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In mammals, olfactory bulb granule cells (GCs) are generated throughout life in the subventricular zone. GABAergic inputs onto newborn
neurons likely regulate their maturation, but the details of this process remain still elusive. Here, we investigated the differentiation,
synaptic integration, and survival of adult-born GCs when their afferent GABAergic inputs are challenged by conditional gene targeting.
Migrating GC precursors were targeted with Cre- eGFP-expressing lentiviral vectors in mice with a floxed gene encoding the GABA ,
receptor a2-subunit (i.e., Gabra2). Ablation of the a2-subunit did not affect GC survival but dramatically delayed their maturation. We
found a reduction in postsynaptic 2-subunit and gephyrin clusters accompanied by a decrease in the frequency and amplitude of
GABAergic postsynaptic currents beginning ~ 14 d post-injection (dpi). In addition, mutant cells exhibited altered dendritic branching
and spine density. Spine loss appeared with mislocation of glutamatergic synapses on dendritic shafts and a reduction of spontaneous
glutamatergic postsynaptic currents, underscoring the relevance of afferent GABAergic transmission for a proper synaptic integration of
newborn GCs. To test the role of GABAergic signaling during much early stages of GC maturation, we used a genetic strategy to selectively
inactivate Gabra2 in precursor cells of the subventricular zone. In these mice, labeling of newborn GCs with eGFP lentiviruses revealed
similar morphological alterations as seen on delayed Gabra2 inactivation in migrating neuroblasts, with reduced dendritic branching and
spine density at 7 dpi. Collectively, these results emphasize the critical role of GABAergic synaptic signaling for structural maturation of

adult-born GCs and formation of glutamatergic synapses.

Introduction

Adult neurogenesis is a unique form of structural plasticity that
sculpts preexisting circuit function through the continuous ad-
dition and removal of newly formed neurons. Importantly, the
impact of this process depends on the overall synaptic activity of
the preexisting circuit (Kelsch et al., 2010; Ming and Song, 2011).
As a result, some of the most important parameters regulating
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adult neurogenesis are guided by the properties of the early syn-
apses impinging onto developing adult-born neurons. The
mechanisms that link synaptogenesis with morphological differ-
entiation and functional maturation of the newcomers are par-
ticularly interesting because it means that some of the major
forces driving synaptic plasticity also act on the long-term sur-
vival of adult-born neurons (Yamaguchi and Mori, 2005; Whit-
man and Greer, 2007; Kelsch et al., 2008; Nissant et al., 2009).
Neurogenic niches persist in the dentate gyrus of the hip-
pocampus and the subventricular zone (SVZ) of the adult mam-
mal brain (Altman, 1969; Alvarez-Buylla and Garcia-Verdugo,
2002; Kempermann et al., 2004). Neuroblasts generated in the
SVZ migrate along the rostral migratory stream (RMS) to reach
the olfactory bulb (OB), in which they differentiate as granule
cells (GCs) and periglomerular cells and integrate functionally
over several weeks (Lledo et al., 2006). GCs are axonless GABA-
ergic interneurons; their apical dendrites extend radially into the
external plexiform layer (EPL) and grow spines that establish
reciprocal synapses with the dendrites of mitral cells and tufted
cells (Shepherd et al., 2007). In addition, GCs receive axo-
dendritic excitatory synapses, as well as inhibitory synapses from
local microcircuits. GABAergic signaling regulates early steps of
adult neurogenesis (Platel et al., 2008; Ming and Song, 2011);
however, its impact on the maturation and synaptic integration
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Table 1. Primary antibodies used in this study

Pallotto et al. ® Maturation of Adult-Born Neurons

Protein target Species Dilution Source; catalog # Reference

Doublecortin Guinea pig 1:2000 Millipore Bioscience Research Reagents; AB2253 Waclaw et al., 2006

Gephyrin Mouse 1:1000 Synaptic Systems; mAb7a; 147711 Panzanelli et al., 2009

GFP Rabbit 1:2000 Synaptic Systems; 132002 Panzanelli et al., 2009; Duveau et al., 2011
Chicken 1:5000 Aves Laboratories; GFP-1020

GAD65 Mouse 1:1000 Developmental Studies Hybridoma Bank, University of lowa; GAD-6 Chang and Gottlieb, 1988

GABA,R a2-subunit Guinea pig 1:1000 Self-made Panzanellietal., 2011

GABA,R a3-subunit Guinea pig 1:8000 Self-made Panzanelli etal., 2011

PSD95 Mouse 1:1000 University of California, Davis/National Institutes of Health NeuroMab; 75-028 Panzanelli et al., 2009

Tyrosine hydroxylase Mouse 1:4000 Immunostar; 22941 Holderith et al., 2003

of newborn GCs is unknown. Recently, we have demonstrated
that newborn GCs form functional GABAergic and glutamatergic
synapses shortly after entering the OB, with an initial predomi-
nance of GABAergic synapses (Panzanelli et al., 2009; Katagiri et
al., 2011). This observation raises the possibility that GABAergic
synaptic transmission regulates the morphological and func-
tional maturation of GCs, which has been previously shown to be
controlled by activity-dependent mechanisms (Kelsch et al.,
2010; Ming and Song, 2011).

We took advantage of the selective expression of a2-subunit
containing GABA, receptors (GABA,Rs) in GCs (Panzanelli et
al., 2009) to irreversibly alter synaptic GABAergic inputs in adult-
born GCs through two distinct means. First, cell-specific Gabra2
ablation was done in neuroblasts migrating to the OB by injecting
a lentiviral vector encoding Cre—eGFP into the RMS of mice
carrying floxed Gabra2 alleles. The morphological development
of mutant GCs and formation of functional synapses were ana-
lyzed with immunohistochemistry and electrophysiology. These
experiments revealed impaired GABAergic synaptic responses in
mutant cells and striking defects in dendritic development and
spine formation, without changing GC survival. The impact of
Gabra2 inactivation on plasticity produced by chronic olfactory
deprivation and enrichment was tested to indicate any possible
interaction between GABAergic synaptic transmission and the
experience-sensitive regulation of GC development. Second, us-
ing the Tet-on system in double-transgenic mice, Gabra2 was
deleted in progenitor cells expressing the glial-specific glutamate
transporter (GLAST), yielding results comparable with those
gained with floxed Gabra2 mice. Collectively, these data reveal
that early GABAergic synaptic transmission controls the activity-
dependent development of adult-born GC and influences their
synaptic integration into preexisting networks.

Materials and Methods

Animals

All experiments were conducted in accordance with the European Com-
munities Council Directive of November 24, 1986 (86/609/EEC) and
with institutional approval. The generation of mice carrying the gene for
Gabra2 flanked by LoxP sites (hereafter called a2-FL) has been described
previously (Witschi etal., 2011). These transgenic mice were backcrossed
on the C57BL/6] background for more than nine generations. Homozy-
gous a2-FL mice were used for conditional deletion of Gabra2 by Cre—
eGFP lentiviral transduction of neuroblasts migrating through the RMS,
with wild-type (WT) mice as control. In a second series of experiments,
a2 _GLAST::CreERT2 ™/~ transgenic mice were obtained by cross-
mating GLAST::CreERT2 mice (a gift from Prof. Magdalena Gétz,
Ludwig-Maximilians-Universitit Miinchen, Germany; see Mori et al.,
2006) with a2-FL mice. In these double-mutant mice, hereafter called
a2—-GLAST, Gabra2 deletion was induced in GLAST-expressing
(GLAST ™) progenitor cells during systemic tamoxifen (Tam) adminis-
tration. Control mice were injected with vehicle [corn oil (Oil)]. Mice

were housed under a 12 h light/dark cycle, with food and water available
ad libitum.

Lentiviral vectors

A replication-deficient lentiviral vector was used to express Cre recom-
binase and eGFP in newborn GCs of a2-FL and WT control mice. We
used a plasmid generously provided by Tyler Jacks (Addgene, Cam-
bridge, MA) (Plasmid 20781: UbC-GFP.PGK-Cre vector). The concen-
tration of lentiviral vector particles used was 115 ng of p24 per microliter
(the p24 protein is a nucleocapsid protein used as an important early
marker of HIV infection). Average vector titers were in the order of 10°
transduction units per milliliter. For visualization of eGFP in newborn
GC of a2-GLAST mice, we used a custom-built lentivirus driven by
the phosphoglycerate kinase (PGK) promoter as described previously
(Grubb et al., 2008).

Stereotaxic injections

Adult male mice, 8 to 12 weeks old at the time of virus injection, were
used for morphological analyses (n = 94) and electrophysiological re-
cordings (n = 48). Mice were anesthetized with an intraperitoneal injec-
tion of xylazine (Rompun; Bayer Health Care) and ketamine (Imalgene;
Merial) dissolved in PBS at a dose of 10 and 120 mg/kg respectively, and
mounted on a stereotaxic apparatus (David Kopf Instruments). We per-
formed bilateral injections into the RMS at the following coordinates,
using bregma as reference: mediolateral, 0.82 mm; anteroposterior,
+3.3 mm; and —2.90 mm from the pial surface (Panzanelli et al., 2009).
Viral vector particles (200 nl) were injected using nanoliter injector
Nanoject IT (Drummond Scientific) with a glass micropipette at a rate of
23 nl/s. Animals were killed at the indicated survival times after virus
injection (in which dpi is days post-injection).

Olfactory enrichment and deprivation

Chemical ablation of olfactory epithelium. Seven days after lentivirus in-
jection, a2-FL and WT mice were given one intraperitoneal injection of
dichlobenil (2,6-dichlobenzonitrile, 25 ug/g body weight; Fluka) in di-
methylsulfoxide (2 ul/g body weight) or vehicle as control as described
previously (Vedin et al., 2004). Mice were killed at 30 dpi. The efficacy of
this sensory deafferentation protocol was confirmed by assessing the
decrease of tyrosine hydroxylase immunoreactivity in the glomerular
layer of the OB (data not shown; but see Stone et al., 1991).

Olfactory enrichment. Starting 7 d after viral injection, mice were ex-
posed daily to three different aromatic fragrances during 3 weeks (Roche-
fortetal., 2002). The odorants were placed inside a tea ball hanging from
the cage roof. In the control group, empty tea balls were placed in the
cage. The substances used have been listed by Alonso et al. (2008). Mice
were killed for analysis after 30 dpi.

Tissue processing for immunohistochemistry
Two different protocols were used for optimal detection of the markers.
Quickly fixed tissue. Mice were deeply anesthetized (sodium pentobar-
bital; 50 mg/kg, i.p.; Sanofi-Aventis) and decapitated. The OB was
removed, collected in ice-cold artificial CSF (ACSF), and cut in 300-um-
thick horizontal slices with a sliding microtome (VT 1000S; Leica), as
described previously (Schneider Gasser et al., 2006). Slices were incu-
bated in oxygenated ACSF for 30 min at 35°C, fixed by immersion in 4%
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Figure 1.

Effects of Cre-mediated deletion of Gabra2 gene in adult-born GCs. 4, Schematic diagram of the experimental approach to label adult-born GCs by stereotaxic injection of a lentiviral

vector expressing Cre recombinase and eGFP into the RMS. Infected cells are readily recognized by eGFP labeling. B, Schematic localization of the markers analyzed by immunohistochemistry at
GABAergic synapses made on adult-born GCs. €, Images from confocal laser-scanning microscopy depicting the presence of ar2-subunit-immunoreactive clusters (red) in eGFP * cells of WT and
ae2-FL mice after 90 dpi, confirmed by colocalization analysis (yellow; arrowheads). Note the almost complete disappearance of c:2-subunit clusters in adult-born cells of ce2-FL mice at this stage.
Each image represents a 3-D projection of a stack of confocal layers spaced 0.35 pum, shown in the three Cartesian planes. D, Images depicting the presence of a3-subunit clusters (red) in eGFP
cells of WT and «:2-FL mice after 90 dpi, as confirmed by colocalization analysis (yellow, arrowheads). E, F, Quantification of a2- and c3-subunit clusters (mean == SEM) in the cell body and apical
dendrite of adult-born GCsin WT and c2-FL mice. G, Images of gephyrin clusters (red) in eGFP * cells of WT and cr2-FL mice after 90 dpi, as confirmed by colocalization analysis (yellow; arrowheads).
H, Quantification of gephyrin clusters (mean == SEM) showing the decreased gephyrin cluster density in cell body and in the apical dendrite in mutant cells at 30 —90 dpi. /, Images depicting the
presence of GAD65-immunoreactive puncta apposed to eGFP * cells (yellow, arrowheads) after 90 dpi in both genotypes. J, Quantification of GAD65 puncta, representing putative synaptic input,
onto the cell body and apical dendrite of adult-born GCs (mean == SEM). No difference was observed at any time point. *p << 0.05, one-way ANOVA with post hoc test (for statistical analyses, see Table
2). Scale bars, 10 um.

formaldehyde at room temperature for 12 min, cryoprotected in 30%
sucrose, flat frozen, and sectioned with a cryostat (Microm HM 560). The
16-um-thick cryosections were mounted onto gelatin-coated glass slides
and stored at —20°C.

Perfused tissue. Mice were anesthetized as above and fixed by intracardial
perfusion of PBS, followed by ice-cold 4% formaldehyde in 0.1 M sodium
phosphate buffer, pH 7.4. The brains were removed, postfixed in the same
fixative overnight, and cryoprotected in 30% sucrose. The OBs were then

frozen with dry ice and cut into 50-um-thick coronal sections with a cryo-
stat. Sections were stored in antifreeze solution (15% glucose and 30% eth-
ylene glycol in 50 mum sodium phosphate buffer, pH 7.4) at —20°C.

Immunofluorescence staining

Double and triple immunofluorescence was performed by incubating tissue
sections in a mixture of primary antibodies raised in different species (Table
1), diluted in PSB with 5% normal donkey serum (Jackson Immuno



9106 - J. Neurosci., June 27,2012 - 32(26):9103-9115

Research) and 0.05% Triton X-100. Sections were then washed in PBS, in-
cubated for 30 min at room temperature in secondary antibodies raised in
donkey, and conjugated to Alexa Fluor 488 (Invitrogen), Cy3, or Cy5 (Jack-
son ImmunoResearch). Finally, the sections were rinsed again and mounted
on glass slides using a fluorescence mounting medium (Dako).

Image acquisition and data analysis
Sections were visualized by confocal laser-scanning microscopy (LSM5
Pascal; Carl Zeiss) using sequential acquisition of separate channels to
avoid fluorescence crosstalk. Stacks of confocal sections were acquired
with either a 40X (numerical aperture 1.3) or 100X (numerical aperture
1.4) objective, with the pinhole set at 1 Airy unit. For display, images were
processed with the image analysis software Imaris (version 4.3; Bitplane).
For quantification of the number of GABA,R subunit, gephyrin, and
PSD95 clusters, as well as vesicular GABA
transporter-expressing boutons, single confo-
cal layers were used (pixel size, 70-90 nm).

Pallotto et al. ® Maturation of Adult-Born Neurons

Table 2. Statistical analysis of synaptic markers in newborn granule cells

Two-way ANOVA Paenotype Drime Interaction

a2-Subunit

Apical dendrite F316) = 7.207 0.014 0.170 0.003

Cell body Fi316) = 8.617 <0.0001 0.071 0.001
Gephyrin

Apical dendrite Fi316) = 6.703 0.001 0.849 0.004

Cell body Fi316) = 6.622 <0.0001 0.009 0.004
GAD65

Apical dendrite Fi316) = 1.561 0.525 <0.0001 0.238

Cell body Fi316) = 0352 0.292 0.348 0.788

The density of cc2-subunit and gephyrin clusters, representing putative postsynaptic sites, as well as GAD65 *
puncta, representing presynaptic terminals, was analyzed in WT and «2-FL mice. For each genotype, data were
further analyzed by one-way ANOVA, followed by Dunn’s post hoc test (see Results).

e ) ) A B C WT wem FL
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Measurement of spine density was performed

on 3-D-projected image stacks. Figure 2.

Reduction of GABAergic currents in newborn GCs from «2-FL mice. Electrophysiological properties of eGFP * GCs

were assessed by whole-cell patch-clamp recordings. 4, Recording configuration. Rec, Recording electrode; Stim, stimulation

Preembedding immunoelectron

microscopy

a2-FL mice were deeply anesthetized with
sodium pentobarbital (50 mg/kg, i.p.) and
perfused with 2% formaldehyde and 0.1%
glutaraldehyde in sodium acetate buffer, pH 6,
for 2 min, followed by 1 h perfusion with 2%
formaldehyde and 0.1% glutaraldehyde in 0.1
M borate buffer, pH 9 (Kollo et al., 2008). The
brain was taken out and postfixed in the second fixative overnight. Tissue
blocks containing the OBs were cut into 80 wm coronal sections with a
vibrating microtome (VT 1000S; Leica). Sections were cryoprotected
with 30% sucrose and frozen/thawed three times with liquid nitrogen to
enhance antibody penetration. Sections were then incubated in primary

electrode located in the GCL to elicit IPSCs (glass pipette). B, Examples of elPSCs recorded at /. = 0 mV at 14 dpi. Representative
traces were averaged from >20 recorded IPSCs. Calibration: 20 ms, 25 pA. C, Histograms of elPSC amplitude (picoamperes;
mean == SD) for WT and oc2-FL cells. D, Examples of sIPSCs recorded from a WT cell (gray) and an ac2-FL cell (red) at 30 dpi (V, =
0 mV; calibration: 50 ms, 10 pA). In the right, normalized sIPSC amplitudes are displayed to illustrate their relative kinetics. E, F,
Histograms of the frequency and amplitude of sIPSCs in WT and c:2-FL cells (mean = SD). G, H, Histograms of sIPSC decay time
constant (Taug,, derived from double-exponential fitting) and rise time (measured from 20 to 80% of peak amplitude). For
statistical analysis, see Tables 3 and 4 A (*p << 0.05; **p << 0.01; ***p << 0.001).

antibodies against gephyrin and GFP (Table 1) diluted in Tris-buffered
saline containing 10% normal goat serum for 72 h at 4°C. After several
rinses, the sections were incubated with rabbit IgGs coupled to biotin
(1:250; Vector Laboratories) and mouse IgGs coupled to 1.4 nm colloidal
gold particles (1:200; Nanoprobes) for 24 h at room temperature. A
standard immunoperoxidase reaction was performed to detect eGFP
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(Vectastain Elite; Vector Laboratories), whereas nanogold particles were
visualized with the gold enhanced-EM formulation (Nanoprobes), as
described by the manufacturer. The sections were treated with 0.5%
0s0, and 1% uranyl acetate, dehydrated, and embedded into Epon 812.
Serial ultrathin sections were collected on copper single-hole grids and
observed in a JEM-1010 transmission electron microscope (Jeol)
equipped with a side-mounted CCD camera (Mega View III; Soft Imag-
ing System) for photography.

Electrophysiology

For patch-clamp recordings, 2-FL and WT mice were deeply anesthe-
tized with isoflurane (Mundipharma) and swiftly decapitated. The OB
and frontal cortices were rapidly dissected and placed in ice-cold ACSF
containing the following (in mm): 124 NaCl, 3 KCl, 1.3 MgSO,, 26
NaHCO;, 1.25 NaHPO,;, 20 glucose, and 2 CaCl (~310 mOsm, pH 7.3
when bubbled with a mixture of 95% O, and 5% CO,; all chemicals from
Sigma). They were then glued to a block of 4% agarose and placed,
submerged in ice-cold ACSF, in the cutting chamber of a vibrating mi-
crotome (VT 1200S; Leica). Horizontal slices (300 wm thick) of the OBs
were placed in bubbled ACSF in a warming bath at 35°C for 30 min and
then at room temperature (i.e., 22 = 1°C). For whole-cell recordings,
individual slices were placed in a chamber mounted on a Carl Zeiss
Axioskop upright microscope and continuously perfused (1.5 ml/min)
with room temperature bubbled ACSF. Slices were visualized using a
40X water-immersion objective, a halogen light source, differential in-
terference contrast filters (Carl Zeiss), and a CCD camera (C7500;
Hamamatsu). We obtained whole-cell patch-clamp recordings from vi-
sually targeted eGFP-labeled GCs. Patch pipettes, pulled from borosili-
cate glass [1.5 mm outer diameter, 1.17 mm inner diameter (Harvard
Apparatus); P-87 Flaming/Brown micropipette puller (Sutter Instru-
ment)], had resistances of 6-10 M(), and were filled with a cesium
gluconate-based solution [in mm: 126 Cs-gluconate, 6 CsCl, 2 NaCl, 10
Na-HEPES, 10 p-glucose, 0.2 Cs-EGTA, 0.3 GTP, 2 Mg-ATP, and 0.2
cAMP (with 0.15% biocytin; 280—290 mOsm, pH 7.3)]. Rhodamine
(0.1-0.4%) was included in the internal solution for eGFP * cell record-
ings. All membrane potentials indicated in the text are corrected for a
measured liquid junction potential of +10 mV.

Adult-born cells were identified by either double labeling with both
eGFP and rhodamine during recording or the presence of eGFP in the tip
of the patch pipette after membrane rupture. eGFP-targeted recordings
that did not meet either of these criteria were discarded from our analy-
ses. Recordings were obtained via an Axopatch 1D amplifier. Signals were
Bessel filtered at 2 kHz, digitized, and sampled at intervals of 20—450 us
(2.2-50 kHz) according to the individual protocols. Compensation for
fast capacitance in cell-attached mode was ~80% (12—13 pF, 3-5 us); we
also compensated for membrane capacitance (C,,) but not series resis-
tance (R,), after membrane rupture. With C,_, compensation inactivated,
values of C,,, R, and membrane resistance (R,,) were estimated using
peak and steady-state currents, respectively, observed in response to a 5
mV membrane step. Any experiment in which R, changed by >20% was
discarded from our analyses. Currents mediated by Na ™ voltage-gated
channels were measured under voltage-clamp conditions. Depolarizing
pulses (100 ms) from —70 mV to incremental steps (5 mV), up to +10
mV, were given at a rate of 1 Hz. Na™ currents were measured after
subtraction of scaled passive current responses to the appropriate voltage
steps.

Synaptic responses were evoked using a small monopolar stimulating
glass pipette (3—4 pwm tip diameter, pulled from 1.5 mm outer diameter
and 1.17 mm inner diameter borosilicate glass, and filled with ACSF),
finely positioned in the GC layer (GCL). Spontaneous (s) and evoked (e)
synaptic currents were analyzed with Elphy software (Gerard Sadoc, Gif-
sur-Yvette, France). The amplitude of ePSCs was measured from aver-
aged traces (10-30 traces). Spontaneous synaptic currents were recorded
during =5 min. Rise times were measured between 20 and 80% of peak
amplitude. For IPSCs, decay time constants were derived by fitting the
formula F(t) = a X exp(—t/t;,) + b X exp(—t/ty,,), where a and b are
the peak amplitude of fast and slow components, respectively, and f,,
and t,,, are the respective decay time constants. A monoexponential

slow

fitted all EPSCs.
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Table 3. Statistical analysis of postsynaptic currents

Two-way ANOVA Pgenotype Prime Interaction
elPSCamplitude Fi3.99) = 8.569 <0.0001 <0.0001 0.0001
sIPSCamplitude F3.75 = 0.876 <0.0001 0.017 0.458
sIPSC frequency Fiz85 = 2105 0.001 0.014 0.105
sIPSC decay time Fa 63 =0.243 <<0.0001 0.691 0.866
sIPSCrise time Fis69 = 1363 0.049 0.01 0.262
SEPSCamplitude Fi3.08 = 0.301 0.595 0.348 0.823
SEPSC frequency Fi3.95) = 0.981 0.006 0.006 0.405
SEPSC decay time Fa09) = 1.199 0.772 0.728 0314
SEPSCrise time Fi3.109 = 0.683 0.703 0.04 0.564
Capacitance Fi3.126) = 0.815 0.484 0.00M1 0.488
Membrane resistance Fans =112 0.052 <€0.0001 0.3442
Na ™ current density Fa122) = 0.579 0.4143 <€0.0001 0.630

Additional analysis per genotype and/or time point is presented in Table 4.

Statistical analyses

Data are presented as mean = SD or SEM (see Tables 2—6). Statistical
analyses include one-way and two-way ANOVA with post hoc correction
using Prism5 software (GraphPad Software). For a given day post-
injection, a2-FL and WT groups were compared two-by-two by Stu-
dent’s t test and Mann—Whitney U test.

Results

Conditional deletion of Gabra2 causes delayed removal of
a2-GABA ,Rs in adult-born GCs

GABAergic inhibition in GCs is mediated mainly by a2-
containing GABA  Rs (Panzanelli et al., 2009). To investigate the
functional impact of GABAergic inputs in adult-born GCs, we
silenced GABAergic transmission by injecting a Cre—eGFP-
encoding lentivirus into the RMS of adult «2-FL mice (Fig.
1A,B). Cre recombinase inactivates Gabra2 by inducing a site-
specific recombination of exon 5 flanked by LoxP sites (Pan-
zanelli et al., 2011), whereas eGFP allows the visualization of
transduced cells. Immunohistochemistry revealed the presence
of Cre recombinase in the nucleus of eGFP * cells from 7 to 90 dpi
(data not shown).

We performed double labeling for eGFP and the a2-subunit
to verify the efficacy and time course of Cre-mediated deletion of
Gabra2. Quantification was done in both the cell body and the
proximal domain (i.e., the initial portion of the apical dendrite
located in the GCL and extending up to 50 wm away from the cell
body) of the apical dendrite (Fig. 1C-E). Two-way ANOVA re-
vealed a significant effect of genotype and a significant interaction
between time and genotype in both regions (Table 2). In WT
mice, the density of a2-subunit-positive perisomatic clusters in-
creased significantly from 7 to 90 dpi, whereas that of dendritic
clusters remained constant during the same period (one-way
ANOVA; cell body, F(;5) = 5.752, p = 0.0214; apical dendrite,
Fig) = 3.438, p = 0.07). Surprisingly, in a2-FL mice, o2-
subunit-positive clusters were still detectable on eGFP * cells at 7
and 14 dpi. However, a strong decrease was observed at 30 and 90
dpi in both the somatic and dendritic compartments (Fig. 1E;
one-way ANOVA; cell body, F;5) = 5.677, p = 0.022; apical
dendrite, F(; 5 = 7.879, p = 0.009). These results suggest that
Gabra2 is expressed early in adult-born GCs and that, after Cre-
mediated inactivation, the loss of a2-subunit is a protracted pro-
cess that becomes detectable after 14 dpi.

We next verified whether the a3 subunit, which is also ex-
pressed in GCs (Fritschy and Mohler, 1995), is upregulated after
Gabra2 inactivation (Fig. 1D, F). At 90 dpi, there was no differ-
ence in a3-subunit cluster density in GCs of a2-FL and WT mice
(cell body, t(5) = 1.147, p = 0.315; apical dendrite, t;, = 0.284,
p = 0.790), suggesting that deletion of the a2-subunit is not



9108 - J. Neurosci., June 27, 2012 - 32(26):9103-9115

Table 4. Properties of postsynaptic currents
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dpi WT a-FL ttest MW test Dunn’s test
A, IPSCs
elPSCamplitude (pA) 7 56.86 = 8.21n =11 4115 +532n=13 0.113 0.132 NS
14 111.80 = 1524n =15 46.60 = 9.01N = 12 0.002 0.0059 **
30 155.70 =19.20n = 12 51.04 £8.05n =18 *rE xxx xxx
90 186.01 = 23.32n =13 3378 =11.09n =13 HxX Frx Fxx
One-way ANOVA p = 0.0002 p = 0.1627
7 versus 14**; 7 versus 90***
sIPSC frequency (Hz) 7 0.06 =001n=9 0.05*0.01n=12 0.452 0.546 NS
14 012 £003n=1 0.05*+0.01n=7 0.037 0.0774 NS
30 0.10 £ 0.02n =15 0.04 =0.01n=17 0.0041 0.0034 NS
90 0.24 =0.07n=15 0.05*0.02n=7 0.068 0.0048 **
One-way ANOVA p = 0.031 p = 0.1627
7 versus 90*
sIPSCamplitude (pA) 7 1630 =234n=9 1148 £098n=28 0.09 0.074 NS
14 1917 £1.94n =12 1257 £090n =9 0.0124 0.0062 *
30 2346 = 148n=14 1393 +1.04n=13 Hrx b b
90 2290 = 154n =13 1381 £176n=>5 0.0043 0.0078 **
One-way ANOVA p=10220 p = 0537
sIPSC decay time constant (ms) 7 2929 £397n=7 4427 =553n=16 0.0463 0.0734 NS
14 2815+ 273n=12 5349 =1290n =17 0.0249 0.09 *
30 33.73+330n=14 5498 +=1033n=9 0.0305 0.0298 *
90 27.02 +=3242n =13 5267 £547n=3 0.0035 0.0222 NS
One-way ANOVA p = 0438 p = 0.889
sIPSCrise time 20— 80% (ms) 7 059 +0.05n=7 0.82 = 0.06n=6 0.012 0.008 NS
14 0.78 = 0.07n =12 095*+0.08n=7 0.119 0.139 NS
30 0.68 = 0.07n =14 0.70 £0.04n=9 0.815 0.378 NS
90 0.64 = 0.04n =13 0.62 = 0.15n=4 0.841 0.533 NS
One-way ANOVA p=1028 p = 0.0263
B, EPSCs
SEPSC frequency (Hz) 7 114 £074n=11 112£027n=11 0.653 0.5546 NS
14 443 +0.82n=12 178 £0.58n =11 0.0175 0.0151 *
30 542 =09 n=12 313£052n=19 0.028* 0.0744 *
90 3.87£068n=11 221*+067n=16 0.1051 0.0543 NS
One-way ANOVA p =0.021 p =10.126
7 versus 14%; 7 versus 30**
SEPSCamplitude (pA) 7 888 091n=1 835+ 110n=11 0.7147 0.4307 NS
14 931£136n=12 937 +0.62n=13 0.968 0.849 NS
30 8.64 = 0.84n =14 938 *£08n=19 0.5561 0.392 NS
90 7.26 = 037n =12 833 = 0.65n=14 0.1819 0.2077 NS
One-way ANOVA p =0.583 p=0.251
SEPSC decay time constant (ms) 7 758 =157n=1 9.57 =131n=10 0.3471 0.1698 NS
14 9.61 £ 1.76n =13 8.69 = 1.63n=13 0.7036 0.7976 NS
30 9.46 = 137n=14 10.79 = 1.65n =19 0.5586 0.8698 NS
90 1216 £241n=1 836 £125n=16 0.1414 0.1671 NS
One-way ANOVA p = 02673 p=10718
SEPSCrise time 20— 80% (ms) 7 1.03£0.05n =1 0.98 = 0.06n =15 0.5043 0.6037 NS
14 0.90 =0.05n =13 0.82 £0.042n =16 0.2173 0.3131 NS
30 0.83 £0.06n=14 0.78 =0.06n =19 0.5617 0.6229 NS
90 0.87 £0.04n =12 0.98 = 0.13n =16 0.506 0.9815 NS
One-way ANOVA p = 0.0775 p=10.1314

Valuesare mean == SEM. General statistics are presented in Table 3. Each genotype was analyzed by one-way ANOVA, followed by Dunn’s post hoc test (NS, p = 0.05; *p << 0.05; **p << 0.01; ***p << 0.001). WT and FL groups were compared

two-by-two by Student’s ¢ test and Mann—Whitney U test (MW).

compensated by increased expression of the a3-subunit. We then
analyzed how deletion of the a2-subunit affects GABAergic in-
nervation of GCs. We first quantified postsynaptic gephyrin clus-
ters (Fig. 1G,H ) and found a significant decrease in GCs of a:2-FL
mice, in parallel with the depletion of the a2-subunit (one-way
ANOVA; cell body, F;4) = 6.735, p = 0.014; apical dendrite,
Fg) = 7.472, p = 0.01; for complete statistics, see Table 2). In
contrast, there was no difference, at any time point, in the num-
ber of GAD65 " terminals impinging onto the cell body and the
apical dendrite of eGFP* GCs (Fig. 11,J; Table 2). These data
indicate that GABAergic innervation of new GCs is maintained

after deletion of the a2-subunit despite the disruption of the
postsynaptic gephyrin scaffold.

Conditional deletion of Gabra2 causes delayed decrease of
GABAergic currents in adult-born GCs

To investigate the functional consequence of Gabra2 inactiva-
tion, we performed whole-cell patch-clamp recordings on acute
slices. Using a focal electrical stimulation delivered in the GCL
(Fig. 2A), we recorded eIPSCs in adult-born GCs (Fig. 2 B). Two-
way ANOVA revealed a significant effect of time and genotype
and a significant interaction between these factors (for values and
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Table 5. Intrinsic membrane properties of newborn granule cells
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dpi WT a2-FL ttest MW test Dunn'’s test
G (pF) 7 1209 = 1.42n =13 11.40 = 0.89n =16 0.6727 0.8608 NS
14 13.70 = 0.86n = 17 1249 = 0.80n = 16 0.3148 0.3219 NS
30 10.70 = 0.74n = 17 11.86 = 0.85n =19 0.3188 0.2347 NS
90 10.07 =0.91n =15 9.07 £0.61n =21 0.3487 0.4703 NS
One-way ANOVA p=10.06 p = 0.0099
14 versus 90*
R, (G€2) 7 137 £0.14n =13 1.80 £ 0.28n =14 0.1992 0.6979 NS
14 0.79 £0.09n =16 0.76 = 0.071n =16 0.8536 0.8358 NS
30 0.73£0.10n =16 0.80 £0.12n =17 0.6823 0.8712 NS
20 0.67 £0.08n =14 0.90 £ 0.10n = 16 0.0775 0.0504 NS
One-way ANOVA p = 0.006 p = 0.0026
7 versus 14%; 7 versus 30%*; 7 versus 90** 7 versus 14%*; 7 versus 30**
iNa ™ (pA/pF) 7 87.08 = 18.49n =12 93.68 = 13.96n = 16 0.7734 0.6260 NS
14 141.0 = 1432n =17 146.1 = 12.47n =16 0.7893 0.6787 NS
30 179.2 = 15360 = 17 168.4 +1859n =19 0.6610 0.4661 NS
20 174.6 = 21.65n = 11 1585+ 2292n =17 0.6338 0.5409 NS
One-way ANOVA p = 0.0036 p =0.0192
7 versus 30*%; 7 versus 90* 7 versus 30*

(., Membrane capacitance; R, , membrane resistance; iNa *, density of voltage-dependant Na * channels-mediated currents (normalized to ,,, ). Values are mean = SEM. General statistics are presented in Table 3. Each genotype was analyzed by
one-way ANOVA, followed by Dunn’s post hoc test (NS, p > 0.05; *p << 0.05; **p << 0.01; ***p << 0.001). For a given time point, WT and c2-FL groups were compared two-by-two by Student’s  test and Mann—Whitney U test (MW).

statistics, see Tables 3, 4A). In cells recorded from WT mice, we
observed a significant increase in the amplitude of eIPSCs from 7
to 90 dpi (one-way ANOVA, p = 0.002), consistent with the
progressive increase in «2-subunit and gephyrin clusters de-
scribed above. However, the amplitude of e[PSCs remained con-
stant in a2-FL mice, leading to a fivefold difference at 90 dpi
when compared with WT (Fig. 2C; Table 4A). We next tested the
consequences of ablation of the a2-subunit on the physiological
properties of sSIPSCs (Fig. 2 D—H; Table 4A). Although there was
no change over time in either genotype (two-way ANOVA; Table
3), the sIPSC amplitudes were significantly lower in a2-FL cells
than in WT at all time points after 14 dpi (Fig. 2 E; Table 4A).
Concomitantly, the sIPSC frequency increased over time in WT
cells but not in mutant GCs (one-way ANOVA, p = 0.031), re-
flecting the progressive increase in the number of functional syn-
apses during unperturbed neuronal maturation (Fig. 2F). The
decay time constants were longer in mutant cells (Fig. 2D, G), but
the rise times remained unchanged (Fig. 2 H; Tables 3, 4A). In
contrast to these changes, we found no genotype effect on the
membrane capacitance, input membrane resistance, and the
Na* current density (Table 5). Thus, ablation of the a2-subunit
led to a marked reduction in the functional properties of GABA-
ergic synapses without changing the intrinsic membrane proper-
ties of newborn GCs. Collectively, these results are consistent
with the immunohistochemical data showing an increased num-
ber of GABAergic synapses during the morphological maturation
of GCs, a process that is dramatically altered in mutant cells.
Inactivation of Gabra2 leads to the formation of adult-born GCs
receiving fewer GABAergic inputs characterized by low ampli-
tude and slow decay time constants. These alterations appear at
~14 dpi and become even more apparent at later time points.

GC dendritic morphology is affected after Gabra2
inactivation

To determine whether the reduced afferent GABAergic signaling
caused by conditional deletion of Gabra2 has an influence on the
survival of newborn GCs, we measured the density of eGFP * cells
at different time points after viral injection. We found that cell
density did not differ between the two genotypes (i.e., at 90 dpi
WT, 1350 * 50 cells/mm? a2-FL, 1200 * 27 cells/mm? un-
paired ¢ test, p = 0.676), indicating that deletion of the a2-

subunit does not affect GC survival. Moreover, the fraction of
deep versus superficial GCs is not affected in a2-FL mice, as
tested at 30 and 90 dpi (data not shown). However, double label-
ing for eGFP and doublecortin revealed that mutant GCs have a
prolonged expression of doublecortin compared with control
cells (30 dpi, 7.1 = 0.9 and 19 = 1.8% in WT and a2-FL mice,
respectively; n = 688 and 394 cells; 90 dpi, 5 = 0.1 and 11.1 =
0.7% in WT and a2-FL mice; n = 710 and 564 cells). These results
indicate that adult-born GCs lacking a2—GABA ,Rs exhibit im-
paired structural maturation compared with WT counterparts.

We next asked whether the reduction in GABAergic inputs
alters the dendritic arborization of newborn GCs. As expected for
maturing cells, Sholl analysis of WT control cells revealed a pro-
gressive development of the dendritic tree, in particular in the
distal portion starting ~100 wm away from the cell body (Fig.
3A). Calculating the total AUC (Fig. 3A), we observed a 44%
increase between 7 and 30 dpi, followed by a significant reduction
at 90 dpi (one-way ANOVA, F; 4 = 30.07, p = 0.0001). This
biphasic evolution suggests that the apical dendrite undergoes a
prominent remodeling after an initial period of exuberant
growth. In a2-FL mice, dendritic development beyond 14 dpi
was altered compared with WT (Fig. 3B). The Sholl analysis re-
vealed a slow increase of the AUC between 14 and 90 dpi, which
reached significance only at later time points (Table 6). Likewise,
analysis of the total dendritic length and the number of terminal
branches revealed significant effects of genotype and time, as well
as a strong interaction between both factors (two-way ANOVA;
Table 7). Although these parameters increased significantly at 30
and 90 dpi in WT cells, there were only limited changes in GCs
from a2-FL cells (Fig. 3C—E). Therefore, the dendritic growth of
adult-born GCs is severely impaired during ablation of
a2-GABA ,Rs.

Gabra2 inactivation causes rearrangements of glutamatergic
synapses

To further describe how a2—-GABA ,Rs modulate GC differen-
tiation and synaptic integration, we investigated whether ex-
citatory synapses also change after Gabra2 inactivation.
Quantification of spine density in the GCL and EPL (Fig. 4A-D)
revealed highly significant effects of time and genotype, as well as
a strong interaction between these factors (two-way ANOVA;
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Table 7). In WT mice, spine density in-
creased from 7 to 14 dpi, followed by a WT
stabilization and decrease between 30 and
90 dpi (Fig. 4B, D). This transient peak in
spine density is consistent with previous
work (Whitman and Greer, 2007) and
may be related to the critical window of
activity-dependent plasticity that charac-
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occurs with time (Fig. 4E; two-way
ANOVA, Fiy 19y = 9.685 Denotype =
0.007, piime = 0.011, interaction = 0.191).
These observations suggest that deletion of
a2-GABA,Rs in GCs causes glutamater-
gic synapses to persist on dendritic shafts.
To confirm this possibility, we performed
preembedding immunoelectron micros-
copy for eGFP and gephyrin on a2-FL
mice at 90 dpi. This analysis revealed that
mitral/tufted cell dendrites establish re-
ciprocal synapses with eGFP " profiles
that lack the typical morphology of GC
spines, supporting the idea that the reduction of spine density in
mutant GCs is concurrent with the persistence of excitatory syn-
apses on the dendritic shaft (Fig. 4G,H).

Finally, we analyzed the properties of glutamatergic synapses
in mutated GCs. For this, sSEPSCs were recorded during a 5 min
baseline period. Analysis of their frequency revealed a similar
profile as spine density, with significant effects of time and geno-
type (for values and statistics, see Tables 3, 4 B). At 14 and 30 dpi,
a2-FL cells had significantly fewer sEPSCs compared with WT
GCs (one-way ANOVA, p = 0.021; Fig.41,] ), but their amplitude
(one-way ANOVA, p = 0.583; Fig. 4K), decay kinetics (one-way
ANOVA, p = 0.267; Fig. 4L), and rise time (one-way ANOVA,
p = 0.08; data not shown) remained unchanged. Thus, we con-

Figure 3.

200 300 7 14 30 90

Morphometric analysis of apical dendrite arborization in newborn GCs of WT and «2-FL mice. A, Quantification by
Sholl analysis of apical dendrites in eGFP ™ cells of WT mice. The number of intersections between eGFP * dendritic segments and
virtual concentric lines centered on the soma and spaced by 10 wm is displayed graphically. Each curve represents an individual
time point after virus injection. For comparison between different time points, the AUC was calculated and analyzed statistically by
one-way ANOVA with post hoc tests (*p << 0.05, **p << 0.01, ***p << 0.001). B, Sholl analysis comparison between WT (gray line)
and a2-FL (red line) mice illustrating the reduction in dendritic complexity in newborn GCs from «:2-FL mice. Most differences
occurinthe EPL (>100 p.m from the soma) and are most pronounced at 30 dpi. For statistical comparison between genotypes, the
corresponding AUC was calculated in each graph (for mean values and statistical results, see Table 6). C, Representative drawings
of eGFP * cellsin WT and ar2-FL mice used for Sholl analysis at 14 and 90 dpi. D, E, Histograms of the total apical dendrite length
and number of terminal branches (mean == SEM) in WT and «:2-FL mice (one-way ANOVA with post hoc tests; for statistical
analysis, see Table 7; *p << 0.05).

clude that GCs lacking a2-GABA 4Rs develop fewer glutamater-
gic synapses but without changes to their function.

Gabra2 inactivation in GCs occludes the effect of sensory
deprivation on spine density

We examined the putative role of «2—-GABA,Rs in activity-
dependent regulation of structural plasticity by challenging
the sensory inputs to the OB circuit. We used both olfactory
enrichment and dichlobenil-mediated sensory deprivation to
study the adaptability of adult-born GCs to their novel neuro-
nal environment. Mice were exposed to the enriched environ-
ment or injected with dichlobenil at 7 dpi and were killed at 30
dpi (Fig. 5A). Two-way ANOVA analysis revealed significant
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Table 6. Statistical analysis of dendrite morphology: Scholl analysis

AUC

Genotype N Mean = SD t p

7 dpi
WT 3 233116 ty = 0.412 NS
a2-FL 3 224 +12

14 dpi
WT 3 23719 tigy =072 NS
a2-FL 3 2140 x7

30 dpi
WT 3 410 £ 22 tigy = 3.748 0.02
a2-FL 3 262 £ 32

90 dpi
WT 3 3857 fqy = 6.954 0.002
a2-FL 3 289 £ 12

Pairwise comparison was performed by unpaired Student's ¢ test.

Table 7. Statistical analysis of dendrite morphology: dendrite topology and spine
density

Two-way ANOVA  Pengype  Prime Interaction
GCL spine density Fia20 = 9.164 0.000  <<0.0001  0.000
EPL spine density Fia16) = 5.542 <€0.0001  <€0.0001  0.01
Number of terminal branches £ 5 ;5 = 5.887 0.0001 0.0009  0.007
Total dendritic tree length Fi3.16 = 1.506 0.003  <0.0001  0.251

Differences in dendrite topology and spine densities were analyzed further by one-way ANOVA, followed by Dunn’s
post hoc test for each genotype (see Results).

effects of genotype (p = 0.001) and treatment (p < 0.0001), as
well as a significant interaction (F, 5y = 6.38, p = 0.013). In
WT mice, odor enrichment caused a small increase in spine
density that did not reach statistical significance, whereas ol-
factory deprivation caused a marked reduction in the density
of spines (p < 0.001; Fig. 5B,C). In contrast, in «2-FL mice,
neither enrichment nor sensory deafferentation caused signif-
icant changes in the density of spines. This indicates that in-
hibitory synaptic transmission mediated by a2—-GABA,Rs is
required for structural adaptations of newborn GCs triggered
by sensory enrichment or deprivation during the phase of
dendritic/spine exuberance.

Effects of early ablation of Gabra2 in progenitor neural cells
In the a2-FL model, deletion of the a2-subunit is complete
only after GCs have reached the OB and started to establish
synaptic connections within the preexisting network. We de-
vised a complementary approach to inactivate Gabra2 in neu-
ral precursor cells of adult mice, before their final mitotic
division and migration to the OB. This was achieved by cross-
ing a2-FL mice with mice expressing an inducible form of Cre
(Cre-ERT2) under the control of the GLAST promoter (Mori
et al., 2006). At the age of 8 weeks, mice were treated system-
ically with Tam or Oil, and, 4 weeks later, they were injected
stereotaxically with a lentiviral vector encoding eGFP (Fig.
6A). Adult-born GCs were investigated morphologically and
functionally at 7 and 90 dpi.

Quantification of the number of eGFP * cells in the GCL
showed no difference in mice injected with Tam or Oil at 7 dpi
(Oil, 527 *+ 159 cellsymm?; Tam, 414 = 36 cells/mm?; un-
paired t test, t,, = 0.694, p = 0.525) and at 90 dpi (Oil, 780 *
27 cells/mm?; Tam, 647 * 143 cells/mm?; unpaired ¢ test,
ty = 0.915, p = 0.412). We then analyzed the density of
a2-subunit clusters on the cell body and the apical dendrite of
eGFP ™ cells. We found a strong decrease in cluster density in
Tam-injected mice compared with the control group already
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at 7 dpi (cell body, t,, = 6.119, p = 0.0036; apical dendrite,
ty = 15.01, p < 0.0001; Fig. 6 B, C). Similarly, we observed a
decreased density of gephyrin clusters in the proximal portion
of the apical dendrite of Tam mice (Oil, 0.169 = 0.016 clus-
ters/uwm; Tam, 0.080 * 0.016 clusters/um; t,, = 3.871, p =
0.018). Triple-immunofluorescence staining confirmed that
these remaining gephyrin clusters were colocalized with the
a3-subunit (data not shown). Accordingly, the density of a3/
gephyrin clusters was similar in both groups (Fig. 6 D) in the
cell body (., = 1.186, p = 0.30) and in the apical dendrite
(tgy = 0.381, p = 0.72), indicating that no compensation
occurs, as in «2-FL mice.

We then investigated whether this early deletion of the
a2-subunit impairs dendritic development similar to the sit-
uation in @2-FL mice. Measurements from eGFP ™ cells in
Tam-injected mice showed reduced dendritic branching (Fig.
6 E), with the number of terminal branches being significantly
lower already at 7 dpi (Fig. 6 F; t,, = 5.712, p = 0.0046), a
defect that persisted until 90 dpi (Fig. 6 F; t,, = 5.129, p =
0.0068). This reduction was also reflected in the Sholl analysis
made at 90 dpi, revealing significantly reduced AUC (Fig. 6G;
Oil, 366 * 7.7; Tam, 289 * 11.8; t,, = 6.895, p = 0.002),
particularly at the 100-250 wm portion from the soma. Spine
density was also significantly decreased in Tam-treated mice at
7 dpi (Fig. 6 H), and this defect persisted at 90 dpi (7 dpi, 4, =
11.44, p = 0.0003; 90 dpi, t,, = 7.74, p = 0.0015; Fig. 61,]).
The reduced spine density was accompanied by a decreased
number of PSD95 clusters in spines (¢, = 12.02, p = 0.0003;
Fig. 6],K). However, in contrast with a2-FL mice, we did not
observe an increase in the density of PSD95 clusters along
dendritic profiles. These data indicate that early depletion of
the a2-subunit accelerates developmental alterations in new-
born GCs but eventually results in structural defects that pri-
marily overlap with those seen in a2-FL mice.

I+

Discussion

In this study, we show that functional «2—-GABA,Rs are re-
quired for proper structural development of adult-born GCs
and for the onset of sensory-dependent structural plasticity.
Major deficits of GCs lacking a2-GABA,Rs include the ab-
sence of spine/dendrite overproduction ~30 dpi, persistence
of glutamatergic synapses on the dendritic shaft, and an in-
ability to adjust their morphology to sensory challenges. Sim-
ilar observations were made when Gabra2 was inactivated
early in neural stem cells or later in migrating neuroblasts. Our
work demonstrates that early GABAergic synaptic transmis-
sion is an important determinant for the development and
function of adult-generated OB interneurons.

Specificity and efficiency of a2-subunit deletion of GABA ,Rs

Adult-born GCs express GABA ,Rs early in development and are
responsive to GABAergic signals already in the neurogenic zone
and in the RMS (Platel et al., 2008). Sixteen GABA 4R subunits are
expressed in a time- and location-specific manner in the devel-
oping and adult brain (Laurie et al., 1992; Fritschy and Briinig,
2003). Because GABA 4R subtypes have unique functional prop-
erties, they may differentially regulate distinct steps of adult neu-
rogenesis (Duveau et al., 2011). In the SVZ-OB system, multiple
GABA R subunits have been detected in neonatal neuroblasts
(Stewart et al., 2002) and polysialylated neural cell adhesion
molecule-positive progenitors derived from neurospheres
(Nguyen et al., 2003). Adult GCs also express distinct GABA,Rs
mediating tonic and phasic inhibition. Here, we focused on a2—
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GABA 4Rs, which represent the majority of
postsynaptic receptors expressed in GCs
and are absent from mitral and tufted cells
(Panzanelli et al., 2009). We silenced these
receptors by two means. We injected a Cre—
eGFP-encoding lentivirus into the RMS of
adult a2-FL mice, and we used an eGFP-
encoding lentivirus in GLAST::creERT2 */~
mice previously treated with Tam. We
found that deletion of the a2-subunit oc-
curs =3 weeks after injection of the lentivi-
ral vector. Therefore, in the first model (i.e.,
o2-FL mice), a2-GABA sRs were removed
only after newly formed GCs had already
reached the OB, thus avoiding potential
compensatory mechanisms that could take
place during earlier development. In the sec-
ond approach, a2—-GABARs were deleted
in adult neural stem cells (i.e., GLAST ™
cells) before their final neuronal commit-
ment. Remarkably, most of the observations
made with the first model were validated by
the second approach, thus ruling out any
potential bias attributable to early GABAer-
gic signaling that was preserved in develop-
ing GCs of a2-FL mice. It is also worth
noting that, in both genetic models, the dra-
matic reduction of a2-GABA,Rs was not
compensated by the a3-subunit, resulting
in a severe reduction of the amplitude and
frequency of spontaneous synaptic GABA-
ergic events. As expected, however, the
strongly decreased expression of GABA,Rs
correlated with reduced amplitude and fre-
quency of spontaneous synaptic GABAergic
events. These functional alterations were ev-
ident already at 14 dpi, preceding the loss of
a2-subunit or gephyrin clusters seen mor-
phologically. This discrepancy may reflect
the greater sensitivity of electrophysiological
analysis, probing not only synapse density
but also the number of receptors active in
each synapse and their functional proper-
ties. In addition, because the rise time of
sIPSCs was unchanged after deleting the
a2-subunit, we conclude that the down-
regulation of GABAergic currents is homo-
geneous between the somatic and dendritic
compartments. The currents that remain in
GCs of a2-FL mice have a kinetic profile
consistent with GABA,Rs containing the
a3-subunit (Schofield et al., 2009). Notably,
these small and slow currents were not suf-
ficient to rescue the maturation of newborn
GGs.
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Figure 4.  Altered excitatory inputs in newbom GCs from ce2-FL mice. 4, C, Representative images of dendritic spines on the apical

dendrites of eGFP ™ cells of WT and c:2-FL micein the GCL () and EPL (€) at 30 and 90 dpi. B, D, Quantification of spine density (mean +
SEM) on apical dendritesin the GCL (B) and EPL (D); one-way ANOVA with post hoc tests (*p << 0.05; for general statistical analysis, see Table
7). E, Quantification of PSD95 clusters colocalized with eGFP on the spines and shaft of apical dendrites at 30 and 90 dpiin the EPL (mean ==
SEM; *p << 0.05, Bonferroni's post hoc test). F, Images (3-D projection) depicting PSD95-immunoreactive clusters (red) on eGFP * spine-
like structures and dendritic shafts in the EPL at 90 dpiin WT and cx2-FL mice; colocalization s depicted in yellow (arrowheads). G, H, Double
immunoelectron microscopy for gephyrin (silver grains, arrowheads) and eGFP (*) in eGFP ™ GCs of ce2-FL mice. Each pair of serial sections
depicts an asymmetric (excitatory) synapse (arrow) formed by a mitral cell dendritic profile on an eGFP ™ GC dendrite profile, whichin turn
makes a gephyrin-positive (arrowhead) symmetric synapse on the same mitral cell profile. The crossed arrows in H point to an asymmetric
synapse onto an eGFP~ spine profile. /, Representative traces of SEPSCs recorded at —70 mV at 14 dpi.J-L, Histograms of SEPSC frequency
(hertz) (/), amplitude (picoamperes) (K), and decay time constant (milliseconds) (L) in GCs from WT and c2-FL mice (mean == SD). For
statistical analysis, see Tables 3 and 4 B; WT and ar2-FL groups were compared by one-way ANOVA, followed by Bonferroni's post hoc tests

(*p < 0.05;**p < 0.01). Scale bars: 4, €, 5 um; F, 2 um; G, H, 0.2 um.

Despite these postsynaptic altera-
tions and the loss of gephyrin clusters caused by Gabra2 inac-
tivation, innervation by GABAergic terminals was not visibly
affected. This finding is in line with previous studies showing that
postsynaptic GABA,Rs are not essential for inhibitory synapto-
genesis (Panzanelli et al., 2011). Finally, in both experimental
settings, Gabra2 inactivation did not affect GC survival (as as-
sessed by quantifying the number of eGFP * cells in the GCL),

indicating that functional GABAergic synapses are dispensable
for long-term survival of adult-born GCs.

Impaired dendritic and synaptic development in GCs with
decreased GABAergic input

GABA is considered as a key actor at early stages of adult neuro-
genesis. In the SVZ, it reduces the number of proliferative neural
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stem cells via tonic activation of GABA,Rs (Liu et al., 2005).
Similarly, GABAergic signaling controls neuroblast migration in
the RMS via paracrine effects (Bolteus and Bordey, 2004; Ge et al.,
2006; Platel et al., 2008). These early functions demonstrate that
GABA spillover might provide important information to neural
stem cells and migrating progenitors about the size of the popu-
lation of neuroblasts already formed (Platel et al., 2007). How-
ever, although GABA controls these early developmental stages,
the function of GABAergic signaling on the ensuing maturation
of GCs has remained elusive.

We show here that reducing synaptic transmission medi-
ated by a2-GABA,Rs in developing GCs has detrimental
effects on their structural maturation. Specifically, postsynap-
tic GABA,Rs are required to control dendritic growth and
spine formation after GCs have reached their final destination
in the OB. During their maturation, adult-born GCs receive
synaptic inputs from several distinct glutamatergic and
GABAergic neurons (Whitman and Greer, 2009; Kelsch et al.,
2010; Nissant and Pallotto, 2011). Furthermore, GC matura-
tion is characterized by an initial overproduction of spines and
glutamatergic synapses, followed by a phase of synaptic prun-
ing (Whitman and Greer, 2007), likely corresponding to a
phase of maturation during which synapses are refined by
activity-dependent mechanisms. Strikingly, this window of in-
creased plasticity was suppressed in newborn GCs lacking the
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a2-subunit, in which dendritic length and spine density re-
mained constant during the entire developmental period.
Therefore, functional a2—-GABA,Rs at afferent GABAergic
synapses are essential for proper synaptic integration of adult-
born GCs. This conclusion supports another study showing
that blockade of GABA,Rs triggered a rapid stabilization of
new dendritic segments in acute OB slices (Gascon et al.,
2006). Of particular interest is the fact that the reduced spi-
nogenesis in mutant GCs was accompanied by a persistence of
PSD95 clusters on dendritic shafts up to 90 dpi. We showed
previously in WT mice that dendro-dendritic synapses ini-
tially form on the shaft of GC dendrites, before being trans-
ferred to spines (Panzanelli et al., 2009). Our present results
indicate that this morphological rearrangement is disrupted in
mutant GCs, most likely reflecting an intrinsic deficit in spine
formation.

The mechanisms by which GABA R activation contributes to
regulate dendritic development and glutamatergic synaptogen-
esis are unclear. One possibility is that GABAergic transmission is
linked to signaling cascades controlling multiple aspects of neu-
ronal development. Indeed, in the dentate gyrus, GABA supports
neuronal maturation by increasing the expression of transcrip-
tion factors and by regulating CREB-dependent transcriptional
events (Tozuka et al., 2005). At the dendritic level, GABAergic
activity may be essential for regulating local activity patterns and
calcium transients that are involved in the stabilization and mat-
uration of axo-dendritic contacts in hippocampal neurons (Lo-
hmann and Bonhoeffer, 2008).

The present results also reveal apparent differences in the role
of 2-GABA ,Rs during maturation of adult-born GCs in the OB
and in the dentate gyrus (Duveau et al., 2011). In the latter study,
analysis of both global Gabra2 inactivation and single-cell dele-
tion with Cre™ viruses demonstrated normal initial dendritic
growth and spine formation, followed by excessive dendritic
pruning in 4- to 6-week-old cells. This dendritic pruning was
prevented by pharmacologically reducing glutamatergic synap-
togenesis, suggesting that it either was a homeostatic mechanism
to preserve inhibitory—excitatory balance in newborn neurons or
it was a consequence of activity-dependent dendritic develop-
ment. This phenotype is relatively mild compared with the one
reported here in OB GCs and likely reflects the fact that al-
GABA,Rs are primarily preserved in the dentate gyrus during
Gabra2 inactivation, implying a less dramatic impairment of
postsynaptic GABAergic function. These studies collectively in-
dicate that functional a2-GABA,Rs are required for normal
structural development and functional maturation of adult-born
neurons in the brain.

Absence of activity-dependent regulation in new neurons
lacking GABAergic input

Our study supports an important role of GABAergic synaptic
transmission for the activity-dependent selection of synaptic
connectivity that occurs during a critical window of maturing
GCs (Lledo and Gheusi, 2003). Because the OB circuit is only
one synapse away from the external world, we sought to ex-
amine the potential role for GABA in mediating circuit re-
modeling induced by sensory experience (Saghatelyan et al.,
2005). When challenging the degree of sensory inputs to the
OB, we found that neither sensory enrichment nor sensory
deafferentation caused significant changes in spine density in
GCs lacking a2—GABA,Rs. This observation indicates that
functional afferent GABAergic synaptic transmission is re-
quired for structural adaptations occurring in adult-born GCs
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as a response to sensory stimulation during the phase of den-
dritic/spine exuberance. Therefore, GABAergic transmission
in adult-generated GCs may set appropriate levels of local
inhibition to support a critical period of plasticity, as also
shown in other sensory systems (Hensch, 2005). Additional
studies will have to explore whether the crucial contribution of
a2—GABA ,Rs to activity-dependent plasticity depends on the
depolarizing or hyperpolarizing action of GABA.
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