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Microglia Elimination Increases Neural Circuit Connectivity
and Activity in Adult Mouse Cortex
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Microglia have crucial roles in sculpting synapses and maintaining neural circuits during development. To test the hypothesis
that microglia continue to regulate neural circuit connectivity in adult brain, we have investigated the effects of chronic
microglial depletion, via CSFIR inhibition, on synaptic connectivity in the visual cortex in adult mice of both sexes. We find
that the absence of microglia dramatically increases both excitatory and inhibitory synaptic connections to excitatory cortical
neurons assessed with functional circuit mapping experiments in acutely prepared adult brain slices. Microglia depletion leads
to increased densities and intensities of perineuronal nets. Furthermore, in vivo calcium imaging across large populations of
visual cortical neurons reveals enhanced neural activities of both excitatory neurons and parvalbumin-expressing interneurons
in the visual cortex following microglia depletion. These changes recover following adult microglia repopulation. In summary,
our new results demonstrate a prominent role of microglia in sculpting neuronal circuit connectivity and regulating subse-

quent functional activity in adult cortex.
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ignificance Statement

Alzheimer’s disease.

Microglia are the primary immune cell of the brain, but recent evidence supports that microglia play an important role in syn-
aptic sculpting during development. However, it remains unknown whether and how microglia regulate synaptic connectivity
in adult brain. Our present work shows chronic microglia depletion in adult visual cortex induces robust increases in peri-
neuronal nets, and enhances local excitatory and inhibitory circuit connectivity to excitatory neurons. Microglia depletion
increases in vivo neural activities of both excitatory neurons and parvalbumin inhibitory neurons. Our new results reveal new
potential avenues to modulate adult neural plasticity by microglia manipulation to better treat brain disorders, such as
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Introduction

Microglia are the primary immune cells of the mammalian CNS.
These cells guard and protect our brains from invading patho-
gens, akin to macrophages in peripheral organs. It is becoming
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increasingly clear that microglia play numerous roles outside of
immunity, including synaptic remodeling and maintaining
brain homeostasis, particularly during development (Nayak et
al., 2014; Colonna and Butovsky, 2017). In the developing
mouse retinogeniculate system (postnatal days 5-15 [P5-P15]),
microglia contribute to activity- and complement-dependent
pruning by phagocytosing presynaptic inputs (Stevens et al.,
2007; Schafer et al., 2012). During the second and third post-
natal weeks in the mouse hippocampus development, microglia
engulf synaptic components and contribute to synaptic pruning
and maturation (Paolicelli et al., 2011). Mice lacking the che-
mokine receptor Cx3cr1 exhibit a transient reduction of micro-
glia during P8-P28 and show impaired synaptic and neural
network connectivity and abnormal social behavior in adult-
hood (Paolicelli et al., 2011; Zhan et al., 2014). Other structural
and physiological evidence also supports that microglia
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modulate excitatory glutamatergic signaling at both presynaptic
and postsynaptic sites, resulting in changes in synaptic connec-
tivity during development (Schafer et al., 2012; Ji et al., 2013).

Microglia undergo morphological, phenotypical, and cell
density changes during postnatal brain development. Ramified
microglial processes constantly modify connections with synap-
ses (Nimmerjahn et al, 2005; Tremblay et al., 2011). Clq is a
complement cascade protein; its activation triggers synapse elim-
ination by microglia. Mice genetically lacking C1q show exces-
sive retinal innervation of lateral geniculate neurons (~P30), and
enhanced excitatory synaptic connectivity and epileptiform ac-
tivity (P19-P39) in sensorimotor cortex (Stevens et al., 2007; Chu
et al,, 2010). EPSC frequency increases in cultured hippocampal
brain slices with microglia depleted by clodronate liposomes;
subsequently, the addition of microglia to neuronal cultures
decreases synaptic activity (Ji et al., 2013).

Our prior work suggests that microglia continue to regulate
neuronal structures in the adult brain. Microglia in the adult
brain depend on signaling through the colony-stimulating factor
1 receptor (CSF1R) (Elmore et al, 2014). Administration of
selective CSF1R inhibitors that cross the blood-brain barrier rap-
idly eliminate >95% of all microglia in the CNS, and suppress
microglia for as long as treatment is maintained. Brain microglia
levels recover after the inhibitor treatment ceases (Elmore et al.,
2014; Spangenberg et al., 2019). Using timed administration of
CSFIR inhibitors, we find that adult mice lacking microglia
show remarkable elevations in the densities of dendritic spines
(the sites of excitatory synapses between neurons) in all brain
regions surveyed, along with increases in synaptic puncta
(Elmore et al., 2014; Rice et al., 2015, 2017). Conversely, aber-
rant synaptic loss through over-pruning is a key feature of
many diseases characterized by overly reactive microglia, such
as Alzheimer’s disease (Spangenberg et al., 2016, 2019;
Rajendran and Paolicelli, 2018). Chronic microglial depletion
in the mouse model of AD rescues dendritic spine loss and
prevents neuronal loss in the brain (Spangenberg et al., 2016),
as well as prevents extensive loss of perineuronal nets (PNNs)
(Crapser et al., 2020b). Similar results with PNNs have been
found in mouse models of Huntington’s disease (Crapser et
al., 2020a). Related to these changes in PNNs, a recent study
reports that microglial remodeling of the extracellular matrix
promotes synapse plasticity in adult hippocampus (Nguyen et
al., 2020). Thus, it is important to further understand whether
and how microglia regulate neuronal connections in normal
and diseased adult brains.

In the present study, we investigate the effects of chronic
microglial depletion via CSF1R inhibitors on neuronal structure
and synaptic connectivity in the visual cortex in normal adult
mice. We find that microglia depletion in adult cortex induces
robust increases in PNNs, and enhances local excitatory and in-
hibitory circuit connectivity to excitatory neurons. Compared
with control, microglia depletion increases neural activities of
both excitatory neurons and parvalbumin (PV) inhibitory neu-
rons. Our new data demonstrate a prominent role of microglia
in sculpting neuronal circuit connectivity and regulating subse-
quent functional activity in adult cortex.

Materials and Methods

Animal treatments. All mouse experiments were performed in ac-
cordance with animal protocols approved by the Institutional Animal
Care and Use Committee at the University of California, Irvine. To
deplete microglia, mice were treated with the CSF1R/c-Kit inhibitor
PLX3397 (3weeks; 290 ppm in Ain76A chow) (Elmore et al., 2014) or
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the more specific CSFIR inhibitor PLX5622 (5weeks; 1200 ppm in
Ain76A chow) starting at the age of 8-10weeks (Spangenberg et al.,
2016, 2019). The two complementary CSFIR inhibitors were used; this
minimized the possibility of any nonspecific effects of either inhibitor.
The effects of PLX5622 and PLX3397 on the neural activities appeared
to be identical. Therefore, we only used PLX3397 for most experiments
in the paper. Both inhibitors were provided by Plexxikon and formulated
in standard chow by Research Diets in Ain76A chow. The treatment du-
ration of PLX compounds is specified in the descriptions of individual
experiments.

Mice were randomly assigned to experimental versus control groups
with matched age and sex. Experiments were repeated, and the results
were reproducible. Experimenters were not blinded during data acquisi-
tion, but imaging data analyses were performed blind to treatment.

Histology, immunofluorescent staining, and image acquisition.
Animals were transcardially perfused under deep isoflurane anesthesia,
and brains were left in 4% PFA for overnight fixation. Samples were
switched into 30% sucrose in PBS. Brain samples were then coronally
sectioned into 30-pm-thick samples using a freezing microtome (Leica
Microsystems, SM2010R), secured to a frozen sucrose base. Fluorescent
immunolabeling followed a standard protocol (primary antibody fol-
lowed by fluorescent secondary antibody), as previously described
(Xu et al., 2010a; Elmore et al., 2014).

To assess the effects of PLX treatments, we immunochemically
stained selected brain sections to label microglial populations.
Samples were washed with 1x PBS and placed on an orbital shaker
for 5min for 3 times. Sections are transferred into blocking me-
dium (0.075% Triton-X, 5% normal donkey serum in 1x PBS solu-
tion) for 2 h at room temperature before applying primary
antibody. Primary antibodies used include the following: NeuN
(1:1000; Abcam; RRID:AB_1566475), IBA1 (1:1000; Wako; RRID:
AB_839506), GFAP (1:10,000; Abcam; RRID:AB_296804), Wisteria
floribunda agglutinin (WFA, 1:1000; Vector Labs; RRID:AB_2336875),
PV (1:1000, Swant; RRID:AB_2313848), and S10083 (1:1000, Abcam;
RRID:AB_991821). Primary antibodies were applied for 48 h, and fol-
lowed by AF488-, Cy3-, or Cy5-conjugated appropriate secondary anti-
bodies (Jackson ImmunoResearch Laboratories, 1:200). Sections were
counterstained with 10 um DAPI, then mounted and coverslipped.
Immunostained sections in Figure 1 were examined using a confocal
microscope (LSM 780, Carl Zeiss) with 10x image stacks. Image tiles,
overlaying, maximum projections, and subset z-stack selections were
performed using the Carl Zeiss image processing software.

Numbers and signal intensity of microglia, astrocytes, PV, and PNNs
were obtained by scanning regions at 10x at comparable sections in
each animal, the scanning regions were the FOVs, and then numbers of
microglia were measured automatically using the spots module in
Bitplane Imaris 7.5 software. We used >20 FOVs from at least 3 animals
for each condition for quantifications in Figure 1.

Electrophysiological recording and analyses. Electrophysiological
recordings and photostimulation were performed as extensively
described previously (Xu and Callaway, 2009; Xu et al., 2010b, 2016;
Olivas et al.,, 2012; Kuhlman et al.,, 2013). Six-week-old mice were
treated for 3-4 weeks with control chow (1 =12 mice), or PLX3397-for-
mulated chow (1 =10 mice) or PLX5622-formulated chow (n =4 mice)
to deplete microglia. Animals were deeply anesthetized using pentobarbi-
tal sodium (100 mg/kg, i.p.). Brains were extracted; coronal sections of vis-
ual cortical of 400 um were made with a vibratome (VT1200S, Leica
Microsystems) in sucrose containing ACSF (in mu as follows: 85 NaCl, 75
sucrose, 2.5 KCl, 25 glucose, 1.25 NaH,PO,, 4 MgCl,, 0.5 CaCl,, and 24
NaHCOQO3). Slices were incubated for at least 30 min in normal ACSF (in
mw as follows: 126 NaCl, 2.5 KCl, 26 NaHCOs3, 2 CaCl,, 2 MgCl,, 1.25
NaH,PO,, and 10 glucose) at 32°C before transfer into slice recording
chambers. Throughout the cutting, incubation, and recording, the solu-
tions were continuously supplied with 95% O,-5% CO,.

Whole-cell recordings were performed under a differential interfer-
ence contrast/fluorescent Olympus microscope (BX51WI) at room tem-
perature. Slices were examined under a 4Xx objective for proper targeting
of layer 5 V1 neurons. To perform whole-cell recording, individual neu-
rons were visualized at high magnification (60x objective, 0.9 NA;
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Microglial depletion by treatment with CSF1R inhibitors PLX3397 and PLX5622 robustly enhances PNNs. A, WT (57BL6/) mice treated for 3 weeks with control diet, or PLX3397

(290 ppm in chow) or PLX5622 (1200 ppm in chow). (D11b, S1003, and NeuN staining in visual cortex sections is shown for control (left) and PLX3397 treatment of 3 weeks (right). B,
Numbers of (D11b™ cells/FOV are plotted with control and PLX3397 treatment. Microglia are reduced by ~95% with this PLX3397 treatment (p = 0.001). €, Quantification of the number of
$1003  cells/FOV for control and PLX3397 conditions showing that astrocyte intensities were unaffected by PLX3397. D, WFA and PV staining is shown for control condition (left) and for
PLX3397 treatment (right). E, Quantification shows that the numbers and intensity of WFA-positive PNNs per FOV significantly increase following 3-week-long PLX3397 treatment (p = 0.003
and p = 5.56 x 10~*). F, The PLX3397 treatment does not modulate the number and intensity of PV neurons (p = 0.335 and p = 0.056). G, WFA and PV staining following 5-week-long
PLX5622 treatment. WFA and PV numbers and intensities for each condition are plotted in H and 1. WFA is significantly increased with PLX5622 treatment (p = 0.002 for WFA number; and
p=0.002 for WFA intensity). Although the numbers of PV neurons are not affected (p =0.359), PV staining intensity is significantly increased with PLX5622 treatment (p =2.93 x 10%).
Data are mean = SEM (samples from at least 3 mice/group). *:p < 0.01; #=:p < 0.001; two- tailed unpaired Student's ¢ test.

LUMPIanFI/IR, Olympus America), and patched with borosilicate glass
electrodes of 4-6 m() resistance filled with K" -containing internal solution
(126 mm K-gluconate, 4 mm KCl, 10 mm HEPES, 4 mm ATP-Mg, 0.3 muM
GTP-Na, and 10 mm phosphocreatine, pH 7.2, 300 mOsm) when meas-
uring EPSCs. While recording inhibitory postsynaptic currents IPSCs, a
cesium-based internal solution (130 mm CsOH, 130 mm D-gluconic acid,
0.2 mm EGTA, 2 mm MgCl,, 6 mm CsCl, 10 mm HEPES, 2.5 mm ATP-Na,
0.5 mm GTP-Na, and 10 mm phosphocreatine, pH 7.2, 300 mOsm) was
used. Electrodes also contain 0.1% biocytin for post hoc cell labeling and
further morphologic identification. Once stable, whole-cell recordings
were achieved with good access resistance (<30 m{}), and basic electro-
physiological properties were examined through hyperpolarizing and
depolarizing current injections. Electrophysiological data were acquired
by a custom-modified version of Ephus software. Resting membrane
potentials, input resistance, and membrane capacitance, as well as spiking
patterns, were all measured. To measure spontaneous excitatory postsy-
naptic currents (EPSCs), the recorded neuron was held at —70 mV in volt-
age-clamp mode, and the data of spontaneous traces were acquired over
10 min.

During laser scanning photostimulation (LSPS) experiments, the
microscope objective was switched from 60x to 4x. Stock solution of
MNI-caged-L-glutamate (Tocris Bioscience) was added to 20 ml of
ACSEF for a concentration of 0.2 mm caged glutamate. The cortical slice
image was acquired by a high-resolution digital CCD camera, which in
turn was used for guiding and registering photostimulation sites. Using

an electro-optical modulator, short pulses of laser flashes (1 ms, 20 mW)
were delivered, which generate the focal laser spots with approximate a
Gaussian profile of a lateral width of 100 pm. Under our experimental
conditions, LSPS-evoked action potentials were recorded from stimula-
tion locations within ~100 um of targeted somata and occurred within
150 ms after photostimulation. Synaptic currents in patched neurons
were detected under voltage clamp. By systematically surveying synaptic
inputs from hundreds of different sites across a large cortical region, ag-
gregate synaptic input maps were generated for individual neurons.

LSPS allows for extensive and quantitative mapping of local circuit
inputs. A mouse V1 coronal slice image was used with the superimposed
photostimulation sites (16 x 16, spaced at 60 pim x 60 pm) across all the
cortical layers. The electrode was recording from an excitatory pyramidal
neuron in upper layer 5. During the experiment, the slice was bathed in
the solution containing MNI-caged glutamate (0.2 mwm), which only
turns active through focal UV photolysis to activate a small number of
neurons (i.e., glutamate uncaging). The whole cortical mapping field was
stimulated sequentially with an interval of 1.2 s in a nonraster and non-
random sequence.

Similar to LSPS, we mapped PV specific inhibitory inputs to excita-
tory neurons using laser scanning channelrhodopsin-2 (ChR2) photoac-
tivation. This was achieved with PV inhibitory cell type-specific
optogenetic stimulation. The PV-Cre mouse line was crossed to the Ai32
mouse line (Madisen et al., 2012), which has a conditional allele of Rosa-
CAG-LSL-ChR2(H134R)-EYFP-WPRE, to drive ChR2/EYFP fusion
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protein expression in PV cells. Whole-cell recordings were made from
layer 5 pyramidal neurons in visual cortex of PV-Cre;Ai32 mice; spatial
maps of PV cell connectivity strength to each patched pyramidal neuron
were derived by systematically stimulating ChR2-expressing PV cells at
16 x 16 different sites arranged in a mapping grid across all cortical
layers. Spatially restricted optogenetic activating of ChR2-expressing PV
cells was accomplished using a 473 nm blue laser (0.25ms, 3 mW; laser
spot diameter, ~50pm). Whole-cell voltage-clamp recordings were
made from the recorded pyramidal neurons to measure ChR2-evoked
inhibitory postsynaptic currents (IPSCs) at the empirically determined
holding potential at 5mV with cesium-containing internal solution (for
more detailed information, see Sun et al., 2016).

For photostimulation data analysis, the amplitudes, frequencies, and
onset latencies of EPSCs or IPSCs from the recorded cells were measured
for each stimulation site using custom-developed MATLAB software
(Shi et al., 2010). Laminar input patterns and source distributions were
quantified. LSPS-evoked EPSCs were quantified across the 16 x 16 map-
ping grid for each cell, and 2-4 individual maps are averaged to bin
responses according to laminar cytoarchitectonic landmarks. The EPSC
input from each stimulation site was the measurement of the sum of
individual EPSCs within the analysis window (10-160 ms after photosti-
mulation), subtracting baseline spontaneous response from the photosti-
mulation response of the same site. Then it was normalized with the
duration of the analysis window and expressed as average integrated
amplitudes in picoamperes (pA). Synaptic events were binned from loca-
tions spanning +400 um tangential to the targeted soma location and
from the top of layer 2/3 to the bottom of layer 6 across the radial vector.
Data were plotted as either the average integrated EPSCs amplitude per
pixel location or the number of EPSCs detected per pixel location. The
quantitative color-coded map, which measured the EPSC input strength
per stimulation, was generated by averaging integrated amplitudes of
individual EPSCs at each site in the specified analysis window (within
150 ms after photostimulation). The ChR2-photoactivation data analysis
was similar to that described above for LSPS.

In vivo two-photon calcium imaging. For two-photon in vivo calcium
imaging, the GCaMP6s transgenic mouse expressing GCaMP6s in exci-
tatory neurons (Wekselblatt et al., 2016) and PV-Cre;Ail63 mouse
(Daigle et al., 2018) expressing GCaMP6s in PV cells were used. The
general procedure for surgery has been described previously (Kuhlman
et al,, 2013; Grieco et al., 2020). After the skull was exposed, it was dried
and covered by a thin layer of Krazy glue. After the Krazy glue dried
(~15min), it provided a stable and solid surface on which to affix an
aluminum headplate with dental acrylic. The headplate was affixed to
the skull, and the margins were sealed with dental acrylic to prevent
infections. A 4-mm-diameter region of skull overlying the occipital cor-
tex was removed. The craniotomy opened at center coordinates 3 mm
lateral, and 1.7 mm anterior to the lambda suture. Care was taken to
leave the dura intact. A sterile, 4-mm-diameter cover glass was then
placed directly on the dura and sealed at its edge with Krazy glue. When
dry, the edges of the cover glass were further sealed with dental acrylic.
At the end of the surgery, all exposed skull and wound margins were
sealed with VetBond and dental acrylic. Mice were then removed from
the stereotaxic apparatus, given a subcutaneous bolus of warm sterile sa-
line and carprofen (5mg/kg, subcutaneous), and allowed the mouse to
recover on the heating pad. When fully alert, they were placed back in
their home cages. Carprofen was given for 3 consecutive days. Typically,
the mouse was permitted to recover for at least 7 d and conditioned to
the head restraint and running wheel for several days for 20 min per day
before experiments.

Two-photon calcium imaging was performed in the binocular region
of V1 by the resonant scanning two-photon microscope system con-
trolled by Scanbox acquisition software (Neurolabware). Retinotopic
maps were acquired by GCaMP6-based epifluorescence imaging using a
4x, 0.16 NA objective. The surface vasculature and GCaMP6s signals
were visualized with illumination of white mounted LEDs (400-700 nm)
(MCWHLP1, Thorlabs), via a bandpass filter (482/18 nm, Thorlabs),
and fluorescence was detected by a sSCMOS camera (PCO edge 4.2 LT)
via a 520/28 nm bandpass filter (Thorlabs). The focal plane of the micro-
scope focused 400-600 pm below the surface vasculature during
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retinotopic mapping. The mouse was awake during retinotopic map-
ping, the head was restrained via the headplate, and the eyes were on a
horizontal plane. The mouse was trained and habituated to a running
wheel 3 d before the imaging. GCaMP6-based epifluorescence signal was
stronger than intrinsic signals. Eye movements occurred during all
phases of the wide-field mapping stimulus, and the mean eye displace-
ment was <1 degree (Zhuang et al., 2017). Furthermore, eye movement-
related effects were largely eliminated during data processing by averag-
ing repetitions of visual stimulation in offline data analysis. Therefore,
the global retinotopy mapping was largely unaffected by small eye move-
ments (Zhuang et al., 2017).

We used the same visual stimulation as in Zhuang et al. (2017),
which was generated in real time with processing using OpenGL shaders.
The stimulation was displayed on a 27 inch LCD monitor (Asus, vg 278)
with a refresh rate of 60 Hz, placed perpendicularly at 20 cm from the
mouse. The monitor was extended from ~—56 to 56 degrees in the azi-
muth and from —40 to 40 degrees in the elevation. A TTL pulse was gen-
erated with an Arduino at each stimulus transition, and the pulse was
recorded and time-stamped for synchronizing between visual stimula-
tion and imaging data. Retinotopic responses were generated by sweep-
ing a stimulus bar across the monitor (Kalatsky and Stryker, 2003). The
bar contained a 4-degree-wide, black-and-white checkerboard pattern,
with a gray background of 50% of the maximum luminance. The stimu-
lus was swept across the screen for 8 times in each of four cardinal direc-
tions with a duration of 10 s. There was a 10 s interval of blank gray
screen inserted between sweeps. Azimuth and elevation retinotopic
maps were used to generate a visual field sign map (Garrett et al., 2014).
Binocular V1 was confined to regions adjacent to the intersection of the
horizontal and vertical meridians at the border of V1 and lateromedial
area (LM).

For in vivo two-photon calcium imaging, 920 nm wavelength was
used for imaging calcium responses of excitatory and PV neuron types.
The microscope objective used was a 16x water-immersion lens (Nikon,
0.8NA, 3 mm working distance). Usually, we imaged simultaneously
from four layers of neurons separated by 20 pm in cortical layer 2/3
(100-300 um below pia) with a bidirectional scanning mode. The image
sequences were captured at 8 Hz for each layer of neurons. The image
area covered a field of ~796 um X 494 pm. We examined baseline levels
of cortical activity, and the visual display was simply a gray screen of 20
cd/m2 luminance shown for 15min while collecting calcium imaging
data. This experimental design was sufficient to quantify neural activity
levels (see Figs. 6 and 7) and avoided introducing artifacts associated
with visual experience-dependent plasticity (Kaplan et al., 2016). Eye
movements and pupil sizes were recorded via a Dalsa Genie M1280 cam-
era (Teledyne Dalsa) fitted with a UV cutoff filter (wavelength range
350-2200 pm). During two-photon imaging, a substantial amount of
light exited from the skull; no additional illumination was required to
image the pupil.

Mice were head-fixed on a running wheel on which they had been
trained to balance and run. Movement of the wheel was recorded via a
ball-bearing option tracker (H5, US digital). Both locomotion and eye
movement data were synchronized to the microscopic image frames.
Locomotion was used for excluding calcium response traces falling in
running sessions. We had analyzed pupil sizes across conditions and
found out that they did not significantly differ. Therefore, there was no
response correction to pupil sizes.

In order to longitudinally align the imaging area for each recording,
we used blood vessel landmarks and robustly active neurons as reference
positions for alignment of the imaging areas. This allowed us to examine
the same groups of neurons across sessions.

Analysis for two-photon calcium imaging. Custom-written MATLAB
pipelines based on CaImAn, which is an open-source library for calcium
imaging data analysis, was used for offline analysis (Giovannucci et al.,
2019). The positions of neurons might change slightly because of the
cortex movement during imaging. This motion artifact was corrected by
NormCorre pipeline (Pnevmatikakis and Giovannucci, 2017). The
frames were smoothed with a 12 x 12 pixel Gaussian kernel (SD =4) to
suppress the background noise; then nonrigid translation was applied to
every two successive frames by dividing each frame of multiple 128 x
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128 pixel patches. We estimated the motion effect between correspond-
ing patches and translated them for alignments. After removing motion
artifact, we aligned each imaging session with several robust neurons as
references to correct for translation and rotation differences between two
imaging sessions. After motion correction and footprint alignments, tempo-
ral calcium traces of neurons were extracted from the recording using the
Constrained Nonnegative Matrix Factorization-based CalmAn pipeline.
The pipeline models the calcium signal with the following equation:

Y=aC+b+te. (1)

Where Y is the observed calcium recording, a is the matrix that con-
tains the “spatial footprint” of each neuron soma, C is the matrix that
contains each neuron’s calcium dynamic, b is the background, and e is
the Gaussian noise matrix that compensates the estimation errors. The
initializing of a, C, b, and e uses the greedy ROI method described by
Pnevmatikakis et al. (2016). Then the Constrained Nonnegative Matrix
Factorization was iteratively applied to update and refine the spatial foot-
print and temporal calcium signals. The neuropil signal is contained in B
and discarded after the processing. The amplitudes of calcium responses
(AF) were subtracted by baseline responses, and were converted to AF/F
using the following steps: (1) the baseline fluorescence response (F0) of
each neuron is estimated by Yi — ai x Ci. The original calcium trace of
the footprint is Vi, its spatial footprint is ai, and the extracted temporal
calcium trace is Ci. (2) And then calculate mean F0, which is FO_avg. (3)
AF/F = Ci/FO_avg. For the extracted calcium events of each neuron, the
peak event amplitude was the closet peak amplitude of the AF/F signals.
Calcium response events that exceeded a threshold of 10% of the maxi-
mum event amplitude across the recording duration were included for
further analysis. The calcium event frequency was calculated by normal-
izing the total number of detected events within the session length
(15 min each). For our analysis in this study, only nonrunning episodes
were included for analysis. All extracted neurons from each imaging ses-
sion were included in the analysis.

Statistics. For immunochemical staining data analysis in Figure 1,
two-tailed unpaired Student’s ¢ test was used to analyze differences
between control and PLX treatment groups of mice. Results are pre-
sented as raw mean = SEM. Significance was defined as p < 0.05. For
electrophysiological data analysis (Figs. 2-5), statistical comparisons of
the measurements across groups were made using the Kruskal-Wallis
test, and Mann-Whitney U tests for group comparisons. Alpha levels of
p <0.05 were considered significant.

For two-photon data analysis, we used the Kruskal-Wallis test and
Mann-Whitney U test for comparing multiple day responses with the
first-day baseline response. Alpha levels of p < 0.05 were considered sig-
nificant. Furthermore, to confirm that the changes we observed across con-
trol chow and PLX5622/PLX3397 treatments were better accounted for by
groups than differences between individual animals, we analyzed data with
a linear mixed-effects model using treatments as a fixed effect, and mouse
identity as a random effect. The linear mixed-effects model has been
increasingly used to analyze correlated data, such as longitudinal data and
clustered data, including longitudinal two-photon calcium imaging data
(Stobart et al., 2018a,b; Moda-Sava et al., 2019). The comparisons in Figures
6 and 7 involved multiple comparisons. To limit the potential high false dis-
covery rate caused by multiple testing, we corrected the original p values
using the Benjamini—Hochberg procedure, and reported for multiple
comparisons.

Results

Microglial depletion increases PNNs in the visual cortex

We have previously defined local excitatory and inhibitory neu-
ral circuits in the adult mouse visual cortex (Kuhlman et al.,
2013; Sun et al., 2016; Xu et al., 2016), and have shown increased
dendritic spine densities of excitatory cells in layer 5 following
microglial depletion in the same region (Rice et al., 2015). To
extend these studies, we set out to define the roles of microglia in
regulating neural connectivity in the mouse visual cortex. We

Liuetal.  Microglia Regulate Neural Connections

discovered in our previous work that inhibiting CSFIR signaling
leads to microglial depletion (Green et al., 2020). To confirm
microglial depletion following CSF1R inhibition, we stained for
the microglia marker CD11b, and measured confocal images of
the visual cortex by automated cell counts. We found a ~95%
reduction in microglial numbers after 3 weeks of CSF1R inhibi-
tor treatment (Fig. 1A,B; PLX3397-treated mice shown).
Immunostaining for $1003 " astrocytes reveals no changes in
astrocyte cell numbers, or S1003 staining intensity, with treat-
ment (Fig. 14,C). As a morphologic surrogate for plasticity, we
visualized PNNs with WFA, a well-established and highly sensi-
tive marker that binds to terminal N-acetylgalactosamine of
chondroitin sulfates (Hartig et al., 1992). PNNs are extracellular
matrix structures associated with changes in neural plasticity that
surround certain neuronal subtypes (Carulli et al., 2010; Colonna
and Butovsky, 2017), and are primarily composed of chondroitin
sulfate proteoglycans of the aggrecan family, as well as hyal-
uronic acid, and tenascin-R (Briickner et al., 2000). Robust
increases in both PNN density and intensity are seen with micro-
glial depletion, with either PLX3397 (Fig. 1D,E; PLX3397 vs con-
trol, p=0.003 and p=5.56 x 10*) or PLX5622 (Fig. 1G,H;
PLX5562 vs control p=0.002 and p =0.002). Further, we visual-
ized PV, a marker of PV-expressing inhibitory neurons as its
expression is regulated by neuronal activity (Donato et al., 2013).
Notably, mean PV staining intensities increase concomitantly
with time of microglial depletion and reach significance at
5weeks after treatment of PLX5622 relative to age-matched
untreated controls (Fig. 1I; p=2.93 x 10 *). Together, depletion
of microglia leads to the elevation of numbers and intensities of
PNNs following treatment by either of the CSFIR inhibitors
(PLX3397, PLX5622), and coincides with increased PV staining
with 5-week-long treatment of PLX5622.

Microglial depletion enhances excitatory connectivity in the
visual cortex

As microglial depletion increases PNNs and PV expression in
the adult visual cortex, we next conducted functional circuit
mapping experiments in living visual cortical slices. We treated
6-week-old mice with either control chow or PLX3397 for 3-
4weeks to deplete microglia, and acute brain slices were pre-
pared at 10 weeks of age (Fig. 2A). Microglial depletion is con-
firmed after electrophysiological recordings via immunostaining
for the microglial marker IBA1 (Fig. 2A; the recorded neuron is
also shown by biotin filling [red]). Whole-cell recordings were
obtained from V1 layer 5 excitatory neurons of control mice and
PLX3397-treated mice (example recordings shown in Fig. 2A,B);
intrinsic membrane properties, including average input resist-
ance (input R), membrane capacitance, and membrane resist-
ance, as well as general spiking patterns of excitatory neurons
recorded in control and microglia-depleted mouse brain slices,
are not significantly different from one another (Fig. 2C,D). In
accordance with prior data in microglia-depleted hippocampal
brain slice cultures using clodronate liposomes (Ji et al., 2013),
these results show that, under normal conditions, neither micro-
glia nor CSFIR inhibition directly regulates intrinsic membrane
properties of cortical neurons.

As microglia contribute to synaptic remodeling and plasticity
(Paolicelli et al., 2011; Schafer et al., 2012; Nguyen et al., 2020),
we examined the synaptic activity of recorded V1 layer 5 excita-
tory pyramidal cells in control and PLX3397-treated mice.
Interestingly, spontaneous EPSC frequencies increase signifi-
cantly in recorded excitatory neurons in microglia-depleted
brain slices compared with those from the control mice (Fig. 2E),
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Figure 2.  Spontaneous EPSCs increase substantially while intrinsic electrophysiological properties of excitatory pyramidal cells are not changed following 3- to 4-week-long PLX3397 treat-
ment. A, Example cortical slice images of mice on PLX3397 show effective depletion of microglia cells, compared with control. The slices were postfixed after physiological recordings and immu-
nostained against the microglia marker, IBA1. The recorded excitatory cells are visualized with biocytin staining (red); green represents microglial cells. Scale bar, 50 ptm. B, Hyperpolarized and
depolarized responses of the representative V1 layer 5 excitatory pyramidal cells in response to intrasomatic current injections. ¢, Comparison of average input resistance (input R), series resist-
ance (Ry), membrane resistance (R;,), and membrane capacitance (C;) between excitatory pyramidal cells of mice on PLX3397 (n =12 cells from 4 (57BL/6 mice) and control (n =12 cells
from 3 (57BL/6 mice). Data are mean == SEM. D, The current injection-response functions do not differ between the recorded cells from PLX3397-treated and control brain slices. E, Example
traces showing spontaneous EPSCs from two representative neurons in control and PLX3397-treated mice. F, Cumulative probability plots of spontaneous EPSC amplitude distribution in control
(blue curve) and PLX3397 (red curve) for 6 cells each. The cumulative probability curves overlap (Mann—Whitney U test; p = 0.796), and the amplitudes at the 0.5 cumulative probability essen-
tially are the same (13.42 vs 13.37 pA) between control and PLX treatment. G, Cumulative distribution of spontaneous EPSC intervals in control (blue) and treated (red) conditions for 6 cells
each. The cumulative probability curves differ clearly (Mann—Whitney U test; p =5.59 x 10~"%), with their intervals at the 0.5 cumulative probability being 465.7 ms versus 242 ms for control
and PLX treatment, respectively.

resulting in an almost doubling of spontaneous EPSCs with ~ LSPS via glutamate uncaging. This photostimulation-based
PLX3397 treatment (PLX3397 vs control: 3.58 £0.89Hz vs  approach has unique advantages allowing for extensive mapping
1.90 = 0.69Hz [n = 6 example cells each]). We quantified this  and quantitative analysis of local synaptic connections to individu-
change in terms of EPSC interval measurements and find that  ally recorded neurons (Kuhlman et al,, 2013; Sun et al., 2016; Xu
the cumulative probability curves differ, with their intervals at et al, 2016). As illustrated in Figure 3A, the LSPS approach
the 0.5 cumulative probability being 465.7 ms versus 242ms for  involves first recording from a single neuron, then stimulating
control and PLX3397 treatment, respectively (Fig. 2G; Mann-  sequentially throughout a matrix of sites to generate action poten-
Whitney U test; p=>5.59 x 10~'%°). However, individual EPSC tials from presynaptic neurons. The recording from the potential
amplitudes remain unchanged (Fig. 2F). This suggests that  postsynaptic neuron allows one to determine whether there is
microglia depletion induces increases in presynaptic inputs from  actual synaptic input from that particular site and its synaptic
local cortical circuits rather than changes in quantal content. strength. Photostimulation induces two distinguishable forms of

Synaptic inputs from local cortical networks were then mapped  excitatory responses that are separable by timing and response
in detail by combining whole-cell patch-clamp recordings with  kinetics: (1) those that result from direct activation of the recorded
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Figure 3.  LSPS mapping in brain slices reveals enhanced local excitatory connections to excitatory pyramidal neurons in adult mouse visual cortex following 3-week-long
PLX3397 treatment. A, Schematic of LSPS. During the experiment, a layer 5 pyramidal neuron (left) is recorded by patch clamping while stimulating its surrounding sites by
short-duration UV glutamate uncaging to generate action potentials from potentially connected presynaptic neurons. Right, Example uncaging responses. Direct uncaging
responses (1, red) are excluded from synaptic input analysis, and synaptically mediated EPSC responses (2, cyan) are plotted to show latency and amplitude characteristics of
synaptic inputs from presynaptic neuronal spiking. B, C, The averaged photostimulation-evoked EPSC input maps from visual cortex in control mice (n=17 cells from 8
mice) and PLX3397 treatment mice (n =29 cells from 10 mice), respectively. D, Average strengths of summed EPSC inputs in mice treated with PLX3397 (n =29 cells)
increase significantly compared with control cells (n =17 cells) in adult mice (p = 1.48 x 10™°). E, The numbers of total EPSC input events per cell for each group differ sig-
nificantly (control vs PLX3397, p=3.97 x 107). Data are mean == SEM. ssp < 0.001 (Mann—Whitney U tests). F—H, Spiking excitation profiles of excitatory neurons
measured by glutamate uncaging show a trend of increase in excitability for the recorded cells in PLX3397-treated cortex (n =7 cells from 4 mice), compared with controls
(n =17 cells from 4 mice; p = 0.17 for total spikes; p = 0.085 for spiking sites, Mann—Whitney U test).

neuron’s glutamate receptors and (2) synaptically mediated
responses (EPSCs) resulting from the suprathreshold activation of
presynaptic excitatory neurons (Fig. 3A, right). Responses that
occur within 10 ms of laser pulse onset are considered direct; these
responses are kinetically distinct and occur immediately after glu-
tamate uncaging. Synaptic currents with such short latencies are
not possible because they would have to occur before the genera-
tion of action potentials in photostimulated neurons.

Strikingly, V1 layer 5 pyramidal neurons in the PLX3397-
treated brain exhibit significantly enhanced local excitatory
cortical connections with stronger EPSC amplitudes and a
larger number of EPSC events compared with recordings

from the control microglia intact brain. The group-averaged
input maps pooled from the excitatory cells of microglia-
depleted and control V1 display strikingly high-magnitude
differences (Fig. 3C vs Fig. 3B). The mean total ESPCs input
per cell for adult mice are quadrupled in the absence of
microglia (Fig. 3D; control vs PLX3397, 106.62 = 31.42 pA
[n=17 cells] vs 663.68 =£78.42pA [n=29 cells], mean =
SEM; p =1.48 x 10% Mann-Whitney U test). Consistently,
the numbers of total EPSC inputs per cell also differ with
PLX3397 treatment, averaging 93.59 = 11.72 EPSC events
(n=29 cells) versus 14.26 * 3.41 events in controls (n=17
cells) (Fig. 3E; p=3.97 x 10”7, Mann-Whitney U test).
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Figure 4.  Microglial removal by a second CSFR1 inhibitor, PLX5622, shows similar effects on excitatory circuit connectivity, compared with the PLX3397 treatment. A—C, Example cortical
images of IBA1 staining of microglia in control cortex, PLX5622-treated cortex, and the cortex repopulated with microglia 1 week after stopping PLX5622 treatment. D—F, The averaged photo-
stimulation-evoked EPSC input maps of visual cortex in control mice in D, PLX5622 treatment mice in E, and repopulated cortex in F. G, Photostimulation-evoked EPSC inputs of recorded layer
5 excitatory neurons differ significantly between control (n = 14 cells from 4 mice) and 3-week-long PLX5622-treated groups (n = 13 cells from 4 mice) (p = 0.027; Mann—Whitney U test).
Also, the enhanced cortical connectivity of layer 5 excitatory cells (n =5 cells from 4 mice) is reversed with microglia repopulation at a week after stopping PLX5622 treatment, as the total inputs of these
cells did not differ from control cells in adult cortex (p = 0.559). Data are plotted as mean == SEM. s:p << 0.05. In addition to all-layers inputs, cortical layer specific inputs are also plotted.

As PLX3397 inhibits not only CSF1R (leading to micro-
glial depletion), but also c-kit (a related receptor), we sought
to confirm these findings with the specific CSFIR inhibitor
PLX5622 (Spangenberg et al., 2019). Notably, once microglia
have been eliminated, withdrawal of the CSFIR inhibitor
results in the rapid repopulation of the entire brain with new
microglial cells (Elmore et al., 2014). Adult mice were treated
with PLX5622 starting at 8-10 weeks of age, and adult brain
slices were prepared and recorded 3-4 weeks after treatment.
An additional group of mice were treated with PLX5622 for
the same 3 to 4week period, followed by PLX5622 with-
drawal to stimulate repopulation. Microglia depletion and

repopulation are confirmed using immunostaining for IBA1 (Fig.
4A-C). In accordance with the PLX3397-treated mice, photosti-
mulation-evoked EPSC inputs of recorded layer 5 excitatory
neurons are significantly higher in PLX5622-treated microglia-
depleted brains compared with age-matched controls (Fig. 4D,
E,G; n = 14 and n = 13 cells for PLX5622 and control, respec-
tively; p =0.027, Mann-Whitney U test). Notably, once micro-
glia repopulate the brain following the cessation of CSF1R
inhibitor treatment, these effects are reversed as the total synap-
tic input current in layer 5 excitatory cells (n=5 cells) returns
to control adult levels (Fig. 4D,F,G; p =0.559, Mann-Whitney
U test).
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Figure 5.  Microglia depletion with PLX3397 increases PV-specific inhibitory inputs to excitatory neurons in mouse visual cortex as assessed by ChR2-mediated circuit mapping. 4, lllustration

of IPSC recordings by optogenetically evoking PV inhibitory inputs to a layer 5 pyramidal neuron in PV-Cre;Ai32 mice. The IPSCs from three locations of ChR2 photoactivation are shown on the
right. Short blue vertical lines beneath the yellow response traces indicate 0.25 ms blue laser stimulation. B, Average IPSCs input maps (n=9 cells from 4 mice) in control mice. C, Average
IPSC input maps (n =13 cells from 4 mice) in PLX3397-treated mice. D, Plot of IPSCs from PV intermeurons across the entire L1-L6 visual cortical layers for control mice (blue curve) and PLX3397
mice (red curve). E, Average ChR2 photoactivation-evoked IPSC input strength in the PLX3397 treatment group is 3 times greater than in the control group (p =14 x 10~*, Mann—Whitney U
test). F, The average total IPSC event number in the PLX3397 treatment group is 2 times higher than in the control group (p=6.6 x 10~). Data are mean = SEM. s:p << 0,001.

Microglial depletion increases PV-specific inhibitory inputs
to cortical excitatory neurons

Previous data reveal epileptiform activity and spontaneous seiz-
ures in mice deficient in Clq, a complement cascade protein
that contributes to synaptic pruning (Chu et al., 2010). Here we
show that microglial depletion increases excitatory connectivity
yet does not evoke notably abnormal behaviors (i.e., seizures) in
adult mice (Elmore et al., 2014; Spangenberg et al., 2019). The is
consistent with our experiment finding that, while enhanced
excitatory connections to layer 5 excitatory neurons may trans-
late into increased excitability assessed with neuronal spike exci-
tation profiles mapped by photostimulation (Fig. 3F-H), the
overall excitation leading to neuronal spikes does not change
substantially compared with control cells (n = 7 cells each;
p = 0.17 for total spikes; p = 0.085 for spiking sites, Mann-
Whitney U test). This suggests that the corresponding inhibi-
tory connectivity must scale appropriately to functionally
balance excitatory connectivity in the process of microglia
depletion. PV interneurons are the most numerous inhibi-
tory neurons in the cortex and their perisomatic inhibition
of excitatory neurons has great impact in modulating cortical
excitation (Cardin et al., 2009; Baohan et al., 2016). Given
that microglia depletion upregulates PV expression in the
visual cortex (Fig. 1G,I), we determined whether microglia
depletion modulates inhibitory connections to excitatory
neurons by optogenetically evoking PV-cell-specific inhibi-
tory inputs to excitatory pyramidal neurons (Fig. 5A). We
crossed PV-Cre mice to Cre-dependent ChR2 reporter mice

(Ai32) to direct ChR2 expression in PV neurons only. Six-
week-old PV-Cre;Ai32 mice were treated with PLX3397 or
control chow for 3 weeks, and acute slices prepared. Direct
PV" inhibitory connections to pyramidal neurons were
mapped by ChR2 photoactivation of somatic spiking of pre-
synaptic PV inhibitory neurons (Sun et al., 2016). Once
again, V1 layer 5 excitatory neurons were recorded; their
PV specific inhibitory inputs were mapped with ChR2 pho-
toactivation throughout the cortical site matrix. Representative
examples of ChR2-photoactivation-evoked response traces,
with the cell held at 5mV in voltage-clamp mode to detect out-
ward IPSCs, are shown (Fig. 5A). Photoactivation reveals that
excitatory pyramidal neurons receive greater PV inhibitory
inputs in the microglia-deleted brains (Fig. 5C; n=13 cells)
compared with age-matched control cells in microglia intact
brains (Fig. 5B; n=9 cells). The total amount of IPSCs per cell
significantly increases threefold in treated mice, from ~1.5 X
10*pA to ~4.9 x 10*pA (Fig. 5D,E; p=1.4x 10", Mann-
Whitney U test). The number of IPSC events per cell signifi-
cantly increases by a factor of 2, from 250 IPSC events to 462
in treated mice (Fig. 5F; p=6.6 x 10, Mann-Whitney U
test). These results show that, during normal development,
microglia modulate both excitatory and inhibitory connections
within the visual cortex, but that the effect on excitatory con-
nections may be greater (i.e., a fourfold increase in glutamater-
gic inputs vs a twofold increase in PV" inhibitory inputs).
Alternatively, this may be because of differences in excitatory
versus inhibitory synaptic integration in recorded neurons.
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Figure 6.  In vivo two-photon calcium imaging reveals that microglia depletion enhances V1 excitatory neuron activity. 4, A schematic illustration of in vivo two-photon imaging setup for a
head-fixed awake mouse. During recording sessions, GCaMP6s calcium signals were recorded from V1 excitatory neurons; wheel tracking and pupil sizes were recorded simultaneously to deter-
mine animal running and eye movements. B, A color-coded visual field map of visual cortex (left) is mapped before two-photon imaging. The imaging area (the white rectangle) is located
within binocular V1. C, A z-projection image from the top surface view of the mouse cortex expressing GCaMP6s in excitatory neurons. D, The violin plot graph of average calcium event fre-
quencies of excitatory neurons (1144-1564 neurons from 5 mice; violin plot with median == SEM) as the mice viewed a gray screen during different conditions, including 5 d of the control con-
dition, 3 weeks of depletion of microglia with the PLX5622 treatment, 2 weeks of microglia recovery, and 2 weeks of microglia redepletion with PLX3397. Top, Experimental timeline. Blue
violins represent control or microglia repopulation groups. Red violins represent microglia depletion conditions. Neural activity was recorded every 4 d, and was compared with neural activity
on day 1 (D1) of control condition. Linear mixed-effects model analysis, overall: p =5.19 x 102", #:p << 0.001. E, Example calcium activity traces of three representative V1 excitatory neu-
rons under control, microglia depletion, microglia repopulation, and microglia redepletion conditions. Blue traces represent calcium activity under control or microglia repopulation condition.

Red traces represent activity under microglia depletion conditions.

Microglia depletion enhances both excitatory and PV
inhibitory population neuron activity in vivo

Having demonstrated that microglial depletion dramatically
increases both excitatory and inhibitory connectivity in the
adult mouse visual cortex using acute slice preparations, we set
about determining the large-scale neural circuit effects in vivo
in awake mice. To accomplish this, we placed imaging windows
in 16-week-old CaMK2-tTA;tetO-GCaMP6s mice that express
GCaMP6s in excitatory neurons (Wekselblatt et al., 2016), to
allow for subsequent two-photon calcium imaging of large pop-
ulation of neurons in the binocular V1 area for 1 month or
more. Longitudinal recording in awake, head-fixed mice was
performed using the conditions depicted in Figures 6 and 7,
with microglia-depleting paradigms with either PLX5622 or
PLX3397. Withdrawal of CSFIR inhibitor-containing chow
(i.e., switches to control chow) was used to stimulate repopula-
tion of the microglial tissue. The boundary of V1 cortex (Fig.
6B, yellow) was identified using visual field mapping stimuli
(Kalatsky and Stryker, 2003). Mice viewed a gray screen with
20 cd/m® luminance (Fig. 6A) through the contralateral eye
for 15min, and GCaMP6s imaging of neural activity was

performed using two-photon microscopy from layer 2/3 in bin-
ocular V1. Wheel movements, eye movements, and pupil sizes
were collected simultaneously to monitor animal behaviors.
The timeline in days is shown at the bottom of Figure 6D and
corresponds to the experimental condition shown at the top of
Figure 6D. Briefly, the animals were fed with control chow for
recording at the control condition (5d starting at 16 weeks of
age), followed by PLX5622 chow to deplete microglia for
3 weeks, and then replacement with control chow for 2 weeks,
resulting in microglial repopulation (Elmore et al., 2014). As we
were interested in comparing the in vivo effects of both CSF1R
inhibitors, following this period of repopulation, microglia
were subsequently redepleted with PLX3397 for 2weeks in
additional experiments.

The neural activities of excitatory pyramidal neurons located
in layer 2/3 of V1 from 5 mice were recorded every 4 d. Calcium
signal traces of representative excitatory neurons under control,
microglia depletion, and microglia repopulation treatment con-
ditions are shown in Figure 6E. Blue traces are used to depict cal-
cium activity signals in the control or microglia repopulation
conditions, and red traces are for calcium activity signals with
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Figure 7.  In vivo two-photon calcium imaging reveals that microglia depletion enhances

PV interneuron activity. A, A representative cortical image of PV-Cre;Ai163 mice with PV
interneurons (tdTomato, red) coexpressing GCaMPés (green). B, A violin plot graph of aver-
age caldum event frequencies of PV inhibitory neurons (violin plot with median = SEM)
across the control chow condition (blue), microglia depletion by PLX3397 treatment
(red), and microglia repopulation (blue). A total of 541-733 neurons from 3 mice are
included for analysis. Neural activity was recorded every 4d and was compared with
neural activity on day 1 (D1) of control condition. Linear mixed-effects model analysis,
overall: p=6.27 x 10~ ##sp < 0.001. €, Example calcium activity traces of three
PV neurons from PV-Cre;Ai163 mice across control, microglia depletion, and microglia
repopulation conditions.

microglial depletion. The neural activity with either PLX5622 or
PLX3397 treatment (Fig. 6E, red traces) is significantly stronger
than that measured in control chow animals (Fig. 6E, blue
traces). Average calcium event frequencies of excitatory neuron
across different conditions are plotted in Figure 6D. The neural
activity for control chow and recovery at each time point is sig-
nificantly lower than that measured in PLX5622/PLX3397 treat-
ment animals (overall p=0.001, Kruskal-Wallis test). Next,
neural activity of each day was compared with baseline activity
of control day 1 (D1). The average calcium event frequency
increases significantly with microglia depletion under PLX5622
treatments (vs D1, D9 p=5.194 x 107>, D13 p=1.187 x 10~ "%,
D17 p=145x 107", D21 p=374x10"""!, D25 p=6.66 x
10", Mann-Whitney U test, adjusted for multiple compari-
sons). Microglial repopulation returns the excitatory neuronal
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activity to baseline level after 12d of recovery time (D1 vs D37:
0.74*0.01 vs 0.77 £0.01Hz, mean = SEM; vs DI, D29
p=6.658x 107" D33 p=125x10"*, D37 p=0.768, D4l
p=0.060, Mann-Whiney U test). Excitatory neural activity then
subsequently increases by ~20% with microglial redepletion evoked
by 14d of PLX3397 treatment (vs D1, D45 p=1.44 x 10~ %, D49
p=124x 107" D53 p=7.07x 107", D57 p=3.18x 10 >'>
Mann Whiney U test). We identified consistent differences using a
linear mixed-effects model analysis with control chow and
PLX5622/PLX3397 treatment groups as a fixed effect and mouse
identity as a random effect: overall, p=5.19 x 10>%; D5, p=0.148;
D9, p=337x10"%; DI3, p=344x10"""% D17, p=274x
10°7% D21, p=196x10""% D25, p=225x10"'%% D29,
p=886x10"%; D33, p=155x10"" D37, p=0352 D4l,
p=0.064; D45, p=563 x 107°% D49, p=1.37 x 107 '*%; D53, p=
122 x 107%; D57, p=7.21 x 10" (p values adjusted for multiple
comparison). Thus, in vivo two-photon recordings from excitatory
neurons show that microglial depletion induces sustained increases
of population excitatory neuron activity at single-cell resolution.

Our slice-based mapping results show that microglia regulate
both excitatory and PV-inhibitory connections to excitatory neu-
rons in the visual cortex. We further tested how microglial deple-
tion regulates PV interneuron activity in vivo by performing
two-photon longitudinal recordings from V1 layer 2/3 PV neu-
rons. Calcium activity of PV cells was measured from PV-Cre;
Ai163 mice, in which the genetically encoded calcium indicator
GCaMPé6s is selectively expressed in PV neurons (Daigle et al.,
2018) (Fig. 7A). Similar to excitatory neurons, the activities of
PV interneurons were recorded every 4 d during control condi-
tions, microglia depletion by PLX3397 treatment conditions, and
microglia repopulation conditions (Fig. 7B,C). As the neural ac-
tivity effects of PLX5622 and PLX3397 are similar, we only used
PLX3397 treatment for the PV-Cre;Ail63 mice. Figure 7C shows
representative example calcium activities of PV neurons under
control, microglia depletion, and microglia recovery condi-
tions. The average calcium event frequency during the
PLX3397 treatment condition in Figure 7B is significantly dif-
ferent from the control condition (p=0.001, Kruskal Wallis
Test). Mann-Whitney U test (adjusted for multiple compari-
sons) were used to compare neural activities with control
days. Consistent with enhanced activities of excitatory neu-
rons, PV interneurons show elevated activities in the absence
of microglia (vs DI, D9 p=2.52x10"°* D13 p=2.68 x
107'%%, D17 p=2.06 x 10 %, D21 p=3.23 x 10 '*°). PV cell
activities are then restored to baseline activity with subsequent
microglial repopulation (vs D1, D25 p=2.32 x 107%°, D29
p=3.56x10"", D33 p=0.280, D37 p=0.139). Furthermore,
the effect is confirmed by a linear mixed-effects model analy-
sis, which used control chow and PLX3397 treatment groups
as a fixed effect and mouse identity as a random effect: in
Figure 7B, overall, p=6.27 x 10~% versus D1, D5 p=0.849;
D9 p=3.43x10% DI3 p=6.93x10"°; DI7 p=1.95 x
107'%% D21 p=3.78 x 1077, D25 p=7.32x 107>, D29 p =
5.83 x 107% D33 p=0.241; D37 p=0.417 (p values adjusted
for multiple comparison). Increased activities of PV cells indi-
cate that microglia depletion enhances in vivo neural activity
of PV inhibitory interneurons in the visual cortex, which is
consistent with our circuit mapping data and the absence of
seizures following CSF1R inhibitor treatment. Together, our
results establish microglial regulation of activities of both exci-
tatory neurons and PV inhibitory neurons in adult cortex
in vivo.
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Discussion

Evidence that microglia shape synaptic architecture has emerged
in the last few decades. However, the significant question of
whether and how they regulate adult cortical circuit connections
remains open. In the present study, we address our hypothesis
that microglia regulate neural circuit connectivity and functional
activity in the adult brain using CSF1R inhibitors for dependable
in vivo microglial depletion (Green et al., 2020). While most my-
eloid lineage cells express CSF1R, the microglia (and other CNS
macrophages) are uniquely sensitive to CSF1R inhibitors and are
the only cells in the brain that express CSFIR. Thus, CSFIR
inhibitors offer an effective approach to manipulate the micro-
glial tissue without effects on other brain cell types, and can be
used to both deplete microglia, but also to repopulate the entire
microglial tissue on their withdrawal. We used an integrative se-
ries of experiments combining anatomical, ex vivo and in vivo
neural circuit mapping experiments to study the roles of micro-
glia in neural circuit connectivity. Our new findings extend pre-
vious key findings from the developing brain, where microglia
are known to prune normal neuronal connectivity. Our findings
offer new insights in microglia-mediated sculpting of neural con-
nectivity and subsequent regulation of functional activity in adult
cortex.

Anatomically, we find that chronic microglial depletion for
3 weeks leads to increased densities and intensities of PNNs in
adult cortex. This is supported by recent evidence of microglial
remodeling of the extracellular matrix (Nguyen et al., 2020).
Functionally, we find that microglia depletion dramatically
increases both excitatory and inhibitory synaptic connections
to excitatory cortical neurons without altering their intrinsic
electrophysiological properties. Increased synaptic connectivity
after transient microglia depletion is reversed by microglial
repopulation after cessation of CSFIR inhibitor treatment
within a week; thus, microglia depletion and repopulation mod-
ulate neural activity in the adult cortex. The physiological
implications of microglial removal are addressed by in vivo cal-
cium imaging of large populations of visual cortical neurons
that shows enhanced neural activities of both excitatory neu-
rons and PV interneurons. Reversibility of a pharmacological
approach in adults does not have the developmental abnormal-
ity issue of a purely genetic approach, as exhibited in the mice
deficient in C1q KO mice (Chu et al., 2010) (see below).

Our findings are highly interesting in light of the develop-
mental literature. During development, there is an overproduc-
tion of synapses in the brain, which must be pruned back to
refine and establish appropriate neuronal connectivity. Multiple
groups have shown that microglia are capable of phagocytosing
presynaptic and postsynaptic inputs (Kettenmann et al., 2013;
Szepesi et al, 2018). CX3CR1 deficiency leads to a transient
reduction in microglia during early postnatal development that
results in increased numbers of PSD-95 puncta and dendritic
spines (Paolicelli et al, 2011) and leads to long-term synaptic
connectivity changes that persist into P40 (Zhan et al,, 2014).
Our new data establish that microglial depletion effectively regu-
lates adult cortical connectivity and functional neural activity in
similar ways as observed during the early postnatal development.
Recent studies of eliminating microglia from adult mouse brains
have provided supporting evidence. Acute microglial depletion
via targeted diphtheria toxin leads to changes in dendritic spine
dynamics (Parkhurst et al., 2013). Our prior studies show that
chronic microglia depletion by CSF1R inhibitors leads to robust
increases in dendritic spine densities (Elmore et al., 2014; Rice et
al., 2015, 2017), as well as increases in synaptic puncta.
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Furthermore, mice deficient for Clq or the downstream comple-
ment protein C3 exhibit excess synapses as a result of a pruning
failure (Stevens et al., 2007; Chu et al., 2010). These mice do show
spontaneous seizures because of increased excitatory cortical con-
nections (without altered inhibitory connectivity). However, our
results with adult chronic microglia depletion with CSFIR inhibi-
tors are distinguishable from Clq and C3 genetic knock-outs
CSFIR inhibitor treatment increases both excitatory and inhibi-
tory synaptic connections to excitatory cortical neurons, and adult
microglia-depleted animals do not exhibit seizure behaviors.
Counter to possible deficits in cognition, we have reported
improvements in spatial memory performance in adult microglia-
depleted mice (Elmore et al., 2014; Rice et al., 2015; Spangenberg
et al,, 2019). This is supported further by recent findings that
microglia mediate forgetting of memories (Wang et al., 2020).

Furthermore, the question of whether microglia modulate in-
hibitory synaptic connections has not been directly examined
previously. Using an optogenetic approach, we show that, follow-
ing microglia depletion, PV inhibitory synaptic connections to
excitatory neurons are increased. This demonstration establishes
that microglia can sculpt both excitatory and inhibitory synaptic
connections in cortical circuits. We find also that, in the absence
of microglia in adult animals, PV neurons exhibit enhanced ac-
tivity in vivo, which by way of inhibitory/excitatory balance,
accounts for a lack of seizure behavioral phenotypes concomitant
with increased excitatory neuronal activity.

A major highlight, alongside increased circuit connectivity, is
that robust changes in PNNs follow microglial depletion. PNNs
surround certain neuronal subtypes, particularly PV inhibitory
neurons, and are usually associated with a reduction in plasticity
(Carulli et al., 2010; Conant et al.,, 2010; Sorg et al., 2016), and
are seen as restricting synapse growth (Dityatev et al., 2007). As
PNNs also form around somatostatin-positive neurons in the
hypothalamic arcuate nucleus (Mirzadeh et al., 2019), we will be
interested in examining the microglial removal impact on so-
matostatin-positive interneurons in future studies. Breakdown of
PNNs with chondroitinase-ABC is known to restore plasticity
(Pizzorusso et al., 2002; Lensjo et al, 2017). The increase in
PNNs following microglial depletion may be a compensatory
reaction to increased synaptic inputs. In vitro and in vivo experi-
ments show that PNNs form in response to neuronal activity
(Pizzorusso et al., 2002; Sorg et al., 2016). Similarly, increased PV
expression has been associated with increased neuronal activity
(Dityatev et al., 2007; Donato et al., 2013). This is consistent with
our present findings by in vivo two-photon imaging results. In
conclusion, our study establishes that microglia regulate neural
circuit connectivity and activity by modifying both excitatory
and inhibitory synaptic connections to excitatory neurons in
adult cortex. These results reveal new potential avenues to
enhance adult neural plasticity, which can be applied to treat
brain disorders and injuries, including both neurodegenerative
diseases and neuropsychiatric disorders.
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