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Maturation of the Innervation Field of Cortical GABAergic
Interneurons in an Age-Dependent Manner
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Neural activity guides the patterning of neuron synaptic territory in the developing nervous system. Evidence supporting this hypothesis
comes from numerous studies on projection neurons in neuromuscular and visual systems. It is unknown whether the innervation field
of GABAergic interneurons, which forms local dense innervations, follows similar rules.

Cortical basket cells innervate hundreds of pyramidal cell somata and proximal dendrites. Thanks to this connectivity pattern, they can
tightly control neural excitability and synchronization. Here we show that reducing excitation, and thus neurotransmitter release, in
mouse cortical single basket cells in slice cultures decreases the number of innervated cells without changing the pattern of perisomatic
innervation, both at the peak and after the proliferation phase of perisomatic synapse formation. Conversely, suppressing neurotrans-
mitter release in single basket cells can have completely opposite effects depending on the developmental stage. Our results reveal a
remarkably specific and age-dependent role of neural activity and neurotransmission levels in the establishment of the synaptic territory
of cortical GABAergic cells.

Introduction
Basket cells, a subtype of GABAergic interneurons, innervate
hundreds of postsynaptic targets with multiple synapses clustered
around the cell body and proximal dendrites. Their proper func-
tioning is essential for neural network activity, and their dysfunc-
tion has been linked to the occurrence of cognitive dysfunctions
(Huang et al., 2007; Rossignol, 2011).

The establishment of mature innervation by a single basket
cell requires several steps, from finding the right cell target and
selecting the appropriate subcellular location for synapse local-
ization to terminal branch formation and synapse proliferation.
Recent studies have started to elucidate the mechanisms regulat-
ing the maturation of GABAergic innervation. For example, it has
been shown that target selection is mainly regulated by molecular
cues (Ango et al., 2004, 2008), while synapse proliferation is de-
pendent on neural activity levels and GABAergic neurotransmis-
sion (Chattopadhyaya et al., 2004, 2007). Our knowledge of the
molecular mechanisms mediating activity-dependent GABAer-

gic synapse proliferation has also improved; indeed, recent stud-
ies identified several factors that either stimulate (e.g., BDNF,
GAD67, NCAM; for review, see Huang et al., 2007) or inhibit (poly-
sialated-NCAM; Di Cristo et al., 2007) the formation of perisomatic
GABAergic innervation. The interplay among these factors most
likely determines the appropriate number of GABAergic synapses
and the time course of their maturation. All of these studies focus on
the mechanisms regulating the number of GABAergic synapses
formed by a basket cell around single postsynaptic somata; however,
how a basket cell decides the number of target cells to innervate is not
well understood.

After decades of study, researchers have shown that neural
activity plays an essential role in transforming immature circuits
into the organized connections that subserve adult brain func-
tion. The essential role of neural activity in the establishment of
the neural innervation field has been best studied in the visual
system (Huberman et al., 2008), the neuromuscular junction
(Buffelli et al., 2003), and the cerebellum (Bosman and Konnerth,
2009). Cortical GABAergic basket cells differ from retinal gan-
glion cells (RGCs), motoneurons, and climbing fibers in two fun-
damental aspects. First, they form a dense local axonal arbor, as
opposed to long-distance projections to separate targets, and sec-
ond, they use GABA, which is an inhibitory neurotransmitter.
How neural activity levels influence the establishment of a ma-
ture basket axonal arbor territory is unclear.

As key mediators of neural activity, neurotransmitters are par-
ticularly well suited to couple functional neurotransmission with
synaptic morphogenesis and refinement. By using a single-cell
genetic approach to either reduce spiking activity, which in turn
reduces neurotransmitter release, or suppress neurotransmitter
release in single basket cells in mouse cortex, we found that neu-
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rotransmission effects are critically dependent on the maturation
state of the basket cell innervation.

Materials and Methods
Cortical organotypic culture and biolistic transfection. Slice culture prepa-
ration was performed as described by Chattopadhyaya et al. (2004) using
mice pups of either sex. To activate the allatostatin receptor (AlstR),
allatostatin peptide (10 nM, Phoenix Pharmaceuticals) was added with
the culture medium during the specified time window. Gene gun trans-
fection was performed as described by Chattopadhyaya et al. (2004). To
transfect both GFP/AlstR (green)-expressing and tdTomato (red)-
expressing basket cells in the same cortical slice, a set of gold particles was
coated with PG67-AlstR (30 �g) and PG67-GFP (30 �g) constructs and
another set was coated with PG67-tdTomato construct (30 �g). After two
washes with 100% EtOH, the two sets of gold particles were mixed and
used to prepare bullets. In a parallel set of experiments, we transfected
separate cortical slices with either PG67-AlstR together with PG67-GFP or
with PG67-GFP alone, to control that labeling resolution and bouton size
were not dependent on the fluorophore used. The results obtained with
the two labeling strategies were not statistically different and were pooled
together.

Tetanus toxin light-chain (TeNT-Lc)::GFP was a kind gift from Dr. M.
Meyer (King’s College London, UK) and was then cloned into the PG67-
vector (Chattopadhyaya et al., 2004). TeNT-Lc-EGFP is a fusion protein
whose interaction with proteins in the presynaptic terminals could pro-
mote a more compact localization of the fusion protein. EGFP labeling,
therefore, might not faithfully represent bouton area. To control for this
point, we did two sets of experiments. In one set, we transfected slices
with either PG67-TeNT-Lc-EGFP together with PG67-tdTomato or PG67-
EGFP alone. In a second set of experiments, different cortical slices were
transfected with either PG67-TeNT-Lc-GFP or PG67-EGFP. The results
obtained with these two labeling strategies were not statistically different
and were pooled together.

Analysis of basket cell innervation. For each experimental group, we
took care to acquire an equal number of basket cells localized in layers 2/3
and 5/6. Confocal images of the basket cell axon arbors were taken in the
first 150 �m from the basket cell soma using a 63� glycerol objective
(NA 1.4, Leica) and a Leica TCS SPE. Confocal stack size was 116.4 �
116.4 �m with an average depth of 40 –70 �m. Analysis of basket cell
perisomatic innervation and bouton size was performed as described by
Chattopadhyaya et al. (2007). Only innervated cells were included in this
analysis.

To quantify the fraction of pyramidal cell somata potentially inner-
vated by a basket cell axon, we divided the number of NeuN-positive
neurons contacted by at least one GFP-positive-bouton by the total num-
ber of NeuN-positive cells, in a confocal stack taken in the first 150 �m
from the basket cell soma (at least 3 stacks per basket cell). This measure
critically depends from the pyramidal cell density in a confocal stack. We
measured pyramidal cells density and found it to be invariant with re-
spect to the different manipulations. In addition, to control for bias
versus denser zones of the axonal field, 3–5 basket cells per experimental
group were fully reconstructed and the fraction of innervated neurons
was quantified as described above. On average, between 6 and 9 confocal
stacks, with a volume of 174.6 � 174.6 � 70 –150 �m, were necessary to
reconstruct a basket cell.

All data were first averaged per basket cell; thus, statistical analysis was
done using the number of basket cells as n.

Immunostaining and pCREB quantification. Immunohistochemistry
was performed as described by Chattopadhyaya et al. (2004). The follow-
ing antibodies were used: NeuN (monoclonal, 1:400, Millipore), GAD65
(monoclonal, 1:1000, Millipore), and pCREB (Ser133) (rabbit, 1:400,
Cell Signaling Technology). For pCREB, experiments were run in dupli-
cate and images were all acquired the same day using the identical con-
focal parameters and a 20� water-immersion objective (Leica). Z-stacks
were acquired with a 5 �m step, exported as TIFF files, and analyzed
using ImageJ (NIH) software. For each transfected basket cell, pCREB-
positive nuclei were outlined and the intensity levels were measured, after
background subtraction, for both the transfected basket cell and 5 neigh-
boring cells in the same confocal plane. The ratio of pCREB intensity

levels in the transfected versus untransfected neighboring cells was then
calculated and compared across different experimental conditions.

Results
To explore the role of a basket cell’s neural activity and neu-
rotransmission on the establishment of its innervation field, we
employed two methods: (1) we reduced neuron excitability in
single basket cells using allatostatin-mediated activation of the
G-protein-coupled Drosophila allatostatin receptor (AlstR), and
(2) we suppressed presynaptic release of the neurotransmitter
using a targeted expression of TeNT-Lc in single basket cells in
mouse cortical organotypic cultures. The basic features of peri-
somatic innervation of pyramidal cells by basket interneurons
develop in organotypic culture (Chattopadhyaya et al., 2004). In
particular, perisomatic innervation matures significantly after
the second postnatal week in culture and is influenced by altera-
tions in neural activity (Chattopadhyaya et al., 2004).

The activation of AlstRs has been shown to activate endoge-
nous mammalian G-protein-coupled inwardly rectifying K�

(GIRK) channels. Upon binding to its ligand (allatostatin), Al-
stR/GIRK complexes cause membrane hyperpolarization and
consequently a decrease in neural excitability and action poten-
tial firing, which in turn reduces neurotransmitter release (Birgül
et al., 1999). In acute brain preparations and in vivo, acute appli-
cation of allatostatin has been shown to reversibly abolish action
potential firing in cells expressing AlstRs (Zhou et al., 2009; Ma-
rina et al., 2010).

To reduce neural excitability and simultaneously label single
basket cell axons and synapses at high resolution, we used a pre-
viously characterized promoter region (PG67; Chattopadhyaya et
al., 2004) to express by biolistic transfection either EGFP together
with AlstR, or tdTomato alone, in basket interneurons (Fig.
1A1). We then added allatostatin (10 nM) in the culture medium
for 7 d, which activated AlstR in GFP-expressing basket cells
(green) but not in the neighboring tdTomato-expressing ones
(red), in organotypic cultures (Figure 1A2,A3). Like other
G-protein-coupled receptors, AlstR might be desensitized or in-
ternalized with prolonged exposure to its ligand. To check
whether long-term application of allatostatin in our culture con-
ditions was still effective in reducing basket cell excitability 7 d
after the onset of exposure to allatostatin, we used pCREB immu-
nofluorescence as an indicator of neural activity. Basket cells ex-
pressing AlstR and treated with allatostatin from equivalent
postnatal day 17 (EP17; P4 � 13 d in vitro) to EP24, during the
peak of GABAergic synapse proliferation (Chattopadhyaya et al.,
2004) and well after GABA action has become inhibitory, showed
reduced pCREB expression in their nuclei as compared with
neighboring, untransfected cells (Figure 1B,C; mean pCREB ex-
pression in transfected cell/neighboring untransfected cells,
0.91 � 0.09 for control basket cells; 0.63 � 0.07 for AlstR-
expressing basket cells; n � 9 basket cells for ctrl and n � 12 for
allatostatin-treated basket cells, from at least 6 different slices;
Mann–Whitney on ranks, p � 0.05).

Following neural activity and neurotransmission manipulations
in single basket cells, we quantified two aspects of basket cell axon
innervation, the extent of perisomatic innervation around single so-
mata (terminal branching, perisomatic synapse density and size) and
the fraction of innervated somata. We have previously shown (Chat-
topadhyaya et al., 2004, 2007) that the vast majority of GFP-labeled
boutons in our experimental condition most likely represent presyn-
aptic terminals. Allatostatin-mediated reduction of basket cell firing
from EP17–24, during the peak of perisomatic synapse proliferation,
did not affect perisomatic bouton maturation. AlstR-expressing bas-
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ket cells (Fig. 2B, green) treated with allatostatin from EP17–24
formed perisomatic innervation characterized by multiple terminal
axon branches and clustered boutons that were indistinguishable
from allatostatin-treated control cells (Fig. 2A, red; Fig. 2E,F,H;
boutons/soma � SEM � 9.4 � 0.2 for control versus 9.4 � 0.4 for
AlstR-cells, one-way ANOVA, Tukey’s test, p � 0.05; bouton size �
SEM � 0.98 � 0.03 �m for control cells versus 1.00 � 0.04 �m for
AlstR-expressing cells, one-way ANOVA, Holm-Sidak’s test, p �
0.05). However, when comparing the fraction of innervated cells
over the total number of potential targets in a confocal stack, we
found a significant reduction of the percentage of innervated cells by
each basket cell expressing AlstR as compared with controls in the
same allatostatin-treated slice (Fig. 2G; 51 � 3% and 69 � 3%,

respectively, one-way ANOVA, Holm-Sidak’s test, p � 0.05). To
quantify perisomatic innervation, we imaged the basket cell axon in
the first 150 �m from the parent soma, because in this region we
found that the characteristics of the innervation are reproducible
across basket cells. By quantifying innervation percentage in these
axonal fields, however, we might have introduced a bias toward
highly innervated regions. Therefore, we next fully reconstructed
basket axon arbors along with all the pyramidal cell somata, and we
found similar results (Fig. 3; 50 � 3% for AlstR-cells vs 67 � 1% for
controls, t test, p � 0.001). Because basket cell axons also innervate
the proximal dendrites of pyramidal cells, which were not detected in
our analysis, the fraction of innervated pyramidal cells might be
somewhat underestimated. On the other hand, such underestima-

Figure 1. Activation of AlstR reduces activity-dependent increase of pCREB expression. A, Schematics of experimental procedure. Cortical organotypic cultures were biolistically transfected with
PG67-GFP/PG67-AlstR and PG67-tdTomato to colabel allatostatin-expressing cells in green and control basket cells in red in the same organotypic slice. B, C, PG67-GFP/PG67-AlstR transfected basket cells
treated with allatostatin (C) show decreased nuclear pCREB immunoreactivity (C2, arrow) compared with untransfected neighboring cells, whereas pCREB levels in untreated, AlstR-transfected
basket cells (B) do not differ from neighboring cells (B2, arrow). Scale bar, 10 �m.
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tion, if it exists, should equally affect control and AlstR-expressing
cells. Few cells were transfected in each cortical slice (2–10/slice),
thus alterations of global neural activity cannot be responsible for the
observed effects. Together, these results suggest that reduction of
basket cell excitability may affect the number of potential targets

contacted by basket cells without affecting the extent of perisomatic
innervation occurring on contacted cells.

To suppress neurotransmitter release, we used TeNT-Lc fused
with EGFP, which has been shown to efficiently block both
evoked and spontaneous neurotransmitter release in dissociated

Figure 2. Reducing basket cell excitability and suppressing neurotransmitter release have opposite effects during the peak of perisomatic synapse maturation. A, Control basket cell (Ctrl, red) at
EP24 with exuberant innervation field characterized by extensive branching contacting the majority of potential targets, dense boutons along axons (A2), and terminal branches with prominent and
clustered boutons (A3, arrowheads) around pyramidal cell somata (NeuN immunostaining, blue). Stars indicate pyramidal cell somata that are not innervated in the projected confocal stack. B,
AlstR-expressing basket cell (green) treated with allatostatin from EP17–24 shows overall similar axon size and morphology (B1), however, it is easier to find noninnervated targets in the axonal
arbor territory (B2, stars). Terminal branching, bouton size, and density (B3) around innervated pyramidal cell somata appear similar to those from control cells. C, TeNT-Lc-expressing basket cell
(green) shows overall similar axon size (C1). The fraction of innervated targets does not appear affected (C2), however, perisomatic innervations are characterized by more numerous, smaller-
looking boutons (C3, arrowheads) compared with Ctrl cells. A3, B3, and C3 are from regions in A2, B2, and C2. Scale bars (in A1) A1–C1, 50 �m; (in A2) A2–C2, 10 �m; (in A3) A3–C3, 5 �m. D,
GFP or RFP-positive boutons colocalize with GAD65 (blue) in controls, AlstR or TeNT-Lc basket cells, suggesting that even the smaller boutons in TeNT-Lc-transfected cells express GABAergic synaptic
markers. Scale bar, 5 �m. E, F, AlstR-expressing cells show no differences in bouton density (E) and terminal branching (F ) compared with aged-matched controls ( p � 0.05, n.s.), whereas
TeNT-Lc-expressing cells show a statistically significant increase of both parameters (*p�0.05); n�67 perisomatic innervations from 6 control basket cells for controls, 58 innervations from 6 AlstR
basket cells, and 60 perisomatic innervations from 6 TeNT-Lc basket cells. G, At EP24, the fraction of potentially innervated targeted neurons is not affected for TeNT-Lc-expressing cells, but it is
significantly reduced for AlstR-transfected cells (*p�0.05); n�6 basket cells for all experimental groups. H, Bouton size is significantly reduced in TeNT-Lc-transfected cells compared with controls
and AlstR-expressing cells (Kolmogorov-Smirnov (K-S) test, p � 0.001); n � 150 boutons from 6 basket cells for each group. Values in D–F represent mean � SEM.
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hippocampal neurons (Ben Fredj et al., 2010). This manipulation
induced completely different effects from those observed with
AlstR. Basket cells expressing TeNT-Lc from EP17–24 were char-
acterized by denser axonal arbors and an increased number of
smaller, homogenous boutons around the innervated somata
compared with control cells (Fig. 2A,C). Quantitative analysis
showed that terminal branching and perisomatic bouton density
were indeed significantly increased (Fig. 2E,F; boutons/soma �
SEM � 9.4 � 0.2 for controls versus 15.0 � 1.6 for TeNT-Lc-
expressing cells, one-way ANOVA, Tukey’s test, p � 0.05) and
bouton size reduced (Fig. 2 H; bouton size � SEM � 0.98 �
0.03 �m for controls versus 0.60 � 0.03 �m for TeNT-Lc-
cells, one-way ANOVA, Holm-Sidak’s test, p � 0.001). Axon
density was also significantly increased in TeNT-Lc-cells com-
pared with control basket cells (axon length (�m)/volume
(�m 3)(*10 �3) � SEM � 9 � 2 for TeNT-Lc-cells vs 5.7 � 0.4
and 4.7 � 0.6 for AlstR and control cells, respectively, n � 5 for

control and n � 3 for TeNT-Lc and AlstR cells, one-way
ANOVA p � 0.05). On the other hand, the average total bou-
ton density per field was not statistically different in TeNT-Lc-
expressing basket cells compared with AlstR-expressing and
control cells (bouton/10 �m axon length � SEM � 4.1 � 0.2
for controls vs 4.4 � 0.2 and 4.5 � 0.6 for AlstR and TeNT-Lc
cells, one-way ANOVA p � 0.05). The vast majority of GFP-
labeled boutons in basket cells expressing TeNT-Lc colocal-
ized with GAD65, a presynaptic GABAergic marker (Fig. 2 D),
thus suggesting a size reduction of synaptic contacts caused by
the suppression of neurotransmission. Conversely, the per-
centage of innervated somata was not significantly affected
(Fig. 2G), suggesting that the complete blockade of GABA
release might affect local synapse and branches dynamics (the
balance between elimination and addition of new synapses
and branches) without changing the number of target cells
contacted by the basket cell.

Figure 3. Basket cell axon analysis suggests the occurrence of pruning after the peak of perisomatic synapse proliferation. A, Examples of fully reconstructed basket cells. Scale bar, 150 �m. B,
Full axon reconstruction of control basket cells at EP24 and EP32 show that the percentage of potentially innervated cells is significantly smaller at EP32 compared with EP24 (*p � 0.05, n � 5 for
both ages). In addition, AlstR activation from EP17–24 (n � 3) and from EP26 –32 (n � 3) significantly reduces the fraction of innervated cells (*p � 0.05), consistent with what was shown by
quantifying the innervation percentage in confocal stacks acquired in the first 150 �m from the basket cell soma (Fig. 2G).
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Next, we investigated whether these two manipulations could
affect basket cell innervation after the peak of perisomatic bouton
formation, from EP26 to EP32. Similar to what we observed dur-
ing the maturation phase, reducing neural excitability in single
basket interneurons by allatostatin-mediated AlstR activation did
not affect bouton density, terminal branching, or bouton size
(Fig. 4A,B,D,E,G; boutons/soma � SEM � 11.1 � 0.8 for con-
trols vs 11.0 � 0.3 for AlstR-cells; bouton size � SEM � 1.02 �
0.02 �m for control vs 1.01 � 0.01 for AlstR-cells; one-way
ANOVA, Holm-Sidak’s test, p � 0.05), while it significantly re-
duced the percentage of targeted neural somata (quantified in
axonal fields �150 �m from the basket cell soma) as compared
with controls (Fig. 4F; 70 � 3% for controls vs 50 � 3% for
AlstR-cells; one-way ANOVA, Holm-Sidak’s test, p � 0.001).
Surprisingly, suppressing neurotransmitter release in this time
window caused completely different effects as compared with the
earlier phase. TeNT-Lc transfected basket cells formed periso-
matic innervation with fewer terminal axon branches and fewer,
irregular-sized boutons around innervated somata compared
with control cells (Fig. 4A,C). Quantitative analysis showed sig-
nificantly reduced axonal branching, bouton density (Fig. 4D–E;
boutons/soma � SEM � 11.1 � 0.8 for control vs 5.11 � 0.4 for
TeNT-Lc cells; one-way ANOVA, Holm-Sidak’s test, p � 0.05),
and perisomatic bouton sizes (Fig. 4G, mean bouton size �
SEM � 1.02 � 0.02 �m for controls vs 0.76 � 0.05 �m for
TeNT-Lc cells; one-way ANOVA, Holm-Sidak’s test, p � 0.05).
In addition, suppressing neurotransmitter release caused an even
more drastic reduction in percentage of innervated cells as com-
pared with allatostatin treatment (Fig. 4F; 70 � 3% for controls,
50 � 3% for AlstR cells, and 39 � 4% for TeNT-Lc cells; one-way
ANOVA, Holm-Sidak’s test, p � 0.001). Axon density was signif-
icantly decreased in both TeNT-Lc- and AlstR-expressing cells
compared with control basket cells (axon length (�m)/volume
(�m 3)(*10�3) � SEM � 9.6 � 0.6 for controls vs 6 � 2 and
4.5 � 0.5 for AlstR and TeNT-Lc cells, respectively; n � 5 for
control, n � 4 for AlstR, and n � 3 for TeNT-Lc cells, one-way
ANOVA, p � 0.05), while average total bouton density per field
was invariant (bouton/10 �m axon length � SEM � 2.7 � 0.5 for
controls vs 2.6 � 0.6 and 3.7 � 0.6 for AlstR- and TeNT-Lc-
expressing cells, one-way ANOVA, p � 0.05). After EP26, the
number of perisomatic boutons and the extent of terminal
branching are stable overall (Chattopadhyaya et al., 2004, 2007).
By analyzing completely reconstructed basket cell axon arbors,
however, we found that the percentage of contacted cells de-
creased slightly but significantly from EP26 to EP32 (Fig. 3, 67 �
1% for EP24 and 61 � 1% for EP32 basket cells, t test, p � 0.05),
suggesting an ongoing pruning process occurring during this
period.

All together, these results indicate that basket cell excitability
and neurotransmitter release play distinct and specific roles dur-
ing the different stages of the establishment of the basket cell’s
innervation field.

Discussion
Activity guides the patterning of synaptic connections in the de-
veloping nervous system. Specifically, differences in the activity
of converging inputs are thought to cause elimination of synapses
from less active inputs and increase connectivity with more active
inputs. This is supported by numerous studies in the visual and
neuromuscular systems (Buffelli et al., 2003; Ruthazer et al., 2003;
Huberman et al., 2008). However, recent results have challenged
this notion. Studies of RGC axons in the zebrafish tectum showed
that activity could regulate branch addition and stability rather

than retraction (Hua et al., 2005; Ben Fredj et al., 2010). A second
study (Kerschensteiner et al., 2009) showed that rather than en-
gaging in competition, the axons of ON and OFF bipolar cells
refine their connectivity with RGCs independent of one another
even when they converge stably onto a single postsynaptic cell.
Therefore, even for excitatory synapses, there appears to be dif-
ferent mechanisms for the role of activity in circuit refinement.
This makes it even harder to predict how neural activity might
modulate GABAergic innervation, which is characterized by a
dense, local axon arbor, as opposed to projecting inputs, and
involves an inhibitory neurotransmitter.

As key mediators of neural activity, neurotransmitters are par-
ticularly well placed to couple the activation state of a cell with
synaptic morphogenesis and refinement. A previous study from
Chattopadhyaya et al. (2007) showed that single basket cell
knockdown of Gad1, which encodes for GAD67, the enzyme re-
sponsible for the majority of GABA synthesis (�90%; Pinal and
Tobin, 1998) during the maturation of perisomatic innervation,
reduced both perisomatic bouton density and the number of cells
innervated by the affected basket cell. Gad1 knock-out strongly
reduces but does not completely eliminate GABA synthesis, as
GAD65, the other GABA-synthesizing enzyme, is still expressed
in the basket cell. In this study, we used two different approaches
to modulate neurotransmission: allatostatin-mediated activation
of AlstR to reduce neuron excitability and action potential firing,
which in turn reduces neurotransmitter release (Birgül et al.,
1999), and TeNT-Lc expression to suppress both stimulus-
evoked and spontaneous release of synaptic vesicles (Ben Fredj
et al., 2010). Our results show that reducing levels of neu-
rotransmission decreased the number of targeted postsynaptic
cells by a single basket cell in both of the developmental time
windows studied, namely, during and after the maturation of
perisomatic innervation, while suppressing neural transmis-
sion had opposing effects depending on the developmental
stage of the basket cell.

During the maturation phase of perisomatic GABAergic in-
nervation, a minimal level of GABA release seems to be necessary
to engage the mechanisms that select nascent contacts, based
most likely on the correctness of the postsynaptic target or on the
relative synaptic strength compared with neighboring synaptic
contacts. The idea that neurotransmitters inhibit synapse forma-
tion has a precedent in neuromuscular junction formation,
where evidence shows that ACh destabilizes nascent postsynaptic
sites by dispersing postsynaptic receptors, and that one major
physiological role of agrin is to counteract this antisynaptogenic
influence (Misgeld et al., 2005). TeNT-Lc-expressing basket cells
from EP17–24 show a normal innervation pattern in terms of the
number of innervated cells, however, they form more synapses
and terminal branches around each innervated neuron. This re-
sult is consistent with the hypothesis that GABAergic transmis-
sion is not necessary for targeted selection (Huang et al., 2007)
but plays a role in synapse validation and stabilization.

It has been suggested that in the hippocampus, a single pyramidal
cell may receive perisomatic inputs from 5 to 7 basket cells. It is
possible that different basket cells compete for the control of a target
cell, with neurotransmission serving as a natural indicator of the
activity of the basket cells and of the stronger/more efficient syn-
apses. A basket interneuron that is less capable of eliciting a response
from the target than the neighbor basket cells, as in the case of AlstR-
expressing basket cells, may start to lose targets but will still form
normal perisomatic innervation on the targets that are retained. If
GABA transmission is even more drastically reduced, as in Gad1
knock-out cells, the basket cell will start to lose territory and form
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only smaller and fewer synapses on the pyramidal cells that it still
innervates. Our observations are consistent with what has been
shownfortheneuromuscularjunction,whereinteraxonaldifferencesin
the ability of an axon to activate a muscle fiber can account for the

outcome of synaptic competition (Buffelli
et al., 2003; Kasthuri and Lichtman,
2003), therefore suggesting that local cor-
tical interneurons might follow similar
rules for the control of the axonal arbor
territory as projection neurons.

One caveat is that AlstR activation in-
duces hyperpolarization of the entire neu-
ron while TeNT-Lc does not, which could
differentially affect gene expression by the
basket cell and in turn its ability to form or
eliminate synapses. Basket cells transfected
with both AlstR and TeNT-Lc and treated
with allatostatin from EP17 to EP24 form
perisomatic innervations indistinguishable
from those formed by basket cells trans-
fected with TeNT-Lc only (our unpublished
observation), suggesting that reduced cell
excitability does not influence the ability of a
basket cell to form supranumerary synapses
following the suppression of neurotrans-
mitter release. However, we cannot rule out
that presynaptic factors other than neu-
rotransmitter release levels play a role on the
effects observed following AlstR activation.

Further, Ben Fredj et al. (2010) showed
that TeNT-Lc expression completely sup-
pressed evoked neurotransmitter release
and reduced, but did not completely sup-
press, spontaneous fusion of synaptic ves-
icles; thus, a low level of spontaneous
release of GABA may still occur. It is also
possible that TeNT-Lc might block fusion
of vesicles carrying signals other than neu-
rotransmitters. In a recent study, Huang
and collaborators (Wu et al., 2012) com-
pletely blocked GABA release in single
basket cells during the peak of perisomatic
synapse proliferation, either by simulta-
neously removing GAD67 and GAD65 or
by removing the GABA vesicular trans-
porter vGAT, and found increased density
and reduction in size of the boutons
formed by basket cell axons, consistent
with our results. Thus, it is likely that the
majority, if not all, of the effects we ob-
served in TeNT-Lc-expressing cells are
mainly due to the suppression of GABA
release.

In summary, we found that the estab-
lishment of a mature basket axonal arbor
territory occurs in two phases. During the
peak of perisomatic synapse proliferation,
neurotransmitter release plays the dual
role of promoting both synapse elimina-
tion and synapse maturation. It is possible
that GABAergic synaptic transmission
produces two signals, a “protective/re-
warding” signal and an “elimination/pun-

ishing” signal. A less active synapse would have reduced
production of these signals, and thus, in the absence of protec-
tion, would be susceptible to the elimination signal from neigh-
boring, more active synaptic sites. On the other hand,

Figure 4. Suppressing neurotransmitter release after the peak of perisomatic synapse maturation induces a more severe loss of peri-
somatic innervations than reducing neural excitability. A–C, Activation of AlstR from EP26 –32 does not affect terminal branching or
perisomatic boutons formed by AlstR-expressing cells (B3, arrowheads) compared with controls (A3), but it diminishes the number of
potentially innervated postsynaptic cells (A2, B2; stars represent noninnervated pyramidal somata in the projected confocal stack). On the
other hand, TeNT-Lc-expressing cells show a reduction both in percentage of innervated cells (C2) and perisomatic innervation (C3).
Boutons appear more irregular with some large and many smaller ones (arrowheads). A3, B3, and C3 are from regions in A2, B2, and C2.
Scale bars: (in A1) A1–C1, 50 �m; (in A2) A2–C2, 10 �m; (in A3) A3–C3, 5 �m. D, E, Quantification shows that terminal branching and
perisomatic bouton density is significantly affected only in TeNT-Lc-transfected cells, but not by AlstR activation (*p � 0.001); n � 60
perisomatic innervations from 6 basket cells for each experimental group. F, At EP32, both AlstR- and TeNT-Lc-expressing cells show
reduced innervation of pyramidal somata compared with control (*p�0.001); n�6 basket cells for each group. G, AlstR-expressing cells
have normal-sized boutons compared with controls, but TeNT-Lc-expressing cells show a significant reduction in bouton size (K-S test, p�
0.001); n � 6 basket cells and 150 boutons. Values in D–F represent mean � SEM.
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suppression of neurotransmission would also eliminate the pun-
ishing signal and explain the supranumerary synapses formed by
basket cells expressing TeNT-Lc. A similar model has been sug-
gested to take place during the process of activity-dependent
axon elimination at the neuromuscular junction (Lichtman and
Colman, 2000). It is interesting to note that GABA release from
neighboring, untransfected basket cells seems unable to rescue
the effects of TeNT-Lc expression, suggesting that the punishing
signal might have a direct paracrine effect on the basket cell axon.
Conversely, the production of and/or ability to respond to the
reward signal might depend on the relative activity levels of
neighboring basket cells. Identifying the molecular identities of
the rewarding and punishing signals activated by GABA release is
the key step to shed light on the cellular mechanisms involved
during this developmental phase.

After this phase, and in a relatively short time, basket cell
response to suppressed neurotransmission changes, and the
maintenance of its innervation field becomes exquisitely depen-
dent on neurotransmission levels, as supported by the fact that
TeNT-Lc-expressing cells show a more severe phenotype as com-
pared with AlstR-transfected ones. The molecular mechanisms
underlying this switch are currently unknown, but it could in-
volve either presynaptic changes (for example, in the transcrip-
tional profile of the basket cells) and/or changes in pyramidal
cells and glia-derived factors, which could retrogradely modulate
GABAergic axons.

Taken together, our results show for the first time that neural
activity and neurotransmission function in the refinement of
GABAergic basket cell innervation follows different rules at dif-
ferent developmental stages. Selective modulation of inhibitory
networks is currently being investigated as a tool to reintroduce
plasticity, and, therefore, facilitate the restoration of normal
function to the diseased brain (Southwell et al., 2010). A better
comprehension of the molecular mechanisms regulating GABAergic
innervation might aid these efforts.
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