in the probability of spontaneous
synaptic release from, or an increased num-
ber of, presynaptic inputs onto these neu-
rons in Emx1-Cre */*/VGLUT2 ™™ mice
compared to VGLUT2™™ mice. Together
with results from the PPR experiment
that show a decrease in release probabil-
ity by evoked release in Emx1-Cre */*/
VGLUT2 ™™ mice, these data may
indicate that there could be distinct
functional consequences of conditional VGLUT?2 deficiency in
relation to the probability of spontaneous versus synchronized
synaptic glutamate release onto CAl pyramidal neurons
(Ramirez and Kavalali, 2011).

Figure 5.

Evoked basal synaptic transmission and LTP are reduced in
CA3-CALl synapses in adult Emx1-Cre *'*/VGLUT2 ™™ mice
Persistent hypoglutamatergic function during postnatal develop-
ment and diminished dendritic arbor may lead to altered synaptic
plasticity in adults. Here, we measured basal excitatory transmis-
sion in adult EmxI-Cre ™ */VGLUT2™™ mice and control
VGLUT2 %™ mice by field potential recordings. We found that
the evoked basal excitatory transmission, assessed by I/O func-

Basal synaptic transmission and LTP are reduced in CA3—CA1 synapses in adult Emx1-Cre */* /VGLUT2 ™™ mice. 4,
Representative fEPSP waveforms recorded at in the stratum radiatum of the CA1 region following Schaffer collateral stimulation in
adult (P45—60) control VGLUT2 ™™ (Wt, Wild type) and Emx1-Cre /™ /VGLUT2 *™mice. Input- output function is shown for Wt
(15 recordings/4 animals) and Emx1-Cre */* /VGLUT2 ®'™ (18 recordings/4 animals) mice. B, Representative fEPSP waveforms.
Paired-pulse ratio (fEPSP2/fEPSP1) is shown for adult Wt (13 recordings/4 animals) and Emx1-Cre 1 NGLUT2 ™™ (15 record-
ings/4 animals) mice. €, Representative traces of fEPSPs recorded before (1) and after (2) TBS by stimulating CA3-CA1 connections
in acute hippocampal slices from young (P11-14) animals. Time course of fEPSP slopes is also shown. D, Representative traces of
fEPSPs recorded before and after TBS by stimulating Schaffer collateral pathway in acute hippocampal slices from adult (P45- 60)
animals. Time course of fEPSP slopes are also shown. E, Mean values of the potentiation of fEPSPs averaged from 55 to 60 min
following TBS (Wt, 8 recordings/4 animals; Emx1-Cre */* /VGLUT2 ™™ 12 recordings/4 animals). F, Mean values of the potenti-
ation of fEPSPs averaged from 55 to 60 min following TBS (Wt, 16 recordings/5 animals; Emx1-Cre I NGLUT2 %™ 16 record-
ings/5 animals). Error bars represent SEM; *p << 0.05; ANOVA.

tion, was lower in adult Emx1-Cre ™' */VGLUT2 ** mice than in
control mice (Fig. 5A; F(, 7, = 4.48; p = 0.04), similar to what we
saw in young Emx1-Cre "/ */VGLUT2 ™™ mice (Fig. 4A). In con-
trast to the reduction in PPR observed in young Emx1-Cre */
+/VGLUT2 ™™ mice (Fig. 4B), no differences in PPR were
observed between adult Emx1-Cre *'*/VGLUT2*® mice and
control mice (Fig. 5B). We also examined LTP in both young and
adult Emx1-Cre */*/VGLUT2 ™% mice and control mice. Previ-
ous work has shown that LTP is neither impaired in global
VGLUT2 "~ mice nor in CaMKIIa“**/VGLUT2%™ mice
(Moechars et al., 2006; Wallen-Mackenzie et al., 2009). In con-
trast to the difference in LTD observed in young Emx1-Cre ™'/
VGLUT2%™ and VGLUT2™™ mice (Fig. 4C), there were no
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Figure 6.

and control VGLUT2 ™™ mice. Error bars represent SEM; *p < 0.05; Student’s  test.

differences in LTP between young Emx1-Cre */*/VGLUT2** and
VGLUT2 ™™ mice (Fig. 5C). However, in adult mice, LTP was
reduced in Emx1-Cre ™" /VGLUT2 ™™ mice compared to con-
trols (Fig. 5D; F{; 15) = 6.55; p = 0.02). Together, our results suggest that
the reduction in evoked basal excitatory transmission and plasticity
(LTP) in adult CA3-CA1 connections reflects a reduction in the
degree of synaptic connectivity of VGLUT1-encoded axon terminals
and CA1 dendritic spines.

Reduced hippocampal expression of VGLUT1 and
spinophilin in adult Emx1-Cre */*/VGLUT2** mice

Recent work indicates that VGLUT1 '~ mice display impaired
LTP in the CAI region (Balschun et al., 2010). We evaluated
whether the expression levels of various synaptic markers were
altered in Emx1-Cre */*/VGLUT2 ™™ mice compared to control
VGLUT2 %™ mice. By Western analysis, VGLUT1 and spinophi-
lin (a marker for dendritic spines) levels were reduced in the
hippocampus of adult Emx1-Cre */*/VGLUT2 ™™ mice com-
pared to control mice (Fig. 6). Levels of VIAAT, GAD67, PSD95,
and B-actin were not different between adult Emx1-Cre ™"/
VGLUT2 %% and control mice (Fig. 6). We also assessed the re-
gional distribution of VGLUT1 in the hippocampus of adult
Emx1-Cre/VGLUT2 ™ haplotypes and control mice by THC
(Fig. 7A-C). As expected, all staining of VGLUT1 was observed as
discrete puncta, and no cell body labeling occurred. Previously,
we were able to quantitate the number and the level of fluores-
cence in individual VGLUT1-containing synaptic puncta in pri-
mary hippocampal and cortical neuronal cultures (De Gois et al.,
2005; Wilson et al., 2005). However, because of their small size
and incredible packing density, we were not able to resolve indi-
vidual VGLUT1 synaptic puncta in thin sections in situ by fluo-
rescence microscopy. An intact basic structure of the
hippocampus including the trisynaptic circuit—the dentate
gyrus (DG) and pyramidal neuron subfields (CA1-4)—was
clearly present in all mice.

Regional differences in VGLUT?2 depletion in Emx1-Cre */*/
VGLUT2 ™™ and Emx1-Cre *'~/VGLUT2 ™™ mice

We hypothesized that the cognitive differences observed between
Emx1-Cre "/*/VGLUT2™* and Emx1-Cre "'~ /VGLUT2**
mice (Fig. 2) may be due to the differential and incomplete loss
of intrinsic cortical/hippocampal VGLUT2 synapses or to a
loss of VGLUT2 synapses originating in other regions of the

00

Reduced hippocampal expression of VGLUT1 and spinophilin in adult Emx1-Cre */* /VGLUT2 ™™ mice. 4, Western
blot of vesicle-enriched membranes (milligram membrane protein) from the following: (1) VGLUTT (2 wwg); (2) VIAAT (4 g); (3)
spinophilin (50 wg); (4) GAD67 (50 g); (5) PSD95 (50 r.q); and (6) B-actin (4 wg). Total hippocampal protein extracts were
prepared from three mice in each group. B, Quantitation of bands by densitometry. Results are expressed as a ratio of VGLUT1,
VIAAT, spinophilin, and GAD67 against 3-actin or against PSD95, which did not differ between adult Emx1-Cre */* /VGLUT2 P
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brain (e.g., limbic/sensory projections).
We therefore examined the expression of
VGLUT2 in Emxl-Cre **/VGLUT2™",
Emx1-Cre ™'"/VGLUT2"'%, and control
VGLUT2 ™™ mice by THC. First, we ex-
amined the integrity of VGLUT2-
encoded thalamocortical projections to
the primary somatosensory cortex in
adult (90 d) mice. VGLUT2-encoded tha-
lamic axons provide a sensorimotor sub-
system important for the selection of
behavioral search strategies required to
solve the Morris water maze task (Cain,
1998). The strongest VGLUT2 fluores-
cence was observed in the area S1 barrel
subfield (layer IV) in all mice (Fig. 7D-F),
as reported previously (Nakamura et al.,
2007). While VGLUT?2 levels appeared to
be reduced in layer IV of the somatosensory
cortex in Emx1-Cre */*/VGLUT2™*
mice, the barrelettes can be visualized in all mice. The reduction
of VGLUT?2 in layer IV may be due the loss of intrinsic cortical
expression of VGLUT?2 in nonpyramidal excitatory neurons in
layer IV (De Gois et al., 2005), which integrate incoming sensory
input to cortical association (layer II/III) and output (layer V)
pyramidal neurons. Indeed, layer IV excitatory neurons project
to other layer IV neurons and to pyramidal and inhibitory neurons
in layer II/III (Feldmeyer et al., 1999, 2002). Indeed, VGLUT2 im-
munolabeling in layer II/IIT is conspicuously absent in Emx1-Cre */
+/VGLUT2 %% mice, compared to Emx1-Cre o VGLUT2 &
and control mice (Fig. 7D-L). The boundary between layers V
and VI also showed VGLUT2 immunoreactive puncta in all mice.

Previous studies have shown that hippocampal theta activity
is important for spatial learning and that extrinsic input into
the hippocampus from the medial supramammillary nucleus is
involved in the control of the frequency of theta (Pan and Mc-
Naughton, 2004). The medial supramammillary nucleus supp-
lies a glutamatergic/GABAergic projection dually encoded by
VGLUT?2 and VIAAT into the outer part of the granule cell layer
(g) and the immediately adjacent part of the inner zone of the
molecular layer of the dentate gyrus (DGmol) (Fremeau et al.,
2001; Atkinson et al., 2004; Halasy et al., 2004; Boulland et al.,
2009). Here, we find a VGLUT2/VIAAT coexpressing phenotype
existing in large terminals in the supragranular region of the den-
tate gyrus in control mice that is preserved in Emx-Cre ™"/
VGLUT2 ™™ mice (Fig. 7M, 8A-L). While the highest density of
VGLUT2-positive puncta were observed in the supragranular
layer of the dentate gyrus in adult mice, an intermediate level was
observed in the CA2 pyramidal and oriens layers, and lower levels
were found in the stratum lacunosum-moleculare (Lmol) of the
CAL field of all mice, as described previously (Fremeau et al.,
2001; Atkinson et al., 2004; Halasy et al., 2004; Herzog et al.,
2006). The most likely source of VGLUT2-positive boutons in
the stratum lacunosum-moleculare of the CA1 field in adult mice
is the nucleus reunions thalami (Herkenham, 1978). These re-
sults suggest that the effects on synaptic transmission in adults are
not due to an acute lack of VGLUT2 but instead are the result of
the early postnatal developmental VGLUT?2 deficiency.

A comparison of VGLUT2 expression in the hippocampal
subfields from young mice revealed important differences be-
tween Emx1-Cre ™" /VGLUT2 *® Emx1-Cre "/~ /VGLUT2 ™%,
and control mice. We examined mice at P18 because, at this age,
the pups have left the nest and have begun to actively explore their

VIAAT

B-Actin PSD95
GAD67

B-ActinPSD95
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environment. In control VGLUT2 ™ Wit

mice, VGLUT2 antibodies strongly
stained small varicosities in the DGmol
and in the Lmol (Fig. 84,D,G,J,M). At
high magnification we also observe thin
and small VGLUT2-positive varicosities
in the stratum radiatum and stratum
oriens layers of the CA1 region of the hip-
pocampus (data not shown) as described
previously (Herzog et al., 2006). VGLUT2
expression in these CA3 projections to
basal and proximal apical dendrites of
CALl neurons are not present in EmxI-
Cre ™ /VGLUT2 ™™ mice. The most ob-
vious differences in VGLUT2 expression
between Emx1-Cre ™ */VGLUT2™* and
Emx1-Cre ™/~ /VGLUT2™™ are seen in
DGmol and Lmol, which predominantly
contain the terminal fields of layer II and
layer III entorhinal cortex inputs, respect-
fully. In both Emx1-Cre */~/VGLUT2**
and Emx1-Cre V"/VGLUT2%®  mice,
VGLUT2-expressing puncta are lost in the
DGmol (Fig. 8). However, in the Lmol, an
intermediate level of VGLUT2-expressing
puncta, is present in EmxI-Cre ™'~/
VGLUT2™% mice compared to control
mice. VGLUT2-expressing puncta are
greatly reduced in young Lmol in Emx1-
Cre ™" /VGLUT2™* mice (Fig. 8M-0O).
Together, these results suggest that a differ-
ential loss of VGLUT?2 synaptic puncta in
the dendritic fields of CAl pyramidal
neurons during development between
Emx1-Cre ™/~ /VGLUT2*¥, Emx1-Cre ™/*/
VGLUT2™¥% and VGLUT2™™ mice may
contribute to the differences in dendritic
refinement, electrophysiological proper-
ties, and cognitive impairment observed.

Merge VGLUT1 VLGUT2 VGLUT1

Emx1-Cret/*

Figure 7.

M VGLUT2
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Emx1-Cret/— Emx1-Cret/*

Representative examples of VGLUT1, VGLUT2, and VIAAT expression in the hippocampus and cerebral cortex of adult
Emx1-Cre '+ VGLUT2 ™™ Emx1-Cre */~ /VGLUT2™™  and control VGLUT2 ™™ mice. A-C, These micrographs show robust

immunofluorescence signals for VGLUT1 in the hippocampus. Note: although cell nuclei are unlabeled, an intact structure of the

D-Serine administration, together with
Dp-amino acid oxidase inhibition,
enhances learning in adult

Emx1-Cre */*/VGLUT2 ™/ mice

A current approach to improve cognitive
deficits seen in neurodevelopmental dis-
orders is to tap into mechanisms of gluta-
matergic synaptic plasticity in the adult
(Ehninger etal., 2008). In this regard, allosteric modulation at the
NMDA receptor is considered to be an attractive target (Moskal
et al.,, 2011; Moghaddam and Javitt, 2012). To assess the repara-
bility of the spatial learning deficit, adult Emx1-Cre ™’/
VGLUT2 ™™ mice were injected each day for 2 weeks (i.p.) with
saline, the atypical antipsychotic drug clozapine (1 mg/kg), or
D-serine (600 mg/kg) plus 4 H-thieno-[3,2-b]pyrrole-5-
carboxylic acid (compound 8; 50 mg/kg) before behavioral anal-
ysis and 1 h before behavioral testing each day (Fig. 9). p-Serine
increases NMDA-mediated glutamate receptor function (Coyle
and Tsai, 2004; Hashimoto et al., 2009). Compound 8 is a novel
D-amino acid oxidase (DAAO) inhibitor that prevents peripheral
metabolism and degradation of D-serine (Smith et al., 2009). One
day before training in the Morris water maze, open-field activity
was measured in a novel chamber (Fig. 94). Forward locomotion

basic trisynaptic circuit is evident in conditional VGLUT2 knock-out mice. Rad, Striatum radiatum; grDG, supragranular region of
dentate gyrus; Lmol, stratum lacunosum-molecular; DGmol, molecular layer of the dentate gyrus. Scale bar, 100 pm. D—L, Distri-
butions of VGLUTT and VGLUT2 immunoreactivities in area S1 of the neocortex. As expected, the highest levels of VGLUT2 expres-
sion are seen in layer IV of area S1 barrel subfield, followed by layers II/Ill and the border between layers V and VI in control
VGLUT2 ™% (wt, Wild type) mice. Similarimmunostaining for VGLUT2 is observed in control and Emx1-Cre = NGLUT2 M mice.
However, VGLUT2 immunofluorescence i noticeably reduced in layer IV and absent n layer lllin Emx1-Cre ™/ /VGLUT2 ™™ mice.
Scale bar, 100 M. M—0, VGLUT2 expression is retained in the supragranular region (gr) of the dentate gyrus in Emx1-Cre
VGLUT2 ™ mice, where it colocalizes with VIAAT. Scale bar, 20 JAM.

+ty

scores (20 min) showed a trend for decreased activity in both
clozapine- and D-serine/compound $-treated Emx1-Cre*'*/
VGLUT2 ™™ mice in this test of exploratory activity (1 h). The
mice were retested in the same chamber 6 h later and displayed no
significant differences, indicating that the doses of drugs used did
not interfere with motor behavior. In the Morris water maze,
increased learning performance was observed in Emx1-Cre "'/
VGLUT2 %™ mice that received p-serine/compound 8 (Fa168)
= 6.082; p = 0.027), as they displayed shorter escape latency
during a 7 day training period (Fig. 9B). Spatial learning was
not improved in clozapine-treated compared to saline-treated
Emx1-Cre ™" /VGLUT2 ™™ mice (Fig. 9B), which was not dif-
ferent from uninjected Emx1-Cre *'*/VGLUT2 ™ mice (Fig.
2A). Interestingly, the probe test revealed that p-serine/com-
pound 8-treated mice did not spend more time searching the
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Discussion

The present data indicate that VGLUT2
plays an important role in the maturation of
CA1 pyramidal neurons—a major output
of the hippocampus and critically involved
in spatial learning. The persistent reduction
in synchronized glutamate synaptic trans-
mission, high probability evoked glutamate
release, and LTD in developing CA3—-CA1
connections of VGLUT2-deficient Emx1-
Cre "/ /VGLUT2 ™™ micelikely contribute
to the curtailment in dendritic refinement
of CAl pyramidal neurons. The loss of
VGLUT2 synaptic input during develop-
ment is not confined to the CA3-CA1 pro-
jections onto basal and proximal apical
dendrites of CA1 pyramidal neurons how-
ever, and is also evident in stratum
lacunosum-moleculare, where the distal
apical dendrites are located. Thus, a reduc-
tion in dendritic branch length and spine
number exists throughout the length of the
dendritic tree. The changes in dendrite ar-
chitecture, together with the reduction in
hippocampal expression of VGLUT1 and
spinophilin, imply a decreased synaptic
connectivity and impoverished neuropil
that likely contributes to the impairment in
LTP, spatial learning, and memory observed
in adult mice. Despite these structural and
functional changes, the learning deficit in
Emx1-Cre "*/VGLUT2™™ mice is par-
tially reparable in adult mice by augmenting
NMDA receptor function with a prolonged
administration of D-serine together with
DAAO inhibition. Our data are the first to
demonstrate a neurodevelopmental role for
VGLUT?2 in the maturation of pyramidal

tx, Emx1-Cre ™/~ /VGLUT2 ™™ and VGLUT2 ™™ mice at P18. A—C, Selective reduction of VGLUT2 expression in hippocam-
pal subfields in conditional VGLUT2 knock-out mice. VGLUT2 immunofluorescence is strong in the supragranular region (gr)
of the dentate gyrus, the stratum lacunosum-moleculare (Lmol), and the molecular layer of the dentate gyrus (DGmol) in
VGLUT2 ™™ (wt, Wild type) mice. Note: loss of VGLUT2 expression in DGmol in both Emx1-Cre lines. Note: Emx1-Cre =
mice retain more expression of VGLUT2 in Lmol than Emx1-Cre */* mice. Note: high VGLUT2 expression in the supragranu-
lar region of the dentate gyrus and in the thalamus (Th) across all genotypes. Scale bar, 100 wm. D—L, Higher power
micrographs reveal VGLUT2 (green), VGLUT1 (red), and merged images, together with the DAPI nuclear labeling (blue)
Scale bar, 100 m. M—0, Deconvolution microscopy and projection images show a clear reduction in the number of VGLUT2
puncta in the Lmol fields from Emx1-Cre ™/~ VGLUT2 ®™ mice and their absence in Emx1-Cre */ */VGLUT2 ™™ mice. Scale

neuron dendritic arbor and synaptic plastic-
ity, and that such VGLUT2 deficiency in
Emx1-Cre ™/ */VGLUT2** mice leads to
cognitive malfunction.

A role for VGLUT2 in the develop-
ment of VGLUT1-encoded transmission
and plasticity and in pyramidal neuron
dendritic refinement is intriguing, be-

bar, 20 pm.

quadrant where the platform was previously located (Fig. 9C),
similarly as Emx1-Cre */*/VGLUT2 ™™ mice (Fig. 2C), indi-
cating that spatial reference memory was still impaired. However, a
significant increase in the number of crossings of the platform area
was observed in Emx1-Cre ™' */VGLUT2 ™™ mice treated with p-
serine/compound 8 (p = 0.03) compared to saline-treated or
clozapine-treated mice (Fig. 9D), indicating that nonspatial, system-
atic strategies may have been used. Collectively, our results suggest
that augmentation of NMDA receptor function via D-serine/com-
pound 8 may increase learning performance in Emx1-Cre ™"/
VGLUT2 ™™ mice by increasing behavioral plasticity and altering
search strategy, although longer training or stronger visual cues may
also facilitate spatial learning and memory performance.

cause hypoglutamatergic function and

excitatory/inhibitory imbalance during

early periods of neuronal maturation have

relevance to several neurodevelopmental
psychiatric/cognitive illnesses, including autism spectrum and
schizophrenia-related disorders (Javitt and Zukin, 1991;
Carlsson, 1998; Dani et al., 2005; Smith et al., 2011; Choudhury et
al., 2012; Moghaddam and Javitt, 2012; Na et al., 2012). In Emx1-
Cre """ /VGLUT2 ™™ mice, we find a decrease in evoked basal
excitatory transmission (input/output function) and a decrease
in release probability (increased PPR) in young (P11-14) CA3-
CA1 connections. High glutamate release probability is charac-
teristic of developing pyramidal neurons in vivo (Bolshakov and
Siegelbaum, 1995; Dobrunz and Stevens, 1997; Hsia et al., 1998;
Wasling et al., 2004). Recent work has established that VGLUT2-
expressing vesicles have higher release probability in hippocam-
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pal pyramidal neurons than vesicles A B
containing only VGLUTL1 in vitro 8000, . 60
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sensory neurons also display high release - 60001 mm D-serine = %1
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CA3-CAl synapses from mice aged <3 z o . ) 0] T4 D-serine
weeks (Milner et al., 2004) when VGLUT2 1 h post-i.p. 6 h post-i.p. 1 2 3 4 5 6 7
is transiently expressed. Our results sup- Training session (d)
port the notion that VGLUT2 contributes C . D .
to high release probability in young CA3-
CALl connections and that LTD induced N | &
by LES may involve plasticity of VGLUT2- < ;ﬁ o E 2]
ded vesicle release in vivo. £ 7 il S
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ron dendritic arbor (Cline, 2001; Wong § % % g 8 1
and Ghosh, 2002). In vivo studies indicate 9 .l 7 % % °
targeted right opposite left saline clozapine D-serine

that synaptic glutamate activity promotes
dendritic arbor elaboration at early stages
of brain development (Cline and Haas,
2008; Sorensen and Rubel, 2011). On the
other hand, synaptic inactivity (or repeti-
tive LTD) early in postnatal development
results in CA1 pyramidal neurons with re-
duced total length of the basal dendritic
tree in vivo (Groc et al., 2002; Monfils and
Teskey, 2004) and synaptic pruning in
vitro (Shinoda et al., 2010). Importantly,
abnormal pruning of synapses is thought
to result in neurodevelopmental psychiat-
ric/cognitive illnesses (Keshavan et al., 1994; Johnston et al.,
2003; Penzes et al., 2011). Emx1-Cre /" /VGLUT2 %* mice dis-
played a persistent depression of evoked glutamate transmission
and LTD at CA3—CA1 connections throughout development and
areduction in basal and apical dendritic branch length and num-
ber of spines on CA1 dendrites in adults. This indicates a neuro-
developmental role for VGLUT2 in the structural maturation
and refinement of CA1 pyramidal neuron dendritic arbor.

While LTD is thought to play a critical role in dendritic
pruning during development, LTP is regarded as a cellular
model for learning and memory (Lynch, 2004; Kemp and
Manahan-Vaughan, 2007). Interestingly, recent work shows
that decreased VGLUT1 in global VGLUT1 "/~ knockdown mice
results in decreased LTP and spatial reversal learning in adults
(Balschun et al., 2010). Similarly, reduced expression of LTP in
adult CA3—CAL1 connections and reduced levels of VGLUT1 and
spinophilin were observed in the hippocampus of adult Emx1-
Cre ™" /VGLUT2™™ mice. While the learning deficit in EmxI-
Cre """ /[VGLUT2™"™ mice is more severe than that in global
VGLUT1(+/—) mice, reduced glutamate signaling throughout
development from either VGLUT1 or VGLUT?2 results in im-
paired learning in the adult. Importantly, our results support a
neurodevelopmental role for VGLUT2 in the maturation of
VGLUT1-encoded synaptic connectivity and long-term synaptic
plasticity.

The cognitive deficit in Emx-Cre ™/ */VGLUT2™™ mice is
greater than that in Emx1-Cre /'~ /VGLUT2 ** mice, which may
reflect a greater degree of VGLUT2-encoded glutamatergic hypo-
function in specific corticolimbic circuits during development.
Since Cre recombinase is in the second position of the bicistronic

Figure 9.

p-Serine administration, together with p-amino acid oxidase inhibition, enhances learning in adult Emx1-Cre
VGLUT2 ™™ mice. Adult Emx1-Cre ™/ /VGLUT2 ™™ mice (P60 — 80, males/females) were treated with daily injections of saline,
clozapine (1 mg/kg), or o-serine (600 mg/kg) and the DAAQ inhibitor (compound 8; 50 mg/kg) for 2 weeks in the home cage and
then each day 1 h before training or testing. A, The doses of these compounds used did not adversely affect locomotor activity at 1
or 6 h postinjection in an open-field chamber. B, In the Morris water maze test there was no significantimprovement in the escape
latency between the saline-injected and clozapine-injected groups during 7 d of training. However, the animals in the p-serine/
compound 8-injected group had significantly lower latency and time to reach the hidden platform; *p << 0.05; repeated-measures
ANOVA with a LSD post hoc test. €, No significant preference for the quadrant where the platform was previously located in the
probe test was observed for all groups. D, A comparison of the number of times the mice crossed the location where the platform
was previously hidden revealed that p-serine/compound 8-treated mice showed significant improvement when compared to
saline and clozapine-treated animals. Error bars represent SEM; *p << 0.05; ANOVA.

iy

Emx1-Cre mRNA, it likely exhibits reduced expression (Mizuguchi
et al., 2000) compared to Emx1 (which is expressed at wild-type
levels) that could be critical for extinguishing gene expression in
certain neurons (Tsien et al., 1996). Indeed, lower levels of Cre-
mediated recombination in Emx1-Cre *~ mice have been de-
tected in layer IV of the neocortex and in various subcortical
limbic structures, including the anterior thalamic nuclei, the lat-
eral septum, and in various subdivisions of the amygdala (Gorski
et al., 2002). Thalamocortical projections terminate in layer IV
(Fujiyama et al., 2001). Layer IV nonpyramidal glutamatergic
neurons send their axon terminals to other layer IV neurons and
also to pyramidal neurons and inhibitory interneurons that are
predominantly in layer III (Feldmeyer et al., 1999, 2002). The
selective loss of VGLUT2 in the VGLUT1/VGLUT2-coexpressing
nonpyramidal excitatory neurons of layer IV (De Gois et al.,
2005) in Emx1-Cre */*/VGLUT2™™ mice could disrupt the
plastic interface that exists between subcortical sensory input
(VGLUT2-encoded) and cortical association and output
(VGLUT1-encoded) neurons, which would then impair cortical
integration of sensory information—and should impair learning.
Additionally, adult animals with extensive CA3 lesions that im-
pair Schaffer collateral transmission to CA1 pyramidal neurons
still perform well on spatial recognition tasks (Brun et al., 2002).
This might suggest that loss of additional excitatory input to CA1
neurons in Emx1-Cre */*/VGLUT2 ™™ mice, such as via the stra-
tum lacunosum-moleculare—the target of the temporammonic
pathway (Skelton and McNamara, 1992; Sybirska et al., 2000;
Otmakhova et al., 2002; Speed and Dobrunz, 2009)—may reduce
signal convergence of sensory input onto CA1 dendrites and con-
tribute to perturbed learning. However, in EmxI1-Cre '/
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VGLUT2 %™ mice the reduction in glutamatergic transmission
occurs throughout development. Nonetheless, the contribution
of both CA3-CA1 and TA-CALI inputs during development may
play a role in CA1 neuron functional maturation and structural
refinement (Speed and Dobrunz, 2009).

Pharmacological blockade of NMDA receptors during the sec-
ond week of development, a prolonged reduction of NMDA-
dependent glutamate neurotransmission in adults, and genetic
NMDA knock-down mice represent animal models of glutamater-
gic hypofunction that increase exploratory activity yet induce cogni-
tive deficits (Javitt and Zukin, 1991; Sakimura et al., 1995; Carlsson,
1998; Jentsch and Roth, 1999; Mohn et al., 1999; Stefani and
Moghaddam, 2005; Nakatani-Pawlak et al., 2009; Ramsey, 2009).
Likewise, our study shows that Emx1-Cre */*/VGLUT2 ™™ mice
displayed increased novelty-induced, open-field activity and yet a
profound deficit in spatial learning and memory. Since Emx1-
Cre """ [VGLUT2 ™™ mice have hypoglutamatergic transmission
in pyramidal neurons as a core feature, both during development
(via VGLUT?2) and in the adult (via VGLUT1), it is reasonable to
presume that drugs that selectively increase synaptic glutamater-
gic function may increase learning performance. Indeed, tapping
into adult mechanisms of cellular, structural, and behavioral
plasticity may result in substantial improvements in function in
neurodevelopmental cognitive disorders (Silva and Ehninger,
2009). For example, compounds that potentiate NMDA
receptor-mediated neurotransmission (Johnson and Ascher,
1987; Bergeron et al., 1998; Martina et al., 2004) through the
D-serine/glycine binding site within the NMDA receptor complex
improve some aspects of cognitive dysfunction in humans with,
and in animal models of, psychiatric/cognitive illness (Goff et al.,
1996; Carlsson, 1998; Coyle and Tsai, 2004; Javitt, 2009; Modi
and Young, 2011; Moskal et al., 2011) despite the lack of any
evidence that NMDA receptors are per se dysfunctional. Coad-
ministration of D-serine with a DAAO inhibitor (e.g., compound
8) potentiates the efficacy of D-serine administration to increase
NMDA receptor function (Ferraris et al., 2008; Hashimoto et al.,
2009; Smith et al., 2009, 2010). Here, we have shown that learning
performance was modestly improved in adult Emx1-Cre */*/
VGLUT2 %% mice following a 2-week treatment with D-serine,
together with a DAAO inhibitor. In humans and in preclinical
models of psychiatric disease, the efficacy of drug therapies on
cognitive impairments in adults is also rather limited, perhaps
due to the intractability of reversing neurodevelopmental disor-
ders in adults (Ehninger et al., 2008). Future efforts to improve
VGLUT2-mediated transmission via NMDA-positive modula-
tion during formative periods of pyramidal neuron development
could further improve learning ability in adult Emx1-Cre *'*/
VGLUT2 %% mice. In conclusion, our strategy to elicit VGLUT2
hypofunction during a time when VGLUT2-mediated glutamate
transmission is critical to the structural and functional matura-
tion of pyramidal neurons provides further insights into the
mechanisms of learning in general, and to cellular and behavioral
manifestations of neurodevelopmental cognitive aberrations in
psychiatric disease.
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