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Microglia have emerged as critical regulators of synapse development and circuit forma-
tion in the healthy brain. To date, examination of microglia in such processes has
largely been focused on excitatory synapses. Their roles, however, in the modulation of
GABAergic interneuron synapses—particularly those targeting the axon initial segment
(AIS)—during development remain enigmatic. Here, we identify a synaptogenic/
growth-promoting role for microglia in regulating pyramidal neuron (PyN) AIS syn-
apse formation by chandelier cells (ChCs), a unique interneuron subtype whose axonal
terminals, called cartridges, selectively target the AIS. We show that a subset of micro-
glia contacts PyN AISs and ChC cartridges and that such tripartite interactions, which
rely on the unique AIS cytoskeleton and microglial GABAg, receptors, are associated
with increased ChC cartridge length and bouton number and AIS synaptogenesis. Con-
versely, microglia depletion or disease-induced aberrant microglia activation impairs the
proper development and maintenance of ChC cartridges and boutons, as well as AIS
synaptogenesis. These findings unveil key roles for homeostatic, AIS-associated micro-
glia in regulating proper ChC axonal morphogenesis and synaptic connectivity in the
neocortex.

microglia | axon initial segment | chandelier cells | synaptogenesis | inflammation

The proper development and function of cortical networks is reliant on the postnatal
establishment and maintenance of synaptic connections between diverse neural cell
populations. While synapse development and plasticity are well known to be finely reg-
ulated by neuron—neuron interactions (1-3), increasing studies have begun to elucidate
the participation of glial cells, such as microglia and astrocytes, in shaping the synaptic
landscape in the developing central nervous system (CNS) (4-7). In particular, micro-
glia, the resident macrophages of the CNS, are becoming increasingly appreciated as
dynamic regulators of synaptic connectivity (8-11).

While microglia have traditionally been viewed as central to inflammatory and phago-
cytic responses to pathogens, cellular debris, and neural injury, new roles for microglia
under normal, physiological conditions have begun to emerge over recent years (8,
11-13). Mounting evidence indicates that microglia leverage their phagocytic activity to
remove extranumerary or inappropriate synapses/synaptic material in the developing
CNS, a process critical for sculpting the precise, organized neural circuitry found in the
adult brain (14-17). Interestingly, in addition to their phagocytic activities, microglia
have more recently been recognized as key regulators of synapse development, function,
and plasticity (8, 12, 18-24). For example, microglia were found to promote dendritic
spine formation via the induction of spine head filopodia in the hippocampus and
somatosensory cortex (SSC) and regulate different forms of synaptic plasticity in distinct
brain regions (12, 21, 22). These newly appreciated functions, though, have primarily
been studied in the context of microglia-excitatory pyramidal neuron (PyN)/principal
cell interactions. To date, surprisingly little is known about microglia-GABAergic inter-
neuron bidirectional communication in the developing brain.

In contrast to excitatory PyN-PyN synapses, which typically form on dendritic spine
protrusions, GABAergic interneurons form inhibitory synapses onto various targeted
PyN subcellular domains, including the dendritic shaft, cell body, and axon initial seg-
ment (AIS) (25). Microglia have recently been reported to make direct contact with
PyN somas and are implicated in the pruning and stripping/displacement of axo-
somatic presynaptic terminals during development and following inflammation, injury,
or complex febrile seizures, respectively (26-29). Whether microglia also play a synap-
togenic role, though, in the regulation of axo-somatic synapses in the developing brain
warrants further investigation. In addition, very little to nothing is known about the
involvement of microglia in regulating dendrite-targeting, and particularly AIS-
targeting, GABAergic interneuron synapse formation, and remodeling under either
physiological or pathological conditions.

A unique type of GABAergic interneuron that forms axo-axonic synapses exclusively

onto the AIS of PyNs are chandelier cells (ChCs) (30-33). These cells, which
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Chandelier cells (ChCs) are a
unique type of GABAergic
interneuron that form axo-axonic
synapses exclusively on the axon
initial segment (AIS) of neocortical
pyramidal neurons (PyNs),
allowing them to exert powerful
yet precise control over PyN firing
and population output. The
importance of proper ChC
function is further underscored by
the association of ChC connectivity
defects with various neurological
conditions. Despite this, the
cellular mechanisms governing
ChC axo-axonic synapse formation
remain poorly understood. Here,
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regulators of ChC axonal
morphogenesis and AlS
synaptogenesis, and show that
disease-induced aberrant
microglial activation perturbs
proper ChC synaptic
development/connectivity in the
neocortex. In doing so, such
findings highlight the therapeutic
potential of manipulating
microglia to ensure proper brain
wiring.
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predominantly derive from progenitors in the ventral medial
ganglionic eminence during late gestation, possess a distinctive,
highly branched axon that terminates in multiple parallel arrays
of short, vertically oriented terminals of presynaptic boutons,
called cartridges (34-36). Each of these cartridges selectively
innervates neighboring PyN AlSs, the site of action potential ini-
tiation, enabling ChCs to exert decisive control over PyN firing
and population output (30, 32, 33, 37-39). Developmental pro-
filing revealed that ChC axons undergo dramatic arborization/
branching and AIS synapse formation starting at approximately
postnatal day 11/12 (P11/12) before reaching final maturity by
the end of the fourth postnatal week in mice (40-42). At this
time, most PyN AlSs in layers 2/3 (L2/3) of the SSC are selectively
innervated by three to four ChC cartridges deriving from distinct
ChCs (40, 43). The mechanisms, though, governing ChC con-
nectivity/axo-axonic synapse formation still remain poorly under-
stood. Recent studies have begun to identify ChC-expressed
molecules—including ErbB4, DOCK7, FGF13, and IgSF11, and
PyN-expressed LICAM—as key components essential for proper
ChC cartridge/bouton development and ChC/PyN AIS innerva-
tion, respectively (40, 44—48). The roles, however, of extrinsic
cues and other cell types in regulating ChC axonal morphogenesis
and axo-axonic synapse formation are completely unknown.

In this study, we focused on the roles of microglia in tripartite
microglia—PyN AIS—-ChC interactions under both physiological
and pathological conditions. We found that such interactions are
dependent on an intact, ankyrin-G (AnkG)/PIV-spectrin—
expressing PyN AIS cytoskeleton and microglial GABAg; recep-
tors (GABAg;Rs), and are associated with a marked increase in
ChC cartridge length and bouton number and AIS synaptogene-
sis in the postnatal developing neocortex. Conversely, depletion
of microglia impaired the proper formation and maintenance of
ChC cartridges/boutons, as well as ChC/PyN AIS GABAergic
synapse formation, supporting a synaptogenic function for
homeostatic microglia in proper ChC/PyN axo-axonic synapto-
genesis in the healthy brain. In line with this, we found that AIS
GABAergic synapse density was considerably reduced when
microglia were activated under lipopolysaccharide (LPS)-induced,
acute neuroinflammatory conditions and in a transgenic mouse
model of Alzheimer’s disease (AD). Together, our findings shed
new light on the roles of microglia in GABAergic interneuron
development/synaptogenesis and identify microglia as the only
glial cell type known to date to regulate neocortical ChC axonal
morphogenesis and synaptic connectivity.

Results

Increased Cytoskeletal-Dependent Microglia-PyN AIS Con-
tacts Coincide with the Early Phase of Neocortical ChC Axonal
Development and AIS Synaptogenesis. To assess whether
microglia regulate neocortical ChC axo-axonic synapse forma-
tion, we began by investigating microglia interactions with the
postsynaptic site of ChC/PyN synaptic innervation: namely,
the AIS, at P14 when the length of PyN AlSs is at its longest
and ChC axonal morphogenesis and AIS synaptic innervation
rapidly begin to develop (40, 49, 50) (Fig. 1.D). Murine brain
sections were coimmunostained for AnkG and Ibal to label
AlSs and microglia, respectively. Analysis of microglia—AIS
interactions in L2/3 of the SSC at P14 revealed a notable frac-
tion (~14%) of Ibal* microglia, hereafter referred to as AXIS
(axon initial segment-associated) microglia, that intimately asso-
ciate with the AIS of PyNs (Fig. 1 A-Q). In line with a previous
report (51), we found such microglia closely wrap at least one
of their processes around an AIS, typically descending down
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the AIS from the microglia soma, which directly opposes the
PyN cell body (Fig. 1A4). The orientation/directionality of
AXIS microglia—AIS associations appear variable though, as
AXIS microglia processes were also observed ascending the AIS
or emanating bidirectionally from an AXIS microglia posi-
tioned in the middle of the AIS (87 Appendix, Fig. S1A4). These
observations suggest potential functions for microglia—AIS
interactions during early postnatal development, especially as
ChC/PyN axo-axonic synapses are first being formed.

To corroborate and extend these findings, we profiled
microglia—AlS interactions from P8 to adulthood (2 to 3 mo of
age) in L2/3 of the murine SSC. We found that the number of
AXIS microglia—PyN AIS contacts was relatively low at the end
of the first postnatal week (~8% at P8) prior to the onset of
extensive ChC axonal elaboration and ChC/PyN AIS innerva-
tion (40), but doubled within the next 4 d, peaking at ~15%
from P12 to P28 (black line in Fig. 1D) when dynamic ChC
axonal morphogenesis and PyN AIS innervation and associated
GABAergic transmission are occurring (40, 41) (dotted blue
line in Fig. 1D). The majority of both AXIS and non-AXIS
microglia during the second/third postnatal week were ramified in
shape (Fig. 14 and ST Appendix, Fig. S1B). Analysis in adulthood
showed that PyN AIS-AXIS microglia associations dropped back
to baseline levels (~8%), with AXIS, and also non-AXIS, micro-
glia maintaining their typical ramified structure (Fig. 1D and S/
Appendix, Fig. S10). This temporal pattern of microglia—PyN AIS
contact was mirrored by the number of microglia present in 1.2/3
of the SSC (87 Appendix, Fig. S1D). These results identify a dis-
tinct temporal window during the second/third postnatal week of
murine SSC development when PyN AIS-AXIS microglia associa-
tions are most prevalent, which remarkably coincides with the
rapid onset of ChC axonal development, synaptogenesis, and
GABAergic signaling (40, 41).

Since proper AlS synaptic innervation by ChCs is dependent
on the unique AIS cytoskeleton (40), we next examined whether
AXIS positioning of microglia is similarly reliant on a structur-
ally intact AIS. We performed RNA interference (RNAi)-medi-
ated knockdowns of the AlS-enriched cytoskeletal/scaffolding
proteins AnkG, PIV-spectrin, and PSD-93 in L2/3 PyNs in the
SSC (Fig. 1 E~G and SI Appendix, Fig. S1 E and F) (49, 50,
52). Given that AXIS microglia numbers, as well as ChC/PyN
AIS innervation, start to spike by the end of the second postnatal
week, analyses of the percentage of electroporated GFP* and
neighboring GFP™ (internal control) PyN AlSs contacted by
AXIS microglia were performed at P14. In line with previous
work (51), we found that PyN knockdown of AnkG, the master
organizer of the AIS (49, 50), substantially reduced the percent-
age of GFP™ PyNs with AXIS microglia at P14 relative to both
control RNAi conditions and nonelectroporated, AnkG-
expressing PyNs in the same brain hemisphere/field-of-view (Fig.
1 Fand G). Moreover, depletion of PyN-expressed pIV-spectrin,
which links AnkG to actin rings in the AIS (49, 50) and, like
AnkG, is required for ChC/PyN AIS innervation (40), also sig-
nificantly decreased the percentage of electroporated PyNs con-
tacted by AXIS microglia (Fig. 1 Fand G). On the other hand,
knockdown of the scaffolding protein PSD-93, which was
shown to be enriched at cortical PyN AlSs (52) but not required
for ChC/PyN AIS innervation, did not impact the percentage of
PSD-93-depleted PyNs contacted by AXIS microglia (Fig. 1 F
and G). Of note, knockdown of any of these molecules in PyNs
did not affect microglia numbers (S Appendix, Fig. S1F). These
findings demonstrate the requirement of an intact AnkG/BIV-
spectrin—expressing PyN AIS in facilitating AXIS microglia—PyN
AIS interactions during early postnatal development.
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Fig. 1. AIS cytoskeleton-dependent enrichment of AXIS microglia in the neocortex between P12 and P28. (A) Immunofluorescent labeling of Iba1™ microglia
and AnkG* AlISs in L2/3 of the SSC in wild-type mice at P14. (Scale bars, 10 pm.) Arrows in A and F depict AXIS microglia-PyN AIS contact. (B) Schematic
depicting the two key morphological features of AXIS microglia: 1) at least 50% microglial coverage of AIS length and 2) <1 um distance between microglia
and AIS surface. (C) Quantification of the percentage of PyN AlSs contacted by AXIS microglia at P14. (D) Quantification of the percentage of AlSs contacted
by AXIS microglia (black line) and percentage of AISs innervated by single, labeled ChCs (dotted blue line) at time points spanning P8 to adulthood in L2/3 of
the SSC. Dashed gray line and red arrow denote spike in the percentage of AlSs with AXIS microglia and AISs innervated by ChCs starting at P12. (E) Sche-
matic depicting cytoskeletal components and GABARs at PyN AlSs. (F) Representative images of GFP* (green) and neighboring GFP~ PyNs and AnkG™ AlSs
(blue) with or without Iba1™ AXIS microglia (white) contact in L2/3 of the SSC from P14 mice electroporated at E15.5 with vectors coexpressing EGFP and
short-hairpin RNAs targeting AnkG, pIV-spectrin, PSD-93, or control firefly luciferase (Ctrl). (Scale bars, 10 pm.) (G) Quantification of the percentage of GFP*
and neighboring GFP~ PyN AlSs contacted by AXIS microglia. Data are mean + SEM, *P < 0.05, ***P < 0.001 (Student's t tests); n values and statistical infor-
mation are listed in S/ Appendix, Table S1.

Tripartite AXIS Microglia-PyN AIS-ChC Interactions Are Associ- developmental time frame when AXIS microglia numbers and
ated with Increased ChC Cartridge Length and Bouton Number  tripartite interactions, ChC axonal morphogenesis, and ChC/
in the Postnatal Developing Neocortex. Our above findings ~ PyN AIS innervation first spike in L2/3 of the SSC (Fig. 2
raise the possibility that PyN AIS-AXIS microglia interactions E-H and SI Appendix, Fig. S4A4) (40). By the end of the fourth
could play a role during early postnatal morphogenesis of AIS-  postnatal week and into adulthood, average ChC cartridge length
targeting ChCs and in ChC/PyN AIS synapse formation. To  and bouton number per cartridge were comparable between car-
address this, we investigated whether AXIS microglia—PyN tridges with and without AXIS microglia contact, likely indicat-
AIS-ChC tripartite interactions correlate with aspects of pre- ing the final maturation of such synaptic structures (Fig. 2 G and
synaptic ChC cartridge/bouton and axo-axonic synapse devel- ~ H). These data point toward a growth-promoting/synaptogenic
opment. We performed Ibal and AnkG coimmunostainings of  role for microglia in microglia—PyN AIS-ChC interactions dur-
brain sections from Nkx2.1-CreER:Ai9 mice, in which ChCs  ing the second/third week of postnatal development.
are sparsely labeled with the fluorescent marker RFP (35), rang- Of note, in line with a synaptogenic (rather than a phago-
ing in age from P8 to adulthood. Confocal imaging revealed a  cytic) function of microglia on ChCs during this time win-
marked increase in the number of AlS-innervating ChC axon  dow, analysis of ChC engulfment by microglia in L2/3 of the
terminals intimately contacted by microglial processes between ~ SSC found only 3 of 120 Ibal™ microglia analyzed contained
the second to third postnatal week (Fig. 2 A-C). Indeed, the RFP* ChC inclusions between P12 and P28 (SI Appendix,
percentage of ChC cartridges contacted by microglia at the AIS ~ Fig. S2 A-C). In accordance with this, analysis of microglial
increased nearly 25% from P12 to P14-16 before dropping ~ CDG68 puncta, an indicator of microglia activation/phagocy-
back to baseline levels by adulthood (Fig. 2D). tosis (53), found comparable puncta numbers between AXIS
Interestingly, we found AlS-innervating ChC cartridges jux-  and non-AXIS microglia (S/ Appendix, Fig. S2 D and E). As
taposed to AXIS microglia had an increased length and number ~ a positive control for microglial phagocytosis and to rule out
of boutons per cartridge on average relative to AlS-innervating  any possible detection issues arising from the quenching of
ChC cartridges lacking AXIS microglia contact. This positive internalized RFP" material, analysis of ChC engulfment by
correlation was observed from P12 to P18, coinciding with the microglia was performed at the V1/V2L border region at
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Fig. 2. Microglia-PyN AIS-ChC cartridge tripartite interactions are associated with increased ChC cartridge length and bouton number during postnatal
development. (A) Immunofluorescent labeling of Iba1* microglia, AnkG* AISs, and RFP* ChCs in L2/3 of the SSC in Nkx2.1-CreER;Ai9 mice at indicated time
points. (Scale bars, 20 um.) (B and C) Representative images of Iba1* AXIS microglia-AnkG™ PyN AIS-RFP* ChC cartridge tripartite interactions at P14 (B) and
P18 (C). (Scale bars, 5 um.) (D) Quantification of the percentage of RFP* cartridges from a single ChC contacted by microglia at the AlS in L2/3 of the SSC. ()
Schematic of AXIS microglia-PyN AIS-ChC interactions with arrows denoting individual boutons of a single ChC cartridge and bracket denoting ChC cartridge
length. (F) Representative image of RFP* ChC cartridge-PyN AIS innervation with AXIS microglia contact in L2/3 of the SSC at P14. (Scale bar, 5 um.) Three-
dimensional representation of dashed boxed region is included (Right). (G and H) Quantification of the average number of boutons per ChC cartridge (G) and
the average length of ChC cartridges (H) innervating AlSs with or without AXIS microglia contact at indicated time points. Data are mean + SEM, *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way ANOVA with post hoc Tukey's multiple comparison test in D; Student’s t tests in G and H); n values and

statistical information are listed in S/ Appendix, Table S1.

P10, when ChCs are undergoing activity-dependent cell
death and their cellular debris must be removed (54). In this
paradigm, internalized RFPt ChC material was frequently
observed, indicating that RFP* fragments could be detected
after being engulfed by microglia (S Appendix, Fig. S2 F and
(). These results indicate that, unlike at the murine V1/V2L
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border region at P10, microglia do not regularly phagocytose
ChC material in L2/3 of the SSC during early postnatal
development.

Alrogether, these results support a growth-promoting/synap-
togenic role for microglia in tripartite microglia—PyN AIS—ChC
interactions during early postnatal neocortical development.
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Microglia Play a Key Role in ChC Cartridge/Bouton Development
and AIS Synaptogenesis. To determine whether microglia
directly contribute to ChC axon terminal development and
synapse formation, we depleted microglia in Nkx2.1-CreER:Ai9
mice with PLX3397 (PLX), a CSFIR/c-kit antagonist com-
monly used to reduce microglia numbers (17, 55), via daily
oral gavage from P7 to P14 or P18. Brains from PLX- or
vehicle-treated animals were collected on the last day of treat-
ment, sectioned, and coimmunostained for AnkG and Ibal,
and analyzed for ChC cartridge length and bouton number per
cartridge. In addition, separate brain slices were coimmunos-
tained for AnkG, Ibal, and gephyrin, a postsynaptic marker of
GABAergic synapses, to visualize and quantify the density of
gephyrin® puncta at PyN AlSs (i.e., axo-axonic ChC/PyN syn-
apses). Notably, microglial depletion in the SSC via PLX was
observed as early as 3 d after the onset of treatment (87
Appendix, Fig. S3A), with nearly 100% of microglia ablated by
P14 and P18 (Fig. 3 Aand G and SI Appendix, Fig. S3 B, C, F,
and G). PLX administration did not perturb ChC/PyN AIS
percent innervation nor induce off-target ChC innervation at
PyN somas (S/ Appendix, Fig. S3 D, E, H, and J). In addition,
no change in cortical astrocyte numbers nor major gross mor-
phological alterations of ChCs, PyNs, or PyN AIS structure
were observed in the SSC under PLX-treated conditions (Fig. 3
Aand G and SI Appendix, Fig. S3 J-5).

Consistent with a growth-promoting role for microglia, we
found that the average length and bouton number of ChC
cartridges were significantly decreased when microglia were
depleted from P7 to P14 (Fig. 3 B-D) and P7 to P18 (Fig. 3
H-)), relative to vehicle-treated, AXIS microglia conditions and,
interestingly, were similar to the fraction of AlS-innervating
ChC cartridges lacking AIS microglia contact under physiologi-
cal conditions (SI Appendix, Fig. S4 B and (). Such a decrease
was also apparent when ChC cartridge bouton number and
length were plotted as frequency distribution histograms, which
revealed a larger fraction of short ChC cartridges with fewer bou-
tons under both microglia depletion paradigms (Fig. 3 Cii, Dij,
Iii, and Jii). Furthermore, we observed a significant reduction in
gephyrin puncta density at PyN AlSs under PLX conditions rela-
tive to control PyN AISs ensheathed by AXIS microglia (Fig. 3
E, F, K and I). To corroborate these findings and ensure the
above results were not due to PLX-induced c-kit inhibition, we
performed similar analysis in Csf1r knockout (KO) mice, which
lack microglia throughout the brain but maintain proper AIS
number and structure (S Appendix, Fig. S5 A-D) (56). Such
analysis also revealed a significant decrease in gephyrin puncta
density at PyN AlSs in L2/3 of the SSC relative to control PyN
AlSs ensheathed by AXIS microglia in wild-type mice (87
Appendix, Fig. S5 E and F). Combined, these data identify
microglia as key cellular players facilitating/promoting ChC car-
tridge/bouton morpho- and synaptogenesis during early postna-
tal development.

Microglia Are Important for Maintaining the Integrity of ChC
Cartridges/Boutons. We next asked whether microglia are also
involved in the maintenance of ChC cartridges/boutons and
axo-axonic synapses in adulthood. Given that mature ChC
morphology and ChC/PyN connectivity are largely attained by
the end of the first postnatal month (40), we administered PLX
to Nkx2.1-CreER:Ai9 mice from P48 to P58 to deplete micro-
glia after ChC/PyN circuitry was already established. PLX-
mediated reduction in microglia number in L2/3 of the SSC
was confirmed via Ibal immunostaining (Fig. 44 and S/
Appendix, Fig. S6). No gross morphological alterations of PyNs
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or ChCs were observed under PLX-treated conditions (Fig. 4 A
and B). Interestingly, we found that both ChC cartridge length
and bouton number per cartridge were slightly, but signifi-
cantly, reduced under PLX conditions at P58 relative to ChC
cartridges contacted by AXIS microglia under control condi-
tions (Fig. 4 B-D). In line with this, gephyrin puncta density
at PyN AISs was significantly reduced in PLX-treated animals,
suggesting a contributive role for microglia in maintaining
ChC/PyN AIS synaptic connectivity (Fig. 4 E and F). These
data indicate that under physiological conditions, microglia are
not only important for proper ChC axon terminal morphogen-
esis and synaptogenesis during the establishment of neocortical
ChC/PyN AIS connectivity but also for the maintenance of
ChC cartridge/bouton integrity in adulthood.

Depletion of Microglial GABAg, Receptors Impacts Microglia-
PyN AIS Interactions and ChC Synaptogenesis. Our above
findings raise the question as to what molecular processes facili-
tate tripartite AXIS microglia—PyN AIS—ChC interactions. Our
present data show that while homeostatic AXIS microglia are
important for proper ChC-AIS synaptogenesis, they are not
required for the establishment of ChC/PyN AIS contacts. We
previously identified PyN-expressed LICAM as a critical cell
adhesion molecule (CAM) required for innervation of neocorti-
cal PyN AISs by ChCs (40). On the other hand, previous work
has shown that GABAergic signaling regulates synaptic pruning
and synaptogenesis while also inducing chemical, morphologi-
cal, and electrical responses in GABAgR-expressing microglia
(57-63). Along these lines, microglial expression of GABAgRs
was found to increase between embryonic and postnatal stages
(58, 60, 61) and, interestingly, GABAg;R removal from micro-
glia was recently reported to selectively impact inhibitory con-
nectivity (29). Based on these findings, we postulated that
L1CAM-mediated ChC/PyN AIS initial contact and subse-
quent GABAergic neurotransmission recruit microglia to the
AIS through microglial sensing of GABA via their expression
of GABAg, Rs.

To test this hypothesis, we first verified by immunohisto-
chemistry the expression of GABAgRs in microglia in L2/3 of
the SSC of wild-type animals and, importantly, demonstrated
that AXIS microglia express GABAg Rs (S/ Appendix, Fig. S7).
We then generated conditional mutant mice lacking GABAg;Rs
in microglia using the Cx3c¢rl-Cre-driver mouse line (cKO,
Cx3erl-Cre; GABAg R™), as described previously (29), and
examined the impact of microglial GABAg;R ablation on AXIS
microglia—PyN AIS interactions and ChC/PyN AIS synaptogen-
esis. We found that the percentage of PyN AlSs contacted by
AXIS microglia was significantly decreased in L2/3 of the SSC of
P18 cKO mice and, importantly, also observed a significant
reduction in AIS gephyrin puncta density (Fig. 5 A-D). Of
note, removal of GABAg;Rs from microglia did not affect total
microglia numbers (Fig. 5E). In sum, these data unveil a critical
role for microglial GABAg,Rs in facilitating microglia—PyN AIS
interactions and ChC/PyN AIS synaptogenesis, and together
with our above findings, further support a specific function for
microglia in the observed ChC synaptogenic phenotype.

Microglia Activation under Neuroinflammatory Conditions
Perturbs ChC Cartridge/Bouton Development and Synap-
togenesis. It is by now well-appreciated that microglia have
diverse functional responses during physiological and neuroin-
flammatory/pathological conditions. For example, in response to
an injury/insult, microglia become activated and shift into differ-
ent functional states, modifying their proliferation, morphology,
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Fig. 3. Early postnatal depletion of microglia impairs neocortical ChC cartridge/bouton development and AIS synaptogenesis. (A and G) Representative
images of single RFP* ChCs, neighboring AnkG* AlSs, and Iba1* microglia in L2/3 of the SSC from P14 (A) or P18 (G) Nkx2.1-CreER:Ai9 mice administered PLX
or vehicle once daily from P7 to P14 (A) or P18 (G). (Scale bars, 20 pm.) (B and H) Representative images of RFP* ChC cartridge-PyN AIS innervation with or
without AXIS microglia contact from P14 (B) or P18 (H) Nkx2.1-CreER;Ai9 mice under PLX or vehicle conditions. (Scale bars, 3 um.) (C, D;, I, and J;) Quantifica-
tion of the average number of boutons per ChC cartridge (C; and /) and the average length of ChC cartridges (D; and J;) innervating PyN AISs with or without
AXIS microglia contact at P14 (C; and D)) or P18 (/; and J)) in the SSC of Nkx2.1-CreER;Ai9 mice under PLX or vehicle conditions. (Cj;, Dj;, I;, and J;;) Frequency dis-
tribution histograms showing the percentage of ChC cartridges with bouton number per cartridge ranging from 2 to 17 boutons (C; and /;) and cartridge
length ranging from 0 to >26 pm (D; and J;) with or without AXIS microglia contact at P14 (C; and D;) or P18 (I; and J;) under PLX or vehicle conditions.
(E and K) Representative images of PyN AISs with or without AXIS microglia contact in L2/3 of the SSC from P14 and P18 mice treated with PLX or vehicle
from P7 to P14 (E) or P18 (K). GABAergic synapses are visualized by immunostaining for gephyrin (Geph). (Scale bars, 3 pm.) (F and L) Quantification of aver-
age gephyrin puncta density at AlSs with or without AXIS microglia contact at P14 (F) or P18 (L). For C;, D;, I;, Ji, F, and L, data are mean + SEM. For Cj;, Dj;, I
and J;, error bars indicate SEM for a multinomial distribution. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (Student’s t tests in C, D;, I;, J,, F, and L;
two-tailed Mann-Whitney U tests in C;, Dj; I;, and J;); n values and statistical information are listed in S/ Appendix, Table S1.

phagocytic activity, antigen presentation, and the release of fac-  synaptogenesis under pathological conditions. We reasoned that
tors, such as cytokines, chemokines, and repulsive guidance mole-  disease-induced perturbations in microglial homeostasis would
cules (8, 64-66). This prompted us to investigate the effects of ~ hinder normal ChC development in a manner similar to our
microglia activation on ChC cartridge/bouton development and ~ depletion studies when homeostatic microglia are absent. We first
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Fig. 4. Microglia are important for the maintenance of neocortical ChC cartridges/boutons. (A) Representative images of single RFP* ChCs, neighboring
AnkG™* AlSs, and Iba1* microglia in L2/3 of the SSC from P58 Nkx2.1-CreER;Ai9 mice administered PLX or vehicle once daily from P48 to P58. (Scale bars, 20
um.) (B) Representative images of RFP™ ChC cartridge-PyN AIS innervation with or without AXIS microglia contact from P58 Nkx2.1-CreER;Ai9 mice under PLX
or vehicle conditions. (Scale bars, 3 pm.) (C; and D;) Quantification of the average number of boutons per ChC cartridge (C)) and average length of ChC car-
tridges (D;) innervating PyN AlISs with or without AXIS microglia contact at P58 in the SSC of Nkx2.7-CreER;Ai9 mice under PLX or vehicle conditions. (C; and
Dj) Frequency distribution histograms showing the percentage of ChC cartridges with bouton number per cartridge ranging from 2 to 13 boutons (C;;) and
cartridge length ranging from 0 to >26 um (D;) with or without AXIS microglia contact at P58 under PLX or vehicle conditions. (F) Representative images of
PyN AlSs with or without AXIS microglia contact in L2/3 of the SSC from P58 mice treated with PLX or vehicle from P48 to P58. GABAergic synapses are visu-
alized by immunostaining for gephyrin (Geph). (Scale bars, 3 pm.) (F) Quantification of average gephyrin puncta density at AlSs with or without AXIS microglia
contact at P58. For C;, D;, and F, data are mean + SEM. For C; and D;;, error bars indicate SEM for a multinomial distribution. *P < 0.05, **P < 0.01, ****P <
0.0001 (Student's t tests in C;, D; and F; two-tailed Mann-Whitney U tests in C; and D;); n values and statistical information are listed in S/ Appendix, Table S1.

resorted to the commonly used LPS-induced model of neuroin-
flammation, in which administration of LPS, an endotoxin
derived from the outer membrane of gram-negative bacteria,
causes rapid and robust microglia activation in the CNS (27).
LPS or PBS vehicle was injected intraperitoneally once daily in
Nikx2.1-CreER:Ai9 mice from P12 to P15 and ChC cartridge
length and bouton number per cartridge were analyzed at P16.
LPS administration substantially changed microglia morphology
and increased CD68 puncta number per microglia, indicating
their robust activation (M ps classification), and increased total
microglia numbers and the percentage of PyN AlSs with AXIS
microglia in L2/3 of the SSC (Fig. 6 A-C and SI Appendix, Fig.
S8 A-D). On the other hand, no gross morphological alterations
of ChCs, PyNs, or PyN AIS structure were observed (Fig. 6 4
and Band SI Appendix, Fig. S8 E-G).

Subsequent analysis revealed a significant reduction in ChC
cartridge length and bouton number per cartridge under acute,
inflammatory LPS conditions relative to control (Fig. 6 Aé;, Bii,
D, and E). Quantification of AIS gephyrin puncta density also
revealed a significant reduction in axo-axonic synapses at PyN
AlSs contacted by Mjps AXIS microglia (Fig. 6 F and G).
Intriguingly, analysis of engulfment of RFP* ChC material by

PNAS 2022 Vol. 119 No.11 2114476119

microglia under LPS- and vehicle-treated conditions found no
significant evidence of ChC phagocytosis, with only one instance
of engulfment in 45 M| ps microglia and zero engulfments in 45
vehicle-treated microglia observed (SI Appendix, Fig. S8 H-)),
suggesting that distinct mechanisms are responsible for the
observed decrease in axo-axonic synapse formation. In this regard,
LPS has been reported to trigger the release of cytokines that can
antagonize the effects of synaptogenic factors released by micro-
glia (9, 67). Interestingly, unlike early LPS administration, induc-
tion of acute LPS-mediated neuroinflammation in adulthood (87
Appendix, Fig. S9A) did not significantly perturb the average
length and bouton number of Mjps AXIS microglia-associated
ChC cartridges nor AIS gephyrin puncta density (S/ Appendix,
Fig. S9 F-1), despite inducing a marked change in microglia mor-
phology as well as a small increase in total microglia numbers
and the percentage of PyN AISs with AXIS microglia (57
Appendix, Fig. S9 B-E). As expected, no evidence of microglial
engulfment of RFP* ChC material nor any changes in PyN or
ChC gross morphology were observed in adulthood under LPS-
treated conditions (87 Appendix, Fig. S9 E and J~L).

Alrogether, these data demonstrate that acute, LPS-mediated
activation of microglia specifically during the critical time
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Fig. 5. Removal of GABAg;Rs from microglia impacts AXIS microglia numbers and AlS GABAergic synaptogenesis. (A) Representative images of Iba1* microglia
and AnkG* AISs in L2/3 of the SSC from P18 Cx3cr1-Cre;GABAg,R™" (microglia GABAg R cKO) and wild-type littermates. Arrows denote AXIS microglia-PyN AlS
contact. (Scale bar, 15 pm.) (B) Quantification of the percentage of PyN AlSs contacted by AXIS microglia in P18 microglia GABAg:R cKO and wild-type mice.
(C) Representative images of PyN AISs with or without AXIS microglia contact in L2/3 of the SSC from P18 microglia GABAgR cKO and wild-type mice. GABAergic
synapses are visualized by immunostaining for gephyrin (Geph). (Scale bars, 2 pm.) (D and E) Quantification of average AIS gephyrin puncta density (D) and
average microglia number per 200 pm x 200 pm field-of-view (FOV) (E) in P18 microglia GABAg:R cKO and wild-type mice. For B, D, and E, data are mean +
SEM, **P < 0.01, ****P < 0.0001, ns (not significant) indicates P > 0.05 (Student's t tests); n values and statistical information are listed in S/ Appendix, Table S1.

window of initial ChC cartridge/bouton morphogenesis and
synaptogenesis hinders these developmental processes, while
acute, LPS-induced microglia activation in adulthood after
ChC/PyN circuits have formed does not apparently affect the
integrity of established ChC cartridges/boutons.

AD-Associated p-Amyloid Plaque Formation Increases AXIS
Microglia Numbers and Reduces AIS GABAergic Synapse
Density in the Neocortex. While acute, LPS-induced microglial
activation in adulthood did not significantly impact established
ChC cartridges/boutons, we questioned whether chronic neuro-
inflammation, which is a hallmark of AD (66, 68), impacts axo-
axonic synapse density at PyN AlSs. To test this, we took
advantage of the AD APPswe, PSEN1de9 (hereafter referred to as
ABPP/PS1) transgenic mouse model, which is characterized by a
steadily increasing amyloid-p (AP) plaque load starting at
approximately 6 to 7 mo of age (69). Analysis of ABPP/PS1 ani-
mals at 14 mo of age, several months after the initial appearance
of plaques and neuroinflammation, revealed a heavy plaque bur-
den in the neocortex (Fig. 6H and SI Appendix, Fig. S10 A and
B), with microglia number almost doubling in 1.2/3 of the SSC
and displaying altered morphology, indicative of an activated
state (Fig. 6 H and I). Besides apparent contact between PyN
AlSs and AP plaques, we found that the percentage of PyNs
with AXIS microglia increased more than fourfold relative to
control animals (Fig. 6/ and S/ Appendix, Fig. S100).

Next, we investigated whether this change in the percentage
of PyN AISs with activated AXIS microglia impacted ChC/

8 of 12 https://doi.org/10.1073/pnas.2114476119

PyN AIS synapse numbers by quantifying AIS gephyrin puncta
density in 14-mo-old ABPP/PS1 and control littermates. Such
analyses revealed a significant reduction in the density of
gephyrin® synapses at PyN AlISs contacted by AXIS microglia
under AD conditions (Fig. 6 K and L). Of note, PyN AIS
structure was still morphologically intact in 14-mo-old APPP/
PS1 animals (SI Appendix, Fig. S10 C-F). We also assessed
ChC/PyN AIS synapses in such animals by quantifying AIS
puncta density of the presynaptic GABAergic synapse marker
VGAT. Such analyses revealed a similar phenotype, with
VGAT puncta density significantly decreased at PyN AISs con-
tacted by activated, AXIS microglia in ABPP/PS1 animals (57
Appendix, Fig. S10 G and H). It is worth noting that similar
AIS gephyrin and VGAT puncta density were observed
between AXIS microglia-contacted AlSs in 14-mo-old control
animals and AlSs lacking activated AXIS microglia contact in
14-mo-old APPP/PS1 mice, implying that the reduction in AIS
GABAergic synapses in the APPP/PS1 model is likely a result
of activated microglia contact and not a global phenomenon
found throughout the AD brain (Fig. 6L and SI Appendix, Fig.
S10H). Together, these findings indicate that chronic,
AD-induced pathology and associated microglial activation in
adulthood significantly impacts ChC/PyN synaptic connectiv-
ity. They also further reinforce the importance of homeostatic
microglia in regulating GABAergic AIS synapses throughout
the entire lifespan, potentially helping to explain the growing
number of reports linking perturbed excitatory/inhibitory bal-
ance and microglia dysfunction to AD (70, 71).
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Fig. 6. Microglial activation perturbs neocortical ChC cartridge/bouton development and integrity. (A; and B;) Representative images of single RFP* ChCs,
neighboring AnkG* AlSs, and Iba1* microglia in L2/3 of the SSC from P16 Nkx2.1-CreER;Ai9 mice administered LPS (B)) or vehicle (A;) once daily from P12 to
P15. (Scale bars, 20 pm.) (A; and B;;) Representative images of RFP* ChC cartridge-PyN AIS innervation with or without AXIS microglia contact in P16 Nkx2.1-
CreER;Ai9 mice under LPS (B;) or vehicle (A;) conditions. (Scale bars, 3 um.) (C) Quantification of the percentage of AlSs contacted by AXIS microglia in L2/3 of
the SSC from P16 Nkx2.1-CreER;Ai9 mice under LPS or vehicle conditions. (D; and E;) Quantification of the average number of boutons per ChC cartridge (D))
and average length of ChC cartridges (£;) innervating PyN AISs with AXIS microglia contact at P16 in the SSC of Nkx2.1-CreER;Ai9 mice under LPS or vehicle
conditions. (D; and E;) Frequency distribution histograms showing the percentage of ChC cartridges with bouton number per cartridge ranging from 2 to 13
boutons (D;) and cartridge length ranging from 0 to >26 pm (E;) with AXIS microglia contact at P16 under LPS or vehicle conditions. (F) Representative images
of PyN AlISs with AXIS microglia contact in L2/3 of the SSC from mice treated with LPS or vehicle from P12 to P15 and killed at P16. GABAergic synapses are
visualized by immunostaining for gephyrin (Geph). (Scale bars, 3 pm.) (G) Quantification of average gephyrin puncta density at AlSs with AXIS microglia con-
tact at P16. (H;) Representative images of L2/3 of the SSC from 14 mo. ABPP/PS1 and WT littermates immunostained for Ag plaques (red), Iba1* microglia
(white), and AnkG* AlISs (blue). (Scale bars, 20 um.) (H;) Magnified boxed Insets from H; highlighting the close interactions between microglia, neurotoxic A
plaques, and AlSs in ABPP/PS1, but not wild-type, animals. (Scale bars, 10 pm.) (/ and J) Quantification of average microglia number per 200 pm x 200 pm
FOV (/) and the percentage of AlSs contacted by AXIS microglia (/) in 14 mo. ABPP/PS1 and wild-type littermates. (K) Representative images of PyN AlSs with
AXIS microglia contact in L2/3 of the SSC from 14 mo. ABPP/PS1 and wild-type littermates. GABAergic synapses are visualized by immunostaining for
gephyrin (Geph). (Scale bars, 3 um.) (L) Quantification of average gephyrin puncta density at AlSs with or without AXIS microglia contact in 14 mo. ABPP/PS1
and WT littermates. For C, D;, E;, G, I, /, and L, data are mean + SEM. For D;; and E;; error bars indicate SEM for a multinomial distribution. **P < 0.01, ***P <
0.001, ****p < 0.0001 (Student's t tests in C, D;, E; G, I, and J; two-tailed Mann-Whitney U tests in D; and E;, one-way ANOVA with post hoc Tukey's multiple
comparison test in L); n values and statistical information are listed in S/ Appendix, Table S1.
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Discussion

In this study, we identify a previously unrecognized synapto-
genic role for microglia in the regulation of PyN axo-axonic
synapse formation by ChCs, a unique type of GABAergic inter-
neuron whose terminal axon cartridges selectively target the
AIS (30). Such a discovery is supported by several lines of evi-
dence. To begin, we show that: 1) a subset of microglia
(referred to as AXIS microglia) closely interact with PyN AlSs
and ChC cartridges in L2/3 of the SSC, 2) the peak of such tri-
partite interactions coincides temporally with the period of
most rapid postnatal ChC axonal development/synaptogenesis,
and 3) similar to ChC/PyN AIS innervation, AXIS positioning
of microglia is dependent on the unique AIS cytoskeleton (40).
Next, we find that homeostatic AXIS microglia—AIS-ChC
interactions in the postnatal developing SSC are associated with
an increase in ChC cartridge length and bouton number and
that depletion of microglia in the healthy brain impairs the
proper formation/maintenance of ChC cartridges/boutons, as
well as ChC/PyN AIS GABAergic synaptogenesis. Further-
more, we show that microglia—PyN AIS interactions rely on
microglial GABAg;Rs and that ablation of such receptors in
microglia impacts proper ChC synaptogenesis. Finally, we dem-
onstrate that microglial activation/dyshomeostasis under both
LPS- and AD-induced neuroinflammatory states impairs ChC
cartridge/bouton morphogenesis and synaptic connectivity at
PyN AlSs. Thus, our data identify microglia as key cellular
players in the regulation of ChC/PyN axo-axonic synapse
formation.

Our findings report a synaptogenic role for microglia in the
regulation of inhibitory synapses in the postnatal developing
brain. Such a function of microglia had hitherto only been
demonstrated for excitatory synapses, with previous work dem-
onstrating microglia-induced spine formation in the hippocam-
pus and SSC (18, 21, 22). Studies on the role of microglia in
modulating inhibitory synapses during postnatal development
remain scarce. Only recently did work by Favuzzi et al. (29),
which investigated the requirement of microglia in the pruning
of inhibitory axo-somatic synapses, uncover a subset of GABA-
receptive microglia that selectively interact with and remodel
inhibitory axo-somatic synapses without impacting excitatory
synapses during a critical window of mouse postnatal develop-
ment. In light of these findings, it is conceivable that AXIS
microglia represent a fraction of GABA-receptive microglia that
contact GABAergic ChC terminals at PyN AlSs (see further
below).

Beyond this, our study sheds light on the mechanisms gov-
erning ChC/PyN axo-axonic synapse formation in the develop-
ing SSC. Synapse formation is a complex, multistep process,
involving the recognition of specific postsynaptic targets by
growing axons, the formation of initial contacts, and the assem-
bly and maturation of pre- and postsynaptic specializations (1).
To date, the only molecule known to regulate ChC/PyN AIS
contact formation is LICAM, which, via its interaction with
the AlS-localized AnkG/PIV-spectrin cytoskeletal complex,
directs ChC/PyN innervation selectively to the AIS of PyNs
(40). Notably, while PyN L1CAM is essential for the establish-
ment and maintenance of ChC/PyN AIS innervation, it is not
sufficient for synapse formation, since ectopic expression of
L1CAM in PyNs does not significantly increase AIS GABAer-
gic synapse density (40). In contrast to this, AXIS microglia are
not required for the establishment of ChC/PyN AIS contacts
but instead regulate proper ChC cartridge/bouton morphogen-
esis and AIS synaptogenesis. Indeed, microglia depletion did
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not perturb ChC/PyN AIS innervation but significantly
decreased the number of axo-axonic synapses at PyN AlSs.
Such findings reinforce the multistep nature of directed synapse
formation with L1ICAM being essential for initial ChC/PyN
contact and AXIS microglia being required subsequently for
proper ChC synapse development. In line with this, recent
large-scale volumetric electron microscopy and functional
imaging of ChC/PyN synaptic connectivity suggests that the
number of ChC/PyN connections (i.e., innervation) and the
number of synapses per connection (i.e., ChC boutons) are
governed by different processes (72).

Concerning the involvement of different processes, our pre-
sent data unveil a key role for microglial GABAg;Rs in mediat-
ing microglia—PyN AIS interactions and ChC synaptogenesis.
Combined with our previous findings on LICAM (40), these
data support a model in which LICAM-mediated ChC/PyN
AIS initial contact and subsequent GABAergic neurotransmis-
sion recruits microglia to the AIS of PyNs through microglial
sensing of GABA via their expression of GABAg;Rs. We do
not exclude though that other mechanisms/players besides
GABAg;Rs may be involved in mediating AXIS microglia—PyN
AIS—ChC interactions. For example, GABA-receptive microglia
that contact ChC terminals at PyN AISs may express distinct
CAMs that interact with partners selectively expressed at PyN
AISs. In this regard, GABA-receptive microglia that sculpt axo-
somatic synapses were reported to have higher levels of tran-
scripts encoding various transmembrane proteins (29). It
should also be noted that ChC cartridge/bouton development
and synaptogenesis are dependent on ChC DOCK7/ErbB4-,
FGF13-, and IgSF11-signaling (44-48), suggesting that these
ChC-expressed molecules act in concert with AXIS microglia
to regulate/coordinate different aspects of axo-axonic synapse
assembly/maturation. In regards to AXIS microglia, one poten-
tial scenario is that GABA-recruited AXIS microglia release
trophic factors/cytokines, such as brain-derived neurotrophic
factor, interleukin-10 (IL-10), insulin-like growth factor, nerve
growth factor, and basic fibroblast growth factor (FGF2), which
locally promote ChC cartridge/bouton development and synap-
togenesis (18, 67, 73-75). In support of this notion, microglial
secretion of IL-10 in vitro was reported to promote the forma-
tion of inhibitory synapses in cultured neurons (67). In vivo,
brain-derived neurotrophic factor release by microglia regulates
learning-dependent spine formation and the expression levels of
synapse-associated proteins (18). Future studies will be required
to determine whether growth factors secreted by microglia
regulate the establishment and maintenance of ChC cartridge/
bouton synaptic structure and whether the release of other
paracrine factors are involved.

The importance of homeostatic microglia in regulating
proper ChC cartridge/bouton development and synaptogenesis
is further highlighted by our findings that such processes are
perturbed under neuroinflammatory and pathological condi-
tions. Under acute LPS-induced neuroinflammatory conditions
during early postnatal development, microglia activation pre-
cipitated an increase in AXIS microglia numbers and impeded
ChC/PyN AIS synapse formation. Such a decrease in AIS syn-
apses is not due to microglia-mediated phagocytosis of ChCs,
as no significant engulfment of labeled ChC material by micro-
glia in L2/3 of the SSC was observed. Instead, LPS-induced
activation of microglia and subsequent alterations in their cyto-
kine release profile (i.e., decrease in synaptogenic/trophic fac-
tors and increase in cytotoxic factors) likely hinders proper
ChC cartridge/bouton morphogenesis and synapse formation

during this critical period of ChC development (9, 65, 67). In
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a similar vein, prolonged neuroinflammation, a hallmark of
AD, induced microglia activation, increased AXIS microglia
numbers, and facilitated the loss of GABAergic AIS synapses in
the ABPP/PS1 mouse model of AD. Since ChC/PyN AIS syn-
apse formation is largely complete by the onset of AP plaque
deposition and resulting inflammation, it is probable that tar-
geting of activated microglia to the AIS strips existing ChC/
PyN axo-axonic synapses, especially since microglia-mediated
stripping of PV synapses has already been reported to occur at
the cell soma in response to neurological insult/injury (27, 28).
Future work will be needed to fully elucidate the mechanisms
underlying impaired ChC cartridge/bouton development and
maintenance under pathological conditions.

In summary, our findings identify key roles for homeostatic
microglia in the proper formation and maintenance of neocor-
tical ChC cartridges/boutons and axo-axonic synapses. Accord-
ingly, early postnatal disruption of proper microglia function,
either via microglial depletion, GABAg;R removal, or immune
activation, induced a significant decrease in PyN AIS GABAer-
gic synaptic density. Microglia-mediated regulation of GABAer-
gic axo-axonic synapses also extends into adulthood as chronic,
AD-associated neuroinflammation and microglia activation
induce the loss of inhibitory AIS synapses. Notably, the impact
of such observed perturbations in ChC/PyN synapses is further
compounded given that each AIS is typically innervated by
three to four cartridges from three to four distinct ChCs (30,
43), whereas under our experimental conditions, analyses were
performed on cartridges from single, labeled ChCs. Therefore,
the effect of microglia dyshomeostasis (i.e., depletion or activa-
tion) on ChC cartridge/bouton structure and synaptic connectiv-
ity is in reality three to four times greater, likely impacting the
physiological properties of ChCs and neocortical excitatory-
inhibitory balance. In line with this, previous work investigating
ChC-mediated inhibition of principal cells in the basolateral
amygdala found that 2 minimum of 10 to 12 ChC synapses are
required to prevent principal cell firing, providing further sup-
port for the importance of microglia in fine-tuning the number
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of boutons per ChC cartridge (76). Subtle changes in ChC
bouton number have also been linked to aberrant behavioral
phenotypes, since alterations in the density of ChC boutons
in Nkx2.1-CreER:erbb4~'~ animals, a model in which the
schizophrenia-linked ErbB4 receptor tyrosine kinase is
depleted from ChCs, induced schizophrenia-like behaviors
(77). Thus, our findings, combined with the growing number
of reports linking ChC structure/function to circuit activity
and behavior, underscore the importance of tripartite ChC-
PyN AIS-microglia communication in health and disease.

Materials and Methods

Nkx2.1-CreER, Rosa26-loxpSTOPloxp-TdTomato (Ai9), GABAMRM’, Cx3cr1-Cre,
APPswe,PSENTde9 mice were maintained and bred as previously described (29,
35, 40, 69). All animal procedures were performed following the guidelines of
Cold Spring Harbor Laboratory's Animal Care and Use Committee. For plasmid
construction, cell culture/transfection, Western blotting, pharmacology-based
microglia depletion/activation, and in utero electroporation at embryonic day
15.5, standard procedures were applied, as previously described (17, 27, 40,
47) and detailed in S/ Appendix, SI Material and Methods. Details on brain sec-
tioning and immunohistochemistry (47), as well as image acquisition and data
analysis using Zeiss confocal microscopy and GraphPad Prism 8 software, are
also described in SI Appendix. All conditions/genotypes during data acquisition
and analysis were blinded to the experimenter. Information on antibodies and
RNAi-targeting sequences are also included in S/ Appendix.

Data Availability. All data are included in the main text and S/ Appendix.
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