








Fig. 6. Blocking phagocyte entry and activation prevents synapse loss in the c-MS model 

(A) Schematic diagram showing treatment with CSF-1R inhibitor or vehicle in the c-MS 

model. (B) Representative images of deconvoluted apical dendritic stretches from layer V 

pyramidal neurons showing spines in c-MS d3 mice treated with vehicle (left) or CSF-1R 

inhibitor (right) for 4 days. (C) Spine density of apical dendritic stretches from layer V 5 

pyramidal neurons in c-MS d3 mice treated with vehicle or CSF-1R inhibitor (n=65 and n=48 

neurons from n=8 and n=7 mice; mean ± SEM). The dotted line shows the average level of 

spine density in healthy control mice based on Fig. 1G. (D, E) FACS analysis of cell 

populations in brains of c-MS model mice. (D) After separation of debris and doublets, live 

cells were sorted using CD45 and CD11b staining as gating strategies to identify mononuclear 10 

phagocytic cells. (E) CD45high CD11bhigh cells were further gated into two populations 

depending on the presence of CCR2-RFP positivity. (F-H) Volcano plot based on differentially 

expressed genes between CSF-1R inhibitor treatment vs. vehicle in CD45int CD11bint cells (F), 

CD45high CD11bhigh CCR2positive cells (G) and CD45high CD11bhigh CCR2negative cells (H). (I) 

Heatmap of treatment-affected genes associated with Apoe signaling as measured in 15 

transcriptomic analysis of CD45high CD11bhigh CCR2negative cells (vehicle vs treatment, n=5 and 

n=6 mice respectively) (J) Genes predicted by Ingenuity Pathway Analysis to be directly 

regulated by CSF1 signaling (p-value cutoff of 0.05 and fold change cutoff of -2) in CD45high 

CD11bhigh CCR2negative cells (vehicle vs treatment, n=5 and n=6 mice respectively) (K) 

Quantification of CX3CR1GFP cells (CNS resident microglial cells) in cortical sections of c-20 

MS d3 mice treated with vehicle or CSF-1R inhibitor (n=6 mice per group; mean ± SEM). (L) 

Normalized LAMP1 positive volume and (M) number of Synapsin-1/LAMP1 double positive 

spheres per CX3CR1GFP cells in c-MS d3 mice treated with vehicle or CSF-1R inhibitor (n=5 

mice per group; mean ± SEM). (N) Quantification of Iba-1positive CX3CR1GFP negative cells 

(infiltrating mononuclear cells) in c-MS d3 mice treated with vehicle or CSF-1R inhibitor (n=6 25 
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mice per group; mean ± SEM). (O) Normalized LAMP1 positive volume and (P) number of 

Synapsin-1/LAMP1 double positive spheres per CCR2RFP cells in c-MS d3 mice treated with 

vehicle or CSF-1R inhibitor (vehicle vs treatment, n=4 vs n=5 respectively; mean ± SEM). 

Scale bar in B, 2 µm. Unpaired two-tailed t-test in C, K-P. *P<0.05 **P<0.01, *** P<0.001. 

  5 
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STAR METHODS 

 

 

Lead Contact for Reagent and Resource Sharing 

Requests for resources, reagents and further information should be directed to and will 5 

be fulfilled by Martin Kerschensteiner (martin.kerschensteiner@med.uni-muenchen.de) 

 

 

Experimental Model and Subject Details 

Transgenic animals 10 

All experiments were performed on animals with a F1 and F2 background of C57BL/6 

and BiozziABH (strain designation BiozziABH/RijHsd, Harlan Laboratories), crossbred in our 

animal facilities. To assess dendritic and spine pathology in situ, we used Thy1-GFP-M x 

BiozziABH mice (derived from Tg(Thy1-EGFP)MJrs/J, gift from Joshua Sanes and Jeff 

Lichtman, Harvard University). To address phagocyte activation, infiltration and synaptic 15 

uptake, we used CCR2RFP x BiozziABH animals (derived from B6.129(Cg)-Ccr2tm2.1Ifc/J, 

Jackson Laboratory) and CX3CR1GFP x BiozziABH mice (B6.129P-Cx3cr1tm1Litt/J, Jackson 

Laboratory) or a F2 cross-breeding of both lines. For viral labelling, either CCR2RFP x 

BiozziABH or C57BL/6J x BiozziABH were used. To assess calcium activity in layer 5 

pyramidal neurons, we used Thy1-GCamP6f x BiozziABH mice (derived from C57BL/6J-20 

Tg(Thy1-GCaMP6f)GP5.5Dkim/J, Jackson Laboratory, (Dana et al., 2014)). Mice were housed 

in individual ventilated cage systems under a 12:12 light/dark cycle, at a temperature of 22° ± 

2°C and 55% ± 10% relative humidity with radiation-sterilized complete feed and sterilized 

water ad libitum. They were housed in social groups of a maximum of 5 mice in each standard 

housing cage and bedding. The cages were provided with enrichment consisting of play 25 

tunnels, nestlets to be used as nesting material and a red plastic mouse house. For husbandry, 
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one male was housed with one or two females. Mice were weaned at postnatal day 21. Both 

female and male animals were included in experiments. All animal experiments were 

performed in accordance with regulations of the relevant animal welfare acts and protocols 

approved by the respective regulatory bodies. 

 5 

Method Details 

Cortical multiple sclerosis model 

Adult mice (6-14 weeks of age) were first induced with EAE as previously described. In 

short, we immunized animals with 200 μl of an emulsion containing 30 μg of purified 

recombinant myelin oligodendrocyte glycoprotein (MOG, N1-125, expressed in E. coli) and 10 

complete Freund’s adjuvant, consisting of incomplete Freund’s adjuvant (Sigma Aldrich) and 

5 mg/ml mycobacterium tuberculosis H37 Ra (Difco). Pertussis toxin (100 ng, Sigma Aldrich) 

was administered intraperitoneally on day 0 and day 1 after immunization. The immunization 

procedure was repeated after 1 week. To evoke cortical lesions, we injected 2 µl of a cytokine 

mix of 0.25µg/µl TNF-alpha (R&D Systems) and 750 U/µl IFN-gamma (Peprotech) in 15 

PBS/0.1% BSA intracortically (coordinates: 1.2 mm lateral, 0.6 mm caudal to Bregma, depth 

0.8 mm) 3 weeks after initial immunization. For all experimental animals, we assessed animal 

weight daily and assigned a score according to the severity of neurological deficits using an 

established EAE scoring scale: 0, no detectable clinical signs; 0.5, partial tail weakness; 1, tail 

paralysis; 1.5, gait instability or impaired righting ability; 2, hind limb paresis; 2.5, hind limb 20 

paresis with partial dragging; 3, hind limb paralysis; 3.5, hind limb paralysis and forelimb 

paresis; 4, hind limb and forelimb paralysis; 5, death.  
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Cranial window surgery 

To gain optical access to the animal cortex to monitor neuronal activity over time and to 

assess in vivo calcium levels of dendrites and spines upon acute cortical inflammation, we 

performed a craniotomy and implanted a cranial window above the somatosensory cortex of 5 

the animals as previously described (Holtmaat et al., 2009). In brief, the mice were 

anaesthetized with a mixture of medetomidin (0.5 mg/kg), midazolam (5 mg/kg) and fentanyl 

(0.05 mg/kg) intraperitoneally. Craniotomy was performed using a 0.5 mm stainless steel drill 

head (Meisinger). For chronic imaging of neuronal activity, 0,5 µl of 1012 

AAV1.hSyn.mRuby2.GSG.P2A.GCaMP6s (Vector Core, University of Pennsylvania) was 10 

injected 0.3 mm deep in the somatosensory cortex before sealing with a 4 mm cover class using 

dental cement. Mice were given buprenorphin (0.05 - 0.1 mg/kg) for analgesia every 12 h on 

the days following surgery. Under these conditions no increase in cellular toxicity due to viral 

burden was observed throughout the entire experiment timeline. Animals were first imaged 28 

days after implantation of chronic cranial windows.  15 

 

For acute in vivo imaging of baseline calcium levels of dendrites and spines, 0,5 µl of 1012 

AAV1.hSyn1.Twitch2b.WPRE.SV40 (Vector Core, University of Pennsylvania) was injected 

0.7 mm deep into the somatosensory cortex, 10d before the imaging timepoint. Analgesia was 

applied after surgery as described above. On the imaging day, acute cranial window 20 

implantation was performed as stated above. 

 

Immunohistochemical stainings 

For immunohistochemical analysis, mice were transcardially perfused with 4% (wt/vol) 

paraformaldehyde in phosphate buffered saline and after 12-24h post-fixation embedded in 25 
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paraffin. Axon density was determined by Bielschowsky silver staining. Deparaffinized tissue 

sections were washed with distilled water and subsequently incubated in 20% silver nitrate 

solution for 20 min, followed by another washing step. Sections were incubated in 20% silver 

nitrate solution containing 5% ammonium hydroxide for 15 min in the dark. Sections were 

transferred in 0.6% ammonium hydroxide and swayed. 1/35 volume of the developer solution 5 

was added to the 20% silver nitrate solution containing 5% ammonium hydroxide while 

stirring. Subsequently the sections were transferred into the solution and developed until the 

color of the sections turned brown. Following washing in distilled water, sections were 

incubated in 2% sodium thiosulfate solution for 2 min.  

 10 

For CD3 and Mac-3 stainings, we performed antigen retrieval of paraffin-embedded sections 

by treating rehydrated tissue sections for 30 s at 125 °C under pressure (20-22 psi) in 1x citrate 

buffer (pH = 6) in a Pascal pressure chamber. After cooling-down, antigen-retrieved sections 

were washed in distilled water and subsequently stained using a Biotin-Streptavidin System 

(Dako). All staining steps were performed at room temperature in a humid chamber. Sections 15 

were washed and blocked with peroxidase blocking solution (Dako) for 5 min. After two 

washing steps, sections were treated with the primary rat-antibody CD3 (1:100, Dako, A0452) 

and for Mac-3 (1:200, Biolegend, 108502). After washing, tissue sections were incubated with 

a biotinylated Rabbit Anti-Rat antibody diluted 1:250 in Real antibody diluent (Dako) for 15 

min. After two washing steps, Real Streptavidin Peroxidase (HRP, Dako) was added for 15 20 

min. Subsequently the sections were washed twice and processed with DAB-containing 

developer solution. Tissue sections were washed with water followed by counterstaining with 

Mayer’s Hämalaun.  
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MBP immunostainings were done using the DakoEnVision System at room temperature in a 

humid chamber. Sections were washed in 1x wash buffer and blocked with Real peroxidase 

blocking solution (Dako) for 5 min. After two washing steps, sections were treated with the 

primary rabbit polyclonal antibody (1:1000, Dako, A0623) diluted in Dako Real antibody 

diluent for 1 h. After washing, EnVision HRP-labeled polymer anti-rabbit IgG secondary 5 

antibody (Dako) was added for 30 min. Sections were washed twice and processed with DAB-

containing developer solution (20 μl DAB chromogen + 1 ml DAB substrate buffer). Tissue 

sections were washed with water followed by counterstaining with Mayer’s Hämalaun. All 

stained sections described above were dehydrated and mounted in Ultrakitt for imaging. 

 10 

Immunofluorescence stainings 

Mice were transcardially perfused with 4% (wt/vol) paraformaldehyde in phosphate 

buffered saline. For dendritic reconstructions, myelin stainings and analysis of phagocyte 

activation and infiltration, brains were post-fixed for 12-24 hrs, isolated, and cut in 80-100 µm 

thick sections using a vibratome. Sections were first blocked with 10% goat serum (GS) in 15 

0.5% (vol/vol) Triton X-100 in PBS (TPBS) and then incubated overnight with rabbit 

polyclonal MBP antibody (1:200, DAKO, A0623), rat anti-mouse I-A/I-E (1:300, BD 

Biosciences, 556999) or rabbit polyclonal Iba1 (1:300, Wako, 019-19741) in 1% GS / TPBS 

at 4º C. Stainings were visualized by incubating sections overnight with AlexaFluor-conjugated 

goat anti-rabbit (MBP) or goat anti-rat (MHC II) antibodies (1:500, Invitrogen) and 20 

counterstained with the Nissl-like nucleic acid stain NeuroTrace 435/455 (Invitrogen).  

 

For evaluation of pre-synapse phagocytosis, brains were post-fixed 4-6 hrs, isolated, and cut in 

40 µm thick sections using a vibratome. Sections were blocked as mentioned above and then 

incubated overnight with rabbit polyclonal Synapsin-1 antibody (1:500, Milipore, AB1543) 25 
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and rat monoclonal LAMP-1 antibody (1:300, BioLegend, 121601) at room temperature. 

Stainings were visualized by incubating sections overnight with AlexaFluor-conjugated goat 

anti-rabbit (Synapsin-1) and goat anti-rat (LAMP1) antibodies (1:500, Invitrogen).  

 

For evaluation of post-synapse phagocytosis, brains were fixed for 4-6 hrs, isolated and left in 5 

30% sucrose for 3 days. The brains were then embedded in Tissue-Tek O.C.T. medium (Sakura 

Finetek Europe) and cut in 40 µm thick sections using a cryostat. Sections were blocked with 

20% GS in PBS and incubated overnight with rabbit polyclonal PSD-95 antibody (1:200, 

Invitrogen, 51-6900) and rat monoclonal LAMP-1 antibody (1:300, BioLegend, 121601) or for 

36 hours with guinea pig polyclonal Homer-1 antiserum (1:500, SySy, 160 004) and rat 10 

monoclonal LAMP-1 antibody (1:300, BioLegend, 121601) in 10% GS 0.3% TPBS. Stainings 

were visualized by incubating sections for 4 hours with AlexaFluor- conjugated goat-anti rabbit 

(PSD-95) or donkey anti-guinea pig (Homer-1) and goat anti-rat (LAMP1) antibodies (1:500, 

Invitrogen).  

 15 

For the evaluation of excitatory and inhibitory neuronal fractions infected by 

AAV1.hSyn.mRuby2.GSG.P2A.GCaMP6s in the mice used in functional imaging, we 

perfused the animals as described above after the last imaging session. Brains were post-fixed 

for 12 hrs, isolated, and cut in 50 µm thick sections using a vibratome. Sections were first 

permeabilized in 2%Triton in PBS RT overnight then blocked in 2% FCS, 2% fishgelatine, 2% 20 

BSA in PBS for 2 hours at room temperature. Sections were then incubated overnight with 

mouse anti-GAD67 antibody (1:50, Millipore, MAB5406B), chicken anti-GFP (1:1000, 

Abcam, ab13970) in 10% blocking solution at 4º C overnight. Stainings were visualized by 

incubating sections for 2 hours with AlexaFluor-conjugated antibodies Alexa fluor 647 or 
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Alexa fluor 488 (1:500, Invitrogen). All sections were mounted in Vectashield (Vector 

Laboratories). 

 

Flow cytometry    

For isolating the cells from blood, CCR2RFP x BiozziABH mice were sacrificed and blood 5 

was collected from inferior vena cava and incubated with ACK lysis buffer (10:1, Gibco) for 

5 minutes. For analysis of cell populations in the CNS, mice were transcardially perfused with 

ice-cold PBS directly after blood withdrawal and brains were isolated. Tissue was cut in small 

pieces and digested in RPMI containing 2% fetal calf serum (Sigma-Aldrich), 25mM HEPES 

(Sigma-Aldrich), DNase I (10ng/ml, StemCell Technologies) and Collagenase D (0,8mg/ml, 10 

Roche) for 30 min at 37°C. Digestion was stopped by adding 1:100 dilution of a 0.5M EDTA 

(Sigma-Aldrich) solution. After filtering the suspension through 70 µm cell strainers (Falcon), 

it was resuspended in a 30% solution of Percoll (Sigma-Aldrich). After 30 min of gradient 

centrifugation at 10.800 r.p.m., the myelin and red cells layers were removed and the remaining 

solution was filtered through 70 µm cell strainers (Falcon). Stainings were performed in ice-15 

cold PBS after Fc-receptor blockade (CD16/32, 1:400, BD Pharmingen, 55314) using 

LIVE/DEAD staining (1:400, Invitrogen, L34957) and the following antibodies: Alexa Fluor 

700 anti-mouse CD45 (1:400, Biolegend, 103128), APC-Cy7 rat anti- CD11b (1:300, 

BDPpharmingen, 557657), APC anti-mouse CD40 (1:100, BioLegend, 124612), PE/Cy7 anti-

mouse CD86 (1:100, BioLegend, 105014) and BV711 rat anti-mouse I-A/I-E (MHC II, 1:200, 20 

BD Horizon, 563214). Samples were acquired on a FACSAria Fusion cell cytometer (BD 

Biosciences) and results analyzed by FlowJo software. 

 

 

 25 
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RNA Extraction, Library Preparation and Sequencing 

For RNA extraction, samples were first randomized, then total RNA was extracted using the 

Picopure RNA Isolation kit (Thermo Fisher).  RNA quantification and quality assessment was 

performed using a Nanodrop 8000 and RNA Pico 6000 (Bioanalyzer), respectively.  Total RNA 

was diluted to 1 ng/ 10 µl of water prior to Oligo(dT) priming from Takara’s SmartSeq v4 Ultra 5 

Low Input RNA kit.  Enriched mRNA was converted to full length cDNA then amplified using 

11 PCR cycles (17 cycles for very low input samples).  Final sequencing libraries were prepped 

and uniquely indexed using Illumina’s Nextera XT kit without modification to the standard 

protocol.  Integrity of each sample library was assessed using the DNA High Sensitivity kit 

and run on a Bioanalyzer 2100.  Library quantification was performed using Qubit then diluted 10 

to 1nM and pooled together.  To prepare for sequencing, pooled libraries were denatured with 

NaOH then diluted to 1.8 pM according to Illumina’s denaturation protocol for a NextSeq500.  

Sequence runs were performed on an Illumina NextSeq500 using the High output kit and a 

2x76bp paired end run. 

 15 

Electron microscopy 

For electron microscopy, perfusion was performed on anesthetized mice with 5 mL HBSS, 

followed by 30 mL fixative (2.5% glutaraldehyde, 4% paraformaldehyde in phosphate buffer). 

Brains were extracted and further post-fixed for 8 hours at 4°C in the same fixative. Afterwards, 

sagittal sections were done using a tissue slicer (Alto). The slice containing the cytokines (or 20 

sham) injection site were collected and further post‐fixed with 2% OsO4  and 1.5% Ferocianide 

(Science Services), dehydrated by ethanol then acetone and Epon‐embedded (Serva). 50 nm 

ultrathin sections from the area corresponding to the imaging site (2-3mm away from injection) 

were contrasted with 4% uranyl acetate (Science Services) and lead citrate (Sigma). The 

imaging was done on a TEM Jeol 1400+ (Jeol) equipped with a ruby camera (8M pixel, Jeol). 25 
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The qualifications for the density of layer 1 myelin sheath was done within 60µm from the 

brain surface at 4000X on 720µm² areas and the synaptic density was measured at the same 

depth at 8000X on 185µm² areas. 

 

Confocal microscopy 5 

To image immunofluorescence stained tissue, we used upright confocal laser-scanning 

microscopes, FV1000 (Olympus) or SP8 (Leica), equipped with standard filter sets and laser 

lines. To reconstruct apical dendrites in Thy1-GFP-M x BiozziABH animals, 60x/1.35 NA oil 

immersion UPLSAPO Objective (Olympus) was used with a digital zoom of 3.5, Z-spacing of 

200 nm and a pixel resolution of 75 nm pixel-1 to image 80-100 µm thick coronal brain sections. 10 

Images were deconvoluted using Huygens Essentials software. For the evaluation of synapse 

phagocytosis, 40 µm thick cryosections were imaged with a 40x/1.30 oil immersion HC PL 

APO CS2 objective (Leica), 3.0x zoom, Z-spacing of 200 nm and a pixel size of 97 nm pixel-

1. To assess activation state and infiltration of phagocytes, 80 µm thick sections were imaged 

with a 20x/0.75 NA oil immersion HC PL APO CS2 objective (Leica) and 1.0x zoom in tile 15 

scan mode. Overview scans were overlayed on a scan of neurotrace signal, imaged with a 

20x/0.85 NA oil immersion UPLSAPO Objective (Olympus). 

 

In vivo imaging 

For chronic in vivo imaging of neuronal activity, animals were first imaged 28 days after 20 

implantation of cranial windows. On the imaging day, animals were anaesthetized starting with 

2% isoflurane and then placed on the imaging stage and provided with a constant flow of 1-

1.5% isoflurane for the rest of the imaging period. The physiological state of the animals was 

continuously monitored with a MouseOx system (Starr Life Science Corp) equipped with a 

thigh sensor for small animals. Imaging of neuronal activity was performed on 2-3 areas of 25 
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layer 2/3 somatosensory cortex at 15Hz with a resonant scanner (Olympus MPE-RS) using a 

femto-second pulsed Ti:Sapphire laser (Mai Tai Insight Deepsee, Spectra-Physics) with a 

maximum power of 35mW at the back focal plane. Each area was imaged 3 times 5 minutes 

within 1 hour. 25x/1.05 dipping cone water-immersion objective (Olympus) was used with a 

zoom of 1.5x and a pixel size of 660 nm pixel-1. 5 

 

To image cortical myelin (layer 1) we performed spectral confocal reflectance microscopy 

(SCoRe) as described before. We used 3 fixed wavelength lasers (488, 539 and 633) to generate 

the SCoRe signal (adjustable bandpass filter: 488/4 and 539/4: Olympus, as well as a fix 

bandpass filter 636/8 BrightLine HC). Imaging was performed within the first 70 µm of the 10 

somatosensory cortex above the imaged areas used for the activity recordings. A 40x/0.8 water-

immersion objective (Olympus) was used with a zoom of 1.0x and a pixel size of 200 nm pixel-

1. Volume stacks penetrating 50-70 µm into the cortical layer 1 from the surface were acquired 

with a Z-spacing of 1 µm. A single plane from the stacks was used for each analysis. 

 15 

For acute in vivo imaging of baseline calcium levels of dendrites and spines, animals were 

anaesthesized with a mixture of medetomidin (0.5 mg/kg), midazolam (5 mg/kg) and fentanyl 

(0.05 mg/kg) intraperitoneally and an acute cranial window was implanted as described above. 

After 30 min, in vivo microscopy was performed using a Olympus FV1200-MPE two-photon 

microscopy system, equipped with a femto-second pulsed Ti:Sapphire laser (Mai Tai HP-DS, 20 

Spectra-Physics) and laser power was attenuated by acousto-optical modulators. Emission was 

detected with non-descanned gallium arsenide phosphide (GaAsP) detectors. To image the 

genetically encoded calcium indicator Twitch2b, we used a two-photon wavelength of 840 nm 

to simultaneously excite both mCerulean3 and cpVenusCD. Fluorescence of mCerulean3 and 

cpVenusCD was collected in a cyan channel (here referred to as “CFP”) and yellow channel 25 
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(“YFP”), respectively, using emission barrier filter pairs with 455-490 and 526-557 nm. Images 

were acquired in 12 bit with an 25x/1.05 dipping cone water-immersion objective, pixel size 

of 124 nm pixel-1, dwell time of 2.0 μs pixel-1 and a laser power of 30-50 mW measured in the 

back focal plane. Volume stacks penetrating 30-60 µm into the cortical layer 1 from the surface 

were acquired with a Z-spacing of 1 µm.  5 

 

Imaging of spine calcium activity was done using isoflurane anesthesia and a resonant scanner 

system at 15 Hz (Olympus MPE-RS) and continuous monitoring as stated above (section 

“chronic in vivo imaging of neuronal activity”). Images were acquired using a 25x/1.05 dipping 

cone water-immersion objective (Olympus) with a zoom of 4x and a pixel size of 249 nm pixel-
10 

1. Fluorescence of mCerulean3 and cpVenusCD was collected in a cyan and yellow channel, 

respectively, using barrier filter pairs. 

 

We observed no signs of photodamage in both healthy animals and c-MS animals over the 

imaging period using these imaging conditions. Animals showing signs of traumatic damage 15 

after window implantation were excluded from the analysis. We observed no significant 

difference in the fraction of spines with elevated calcium between the two stated methods of 

anaesthesia. 

 

CSF1/LPS stimulation assay:  20 

Primary murine microglia were isolated with immunopanning and plated at 50k/well in 

PDL-coated 96-well plates.  After resting overnight, cells were treated with CSF1R inhibitors 

(100nM, Sanofi) for 24 hours. CSF-1 (100ng/mL) or LPS (10ng/mL) was then added for an 

additional 24 hours and culture supernatants were collected and assayed for MCP-1 (CCL2) or 

IL-12p40 with ELISA. 25 
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Application of pharmacologicals 

Cortical experimental autoimmune encephalomyelitis (c-MS model) was induced as 

mentioned above. Animals were treated daily from the day of surgery until perfusion (four 

days) with 20 mg/kg i.p. injection of vehicle or the novel CSF-1R inhibitor compound (Sanofi).  

 5 

Quantification and Statistical Analysis 

Histopathological sections 

From each staining, an image was chosen at the distance of 1700 to 2000 µm from the 

midline on both hemispheres using Pannoramic viewer software (3D-Histech). The sample 

images were rotated in Irfanview software and imported in FIJI software. The cortical layers I, 10 

II-IV and V were determined and cell counter plugin was used for evaluating each layer. For 

Bielschowsky’s staining, 2 parallel lines with a distance of 150 µm were located on each 

sample and the crossing filaments from each line was counted to evaluate axon density. For 

CD3 and Mac-3 staining, a ROI was drawn in each layer and the cells were quantified in each 

area. MBP areas were quantified applying a custom rule-set in Definiens Developer XD 15 

(Definiens AG, Version 2.7.0). Cortical regions were first manually selected and regions were 

rotated so that the cortical layers were horizontally oriented. Tissue was detected and cortical 

layers were automatically defined by their distance to the tissue-background border. Color 

deconvolution was applied to separate DAB and counterstain. MBP signals in the DAB channel 

were considered positive if above a defined intensity threshold. Total DAB+ area was reported 20 

for each region individually.     

 

Confocal image processing and analysis 

Post-processing of presented confocal images was done using the open-source image 

analysis software, ImageJ/Fiji (http://fiji.sc), and Photoshop (Adobe). Images were exported as 25 
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RGB images to Photoshop and despeckled. Gamma corrections are stated in the figure legends, 

if done. 

 

Reconstruction of cortical pyramidal neurons 

Cortical pyramidal neurons were reconstructed using Volume Integration and Alignment 5 

System (VIAS) software (Rodriguez et al., 2003). Semi-automatic tracing of the apical dendrite 

and spines was performed by NeuronStudio software (Rodriguez et al., 2003; Wearne et al., 

2005). For analyzing spine density over time and evaluating the therapeutic effects of CSF-1R 

inhibitor compound, dendritic stretches located at the layers III to IV with a dendritic radius of 

0.55 to 1 µm coming from pyramidal layer V neurons were chosen. Neurons were located in 10 

the distance of 1000 to 2000 µm from the midline, contralateral to the injection site. 

 

Analysis of neuronal activity 

The analysis of neuronal activity recordings was performed with a custom 

software/graphical user interface. The software aligns the single frames of the data sets using 15 

a cumulative correlation maximization algorithm with the mRuby signal as reference. Using a 

calculated reference image (average frame, denoised running average, channel difference, 

coefficient of variation, between others) the software allows ROI definition manually or semi-

automatically, providing an unique ID for each neuron. The ROIs defined at previous 

timepoints were imported into new recordings and automatically adjusted to compensate for 20 

the possible minor morphological changes. The pixels inside each ROI were averaged to extract 

a time signal of each neuron. The baseline signal F0 was calculated as the 10-percentile of the 

time series in a rolling window of 6 seconds. Signal was calculated using the following 

formula: dFF = (F-F0)/F0, which if necessary was corrected for neuropil contamination by 

subtracting a fraction (usually 60%) of the dFF calculated using a background ROI surrounding 25 
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the neuron and excluding any other marked cell. The final dFF was processed with an 

exponential filter with a time constant of (0,01). Calcium events for the recording of each 

neuron were calculated using a non-negative deconvolution algorithm (Vogelstein et al., 2010), 

where the resulting likelihood per frame is processed to separate the individual events by 

summation and thresholding. The final neuronal activity for each neuron was calculated from 5 

the average of 3 recordings (see in vivo imaging section). 

 

Neuronal population correlation analysis 

At each timepoint, every region was imaged for three sessions (5 minutes/session), and 

a signal correlation matrix was obtained for each session. The correlation similarity between 10 

any two such matrices is defined as the correlation of the individual entries in the upper-

triangular part of the correlation matrices (Rose et al., 2016). To compare the population 

dynamics at any given timepoint to the initial population dynamics, the similarity between all 

correlation matrices at the given timepoint and all correlation matrices in the initial session 

were calculated and the resulting values averaged. For the c-MS d3, c-MS d10 and c-MS d17 15 

timepoints this involves averaging nine similarities (the three signal correlation matrices at 

each timepoint compared to the three initial signal correlation matrices). For the initial session 

this similarity involved three comparisons. 

 

Dendritic and spine calcium levels 20 

For analysis of Ca2+ levels in spines and dendrites using the Twitch2b sensor signal, the 

CFP and YFP (FRET) channels were individually visualized in a greyscale look-up table to 

determine the region of interest. Fluorescence intensities of the spine head or 5 regions in the 

dendrites shaft were measured in the CFP and YFP channels, respectively, and nearby non-

neurite areas were selected for background correction. As we detected crosstalk from the CFP 25 
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to the YFP channel (not vice-versa), we corrected the YFP signal by subtracting the measured 

crosstalk-fraction of the CFP signal. Background-corrected YFP/CFP ratios were interpreted 

as a proxy of Ca2+ concentration as previously established for the used FRET-based calcium 

sensor. We excluded spines that exhibited a signal-to-noise ratio < 5.2, as measured in YFP 

channel. Spines or dendrites were considered to be Ca2+-elevated if YFP/CFP ratios showed 5 

elevation greater than mean plus 3 standard deviations of the ratios measured in healthy control 

animals. Population analysis of spine and dendritic Ca2+ was done by a blinded investigator. 

For dynamic analysis of spine fate, per region 10 dendrites including all spines were identified 

in both timepoints and measured.  

 10 

For the assessment of spine calcium activity, high-frequency resonant images were acquired 

(see in vivo imaging section) and registered using a custom MATLAB script. Spine and nearby 

non-neurite background ROIs were manually defined and measured over time in the CFP and 

YFP channels as stated above. Background-corrected YFP/CFP ratios were interpreted as a 

proxy of Ca2+ concentration. Raw values were smoothed by removing single outlier values 15 

(negative, >15) and using a 3-neighboring average algorithm. Baseline drift was assessed using 

a 10s moving average and, when no drift was observed, overall baseline mean and standard 

deviation calculated. Spiking activity was defined as above-threshold activity (baseline mean 

plus 2 SD) for > 0.25s and calculated as frequency (min-1). 

 20 

Ratiometric images presented in this work were processed as follows: in Fiji, intensity 

projections of 3D stack sections were created from CFP and YFP images individually and a 

binary thresholded mask of dendritic outlines was generated from the image channel with 

higher signal-to-noise (after application of pixel outlier filters). Projection images were each 

multiplied by the binary mask and the resulting images divided by each other (YFP/CFP). The 25 
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resulting image was pseudocolored with a custom look-up table spanning from blue via red to 

yellow hues. Images were exported as RGB images to Photoshop, greyscale images were 

additionally despeckled. 

 

RNA Sequence Data Analysis 5 

Data analysis was completed using Omicsoft Array Studio.  On average, each sample 

was sequenced at a depth of 52 million paired-end reads.  Illumina adaptors were stripped 

during the BCL to FastQ conversion.  All raw data was QC’d using the “Raw Data QC” 

function within Array Studio.  Poor quality reads were filtered out using a Q score cutoff of 

20. Following the above filter criteria, about 41 million paired-end reads per sample were 10 

uniquely mapped to the B38 Mouse Reference Genome using the Ensembl.R90 Gene Model.  

Raw counts were then converted to FPKM using the “Report Gene/Transcript Counts” function 

in Array Studio.  FPKM was filtered using a cutoff of 0.1 then normalized using the 75th 

quantile.  A constant of 1 was added to all normalized FPKM data prior to a Log2 

transformation.  This data was used in all downstream analysis including Principal Component 15 

Analysis (PCA), heatmaps, TTests and pathway analysis (Ingenuity). Outliers (a total of nine) 

were confirmed visually using PCA plots as well as Hierarchical Clustering (unsupervised). 

TTests were generated using the General Linear model in Array Studio.  Pathway analysis was 

completed using fold change and p-values obtained via TTests and imported into Ingenuity 

(Qiagen). 20 

 

Phagocyte infiltration and activation 

Overview images were segmented in cortical layers using a nucleic acid stain 

(NeuroTrace) and analyzed in VOIs 1000-2000 µm laterally to the midline, ipsi- and 

contralaterally to the cytokine injection site. In the volumes counted, numbers of CX3CR1GFP 25 
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cells, co-labelling of CX3CR1GFP and MHCII immunofluorescence and numbers of CCR2RFP 

cells or Iba1 positive, CX3CR1GFP negative cells, respectively, were analyzed using the cell 

counter plugin (Fiji). Absolute numbers were adjusted to a standard volume, microglial 

activation presented as % of MHCII positivity of all CX3CR1GFP cells. For generating the 

heatmap of inflammation, cells were evaluated in counting frames of 500 x 500 µm size. For 5 

accessing the effect of CSF-1R inhibitor compound, three counting frames of 200 x 200 µm 

per section (six sections per animal) were chosen in layers III-IV at 1000 to 2000 µm lateral to 

the midline. 

 

Analysis of synapse phagocytosis 10 

Ten individual CX3CR1GFP or CCR2RFP cells per animal were reconstructed automatically 

by Imaris software in a stack of 5.14 µm. The rendered surface was used as a mask on Synapsin-

1, PSD-95, Homer-1 staining channel and the spot function was used to identify the positive 

signals (spheres). Spheres that were not fully engulfed by the phagocytic cell were manually 

removed. Spheres were checked on LAMP-1 channel to evaluate colocalization. The LAMP1 15 

channel was further masked by the cell surface and the volume was automatically reconstructed 

to identify the LAMP1 volume per cell.  

 

Statistical analysis 

Sample sizes were chosen according to previous in vivo imaging studies (34). Statistical 20 

significance was calculated with Prism (Versions 6.0 and 7.0, Graphpad) using ANOVA and 

t-tests (where normal distribution could be assumed) or Kruskal-Wallis and Mann-Whitney U-

test (where non-normal distribution was suspected and confirmed by Shapiro-Wilk test) as 

described in the figure legends. Data are expressed as the mean ± standard error of the mean. 

Obtained p-values were corrected for multiple comparisons using Bonferroni’s, Holm-25 
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Sidak’sor Dunnett’s procedure and stated as significance levels in the figure legends. In all 

analyses p<0.05 was considered statistically significant.  

 

Data and code availability 

All data is available in the manuscript or the supplementary materials. Raw data is 5 

available upon reasonable request to the corresponding author. 

 

 

SUPPLEMENTAL INFORMATION 

Figures S1-S8 10 

Movie S1 
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