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Abstract 
 
Microglia are the principal innate immune cells in the central nervous system and play 
roles in inflammation, phagocytosis, tissue remodeling, synaptic plasticity and 
neurogenesis. In a DNA repair-deficient mouse model of accelerated aging (generic 
Ercc1Δ/ko), microglia show hypersensitivity to inflammatory stimuli and increased 
phagocytosis. However, the consequence of microglial aging or accumulated DNA 
damage by microglia-specific Ercc1-deletion and the effects on the surrounding CNS 
tissue are unclear. In this study, microglia-specific Ercc1 deficient mice were 
generated to investigate the changes in microglia phenotype and immune response 
after Ercc1 deletion over time. FACS-based microglia isolation at 2-12 months 
following tamoxifen administration showed a reduction of approximately 40% in 
microglia numbers as a result of Ercc1 deficiency. In addition, a dystrophic 
morphology was observed in Ercc1 knockout microglia both in vivo and in organotypic 
hippocampal slice cultures. Ercc1 knockout microglia were progressively replaced by 
“wild type” microglia over time and during this period, the proliferation rate of 
microglia from Ercc1ko/flox mice transiently increased. We detected increased 
expression of several phagocytosis- and proinflammatory genes in microglia from 
Ercc1ko/flox mice after tamoxifen treatment. Gene expression analysis suggested that 
Ercc1 deletion induced a premature aging phenotype in microglia, which is distinct 
from the gene network induced in primed microglia. In summary, microglia-specific, 
conditional Ercc1 deletion resulted in aged microglia that were replaced by wild type, 
CNS endogenous microglia. This model, unlike other rapid microglia depletion models, 
allows for a gradual replacement of microglia without overt micro- or astrogliosis. 
 
Keywords: aging, microglia, DNA damage repair, Ercc1, turnover, phagocytosis, 
dystrophic morphology, priming 
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Introduction 
 
Aging is accompanied by a gradual deterioration of biological functions, e.g. increased 
cellular senescence, telomere attrition, mitochondrial dysfunction and genomic 
instability. In particular, excessive DNA damage or insufficient DNA repair contributes 
to aging and apoptosis, where insufficiency of repair machinery accelerates genetic 
lesion accumulation. (Carnevale et al., 2012; Freitas and de Magalhaes, 2011; López-
Otín et al., 2013; Rodier et al., 2009). The majority of DNA lesions in healthy cells is 
repaired via various mechanisms. The structure-specific endonuclease ERCC1-XPF is 
required for nucleotide excision repair (NER), interstrand crosslink repair (ICR) and 
double-strand break repair (DBR) (Ahmad et al., 2008; Bergstralh and Sekelsky, 2008; 
Gregg et al., 2011; Houtsmuller et al., 1999). Moreover, ERCC1-XPF interacts with the 
basal transcription machinery at promoters of hepatic genes during development 
pointing to a role in gene transcription. Indirectly, ERCC1-XPF contributes to active 
gene expression by affecting DNA demethylation and histone modification (Barreto et 
al., 2007; Kamileri et al., 2012; Le May et al., 2010; Schmitz et al., 2009). 

A common transcriptional signature involved in phagosome, lysosome, and 
antigen presentation was reported in microglia during aging and in 
neurodegenerative disease models (Holtman et al., 2015). Disease-associated 
microglia surrounding Aβ plaques or pathological lesions exhibit increased phagocytic 
and immune activity while losing their homeostatic character (Keren-Shaul et al., 
2017; Krasemann et al., 2017; Mathys et al., 2017). These studies indicate there is a 
population of microglia in different models of neurodegeneration that shares common 
gene expression features.  

Investigation of microglia phenotypes in CNS disease models provided valuable 
insight in microglia functions, however particular molecules or pathways in microglia 
and the consequences for the CNS should also be studied in a healthy CNS 
environment. Recently, microglia-specific gene deletion studies (e.g. Sall1, Dicer, Ifnar, 
Mef2c, and Mecp2) offered new insights in microglia-neuron interaction (Buttgereit et 
al., 2016; Cronk et al., 2015; Deczkowska et al., 2017; Schafer et al., 2016; Varol et al., 
2017). Most of these mice with microglia-specific gene deletion showed no or limited 
phenotypical changes but the microglia lost their homeostatic gene signatures with an 
altered immune activity. 

Under homeostatic conditions, the median lifetime of neocortical microglia is 15 
months (Füger et al., 2017). A similar study showed that microglia are completely 



Chapter 5 

166 
 

replaced within 8-41 months depending on the brain (Tay et al., 2017). In the healthy 
brain, the density of microglial cells remains remarkably stable without significant 
monocyte infiltration, and the turnover of microglia is balanced by apoptosis. 
Otherwise, as studied in apoptosis-deficient mouse models (e.g. Vav-Bcl2 
overexpressing mice), the number of microglia increased and remained stable (Askew 
et al., 2017). 

Following experimental depletion of microglia, the microglia niche could rapidly 
be repopulated by circulating precursor cells after bone marrow transplantation or 
from an internal pool, which depends on the experimental setup. In healthy 
conditions, without irradiation and bone marrow transplantation, seven days after 
depleting microglia using the Cx3cr1CreER: iDTR mouse model, micro-clusters with 
highly proliferating nestin-expressing microglia were present throughout the CNS and 
capable to repopulate the CNS (Bruttger et al., 2015). In experimental acute 
encephalomyelitis (EAE) mice, the infiltration of myeloid cells into the CNS is indeed 
enhanced. In case the blood-brain barrier (BBB) was damaged, circulating precursor 
cells contribute to microglia repopulation, however, only the microglia originating 
from the resident pool expressed Sall1, a microglia identity marker (Buttgereit et al., 
2016). 

Microglia are pleomorphic and can adapt to different environments, however, the 
relation between function and morphology is not always clear. There is consensus that 
ramified microglia are relatively quiescent and surveil the parenchyma, while 
microglia with an amoeboid phenotype are more migratory, phagocytic and immune 
activated (Levtova et al., 2017; Perry et al., 2010). 

Generic hypomorphic Ercc1 mice (Ercc1Δ/ko) are used as an accelerated aging 
mouse model as it recapitulates various aspects of normal aging (Gregg et al., 2011). 
In aged and DNA repair deficient mice (Ercc1Δ/ko), microglia display hypersensitivity 
to inflammatory stimuli, a condition referred to as priming. The specific deletion Ercc1 
in forebrain neurons (Camk2wt/Cre:Ercc1flox/ko) showed that neuronal genotoxic stress 
was sufficient to sensitize microglia (Raj et al., 2014). However, the intrinsic effects of 
Ercc1 deficiency on microglia are unclear. 

In this study, we deleted the Ercc1 gene from microglia in 
Cx3cr1wt/creER:Ercc1ko/flox mice. The effect on microglia density, survival, proliferation 
and phagocytosis was determined. Gene expression profiling of microglia FACS 
isolated at different time points after Ercc1-deletion was performed to determine 
temporal gene expression changes.  
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Materials and methods 
 
Transgenic Animal Models 
The Ercc1wt/flox, Ercc1wt/ko, and Cx3cr1wt/cre mouse lines were crossed to obtain 
experimental mice. In brief, Cx3cr1wt/cre:Ercc1wt/ko mice were generated by crossing 
Ercc1wt/ko and Cx3cr1wt/cre mice (both in a C57/BL6 background). Cx3cr1cre/cre:Ercc1wt/ko 
were crossed with Ercc1flox/flox mice (FVB background), resulting in 
Cx3cr1wt/cre:Ercc1ko/flox and Cx3cr1wt/cre:Ercc1wt/flox mice (C57/BL6:FVB background, 
suppl. fig. 1A, B). All animal experiments were approved by the ethics committee 
(permission DEC5939B, 6169B and IvD 15360-03-02) and performed following the 
experimental animal guidelines of the Central Animal Facility of the University of 
Groningen, UMCG. 
 
Tamoxifen treatment 
Six- to eight- week old mice received 2 doses of 500 µL of tamoxifen (20 mg/mL, 
Sigma, T5648) dissolved in corn oil (Sigma, C8267) via oral gavage with an 48 hours 
interval (suppl. fig. 1C, D). The amount of tamoxifen administrated was adjusted to 
body weight (Parkhurst et al., 2013). 
 
Genotyping primers 
Genomic DNA from ear-cuts was used for genotyping. Primer information is provided 
in Table 1. 
 
Microglia isolation and flow cytometry 
Microglia were isolated as described earlier (Galatro et al., 2017). Briefly, mice were 
perfused with saline or PBS under deep anesthesia (3% isoflurane with 0.8% O2). The 
brains were placed in cold medium A (HBSS with 0.6% glucose and 7.5 mM HEPES) 
and all the following isolation procedures were performed on ice or at 4°C during 
centrifugation. Brains were triturated using the potter-elvehjem tissue homogenizer 
and centrifuged at 220 g for 10 min. The cell pellet was resuspended in 25 mL 22% 
percoll with a 3 mL PBS layer on top, followed by centrifugation for 20 min at 950 g 
(accelerate 4 and brake 0) to remove myelin. The microglia enriched cell pellets were 
incubated with CD11b PE (clone M1/70, eBiosciences), CD45 PE/Cy7 (clone 30-F11, 
eBiosciences), and Ly-6C APC (clone HK1.4, Biolegend) antibodies for 20-30 min on 
ice. Then the cells were washed once and filtered into FACS tubes.  



Chapter 5 

168 
 

Ki67 (Alexa Fluor® 647 anti-mouse Ki-67 Antibody, BioLegend, 652407) staining 
was performed according to the manufacturer’s protocol. In brief, the cell pellets after 
the Percoll gradient were permeabilized by adding 1 mL cold 70% ethanol drop by 
drop while vortexing. After 1 hr incubation at -20°C, the cells were twice washed with 
1 mL PBS with 10% FBS and incubated with CD11b PE (clone M1/70, eBiosciences), 
CD45 FITC (Clone 30-F11, eBiosciences), Ly-6C APC/Cy7 (clone HK1.4, Biolegend), 
and Ki67 Alexa Fluor 647 (Clone 16A8, Biolegend) antibodies for 30 min. Ki67+ 
microglia and Ki67- microglia were collected. 

Microglia were sorted by gating DAPInegCD11bhigh CD45mid Ly6cneg cells on a 
Beckman Coulter MoFlo Astrios or XDP. 
 
Single cell PCR 
Individual microglia were FACS sorted and collected in 384 well PCR plates containing 
5 µL ddH2O. Excision of the floxed Ercc1 allele was determined using PCR primers 
amplifying the excised allele, as a positive control, individual microglia were analyzed 
using ref(Il1) primers. As negative controls, individual splenic macrophage (DAPIneg 
CD11bhigh CD45pos Ly6gneg) were sorted in 384 well plates and analyzed with Ercc1-rec 
1 PCR primers. 5.5 µL of iQTM SYBR Green Supermix (Bio-Rad) consisting of 0.3 µL H2O 
and 0.2 µL primers (working solution = 1 pM) was added to each well. Quantitative 
PCR reactions were performed using theQuantStudio 7 Real-Time PCR 
system(ThermoFisher). In the end, the number of wells with correct melt curves were 
quantified and the percentage was calculated by the formula followed. 

% microglia (Ercc1_rec) = # of PCR reactions with a product from excised 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸1 allele
total # of PCR reactions

 

 
Genomic DNA and RNA isolation form microglia 
The Qiagen AllPrep DNA/RNA Micro Kit (Cat.# 80284) was used to extract the 
genomic DNA and total RNA from sorted microglia. All the procedures followed the 
manufacturer’s protocol. 
 
Efficiency of recombination 
To investigate the proportion of tamoxifen-targeted microglia, we used quantitative 
PCR. Two primer sets were designed based on the recombined Ercc1 allele, Ercc1-
rec1, Ercc1-rec2, and a reference primer pair, Ref-Il1b amplifying a genomic fragment 
of the Il1b gene. After the DNA was isolated from sorted microglia, qPCRs were 
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performed in the same experiment. The % of microglia with a deleted Ercc1 allele was 
calculated by the following formula (Livak and Schmittgen, 2001).  

% microglia (Ercc1_rec)= microglia (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸1_𝐸𝐸𝑟𝑟𝐸𝐸) 
microglia (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸1_𝐸𝐸𝑟𝑟𝐸𝐸)+microglia (𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸1_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

= 2−�
Ct(𝑟𝑟𝑟𝑟𝑟𝑟1)+Ct(𝑟𝑟𝑟𝑟𝑟𝑟2)

2 −Ct(ref)−1� 

 
Immunohistochemistry and Immunofluorescence 
For Iba1 staining, mice were perfused with saline and terminated under deep 
anesthesia. One of the hemispheres was fixed for 48 hr in 4% paraformaldehyde (PFA) 
at 4°C. After overnight incubation in 25% sucrose, the brain samples were stored in -
80°C freezer. For free-floating staining, 40 µm thick sections were blocked for 1 hr 
with 5% normal goat serum and thereafter incubated with primary antibody against 
Iba1 (Wako, Cat.#019-19741) overnight at 4°C. On the next day, Alexa Fluor 488 
donkey anti-rabbit (Invitrogen, Cat.#A21206) secondary antibody was added. After 1 
hr of secondary antibody incubation, sections were washed, incubated in Hoechst 
solution for 5 min and mounted on glass slides. For DNA staining, 16 µm sections were 
attached in slides and were pre-incubated in 0.3% H2O2, and then in 10% serum. After 
the primary Iba1 antibody incubation, biotinylated goat anti-rabbit IgG was added for 
1 hr. The sections were incubated with avidin-biotin-peroxidase complex (Vector 
Laboratories, PK-6100) for 30 min, finally visualized with 3, 3'-diaminobenzidine 
(DAB, Sigma, D-5637). All the slides were scanned with Hamamatsu NanoZoomer 
whole slide imager with 40X objective. 
 
Quantitative real-time PCR (mRNA) 
cDNA was synthesized using Random Hexamers (Fermentas), M-MuLV Reverse 
Transcriptase and Ribolock RNase inhibitor (Fermentas) and dNTP and RT buffer 
(Fermentas). Quantitative PCR reactions were performed using the ABI7900HT Fast 
Real-Time PCR System (ThermoFisher), LightCycler® 480 System (Roche) or 
QuantStudio 7 Real-Time PCR system(ThermoFisher). Data were quantified using the 
2-ΔΔCt method using Hprt1 as reference gene (Livak and Schmittgen, 2001). Primer 
sequences are provided in table 2.  
 
Cell distribution analysis 
After Iba1 staining, 2 to 4 snapshots per sections of each mouse were taken at 8x 
magnification of frontal cortex, cornu ammonis, and dentate gyrus regions using 
Aperio Imagescope software. The numbers of Iba1+ cells were counted within 1 mm2 
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areas using the cell counter plugin of FIJI. Pixel values were converted to µm values 
based on metadata information. Additionally, the nearest neighbor distance of 
microglia in the frontal cortex was analyzed using FIJI. The Particle Characterization 
tool in combination with a Nearest Neighbor plugin calculated the x- and y- 
coordinates of the selected centroids in binary images and used the Pythagorean 
theorem to calculate the distance between the centroids. Two fields per mouse were 
analyzed. 
 
Morphological analysis 
The convex area was measured by selecting the extremes of the cell area and 
measuring the surface. The cell surface area and the soma area were calculated by the 
number of black pixels these respective area’s contained. The total branch length was 
the total length of all the branches of the skeleton image of the microglia, and the 
endpoints the number of line endings of the skeleton. Twenty Iba1+ cells per mice from 
the frontal cortex were selected randomly at maximum magnification (40X) and single 
cell images were cropped out individually of the original mosaic image. All procedures 
were performed using FIJI. To enhance the signal/noise ratio a retinex filter was 
applied and the image was consequently transformed to an 8-bit gray scaled image. 
The resulting image was converted to a binary image and any background/noise was 
removed manually using the original image as a reference. The binary images of the 
individual cells were used for Sholl analysis, which returns the number of 
intersections with the cell in a circle at increasing distance from a specified center 
point, with a step size of 1 pixel per concentric circle. The cell surface area was 
determined using the versatile wand tool. The number of primary branches was 
determined by eye. After collecting these parameters, the branches were connected 
manually with the original mosaic image as a reference, after which the cell was 
converted into a 1-pixel skeleton. The AnalyzeSkeleton plugin was then applied to 
assess total branch length, and the number of branch endpoints per skeleton. The 
soma area was selected in the original mosaic image. The resolution of the images was 
0.2273 µm per pixel, as defined in the metadata of the Hamamatsu files.  

For bulk microglia morphometrics, a script was developed using open source 
sketchbook software (Processing, https://processing.org) to allow semi-automated 
quantification of morphological parameters on single-microglia images. In short, dual 
thresholding for the microglia soma and microglial branching respectively allowed 
determination of soma surface-, cell surface- and convex hull area (i.e. the smallest 
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convex enveloping the cell). Subsequent skeletonization of the thresholded images 
allowed the determination of the total branch length and the total number of branch 
end points per cell. Consecutively, a Sholl analysis was performed on the skeletonized 
images, allowing descriptive quantification of microglial branching per cell. 
 
QuantSeq 3' mRNA-Seq and bioinformatics analysis 
Total RNA was isolated from sorted microglia using the Qiagen RNA isolation kit 
according to the protocol. RNA quantity and quality was analyzed on a Fragment 
Analyzer. Sequencing libraries were prepared with the QuantSeq 3' mRNA-Seq 
Library Prep Kit FWD. 
 
Organotypic hippocampal slice culture (OHSC) 
OHSCs were prepared as described previously (Stoppini et al., 1991) with minor 
modifications. In brief, slice cultures were prepared from Cx3cr1wt/cre: Ercc1ko/flox and 
Cx3cr1wt/cre: Ercc1wt/flox mouse pups (p3) under sterile conditions. In parallel, genomic 
DNA was extracted for genotyping purposes. After decapitation, the brains were 
removed and the hippocampi from both hemispheres were acutely isolated in ice cold 
serum-free Hank's Balanced Salt Solution (HBSS), supplemented with 0.5% glucose 
(Sigma) and 15 mM HEPES. Isolated hippocampi were cut into 375 μM thick slices 
using a tissue chopper (McIlwain) and were transferred to 0.4 μM culture plate inserts 
(Millipore, PICM03050). These culture plate inserts, containing 6 slice cultures each, 
were placed in 6-well plates containing 1.2 ml of culture medium per well. Culture 
medium (pH 7.2) consisted of 0.5X minimum essential medium (MEM) supplemented 
with 25% heat-inactivated horse serum (Gibco, 16050-122), 25% basal medium eagle 
(BME), 2 mM glutamax and 0.65% glucose. The slice cultures were kept at 35°C in a 
humidified atmosphere (5% CO2). On the first day after preparation, these OHSCs 
were treated with 1 nM 4-hydroxy tamoxifen (Sigma, T176-10MG) for 48 hours to 
induce Ercc1 deletion ex vivo. OHSCs were kept maximally for 3 months and the 
culture medium was refreshed every consecutive 2 days. 

To induce neuronal excitotoxicity, OHSCs were challenged with 10 μM N-methyl-
D-aspartic acid (NMDA) for 4 hours, followed by 20 hours of culturing in culture 
medium supplemented 5 μg/ml propidium iodide (PI) to visualize dying/dead cells. 
Confocal images (Leica SP2 AOBS) of the neuronal layers were taken mid-section at 
40X magnification.  
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Quantification and statistical analysis 
All the dot plot and box-whisker plot graphs were performed using GraphPad Prism5, 
the violin plots were generated by R 3.4.3 in RStudio 1.1.383. All the figures were 
further reconstructed using Adobe Illustrator CC. The statistical significance was 
calculated using Prism5 by either Two-way ANOVA followed by Bonferroni post-test 
or Two-tailed Student’s t-test as indicated in the legends. Differences were classified 
as significant when the P value was below 0.05. 
 

 
Figure 1. A reduction in the number of microglia in conditional Ercc1 deficient mice. (A) The boxplots 
depict the number of microglia (DAPIneg CD11bhigh CD45int Ly-6Cneg cells) sorted from entire mouse brains. 
The boxes contain the second and third quartiles and the center line indicates the median. Whiskers indicate 
the minimum and maximum values. For Cx3cr1creER:Ercc1wt/flox mice: n = 7 (1 m), 10 (2 m), 6 (3 m), 4 (5 m), 
17 (6 m), 6 (9 m), 4 (10 m), 4 (11 m), 12 (12 m); Cx3cr1creER:Ercc1ko/flox mice, n = 10 (1 m), 13 (2 m), 6 (3 m), 
4 (5 m), 15 (6 m), 5 (9 m), 4 (10 m), 4 (11 m), 13 (12 m). (B) The box plots depict the number of Iba1-
positive cells per mm2 in three different brain regions. The boxes contain the second and third quartiles and 
the center line indicates the median. Whiskers indicate the minimum and maximum values. Every value 
represents the number of Iba1+ cells per mm2 analyzed in one brain section, with 2-4 sections per mouse, 
and 3 mice per group except the at 22 months (n = 2). A two-way ANOVA followed by a Bonferroni 
correction for multiple comparisons was performed to assess significance. * p < 0.05, ** p < 0.01, *** p < 
0.001.  
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Results 
 
The density of microglia decreases after Ercc1 deletion 
To identify the effect of accelerated aging by accumulating DNA damage in microglia 
on the CNS, we generated microglia-specific Ercc1 knockout mice. Apoptosis, cell cycle 
arrest, and DNA repair are the general responses to DNA damage (Norbury and 
Zhivotovsky, 2004) and cells that accumulate excessive DNA damage tend to undergo 
apoptosis. Since Ercc1 is involved in nucleotide excision repair, interstrand crosslink 
repair and double-strand break repair, targeted microglia will accumulate DNA 
lesions after Ercc1 deletion. To determine the effect of Ercc1 deletion on microglia, 
first, the number of microglia isolated from an entire mouse brain was determined. 
From 2 months after tamoxifen administration onwards, the number of microglia 
isolated from Ercc1 deficient mouse brains was lower than from littermate controls 
and this reduction persisted until 12 months after tamoxifen treatment (figure 1A). 
This reduction in the number of isolated microglia after Ercc1 deletion was confirmed 
by a lower microglia density. Microglia were visualized in brain sections by Iba1 
immunohistochemistry and quantified (figure 1B). A reduction in microglia was 
observed in all the brain regions investigated. In the frontal cortex, a reduction in 
microglia numbers was detected between 2-12 months after Ercc1 deletion. In the 
dentate gyrus and cornus ammonis, a significant reduction was observed at 6 and 12 
months after tamoxifen administration (figure 1B). At 22 months after Ercc1 deletion, 
microglia cell numbers were similar to numbers observed in control littermates 
(figure 1B). In summary, the microglia population was reduced by 40% in 
Cx3cr1wt/creER:Ercc1ko/flox mice, two months after tamoxifen administration, which 
persisted in the following 10 months and returned to levels observed in control 
littermates at 22 months after Ercc1 deletion. 

To study the effect of Ercc1-deletion on microglia phenotype and function in a 
system amenable for interventions, we generated organotypic hippocampal slice 
cultures (OHSC) from Cx3cr1wt/creER:Ercc1ko/flox pups and deleted Ercc1 by ex vivo 
hydroxytamoxifen treatment. Similar to our findings in vivo, two and three months 
after tamoxifen treatment, the number of microglia in Cx3cr1wt/creER:Ercc1ko/flox OHSCs 
was reduced with 50% compared to control OHSCs, in the dentate gyrus (DG), CA1 
and CA3 region, respectively (suppl. fig. 2). 
  



Chapter 5 

174 
 

 
Figure 2. Ercc1-deficient microglia are gradually replaced by Ercc1loxP/KO microglia. (A) The 
percentage of microglia carrying an excised Ercc1loxP allele at a range of time points after tamoxifen 
administration are depicted. The percentage of microglia with an excised Ercc1loxP allele was determined 
based quantitative PCR of the excised Ercc1 allele and normalized to an unaffected genomic locus (the Il1b 
gene). Each dot represents an individual animal. A two-way ANOVA followed by a Bonferroni correction for 
multiple comparisons was performed to assess significance, *** p < 0.001. (B) The percentage of microglia 
carrying an excised Ercc1loxP allele (Ercc1_rec) at a range of time points after tamoxifen administration was 
determined by single-cell PCR. Individual microglia were FACS isolated and PCR amplified using primers 
specific for the excised Ercc1loxP allele. The percentage of wells with a PCR product of the Ercc1_rec allele are 
shown in red, wells without a PCR product are indicated in light grey. As a positive control, individual 
microglia (µG) were PCR amplified using primers for the Il1b gene, indicated in dark grey. As a negative 
control, individual macrophages (Mφ) were analyzed with Ercc1-rec primers. n = 1 to 3 animals per group, 
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48 or 72 PCR reactions per animal. (C) A cartoon illustrating the temporary reduction in microglia cell 
density and the gradual replacement of Ercc1 deficient microglia in Cx3xr1creER:Ercc1ko/flox mice after 
tamoxifen, each circle represent 10% of the microglia population. 

 
Ercc1 deficient microglia are progressively replaced 
The observation that already at 2 months after Ercc1 deletion, the microglia density 
was already significantly reduced, suggested a loss of microglia, possibly due to 
excessive DNA damage. Next, we determined the relative proportion of deleted and 
floxed Ercc1 alleles in microglia to determine and monitor excision efficiency at 
different times after tamoxifen administration. FACS isolated microglia from both 
Cx3cr1wt/creER:Ercc1wt/flox and Cx3cr1wt/creER:Ercc1ko/flox mice after tamoxifen treatment 
were genotyped. The percentage of the excised Ercc1 allele was high (>80-95%) and 
remained stable in microglia from Ercc1wt/flox mice, indicating efficient excision of the 
floxed Ercc1 allele (figure 2A, B). The percentage of Ercc1 deficient microglia in 
Ercc1ko/flox mice progressively declined over time, resulting in only approximately 5% 
of Ercc1 deficient microglia at 12 months after tamoxifen and hardly any Ercc1 
deficient microglia after 22 months (fig. 2A, B). These data indicate that over the time 
course of 10 months, Ercc1 deficient microglia were gradually lost in 
Cx3cr1wt/creER:Ercc1ko/flox mice and replaced by microglia carrying a floxed allele (fig. 
2C).  
 
Altered microglia morphology in Cx3cr1wt/creER:Ercc1ko/flox mice 
Changes in morphology are an indicator of altered microglia function, and we analyzed 
the morphology of Ercc1 deficient microglia at 2-22 months after Ercc1 deletion. A 
clear change in microglia morphology was observed in Cx3cr1wt/creER:Ercc1ko/flox mice 
after tamoxifen administration (fig. 3A). Between 2-12 months after tamoxifen, 
microglia cell surface, convex surface area, soma surface, total branch length, and 
number of endpoints were all increased in Cx3cr1wt/creER:Ercc1ko/flox microglia. This 
altered microglia morphology was observed in various brain regions, e.g. cortex, 
hippocampus, cerebellum, and olfactory bulb, between 2-12 months but not at 22 
months after tamoxifen. Extensive morphometric analysis was performed on cortical 
microglia (fig. 3B, suppl. Fig. 3). When microglia numbers were reduced by 40% in 
Cx3cr1wt/creER:Ercc1ko/flox mice, the remaining cells were significantly enlarged and 
when microglia numbers returned to control levels after 22 months, these 
morphological differences were also no longer present. Interestingly, the ramification  
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Figure 3. Microglia in Ercc1 deficient mice display a hyperramified morphology. (A) Iba1 staining of 
microglia in the cortex of Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox mice at 5 different time points 
after tamoxifen; n = 3 mice (2, 3, 6 and 12 months), n = 2 mice (22 months). 40X magnification, scale bar = 
40 µm. (B) Morphometric analysis of microglia depicting cell surface area, convex surface area, soma 
surface area, total branch length, and total number of endpoints. Quantification of these five parameters of 
cortical microglia in different time points was performed using a self-developed program described in the 
methods. The violin plots contain the values of individual microglia from in total 3 mice per groups (except 
2 mice at 22 months). The white line in the violin plots indicates the mean ± interquartile range. The number 
of microglia in the violin plot = 60 (2 m), 60 (3 m), 60 (6 m), 61 (12 m), 40 (22 m) in control groups and 59 
(2 m), 40 (3 m), 60 (6 m), 60 (12 m), 40 (22 m) in conditional Ercc1 knockout groups. An unpaired two-
tailed t-test was performed to assess significance, p values are depicted in the figure. (C) The correlation of 
microglia distribution (or microglia cell density) versus the distance to nearest neighboring microglia is 
depicted. Each dot represents the data from one brain section. The color of dots represents the genotype 
and the gradient represents time after tamoxifen treatment. n = 4-8 brain sections per group, 10 groups in 
total. (D) Sholl analysis of microglia in Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox mice at 2 (top) and 
22 (bottom) months after tamoxifen treatment. The number of intersections with increasing distance from 
the cell soma are depicted. The error bars show the standard deviation. The Sholl analysis was performed 
using a program developed by our group. In parallel, Sholl analysis on the same microglia samples was 
performed using the plugin of Fiji yielding identical results (data not shown). 
 
index, the ratio of the cell surface area and the convex area, was unchanged (suppl. Fig. 
3A), suggesting that although the microglia from Ercc1 deleted mice were larger, they 
were not hyperramified. When we investigated morphologies at 2-22 months after 
tamoxifen administration, microglia from Cx3cr1wt/creER:Ercc1ko/flox mice were different 
from controls, except for the 22 month time point, for all parameters determined (fig. 
3B). Even at twelve months after Ercc1 deletion, when almost no Ercc1 deficient 
microglia were left, microglia in Cx3cr1wt/creER:Ercc1ko/flox mice were different from 
controls and more heterogeneous. After 22 months, there was almost no difference of 
microglia morphology between the control and Ercc1 deleted microglia. 

To investigate the distribution of microglia after Ercc1 deletion, we determined the 
distance between individual microglia and its nearest neighboring microglia. 
Microglia in Cx3cr1wt/creER:Ercc1ko/flox mice after tamoxifen treatment were equally 
distributed and there no indication of microglia clusters was observed (fig. 3C). Sholl 
analysis showed that microglia of Ercc1ko/flox mice 2 to 12 after tamoxifen treatment 
displayed an altered morphology indicated by an increased number of intersections 
(fig. 3D, suppl. fig. 3B). There was no difference in morphology between microglia 
from Cx3cr1wt/creER:Ercc1wt/flox and Cx3cr1wt/creER:Ercc1ko/flox mice at the 22 month time 
point (fig. 3D, suppl. fig. 3B). 

In OHSCs, a similar change in microglia morphology was observed in Ercc1-deleted 
microglia. The morphology of the majority of the remaining microglia in Ercc1-
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deficient OHSCs was similar to what was observed in vivo after Ercc1 excision (suppl. 
fig. 4). 
 

 
Figure 4. Increased microglia proliferation in conditional Ercc1 knockout mice. (A) Ki67 gene 
expression was determined by quantitative RT-PCR and normalized to Hprt1. Each dot represents one 
animal, n = 3-5 mice. A two-way ANOVA followed by a Bonferroni post-test was performed for assessment 
of significance, *** p < 0.001. (B) Example of a mitotic microglia in a Cx3xr1creER:Ercc1ko/flox mouse, 1.5 months 
after tamoxifen treatment. (C) Ki67+ and Ki67- microglia were isolated by flow cytometry from 
Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox mice at 2-3 months after tamoxifen treatment. (D) 
Quantification of the percentage of Ki67+ and Ki67- microglia in Cx3xr1creER:Ercc1wt/flox and 
Cx3xr1creER:Ercc1ko/flox mice, 2 and 3 months after tamoxifen treatment, n = 4 mice. Unpaired two-tailed t-
test, *** p < 0.001. (E) The percentage of Ki67+ and Ki67- microglia with an excised Ercc1loxP allele was 
determined by genomic PCR, n = 3-6 mice. A two-way ANOVA followed by Bonferroni correction for multiple 
comparisons was performed to assess significance, none of the comparisons were statistically significant (p 
> 0.05). 
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Microglia proliferation is increased after Ercc1 deletion 
Under homeostatic conditions, microglia have a relatively low proliferation rate and 
the microglia population is maintained by balanced cell proliferation and apoptosis. 
After genetic or pharmacological depletion of microglia, it was shown that the 
remaining microglia rapidly expanded and repopulated the CNS. As microglial 
turnover is increased due to Ercc1 deletion, we determined if microglia proliferation 
was increased after Ercc1 deficiency. The expression levels of Ki67, a gene expressed 
by proliferating cells, was determined in microglia early (1 and 2 months) and late (12 
months) after tamoxifen treatment. Microglia from Cx3cr1wt/creER:Ercc1ko/flox mice 
expressed higher Ki67 levels at 1-2 months after tamoxifen, coinciding with 
progressive loss of Ercc1-deficient microglia. At 12 months after tamoxifen, when 
almost all Ercc1-deficient microglia are replaced, Ki67 levels are down to expression 
levels observed in control microglia (fig. 4A). Next, it was determined if Ki67 
expressing, proliferating microglia (fig. 4B) were wild type cells, carrying a floxed 
Ercc1 allele or if Ercc1-deficient microglia also proliferated. Microglia were isolated 
from mice 2-3 months after tamoxifen treatment when approximately 50% of the cells 
are still Ercc1-deficient. These microglia were separated in Ki67+ and Ki67- 
subpopulations, and genotyped. The percentage of Ki67+ cells is almost two-fold 
higher in Cx3cr1wt/creER:Ercc1ko/flox microglia, 3.1% versus 1.6% (fig. 4C, D). Genotyping 
of Ki67+ and Ki67- microglia revealed that the percentage of microglia with an excised 
Ercc1 allele from Cx3cr1wt/creER:Ercc1ko/flox and Cx3Cr1wt/creER:Ercc1wt/flox microglia were 
equally present in both populations, indicating that both control and Ercc1-deficient 
microglia proliferated (fig. 4E). In summary, tamoxifen treatment induced Ercc1 
excision, leading to a progressive loss of Ercc1-deficient microglia. In parallel, the 
remaining microglia in tamoxifen treated Cx3cr1wt/creER:Ercc1ko/flox mice displayed an 
increased proliferation rate, including Ercc1 deficient microglia. At 12 months after 
tamoxifen treatment, nearly all Ercc1 deleted microglia were replaced, and the 
proliferation rate was close to control levels. 
 
Ercc1 KO microglia are not immune activated or primed 
In generic Ercc1 mutant mice, a network of genes upregulated in microglia was 
identified (Holtman et al., 2015). As we reported earlier, the expression of Axl, a 
receptor involved in phagocytosis of apoptotic cells, and Lgals3 (Mac2), a lectin family 
member involved in cell-cell interaction, was increased in Ercc1∆/ko microglia (fig. 5A). 
Next, the expression these genes was determined in Ercc1 deficient microglia from  
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Figure 5. Microglia from conditional Ercc1 deficient mice increase their phagocytic activity but are 
not primed. (A) The expression of priming-associated genes Axl and Lgals3 was determined by quantitative 
RT-PCR in microglia from Ercc1Δ/ko mice and normalized to Hprt1. An unpaired two-tailed Student’s t-test 
was performed for statistical analysis, *** p < 0.001. (B) Axl and Lgals3 gene expression was determined by 
quantitative RT-PCR in microglia from Cx3cr1wt/creER:Ercc1wt/loxP and Cx3cr1wt/creER:Ercc1ko/loxP mice at 
different times after tamoxifen and normalized to Hprt1. A two-way ANOVA followed by a Bonferroni 
correction for multiple comparison was performed for statistical analysis, ** p < 0.01, *** p < 0.001, ns, not 
significant. (C) The gene expression levels of chemokine (Ccl2) and cytokines (Il1b and Tnf) was determined 
in microglia from untreated Ercc1Δ/ko and control mice and 3 h after LPS administration (1 mg/kg by i.p.) by 
RT-qPCR. An unpaired two-tailed Student’s t-test was performed for statistical analysis, *** p < 0.001. 
(D)The gene expression levels of chemokine (Ccl2) and cytokines (Il1b and Tnf) was determined in 
microglia from Cx3cr1wt/creER:Ercc1wt/loxP and Cx3cr1wt/creER:Ercc1ko/loxP mice at different times after tamoxifen 
without further treatment (left) or 3 h after LPS (1 mg/kg, i.p.; right). Each dots represents one animal. A 
two-way ANOVA followed a Bonferroni post-test (Ccl2 and Tnf) or an unpaired two-tailed Student’s t-test 
(Il1b) was performed. ** p < 0.01, *** p < 0.001, n > 3 for all groups. 
 
Cx3Cr1wt/creER:Ercc1ko/flox mice at different time points after tamoxifen treatment. The 
expression of Axl was significantly increased in Cx3cr1wt/creER:Ercc1ko/flox microglia 3, 4, 
6 and 12 months after tamoxifen compared to Cx3Cr1wt/creER:Ercc1wt/flox microglia (fig. 
5B). However, the level of Axl gene induction was much lower than in microglia 
isolated from generic Ercc1∆/KO mice. Lgals3 expression was significantly and highly 
induced in microglia from Ercc1∆/ko mice (fig. 5A). Lgals3 expression was slightly 
increased 12 months after tamoxifen administration but no difference in expression 
was observed between Cx3cr1wt/creER:Ercc1ko/flox and Cx3Cr1wt/creER:Ercc1wt/flox microglia 
at either 1, 2 or 12 months after tamoxifen (fig. 5B). Similar to Lgals3, the gene 
expression of several other aging associated genes, like Apoe, H2-Aa, and Itgax showed 
no significant difference after specific Ercc1 deletion in microglia (suppl. fig. 4). 

In generic Ercc1 mutant mice, an exaggerated inflammatory response of microglia 
to LPS was reported (Raj et al, 2014). Indeed, the expression of cytokines Ccl2, IL1b, 
and Tnf was increased in Ercc1∆/ko microglia, and LPS induced a significant higher 
expression of these genes in Ercc1∆/ko compared to control microglia (fig. 5C). In 
Cx3Cr1wt/creER:Ercc1ko/flox microglia, the expression of Ccl2 was significantly higher at 1 
and 2 months after tamoxifen compared to Cx3Cr1wt/creER:Ercc1wt/flox microglia where 
the expression of Tnf and Il1b was not significantly different. The increase in Ccl2, Tnf 
and Il1b gene expression in response to LPS of Cx3Cr1wt/creER:Ercc1ko/flox and 
Cx3Cr1wt/creER:Ercc1wt/flox microglia was not significantly different, with the exception 
of Ccl2 at 2 and 6 months after tamoxifen which was significantly higher in 
Cx3Cr1wt/creER:Ercc1ko/flox microglia (fig. 5D). Importantly, the level of gene induction in 
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response to LPS was markedly lower in Cx3Cr1wt/creER:Ercc1ko/flox microglia compared 
to microglia isolated from generic Ercc1∆/ko mice (compare figure 5 panel C and D). 
 
Gene expression profiling show microglia functional changes after Ercc1 
deletion 
To further delineate the effect of Ercc1 deletion on microglia, we compared the gene 
expression profiles between Cx3Cr1wt/creER:Ercc1ko/flox and Cx3Cr1wt/creER:Ercc1wt/flox 
microglia, before and at different times after tamoxifen administration (fig. 6A). All 
genes that were differentially expressed between different groups of microglia 
samples were grouped by sample and clustered based on expression levels (fig. 6B). 
To determine if tamoxifen treatment resulted in gene expression changes, the 
transcriptomes of microglia from Cx3cr1wt/creER:Ercc1ko/flox mice before and 
Cx3Cr1wt/creER:Ercc1wt/flox mice 5 days after tamoxifen treatment were compared. 28 
differentially expressed genes (p value < 0.05, FC > 1.5; 4 down and 24 up after 
tamoxifen) were detected, mainly involved in p53 signaling and cell cycle (fig. 6D). 
There were no significantly differentially expressed genes, 5 days after tamoxifen, 
between microglia from Cx3cr1wt/creER:wt/flox and Cx3cr1wt/creER:Ercc1ko/flox mice, 
indicating that 28 differentially expressed genes in Cx3cr1wt/creER:Ercc1ko/flox microglia 
after tamoxifen treatment were not due to Ercc1 deficiency. 

Cluster 1 contains genes with increased expression at 1 and 2 months after 
tamoxifen in Cx3Cr1wt/creER:Ercc1ko/flox microglia and at 12 months in both 
Cx3Cr1wt/creER:Ercc1ko/flox and Cx3Cr1wt/creER:Ercc1wt/flox microglia after tamoxifen. 
Interestingly, these genes were less abundantly expressed in Cx3Cr1wt/creER:Ercc1ko/flox 
microglia at 6 months after tamoxifen. The genes were associated with overlapping 
GO terms like brain development, neuronal system, synapse, and morphogenesis (fig. 
6C). These data indicate that genes that were increased in expression in microglia 
isolated from 14 months old mice (12 months after tamoxifen) were transiently 
expressed in Cx3Cr1wt/creER:Ercc1ko/flox microglia at 1 and 2 months after tamoxifen, 
when most microglia were still Ercc1 deficient (fig. 2A). 

The expression of the majority of the genes in clusters 2, 3, and 4 was increased in 
Cx3Cr1wt/creER:Ercc1ko/flox microglia after tamoxifen treatment, this increase was most 
prominent at 1 month after Ercc1 deletion, progressively decreased and returned to 
control levels after 12 months. The genes in clusters 2, 3 and 4 were associated with 
cell cycle, DNA damage, cell number homeostasis, and apoptosis (fig. 6B, C, cluster 2-
4). Between 1-6 months after tamoxifen treatment, approximately 50% of the Ercc1 
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deficient microglia were replaced (fig. 2A), corroborating the GO terms associated 
with cluster 3. 

Clusters 6 and 7 contained 283 genes that were downregulated (except genes in 
cluster 6 at the 2-month time point) in Ercc1 deficient microglia at the 1-, 2- and 6-
month time points, and GO analysis indicated that these genes were involved in cell 
cycle and DNA repair. At this time point, we did observe a dramatic decline in 
microglia density, suggesting that Ercc1 deletion, on one hand, resulted in enhanced 
apoptosis but also in increased microglia proliferation, likely to replace the lost cells 
(fig. 6B, C, cluster 6, 7) 

The pairwise comparisons in gene expression changes in microglia at different 
times after tamoxifen treatment compared to untreated Cx3cr1wt/creER:Ercc1ko/flox 
microglia are depicted in figure 6D. The number of differentially expressed genes, both 
up and down, are depicted as well as the associated GO terms. In short, 5 days after 
tamoxifen, an activation of the p53, cell cycle, and DNA damage pathways were 
observed, irrespective of Ercc1 deficiency. At the 1- and 2-month time points, when 
the majority of microglia were Ercc1-deficient, genes were upregulated with 
overlapping GO terms, that were associated with brain development, neuronal system, 
synapse, and morphogenesis. Interestingly, many of these genes were also 
upregulated in microglia from 14-month-old mice (12 month after tamoxifen; 
regardless of their genotype) indicating that Ercc1 deficient microglia 1-2 months 
after Ercc1 deletion display features of premature aging (fig. 6B, C, cluster 1). In 
Cx3cr1wt/creER:Ercc1ko/flox microglia, 6 months after tamoxifen treatment, the expression 
of genes associated with neuronal development and synaptic organization was no 
longer increased, which might be due to the fact that by then approximately 50% of 
the Ercc1 deficient microglia were replaced by wild-type microglia. 

Microglia-specific deletion of Ercc1 resulted in a gene expression signature very 
different from the common gene expression signature of disease-associated microglia 
previously reported by our group in generic Ercc1 mutant mice (Holtman et al., 2015). 
Only 19 genes of 458 (Cx3cr1wt/creER:Ercc1ko/flox microglia, 2 months after tamoxifen) 
overlapped with this common gene expression module (of 295 genes). Also almost no 
overlap was detected between this priming module and genes increased in 
Cx3cr1wt/creER:Ercc1wt/flox microglia 12 months after tamoxifen (4 out of 436) indicating 
that these microglia priming genes were not induced in microglia from 14 month old 
mice (fig. 6E). 
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Figure 6. Gene expression profile of microglia after Ercc1 deletion. (A) Outline of microglia sampling. 
Microglia were isolated from Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox mice 5 days to 12 months after 
tamoxifen and their gene profiles were generated by 3' QuantSeq. Cx3xr1creER:Ercc1ko/flox microglia without 
tamoxifen treatment served as non-tamoxifen controls. (B) Heatmap of microglia gene expression profiles 
containing 1,670 differentially expressed genes between at least 2 conditions (FDR < 0.05 and fold change 
> 1.5), these genes clustered into 7 groups. (C) GO annotations of the different clusters indicated in B using 
Metascape. The genes in clusters 2, 3, and 4 and clusters 6 and 7 were pooled for GO analysis in view of a 
relatively similar pattern of gene expression across groups. The top 20 GO networks are depicted. The GO 
annotations for each cluster are available in supplemental table. (D) The number of differentially up- and 
down-regulated genes between the indicated comparisons and associated processes are depicted, FDR < 
0.05 and fold change > 1.5. Selected GO categories are showing from the top 20 categories. The used 
abbreviations of the samples depict ctrl 5d tam: for Cx3xr1creER:Ercc1wt/flox mice at 5 days after tamoxifen 
treatment. (E) The associated functions and the overlap between 495 differentially expressed genes 
(between ko 2m tam and non-tamoxifen microglia) and 453 differentially expressed genes (between ctrl 
12m tam and non-tamoxifen microglia) and 295 genes associated with microglia priming (Holtman et al., 
2015) is shown in a Venn diagram.  
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Discussion 
 
In this study, we analyzed the effect of Ercc1 deficiency on microglia using 
Cx3cr1creER:Ercc1ko/flox mice. Deletion of Ercc1 resulted in a loss of microglia, likely due 
to excessive DNA-damage-induced apoptosis. To compensate for increased microglia 
loss, the remaining microglia displayed an increased proliferation rate. Microglia-
specific deletion of Ercc1 transiently induced an aging-associated gene expression 
profile, which was gradually lost by progressive replacement of Ercc1-deficient 
microglia by microglia carrying a floxed, functional Ercc1 allele.  
 
Phenotypes of microglia in conditional Cx3cr1creER:Ercc1ko/flox mice compared to 
generic Ercc1Δ/ko mice  
Microglia in generic Ercc1Δ/ko mice, a DNA-repair mutant mouse model of accelerated 
aging, are hyper-sensitive to peripheral inflammation, display increased phagocytic 
activity and ROS production, and have a dystrophic morphology and increased 
turnover rate (Raj et al., 2014). Here, we investigated the phenotypic changes of 
microglia in Cx3cr1creER:Ercc1ko/flox mice after microglia-specific Ercc1 deletion by 
tamoxifen and compared that to generic Ercc1 mutant microglia. Conditional Ercc1 
deleted microglia also showed similar morphological changes, enhanced phagocytosis 
and proliferation, and increased expression of chemokines, e.g., Ccl2. However, the 
transcriptome profiles of these microglia were not comparable to primed microglia, 
the expression of aging-associated genes was not significantly increased and the 
response to peripheral inflammation was not significantly exaggerated. 

Microglia from Cx3cr1creER:Ercc1ko/flox mice at two months after tamoxifen 
treatment displayed features of accelerated aging but no clear sign of priming, e.g., 
enhanced LPS sensitivity or increased expression of priming associated genes. Our 
results suggest that microglia priming, as is observed in various aging and CNS disease 
mouse models, most likely resulted from a stressed or damaged microenvironment 
and was not due to intrinsic microglia aging. This is in agreement with observations 
obtained in mice where a Camk2cre driven Ercc1 deletion in forebrain neurons resulted 
in an altered microglia phenotype reminiscent of what was observed in Ercc1Δ/ko mice 
but restricted to the forebrain. This data indicated that the observed microglia priming 
was triggered by neuronal genotoxic stress due to Camk2cre driving Ercc1 deletion (Raj 
et al., 2014). 
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The Ercc1 mutation in generic Ercc1Δ/ko mice is a hypomorphic allele and not a full 
null allele, and this reduced Ercc1 activity already started at the embryonic stage, and 
in all cell types. In Cx3cr1creER:Ercc1ko/flox mice however, Ercc1 deficiency was induced 
by tamoxifen administration in young adult mice, when the microglia already matured 
(6-8 weeks of age). The observed differences in microglia in these two mouse lines 
might be caused by the mentioned parameters, generic-microglia-specific, 
hypomorph-full null, and constitutive- tamoxifen (summarized in Table 3). 
 
Turnover of microglia in Cx3cr1creER:Ercc1ko/flox mice after tamoxifen treatment 
Under homeostatic conditions, microglia are long-lived cells, with a proliferating 
population of 0.07% to 0.4% depending on the CNS region (Füger et al., 2017; Réu et 
al., 2017; Tay et al., 2017). Microglia density is stable in adult mice, which is a result of 
balanced cell proliferation and apoptosis (Askew et al., 2017). The microglia density 
and proliferation were assessed over time in Cx3cr1creER:Ercc1ko/flox mice after 
tamoxifen treatment. Ercc1 deletion in microglia resulted in progressive loss of these 
cells by apoptosis, associated with reduced microglia density, increased proliferation 
and ultimately a restoration of microglia density and morphology. 

In the first two months after tamoxifen treatment, the number of microglia in the 
entire brain decreased by 40% based on FACS sorting data and Iba1 staining, and the 
proliferation rate of these microglia was increased based on Ki67 expression. Most 
likely, the loss of microglia was due to increased apoptosis induced by accumulation 
of DNA lesions after Ercc1 deletion. The observed proliferation might not have not be 
sufficient to compensate for the lost cell, resulting in reduced cell density. At 3 to 12 
months after tamoxifen treatment, the cell density was steady, indicating that the rate 
of proliferation and apoptosis was similar. During this period, microglia had a larger 
cell surface area, larger convex surface area, a longer total branch length, and more 
endpoints, likely illustrating that these reduced number of microglia surveil a larger 
area of the parenchyma (suppl. fig. 6). 

The rate of apoptosis and proliferation likely declined over time as Ercc1 deficient 
microglia were progressively replaced by cells carrying a functional Ercc1_flox allele. 
This postulation is supported by the gene expression profiles of microglia in 
Cx3cr1creER:Ercc1ko/flox mice at 2, 6, and 12 months after tamoxifen treatment and the 
reduced percentage of Ercc1 deleted microglia. At 22 months after tamoxifen 
treatment, the cell density was restored and our results show almost no Ercc1 
deficient microglia were present in Cx3cr1creER:Ercc1ko/flox mice at this phase. These 
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data suggest that after repopulation with wild type microglia, the homeostatic state 
was restored. 

Whether the newborn microglia after Ercc1 deletion originated from the remaining 
resident microglia with an intact Ercc1_flox allele or from infiltrating myeloid cells is 
unclear. Most likely, repopulating microglia originated from remaining cells within the 
CNS. Greter and colleagues showed that in the absence of irradiation, microglia renew 
exclusively from internal pools, and that microglia can be replaced by bone marrow-
derived macrophages in a bone marrow chimera model, which is likely due to 
irradiation damage to the blood-brain barrier (Buttgereit et al., 2016). In these studies, 
it was observed that when microglia were depleted using a CSF1R inhibitor, few 
remaining microglia repopulated the entire CNS with similar gene expression pattern. 
Depletion of microglia by a CSF1R inhibitor or induced expression of the iDTR system 
in combination with BM chimerism resulted in BM-derived microglia-like cells, which 
failed to express Sall1. Based on the 3’ mRNA seq data, there is no significant difference 
of expression of Sall1 after Ercc1 deficient microglia being replaced (supplemental 
table), indicating an endogenous origin of newborn microglia. 
 
Heterogeneity and morphology of microglia after Ercc1 deletion 
The Cx3cr1creER transgene was used to delete Ercc1 in microglia specifically. This 
method was used in several studies, for instance, Sall1 (Buttgereit et al., 2016), Dicer 
(Varol et al., 2017), Ifnar (Deczkowska et al., 2017), Mef2c (Deczkowska et al., 2017) 
and Mecp2 (Cronk et al., 2015; Schafer et al., 2016) were all deleted using this cre 
driver. In this study, the tamoxifen-induced deletion of Ercc1 resulted in microglia 
heterogeneity in terms of morphology and Ercc1 deficiency due to progressive loss of 
Ercc1 deficient microglia. Transcriptional changes after Ercc1 deletion and the 
microglia response to LPS were determined using the entire microglia pool. As a 
consequence, the effects of Ercc1 deficiency might be diluted by wildtype microglia 
that progressively populate the brain after tamoxifen treatment. For instance, 6 
months post tamoxifen half of the microglia were already wildtype. 

The analysis of microglia morphology, e.g., convex area, cell surface area, total 
branch length, the number of endpoints, as well as a Sholl analysis, revealed a greater 
heterogeneity in the microglia population in Cx3cr1creER:Ercc1ko/flox mice after 
tamoxifen treatment. However, it is difficult to determine if these morphological 
changes occur both in wild type and Ercc1 deficient microglia. Also, the cause of this 
altered morphology remains to be determined, with Ercc1 deficiency, and interaction 
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with and possible phagocytosis of apoptotic microglia as possible factors. The 
observation that microglia density and morphology returned to control levels at the 
22-month time points suggests Ercc1 deficient microglia and their progressive 
replacement are contributing factors. 
 
Functions of Ercc1 deficient microglia 
The transcriptional analyses suggested that a group of differentially expressed genes 
in microglia in Cx3cr1creER:Ercc1ko/flox mice at 1 or 2 months after tamoxifen treatment 
was involved in transcriptional regulation by TP53, DNA repair, and DNA mutations, 
which indicated that the DNA damage repair machinery was influenced in these 
microglia. Besides a function in DNA damage repair, Ercc1 is also involved in gene 
transcription and cell cycle control. We compared the transcriptional profiles of 
microglia from Cx3cr1creER:Ercc1ko/flox and control mice 5 days after tamoxifen 
treatment. No significantly differentially expressed gene were detected, indicating a 
limited role for Ercc1 in microglia in this time window. The majority of differentially 
expressed genes in microglia in Cx3cr1creER:Ercc1ko/flox mice at 1 or 2 months after 
tamoxifen treatment were associated with cell cycle and DNA replication, however, 
whether these changes resulted from a direct role of Ercc1 or the increased microglia 
turnover is uncertain. 
 
In summary, our data indicate that Ercc1 is an essential protein for microglia and that 
deficiency leads to progressive loss of these cells. As a consequence, the brain is 
gradually repopulated from a pool of microglia carrying an intact Ercc1loxP allele that 
were not targeted by Cre in response to tamoxifen. The replacement of Ercc1 deficient 
microglia by Ercc1ko/flox microglia is not accompanied by extensive immune activation 
or gliosis in the CNS. These data furthermore indicate that the gene expression 
changes detected in microglia in naturally aged mice and in generic Ercc1∆/ko mice are 
not microglia intrinsic but caused by an aging environment, in observation in 
agreement with earlier postulations (Raj et al., 2014). 
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Supplementary figure 1. Experimental strategy of microglia- specific Ercc1 deletion. (A) Breeding 
strategy to generate inducible, microglia-specific Ercc1 knockout mice on a mixed genetic background (50% 
of C57BL/6J, 50% of FVB). (B) Cartoon of four different Ercc1 allelic variants. For the Ercc1_ko allele, a neo 
cassette was inserted into exon 7, the Ercc1_flox allele contains two LoxP sites in introns 2 and 5. Excision 
of the Ercc1_flox allele by Cre recombinase results in the Ercc1_rec allele. (C) Cartoon of used control and 
experimental mice, Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox, respectively. (D) All mice were 
genotyped after weaning and confirmed on genomic PCRs on sorted microglia. A representative example is 
depicted. Mice of 6 to 8 weeks of age received 20 mg/kg tamoxifen to induce Ercc1 gene recombination. 
DNA isolated from isolated microglia was used for genotyping. The Ercc1_rec allele generated a 280 bp PCR 
product (left). The Ercc1_wt, Ercc1_flox, and Ercc1_ko alleles (as indicated by the arrows) were detected in 
microglia sorted from Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox mice 4 months post tamoxifen 
treatment. All the PCR products were run on the same agarose gel but not in adjacent lanes. 
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Supplementary figure 2. The number of microglia is reduced in organotypic hippocampal slice 
cultures after microglia-specific Ercc1 deletion. (A) Microglia were visualized by Iba1 
immunofluorescence staining, the DG (dentate gyrus), CA1 (cornu ammonis 1), and CA3 (cornu ammonis 
3) are indicated. Hippocampal slices were prepared from postnatal day 3 pups with Cx3xr1creER:Ercc1wt/flox 
and Cx3xr1creER:Ercc1ko/flox genotypes. (B) Microglia density was quantified in 7 (Cx3xr1creER:Ercc1wt/flox) or 8 
(Cx3xr1creER:Ercc1ko/flox) hippocampal slices, generated from 3 pups per group in one representative 
experiment. Hydroxy-tamoxifen was added to the culture medium one day after the preparation of 
hippocampal slices to induce Ercc1 deletion in microglia. The slices were cultured for 3 months. The 
experiment was repeated four times. The boxes contain the second and third quartiles and the center lines 
indicate the median. Whiskers indicate the minimum and maximum values. Significance was assessed using 
an unpaired two-tailed t-test, ** p < 0.01, *** p < 0.001. 
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Supplementary figure 3. Cortical microglia are hyper-ramified in Cx3xr1creER:Ercc1ko/flox mice after 
tamoxifen. (A) The degree of microglia ramification is represented by the correlation of the cell surface 
area and convex surface area in Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox mice 2, 3, 6, 12, and 22 
months post tamoxifen treatment. Every dot represents an individual microglia. Approximately twenty cells 
per mouse with 3 mice per group were analyzed (except n = 2 mice in 22 months groups and n = 2 in 3 
month control group). (B) Sholl analysis of microglia in Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox mice 
2, 3, 6, 12, and 22 months post tamoxifen treatment. The number of intersections with increasing distance 
from the cell soma are depicted. The error bars show the standard deviation. The number of analyzed 
microglia = 60 (2 m), 60 (3 m), 60 (6 m), 61 (12 m), 40 (22 m) in Cx3xr1creER:Ercc1wt/flox mice and 59 (2 m), 
40 (3 m), 60 (6 m), 60 (12 m), 40 (22 m) in Cx3xr1creER:Ercc1ko/flox mice. The total number of intersections 
are predicted in the box plot. The boxes contain the second and third quartiles and the center lines indicate 
the median. Whiskers indicate the 10-90 percentile, otherwise, the outliers are plotted individually. For 
statistical analysis, an unpaired two-tailed t-test was used, *** p < 0.001. 
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Supplementary figure 4. Microglia hyper-ramification in organotypic hippocampal slice cultures 
after Ercc1 deletion. (A) Microglia are visualized by Iba1 immunohistochemistry in organotypic 
hippocampal slice cultures. Hippocampal slices were prepared from postnatal day 3 pups of 
Cx3xr1creER:Ercc1wt/flox and Cx3xr1creER:Ercc1ko/flox mice. Hydroxy-tamoxifen was added in the culture medium 
one day after the preparation of hippocampal slices to induce Ercc1 deletion in microglia. The slices were 
cultured for 3 months. scale bar = 50 µm. (B) Fluorescent Iba1 staining of microglia in three different 
hippocampal regions (DG, CA3, and CA1). scale bar = 50 µm. The images are from a representative 
experiment and the experiment was repeated four times. 
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Supplementary figure 5. The expression of microglia priming-associated genes is not affected by 
microglia- specific Ercc1 deletion. (A) The expression of priming- elated genes (Apoe, H2-Aa, and Itgax) 
was determined by quantitative RT-PCR and normalized to Hprt1 in microglia from Ercc1Δ/ko mice and 
control littermates. An unpaired two-tailed Student’s t-test was performed for statistical analysis. *** p < 
0.001. (B) The expression of priming-related genes (Apoe, H2-Aa, and Itgax) was determined in microglia 
from Cx3cr1wt/creER:Ercc1wt/flox and Cx3cr1wt/creER:Ercc1ko/flox microglia post tamoxifen treatment and 
normalized to Hprt1. A two-way ANOVA followed by a Bonferroni correction for multiple comparisons was 
performed for statistical analysis, ns: not significant. 
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Supplementary figure 6. Dynamics of proliferation and apoptosis in microglia after Ercc1 deletion. 
A model describing the turn-over dynamics and proliferation of Cx3xr1creER:Ercc1ko/flox microglia at different 
time points following tamoxifen treatment is depicted. 
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Tables 

 

Table 1. information of PCR primers for genotyping 

Gene name Forward primer 5’-3’ Reverse primer 5’-3’ 
neo TCGCCTTCTTGACGAGTTCT ACAGATGCTGAGGGCAGACT 
cre AAGACTCACGGGACCTGCT CGGTTATTCAACTTGCACCA 
loxp TGCAGAGCCTGGGGAAGAACTTCGC TCAAAGTATGGTAGCCAAGGCAGC 
rec TGTCTCCCTGGCTCTGGATCTGAC TCAAAGTATGGTAGCCAAGGCAGC 
Ercc1-rec 1 (qPCR) GGAAACTGGCTGTTTGTCTGTC AGGGAGAAACTGTAGATCGGC 
Ercc1-rec 2 (qPCR) TTGGAAACTGGCTGTTTGTCTG GCCGCTCTAGAACTAGTGGAT 
Ref-Il1 (qPCR) GCAAGTGTGTCATCGTGGTG ACCTTTGTTCCGCACATCCT 

 

Table 2. information of PCR primers for RT-qPCR 

Gene name Accession 
number 

Forward primer 5’-3’ Reverse primer 5’-3’ 

Hprt1 NM_013556.2 ATACAGGCCAGACTTTGTTGGA TGCGCTCATCTTAGGCTTTGTA 
Ki67 NM_001081117 TCATCAAGGAACGGCCCCAGTCT TGGAAGTCCTGCCTGATCTGCGT 
Axl NM_009465.4 TGAAGCCACCTTGAACAGTC GCCAAATTCTCCTTCTCCCA 
Ccl2 NM_011333 TCAGCCAGATGCAGTTAACG CTGGTGATCCTCTTGTAGCTC 
Apoe NM_009696 TGTGGGCCGTGCTGTTGGTC GCCTGCTCCCAGGGTTGGTTG 
H2-Aa NM_010378.2 CTGTCTTATCTCACCTTCATCC GGAATCTCAGGTTCCCAGTG 
Lgals3(Mac2) NM_010705.3 CAGGATTGTTCTAGATTTCAGGAG TGTTGTTCTCATTGAAGCGG 
Itgax (Cd11c) NM_021334 TCTTCTGCTGTTGGGGTTTGT  TCAGCACCGTCCATGTGAAA 
Il1b NM_008361.3 GGCAGGCAGTATCACTCATT AAGGTGCTCATGTCCTCAT 
Clec7a(Dectin1) NM_020008 CCCAACTCGTTTCAAGTCAG AGACCTCTGATCCATGAATCC 
Tnfa NM_013693.3 TCTTCTGTCTACTGAACTTCGG AAGATGATCTGAGTGTGAGGG 
 

Table 3. comparison of microglia in generic- and microglia specific- Ercc1 mutant mice 

Terms generic Ercc1Δ/ko mice1 Cx3cr1creER:Ercc1ko/flox mice2 
Ercc1 mutation hypomorphic deficient 
DNA damage increased increased 
Environment increase genotoxic stress relatively homeostatic 
Cell density increased declined 
Morphology dystrophic dystrophic/bigger 
Turnover increased increased 
Phagocytosis highly increased slightly increased 
Priming genes3 highly increased slightly increased or unchanged 
Immune responsiveness highly increased slightly increased or unchanged 

1 Δ: Ercc1∗292 mutation in exon 10 
2 two months after tamoxifen treatment 
3 group of genes reported by (Holtman et al., 2015). 
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