




(mCherry+) that these interneurons make onto
the corresponding subcellular postsynaptic com-
partments of pyramidal cells (Fig. 3 and fig. S13).
We observed that Fgf13-deficient chandelier cells
also showed axonal disorganization (fig. S14, A
to D), which was not found in SST+ or PV+
basket cells upon down-regulation of Cbln4
and Lgi2, respectively (fig. S15). The axonal
phenotype of Fgf13-deficient chandelier cells may
contribute to their decreased innervation of the
AIS. Nevertheless, the reduced density of chan-
delier synaptic boutons persisted when Fgf13 was
down-regulated after P14, and the axonal pheno-
type was, instead, not observed (fig. S14, E to H),
suggesting two different functions of the protein.
Control as well as rescue experiments showed

that our phenotypes are explained by specific
down-regulation of the target genes rather than
off-target effects and do not include an altered
interneuron density (figs. S16 to S18). Moreover,
GluD1 and ADAM22—CBLN4 and LGI2 putative
transsynaptic partners (23, 26)—are located at
the SST+ and PV+ basket synapses, respectively
(fig. S19).
Altogether, these experiments revealed that

Cbln4, Lgi2, and Fgf13 are required for the de-
velopment of dendrite-, soma-, and AIS-targeting
synapses made by SST+ interneurons, PV+
basket cells, and chandelier cells, respectively.
Such one-to-one matching of molecules to cell
types shows that the connectivity patterns of
cortical interneurons rely on synaptic protein
repertoires that are selective for each type of
interneuron. Notably, Cre-dependent knockdown
of Pcdh18—another developmentally regulated
molecule specifically expressed in SST+ cells
(Fig. 2A and fig. S20, A to F)—led to an increase
in the density of SST+ dendritic synapses (fig.
S20, G to J). Thus, our screening is a valuable
resource for identifying molecules regulating
diverse aspects of inhibitory synapse assembly
and specificity.
The subcellular localization of presynapses

defines the efferent specificity in each type of
interneuron. Therefore, we asked whether the
identified cell-specific synaptic molecules can
regulate synapse formation independently of the
subcellular location of presynaptic terminals. To
this end, we focused on Cbln4 because C1q family
proteins can induce synapse formation (16). We
first validated the synaptic deficits observed after
loss of Cbln4 in SST+ interneurons. Specifically,
we injected AAV expressing channelrhodopsin-2
(Chronos) after Cre-mediated recombination
along with control or shCbln4 vectors (Fig. 4A).
Cbln4 down-regulation in SST+ interneurons did
not affect their spiking output or membrane
properties in response to photostimulation (fig.
S21). We recorded from pyramidal neurons and
stimulated ChR2+ SST cells with wide-field il-
lumination of increasing intensity, finding that
the peak amplitude of optogenetically-evoked
inhibitory postsynaptic currents (IPSCs) was re-
duced in knockdown animals versus controls
(Fig. 4, B to D). Minimal intensity stimulation
experiments revealed a decrease in IPSC am-
plitude in cells recorded from knockdown
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Fig. 2. Expression of subtype-specific synaptic genes. (A) Top five candidate subtype-specific
synaptic genes. Asterisks indicate synaptic function inferred from similar or related genes. (B) Ternary
diagrams showing subtype and time differences in expression (light colors, P5; darker colors, P10; gray,
not enriched). FPKM, fragments per kilobase of transcript per million fragments mapped. (C)
Developmental expression of Cbln4 and Lgi2 in the somatosensory cortex (quantitative polymerase
chain reaction; Lgi2 values are ×10−5) and FGF13 (IHC, fluorescence intensity in arbitrary units ×10−2)
in layers II-III of prefrontal cortex (n ≥ 3 mice for each stage). One-way analysis of variance (ANOVA)
(Cbln4 and FGF13) or Kruskal-Wallis test (Lgi2) and Tukey’s or Dunn’s multiple comparisons test.
***P < 0.001, *P < 0.05; significance shown only for P5 to P10 comparisons. (D) Expression of Cbln4,
Lgi2, and FGF13 in SST+, PV+ basket, and chandelier cells, respectively. White arrowheads indicate
colocalization. Scale bars, 20 mm. (E) Specificity of Cbln4, Lgi2, and FGF13 expression (left column).
Fraction of SST+, PV+basket, and chandelier cells expressingCbln4, Lgi2, and FGF13 (right column).ChCs
est, estimated number of chandelier cells (fig. S4, E to G). Data are mean ± SEM.
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animals (Fig. 4D). These findings suggest a de-
crease in synaptic weights for SST outputs to
pyramidal cells, offering a functional correlate
consistent with the structural synaptic deficits
caused by down-regulation ofCbln4 in SST+ cells
(Fig. 3, B and C).
Next, we investigated whether Cbln4 is suffi-

cient to trigger the formation of domain-restricted
synapses. We observed that overexpression of
a hemagglutinin (HA)–tagged Cbln4 in SST+
interneurons leads to an increase in dendritic
inhibitory synapses (Fig. 4, E and F). In con-
trast, ectopic expression of CBLN4 in PV+ basket
cells or chandelier cells did not promote synapse
formation on the soma or AIS of pyramidal cells
but caused a specific increase in PV+ dendritic
synapses (Fig. 4, G to L, and fig. S22). These re-
sults indicate that Cbln4 expression does not

trigger generic formation of all inhibitory syn-
apses. Rather, Cbln4 promotes the formation of
GABAergic synapses onto the dendrites of py-
ramidal cells, a feature that is distinctive of SST+
interneurons.
Our study reveals transcriptional dynamics

for different classes of interneurons from P5 to
P10 in postnatal development of themouse, when
inhibitory circuits are established in the cerebral
cortex. Although posttranscriptional processes
(e.g., local translation) are likely to play an ad-
ditional role, our results describe a relationship
between cortical interneuron development and
diversity. We demonstrate that different classes
of interneurons rely on largely nonoverlapping
molecular programs for the establishment of
distinct types of inhibitory synapses. In partic-
ular, we show that three molecules—CBLN4,

LGI2, and FGF13—regulate the development of
SST+, PV+ basket, and chandelier synapses,
respectively. Specifically, CBLN4 is able to pro-
mote the assembly of dendritic but not somatic
or axo-axonic inhibitory synapses. These results
demonstrate how the cell-specific expression of
synaptic molecules, together with their ability to
promote compartment-specific synapse formation,
critically contributes to the specific wiring of the
inhibitory circuits.
Insight into the organizing principles of cor-

tical inhibitory circuits will help to decipher neuro-
developmental disorders linked to inhibitory
circuit dysfunction (24, 27). Much progress has
been made toward understanding interneuron
diversity during embryonic development and in
the adult cortex (1, 6, 28–30). Ourwork reveals that
selective type-specific genetic programs emerge
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Fig. 3. Genetic specification of interneuron
synapse formation. (A) Schematic of AAV driving
double-floxed invert orientation (DIO) plasmid
injections. (B) Representative images (top) and
Imaris reconstruction (bottom) and (C) density of
GAD65+ boutons inside mCherry+ axons of
SST+ cells infected with control (n = 8 mice) or
shCbln4-expressing viruses (n = 7 mice) contacting
Gephyrin+ clusters in layer I. **P < 0.01,
Student’s t test. (D) Representative images
(top) and Imaris reconstruction (bottom) and
(E) density of mCherry+Syt2+ synapses made
by PV+ basket cells infected with control
(n = 265 cells from 9 mice) or shLgi2-expressing
virus (n = 136 cells from 7 mice). ***P < 0.0001,
Student’s t test. (F) Representative images
(left) and Imaris reconstruction (right) and
(G) density of mCherry+ synapses made by
chandelier cells induced with tamoxifen and
infected with control (n = 18 cells from 3 mice)
or shFgf13-expressing viruses (n = 18 cells from
5 mice). ***P < 0.001, Student’s t test. White
arrowheads indicate colocalization. Scale bars,
1 mm. Data are mean ± SEM.
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during postnatal development in cortical inter-
neurons to support the exquisite precision of
inhibitory connections, thereby assembling in-
hibitory circuits. Because some of these genes

continue to be expressed inmature cortical inter-
neurons (1, 5, 6), it is conceivable that they also
contribute to the maintenance and plasticity of
specific inhibitory circuitries.
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Fig. 4. Synaptic function
and target specificity
for SSTpopulation.
(A) Schematic of experi-
mental paradigm (n =
18 cells from 9 and 7 mice
for control and shCbln4-
expressing viruses,
respectively). LED, light-
emitting diode; GFP, green
fluorescent protein.
(B) IPSC peak amplitude
as a function of irradiance,
***P < 0.001, two-way
ANOVA. (C) Representa-
tive IPSC traces. (D) IPSC
amplitude under minimal
intensity, *P < 0.05,
Mann-Whitney test.
(E) Representative images
(top) and Imaris recon-
struction (bottom) and
(F) density of GAD65+
boutons inside mCherry+
axons of SST+ cells
infected with control (n =
9 mice) or Cbln4-HA–
expressing virus (n =
8 mice) contacting
Gephyrin+ clusters in layer
I. ***P < 0.001, Mann-
Whitney test. (G and I) Rep-
resentative images (top)
and Imaris reconstruction
(bottom) and (H and J ) den-
sity of mCherry+Syt2+
synapses made onto
pyramidal cell soma
[(G) and (H)] or dendrites
[(I) and (J)] by PV+ basket
cells infected with control
(n = 5 mice) or Cbln4-HA–
expressing virus (n = 5
mice). (H) ns, not significant;
Student’s t test. (J) *P <
0.05, Mann-Whitney test.
(K) Representative images
(left) and Imaris reconstruc-
tion (right) and (L) density of
mCherry+ synapses made
by chandelier cells induced
with tamoxifen and infected
with control (n = 12 cells
from 3mice) or Cbln4-HA–
expressing virus (n = 17 cells
from 5mice). Student’s t test.White arrowheads indicate colocalization. Scale bars, 1 mm. Data aremean ± SEM.
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dendrites, and yet another onto the axon initial segment.
synapse. One class of interneurons prefers to synapse onto the cell body of pyramidal neurons, another class onto the
define subsets of interneurons also define where on the postsynaptic partner those interneurons prefer to build a 

 found that gene expression programs thatet al.where on that neuron they will touch base. Working in mice, Favuzzi 
As neurons build circuits in the developing brain, they select not only what other neurons to connect to but also
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