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Abstract 

Microglia populate the early developing brain and mediate pruning of the central synapses. Yet, 

little is known on their functional significance in shaping the developing cortical circuits. We 

hypothesize that the developing cortical circuits require microglia for proper circuit maturation 

and connectivity, and as such, ablation of microglia during the cortical critical period may result 

in a long-lasting circuit abnormality. We administered PLX3397, a CSF1R inhibitor, to mice 

starting at postnatal day 14 and through P28, which depletes > 75% of microglia in the visual 

cortex (VC). This treatment largely covers the critical period (P19-32) of VC maturation and 

plasticity.  Patch clamp recording in VC layer 2/3 (L2/3) and L5 neurons revealed increased 

mEPSC frequency and reduced amplitude, and decreased AMPA/NMDA current ratio, indicative

of altered synapse maturation. Increased spine density was observed in these neurons, potentially

reflecting impaired synapse pruning. In addition, VC intracortical circuit functional connectivity,

assessed by laser scanning photostimulation (LSPS) combined with glutamate uncaging, was 

dramatically altered. Using two photon longitudinal dendritic spine imaging, we confirmed that 

spine elimination/pruning was diminished during VC critical period when microglia were 

depleted. Reduced spine pruning thus may account for increased spine density and disrupted 

connectivity of VC circuits. Lastly, using single unit recording combined with monocular 

deprivation, we found that ocular dominance (OD) plasticity in the VC was obliterated during 

the critical period as a result of microglia depletion. These data establish a critical role of 

microglia in developmental cortical synapse pruning, maturation, functional connectivity and 

critical period plasticity.     

Significance Statement 
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Microglia are known to prune developing synapse, yet the functional significance of this 

physiological process is less clear. Ma et al. investigated how microglia depletion affects the 

visual cortex development. The study revealed that microglia depletion in mice during critical 

period profoundly affects the developmental trajectory of the primary visual cortex, leading to 

altered neuronal morphology, glutamatergic synapse maturation, intra-cortical functional 

connectivity, and dendritic spine pruning. In addition, monocular deprivation-induced ocular 

dominance plasticity was also impaired. These findings revealed novel roles of microglia in 

shaping the trajectory of cortical circuit development.  
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1. INTRODUCTION

Abnormal cortical circuit development is a hallmark feature of many neurodevelopmental and 

neuropsychiatric disorders, including autism, schizophrenia and intellectual disability (Penzes, 

Cahill, Jones, VanLeeuwen, & Woolfrey, 2011; Zoghbi & Bear, 2012). Circuit function requires 

balanced production and pruning of synapses, proper timing of maturation, and activity-

dependent structural and functional plasticity of synaptic connectivity (Selemon, 2013; Sudhof, 

2018). Long considered as resident immune cells and a key player in brain pathologies, microglia

are increasingly known to play a role in normal brain development (Colonna & Butovsky, 2017; 

Dagher et al., 2015; Hong et al., 2016; Parkhurst et al., 2013; Salter & Stevens, 2017; Sarlus & 

Heneka, 2017; Spangenberg et al., 2019; Szalay et al., 2016; Tremblay, Lowery, & Majewska, 

2010) and adult brain physiology (Liu et al., 2019; Sipe et al., 2016; Stowell et al., 2019). One 

key function of microglia in brain development is synapse pruning, an essential component that 

contributes to synaptic connectivity and circuit refinement. For example, microglia are known to 

prune the developing retinogeniculate synapses in an activity- and complement receptor 3 (CR3)-

dependent manner (Stevens et al., 2007). In Cx3cr1 knockout mice, impaired microglia function 

leads to transient increase in dendritic spine density in hippocampal CA1 neurons, impaired 

synaptic plasticity (long term depression, LTD) at an early developmental stage (P13) (Paolicelli 

et al., 2011), and altered functional maturation of excitatory presynaptic function (Basilico et al., 

2019). The impaired synaptic pruning is associated with weaker synaptic transmission, disrupted 

regional brain connectivity, deficits in social interaction, and increased repetitive-behaviors 

characteristics of autism spectrum disorders (Zhan et al., 2014). Further corroborating the role of 

synapse pruning, deficient microglia autophagy impairs synaptic pruning, with long-lasting 

repercussions of social behavioral defects (Kim et al., 2017). 
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Although synapse pruning by microglia occurs across multiple brain regions, its functional 

significance is less clear. Synapse pruning and circuit connectivity refinement also involve 

microglia-independent mechanisms (Bagri, Cheng, Yaron, Pleasure, & Tessier-Lavigne, 2003; 

Bishop, Misgeld, Walsh, Gan, & Lichtman, 2004; Chung, Allen, & Eroglu, 2015; Lee & Chung, 

2019). Questions remain on whether microglia-mediated synapse pruning is generalizable to all 

cortical circuits, whether it is developmental stage-specific, and how it affects diverse cortical 

circuit functions. Given these unanswered questions, we sought to address how microglia impact 

the developing cortical circuits and to determine the consequences of disrupting microglia on a 

broader functional readout of developing cortical circuits. We reason that because the cortical 

critical period exhibits extensive activity-dependent circuit re-organization and synapse pruning

(Hensch, 2005), microglia may exhibit the most profound effects during the critical period, 

which may be best resolvable by experimentally eliminating microglia.  Previously, we and 

others have shown that food supplied CSF1R inhibitor, PLX3397, depletes the majority of 

microglia in the adult brain during a three week period (Elmore et al., 2014; Li et al., 2017; 

Schafer et al., 2012). Alternatively, faster microglia elimination can be achieved by crossing the 

Cx3cr1-creERT2 mice with the iDTR lines, followed by diphtheria toxin (DT) to induce microglia

apoptosis (Buch et al., 2005; Garre, Silva, Lafaille, & Yang, 2017; Parkhurst et al., 2013). In the 

present study, we depleted the majority of microglia during the developing VC critical period 

using these established chemical and genetic approaches. We found that depletion of microglia 

during early VC circuit development spanning the critical period leads to profound changes of 

neuronal morphology, connectivity, functional maturation, and critical period plasticity. Our 
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study reveals critical roles of microglia in the developing brain and provides a cellular 

mechanism by which microglia profoundly shape the developmental outcome of cortical circuits.

2. MATERIALS AND METHODS

2.1 | Animals

Mice were housed in Innovive isolator cages, with ad libitum access to food and water, and in a standard 

light/dark cycle. All mice strains used in this study, including C57Bl/6J (‘wild type’), B6.129P2(Cg)-

Cx3cr1tm1Litt/J (CX3CR1-GFP, JAX stock # 005582), B6.129P2(Cg)-Cx3cr1tm2.1(cre/ERT2)Litt/WganJ 

(Cx3cr1CreER, JAX stock # 021160), Gt(ROSA)26Sortm1(HBEGF)Awai/J (iDTR, JAX stock # 007900) were 

purchased from The Jackson Laboratories. An approximately equal number of male and female mice 

were used. A total of 357 mice (including breeders and those with undesired genotypes) were used for 

this study. All experimental procedures involving mice were approved by the Institutional Animal Care 

and Use Committee at the University of Arizona.

2.2 | PLX3397 gavage 

In order to cover the earlier cortical developmental stage, we started PLX3397 (PLX) gavage from P15 

for a 14-day duration, ending at P28. PLX was dissolved in DMSO to a stock solution of 50 mg/ml. The 

stock solution was diluted in saline, which is then administered once per day through a gavage needle to 

achieve a dosage of 50 mg/kg.  

2.3 | Tamoxifen and DT injections

 Tamoxifen (TAM; #T5648, Sigma-Aldrich) was dissolved in corn oil (catalog #C8267, Sigma-Aldrich). 

10 mg/ml aliquots were stored at -20 °C and thawed at 37 °C before injection. Pups were injected three 

times (P3, P5, P7, i.p.), with a dose of 50 g to induce DTR expression. Three doses of diphtheria toxin 

(1g, i.p.) was injected at P19, P21 and P23 to induce fast microglia depletion. 

2.4 | Immunohistochemistry staining
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Mice were deeply anesthetized before transcardially perfused with 10 ml 0.01M PBS, followed by cold 

4% paraformaldehyde prepared in 0.1M phosphate buffer, pH 7.4. Brains were dissected out and post-

fixed overnight at 4°C. Tissues were then cryoprotected in 30% sucrose for 2 d. The whole brain was 

embedded in OCT, and 40-μm frozen sections were cut using a sliding microtome (Leica SR-2000). 

Tissue sections were collected in 6-well cell culture plates, extensively washed in PBS, and permeabilized

in PBS-0.2% Triton. For sections used for fluorescence secondary antibody detection (e.g. Figure 4d), the

free-floating sections were blocked in primary antibody dilution solution (0.2% Triton, 5% normal goat 

serum and 1% bovine serum albumin in 0.01M PBS) for 2 h, followed by incubation of primary 

antibodies for 24 h, and incubation of Alexa 488-conjugated goat anti-rabbit antibody. These sections 

were then mounted to SuperFrost Plus slides (VWR Scientific, West Chester, PA) using Vectashield 

mounting medium (H-1200, Vector Laboratories) containing DAPI. For sections used for 

diaminobenzidine visualization, sections were kept in 2% hydrogen peroxide for 45 min to quench 

endogenous peroxidase activity.  The sections were then washed, and incubated with primary antibodies 

for 24h, followed by horseradish peroxidase (HRP)-conjugated secondary antibodies for 12h. 

Diaminobenzidine-based colorimetric detection kit (Vector Laboratories, cat# SK-4100) was used to 

visualize the antigen location. Sections were further counterstained with methyl green to reveal cellular 

components when desired. The sections were then air-dried, dehydrated in graded (70-100%) ethanol, 

cleared in xylene, and coverslipped with DPX mounting medium (#05622, Sigma-Aldrich).  Bright field 

images were acquired on a Zeiss Axio Imager M2 microscope. Because PLX3397 gradually depletes 

microglia, and the disintegrated microglia processes also exhibit Iba-1 immunoreactivity, we 

reconstructed microglia morphology in three-dimension using Neurolucida (Microbrighfield) to 

determine microglia density in Iba-1 stained sections. Only those cells with at least one intact, continuous 

process of at least 100 m connected to at least one higher order process were counted. This criteria, 

although arbitrary, allows direct comparison across different samples. To reveal microglia morphology in 

the CX3CR1-GFP mouse cortex, fluorescent images were acquired on a Zeiss 710 confocal microscope. 
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Same image acquisition parameters (laser power, detector gains, pinhole size etc.) were adopted across 

experiments. 

2.5 | Whole cell recording in brain slices

Whole cell recordings were conducted in the binocular region of primary visual cortex (bV1). 350-m 

thick coronal brain slices were cut in ice-cold ACSF (saturated with 95% O2 and 5% CO2; containing in 

mM, 126 NaCl, 2.5 KCl, 26 NaHCO3, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, and 10 glucose). Slices were 

incubated at 32 °C for 30 min before switched to RT. Slices were transferred to a customized recording 

chamber and perfused with circulating ACSF. Slice were visualized under a 4X objective (Olympus 

UPlanApo, NA= 0.16). bV1 region was demarcated according to reported anatomical landmarks

(Stephany et al., 2014). Neurons (L2/3 and L5, with pyramidal soma at least 50m below the slice 

surface) were selected for whole cell recordings. Neuronal soma were identified under a 60X objective 

(NA = 0.9) under IR illumination combined with differential interference contrast optics (Olympus BX-

51 WI platform). 

Neuronal signals were amplified using a MultiClamp 700B amplifier (Molecular Devices, Forster City, 

CA), low-pass filtered at 1 kHz (current signal) or 10 kHz (voltage signal), and digitized at 20 kHz. A 

Digidata 1440A interface controlled by pClamp 10.6 (Molecular Devices) was used for data acquisition. 

To measure mEPSCs, D-AP5 (50 M, Tocris) and tetrodotoxin (TTX, 1M, Tocris) were included in the 

ACSF, with an electrode internal solution containing (in mM): 130 K-gluconate, 10 HEPES, 4 KCl, 4 

ATP-Mg, 2 NaCl, 0.3 GTP-Na, 1 EGTA and 14 phosphocreatine (pH 7.2, 295-300 mOsm). To measure 

miniature inhibitory postsynaptic currents (mIPSCs), TTX (1 M) and CNQX (10 M) were added to 

ACSF, and the electrode internal solution contained (in mM): 125 KCl, 2.8 NaCl, 2 MgCl2, 2 Mg2+-ATP, 

0.3 Na3GTP, 10 HEPES, 1 EGTA and 10 phosphocreatine (pH 7.25, ~300 mOsm). Series resistance (Rs) 

was constantly monitored (<25 MΩ) throughout experiment and neurons with >15% variations in Rs were

discarded.
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To measure AMPA/NMDA receptor current ratio (A:N) at the L2/3 > L5 VC circuit, a bipolar stimulating

electrode (FHC, Bowdoin, ME) was placed in L2/3 of the bV1. Evoked monosynaptic responses were 

obtained from L5 pyramidal neurons voltage clamped at -70 mV (AMPAR-mediated synaptic currents) or

+ 40 mV (AMPAR+NMDAR currents). A Cs+-based internal solution (contains in mM, 125 Cs-

gluconate, 5 TEA-Cl, 10 HEPES, 2.5 CsCl, 8 NaCl, 5 QX314-HCl, 4 Mg2+-ATP, 0.3 Na3GTP, 1 EGTA 

and 10 phosphocreatine, pH 7.25) was used for these measurements. To quantify A:N ratio, peak of EPSC

amplitude (-70 mV) was used for the AMPAR current component, and the NMDAR component (+40 

mV) was measured as the EPSC amplitude at 75 ms after onset (Terashima et al., 2008). A triangular 

current ramp was used to measure rheobase current, which is defined as the minimum current that elicits 

an action potential.  Spike frequency adaptation was measured using 1-sec current steps sufficient to 

evoke spiking at ∼10 Hz in both L2/3 and L5 pyramidal neurons. The average adaptation index was 

calculated as [mean instantaneous frequency at 0.7–1.0 s]/[mean instantaneous frequency at 0.05–0.2 s]

(Yu et al., 2008).

2/6 | Cortical neuron morphology analysis

Morphometric neuronal analysis was performed as described previously (Peng et al., 2016; Qiu, Lu, & 

Levitt, 2014). Slices were coded to blind genotype/treatment prior to morphometric analyses. During 

whole cell recording, the K+-based internal solution containing 0.15% biocytin was included in the patch 

electrode. Upon finishing recording, neurons were injected with 500pA current to allow biocytin diffusion

into the neurite processes. The slices were then fixed in 4% PFA overnight, blocked with 1% BSA/0.01M

PBS, permeabilized with 0.2% Triton X-100, and incubated with avidin-Alexa 488 for 24 h. Neurons 

were visualized on an epifluorescent microscope (Zeiss Axiophot, Germany) and manually traced using 

Neurolucida (MicroBrightField, Williston, VT). Dendritic arbors of bV1 neurons were registered in 3-D 

during tracing. Sholl analysis (Sholl, 1953) was performed in traced neurons using Neurolucida Explorer 

to quantify dendritic arbor, length, and number of intersections as a function of distance from soma. 

For dendritic spine analyses, Z-stack spine images were collected with a 63× objectives (Plan-

Apochromat, NA 1.4) on a confocal microscope (Zeiss 710). Spine images (512×512 pixels with 4× 
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digital zoom and 0.2 m Z step size) were collected from secondary apical branches at 250-450 m 

distance from soma for L5 neurons. For L2/3 pyramidal neurons, basal dendritic branches at 150-350 m 

away from soma were acquired. Imaris software (V8.02, Bitplane, South Windsor, CT) was used to 

reconstruct spines in 3-D and to quantify the density and head volume of spines. A spine classification 

MATLAB module in Imaris was used to parcellate spines into ‘filopodia’, ‘mushroom’, ‘stubby’, ‘long 

thin’ subtypes, as we have previously reported (Peng et al., 2016). 

2.7 | Western blot 

A standard Western blot protocol was adopted to quantify protein levels with specific antibodies (Qiu et 

al.).  To dissect VC tissue, coronal brain slices (350m thickness) were made, bilateral primary VC was 

dissected using a pair of #5 DuPont tweezers. Tissues were sonicated in NP40 cell lysis buffer 

(FNN0021, Invitrogen) containing proteinase inhibitor cocktail (1:50, P8340, Sigma-Aldrich) 

supplemented with 1 mM PMSF. Protein concentration was quantified using a micro-BCA (Thermo 

Fisher) assay. 10 g tissue samples were mixed with 2x Laemmli loading buffer, heated in boiling water 

for 5 min, and loaded to 4-15% SDS-polyacrylamide gels for electrophoresis. Sample proteins were then 

transferred to PVDF membrane (Immobilon-P, Millipore), blocked with 5% non-fat milk in 0.01M PBS-

Tween, incubated with primary antibodies overnight. After extensive wash in 0.01M PBS-Tween, HRP-

conjugated secondary antibodies were applied for 2-3 h at RT. Signals were developed using an enhanced

chemiluminescence method (SignalFire, Cell Signaling Technology) and captured by ECL Hyperfilm 

(Amersham Biosciences). Film was digitized using a film scanner (Epson V850), and the background 

subtracted band intensity was normalized to the GAPDH signals in the same blot and quantified using 

ImageJ. All antibodies and their usage and authentications are listed in Table S2 as supplemental 

materials.  

2.8 | Two photon dendritic spine imaging

Thy1-GFP mice line was gavaged daily with PLX3397 (50 mg/kg) or vehicle (DMSO) from P15-P28. 

The mice underwent a thin skull surgery at P25, similar to that described (Fu, Yu, Lu, & Zuo, 2012; 
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Grutzendler, Kasthuri, & Gan, 2002). The exposed skull was centered on the anatomically defined bV1 

based on stereotactic coordinates, as we have previously reported (Stephany et al., 2014). A high-speed 

drill (Osada, California, USA) was used to reduce the skull thickness by ∼50%. Cooled sterile saline was 

applied to the skull intermittently to mitigate mechanical or excessive heat damages to the dendritic 

segments. Final skull thickness was reduced manually to 30-40 m by using a micro dental blade. During 

the imaging, a plastic liquid retention ring was fixed to the skull, covering the thinned region. To reduce 

respiration-induced motion artifacts, the mouse head was mounted on customized small stereotaxic 

equipment connected to a custom-built isoflurane mask. The stereotaxic equipment allows free 

adjustment of head angles. Mouse was kept anesthetized by 1-1.5% isoflurane, placed under a two-photon

microscope (Olympus FV-MPS, ‘Apollo’ system). A two-photon laser (Mai Tai DeepSee, 690-1300 nm, 

Spectra-Physics, Santa Clara, CA) was tuned to 920 nm. A low laser power (< 50 mW) was applied 

during imaging to minimize phototoxicity. 

Images were acquired using a 25X water immersion objective (NA 1.05, Olympus) with correction collar.

Once a spiny L5 neuron dendritic segment is identified, a full field of view (FOV) centered on this 

segment is acquired to register its location. The blood vessels on this image will serve as the landmarks to

locate this dendritic segment at P32. For each segment, a region of interest (ROI) including the dendritic 

segment was outlined, and a Z stack of images was acquired using the galvanometer scanner, with a 

digital zoom 4.0 × and a step size of 0.5 m. The imaging depth was ∼100–250 µm from the pia surface.  

After the first imaging session, the scalp was closed and the mouse was returned to the cage until the next 

imaging session.

To analyze spine imaging data, image Z stacks were imported into FIJI/ImageJ. Any single image plan 

that is severely distorted by respiration motion was discarded. The smaller motion artifacts were corrected

using moco plugin for ImageJ (Yu et al., 2008), and the two-dimensional projections of image stacks 

containing dendritic segments (typically 20-45 m length) of interest were used for spine counting. Any 

pixels that were not directly connected to the dendritic segment of interest (i.e. from other dendrites or 
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coursing axons) were masked. Typically between 1-3 segments were collected from each mouse, as 

prolonged imaging may deteriorate the spines fast, and lead to dendritic blebbing. The number and 

location of dendritic spines (defined as protrusions with a length that is at least 50% thickness of dendritic

shaft) were identified from the Z stacks, and normalized to the length of the segment. Comparison of the 

same segment collected at the two imaging sessions allows quantification of the percent of spines formed 

and eliminated during the 1-wk period. The total number of dendritic segments were pooled from 

different animals, and data are presented as means ± s.e.m.

2.9 | LSPS combined with glutamate uncaging for functional circuit mapping

To investigate how microglia depletion during VC critical period may affect the functional connectivity 

in bV1, we used laser scanning photostimulation (LSPS) combined with glutamate uncaging (Shepherd &

Svoboda, 2005; Suter et al., 2010) to map synaptic connectivity made onto the L2/3 and L5 excitatory 

pyramidal neurons. PLX and vehicle control groups of mice (gavaged daily from P15-P28) were 

sacrificed at P28-32, during the VC critical period (Gordon & Stryker, 1996). Coronal slices at the level 

of VC were made and perfused in modified ACSF (4 mM Ca2+, 4 mM Mg2+) containing 0.2 mM MNI-

caged glutamate and 5 μM R-CPP to block NMDA receptors and potential changes in short term 

plasticity. L2/3 neurons with pyramidal-shaped soma were selected and voltage clamped at -70mV. Only 

neurons with a soma > 50 μm below the slice surface were selected for recording in order to minimize 

truncation of dendritic structure and preserve connectivity. 

LSPS mapping was performed in a customized recording chamber mounted on a motorized stage (MPC-

78, Sutter Instruments), with a 4× objective lens (NA 0.16; Olympus) and a UV laser (355 nm; DPSS 

Lasers). 1-ms, 20-mW UV laser pulses were scanned onto slices in a 16X16 stimulation grids with 75μm 

spacing. The stimulation grid was centered on bV1 and aligned with the pia surface. Laser power and 

timing were controlled by an optic shutter (Conoptics, model 3050) and a mechanical shutter (Unibliz 

VCM-D1). Digital images were registered using a CCD camera (Retiga 2000DC, Qimaging, Canada). 

Neuronal signals were amplified with a Multiclamp 700B amplifier, digitized at 10 kHz, and acquired 

using BNC-6259 boards (National Instruments, Austin, TX). Because L4 neurons provide major synaptic 
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inputs to L2/3, and L2/3 neurons provide major inputs to L5, in some experiments excitation profiles for 

L4 and L2/3 neurons were collected (Qiu, Anderson, Levitt, & Shepherd, 2011; Shepherd & Svoboda, 

2005). In these experiments loose-seal recordings were made from L4 and L2/3 neurons in current-clamp 

mode. The spike-generating sites for recorded L4 and L2/3 neurons in response to glutamate uncaging 

were mapped using an 8 × 8 stimulus grid with 50μm spacing.  Data acquisition and analyses were 

achieved by Ephus software (Suter et al., 2010).

2.10 | Single unit recording and visual cortex critical period plasticity

Single-unit recording in the bV1 was used to investigate developmental cortical critical period plasticity. 

Microglia-depleted and control mice at P25 were used at the start of monocular deprivation (MD). Mice 

were coded so that experimenters were blinded to grouping (Stephany et al., 2014; Stephany et al., 2018). 

The right eyelid was closed using a single mattress suture (6-0 polypropylene monofilament, Ethicon) at 

P25. The suture was removed 4 d later at P29 with fine iridectomy scissors and the eyes were flushed 

with sterile saline. The eyes were examined under a stereomicroscope to ensure that cornea is scar free. 

Single-unit recording in the anatomically defined bV1 (Gordon & Stryker, 1996) was conducted 

immediately after eye re-open, as reported from our previously publications (Stephany et al., 2014; 

Stephany et al., 2018). 

Mice were placed in a customized stereotaxic device and head-fixed, a small craniotomy was made over 

the left bV1 (centered on ~2.6 mm lateral to midline; +0.2 mm from lambda suture). Body temperature 

was kept at 37°C by a heating pad (Fine Science Tools). Mice were maintained under light isoflurane 

(0.5%) anesthesia. An epoxylite-coated tungsten microelectrode (FHC, with tip resistance of 5–10 MΩ at 

1 kHz) was used to penetrate the dura and into the bV1. Fine linear movement of microelectrode was 

controlled by a hydraulic manipulator (MO-10, Narishige, Japan).  Neuronal signals were conditioned by 

a differential amplifier (model 1600; A-M Systems. 1000x gain, band passed at 0.1-5 kHz, and digitized 

at 20 kHz), acquired through a digitizer (Micro 1401; Cambridge Electronic Design, United Kingdom) 

and recorded using Spike2 software (Cambridge Electronic Design). 
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Visual stimulus was generated on an LED monitor using the Psychtoolbox 3.0 package and custom 

MATLAB scripts. Responses were evoked with 0.1 cycle per degree (cpd), 95% contrast sinusoidal 

drifting gratings presented at twelve equal-spaced orientations. The grating stimulus was presented for 2 s

during a 4-s trial and sequentially applied to the left and right eye. A blank stimulus proceeded each trial 

during which no grating was presented. Each of these orientation stimuli was presented three times in 

random order and the averaged, blank-subtracted responses were used for spike analysis. The orientation 

with the highest firing frequency (preferred orientation) and was used for analyses. Neurons included for 

analyses display at least 50% greater firing frequency at the preferred orientation compared with the blank

responses, or else they are excluded from analyses. For each mouse, we made two to four penetrations 

that were spaced at least 200 μm apart across the bV1.  For each electrode penetration, we recorded single

unit responses from five to twenty cells separated by > 50 μm in depth. Units recorded spanned L2/3 to 

L5. Spike responses were sorted offline with Spike2, and only waveforms extending beyond 3 standard 

deviations above the rms noise were included in further analysis. On average, 25- 45 units were used for 

analysis for each mouse. 

Units were classified into OD categories according to the seven-category scheme (Gordon & Stryker, 

1996; Wiesel & Hubel, 1963). First, an ocular dominance index (ODI) was assigned to each unit after 

comparing the number of spikes elicited when presenting the same visual stimulus sequentially to each 

eye. To calculate ODI, the responses to the contralateral eye (CE) and ipsilateral eye (IE) were computed 

as (IE − CE)/(IE + CE) (Stephany et al., 2014). This scalar was then binned into seven OD categories: − 1

to −0.75 = 1, −0.75 to −0.45 = 2, −0.45 to −0.15 = 3, −0.15 to 0.15 = 4, 0.15 to 0.45 = 5, 0.45 to 0.75 = 6, 

and 0.75 to 1 = 7.  The number of units in each category was counted for each mouse, and the 

contralateral bias index (CBI) was calculated as: CBI = [(n1 − n7) + (2/3)(n2 − n6) + (1/3)(n3 − n5) + N]/

2N, where N is the total number of units and nx is the number of units with OD scores of x (Gordon & 

Stryker, 1996). These analyses were programmed with MATLAB routines.

2.11 | Quantification and Statistical Analysis
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Sample sizes and number of independent experiments are estimated by power analysis using an R script 

that takes pre-specified effect size, type I and II errors as input arguments. During data collection and 

analyses, the experimenters were blinded to genotypes and grouping information. Some morphological 

data were independently analyzed by two experimenters. Quantitative results were expressed as mean ± 

s.e.m.. Microsoft Excel, MATLAB, GraphPad Prism 8.0, and ImageJ, Adobe Creative Cloud were used 

for data analysis. To test normality and equal variance assumptions, Shapiro–Wilk test and F test were 

used. Student t test or one-way/two-way analysis of variations (ANOVA) was used with normally 

distributed and equal variance data. Outliers were defined as > three standard deviations from the mean 

for normally distributed data, and were excluded from analyses. 2 test was used for categorical data (e.g. 

dendritic spines). Kolmogorov-Smirnov (K-S) test was used to compare cumulative distributions of 

mEPSC amplitudes and the ordinal ODI categories, which do not follow normal distributions. Non-

parametric Mann–Whitney U test was performed to compare the two groups of CBI values. Statistically 

significant findings were determined for p values < 0.05. 

3 | RESULTS

3.1 | PLX3397 gavage eliminates microglia during the cortical critical period.

We adopted an established chemical approach to deplete microglia during the critical period of 

visual cortex (VC) development. We and others previously reported that PLX3397 (PLX) 

supplied by chow for three weeks reversibly ablated most (> 90%) microglia, which repopulated 

the brain after PLX removal (Elmore et al., 2014; Jin et al., 2017; Li et al., 2017). To initiate 

PLX treatment prior to weaning, we adopted a daily gavage protocol in C57Bl6/J mice for 14 

days, starting from P15 and ending at P28 (Figure 1a). This largely covers the mouse VC critical 

period (P19-32, (Gordon & Stryker, 1996)).  To quantify the number of microglia, microglia 

morphology was revealed by immunohistochemistry staining of ionized calcium-binding adapter 

molecule 1 (Iba-1) protein (Y. Huang et al., 2018; Li et al., 2017). We found microglia is 
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sensitive to CSF1R inhibition at this early developmental stage, as shown by a dramatic 

reduction (~76%) of microglial numbers in the primary VC (V1) when measured at P28 (Figure 

1b; number of microglia per mm2: control, 282 ± 11.0, N = 4; PLX 47.8 ± 10.2, N = 4; t(6) = 15.3,

p < 0.0001. unpaired t test). Because astrocytes are known to have developmental roles, 

including synapse pruning (Chung et al., 2015; Clarke & Barres, 2013), we also measured 

astrocyte density at P28. No change of astrocyte density was found when microglia were 

depleted (Figure 1c; number of astrocytes per mm2: control, 323 ± 7.0, N = 4; PLX, 302 ± 11.0, 

N = 4; t(6) = 1.65, p = 0.14). 

We further assessed the time course of microglia depletion (Figure 1d, e) through the 14-d 

gavage period. PLX exerted a dramatic effect on microglia numbers (two-way ANOVA, main 

effect on group, F(1,64) = 242.9, p < 0.0001; group × treatment interaction, F(3, 64) = 62.4, p < 

0.0001. N = 9 mice for both groups).  Microglia density (measured as number per mm2) at P21 

(126.0 ± 10.9), one week after the start of PLX treatment, was significantly reduced by ~55% 

compared with that from control (283.0 ± 9.7, p < 0.001, two-way ANOVA with Sidak’s 

multiple comparisons). By P28, ~78% microglia were eliminated (Ctrl, 266.2 ± 6.9; PLX, 58.8 ± 

6.1. p < 0.001, two-way ANOVA with Sidak’s multiple comparisons).  Remarkably, when 

measured at P38, ten days after PLX cessation, no difference of microglia density was found 

between control (235.2 ± 8.5) and PLX (240.3 ± 12.6) groups (Figure 1e. p = 0.99, two-way 

ANOVA with Sidak’s multiple comparisons), confirming the rapid repopulation of microglia 

following cessation of CSF1R inhibition (Elmore et al., 2014; Y. Huang et al., 2018). These data 

established that the adopted PLX daily gavage treatment was effective in eliminating cortical 
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microglia during VC critical period, which allows further assessment of functional readouts of 

developing VC circuits. 

3.2 | Microglia ablation during the critical period alters spontaneous synaptic activity in 

VC

Next, we investigated how microglia depletion affects VC neuronal function. We conducted 

whole cell patch clamp recordings in the binocular region of the primary VC (bV1) from vehicle 

(Ctrl)- and PLX- treated mice at P28-30. Miniature excitatory post-synaptic currents (mEPSCs) 

were first recorded from L2/3 pyramidal neurons voltage clamped at -70 mV (close to resting 

membrane potential, Figure 2a) using a potassium-based electrode internal solution. We found 

that PLX leads to significantly reduced mEPSC amplitude (Figure 2b. Ctrl, N =1062 events/5 

cells/5 mice; PLX, N = 1045 events/6 cells/6 mice. p < 0.05, K-S test) and significantly increased

mEPSC frequency (Figure 2c. Ctrl, 186.8 ± 11.0/min, N = 7 cells/5 mice; PLX, 304.7 ± 

23.3/min, N = 9 cells/6 mice; t(14) = 3.6, p < 0.001). Next, we recorded miniature inhibitory post-

synaptic currents (mIPSCs) in the L2/3 bV1 pyramidal neurons. No change of mIPSC amplitude 

distribution (Figure 2d. Ctrl, N = 1723 events/8 cells/5 mice; PLX, N = 1738 events/9 cells/5 

mice. p = 0.82, K-S test) or frequency (Figure 2e, Ctrl, N = 14 cells/ 5 mice; PLX, N = 18 cells/5 

mice. t(30) = 0.67, p = 0.51) was found. We further investigated the synaptic transmission onto 

L2/3 neurons by applying electric stimulation to L4, which provide major synaptic inputs to L2/3

(X. Xu et al., 2016). An AMPA/NMDA R current ratio (A:N, see Methods) (Terashima et al., 

2008) was calculated. We found that PLX-treated L2/3 neurons showed significantly reduced 

A:N ratio (Figure 2f, Ctrl, 1.45 ± 0.03, N = 10 cells/6 mice; PLX, 1.21 ± 0.03, N = 8 cells/5 mice.

t(16)  = 5.04, p < 0.001).
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To further explore whether the altered spontaneous and synaptic responses were generalizable to 

other neuronal types, we recorded spontaneous mEPSCs and mIPSCs from L5 pyramidal 

neurons in bV1 (Figure 2g). Similar to the findings obtained from L2/3 neurons, we observed 

that L5 pyramidal neurons show a significant reduction of mEPSC amplitudes (Figure 2h. Ctrl, N

= 1269 events/6 cells/6 mice; PLX, 1235 events/6 cells/6 mice. p < 0.01, K-S test) and a 

significant increase in mEPSC frequency (Figure 2i. Ctrl, 186.1 ± 16.2 events/min, N = 9 cells/6 

mice; PLX 258.2 ± 16.9 events/min, N = 10 cells/5 mice; t(17) = 3.06, p = 0.007). There were also 

no changes of mIPSC amplitude (Figure 2j. Ctrl, 1170 events/8 cells/6 mice; PLX, 1145 

events/10 cells/4 mice, p = 0.88. K-S test) or frequency (Figure 2k. Ctrl, 1.89 ± 0.36 Hz, N = 12 

cells/6 mice; PLX 1.45 ± 0.27, N = 12 cells/4 mice; t(20) = 0.97, p = 0.34). The L2/3 > L5 synaptic

responses, obtained by electrical stimulation of L2/3, also showed a significant reduction in A:N 

ratio (Figure 2l. Ctrl, 1.51 ± 0.05, N = 9 cells/6 mice; PLX, 1.16 ± 0.06, N = 10 cells/4 mice; t(17) 

= 4.05, p < 0.001). In addition, in both L2/3 and L5 neurons, we measured several passive and 

active membrane properties, including input resistance (Rinput), membrane capacitance (Cm), 

resting membrane potential (RMP), action potential (AP) threshold, AP half width, rheobase 

current, after hyperpolarization amplitude and spike frequency adaptation index. These 

membrane properties do not differ statistically between control and PLX groups (Table S1). 

Thus, the reduced mEPSC amplitude, increased frequency and reduced A:N ratio may be 

explained by increased number of immature synapses with less AMPA receptor content. Taken 

together, these data suggest that depletion of the microglia during critical period affects synapse 

maturation and potentially alters VC circuit connectivity. 
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3.3 | Microglia ablation during the critical period increases dendritic spine density in 

pyramidal neurons in VC

Based on the altered mEPSCs and synaptic responses, we sought to determine how microglia 

depletion during the critical period affects neuronal morphology. L5 and L2/3 neuron dendritic 

arborizations were reconstructed in three dimensions using Neurolucida (Figure 3a) by including 

biocytin in recording electrode (see Methods), which enables Sholl analysis (Sholl, 1953) of 

dendritic length distribution (Figure 3b). In addition, z-stack images of dendritic spines were 

acquired to enable 3-D reconstruction using Imaris (Bitplane), from which morphometric 

parameters including density, head volume and categorical classifications can be obtained (Peng 

et al., 2016). We found that microglia depletion did not affect the dendritic arborization in both 

L5 and L2/3 neurons, as measured by two-way repeated measures ANOVA (Figure 3c. L5 

neurons, F(1,17) = 3.2E-5; p = 0.99 for main group effects. Ctrl, N = 8 neurons/6 mice, PLX, N = 

11 neurons/5 mice; L2/3 neurons, F(1,8) = 4.4; p = 0.07. Ctrl, N = 5 neurons/4 mice, PLX, N = 5 

neurons/5 mice). Strikingly, analyses of reconstructed spines revealed that PLX-treated L5 

neurons exhibit increased dendritic spine density (Figure 3d, e. Number of spines per 10 m: 

Ctrl, 9.23 ± 0.60, N = 13 cells/ 5 mice; PLX, 11.2 ± 0.47, N = 12 cells/5 mice. t(23) = 3.54, p = 

0.002) and decreased spine head volume (Figure 3f. median (range) for Ctrl, 0.127 (0.020-0.49), 

N = 221 spines/12 cells/5 mice; PLX, 0.084 (0.015 – 0.38), N = 189 spines/9 cells/ 5 mice. 

Kolmogorov-Smirnov test, D = 0.155, p = 0.015). We further classified reconstructed spines into

four major categories (‘filopodia’, ‘stubby’, ‘mushroom’, ‘long thin’); each category is known to 

represent distinct maturation states of spines (Nimchinsky, Sabatini, & Svoboda, 2002; 

Rochefort & Konnerth, 2012). We found that PLX treatment resulted in a decreased proportion 
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of the mature ‘mushroom’ type of spines (Figure 3g. Ctrl, 198 spines/7 neurons/5 mice; PLX, 

217 spines/6 neurons/4 mice. 2 = 8.8, p = 0.003. Chi square test). 

Next, we assessed spine morphology in L2/3 pyramidal neurons. PLX-treated L2/3 neurons 

showed increased dendritic spine density (Figure 3h, i. number of spines per 10 m: Ctrl, 9.2 ± 

0.60, N = 11 cells/6 mice; PLX, 11.2 ± 0.47, N = 12 cells/5 mice. t(21) =2.55, p = 0.019) and 

decreased spine head volume (Figure 3j. median (range) for Ctrl, 0.125 (0.022-0.48), N = 140 

spines/7 cells/7 mice; PLX, 0.094 (0.017 – 0.384), n = 136 spines/8 cells/5 mice. Kolmogorov – 

Smirnov test, D = 0.171, p = 0.035). In addition, a decreased proportion of mature ‘mushroom’ 

type spines with PLX treatment was also observed (Figure 3k. Ctrl, 236 spines/13 cells/6 mice; 

PLX, 208 spines/11 cells/5 mice. Chi square test, 2 = 13.8, p = 0.0002). These data indicate that 

microglia depletion has a profound effect on dendritic spine density, size and maturation state, 

which support altered developmental trajectory of VC circuits. 

3.4 | Impaired dendritic spine pruning and dynamics in VC critical period following 

microglia depletion

Dendritic spine pruning in developing sensory cortices refines synaptic connectivity (A. 

Majewska & Sur, 2003; A. K. Majewska, Newton, & Sur, 2006; Riccomagno & Kolodkin, 

2015). Mechanisms involving microglia have been reported for spine pruning and circuit 

refinement in the VC (Akiyoshi et al., 2018; A. Majewska & Sur, 2003; Tremblay et al., 2010; 

Weinhard et al., 2018; Zhou, Lai, & Gan, 2017). The altered spine density and spontaneous 

mEPSC in V1 neurons prompted us to investigate to what extent microglia contribute to 
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dendritic spine pruning during the VC critical period. We first revealed bV1 L5 excitatory 

neuron morphology at P28-32, during the peak of VC critical period plasticity, using biocytin 

filling in Cx3cr1-GFP mouse line (Jung et al., 2000) (Figure 4a), in which cortical microglia are 

genetic labeled with GFP. Confocal imaging of Z-stacks, followed by 3-D reconstruction of L5 

neurons revealed that GFP+ microglia processes were in frequent contact with the dendritic 

spines of L5 pyramidal neurons (Figure 4b). These findings, together with increased spine 

density seen in PLX-treated L5 neurons, are consistent with the reported role of microglia in 

synapse elimination during VC critical period (Tremblay et al., 2010). 

To further explore to what extent microglia contributes to synapse pruning and circuit 

connectivity during critical period, we used two photon dendritic spine imaging (Fu et al., 2012; 

Zuo, Yang, Kwon, & Gan, 2005) to track L5 neuron apical dendritic spines across a 7-day period

(Figure 4c). Because PLX3397-mediated microglia depletion is rather slow (Elmore et al., 2014; 

Li et al., 2017), we adopted a genetic approach to achieve faster and maximal microglia 

elimination during the duration of imaging. We crossed Cx3cr1-creERT2 mice (Parkhurst et al.) 

with Rosa26-iDTR (Buch et al., 2005) and a Thy1-GFP M transgenic mouse line (Feng et al., 

2000). The Thy1-GFP mice line sparsely labels L5 neurons with GFP, enabling two photon 

imaging of apical dendritic spines. The resulting Cx3cr1-creERT2:Rosa26-iDTR:Thy1-GFP mice 

were given three tamoxifen (TAM) injections at P3, P5 and P7 (Figure 4c). TAM treatment, but 

not vehicle treatment, induced diphtheria toxin receptor (DTR) expression in the VC when 

measured at P18 (Figure 4d, Figure S1. Normalized vehicle control intensity, 1.70 ± 2.45; TAM, 

100.0 ± 17.58; t(6) = 5.54, p = 0.0015. N = 4 mice). The experimental mice further received three 

DT doses at P19-23, while control mice received vehicle injection (Figure 4c). DT treatment was
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effective in eliminates the majority of microglia, resulted in a dramatic reduction of Iba1 protein 

when detected at P28 (Figure 4d, Figure S1.  Normalized vehicle control intensity, 21.93 ± 4.53; 

DT, 100.0 ± 15.91; t(6) = 4.72, p = 0.0033. N = 4 mice). In addition, Iba-1 IHC staining revealed 

that DT treatment eliminated > 95% microglia in bV1 when examined at P25 (Figure 4e, number

of microglia/mm2: veh, 236.1 ± 8.3, N = 8 mice; DT, 11.4 ± 2.4, N = 7 mice. t(13) = 24.4, p < 

0.0001). 

We next adopted a thin skull preparation to image L5 neuron apical dendrites, similar to that 

described previously for microglia and dendritic spine imaging (Nimmerjahn, Kirchhoff, & 

Helmchen, 2005; T. Xu et al., 2009) (Figure 4f). The same GFP+ L5 neuron dendritic segments 

located in L2/3 (cortical depth 100 - 250 m) were imaged for two sessions at P25 (first view) 

and P32 (second view) (Figure 4c). Dendritic spines were identified across a Z-stack of images 

in each segment at both time points. Compared with the P25 images, spines formed and 

eliminated in P32 images were identified (Figure 4g). Percent of spine elimination and formation

were calculated based on the spine numbers at P25, and normalized to dendritic segment length. 

We found that acute ablation of microglia with DT lead to a lower spine remodeling rate; spine 

elimination was significantly lower in DT-treated mice (Figure 4h. veh, 19.2 ± 1.87%, N = 10 

dendrites/5 mice; DT, 9.71 ± 1.04%, N = 10 dendrites/5 mice. t(18) = 4.62, p = 0.0003). In 

addition, spine formation rate was slightly reduced, but did not reach statistical significance 

(Figure 4h. veh, 13.8 ± 1.28%, N = 10 dendrites/5 mice; DT, 10.9 ± 1.29%, N = 10 dendrites/5 

mice. t(18) = 1.57, p = 0.157). These data suggest that microglia contribute to dendritic spine 

pruning and remodeling during the VC critical period and their ablation leads to impaired spine 

pruning and dynamics, which could potentially impact the refinement of activity-dependent VC 

circuit functional connectivity. 
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3.6 | Depletion of microglia disrupts developing visual cortex intra-cortical circuit 

connectivity

We hypothesize that the altered spontaneous mEPSCs and dendritic spine phenotype may be 

indicative of altered VC intracortical functional connectivity. VC circuits show conserved 

connectivity patterns, with balanced excitation and inhibition distributed across both columnar 

and laminar dimensions (X. Xu et al., 2016). We used LSPS mapping (Qiu et al., 2011; Shepherd

& Svoboda, 2005; Suter et al., 2010) to probe synaptic connectivity made onto both L2/3 and L5 

pyramidal neurons in bV1. Figure 5a illustrates that a L2/3 pyramidal neuron was voltage 

clamped, and glutamate uncaging at different cortical locations produces excitatory or inhibitory 

currents that reflect local circuit connectivity (see methods).  Ctrl and PLX-treated mice were 

sacrificed at P28-32 and coronal brain slices containing bV1 were made. Glutamate was uncaged

at 16 x 16 grid locations that are aligned with pia surface (Figure 5b). Representative excitatory 

(Vhold at -70 mV) and inhibitory (Vhold at 0 mV) connectivity maps from a L2/3 pyramidal neuron 

are shown in Figure 5c. Representative traces of synaptic EPSC, IPSC and direct soma responses

to glutamate uncaging are illustrated in Figure 5d. 

After collecting multiple maps, we compared both excitatory and inhibitory inputs onto L2/3 

pyramidal neurons from Ctrl and PLX groups. L4 is known to provide major inputs to L2/3 at V1

(X. Xu et al., 2016). Synaptic inputs were quantified from the middle eight columns centered on 

the soma, as peripheral locations do not provide significant synaptic inputs. We found that 

although L2/3 neurons from both groups receive strong L4 excitatory inputs, the topology of 
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synaptic connectivity was altered (Figure 5e); PLX-treated L2/3 neurons show significantly 

different synaptic inputs binned by cortical depth compared to that from control neurons (Figure 

5f, main effect on group, F(1,224) = 9.55, p = 0.002. Two-way ANOVA). In addition, PLX-treated 

L2/3 neurons receive overall increased inputs from both L2/3 (Figure 5f, p < 0.05 and p < 0.001, 

Sidak multiple comparison tests) and combined L5 (Figure 5g, Ctrl, 4.11 ± 0.69 pA, N = 11 cells/

6 mice; PLX, N = 10 cells/5 mice, t(19) = 3.01, p = 0.0072) locations. We next quantified 

inhibitory inputs onto these L2/3 neurons. For both groups, L2/3 neurons receive major 

inhibitory connectivity from the same layer, and also L4. No difference in the laminar inhibitory 

input patterns were found in these L2/3 neurons (Figure 5h, Figure 5i. Ctrl, N = 8 cells/5 mice; 

PLX, N = 10 cells/5 mice. Main effect on group, F(1,224) = 0.23, p = 0.62. Two-way ANOVA). 

The averaged inhibitory inputs from combined L2/3-L4 locations did not differ between the 

groups (Figure 5j, Ctrl, 18.1 ± 3.35 pA; PLX, 17.3 ± 3.22 pA. t(16) = 0.18, p = 0.86). 

We next mapped excitatory and inhibitory inputs onto L5 pyramidal neurons in bV1. As 

expected, L5 neurons receive major inputs from L2/3 in both groups. However, overall topology 

of excitatory inputs onto L5 neurons from PLX group significantly differ from that of control 

neurons (Figure 5k, Figure 5l - F(1,224) = 7.48, p = 0.004). There were significantly increased 

inputs onto L5 neurons from layer 5 locations (Figure 5l. p < 0.05, Sidak’s multiple comparison 

tests). Increased average synaptic inputs from combined L5 locations were also observed (Figure

5m. Ctrl, 4.48 ± 1.08 pA, N = 15 cells/6 mice; PLX, 9.77 ± 1.46 pA, N = 16 cells/5 mice.  t(29) = 

2.89, p = 0.007).  No significant difference in inhibitory input patterns were found for L5 

pyramidal neurons between control and PLX-treated groups (Figure 5n, Figure 5o. Ctrl, N = 12 

cells/6 mice; PLX, N = 10 cells/4 mice. Group factor, F(1,224) = 2.68, p = 0.162. Two-way 
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ANOVA test.  Figure 5p, Ctrl, 15.21 ± 3.31 pA; PLX, 12.56 ± 2.82 pA. t(20) = 0.597, p = 0.56). 

These data suggest that microglia depletion during cortical critical period alters major 

intracortical excitatory circuit connectivity in V1.

3.6 | Microglia depletion leads to impaired VC critical period plasticity

After revealing the morphological and circuit connectivity changes, we asked whether microglia 

depletion affects VC critical period plasticity. Ocular dominance (OD) plasticity is a premier 

model of plasticity that is best studied in the VC. OD plasticity peaks during the critical period, 

during which occluding visual inputs to one eye permanently degrades representation of that eye 

in V1 (Gordon & Stryker, 1996; Levelt & Hubener, 2012). Among other mechanisms, OD 

plasticity is known to involve local circuit reorganization and spine remodeling (A. Majewska & 

Sur, 2003; Zhou et al., 2017). We employed a monocular deprivation (MD) paradigm combined 

with single unit recording to investigate how microglia depletion affects critical period plasticity.

C57Bl6/J wild type mice were gavaged with either PLX3397 (50 mg/kg) or vehicle during P15-

P28. MD was conducted by suture-shut the right eyelid during P25-29. Single unit recordings 

were conducted in left bV1 cortex immediately after removal of the suture at P29 (Figure 6a).  

Experimental setup, representative recordings, and neural spiking responses to visual stimuli 

orientation tuning are illustrated in Figure 6b (see Methods). 

We first investigated the effects of MD on the vehicle-treated control mice during the critical 

period. An ocular dominance index (ODI) was calculated for each of the sorted single units. 

Four-day MD shifts the ODI distribution curve to the right in WT mice (Figure 6c. None-

deprived/ND, N = 304 units/11 mice; deprived/MD, N = 329 units/10 mice. p < 0.001, K-S test 
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on distribution). In contrast, the same MD protocol did not significantly change the ODI 

distribution curve in PLX-treated mice (Figure 6c. ND, N = 288 units/10 mice; MD, N = 301 

units/11 mice. p = 0.891, K-S test). Based on these ODI scores, we calculated the contralateral 

bias index (CBI) for each mouse. Grouped analyses reveal that MD leads to significantly reduced

CBI scores in control mice [Figure 6d. median (range) CBI scores: MD, 0.55 (0.42-0.67), N = 10

mice; ND, 0.63 (0.56-0.72), N = 11 mice. Mann-Whitney test, U = 22.50, p = 0.020]. In contrast,

MD has no significant effects in the PLX group of mice [median (range) CBI scores: MD, 0.65 

(0.54-0.78), N = 11 mice; ND, 0.66 (0.57-0.70), N = 10 mice. Mann-Whitney test, U = 46.50, p =

0.572]. The calculated ODI was assigned to 1-7 according to the seven-category scheme (Gordon

& Stryker, 1996; Wiesel & Hubel, 1963)(see Methods). Normalized categorical distribution of 

single units revealed that MD mice in the control group were overall distributed to higher ODI 

values, compared with single units from ND mice (Figure 6e. ND, N = 304 units/11 mice; MD, N

= 329 units/10 mice.  p = 0.004, K-S test); in comparison, MD had no significant effect on the 

ODI distribution across these seven categories (Figure 6f, ND, N = 288 units/10 mice; MD, N = 

301 units/11 mice.  p = 0.98, K-S test). Therefore, MD-induced OD plasticity was obliterated as 

a result of microglia depletion during the critical period. Together, these data suggest that 

depletion of microglia during the VC critical period disrupts cortical plasticity.  

4 | DISCUSSION

Our findings reveal novel roles of microglia in broadly shaping the developmental trajectory of 

cortical circuits. Because microglia depend on colony-stimulating factor 1 receptor (CSF1R) 

signaling for their survival (Elmore et al., 2014; Y. Huang et al., 2018; Spangenberg et al., 2019),

we employed a chemical method to deplete the majority of microglia during cortical 
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development, and reasoned that the physiological effects of microglia should strongly manifest at

the level of cortical circuits when these cells are depleted. The study focuses on VC circuits, due 

to their well-characterized developmental milestones, including circuit maturation (Hensch, 

2005; Lu & Constantine-Paton, 2004) and critical period plasticity (Hensch, 2005), and previous 

reports on the role of microglia in VC development (Sipe et al., 2016; Stowell et al., 2019; 

Tremblay et al., 2010). We found that a 14-day PLX3397 gavage spanning the early critical 

period abolishes >75% microglia in VC when measured at P28, the peak of VC critical period

(Gordon, 2011). Importantly, microglia depletion does not affect the number of astrocytes, 

another glial cell type known to interact with and prune developing synapses (Chung et al., 2015;

Clarke & Barres, 2013; Petrelli, Pucci, & Bezzi, 2016). We found that depletion of microglia 

disrupts cortical neuron developmental maturation, circuit connectivity, and critical period 

plasticity. When microglia are largely depleted during the critical period, excitatory neurons in 

the VC receive less mature, more numerous spontaneous synaptic inputs of smaller amplitudes, 

and exhibit disrupted AMPA/NMDA current ratio. These results are consistent with the observed

increased dendritic spine density and smaller spine size in both L2/3 and L5 excitatory neurons 

during the critical period. Given that spine size and geometry are correlated with synapse 

maturation state (Matsuzaki et al., 2001; Penzes et al., 2011), our data suggest a critical role of 

microglia in the timing of glutamatergic synapse maturation in the developing visual cortex. 

It has been reported that Cx3cr1 KO mice, in which microglia function is impaired, exhibit 

increased spine density and numerous smaller spontaneous excitatory synaptic inputs (sEPSC)

(Zhan et al., 2014). This ‘synaptic multiplicity’ may be a result of impaired synapse pruning. 

During the development of early cortical circuits, spines and synaptic connections are generated 
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in excess numbers, and undergo activity-dependent remodeling, particularly during the critical 

period (Levelt & Hubener, 2012; McLaughlin, Torborg, Feller, & O'Leary, 2003). As a result of 

pruning, synapses are either eliminated or preserved and strengthened, forming the hardwired 

circuits characteristic of a mature brain. The role of microglia in synapse pruning has been well 

established; microglia are known to prune the developing retinogeniculate synapses in activity- 

and complement receptor 3 (CR3)-dependent manner. This process is required for topographical 

RGC axonal innervation in the lateral geniculate nucleus (Stevens et al., 2007). It has also been 

reported (Tremblay et al., 2010) that during normal visual experiences, microglia processes 

directly appose synapse-associated elements, including the synaptic clefts and astrocytes. 

Microglia processes are also adjacent to transiently growing dendritic spines, and change 

dynamically to reflect VC circuit activity, such as visual deprivation and restoration.   

Several previous studies have explored the role of microglia in brain development, particularly 

related to the impaired synapse pruning. For example, Paocelli et al. (Paolicelli et al., 2011) 

showed that mice lacking the fractalkine receptor CX3CR1 displayed an approximately 20% 

reduction in microglia numbers. This leads to a transient increase in dendritic spine density in 

hippocampal neurons and impaired synaptic plasticity (e.g. long-term depression, LTD) at an 

early developmental stage (P13). This reduction of microglia number seems to have long lasting 

effects on adult brain physiology, as a follow-up study (Zhan et al., 2014) showed that Cx3cr1 

KO mice exhibit autism-related behavioral deficits, including deficits in social interaction and 

increased repetitive behavior, which can be attributed to the consequent deficit in synaptic 

pruning. Consistently, another recent study reported that selective inactivation of an autophagy-

related gene, Atg7, in myeloid derived cells leads to impaired dendritic spines and synaptic 
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markers, social behavioral deficits and repetitive behaviors (Kim et al., 2017). The neural circuit 

and behavioral phenotypes associated with impaired microglia function suggest a critical role of 

microglia in pruning and refining the circuit connectivity and the emergence of normal behavior 

during development.  

Our results demonstrate microglia depletion during VC critical period leads to increased, smaller,

supernumerary spines, altered mEPSC and A:N ratio in multiple VC excitatory neuronal types 

during the critical period. Using two photon dendritic spine imaging, we further confirmed that 

spine pruning is decreased during the critical period when microglia is depleted. The decreased 

spine elimination may directly explain the increased spine numbers during critical period. The 

increased mEPSC frequency and reduced amplitude, combined with a lack of change in mIPSCs 

and membrane biophysical properties may suggest a change of E/I balance, a posited 

pathophysiology of the autism brain (Nelson & Valakh, 2015; Rubenstein & Merzenich, 2003; 

Sohal & Rubenstein, 2019). In addition, the increased spine number may be indicative of altered 

connectivity of cortical circuits. Indeed, a previous study found increased inter-areal brain 

connectivity in Cx3cr1 KO mice using functional magnetic resonant imaging (Zhan et al., 2014).

Using LSPS mapping combined with glutamate uncaging, we found for the first time the 

disrupted cortical circuit connectivity in the VC in two major neural circuits with cellular 

resolution. The altered topology of L4 > L2/3 and L2/3 > L5 connectivity may reflect a 

combined effect of circuit maturation and pruning during VC critical period. Specifically, 

synaptic inputs onto L2/3 and L5 pyramidal neurons derived from broader areas, with increased 

inputs from ectopic locations (e.g. intra-laminar L2/3 and L5 connectivity). This circuit 

abnormality reflects a complex role of microglia in sculpting excitatory connectivity in the 
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developing cortex. Because no change of inhibitory connectivity was observed with microglia 

depletion, it is likely that microglia may preferentially prune excitatory synapses.   

The altered spine morphology, pruning rates, spontaneous synaptic activities, and inter-laminar 

connectivity suggest that the VC functional readout during the critical period may be altered. 

Indeed, single unit recording combined with MD-induced OD plasticity measurement revealed 

that microglia are essential in normal development of critical period plasticity. This finding is 

complementary with previous reports that microglia phagocytic activity is modified by visual 

experience (Tremblay et al., 2010), and microglial neurotransmitter receptors respond to 

neuronal activity (Liu et al., 2019) and modify circuit plasticity outcomes (Sipe et al., 2016; 

Stowell et al., 2019). We further demonstrated that OD plasticity, measured by MD-induced shift

in ocular dominance using single unit recording, was significantly impaired during the critical 

period as a result of microglia depletion. Critical period plasticity in the VC involves multiple 

mechanisms such as disinhibition (Z. J. Huang et al., 1999; Morishita, Kundakovic, Bicks, 

Mitchell, & Akbarian, 2015; Morishita, Miwa, Heintz, & Hensch, 2010), AMPAR trafficking

(Han, Cooke, & Xu, 2017), homeostatic reorganization of intracortical connectivity (Kuhlman et 

al., 2013), and dendritic spine pruning (A. Majewska & Sur, 2003; Zhou et al., 2017). Data 

presented here show that microglia depletion during the critical period is sufficient to impair 

developmental OD plasticity. This may be due to their role in the pruning of spines and 

remodeling of VC circuits, or possibly to other unidentified mechanisms. Lastly, although our 

study focuses on the developing VC circuits, these findings may be generalizable to other 

cortical or subcortical regions in terms of the contribution of microglia to the timing of synapse 

development, circuit connectivity, and structural and functional plasticity. These developmental 
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milestones essentially shape all aspects of brain function, and are posited as cellular substrates 

for a spectrum of neurodevelopmental disorders featuring circuit dysconnectivity and behavioral 

disturbance, including autism spectrum disorders(Geschwind & Levitt, 2007; Zoghbi & Bear, 

2012). As such, unravelling microglia-mediated mechanisms in circuit pathology may represent 

a promising venue for devising novel circuit-based developmental interventions for these 

pervasive disorders. 
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Graphical Abstract

Main Points

 Depletion of microglia during cortical critical period profoundly alters glutamatergic 
synapse developmental trajectory

 Microglia is critical for visual cortex spine pruning, circuit refinement, intra-cortical 
connectivity and critical period plasticity
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FIGURE LEGENDS

FIGURE 1. PLX3397 gavage depletes the majority of microglia during the critical period of 

developing VC. 

(a) Schematic illustration of experimental paradigm. PLX or vehicle control (veh) were given 

through gavage from P15 to P28. (b) In the primary VC, 14-d PLX gavage ablates on average > 

75% microglia when measured at P28 (left). An enlarged view shows that PLX3397 treatment 

leads to disintegrated microglial processes. This microglia is excluded from live cell count. 

Right, quantification of microglia density. Number of microglia per mm2: control, 282 ± 11.0, N 

= 4; PLX 47.8 ± 10.2, N = 4; t(6) = 15.3, *** p < 0.0001. unpaired t test. (c) IHC staining 

identifies GFAP+ astrocytes in VC (left). Right, quantification of astrocyte numbers. Control, 

323 ± 7.0, N = 4; PLX, 302 ± 11.0, N = 4; t(6) = 1.65. n.s., p = 0.14. PLX does not affect astrocyte

density. (d) Time course of microglia depletion during the 14-d PLX gavage period, and 

repopulation at 10 days (P38) following PLX cessation. Representative photomicrographs of Iba-

1 positive microglia in the V1 after varying durations of PLX. Representative soma and 

processes from microglia were reconstructed using Neurolucida and displayed at the bottom of 

images. (e) Quantification of microglia density for the duration of PLX administration. PLX 

exerted a dramatic effect on microglia numbers (two-way ANOVA, main effect on group, F(1,64) 

= 242.9, p < 0.0001, N = 9 mice for both groups). 7-d PLX gavage leads to a 55% reduction of 

microglia density, while a 78% reduction was found at the end of the 14-d gavage period (P28). 

***p < 0.001, two-way ANOVA with Sidak’s multiple comparisons.  Microglia repopulated the 

VC after 10 days (P38) following PLX cessation (n.s., p = 0.99, two-way ANOVA with Sidak’s 

multiple comparisons). 
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FIGURE 2. Microglia depletion disrupts synaptic activity in bV1 pyramidal neurons. 

(a) Whole cell patch clamp recording of spontaneous miniature whole cell currents. Both 

mEPSC and mIPSC events in L2/3 pyramidal neurons were recorded. Averaged mEPSC/mIPSC 

traces are displayed to the right. (b) Quantification of mEPSC events. mEPSC amplitudes from 

PLX-treated neurons are of smaller amplitudes (Ctrl, N =1062 events/5 cells/5 mice; PLX, N = 

1045 events/6 cells/6 mice. p < 0.05, K-S test), but are significantly more frequent (c, Ctrl, 186.8

± 11.0/min, N = 7 cells/5 mice; PLX, 304.7 ± 23.3/min, N = 9 cells/6 mice; t(14) = 3.6, ***p < 

0.001, unpaired two tailed t-test). (d, e) no change of mIPSC amplitude (d, Ctrl, N = 1723 

events/8 cells/5 mice; PLX, N = 1738 events/9 cells/5 mice. p = 0.82, K-S test), or frequency (e, 

Ctrl, N = 14 cells/ 5 mice; PLX, N = 18 cells/5 mice. t(30) = 0.67, p = 0.51). (f) Electrically 

stimulated L4 > L2/3 synaptic responses were quantified. PLX-treated neurons show 

significantly lower A:N current ratio (Ctrl, 1.45 ± 0.03, N = 10 cells/6 mice; PLX, 1.21 ± 0.03, N

= 8 cells/5 mice. t(16)  = 5.04, ***p < 0.001).  (g) Sample whole cell recording traces of 

spontaneous miniature mEPSC and mIPSC currents from bV1 L5 pyramidal neurons. (h, i) 

mEPSCs from PLX-treated L5 neurons are of significantly smaller amplitude (h, Ctrl, N = 1269 

events/6 cells/6 mice; PLX, N = 1235 events/6 cells/6 mice. **p < 0.01, K-S test). In addition, 

these neurons show significantly increased frequency (i, Ctrl, 186.1 ± 16.2 events/min, N = 9 

cells/6 mice; PLX, 258.2 ± 16.9 events/min, N = 10 cells/5 mice; t(17) = 3.06, **p = 0.007). (j, k) 

Neither mIPSC amplitude distribution curve (j, Ctrl, N  = 1170 events/8 cells/6 mice; PLX, 1145 

N = events/10 cells/4 mice, p = 0.88. K-S test) nor mIPSC frequency (k, Ctrl, 1.89 ± 0.36 Hz, N 

= 12 cells/6 mice; PLX 1.45 ± 0.27, N = 12 cells/4 mice; t(20) = 0.97, n.s., p = 0.34) differ 

between Ctrl and PLX-treated L5 neurons. (l) Stimulated L2/3 > L5 synaptic responses. Box and 

whisker plot show that PLX-treated neurons exhibited significantly lower A:N current ratio (Ctrl,
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1.51 ± 0.05, N = 9 cells/6 mice; PLX, 1.16 ± 0.06, N = 10 cells/4 mice; t(17) = 4.05, ***p < 

0.001). 

FIGURE 3. Microglia depletion alters neuronal morphology of the primary visual cortex. 

(a) Neurolucida reconstruction of L2/3 and L5 neuron arbors in the bV1. (b) Sholl analysis of a 

representative L5 neuron dendritic arbor. (c) Pooled Sholl analyses data. No significant 

difference exists for the dendritic length as a function of distance from soma between Ctrl and 

PLX neurons (L5 neurons, F(1,17) = 3.2E-5; p = 0.99 for main group effects. Ctrl, N = 8 neurons/6 

mice, PLX, N = 11 neurons/5 mice; L2/3 neurons, F(1,8) = 4.4; p = 0.07. Ctrl, N = 5 neurons/4 

mice, PLX, N = 5 neurons/5 mice). (d) Representative dendritic spines from Ctrl and PLX-

treated L5 pyramidal neurons. (e, f) PLX-treated neurons show increased spine density (e, Ctrl, 

9.23 ± 0.60, N = 13 cells/ 5 mice; PLX, 11.2 ± 0.47, N = 12 cells/5 mice. t(23) = 3.54, **p = 

0.002) and decreased spine head volume (f, N = 221 spines/12 cells/5 mice; PLX, 0.084 (0.015 – 

0.38), N = 189 spines/9 cells/ 5 mice. Kolmogorov-Smirnov test, D = 0.155, *p = 0.015). (g) 

There exists a decreased proportion of ‘mushroom’ type of spines in PLX-treated L5 neurons 

(Ctrl, 198 spines/7 neurons/5 mice; PLX, 217 spines/6 neurons/4 mice. 2 = 8.8, p = 0.003, Chi 

square test). (h) Representative dendritic spines from L2/3 pyramidal neuron basal dendrites in 

VC. (i, j) PLX-treated L2/3 neurons show increased spine density (i, Ctrl, 9.2 ± 0.60, N = 11 

cells/6 mice; PLX, 11.2 ± 0.47, N = 12 cells/5 mice. t(21) =2.55, *p = 0.019) and decreased spine 

head volume (j, median (range) for Ctrl, 0.125 (0.022-0.48), N = 140 spines/7 cells/7 mice; PLX,

0.094 (0.017 – 0.384), N = 136 spines/8 cells/5 mice. Kolmogorov – Smirnov test, D = 0.171, *p 

= 0.035). (k) A decreased proportion of ‘mushroom’ type of spines in PLX-treated L2/3 neurons 
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was observed (Ctrl, 236 spines/13 cells/6 mice; PLX, 208 spines/11 cells/5 mice. 2 = 13.8, ***p

= 0.0002, Chi square test).

FIGURE 4. Microglia depletion inhibits dendritic spine pruning and dynamics during the VC 

critical period.

(a) Morphology of L5 neurons from Cx3cr1-GFP mice was revealed using biocytin (red).  (b) 

Microglia processes were frequently found in close apposition of L5 VC neuron dendritic spines 

during critical period (P28-30). Image exemplifies that in a P29 Cx3cr1-GFP brain section, 

microglia processes appose L5 neuron spines (arrowheads). (c) Schematic illustration and 

timeline of rapid microglia ablation followed by repeated in vivo dendritic spine imaging in the 

bV1 of Cx3cr1-creERT2: Rosa26-iDTR:Thy1-GFP mice. (d) TAM treatment leads to iDTR 

protein expression (N = 4, also see Figure S1). DT treatment following TAM injection leads to 

reduced Iba-1 protein levels (N = 4, also see Figure S1). (e) Immunohistochemistry labeling of 

Iba-1+ microglia in P25 cortex confirmed that > 95% of microglia were ablated by this genetic 

approach (number of microglia/mm2: veh, 236.1 ± 8.3, N = 8 mice; DT, 11.4 ± 2.4, N = 7 mice. 

t(13) = 24.4, ***p < 0.0001). (f) Schematic illustration of two photon spine imaging through a 

thinned cranial window centered on the bV1. A 25x FOV with dendritic spines (reverse 

displayed) was presented to the right. (g) Representative dendritic segments containing spines 

from both vehicle- and DT-treated neurons were imaged at P25 and P32. Spine elimination 

(arrowheads) and addition (arrows) were identified. (h) Quantification of spine remodeling. 

Spine elimination (veh, 19.2 ± 1.87%, N = 10 dendrites/5 mice; DT, 9.71 ± 1.04%, N = 10 

dendrites/5 mice. t(18) = 4.62, ***p = 0.0003) was significantly reduced in DT-treated mice, while

spine addition were not significantly altered (veh, 13.8 ± 1.28%, N = 10 dendrites/5 mice; DT, 

10.9 ± 1.29%, N = 10 dendrites/5 mice. t(18) = 1.57, p = 0.157). 
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FIGURE 5. Microglia ablation during VC critical period altered intralaminar VC connectivity.

(a) Schematic illustration of a coronal VC slice preparation, whole cell recording on bV1 L2/3 

pyramidal neurons. LSLS mapping/glutamate uncaging at different locations may elicit direct 

soma responses (position ‘1’), excitatory synaptic responses (‘3’), inhibitory synaptic response 

(‘2’), or no synaptic response (‘4’). (b) Illustration of LSPS mapping, with a 16 x 16 stimulus 

grid overlaid, centered on bV1, and aligned with pia surface. Cyan asterisks indicate uncaging 

locations. (c) Representative mapping traces of a 16 x 16 grid of excitatory and inhibitory 

responses. (d) Representative single excitatory, inhibitory and direct soma responses to 

glutamate uncaging, and their temporal relationship to laser onset. (e) Averaged excitatory maps 

from L2/3 pyramidal neurons from Ctrl- and PLX-treated mice. n denotes number of neurons. 

Boxed area with dashed white border delineate L5 responses from middle eight columns that are 

used to calculate averaged inputs in panel f.  (f) Averaged strength of synaptic inputs binned by 

cortical layers. PLX group show significantly altered laminar input pattern (F(1,224) = 9.55, p = 

0.002. Two-way ANOVA), with significantly increased inputs from L2/3 locations (* p < 0.05, 

*** p < 0.001; Sidak’s post hoc multiple comparison test). (g) Increased averaged synaptic 

inputs from L5 in PLX-treated neurons (Ctrl, 4.11 ± 0.69 pA, N = 11 cells/6 mice; PLX, N = 10 

cells/5 mice, t(19) = 3.01, **p = 0.0072). (h) Averaged inhibitory maps from L2/3 pyramidal 

neurons. Boxed area with dashed white border delineate combined L23 and L4 responses from 

middle eight columns that are used to calculate averaged inputs in panel i. (i) Averaged strength 

of inhibitory synaptic inputs binned by cortical layers. No significant difference in overall binned

inputs was observed (Ctrl, N = 8 cells/5 mice; PLX, N = 10 cells/5 mice. Group factor, F(1,224) = 

0.23, p = 0.62. Two-way ANOVA). (j) No significant difference of averaged inhibitory inputs 
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from L2/3 and L4 was observed (Ctrl, 18.1 ± 3.35 pA; PLX, 17.3 ± 3.22 pA. t(16) = 0.18, n.s., p = 

0.86). (k) Averaged excitatory maps from L5 pyramidal neurons from Ctrl and PLX-treated mice

(n > 7 mice). (l) Averaged strength of synaptic inputs binned by cortical layers. PLX group show

significantly increased excitatory inputs from L5 (* p < 0.01). (m) Increased averaged synaptic 

inputs to L5 neurons from L5 locations in PLX treated neurons (Ctrl, 4.48 ± 1.08 pA, N = 15 

cells/6 mice; PLX, 9.77 ± 1.46 pA, N = 16 cells/5 mice.  t(29) = 2.89, **p = 0.007). (n) Averaged 

inhibitory maps from L5 pyramidal neurons. (o) Averaged intensity of inhibitory synaptic inputs 

binned by cortical layers. No significant difference in overall binned inputs was observed (Ctrl, 

N = 12 cells/6 mice; PLX, N = 10 cells/4 mice. Group factor, F(1,224) = 2.68, p = 0.162. Two-way 

ANOVA test). (p) No significant difference of averaged inhibitory inputs from L4 and L5 was 

observed (Ctrl, 15.21 ± 3.31 pA; PLX, 12.56 ± 2.82 pA. t(20) = 0.597, p = 0.56).

FIGURE 6. Microglia depletion impairs VC critical period plasticity. 

(a) Experimental paradigm. (b) Experimental setup for single unit recording, and representative 

single unit responses to visual stimulations, extracted spike waveforms, spike time stamps and 

frequency histogram are also plotted. A representative single unit response to orientation tuning 

is showing to the right. (c) Cumulative distribution curves for calculated ODI from pooled units 

for both control (None-deprived/ND, N = 304 units/11 mice; deprived/MD, N = 329 units/10 

mice. p < 0.001, K-S test on distribution) and PLX groups (ND, N = 288 units/10 mice; MD, N =

301 units/11 mice. p = 0.891, K-S test). ND, non-deprived; MD, monocularly-deprived. (d) MD 

significantly lowers the contralateral bias index in control mice (median (range) CBI scores: MD,

0.55 (0.42-0.67), N = 10 mice; ND, 0.63 (0.56-0.72), N = 11 mice. Mann-Whitney test, U = 

22.50, p = 0.020). This effect was not significant in PLX treated mice (median (range) CBI 

scores: MD, 0.65 (0.54-0.78), N = 11 mice; ND, 0.66 (0.57-0.70), N = 10 mice. Mann-Whitney 
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test, U = 46.50, p = 0.572). (e) Distribution of all sorted single units across the seven ODI 

categories from ND and MD mice in vehicle-treated control group (ND, N = 304 units/11 mice; 

MD, N = 329 units/10 mice.  p = 0.004, K-S test). (f) Distribution of all sorted single units from 

PLX-treated, ND and MD mice (ND, N = 288 units/10 mice; MD, N = 301 units/11 mice.  p = 

0.98, K-S test). 
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