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GABA Signaling Promotes Synapse Elimination and Axon
Pruning in Developing Cortical Inhibitory Interneurons
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Accumulating evidence indicates that GABA acts beyond inhibitory synaptic transmission and regulates the development of inhibitory
synapses in the vertebrate brain, but the underlying cellular mechanism is not well understood. We have combined live imaging of cortical
GABAergic axons across time scales from minutes to days with single-cell genetic manipulation of GABA release to examine its role in
distinct steps of inhibitory synapse formation in the mouse neocortex. We have shown previously, by genetic knockdown of GABA
synthesis in developing interneurons, that GABA signaling promotes the maturation of inhibitory synapses and axons. Here we found
that a complete blockade of GABA release in basket interneurons resulted in an opposite effect, a cell-autonomous increase in axon and
bouton density with apparently normal synapse structures. These results not only demonstrate that GABA is unnecessary for synapse
formation per se but also uncover a novel facet of GABA in regulating synapse elimination and axon pruning. Live imaging revealed that
developing GABAergic axons form a large number of transient boutons, but only a subset was stabilized. Release blockade led to
significantly increased bouton stability and filopodia density, increased axon branch extension, and decreased branch retraction. Our
results suggest that a major component of GABA function in synapse development is transmission-mediated elimination of subsets of
nascent contacts. Therefore, GABA may regulate activity-dependent inhibitory synapse formation by coordinately eliminating certain

nascent contacts while promoting the maturation of other nascent synapses.

Introduction

Synaptic innervation by GABAergic interneurons in the neocor-
tex is often characterized by specificity and robustness (Huang et
al., 2007). For example, basket interneurons selectively target the
soma and proximal dendrite of pyramidal neurons, and a single
basket cell innervates hundreds of pyramidal neurons with tens of
synapses on each target cell (Tamas et al., 1997; Somogyi et al.,
1998). Such perisomatic inhibitory innervation contributes to
the effective control of the output and synchrony of pyramidal
neurons (Bartos et al., 2007; Doischer et al., 2008), but the un-
derlying developmental mechanisms are primarily unknown.
During early postnatal weeks, the developing rodent neocortex
consists of highly diverse and intermingled cell types. A growing
basket interneuron axon therefore explores a highly complex cel-
lular milieu with many potential synaptic partners, yet eventually
achieves characteristic perisomatic innervation by early adoles-
cence. How molecular recognition and synaptic activity cooper-
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ate to guide GABAergic synapse formation remains poorly
understood. At developing excitatory synapses, glutamate trans-
mission coordinates many aspects of synapse development, from
activity-dependent validation and maturation to competition
and plasticity (Zheng et al., 1994; Wong and Wong, 2001; Zhang
and Poo, 2001; Tashiro et al., 2003). Accumulating evidence in
the past few years suggests that, similar to glutamate at develop-
ing excitatory synapses, GABA may coordinate presynaptic and
postsynaptic maturation at inhibitory synapses (Huang, 2009),
but the underlying cellular mechanism remains unclear.

A logical approach to study the role of GABA in inhibitory
synapse development is to block GABA transmission and exam-
ine the consequence. However, such experiments have not been
performed, mainly because conventional pharmacological (e.g.,
GABA receptor antagonists) or genetic (e.g., germline deletion of
GABA synthetic enzymes or receptors) (Ji et al., 1999; Patrizi et
al., 2008) approaches to block GABA transmission grossly alter
circuitactivity levels, thus their effects on activity-dependent syn-
apse development would be difficult to interpret. Here we
adopted a genetic strategy to completely block either GABA syn-
thesis or release in single GABAergic neurons. GABA is synthe-
sized by two isoforms of glutamic acid decarboxylase (GAD),
enzymes GAD67 and GAD65 (Soghomonian and Martin, 1998).
In rodent neocortex, GAD67 contributes to ~90% of the GABA
synthesis, whereas GAD65 is responsible for the remaining
~10% and is primarily localized to a presynaptic terminal (Pinal
and Tobin, 1998). GABA is loaded into synaptic vesicles by a
single vesicular transporter (VGAT) (McIntire et al., 1997). Using
the Cre/loxP system, we deleted either both isoforms of GAD or



332 - J. Neurosci., January 4, 2012 - 32(1):331-343

vGAT in single basket interneurons. These manipulations in
sparse neurons should have rather minimal impact on circuit
activity levels. In addition, we restricted genetic deletion to spe-
cific stages of inhibitory axon and synapse development, thereby
circumventing any earlier developmental consequence of GABA
blockade (GABA°%"). Furthermore, by labeling of GABA "<
interneurons and high-resolution imaging, we examined the
acute effects of GABA blockade on synapse morphogenesis, the
chronic effects on axon extension and the retraction process, and
the outcome on synapse density and axon arbor.

Materials and Methods

Mice and DNA constructs. Gad67 ™™ mice were a gift from Dr. R.
Palmiter (University of Washington, Seattle, WA). Gad65 '~ mice were
a gift from Dr. S. Baekkeskov (University of California, San Francisco,
CA). vGAT ™™ mice were a gift from Dr. B. Lowell (Harvard Medical
School, Boston, MA). To create a conditional GABA knock-out,
Gad67 ™™ and Gad65 ™/~ mice were bred together to generate mice of
genotype Gad67 ™/™:Gad65 */ . These animals were then used as breed-
ers to generate Gad67 ™™:Gad65 ™" and Gad67 ™1:Gad65 '~ ani-
mals in the same litter.

Pg,-GFP, Cre, Syn-GFP, and tdTomato were described previously
(Chattopadhyaya et al., 2007). The Neurexin 13-SEP construct (Fu and
Huang, 2010) was cloned into the P, construct.

Slice culture and biolistic transfection. Slice culture and biolistic trans-
fection were performed as described previously (Chattopadhyaya et al.,
2004). Single-cell deletion of both GADs was done in organotypic cul-
tures made from Gad67 ™™:Gad65 ~/~ mice. Basket cells were biolisti-
cally cotransfected with P.,-GFP and P,-Cre to knockout both GADs
by Cre-mediated recombination and label the cell with GFP at the same
time. Single-cell deletion of VGAT was done in organotypic cultures
made from vGAT ™ mice using the same method.

Cortical injection of adeno-associated virus and tissue processing. Postnatal
day 18 (P18) mice (of either sex) were anesthetized with an intraperitoneal
injection of ketamine/xylazine mixture (0.13 mg/g, 0.01 mg/g body weight).
A small hole in the skull was made using a dental drill (Henry Schein), 1 mm
anterior from lambda and 4 mm from the midline. The dura was slightly
punctured, and virus was delivered by pressure injection using a glass mi-
cropipette (tip size, ~10 um) attached to a Picospritzer (General Valve). The
glass micropipette was lowered to 0.5 mm below the pia surface. To inject
virus into the brain, air puffs were delivered (25 psi, 10 ms duration) at a
frequency of 0.2—0.4 Hz to inject a virus volume of 0.5—1 ul. The pipette was
then held in place for ~5 min before completely retracting it from the brain.
Adeno-associated virus (AAV)-GFP was used for control animals, and AAV-
GFP-ires-Cre was used for GABA ®°** animals.

At P26, AAV-injected mice were anesthetized (sodium pentobarbi-
tone, 6 mg/100 g body weight) and perfused transcardially with 4% para-
formaldehyde in phosphate buffer, pH 7.4. Coronal sections (80 pum)
were cut from visual cortex using a Vibratome (VT100; Leica). Brain
sections were blocked in 10% normal goat serum and 1% Triton X-100.
Slices were then immunostained with anti-NeuN (monoclonal, 1:400;
Millipore Corporation) and anti-parvalbumin (Pv) antibody (rabbit,
1:1000; Sigma-Aldrich) for analysis of bouton size or anti-GABA (rabbit,
1:1000; Sigma-Aldrich) and Pv (mouse, 1:1000; Sigma-Aldrich) for anal-
ysis of GABA levels, followed by Alexa594-conjugated anti-rabbit IgG
and Alexa633-conjugated anti-mouse IgG (1: 400; Invitrogen); they were
mounted in Vectashield mounting medium (Vector Laboratories).

Immunohistochemistry for synaptic markers. Organotypic cultures were
fixed overnight at 4°C in 4% paraformaldehyde in phosphate buffer, pH
7.4, frozen and thawed in 30% sucrose in PBS, and subjected to immu-
nofluorescence as described above for brain sections. Freeze-thaw is
known to increase exposure of antigen and sensitivity of immunostain-
ing in brain tissue. Primary antibodies are used at the following concen-
trations: VGAT (rabbit antibody to vGAT, 1:200; Synaptic Systems),
gephyrin (mouse antibody to gephyrin, 1:400; Synaptic Systems),
GADG65 (mouse antibody to Gad65, 1:1000; Millipore Corporation).

Confocal image acquisition and analysis. Images from confocal planes
were acquired with a 63X oil-immersion objective (NA 1.4; Zeiss) using
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a confocal microscope (LSM 510 or 710; Zeiss). Scans from each channel
were collected in multiple track mode and subsequently merged. Care
was taken to use the lowest laser power, and no bleedthrough was visible
between Alexa594 and Alexa488 channels. For each cell, one to three
image stacks in Zoom 1 (134.95 X 134.95 um) were taken. Images were
acquired using the same acquisition parameters for all the samples.

To quantify axon density, we perform a maximum intensity
Z-projection and draw a polygon connecting the outermost tips of neu-
rites, creating an outline of the axon arbor in the Z-projection. Axon
density is defined as the percentage of GFP+ pixels inside this polygon.

We determined bouton density by measuring the total length of axon
and counting the total number of varicosities. Axons were traced, and
varicosities were labeled using NeuroLucida software (MicroBright-
Field). Bouton size was measured by the diameter of a bouton perpen-
dicular to the basket axon using Zeiss LSM software. All quantifications
were done blind to the genotype.

Two-photon laser-scanning microscopy. Live slice cultures were imaged
using a custom-built two-photon laser-scanning microscope based on an
Olympus laser-scanning microscope (Olympus America). We used a
60X objective (NA 0.9; Olympus) and the Ti-sapphire laser (Chameleon
Ultra; Coherent) as the light source. All imaging experiments were per-
formed with 910 nm unless noted otherwise. Fluorescence was detected
in whole-field detection mode with a photomultiplier tube (Hamamatsu
Corporation). Laser power was adjusted so that additional power failed
to reveal previously undetected boutons. Optical sections were collected
at 0.5 wm spacing. Slices were kept in a transparent chamber with ACSF
(in mu: 2.5 KCI, 1 MgSO,, 2 CaCl,, 25 NaHCO,, 1.25 NaH,PO4, 126
NaCl, and 14 glucose) saturated with 95% O,/5% CO, and maintained at
35°C (Inline heater; Warner Instruments).

Two-photon microscopy data acquisition and analysis. Image acquisi-
tion was by Fluoview (Olympus). Several time-lapse protocols were used.
For observing Syn-GFP formation at equivalent to postnatal day 18
(EP18; P3 plus 15 d in vitro), a two-photon Z-stack was taken every 1 min
for 60 min. For examining Syn-GFP puncta dynamics at EP24, a two-
photon Z-stack was taken every 15 min for 2 h. For examining axonal
filopodia dynamics, a two-photon Z-stack was taken every 10 min for 3 h.
Typically, one to two Z-stacks were imaged of each cell (512 X 512,47 X
47 pm, Z depth of 30—50 wm). The imaged axon areas were 70—-150 um
away from the cell body.

Puncta were analyzed by custom-made Matlab applications. Briefly, a
projection of 20-30 wm Z-stack of puncta was made for subsequent
analysis individually. A look-up table was set by taking into account of
the 10% brightest pixels and 10% dimmest pixels. Puncta were thresh-
olded (cut off at 5 times the background using the mean thresholding
method) and binerated. The fate of each punctum was tracked in all the
time series. Puncta intensity was measured by masking the binerated
punctum area back to the grayscale image.

Filopodia were analyzed by tracing the axon arbor and calculating the
number of filopodium sites. Filopodia were defined as 0.3-1.5 wm pro-
trusions coming out perpendicular from the axon.

Long-term time-lapse confocol microscopy and analysis. Images were
acquired with a 20X long working distance objective (NA 0.7; Zeiss) on
a confocal microscope (LSM 710; Zeiss). Slices were kept in a heated
chamber (35°C) with 5% CO,, which was the same condition as in the
incubator. Right before the 3 d experiment, slices were transferred into
the glass-bottom Petri dishes (number 1.5 glass; MatTek). Scans were
collected at a Z interval of 3 wm from the tdTomato channel (Zen soft-
ware; Zeiss). Care was taken to use as little laser power as possible to
minimize the phototoxicity effect. For each cell, every imaging session
was <2 min. Only one cell was imaged in one slice. Images were acquired
every day for 3 consecutive days. Images were saved as TIFF files.

Images were analyzed with Image]. Projections were made, and the
StackReg Plug-in (EPFL) was used to align the images so as to identify the
dynamics of axon terminals over days. The change of branch length (in
micrometers) was measured by the Simple Neurite Tracer Plug-in of
Image]. An Excel spreadsheet was generated to record each dynamic axon
terminal’s status over 3 d.

Immunoelectron microscopy. P26 mice were anesthetized with sodium
pentobarbitone (6 mg/100 g body weight, i.p.) and perfused immediately
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with 100 ml of 0.2% glutaraldehyde and 2% PFA in 0.1 M phosphate
buffer, pH7.4. One hour after perfusion, the brains were removed and 50
um Vibratome (VT100; Leica) sections were cut coronally from the vi-
sual cortex. Sections were cryoprotected in 2% glycerol and 20% DMSO
in 0.1 M PBS, for 15 min, and freeze-thawed twice in liquid nitrogen.
These were then incubated overnight in the primary antibody (1:600
GFP; Millipore Corporation) in PBS at 4°C and for 2 h at room temper-
ature in a biotinylated secondary antibody (1:500 goat anti-rabbit Fab
fragment; Jackson ImmunoResearch Laboratories). To reveal the label-
ing, avidin—biotin—peroxidase complex (ABC Elite; Vector Laboratories)
was used for 2 h and incubated in 3,3’-diaminobenzidine tetrachloride
(Fluka) and 0.015% hydrogen peroxide. After enhancement, the sections
were then washed, postfixed in osmium tetroxide, and embedded in
Epon resin (Fluka). Once cured, the regions of interest were localized
with the light microscope, and this area was cut away from the section.
This was then attached to a blank resin block and serially thin sectioned at
athickness of between 50 and 60 nm. Images were acquired with a Philips
CM12 electron microscope with a filament voltage of 80 kV using a
digital camera (Megaview 3; SIS). Image series of serial sections were
aligned and registered with TrakEM2 (Cardona et al., 2010). Serially
reconstructed boutons were rendered in Blender software.

Electrophysiology recording. Single whole-cell recordings of fluorescent-
labeled cells (basket cells) were made with Axopatch 200B or 700B am-
plifiers (Molecular Devices), using an upright microscope (BX51;
Olympus) equipped with infrared-differential interference contrast (IR-
DIC) optics and an fluorescence excitation source. Both the IR-DIC
image and fluorescence image were captured with a digital camera (Mi-
crofire; Optronics). Organotypic slice culture was rapidly moved into the
recording chamber and perfused with oxygenated ACSF (in mwm: 124
NaCl, 2.5 KCl, 2 MgSO,, 2 CaCl,, 1.25 NaH,PO,, 26 NaHCO,, 11
D-glucose, pH 7.35, ~300 mOsm) at 32-34°C. The internal solution of
the recording pipette contained (in mm) 130 K-gluconate, 15 KCI, 10
Na-phosphocreatine, 10 HEPES, 4 ATP-Mg, 0.3 GTP, and 0.3 EGTA,
adjusted to pH 7.3 with KOH and to ~300 mOsm. The pipette resistance
was 3-5 M{). Signals were recorded and filtered at 2 kHz, digitalized at 10
or 20 kHz (DIGIDATA 1322A; Molecular Devices), and further analyzed
using the pClamp 9.0 software (Molecular Devices) for intrinsic
properties.

Statistical analysis. Differences among three groups were assessed with
one-way ANOVA on ranks with Dunn’s post hoc test for not normally
distributed data. Differences between two groups were assessed with
Student’s t test.

Results

Blockade of GABA release in developing basket interneurons
results in higher axon and bouton density

We have developed a cortical organotypic culture system, which
recapitulates many aspect of basket interneuron development
and allows single-cell labeling and genetic manipulations (Chat-
topadhyaya et al., 2004). Between EP14 and EP24, basket in-
terneurons undergo extensive axon and synapse growth and
begin to achieve their characteristic perisomatic innervation pat-
tern (Chattopadhyaya et al., 2004). We have systematically exam-
ined the effects of a progressive reduction of GABA synthesis on
axon development by combining germline deletion of Gad65 and
conditional deletion of Gad67. Previously, we have shown that
germline deletion of Gad65 (i.e., Gad67 "/ *;Gad65 ~/~) did not
affect axon development (Chattopadhyaya et al., 2007) (Fig.
la,b,e; p > 0.05; n = 5 for each genotype), but deletion of one or
two alleles of Gad67 in single basket interneurons resulted in
simpler axon arbor and smaller boutons (Chattopadhyaya et al.,
2007). Here we found that a further reduction of GABA lev-
els by removing a Gad65 allele in GAD67—/— basket cells
(i.e., Gad67 ' ;Gad65 /™) resulted in, similar to Gad67 ~/7;
Gades 7', simple axon arbors (Fig. 1¢,e; p < 0.05; n = 5 for each
genotype). However, a total depletion of GABA in basket cells by
deleting both enzymes (i.e., Gad67 ' ;Gad65 '~ or Gad '
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Fig. 1d,e) resulted in the opposite phenotype, a twofold increase
in axon density over wild-type (WT; i.e., Gad67 *'*;Gad65 */™)
cells. Indeed, GAD ~/~ neurons showed exceptionally dense axon
arbors as well as substantially higher bouton density (Fig. 1g,j;
p < 0.001; n = 5 for each genotype). These phenotypes were
unlikely to have resulted from a pathological change of cell iden-
tity attributable to GABA depletion because Gad ~'~ neurons
showed normal biophysical properties identical to WT fast-
spiking basket interneurons (Fig. 2).

To rule out the possibility that the overgrowth of axons and
boutons resulted from a nonspecific effect of abolished GABA
synthesis (e.g., more accumulation of glutamate), we blocked
GABA release in basket cells without disrupting GABA synthesis
using slice cultures from the vGAT X mice (Tong et al., 2008).
The phenotypes of VGAT '~ and Gad '~ basket cells were
nearly identical (Fig. 1h): axon density increased significantly
from 16.0 = 1.3% in the control (Ctrl) cells to 29.6 = 2.1% in
Gad ™'~ cellsand 26.7 = 3.2% in vGAT ~'~ cells (Fig. 15 mean =
SD; p < 0.001; n = 10 cells for each genotype); the average
interbouton distance is decreased from 3.1 £ 0.3 wm in the
control cells to 2.3 * 0.4 um in the Gad ™/~ cellsand 2.4 = 0.2
wm in the vVGAT ~/~ cells (Fig. 1j; mean = SD; n = 10 cells for
each genotype).

Blockade of GABA release results in smaller and more
homogenously sized boutons

In addition to an increase in bouton density, blockade of GABA
release resulted in smaller and more similar-sized boutons. The
average bouton diameter decreased from 0.806 * 0.006 um in
controls to 0.568 * 0.003 um in Gad '~ and 0.624 * 0.004 wm
invGAT ~/™ neurons (Fig. 3a; mean = SEM; p < 0.001; # = 1000,
100 boutons from 10 cells for each phenotype). The cumulative dis-
tribution of bouton size was almost identical between Gad '~ and
VvGAT ~/~ but was different from controls (Fig. 3b; Kolmogorov—
Smirnov test, p > 0.05 between Gad ™'~ and vGAT '~ p < 0.001
between Gad ~'~ and Ctrl or vGAT ~'~ and Ctrl; n = 1000, 100
boutons from 10 cells for each phenotype). Notably, the size of
GABA ®**boutons had a much narrower distribution with a signif-
icantly smaller coefficient of variation (Fig. 3¢; p < 0.001; n = 1000,
100 boutons from 10 cells for each phenotype).

We extended these studies to adolescent visual cortex in vivo.
We used an adeno-associated virus that expresses Cre and GFP
(AAV-GFP-ires-Cre) to inactivate either GAD or vGAT by inject-
ing it into the visual cortex of Gad67™™;Gad65 '~ mice or
VGAT ™™ mice, respectively. AAV-GFP-ires-Cre injected at P18
efficiently deleted the floxed alleles assayed at P26. For example,
in the visual cortex of the Gad67 ™™,Gad65 '~ mouse, basket
cells (identified by parvalbumin immunoreactivity) no longer
contained GABA, whereas basket cells in nearby uninfected visual
cortex area expressed GABA immunoreactivity (Fig. 3d). We an-
alyzed perisomatic boutons around pyramidal cells because these
boutons were formed primarily by basket cells. In control mice,
GFP-labeled basket axon terminals surround NeuN-positive py-
ramidal cell somata with distinct boutons separated by regular
interbouton intervals. Boutons in Gad67 ™"™;Gad65 '~ mice
and vGAT ™™ mice are smaller and less distinct (Fig. 3e). In the
visual cortex of Gad67 ™™,Gad65 '~ mice and vVGAT ™™ mice
infected with AAV-GFP-ires-Cre, perisomatic boutons are sig-
nificantly smaller (Fig. 3f; p < 0.001; # = 150 from three animals
for each genotype) and more homogeneous in size (Fig. 3g; Kol-
mogorov—Smirnov test, p < 0.001; n = 150 from three animals
for each genotype), similar to organotypic cultures.
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Blockade of GABA release induces basket cell axons and bouton overgrowth. a—d, Comparison of axon arbors in basket cells with different GABA levels at EP24. Basket cells were

transfected at EP18. a, A control (Ctrl, Gad67 */™";Gad65 ™/ ) cell with a complex axon arbor. b, A Gad67 */*;Gad65 ~/~ cell showed an axon arbor comparable to control. ¢, A Gad67 ~/~;
Gad65 ™'~ cell showed a simple axon arbor. d, A Gad67 ~/~: Gad65 '~ cell showed an over exuberant axon arbor. Scale bar, 100 wm. e, Quantification of local axon density in basket cells with
different GABA levels. Compared with Ctrl cells, there was no difference in Gad67 Tt Gades ' cells (p>0.05, Mann—Whitney test), asignificant decrease in Gad67 ~/~Gad65 T cells (p<
0.05, Mann—Whitney test), and a highly significant increase in Gad67 ~/~:Gad65 '~ cells (p < 0.001, one-way ANOVA, post hoc Dunn's test; n = 5 cells for each group). 1, A control basket cell
(green) at EP24 with an extensive axon arbor that innervates hundreds of nearby pyramidal cells. 2, Axon branches carry prominent presynaptic boutons. £3, Terminal branches innervate pyramidal
cell soma with numerous clustered boutons (arrowheads; red, NeuN immunostaining). Scale bars: 1, 100 wm; £2, 10 wm; f3,2 wm. g, A Gad ~/~ basket cell shows overall similar arbor size (g7
but increased axon and bouton density (g2) around pyramidal cell soma (g3). h, vGAT ~/~ basket cells display a similar phenotype as Gad ~’~ cells. i, Axon density is significantly increased in
Gad ~/~ and vGAT ~/ cells compared with controls (n = 10 basket cells for each group; one-way ANOVA, post hoc Dunn’s test, p < 0.001). j, Interbouton distances are significantly reduced in

Gad ~/~ and vGAT /™ cells compared with controls (n = 10 basket cells for each group; one-way ANOVA, post hoc Dunn’s test, p < 0.001). Asterisks indicate p < 0.05.

GABA transmission is not necessary for inhibitory synapse
formation per se

We used several assays and criteria to evaluate whether the supra-
numerous boutons in GABA "°** basket cells represented synap-
tic contacts. For presynaptic markers, we examined vGAT in
Gad /" cells and GADG65 in vGAT /~ cells. In control cells,
90.0 * 4.3% of GFP-labeled boutons colocalized with vGAT (Fig.
4a), and 80.4 * 3.8% of GFP-labeled boutons colocalized with
GADG65 (data not shown). GABAP* cells showed similar colo-
calization: 84.7 * 4.4% of boutons in Gad /" cells contained
vGAT (Fig. 4b), and 80.9 * 6.5% of boutons in VGAT ™'~ cells
contained GAD65 (data not shown) (mean = SD; p > 0.05; n =
3 cells in each genotype). Analysis of the postsynaptic markers
gephyrin and B2 subunit of GABA , receptors shows that both are
similarly localized opposed to GABA '°* and control boutons. In
control cells, 98.8 == 0.8% of boutons were opposite to gephyrin
clusters (Fig. 4¢), and 73.9 = 1.8% of GFP-labeled boutons were
opposite to GABA , receptor B2 (Fig. 4e). GABA " cells showed

similar ratios: 99.4 * 0.4% of boutons in VGAT '~ cells were
opposite to gephyrin (Fig. 4d), and 71.7 * 3.5% of boutons in
VGAT ™/~ cells were opposite to GABA, receptor B2 (Fig. 4f;
mean * SD; p > 0.05; n = 3 cells in each genotype). These results
suggest that presynaptic and postsynaptic components are re-
cruited to contact sites independent of GABA release. In addition,
we examined the effect of release blockade on the localization of
the essential synaptic adhesion molecule neurexinlf3. We re-
cently developed a method to detect the membrane-inserted
form of neurexinl and showed that neurexinlf is specifically
localized to presynaptic boutons of basket interneurons(Fu and
Huang, 2010). In control cells, Nrx1B-SEP (a neurexinlf3-
synaptopHlorin fusion protein) was often concentrated to a re-
stricted area within a bouton with variable sizes among different
boutons (Fig. 4¢). In Gad ~/~ cells, Nrx13-SEP retained specific
localization to axonal boutons but invariably occupied a very
small area (Fig. 4h). Indeed, these Nrx1B-SEP patches were sig-
nificantly smaller and much more homogenous in size (size of
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half-width, and fast-spiking adaptation (FS) (n = 6 cells for each group; numbers present mean = SD; ¢ test, p > 0.05).

0.025 = 0.002 versus 0.0168 = 0.001; mean = SEM; coefficient of
variance, 0.48 = 0.03 versus 0.35 = 0.02; mean = SEM; Student’s
t test, p < 0.001 for both Nrx1B-SEP size and coefficient of vari-
ance; n = 150 from three cells of each genotype). This phenotype
is highly concordant with the small and homogenous bouton
morphology in Gad /™ cells and suggests that without GABA
release, GABAergic boutons retain key synaptic adhesion mole-
cule and weak presynaptic and postsynaptic interactions.
Furthermore, we examined the localization of synaptic vesicle
components using synaptophysin-GFP (Syn-GFP) fusion pro-
tein (Wiedenmann and Franke, 1985; Sudhof et al., 1987; Nakata
et al., 1998). Syn-GFP puncta colocalize with inhibitory presyn-
aptic markers such as vGAT (Fig. 4i). Syn-GFP puncta colocalize
with GABA P boutons, identical to their localization in control
cells (Fig. 4j,k). Consistent with the bouton density result, the
density of Syn-GFP was significantly higher in GABA"'** cells
(Fig. 41; one-way ANOVA, post hoc Dunn’s test, p < 0.001; n = 5
cells from each genotype). These results indicate that most, if not

all, GABA"'°®* boutons contain synaptic vesicles and release
machinery.

Finally, we examined the ultrastructure of GABA"°* bou-
tons in visual cortex in vivo using electron microscopy. The
visual cortex of Gad67™™;Gad65 '~ mice or vGAT ™/
mice was infected with AAV-GFP-ires-Cre from P18 to P26.
GFP immunoprecipitates (manifested by the darker color)
were used to identify GABA®'°* perisomatic boutons, and
nearby GFP-negative perisomatic boutons served as controls.
All GFP-positive (i.e., GABA %K) boutons that we observed
formed symmetric contacts with typical features of periso-
matic inhibitory synapses such as an active zone, synaptic ves-
icles, and mitochondria (Fig. 4n; 12 boutons from three
animals). These GABA"°® boutons showed ultrastructural
morphology similar to the nearby control boutons (Fig. 4m; 15
boutons from three animals). Together, our results suggest
that inhibitory synapse formation per se is independent of
GABA transmission.
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Increased stability of nascent synaptic a

boutons after blockade of GABA release = —
Our experimental system allowed us to g

examine the acute effect on synapse mor- % %87
phogenesis in the time scale of minutes to ‘é 0.6 -

hours as well as chronic effects on axon & 04
development in the course of several days. 2 ’

Because our geneticblockade of GABAre- ~ £0.2 1

lease involved several steps including ex- 0

pression of Cre recombinase (which takes
at least 612 h), deletion of the Gad67 or
VGAT genes, and clearance of existing
GADG67 or vGAT proteins [half-life, 4—14
h (Christgau et al., 1991; Rasmussen et al.,
2002)], we estimated that it might take
2-3 d from biolistic transfection until
GABA blockade to exert an effect on axon
and synapse overgrowth.

To examine the acute impact of GABA
signaling on synaptogenesis, we transfected
basket cells in Gad67™™;Gad65 '~ or
VGAT ™™ glice cultures with Pg,-Cre and
Pe7 Syn-GFP together at EP16 and imaged
the dynamics of Syn-GFP puncta at EP19, a
period of extensive axon growth and syn-
apse proliferation (Chattopadhyaya et al.,
2004). Because synaptophysin is an integral
component of synaptic vesicle, Syn-GFP
puncta are thought to represent transmitter
release sites; their size and stability likely re-
flect the maturation status of presynaptic
terminals. As the time course of synapse as-
sembly is on the order of tens of minutes
(Ruthazer et al., 2006; Sabo et al., 2006), we
repeatedly imaged Syn-GFP puncta every
minute for 60 min. In control basket cells,
we observed frequent and substantial Syn-
GFP puncta dynamics (Fig. 5a): puncta ap-
peared, disappeared, and translocated along
the axon; their intensity fluctuated signifi-
cantly over tens of minutes. Although many transient puncta
appeared and disappeared during the 1 h imaging session, there
was only 1.1 * 1.8% (mean * SD; n = 5 cells) puncta net gain at
the end of the session. Consistent with this observation, the aver-
age interpuncta distance (IPD), calculated by dividing the length
of an axon stretch with the total number of puncta along the
stretch, was not significantly different between t0 (3.5 = 0.2 um)
and t60 (3.4 £ 0.2 um) (Student’s ¢ test, p > 0.05; mean * SEM;
n =5 cells). In control basket cells, Syn-GFP puncta accumulated
at many sites throughout axon length but frequently disassem-
bled. It is possible that transient puncta represent weak release
sites associated with labile contacts by which developing basket
axons explore postsynaptic targets, and the more stable puncta
may represent more lasting contacts that would more likely ma-
ture into synapses. In Gad /™ cells, on the other hand, Syn-GFP
puncta were more stable (Fig. 5b). Puncta detected at t0 mostly
persisted through the imaging session, new puncta that appeared
often persisted, and the peak intensity of puncta remained stable
during the session. There was a 4.4 = 3.9% (mean * SD;n =5
cells) net gain of puncta at the end of the imaging session. The
average interpuncta distance, either at t0 (2.5 = 0.2 um) or t60
(2.4 = 0.2 wm), was significantly smaller than that of control cells
(Fig. 5d; Student’s ¢ test, p < 0.001; n = 5 for each genotype).
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Blockade of GABA release in developing basket interneurons results in smaller and more homogenously sized bou-
tons. a, In organotypic cultures, perisomatic bouton size is significantly reduced in Gad ~/~ and vGAT ~/ cells compared with
controls (10 cells for each group and 100 boutons from each cell; one-way ANOVA, post hoc Dunn’s test, p << 0.001). Bar represents
mean. Error bars represent SEM. b, The cumulative distribution of bouton size in mutant cells is shifted toward the smaller size
(Kolmogorov—Smirnov test, p << 0.001). ¢, The variance of bouton size is significantly smaller in mutant cells (one-way ANOVA,
posthocDunn’s test, p < 0.001). d, In visual cortex, Gad67 ™™:Gad65 ~/~ mice and AAV-GFP-ires-Cre-infected basket interneu-
rons (arrowheads; blue, Pvimmunostaining) show no GABA immunostaining (red) 7 d after injection compared with neighboring
untransfected basket cells (arrows). Scale bar, 20 um. e, Gad ~/~ andvGAT /™ cells (in vGAT ™™ mice) in the visual cortex have
smaller perisomatic boutons (arrows) compared with control cells. Pyramidal cell somata are labeled by NeuN (red). Note that the
interval between boutons appears reduced in these mutant cells. Scale bar, 2 wm. f, Bouton size is significantly reduced in infected
Gad ~/~ and vGAT ~/~ cells compared with controls (3 animals for each group, 50 boutons from each animal; one-way ANOVA,
post hoc Dunn’s test, p << 0.001). Bars represent the mean. Error bars represent SEM. g, The cumulative distribution of bouton size
in mutant cells is shifted toward the smaller size (Kolmogorov—Smirnov test, p << 0.001). Asterisks indicate p << 0.05.

To further characterize and compare the dynamic properties
of transient puncta between control and Gad /= cells, we defined
a parameter called minimum average interpuncta distance
(mIPD). This was calculated first by dividing the length of an
axon segment (range, 7—15 wm) with the maximum number of
Syn-GFP puncta (i.e., including all transient puncta) that ap-
peared along that segment in a 60 min period; values from differ-
ent segments were then averaged. Interestingly, mIPD in control
(2.7 = 0.2 um), Gad '~ (2.5 + 0.2 wm), and vGAT '~ (2.5 +
0.2 um) cells were not significantly different (Fig. 5¢; one-way
ANOVA, post hoc Dunn’s test, p > 0.05; n = 5 for each genotype).
This result suggests that axons in each group formed transient
contacts at a similar density, which was likely to be an intrinsic
property of developing basket axons independent of GABA trans-
mission. Importantly, at either t0 or t60, the average IPD in
GABA"°* cells, although significantly smaller than that of control
cells, was not different from their mIPD (one-way ANOVA, post hoc
Dunn’s test, p > 0.05; n = 5 for each genotype). These data indicate
that the higher Syn-GFP puncta density in GABA** axons re-
sulted from an enhanced stability of transient puncta at the nas-
cent contact sites. Together, these results suggest that a basket cell
axon, while exploring potential postsynaptic partners, forms a
large number of transient contacts that recruit synaptic vesicles
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Release blocked GABAergic boutons represent bona fide synapses. a, Control basket cell presynaptic boutons (green, arrowheads) around a pyramidal cell soma (red) colocalize with the

presynaptic marker vGAT (blue). Scale bar, 5 pm. b, Perisomatic boutons (green) from Gad ~/~ basket cells remain colocalized with vGAT (blue). ¢, Control presynaptic boutons (circled) are
juxtaposed to the postsynaptic marker Gephyrin (red). Scale bar, 1 ium. d, vGAT ~/~ presynaptic boutons (circled), although much smallerin size, remain juxtaposed to gephyrin. e, Control boutons
(green) are juxtaposed (white arrowheads) to postsynaptic GABA, R 32 (red). Scale bar, T wm. f, vGAT ~/~ boutons (green), although much smaller in size, remain juxtaposed to postsynaptic
GABA, R 2. g, Expression pattern of neurexin13-SEP in control axon together with TdTomato. Neurexin13-SEP puncta localized to subregions within boutons (arrowheads), with substantial
variations in puncta size independent of bouton size revealed by tdTomato signals. Scale bar, 1 um. h, Ina Gad ~/~ axon, neurexin13-SEP puncta remain localized to boutons (arrowheads) but
appear homogenous and tiny in size. i, Syn-GFP puncta are colocalized to presynaptic marker vGAT. Scale bar, 2 wum. j, k, Syn-GFP puncta localize to axonal boutons in a control basket cell (f) (labeled
by tdTomato) and ina Gad ~/~ basket cell (k). Scale bar, 5 um. Arrowheads point to examples of Syn-GFP puncta that are colocalized with tdTomato-labeled boutons. /, Local reconstruction of
controland Gad ~/~ basket cell axons (red lines) with Syn-GFP puncta (green dots). The average interpuncta distances of Syn-GFP punctain Gad —/~ and vGAT ~/~ cells are significantly decreased
compared with controls (n = 5 cells for each group; p < 0.05, Mann—Whitney test). Scale bar, 5 wm. Asterisks indicate p < 0.05. m, n, Serial EM sections showing a control (m) and Gad '~ (n)
basket cell bouton, which forms a symmetric synapse with a postsynaptic cell soma in P26 visual cortex. GFP labeling was conferred by AAV-GFPires-Cre injection into Gad67 ™™:Gad65 ~/~ mouse
cortex from P18 to P26. Both unlabeled (Ctrl) and labeled (Gad ~/~, arrow, labeled by dark precipitate from immunogold against GFP) boutons contain misshaped vesicles, typical of GABAergic
synapses, which cluster around the active zone (arrow). The synaptic cleft appears typically narrower than those of asymmetric synapses (arrowheads) that are found on nearby dendrites. Scale bar,

500 nm. 3D reconstructions from serial EM images of the same WT and Gad ~/~ axonal boutons are shown at the bottom, respectively.

that release GABA. Many of these transient release sites are
quickly disassembled, possibly because of the unfavorable nature
of the axon—target interactions. Importantly, GABA transmission
is likely necessary to distinguish favorable and unfavorable
contacts.

Blockade of GABA transmission suppresses disassembly of
Syn-GFP puncta

We also examined the effect of blocking transmission at a later
developmental stage when a characteristic pattern of perisomatic
innervation begins to emerge (approximately EP24). We transfected
basket cells in VGAT ™™ slice cultures with Cre and Syn-GFP at
EP21 and imaged the dynamics of puncta at EP24. Two-photon
image stacks were collected ata 1 wm Z-interval every 15 min during
a 2 h session. Images were projected, thresholded, and binerated to
outline and track individual punctum over time. In control cells,
93.0 = 4.8% of the puncta remained stable over 2 h (Fig. 6a).
Whereas 3.0 £ 0.9% new puncta were added, 8.8 * 4.8% were

eliminated (mean = SD; n = 5 cells, 533 boutons). In vGAT ~/~
cells, on the other hand, 97.6 = 1.0% of Syn-GFP puncta were stable
(Fig. 6b). Importantly, whereas 8.5 = 2.0% new puncta were added,
only 2.4 = 1.0% were lost (mean = SD; n = 5 cells, 684 boutons).
Quantification shows that control cells show a higher percentage of
loss, whereas vVGAT /™ cells have a higher gain of puncta (Student’s
t test, p < 0.001). Interestingly, both lost and newly formed puncta
had lower Syn-GFP intensity compared with more stable puncta
(Fig. 6¢,d). These data suggest that blockade of GABA transmission
may suppress the elimination of weak and transient contact, result-
ing in increased Syn-GFP puncta stability and density.

Release blockade increases filopodia extension

In the target innervation area, synapse formation is an integral
component of axon arbor growth. Synapse formation not only
anchors and stabilizes a newly extended axon branch but also
serves as new site of branch extension. To explore the influence of
release blockade on basket cell axon growth, we imaged the dy-
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namics of filopodia, which often extend
from presynaptic boutons, sample local
targets, and form transient contacts dur-
ing axon development (Niell et al., 2004;
Wierenga et al., 2008), and a subset be-
comes stabilized and mature into axon the
branch (Hua et al., 2005). To assess the
effect of blocking GABA release on axon
growth, we labeled basket cell axons with
P67-GFP or Pgq,-GFP/ P4,-Cre and ex-
amined filopodia dynamics at EP19 (Fig.
7a—c). Time-lapse Z-stack images were
taken every 10 min for 3 h. We defined
filopodia as processes of 0.3-1.5 um in
length that protrude from presynaptic
boutons. These boutons and filopodia
were frequently located and dynamic
around pyramidal cell soma, the site of
perisomatic synapses (data not shown). In
GABA** cells, filopodium density was
significantly higher compared with con-
trol (Fig. 7d; 0.09 = 0.01 and 0.08 =
0.01/pm vs 0.05 = 0.01/pwm; mean * SD;
one-way ANOVA, post hoc Dunn’s test,
p < 0.05). This result suggests that with-
out transmission, basket cell axons extend
more filopodia to search for postsynaptic
targets, which might, in part, be the result
of the increased number and stability of
boutons labeled by Syn-GFP puncta (Fig.
47). The likelihood of a filopodium to pro-
trude from a bouton (defined by [number
of filopodium]/[number of bouton]) was
higher in GABA"°** cells than in controls
(Fig. 7e; p < 0.05; n = 5 cells for each geno-
type). In addition, more boutons were
added in the GABA"® cells than in the
control cells (Fig. 7f; one-way ANOVA, post
hocDunn’s test, p < 0.05; n = 5 cells for each
genotype) over the 3 h imaging session,
which may contribute to the increased bou-
ton density in the GABA ™ axons (Fig. 1).

Blockade of transmission promotes
axon extension and suppresses

branch retraction

To examine how chronic blockade of
GABA transmission results in axon over-
growth, we performed time-lapse imaging
of GFP-labeled axons over a 3 d period in
organotypic cultures. We tracked the
axon arbor structure and followed the fate
of each dynamic branch. In total, we char-
acterized 299 branches from 9 control
cells and 443 branches from 11 vGAT ~/~
cells (see examples in Fig. 8a—d). The dis-
tribution of the change in branch length
appears skewed toward larger changes in

the vGAT ~/~ cells than in the control cells (Fig. 8e). Because the
distributions of branch changes do not fit any standard distribu-
tion (e.g., normal distribution, gamma distribution, exponential
distribution, etc.), to determine whether the distributions of the
Ctrland vGAT ~/" cells is statistically significant, we performed a
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Figure5.  Increased stability of Syn-GFP puncta after blockade of GABA release. a, Dynamics of Syn-GFP puncta along a stretch

of control basket cell axon at EP19. Note that puncta appear (green arrows) and disappear (red arrows) over a 60 min period. The
profile plot shows that the intensity of signals fluctuates (areas shaded in red), reflecting puncta dynamics. b, Dynamics of Syn-GFP
puncta along astretch of vGAT ~/~ axon at EP19. Puncta are more stable, and a new one appeared (40, green arrows). The profile
plotalong the axon shows that the intensities are relatively stable (shaded in blue), reflecting the more static nature of vGAT ~/~
puncta. ¢, The mIPDs in Ctrl, Gad ~/~,and vGAT ~/~ axons are not significantly different (one-way ANOVA, post hoc Dunn's test,
p > 0.05). d, The average interpuncta distances are smallerin Gad ~/~ and vGAT ~/~ axons than in Ctrl axons at both t0 and t60
(one-way ANOVA, post hoc Dunn’s test, p << 0.05). Note that, at EP19, most synGFP puncta are small regardless of genotypes,
compared with those of EP24 control cells (Fig. 1f); in fact, synGFP punctain E19 Gad /™ cells appear larger than in control cells,
likely because these puncta are more stable in Gad ~/~ cells than those that are more mobile in control cells, Asterisks indicate p << 0.05.
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Figure 6.  Blockade of GABA release reduces elimination of Syn-GFP puncta in developing basket cell axons. a, Dynamics of

Syn-GFP puncta in a Ctrl cell over a 3 h period at EP24. Note that punctum d is lost at t120. Scale bar, 1 wm. b, Dynamics of a
Syn-punctain vGAT ~/~ cell at EP24. Note that three new puncta appeared over the 3 h period. Puncta 10 and 11 appeared and
disappeared (the puncta 10 and 11 intensity dropped below threshold,) and then appeared again. , d, Plot of puncta intensity
fluctuation over time for puncta annotated in the Ctrl (c) and vGAT = (d) example. Note that newly formed puncta (j and k, for
example) have much lower intensity.

1000 times bootstrap resampling and calculated the mean, me-
dian, skewness, and kurtosis on each resampling. The mean is
0.04 um in the Ctrl cells versus 6.78 um in vVGAT '~ cells. The
median is 0 wm in the Ctrl cells versus 2 um in vGAT ~/~ cells.
The distributions of skewness and kurtosis obtained by this boot-
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Figure7.  Blockade of GABA release results in more filopodia extension in developing basket cell axons. a— , Filopodia dynam-

icsin control (a), Gad /™ (b),and VGAT ~/~ (c) basket cells at EP19. Yellow arrowheads indicate the sites of filopodium extension
overa 3 h period. Top, Axon arbor at t0. Scale bar, 5 m. Bottom (A7-€3), Filopodia extensions at different time points during the
imaging sessions. Scale bar, 2 ,um. Red lines are drawn to annotate the filopodia. d, Filopodium density is significantly increased
in both Gad ~/~ and vGAT ~/~ compared wit controls (one-way ANOVA, post hoc Dunn’s test, p < 0.05; n = 5 cells for each
group). Error bar represents SEM. e, The ratio of boutons bearing filopodia ([number of filopodium]/[number of bouton]) is
significantly increased in both Gad '~ and vGAT ~/~ compared with controls (one-way ANOVA, post hoc Dunn’s test, p << 0.05;
n = 5cells for each group). , The percentage of newly acquired boutons s significantly increased in both Gad '~ and vGAT ~/~
compared with controls (one-way ANOVA, post hoc Dunn’s test, p << 0.05; n = 5 cells for each group). Asterisks indicate p << 0.05.

strap analysis are significantly larger in vVGAT ~/~ cells than in the
control cells (Fig. 8¢; Student’s ¢ test, p ~ 0; skewness are 0.040 in
Ctrl versus 1.318 in vGAT ~/~; kurtosis is 5.050 in Ctrl versus
5.965in vGAT 7/7;p =3.37e ??%). To estimate the measurement
error, we measured the distance between 20 pairs of fiducial
points, defined as markers of unchanged structures, such as two
easily identifiable and stable points on the primary dendrite of a
basket cell, over 3 d. By plotting the histogram of residual values,
we determined that our measurement error is +2.27 um (data
not shown). We therefore categorized branch changes =<2.5 um
as “stable.” Branches that changed >2.5 um were classified into
four categories (Sin et al., 2002): (1) “extend,” present on all 3 d
and grew longer; (2) “added,” did not exist on day 1; (3) “re-
tracted,” present on all 3 d but became shorter at day 3; (4) “lost,”
present on day 1 and then disappeared.

The proportions of different mode branch dynamics were,
overall, rather balanced between growth and retraction in control
cells, with 3.5% added, 25.0% extended, 2.0% lost, and 24.6%
retracted versus 44.9% stable. vVGAT ~/ cells, on the other hand,
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exhibited branch behaviors that signifi-
cantly favored axon growth: 4.6% added,
45.4% extended, 1.2% lost, and 15.4% re-
tracted versus 33.4% stable (Fig. 8f; x°
test, p < 0.001). Notably, there was almost
a doubling of the proportion of the ex-
tended branches and a near-50% reduc-
tion in the proportion of the retracted
branches in vGAT '~ cells compared
with controls. In addition, the average
growth rate of the “extended branch”
group in VGAT /" cells was twofold
higher than in controls (+20.0 and +10.5
um/d, respectively), whereas the retrac-
tion rate in the “retracted branch” group
did not differ between the two cell groups
(—9.7 vs —9.6 um) (Fig. 8g). These data
suggest that developing basket cell axons
are highly dynamic during EP19-EP21.
The overall arbor growth is superimposed
after an approximate equilibrium between
progressive and regressive events with a sub-
tle bias toward branch addition/extension
over branch loss/retraction. Branch addi-
tion and extension co-occur with synapse
formation (Fig. 9). Ithasbeen suggested that
branch addition and extension are stabilized
by synapse formation in Xenopus motor
neuron axon growth (Javaherian and Cline,
2005). Branch loss and retraction likely re-
flect the exploration of potential synaptic
targets and may, in part, result from the
elimination of transient or weak contacts
with unfavorable targets. Blockade of trans-
mission resulted in more frequent branch
extension with a higher growth rate and less
frequent branch retraction, which together
lead to a higher net growth of axon arbors.
These results suggest that basket axon
growth is continuously verified through a
mechanism that involves GABA transmis-
sion, likely at developing synaptic contact
sites. In particular, GABA transmission
may prune branches bearing inappro-
priate contacts by promoting the elimination of inappropriate
transient synapses.

ctrl Gad”- vGAT-

Discussion

As an integral step of neural circuit assembly, synapse formation
is guided by genetic programs and neural activity (Lichtman and
Colman, 2000; Zhang and Poo, 2001; Hua and Smith, 2004). As a
direct mediator of neural activity, synaptic transmission not only
reflects the functional status of synapse maturation but also pro-
vides the appropriate spatial and temporal precision to validate
or eliminate connections. At the vertebrate neuromuscular junc-
tion, although acetylcholine transmission is not necessary for the
differentiation of motor axon terminals, it regulates multiple as-
pects of synapse development including the distribution of syn-
apses in the target field, the number of synaptic sites per target
cell, and the number of axons per synaptic site (Misgeld et al.,
2002). In the vertebrate CNS, glutamate transmission regulates
numerous aspects of excitatory synapse development and plastic-
ity (Zheng et al., 1994; Wong and Wong, 2001; Tashiro et al.,
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Figure 8.  Blockade of GABA release results in reduced branch pruning and increased branch extension. a, From EP19 to EP21, the growth of a basket cell axon arbor involves branch addition
(yellow arrows)/extension (red arrows) and loss (green arrows)/retraction (blue arrows). b, vGAT ~/= axon arbors show much more extension events (red arrows) and much less loss/retraction
(green arrows) events. Scale bar. 50 um. ¢, d, Higher-magnification view of the boxed axon terminals in the control (¢) and vVGAT ~/ (d) cells. ¢, Note thatin the control cell, a branch extended (red
arrow) in day 2and then retracted in day 3 (green arrow); another branch was added (yellow arrow) in day3. d, Inthe VGAT ~/~ cell, abranch extended (red arrow) in day 2 and then further extended
in day 3 (red arrow). Scale bar, 10 um. e, Histogram showing branch dynamics of Ctrl and VGAT ~~ cells with a lowest smoothed line drawn over the bin heights. Each bin contains 50 data points.
Insets, Distributions of skewness and kurtosis of the 1000 bootstrapped values. f, The distribution of each of five branch behaviors in control and vGAT ~~ cell axons are significantly different (2
test, p < 0.001), with twice as many extended branches (green) and half as many retracted (blue) branchesin VGAT ~/~ cells. g, InvGAT ~/~ cells, the increase in axon length in extended branch
group is significantly greater than that in control cells (Student’s ¢ test, p << 0.001). However, there is no significance between the reduction in axon length in the retracted branch group compared
with that in control cells. Error bars represent SEM. Asterisks indicate p << 0.05.
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Figure 9.

distinct boutons along axon branches from cto d. Scale bar, 10 wm.

2003; Hua and Smith, 2004; Hua et al., 2005). In the past few
years, accumulating evidence indicates that, similar to glutamate
at developing excitatory synapses, GABA may coordinate pre-
synaptic and postsynaptic maturation at inhibitory synapses
(Huang, 2009). However, the precise role of GABA, and neu-
rotransmitter in general, in distinct steps of CNS synapse forma-
tion, such as initial contact, validation, and maturation, remains
not well understood.

Although several studies have examined the role of trans-
mitter release in CNS synapse development (Verhage et al.,
2000; Varoqueaux et al., 2002), their interpretation has been
complicated by the broad effects caused by a germline deletion
of components of transmitter release machinery. These ma-
nipulations block transmission and eliminate neural activity
in the entire CNS and throughout development, leading to
neonatal lethality and grossly altering the synapse formation
process. As a result, much of the synapse development that
proceeds during postnatal period could not be examined.
Here we blocked GABA release in single interneurons and
used live imaging to examine the effects on synapse and axon
development from minutes to several days. These studies al-
lowed us to tease apart the specific role of GABA at different
steps of synapse development with spatial and temporal reso-
lution that has not previously been achieved.

Basket cell axon branch growth is accompanied by bouton formation. Two-photon images of the same basket axon
terminal branches on 2 consecutive days. From P18 to P19, branch extension (long arrow), branch retraction (short arrow), and
bouton formation (arrowheads) are observed. a/b and ¢/d are from two different basket cells. Note the appearance of numerous
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Opposite effects of GABA reduction vs
blockade on inhibitory

synapse formation

We have shown previously that reduction
of GABA synthesis by GAD67 knockdown
in basket cells resulted in reduced synapse
density, size, and axon arbor, indicating
that GABA signaling promotes the matu-
ration of inhibitory synapses (Chattopad-
hyaya et al., 2007). Here we show that a
complete blockade of GABA release, ei-
ther by removing GAD67 and GADG65 or
by removing vGAT in single basket cells,
yields an opposite effect, overprolifera-
tion of small synapse and overgrowth of
axons. Our current data not only demon-
strate that GABA is not necessary for syn-
apse formation but also suggest that
GABA regulates synapse elimination. In-
deed, this latter novel facet of GABA func-
tion probably can only be uncovered by a
complete blockade of GABA release at
single-cell level. These results do not con-
tradict our previous findings because re-
duction and blockade of GABA release are
qualitatively different manipulations, and
together they reveal two different and
likely interrelated aspects of GABA func-
tion in inhibitory synapse development.
The key to reconcile and integrate the two
seemingly paradoxical effects of GABA is
to consider the dynamic process of inhib-
itory synapse formation shown by our live
imaging experiments, which revealed fre-
quent formation of transient contacts and
the elimination as well as maturation of
these nascent synapses.

Role of transient contacts and their activity-dependent
elimination in synapse development

CNS synapse assembly and disassembly proceed in the time
course of minutes to hours (Ziv and Garner, 2004; McAllister,
2007). Our study is the first to observe developing inhibitory
synapses in the minute-range time resolution and has yielded
insights into the dynamic process of inhibitory synapse forma-
tion. Along developing basket cell axons, we found tight correla-
tion between Syn-GFP puncta, which label vesicular release sites,
and morphological boutons, consistent with our previous results
(Chattopadhyaya et al., 2007). This indicates that in our system,
as in other developing circuits validated by EM (Ruthazer et al.,
2006), Syn-GFP puncta are an excellent proxy of synaptic contact
sites, although we cannot rule out the possibility that some of the
smallest particles could represent transport packets (Ahmari et
al., 2000; Ahmari and Smith, 2002; Sabo et al., 2006). We found
that Syn-GFP puncta frequently appear, disappear, and translo-
cate along the axon during the period of inhibitory synapse for-
mation. These results provide evidence that developing basket
axons form a large number of transient contacts, many of which
are quickly eliminated. It is likely that in a complex cellular envi-
ronment such as the developing cortex, even short-range diffuse
cues are insufficient to guide axon—target recognition. Therefore,
a general strategy for the developing basket cell axon might be to
form contacts, more or less, indiscriminately throughout its
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length as a necessary step to engage cell-
surface cues and neurotransmission to
evaluate the targets. This could be fol-
lowed by selective pruning of contacts via
neurotransmission. Importantly, GABA
transmission seems to have a dominant
role in the validation, and especially the
elimination, of nascent contacts. Acute
blockade of transmission results in in-
creased stability of release sites and nas-
cent contacts and reduced elimination.
Chronic blockade results in a bias of axon
growth dynamics toward extension over
retraction, and eventually an over exuber-
ant axon arbor studded with dense and
small “synaptic contacts.”

GABA transmission may promote the
elimination of certain transient
contacts while stimulating the
maturation of other nascent synapses
We propose a model that integrates cur-
rent and previous findings (Fig. 10). A de-
veloping cortical basket cell axon explores
a complex cellular milieu consisting of in-
termixed and closely juxtaposed potential
targets by forming a large number of tran-
sient contacts throughout its length.
Many of these nascent contacts are elimi-
nated either because of the mismatch of
cell type and subcellular compartments or
weaker strength compared with neighbor-
ing contact sites. Importantly, these tran-
sient contacts contain release machinery
and mediate GABA transmission. The
strength of transmission might provide
a measure of relative strength among
nearby synaptic contact sites and contrib-
ute to competition among these sites. For
example, GABA transmission at one con-
tact site may emit a “punishing signal”
(Lichtman and Colman, 2000) to weaken
the neighboring sites, unless the latter are
protected by their own transmission activi-
ties. Nearby contacts may also compete for
limited presynaptic resource, such as com-
ponents of vesicle release machinery. There-
fore, GABA transmission may mediate
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Figure 10. A model on the role of GABA transmission in inhibitory synapse and axon development. A developing GABAergic
axon (light blue) explores potential synaptic targets (pink rectangles) by making transient synaptic contacts. Dark pink rectangles
represent appropriate targets; light pink rectangles represent inappropriate targets. These transient contacts contain release
machinery (e.g., synaptic vesicles represented as green circles) and mediate GABA transmission; the strength of transmission
might provide a measure of the relative strength among nearhy contact sites. GABA transmission may result in an activity-
dependent redistribution of synaptic resource, such as removal from weak sites to promote their elimination and supplement to
stronger sites to promote their further maturation, thereby promoting competition among these sites. Through GABA transmission
(arrow), transient contacts at the inappropriate targets are eliminated, whereas those at the appropriate targets are validated and
strengthened. Synapse maturation may result in branch stabilization, new branch extension and growth (WT). At inappropriate
contacts, the elimination of transient synapses may lead to the pruning of branches. Reduction of GABA transmission (GABA */~)
preserves such competition mechanism for synaptic elimination but may limit the capacity to support synapse maturation, there-
fore resulting in reduced synapse density and strength, and a simple axon arbor. Without GABA transmission (GABA '), GABAe-
rgic axons cannot discriminate between appropriate and inappropriate targets and strong and weak contacts. Thus, appropriate
contacts cannot be validated and mature, and inappropriate contacts cannot be eliminated, resulting in increased bouton density
and small and more homogenously sized boutons. Such increases in bouton density and stability result in more branch extension
and less pruning, leading to massive growth of axon arbor.

dependent GABAergic synapse formation. Because synapse forma-

activity-dependent redistribution of synaptic resource, such as re-
moval from weak sites to promote their elimination and supplement
to stronger sites to promote further maturation. Reduction of GABA
transmission (e.g., in GAD67 knockdown or deletion) preserves
such a competition mechanism but reduces the capacity to support
synapse maturation, therefore resulting in reduced synapse forma-
tion and density (Chattopadhyaya et al., 2007). On the other hand, a
complete blockade of transmission disables this key mechanism for
measuring the strength of nascent synaptic contacts. As a result,
most nascent contacts cannot be eliminated, evenly share synaptic
resources (e.g., synaptic adhesion molecules, vesicle release machin-
ery, etc.), and manifest as small and similar-sized “synapses.” There-
fore, GABA transmission may act as a “double-edged sword” to
eliminate weak or inappropriate contacts as well as to promote the
maturation of appropriate contacts, thereby regulating activity-

tion stabilizes the axon branch and promotes branch growth, and
synapse elimination may precede and result in branch retraction, we
suggest that the effect of GABA transmission on axon arbor devel-
opment is likely rooted in its function in synapse elimination and
validation. All together, our study provides deeper insight into the
regulatory role of GABA in activity-dependent development of in-
hibitory synapses and axons.

Our findings raise a number of questions. First, the mecha-
nism of synapse elimination downstream to GABA transmission
is unknown. Whether there is a punishing signal or competition
for a presynaptic resource, such mechanisms likely are sensitive
to the relative strength of transmission among nearby sites along
the axon. Second, the substantial increase in synapse density
throughout GABA "'°* axons raises the question of whether some of
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these aberrant synapses are made onto ectopic targets, such as incor-
rect cell types or subcellular compartments. In the rodent retina,
blocking neurotransmission from presynaptic ON bipolar cell alters
synapse number but not the connectivity to ON retinal ganglion cells
indicating that transmission is not necessary for synapse specificity
(Kerschensteiner et al., 2009). In the cortex, although basket in-
terneurons normally form perisomatic synapses, only ~30% are on
the pyramidal soma and the rest are on proximal dendrites (Tamas et
al., 1997; Wang et al., 2002). Thus, only a rigorous quantitative anal-
ysis with simultaneous presynaptic and postsynaptic labeling could
reveal whether the cellular and subcellular specificity of synapse for-
mation is compromised by transmission blockade in basket cell ax-
ons. This possibility warrants investigation because it would provide
evidence that although synapse specificity might be guided by mo-
lecular cues, the execution of molecular cues in developing verte-
brate circuits may be intertwined with and dependent on synaptic
transmission, such as shown for the neurexin—neuroligin system (Fu
and Huang, 2010).
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