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Abstract  

Microglia are a proliferative population of resident brain macrophages that 

under physiological conditions self-renew, independent of hematopoiesis. 

Microglia are innate immune cells actively surveying the brain and are the 

earliest responders to injury. During aging, microglia elicit an enhanced 

innate immune response also referred to as “priming”. To date, it remains 

unknown whether telomere shortening affects the proliferative capacity and 

induces priming of microglia. We addressed this issue using early (first 

generation G1 mTerc-/-) and late-generation (third generation G3 mTerc-/-) 

telomerase-deficient mice, which carry a homozygous deletion for the 

telomerase RNA component gene (mTerc). In microglia isolated from G3 

mTerc-/- mice, we show that telomere shortening occurs and is associated 

with decreased proliferation. Under physiological conditions, gene 

expression and functionality of G3 mTerc-/- microglia are comparable to 

microglia derived from G1 mTerc-/- mice despite changes in morphology. 

However, after intraperitoneal injection of bacterial lipopolysaccharide 

(LPS), G3 mTerc-/- microglia mice show an enhanced pro-inflammatory 

response. Nevertheless, this enhanced inflammatory response was not 

accompanied by an increased expression of genes known to be associated 

with age-associated microglia priming. The increased inflammatory 

response in microglia correlates closely to increased peripheral 

inflammation, a loss of blood brain barrier integrity and infiltration of 

immune cells in the brain parenchyma in this mouse model of telomere 

shortening.  
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Introduction 

Microglia, the resident macrophages of the brain, are derived from 

early yolk sac macrophage progenitors (Ginhoux et al., 2010; Kierdorf et al., 

2013). Under physiological conditions, there is negligible infiltration of 

peripheral monocytes to the brain parenchyma and the microglia population 

is likely sustained by self-renewal (Ajami et al., 2007). Although, there have 

been previous studies aiming to understand the cycling rate of microglia 

(Lawson et al., 1992), the contribution of microglia proliferation to sustain 

the population in the brain during organismal lifespan remains unknown.  

The length of telomeres in somatic cells shortens progressively with 

successive cell divisions (Hayflick., 1965) and telomere erosion has been 

shown to correlate with proliferative activity of cellular populations over 

lifespan (Allsopp et al., 1995). The intricate association between telomere 

shortening, cellular senescence and organismal aging has been previously 

acknowledged (Campisi and d'Adda di Fagagna., 2007). Since microglia 

represent a proliferation-competent cell population, it is reasonable to 

hypothesize that self-renewal and subsequent telomere shortening can alter 

the proliferative capacity and functionality of microglia. Indeed, microglia 

telomere shortening has been associated with increasing age and dementia 

(Flanary et al., 2007). The proliferative capacity of microglia has shown to 

be linked to its innate immune response (Shankaran et al., 2007) and seems 

to be a critical component in the evolution of chronic neurodegeneration 

(Gomez-Nicola et al., 2013). In this study we investigated if telomere 

shortening could potentially alter the inflammatory reactivity of microglia in 

the brain.  
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Microglia in the aged brain have been shown to be primed for 

activation, a state of exaggerated inflammatory reactivity and persistent 

neuroinflammation. Microglia priming is considered an important 

confounding factor in age-associated neurodegenerative diseases (Norden 

and Godbout., 2013; Perry and Holmes., 2014). Dystrophic microglia, 

characterized by loss of structural integrity, presence of spheroid inclusions 

and fragmented cellular processes have been reported in the aged human 

brain (Streit et al., 2004). Similar dystrophic microglia have been reported 

in rodent mouse models of accelerated aging and neurodegeneration 

(Hasegawa-Ishii et al., 2011; Ma et al., 2003). Microglia from aged mice 

and Alzheimer’s mouse models were shown to phagocytose and degrade 

less amyloid beta peptide (Aβ), thereby contributing to the disease process 

(Hickman et al., 2008, Njie et al., 2012). Since dystrophy in microglia is 

restricted to aged and neurodegenerative brain tissues, it has been proposed 

to be the consequence of age-associated telomere shortening and replicative 

senescence in microglia (Flanary et al., 2007).  

It is presently unclear if telomere shortening in vivo has a direct 

impact on microglia functionality. Understanding the impact of telomere 

shortening on microglia functionality is important and relevant to the aged 

brain. In this study we show that in spite of telomere shortening, the basal 

physiological properties of microglia are largely unchanged. The increased 

microglial response to an inflammatory stimulus in G3 mTerc-/- mice is 

likely mediated by a decline of blood brain barrier integrity and increased 

immune cell infiltration upon telomere shortening.  
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Materials and methods 
Animals 

The telomerase knockout mice carry a homozygous deletion for the 

telomerase RNA component (mTerc) gene, that leads to complete loss of 

Terc expression and telomerase activity (reported in Herrera et al., 1999 in a 

C57/BL6 background). The mTerc-/- breeding pairs were obtained from Jax 

mice (Stock number: 004132). All mice were maintained on the C57BL/6J 

background. A loss of more than 10% body weight within a week was 

decided as ethical end-point. In the microarray experiment, 4 months old G1 

mTerc-/- or G4 mTerc-/- mice were used. B6.Cg-Tg(CAG-DsRed* 

MST)1Nagy/J (dsRed) transgenic mice originally purchased from the 

Jackson laboratory and bred in-house, was a kind gift from Prof. Gerald de 

Haan’s lab, Department of Cell Biology, European Research Institute on the 

Biology of Aging, University of Groningen, University Medical Center, 

Groningen 9713 AV, The Netherlands. Young (3-4 months) and 

physiologically aged (24 months) C57BL/6J mice were purchased from 

Harlan. The aging animals were group-housed under standard housing 

conditions with a 12 hours (h) light-dark alternating cycles and standard 

chow diet ad libitum (ab diets; Cat. No. 2103). The mTerc-/- mouse lines 

were maintained on 19% protein extruded rodent diet (T2919.10; Harlan 

Laboratories). All experiments were approved by the animal 

experimentation committee of the University Medical Center Groningen. 

Competitive proliferation assay  
Glial cell cultures from postnatal brain tissue allows microglia to be 

“shaken-off” at high purity from astrocyte beds as they proliferate once a 

week for about four rounds of division (Biber et al., 2001). Briefly, after 
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removal of the meninges and brainstem, brains were triturated in a buffer 

mix henceforth denoted as medium A, consisting of HBSS (Cat. No. H15-

010, PAA) with 0.6% glucose (Cat. No. G8769, Sigma-Aldrich), 15 mM 

HEPES buffer (Cat. No. S11-001, PAA) and 1% penicillin/streptomycin. 

Enzymes are added to this mixture to the following final concentration to 

obtain a single cell suspension: 0.25% trypsin and 1% DNase I (Gibco, 

Grand Island, NY). The cells were pelleted from G1 mTerc-/- (isolated from 

postnatal day 4, P4) or G4 mTerc-/-
 (P1), counted and mixed with 10 times 

equivalent cell numbers from DsRed brains (P0). The DsRed protein is 

expressed under the actin promoter in all cells of these mice. Mixing with 

DsRed cells was done for the following reason: The microglia in glia 

cultures require astrocyte support to proliferate and survive. It was unclear if 

astrocyte proliferation is also affected in mTerc-/- mice. In order to ensure 

sufficient trophic support from astrocytes in both cultures and to be able to 

distinguish cells added for trophic support, the glia cultures were set up by 

mixing G1 mTerc-/- or G4 mTerc-/- cells with DsRed pup-homogenates. The 

mixed pellet was then plated with culture medium containing DMEM with 

4.5 g/l glucose, 2 mM Glutamine, 1% penicillin/streptomycin and 1% 

Sodium pyruvate, supplemented with 10% FCS in 75cm2 flasks in a 1:1 mix 

with conditioned medium of the same composition from exogenous wild 

type mixed glia cultures. Cultures were maintained for 3 weeks in 5% CO2 

at 37ºC. After 3 weeks, microglial cells were harvested by orbital shaking 

which separates them from the underlying astrocyte layer and the 

repopulation efficiency of the cells was analyzed by flow cytometry 

analysis. 
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Acute isolation of microglia and phenotyping using flowcytometry   
Mice were perfused with 0.9% saline under isoflurane anesthesia and 

the brains were isolated and collected in ice-cold medium A. Subsequently, 

brains were minced and mechanically dissociated using a tissue 

homogenizer followed by a filtering step using a 70µm cell strainer (Cat. 

No. 352350, BD FALCON) to achieve a single cell suspension (step 1) (de 

Haas et al, 2008). All steps were performed at 4oC. Cells were pelleted by 

centrifugation and resuspended in 75% Percoll (Cat. No. 17-0891-01, GE 

Healthcare: 100% Percoll: 9 parts Percoll and 1 part 10x HBSS), overlaid 

with 25% Percoll and finally with PBS. Density separation was achieved by 

centrifugation of the discontinuous Percoll gradient in a swinging bucket 

centrifuge at 800 xg on low acceleration and no brake. After centrifugation, 

cells were collected from the 75% - 25% Percoll interface and pelleted by 

centrifugation. The cell pellet was resuspended in culture medium (DMEM, 

containing 5% FCS, 1% penicillin/streptomycin and 1% sodium-pyruvate) 

and plated for functional assays.  
For applications where DNA and RNA were extracted, we obtained 

a pure microglia cell suspension by flow cytometric cell sorting. After step 

1, the suspension was centrifuged, supernatant removed and the pellet 

resuspended in a solution of 22% Percoll (Cat. No. 17-0891-01, GE 

Healthcare), 40 mM NaCl and 77% myelin gradient buffer (5.6 mM 

NaH2PO4*H20, 20 mM Na2HPO4*2H20, 140 mM NaCl, 5.4 mM KCl, 

11mM Glucose, pH 7.4). PBS was layered to form a gradient which was 

centrifuged at 950 xg for 20 min in minimal acceleration and brake settings. 

Thereafter, the myelin layer and the remaining supernatant were carefully 

removed and the pellet resuspended in medium A without phenol red 

(prepared using HBSS, Cat. No. H15-009, PAA), supplemented with 
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phycoerythrin (PE) coupled rat anti-mouse CD11b and fluorescein 

isothiocyanate (FITC) coupled rat anti-mouse CD45 (Refer suppl. table 1 

for Cat. No.). After an incubation of 30 minutes on ice, cells were washed, 

filtered through a 35 μm nylon mesh (Cat. No. 352235, BD Biosciences) 

and sorted using a Beckman Coulter MoFloAstriosTM / MoFlo XDPTM cell 

sorter. Microglial cells, double-fluorescently labelled for CD11b-PE and 

CD45-FITC and negative for DAPI were collected in RLTplus lysis buffer 

(Qiagen).  

RNA and DNA isolation from microglia lysates 
Cellular lysates in RLTplus lysis buffer were used for the 

purification of DNA and RNA using the AllPrep DNA/RNA Micro Kit 

(Qiagen) according the manufacturer’s protocol. When DNA isolation was 

not necessary, RNA was extracted using the RNeasy Micro kit (Qiagen) 

according the manufacturer’s protocol. 

Flow cytometry for immunophenotyping  
Cells resuspended in medium A (without phenol red) were Fc 

blocked with 1% anti-CD16/32 (eBioscience) for 15 min, stained for 

different surface markers for 30 min on ice, washed with PBS, pelleted by 

centrifugation and resuspended in 200 μl of medium A for subsequent flow 

cytometric analysis. The surface expression of markers was measured with a 

FACS Calibur flow cytometer (Becton Dickinson) and the flow cytometric 

measurements were analyzed using FlowJo software. The results are 

presented as histograms. A small sample of the attained cell suspension was 

stained for CD11b and CD45 together with a live cell marker DRAQ5TM 

(Biostatus Ltd.) for CD11bhigh/CD45intermediate/DRAQ5+ cells in order to 

determine the purity of microglia preparation. For immunophenotyping of 
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mouse microglia cells the antibodies and isotype controls used are tabulated 

in supplementary table 1. For each staining the appropriate isotype control 

was used in a concentration- matched manner. 

Telomere length measurements 

Genomic mouse DNA isolated from pure microglial cell populations 

was used for the measurement of the average telomere length using 

quantitative PCR. Primers (telomere and 36B4), primer sequences, primer 

concentrations and thermal cycling profiles for both primers were as 

described by Callicott and Womack (2006) in their mouse telomere 

measurement protocol. The PCR was run on a 7900HT Taqman (Applied 

Biosystems) in a reaction volume of 11 μl and the input amount of the 

experimental samples was 12.5 ng of genomic DNA. The ratio of telomere 

(T): 36B4 (S) was calculated and the average of these ratios was reported as 

the average telomere length ratio (ALTR). T/S >1 and T/S <1 indicates 

average telomere length greater and less than standard DNA. To serve as a 

reference for standard curve calculation, a mix of 3x G1 mTerc-/- and G3 

mTerc-/- or a mix of 3x old and young microglia DNA samples having the 

highest concentration was prepared and serially diluted over a 30-fold range 

from 2 to 60 ng per well for both telomere and 36B4 primers similar to the 

procedure followed in Callicott and Womack (2006).  

qPCR analysis 

Reverse transcription of RNA samples were performed with a 

reaction mixture containing RevertAidTM M-MuLV Reverse Transcriptase, 

RibolockTM RNase Inhibitor, M-MLV buffer (all Fermentas). The 

quantitative PCR reaction contained iQTM SYBR Green Supermix (Bio-

Rad) and was performed in a 384 well plate (Applied Biosystems) on a 
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ABI7900HT machine (Applied Biosystems). The primers were all designed 

with NCBI Primer BLAST software and ordered from Biolegio. Suppl. table 

2 shows the list of primers used in the study. 

RNA amplification and microarray analysis 

Microglia were sorted as CD11bhigh/CD45intermediate/DAPIneg 

population in RNA lysis buffer and RNA was extracted as mentioned above. 

Concentration of RNA was measured on a nanodrop (ND1000) and the 

RNA integrity checked using the RNA HighSens analysis protocol on the 

Experion electrophoresis station (Bio-Rad). Additional RNA amplification 

was performed with a Nugen Ovation RNA amplification Kit. Subsequently, 

RNA labeled and hybridized onto the Illumina Mouse WG6 Genomestudio 

(version 1.9.0) to generate expression values. Raw data was preprocessed 

and analyzed by project R (version 2.13.1) and BioConductor package 

Limma (version 1.8.18) (Smyth., 2005). Background correction was done 

with infrared negative probes and subsequently, quantile normalization and 

log2 transformation were applied. Not expressed probes were filtered out 

below detection level of p<0.05 in all samples. Differential gene expression 

was done using the rank product test (Hong., 2011) with a percentage of 

false predictions cut-off of 0.1. Heatmaps were generated using heatmap.2 

function of Bioconductor Package gplots. 

Phagocytosis assay 

After isolation from the Percoll gradient (75-25%) interface, cells 

were counted and resuspended in 1 ml culture medium and seeded in 6 well 

plates as 100,000 cells/well. 1.5 h after seeding, medium was replaced with 

culture medium containing 25 μg/ml of pHrodo™ E.coli BioParticles® 

conjugate (Invitrogen). After 6 h, the fluorescence emission was recorded in 
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FACS Calibur flow cytometer, BD (emission maxima of pHrodo is 585nm) 

and the flow cytometric measurements were analyzed using FlowJo so 

tware and plotted as histograms. 

Determination of reactive oxygen species production 
Production of reactive oxygen species by acutely isolated microglia 

was determined by detecting the conversion of H2DCFDA (2’,7’-

dichlorodihydrofluorescein diacetate) in to fluorescent DCF (2',7’-

dichlorofluorescein) with flow cytometry. 100 μl of cell suspension 

containing 2×104 cells was incubated with and without H2DCFDA. 5 μM of 

H2DCFDA was added to the cells and incubated for 20 minutes in the 

presence or absence of adenosine-5′-triphosphate (ATP, 40 nM), after which 

fluorescence was measured using flow cytometry. The mean fluorescence 

intensity of DCF after subtraction of the background fluorescent values only 

from cells without DCF was plotted. 

Immunohistochemistry 

Immunohistochemical staining was performed on brains fixed 

overnight at 4 °C in 4% paraformaldehyde in 0.1M phosphate buffer (pH 

7.4), cryoprotected with 25% sucrose and cut in to 50 μm thick sections. 

Parallel free-floating sections were incubated for endogenous peroxidase 

blocking (2% H2O2 in 70% methanol for 10 min), followed by 1 h in 

Blocking Buffer solution (BB) containing 5% normal goat serum or fetal 

calf serum in phosphate buffered saline (PBS) containing 0,1% Triton X-

100 (Fluka) (PBST) for 30 minutes at room temperature. Subsequently, 

sections were incubated 48 h in PBST at 4 °C with anti-Iba1 (Wako, Japan), 

anti-Mac2 (Cedarlane, Canada), anti-laminin (MP Biomedicals, USA), Anti-

IgG (Vector Laboratories Inc, USA). Negative controls devoid of primary 
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antibody were also included. After washes with PBS, sections were 

incubated at room temperature for 1 h with biotinylated anti-rabbit (1:200; 

BA-1000) secondary antibody (from Vector Laboratories Inc, Burlingame, 

CA). Sections were then rinsed in PBS and incubated with horseradish 

peroxidase streptavidin (1:400; SA-5004; Vector Laboratories Inc, 

Burlingame, CA, USA). The peroxidase reaction was visualized by 

incubating the sections in Tris buffer containing 0.5 mg/ml 3, 3′- 

diaminobenzidine (DAB) and 0.33 μl/ml H2O2. Sections were then 

dehydrated and coverslipped with DePeX.  

Alternatively, for some primary antibodies such as Ly6G (Clone 7/4, 

Biosource International), CD45, CD31 (both from BD pharmingen, San 

Diego, USA), VCAM1 (Clone M/K-1.9, ATCC, Manussas VA, USA) 

immunostaining was performed on 16 µm brain sections from snap frozen 

brains. Briefly, sections were fixed with acetone for 10 min, air-dried and 

were incubated with primary antibody for 2 h at room temperature followed 

by washing in PBS. Primary rat anti mouse antibodies were diluted in 5% 

fetal calf serum (FCS) in PBS. Endogenous peroxidase was blocked by 

incubation with peroxidase blocker from the DAKO envision kit 

(Cambridgeshire, UK) for 5 min. Detection was performed with rabbit anti-

rat secondary antibodies (preabsorbed, Vector Laboratories, Burlingame, 

CA, USA) diluted to 1:300 in PBS/ 5% FCS, which was followed by anti-

rabbit HRP incubation (DAKO envision kit). Between antibody incubations, 

slides were extensively washed with PBS. Peroxidase activity was detected 

with 3-amino-9-ethylcarbazole (DAKO envision kit), and sections were 

counterstained with Mayer’s haematoxylin (Merck, Darmstadt, Germany). 

Slides were scanned using a ScanScope XT Digital Slide Scanner 

(Aperio) at a resolution of 0.25 mm/pixel (100,000 pix/in) and data were 
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analyzed with the positive pixel count algorithm (Imagescope). These 

algorithms make use of a color deconvolution method (Ruifrok and 

Johnston, 2001) to separate stains, so that quantification of individual stains 

avoided cross contamination. A minimum of 5 fields per brain region (20x 

magnification) were quantified for each animal. The data is representative of 

3 independent animals from each cohort and is depicted as total number of 

positive pixels ± SD. 

Quantitative morphological analysis of microglia  
Images of brain sections with Iba1 staining performed on free-

floating brain sections (at every 0.5 µm depth throughout 45µm thickness) 

were acquired as Z-stacks to analyze the whole cell architecture. Maximum 

projection images were examined by manually creating a region of interest 

(ROI) that would include the cell of interest entirely. All analyses were 

performed using ImageJ. The length of the external and internal borders 

were measured independently and the results were summed up to measure 

the perimeter of the cell, Pc. Solidity was calculated as S = Ac/Ah, where 

Ac is the area of cell, Ah is the convex hull area. The convex hull is the 

smallest convex polygon circumscribed on the cell silhouette. The figure for 

convex hull was drawn manually using the polygon selection tool from the 

ImageJ program. All parameters were calculated from threshold 8-bit 

images. In all cases, the number of microglial cells analyzed was 30-40 per 

group (n = 3 mice; atleast 10 cells per region per animal).  

Endotoxemia model 
Animals were intraperitoneally (i.p.) injected with 1 mg/kg 

lipopolysaccharide (LPS) (E.coli 0111:B4; Sigma-Aldrich, St. Louis, MO, 

L4391) or saline. 4h (for RNA isolation) or 18h (for immunohistochemistry) 
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after injection, the animals were sacrificed, brains isolated and processed for 

appropriate analyses.  

Enzyme-linked immunosorbent assay (ELISA)  
Interleukin 6 (IL-6) levels were measured in blood plasma from 

wildtype (WT) and G3 mTerc-/- using commercially available ELISA kits 

according to manufacturer’s instructions (Biolegend).  

Differential blood cell counting  

Bone marrow cells were isolated from both femora. Single cell 

suspensions were obtained by flushing the femur and the total number of 

nucleated cells was assessed using a Coulter Counter (Coulter Electronics, 

Dunstable, England) followed by a standard NH4Cl erythrocyte lysis. 

Subsequently, cells were incubated with 5% normal rat serum for 15 

minutes at 4°C, after which cells were stained with biotinylated lineage-

specific antibodies: anti-CD45R, anti-B220, anti-Gr-1, anti-CD3, anti-

CD11b, (all antibodies from Pharmingen, San Diego, CA; http://www. 

bdbiosciences.com) for 40 minutes at 4°C. Cells were subsequently 

incubated with Streptavidin-PE (Pharmingen) for 40 minutes at 4°C and 

filtered through a 35-μm cell strainer (Becton, Dickinson, Bedford, MA; 

http://www.bd.com), after which cells were quantified using a MoFlo flow 

cytometer (DakoCytomation, Fort Collins, CO; 

http://www.dakocytomation.com). 
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Results 

Genetic deletion of the mTerc gene results in telomere shortening and 
reduced proliferative capacity in microglia 

Relative telomere length analysis in microglia isolated from young 

(4 months) and aged (24 months) C57/BL6 inbred mice did not reveal a 

significant difference in telomere length as determined by quantitative PCR, 

indicating that microglia do not undergo significant telomere shortening 

during aging in mice. In contrast to microglia from aged mice (24 months), 

a significant reduction in telomere length was observed in microglia from 6 

months old G3 mTerc-/- mice in comparison to age matched G1 mTerc-/- 

controls. The telomeres from G3 mTerc-/- microglia were significantly 

shortened compared to aged microglia (Fig 1A). 

In order to investigate whether telomere shortening affected the 

proliferative capacity of microglia, we performed a competitive proliferation 

assay. For this purpose we prepared post-natal glial cell cultures (P0-P4) 

from G4mTerc-/-, G1mTerc-/- and DsRed pups (expressing red fluorescent 

protein in all cells). The proliferation of microglia in the postnatal mixed 

glia cultures also depends on trophic support from the underlying astrocyte 

layer. To circumvent the possibility of defective astrocyte proliferation 

hence affecting microglia proliferation, the mixed glia cultures were set up 

by mixing either G1 mTerc-/- or G4 mTerc-/- with DsRed postnatal brain 

tissue in a ratio of 1:10. DsRed expression was used to discriminate between 

microglial cells derived from DsRed and G1 mTerc-/- or G4 mTerc-/- mice.  

The relative contribution of red (from DsRed brains) vs non-red 

microglia (G1 mTerc-/- or G4 mTerc-/- brains) during proliferation of the 

postnatal cultures was analyzed using flow cytometry and these proportions 
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are indicated as percentage populations in flow cytometry graphs from first 

to fourth mitotic shake-off over a period of one month. The results show 

that while the proportion of G1 mTerc-/- microglia increased from the 1st to 

the 4th shake off (Fig. 1G compared to 1E), the relative contribution of G4 

mTerc-/- microglia decreased during successive mitotic shake off 

preparations (Fig. 1H compared to 1F). The cultures generated from G1 

mTerc-/- or G4 mTerc-/- brains that were not mixed with DsRed cells showed 

hardly any red fluorescence as expected and were used as negative control 

(Fig. 1C). Shake-off preparations from only DsRed cultures were used as a 

positive control (Fig. 1D). The quantified results of the % proportions are 

depicted in Fig. 1B. These data show that G4 mTerc-/- microglia have a 

reduced proliferative capacity compared to G1 mTerc-/- microglia. 

Telomere shortening does not result in phenotypic or functional 
alterations in microglia 

In order to determine the activation status of microglia upon 

telomere shortening, protein expression of several cell surface markers 

including microglia markers such as CD11b, CD45, F4/80 and CD11c, 

neuronal communication molecules such as CD200R and CD172a, and 

antigen presentation molecules such as CD80 and MHC II were analyzed. 

No difference in expression levels of these proteins between G1 and G3 

mTerc-/- mice of 8 months of age was observed (Suppl. Fig. 1A, B). 

Transcriptome analysis of pure microglia, directly isolated from 4 months 

old G1 mTerc-/- and G4 mTerc-/- mice was performed to determine possible 

changes in gene expression due to telomere shortening. The gene expression 

analysis demonstrated only a modest upregulation of p21 expression in G4 

mTerc-/- microglia (Suppl. Fig. 1C). Interestingly, several genes that have 
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been previously shown to be expressed during microglial activation such as 

Egr1, Chi3l3, Chi3l4, Ccl3, Lyz1, Fos, Jun, Mapk8 were downregulated in 

G4 mTerc-/- microglia (Suppl. Fig. 1D). Expression of phagocytic receptors, 

such as CD36, CD18, CD204, CD54 (Suppl. Fig. 1E) on microglia cell 

surface, assessed by flow cytometry, was comparable between 8 months old 

G1 and G3 mTerc-/- mice.  

 

To determine if telomere shortening affected phagocytic capacity, 

acutely isolated microglia from 8 months old G1 mTerc-/- and G3 mTerc-/- 

mice were tested in a phagocytosis uptake assay using E.coli bacteria 

coupled to pHrodo. The pHrodo dye fluoresces at acidic pH upon fusion of 

the phagocytic cargo with lysosomes and hence facilitates visualization of 

only the internalized particles. Analysis of red fluorescence in G1 mTerc-/- 

and G3 mTerc-/- microglia by flow cytometry showed that the phagocytic 

intake was similar in both cases (Suppl. Fig. 1F). Also, DCFDA 

fluorescence mediated by released of reactive oxygen species (ROS) by 

microglia was found to be comparable in G1 mTerc-/- and G3 mTerc-/- 

microglia (8 months old) under control conditions and when stimulated with 

40 nM ATP (Suppl. Fig. 1G).  

Increased microglial immune response to endotoxemia in G3 mTerc-/- 
microglia  

Inflammatory reactivity in microglia, based on morphological 

changes and cytokine expression was investigated in 10 months old G1 

mTerc-/- and G3 mTerc-/- mice after an i.p. injection of lipopolysaccharide. 

G1 and G3 mTerc-/- mice were terminated 18 h after LPS injection for 

analysis of microglia morphology. The extent of changes in morphology in 
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Fig. 1: Telomerase ablation results in 
telomere shortening and a proliferative 
deficit in microglia. (A) Relative telomere 
length measurement in isolated microglia 
from young (3-4 months; n=12) and old (24 
months; n=11) mice show no significant 

difference while isolated microglia from 
G1(n=11) and G3 mTerc-/- (n=11) mice (6 
months old) shows significantly shorter 
telomeres in G3 mTerc-/- microglia. 
Asterisks * indicate comparisons for which 
p-value was significant according to one 
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way ANOVA analysis * p < 0.05, ** p < 
0.005, *** p < 0.001, and ns: not 
significant. Error bars indicate standard 
deviation (SD). (B) G1 and G4 mTerc -/- pup 
brains (each group from 6 pooled pup 
brains) were used to prepare shake-off glial 
cultures with 10 parts equivalent DsRed 
pup brain homogenates (pooled from 12 
DsRed pup brains). Repopulation ability of 
G1 and G4 mTerc -/- microglia were 
assessed by quantifying the percentage of 

the red vs non-red populations. Flow 
cytometry controls of non-red (C) and 
DsRed (D) cells. G4 mTerc -/- microglia 
showed a decreased % proportion on 4 
successive shake-off cultures (H versus F) 
while G1 mTerc-/- increased in % proportion 
with respect to Ds Red (G versus E) 
indicating compromised proliferation and 
repopulation capacity in G4 mTerc -/- 
microglia. 

 

G3 mTerc-/- brains was comparable to that in G1 mTerc-/- brains (Suppl. Fig. 

2). A detailed quantitative microglia morphology analysis was performed on 

Iba1 immunostained sections in 10 months old G1 and G3 mTerc-/- brain 

sections with or without LPS injection. There were notable differences in 

cell area and perimeter between G1 mTerc-/- and G3 mTerc-/- microglia in 

the brain regions analyzed including frontal cortex, entorhinal cortex and 

medulla. Quantification of the images showed a significant decrease in 

microglia cell area and perimeter in LPS injected G1 and G3 mTerc-/- mice 

(Fig 2 A, B). Cell solidity (calculated as described in the methods section) is 

an effective parameter for identification of subtle changes in microglia 

morphology at the intermediate stages towards activation (Soltys et al., 

2001). An increase in cellular occupancy indicates the transition from a 

ramified state towards hypertrophy. Microglial solidity/occupancy was 

significantly increased in LPS injected G1 and G3 mTerc-/- mice indicating a 

hypertrophic state (Fig 2 C). Although genotype and LPS treatment was 

found to be significantly different in most conditions, the combined 

interaction was not significantly different indicating that the extent of 

morphological changes in LPS injected G3mTerc-/- microglia vs non-

injected G3mTerc-/- microglia are comparable to that in G1mTerc-/- 

microglia. 
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Fig. 2: Increased hypertrophy in microglia 
of late-generation telomerase knockout. 
Quantification of (A) microglia area (B) 
microglia perimeter (C) microglia 
solidity/occupancy. Decrease in cell area, 
perimeter, solidity were evident in LPS 
treated G3 mTerc-  microglia compared to 
G1 mTerc-/- microglia. At least 10 cells from 

3 animals per group were used for 
quantification. Asterisks * indicate 
comparisons for which p-value was 
significant according to two way ANOVA 
analysis * p < 0.05, ** p < 0.005, *** p < 
0.001. Error bars indicate standard error of 
mean (SEM).
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 Fig. 3: Increased cytokine response of G3 
mTerc

-/-
 microglia to LPS challenge. 

Microglia were sorted as 
CD11bhigh/CD45intermediate population from 
G1 (n=4) and G3 mTerc-/- (n=4) brains, after 
being injected with vehicle (PBS) or with 

LPS (1 mg/kg, 4 h). Relative mRNA 
expression of cytokines was quantified by 
real-time RT-PCR. The microglia expression 
of the pro-inflammatory cytokines IL-1β (A), 
IL-6 (B) and TNFα (C) was significantly 
increased in response to LPS with a much 
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higher expression in G3 mTerc-/- microglia 
compared to G1 mTerc-/- microglia isolated 
from 6 month old animals. Anti-
inflammatory IL-10 (D) TGFβ (E) expression 
in response to LPS were not significantly 
different between G1 and G3 mTerc-/- 
microglia at this age. Basal expression of 
cytokines was also negligible at this age. 
However, at an age of 10 months G3 mTerc-
/- (n=6) microglia show increased secretion 
of IL-1β (F) and TNFα (G) more than aged 

microglia isolated from 24 month old mice 
(C57/Bl6 background; n=4 for young and 
aged mice). Also, at 10 months basal 
expression of these cytokines were higher 
in G3 mTerc-/- microglia compared to G1 
mTerc-/- microglia (n=6). Asterisks * indicate 
comparisons for which p-value was 
significant according to one way ANOVA 
analysis * p < 0.05, ** p < 0.005, *** p < 
0.001, and ns: not significant. Error bars 
represent SD.

 

To address microglial inflammatory reactivity, gene expression of 

the pro-inflammatory cytokines interleukin 6 (IL-6), tumor necrosis factor 

alpha (TNFα) and interleukin 1 beta (IL-1β) and anti-inflammatory 

cytokines transforming growth factor beta 1 (TGFβ) and interleukin 10 (IL-

10) were determined in microglia isolated from 6 months old G1 and G3 

mTerc-/- mice, i.p. injected with saline or LPS 3 h prior to isolation. The 

expression of pro-inflammatory cytokines was significantly increased in G3 

mTerc-/- microglia compared to G1 mTerc-/- microglia in LPS injected 

animals. In saline injected G3 mTerc-/- mice, cytokine expression levels 

were comparable to those of G1 mTerc-/- mice (Fig. 3 A-E).  

In an independent experiment, the extent of LPS-induced microglial 

cytokine expression in microglia from G3 mTerc-/- and physiologically aged 

mice was compared. LPS was injected i.p. in young (4 months), aged 

C57/BL6 mice (22 months), G1 mTerc-/- (10 months) and G3 mTerc-/- (10 

months) mice. G3 mTerc-/- mice which did not show behavioral alterations 

such as changes in nesting behavior, severe kyphosis or hind-leg clasping 

were chosen for this experiment. The results show that the increased pro-

inflammatory cytokine expression in G3 mTerc-/- microglia is much stronger 

than the expression in aged microglia. Also microglia isolated from 10 
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months old G3 mTerc-/- mice showed increased expression of pro-

inflammatory cytokines in the absence of external stimuli (Fig. 3F, G). 

Age-associated priming genes are not expressed in microglia upon 
telomere shortening 

Age related priming in microglia has been previously shown to induce a 

specific gene expression profile (Hickman et al., 2013). We selected genes 

that were upregulated in “primed” aging microglia and analyzed their 

expression by quantitative PCR in microglia from young (3-4 months), aged 

(24 months), G1 and G3 mTerc-/- mice (10 months age). Age related priming 

genes such as Dectin1, LgalS3, Spp1, Axl and Itgax were highly expressed 

in microglia isolated from aged WT mice (Fig. 4 A-E). However, microglia 

isolated from G3 mTerc-/- mice did not show any expression of age-

associated priming genes, independent of i.p. LPS injection.  

Alterations in blood brain barrier integrity and increased leukocyte 
infiltration upon telomere shortening in late-generation mTerc-/- mice  

The BBB strictly regulates communication between the CNS and 

peripheral circulation. Under conditions of inflammation, circulating 

leukocytes can pass the BBB and have been shown to contribute to CNS 

pathologies (Hult et al., 2008). Infiltrating leukocytes in the brain are 

CD45hi (Gate 2,3) (Kettenman et al., 2011). Flow cytometry analysis of G3 

mTerc-/- brains showed increased CD45hi cells upon i.p. LPS injection 

(Gates 2 and 3 in Fig. 5 B compared to A).  G3 mTerc-/- brains showed a 

higher immunoreactivity for CD45, particularly near ventricles upon LPS 

injection than in G1 mTerc-/- brains (Fig. 5 C, D). Using a specific marker 

for neutrophils, Ly6G, infiltrating neutrophils were detected in the G3 
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mTerc-/- brain parenchyma (Fig. 5 E, F). The number of neutrophils in the 

parenchyma was higher in G3 mTerc-/- compared to G1 mTerc-/- brains (Fig. 

5G). 
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 Fig 4: Absence of age-associated priming 
genes in G3 mTerc

-/-
 microglia in the 

presence or absence of LPS. Microglia were 
sorted as CD11bhigh/CD45intermediate 
population from G1 and G3 mTerc-/- brains 
(n=6), after being injected with vehicle 
(PBS) or with LPS (1 mg/kg, 4 h) and the 
relative mRNA expression of genes of 
interest were quantified by real-time RT-
PCR. Age-associated priming genes (A) 
Dectin1 (B)LgalS3 /Mac2 (C) Spp1 
/osteopontin (D) Axl (E) Itgax /CD11c were 

expressed in aged microglia isolated from 
24 month old mice (n=4) compared to 
young 4 month old controls (n=4). 
However, the expression of these genes 
were comparable and low between G1 and 
G3 mTerc-/- microglia in the presence or 
absence of LPS induced inflammation. 
Asterisks * indicate comparisons for which 
p-value was significant according to one 
way ANOVA analysis * p < 0.05, **, p < 
0.005, *** p < 0.001, and ns: not 
significant.   Error bars represent SD.

 
Aging G3 mTerc-/- mice exhibit a range of phenotypic presentations 

of aging. Even littermates can range from showing normal behavior to 

decreased nesting behavior, disrupted hind leg movement with hind leg 

clasping upon lifting and kyphosis of the spine. Occasionally these 

symptoms progress to anal prolapse (upon which the animal is terminated 

for ethical considerations). The variation in phenotypic presentations might 

be due to heterogeneity in telomere erosion. However, the progressive 

worsening of the aging phenotype correlates to the percentage of brain 

infiltrates. In aged G3 mTerc-/- animals that show degenerative changes such 

as intestinal dystrophy or anal prolapse, the infiltrating leukocytes 

constituted up to 24% of the total cell isolate (Fig. 5H). To check if organ 

dystrophy causes increased peripheral inflammation, we performed IL-6 

cytokine measurements in blood plasma and analyzed the composition of 

blood cells in the bone marrow. IL-6 cytokine levels were found to be 30 

fold higher in G3 mTerc-/- plasma samples compared to G1 controls (Fig. 

5I). Also, blood cell phenotyping showed higher white blood cells (WBCs) 

in G3 mTerc-/- blood samples (Fig. 5J). More careful analysis of cellular 

subtypes showed an increased number of granulocytes and inflammatory 

monocytes identified as SSChigh CD11b+ Gr-1+ cells in circulation in G3 
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mTerc-/-  (SSC indicates side scatter in flow cytometry; Fig. 5K) indicating 

increased inflammation. B cells (CD45R+ B220+) were decreased in G3 

mTerc-/- animals. T cells (CD3+) and monocytes (SSCmed CD11b+) cells 

were not significantly different (Fig. 5K).  

Increased  infiltration is an indication of decreased BBB integrity. 

Telomerase ablation has previously been shown to affect neuroinflammation 

and the BBB in an experimental mouse model of stroke (Zhang et al., 2010). 

We checked the status of the BBB by immunohistochemical evaluation of 

blood vessel appearance and density in 10 months old G1 and G3 mTerc-/- 

brains using antibodies against CD31 (for labelling endothelial cells) and 

laminin (for labelling basement membrane of the vessel walls). In G3 

mTerc-/- mice, CD31 immunoreactivity was slightly decreased in the frontal 

cortex (FC) (Fig. 6 A,B) and cerebellum (Cer) (Fig. 6 C,D) compared to G1 

mTerc-/- mice (Fig. 6Q). Laminin immunoreactivity on the other hand was 

noticeably decreased in G3 mTerc-/- brains (Fig. 6R) and this decrease was 

observed in all brain regions studied; FC, Cer and medulla (Med) (Fig. 6 

E,F; G,H) while the decrease in laminin staining was most pronounced in 

the FC. Activated endothelial cells in blood vessels upregulate proteins 

including VCAM1, which plays a role in leukocyte adhesion and 

infiltration. VCAM1 expression is increased in G3 mTerc-/- brains (Fig. 6 

I,J; K,L) and particularly predominant in deep white matter regions. A 

hallmark of BBB alteration is the presence of IgG in the brain parenchyma. 

Circulating IgG normally cannot enter the brain parenchyma across an intact 

BBB (Seitz et al., 1985; Bullard et al., 1984). IgG1 permeability assessed by 

immunohistochemistry showed intact blood vessels in G1 mTerc-/- brain 

tissue whereas G3 mTerc-/- brains show large, serrated IgG1 immunoreactive 
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vessels. Together, these data indicate alterations in blood vessels and a 

decrease in BBB integrity in G3 mTerc-/- mouse brains. 
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Fig. 5 (previous page): Increased 
infiltration of blood leukocytes in G3 
mTerc

-/-
 brains. CD11b CD45 staining in G1 

mTerc-/- (Fig. 5A) vs G3 mTerc-/- (Fig. 5B) 
animals. Gate1 indicates microglia, Gate 2 
represents infiltrating macrophages and 
Gate 3 represents leukocytes. 
CD11blow/CD45medhigh infiltrating 
macrophages and leukocytes were higher 
in LPS injected G3 mTerc-/- animals. CD45 
immunoreactive cells are present around 
white matter tracts near ventricles in LPS 
injected G3 mTerc-/- mice (Fig 5D) and not 
equally abundant in G1 mTerc-/- brains (Fig 
5C). Ly6G positive neutrophils are higher in 

G3 mTerc-/- brain parenchyma (Fig 5F) (n=3) 
compared to G1 mTerc-/- brains (Fig 5E; 
plotted in Fig. 5G)(n=3). Phenotypic 
presentations in G3 mTerc-/- mice and 
corresponding CD45high cellular population 
percentages are tabulated in (H). IL-6 
cytokine levels in G3 vs G1mTerc-/- plasma 
(I) Blood cell counting shows higher 
number of WBCs in G3 mTerc-/- bone 
marrow (J) Differential blood cell 
phenotyping shows higher number of Gr-1 
positive granulocytes and inflammatory 
monocytes in circulation compared to B 
cells and T cells (K).  
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 Fig. 6: Compromised blood brain barrier 
and endothelial activation in G3 mTerc

-/-
  

brains. CD31 shows slightly decreased 
vessel density in G3 mTerc-/- brains (n=3;  
B,D) compared to G1 mTerc-/- counterparts 
(n=3; A, C). CD31 immunostaining 
quantified as positive pixels between G1 
and G3 mTerc-/- brains (Fig. 6 Q; next page) 
Laminin staining shows decreased and 
stunted vessels in regions including frontal 
cortex (F compared to E), cerebellum (H 
compared to G) in 10 month old G3 mTerc-/- 
brains (n=3) compared to G1 mTerc-/-  
counterparts (n=3) (quantified as positive 
pixels in R; next page). VCAM, a marker of 
endothelial activation was upregulated in 
G3 mTerc-/- brains in regions including 
frontal cortex (J compared to I), cerebellum  

 
                                                                                  
(L compared to K) compared to G1 mTerc-/- 
brains (n=3). Quantification of VCAM 
positive pixels (S; next page) positive pixels 
(U) in different brains regions.  IgG 
permeability was assessed by 
immunoreactivity to IgG. IgG1 
immunoreactive serrated, leaky blood 
vessels were abundant in G3 mTerc-/- brains 
(n=3) in regions including frontal cortex (N 
compared to M), cerebellum (P compared 
to O) compared to G1 mTerc-/- brains (n=3). 
Quantification of IgG positive pixels (T; next 
page) positive pixels in different brains 
regions. Asterisks * indicate comparisons 
for which p-value was significant according 
to one way ANOVA analysis * p < 0.05, ** p 
< 0.005, *** p < 0.001, and ns: not 
significant. Error bars indicate SD. 
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Discussion  
Differences in telomere biology between mice and humans have 

been acknowledged previously (Calado and Dumitriu., 2013). Based on 

telomere length, the use of mouse models for studying physiological aging 

particularly with regard to the role of telomeres in aging is a matter of 

debate. It has been argued that age related telomere shortening and its 

consequences cannot be studied effectively in normal aging mice (Wright 

and Shay, 2000; Gomes et al., 2011). Telomere length analysis in the aged 

human brain showed correlation to age in some studies (Nakamura et al., 

2007; Lukens et al., 2009) while in others there was no detectable co-

relation (Allsopp et al., 1995). The observed correlation to age in brain 

tissue, was speculated to be due to change in telomere length in a subset of 

brain cells (Lukens et al., 2009). In accordance, a study analyzing telomere 

lengths in microglia isolated from the human brain showed significant 

shortening and predicted propensity for dementia (Flanary et al., 2007). 

Here we show that microglia in G3 mTerc-/- mice display considerable 

telomere shortening compared to G1 mTerc-/- mice, analogous to results in 

aged human microglia (Flanary et al., 2007). On the other hand, microglia 

isolated from young (3 months) and aged (24 months) mice under healthy 

conditions do not show significant telomere shortening. Therefore, the G3 

mTerc-/- mouse model seems more suitable than normal aging mice to study 

the effects of telomere shortening in microglia.  

Telomere shortening in mTerc-/- mice was apparent only after several 

generations of inbreeding, as telomeres shorten at a rate of 4.8 ± 2.4 kb per 

Terc-/- generation (Blasco et al., 1997). Consequently, the third generation of 

mTerc-/- mice (G3 mTerc-/-) showed premature aging phenotypes hallmarked 

by gray hair, humped back, compromised fertility and decreased lifespan 
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(Herrera et al., 1999). In line with these observations, telomere shortening in 

G3 mTerc-/- mice compromised the proliferative potential of cultured 

microglia. It is however not possible to exclude that a differential survival 

ability in G1 vs G3 mTerc-/- microglia could also in effect produce a similar 

experimental outcome. In spite of their reduced proliferative potential, 

microglial telomere shortening, as observed in G3 mTerc-/- mice does not 

cause changes in marker expression or vital microglia functions studied ex 
vivo such as phagocytosis and free radical production.  

The gene expression profiling from G4 mTerc-/- microglia showed 

only modest changes in gene expression levels compared to G1 mTerc-/- 

microglia. Interestingly, G4 mTerc-/- microglia showed increased p21 

expression. p21 is a p53 target gene, implicated in cell-cycle arrest, tumor 

suppression and used as a marker of cellular senescence (Serrano et al. 

1997). Interestingly, genes previously reported in activated microglia such 

as Egr-1, CCl3, Chi3l3, Chi3l4, Lyz1 (McMahon and Monroe, 1996; Friedle 

et al., 2011; Babcock et al., 2003; Chang et al., 2001) and in proliferation 

such as Fos, Jun and Mapk8 (Yamasaki et al., 2014) were found to be 

mildly but significantly downregulated in G4 mTerc-/- microglia.  

A study investigating the role of telomere shortening on plaque 

pathology using APP23 mice (a mouse model for Alzheimer’s disease) 

crossed with telomerase knockout mice (mTerc-/-) indicated that telomere 

shortening improved the spatial learning ability and decreased plaque load 

(Rolyan et al., 2011). The study showed a change in morphology of G3 

mTerc-/- microglia, but did not display differences in expression of microglia 

proteins such as MHC II that are altered during activation. Detailed 

quantification of morphology showed that microglia in G3 mTerc-/- brain, 

showed differences in cell area, perimeter and solidity compared to G1 
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mTerc-/- microglia but no differences in surface protein expression or 

functionality were detectable. Previously, aged microglia have been shown 

to display enhanced pro-inflammatory activity (Sierra et al., 2007). We 

reasoned that telomere shortening could still alter the immune response 

without changing the cellular profile. I.p. injection of LPS in G3 mTerc-/- 

mice showed greater changes in microglia in terms of enhanced cytokine 

expression. Notably, 10 month old G3 mTerc-/- microglia showed an 

enhanced pro-inflammatory response that is higher than 24 month old wild 

type microglia.  

Enhanced and persistent neuroimmune activity of microglia 

associated with aging is referred to as microglia priming (Norden and 

Godbout, 2013; Perry and Holmes., 2014) and shows a unique gene 

expression signature (Hickman et al., 2013). Microglia priming has also 

been shown to occur as a result of DNA damage accumulation in neurons in 

an accelerated mouse model of aging (Raj et al., 2014). Interestingly, both 

telomere dysfunction and DNA damage accumulation can signal via a 

common p21 mediated pathway in neurons (Jurk et al., 2012; Sperka et al., 

2012). Analysis of genes associated with priming showed that microglia 

isolated from aged mice highly expressed these genes but G3 mTerc-/- 

microglia do not display any expression of priming genes in the presence or 

absence of peripheral inflammation, indicating that telomere shortening 

does not result in microglia priming. Considering reports on strong presence 

of DNA damage foci and inflammation in late-generation post-mitotic 

mTerc-/- neurons (Jurk et al., 2012), the absence of microglia priming might 

even seem surprising. However, this might be related to the extent of 

damage to neurons mediated by telomere dysfunction. Genomic DNA 

damage accumulation has been shown to affect gene expression in neurons, 
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particularly in that of genes involved in synaptic regulation during aging (Lu 

et al., 2004). Genomic DNA damage as exerted by loss of ERCC1 protein 

results in RNA stalling and transcriptional blockage which might result in 

large scale gene expression changes (Kamileri et al., 2012). In telomere 

dysfunction unlike DNA damage accumulation, such widespread 

transcriptional changes have so far not been reported.  

An impaired BBB could offer an explanation for the increased 

response to LPS by mTerc-/- microglia. In an experimental model of stroke, 

telomerase deficiency, induced by knocking out the protein component of 

telomerase enzyme (TERT) results in a defective BBB (Zhang et al., 2010). 

Indeed, a decrease of blood vessel laminin, the main component of the 

basement membrane and a slight decrease in CD31 protein expressed by 

endothelial cells was noticed in G3 mTerc-/- brains. Furthermore, increased 

IgG1 permeability in G3 mTerc-/- brains is indicative of a deficient BBB 

function. Taken together, these results show that the BBB is compromised 

in G3 mTerc-/- mice. This could be the consequence of endothelial vascular 

senescence due to telomere shortening, previously proposed as a mechanism 

of age-associated endothelial dysfunction (Erusalimsky., 2009). Indeed, 

aging has also been shown to result in telomere shortening in the 

endothelium (Aviv et al., 2001). Aging and AD have been shown to be 

accompanied by a decrease in microvessel density and cerebral blood flow 

(Brown and Thore., 2011). However, the extent of decrease in laminin is 

notably more pronounced than that of CD31. In addition to endothelial cells, 

specific sub-types of laminin are also produced by astrocytes and pericytes 

(Yao Yao et al., 2014). It has been shown that dysregulation in production 

of astrocytic laminin can compromise BBB by affecting pericyte 

differentiation and vascular smooth muscle cell function (Yao Yao et al.,  
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2014; Chen et al., 2013). It cannot be ruled out that pericytes or astrocytes 

dysfunction due to telomere shortening in this model might compromise 

BBB function. 

In addition, increased infiltrating leukocytes that enter the CNS due 

to a compromised BBB can also amplify a central immune response in 

conditions of peripheral inflammation via brain microglia. This process is 

controlled by cytokine and chemokine signaling and has been shown to 

affect brain microglia under conditions of inflammation remote to the CNS 

such as hepatic inflammation (Riazi et al., 2008; D’Mello et al., 2009). After 

8 months of age, G3 mTerc-/- mice start showing prominent signs of 

intestinal dystrophy, which in extreme cases progress to anal prolapse. In 

aged G3 mTerc-/- mice (10 months),  indications of peripheral inflammation 

were detected: increased numbers of circulating granulocytes and 

inflammatory monocytes and high levels of IL-6 cytokine in blood plasma. 

Mice with intestinal dystrophy have increased numbers of infiltrating 

leukocytes in the brain indicating that the presence of peripheral 

inflammation together with changes in BBB, facilitates infiltration of 

immune cells in brain parenchyma. Together, these factors alter the 

inflammatory behavior of microglia upon telomere shortening and explain 

the increased basal expression of cytokines in G3 mTerc-/- microglia at 10 

months age compared to 6 months. We have shown that, at resting 

conditions, microglia in G3 mTerc-/- mice do not show a dystrophic or 

primed phenotype due to intrinsic telomere shortening. However after i.p. 

injection of LPS, an enhanced pro-inflammatory response of these microglia 

is observed, which most likely is the consequence of a compromised BBB 

and may be amplified by the presence of infiltrated immune cells in the 

brain parenchyma. 
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Supplementary table 1: Antibody information for immunophenotyping 

Antibody Catalog number Company Flurochrome 

 
CD11b 

 
12-0112 

 
ebioscience 

 
Phycoerythrin 
 

CD45 11-0451 ebioscience Fluorescein 
isothiocyanate 
 

CD80 11-0801 ebioscience Fluorescein 
isothiocyanate 
 

MHC class II 11-5321 ebioscience Fluorescein 
isothiocyanate 
 

CD11c 11-0114-81 ebioscience Fluorescein 
isothiocyanate 
 

F4/80 11-4801-81 ebioscience Fluorescein 
isothiocyanate 
 

CD200R 123909 BioLegend Fluorescein 
isothiocyanate 
 

CD172a 560107 BD Biosciences 
Pharmingen 

Phycoerythrin 
 
 

CD36 12-0361-81 ebioscience Phycoerythrin 
 

CD18 11-0181-81 ebioscience Fluorescein 
isothiocyanate 
 

CD54 11-0541-81 ebioscience Fluorescein 
isothiocyanate 
 

CD204 MCA1322A488 AbD Serotec Alexafluor 488 
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Supp. Fig. 1: Telomere shortening results in modest phenotypic, gene 
expression or functional changes in microglia. No changes in protein 
expression for microglia activation markers were noticed in G1 and G3 
mTerc -/- (n=6) microglia in (A) microglia markers (B) neuronal interaction 
molecules and antigen presentation molecules. Changes in gene 
expression were restricted to less than 50 genes between G1 and G4 
mTerc -/- microglia (n=6). Upregulation is indicated by green and 
downregulation is indicated by red. (C, D) Upregulated gene, p21 and 
downregulated genes in G4 mTerc -/- microglia are represented in the 
heatmap.  
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Supp. Fig. 1: Telomere shortening results 
in modest phenotypic, gene expression or 
functional changes in microglia.  (E) 
Expression of phagocytic receptors such as 
CD36 , CD18 , CD204 , CD54 on microglia 
cell surface as assessed by flow cytometry 
were comparable between 8 months old 
G1 (green histograms) and G3 mTerc-/- (red 

histograms) mice (n=6). (F) Ex-vivo isolated 
microglia from G1 and G3 mTerc -/- mice did 
not show any compromise in phagocytic 
uptake of pHrodo coupled E.coli bacteria 
(n=6). (G) ROS production as measured by 
DCFDA fluorescence using flow cytometry 
showed no differences between G1 and G3 
mTerc -/- microglia (n=6).  
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Supp. Fig. 2: Increased morphological 
response to LPS in microglia in the late- 
generation telomerase knockout. Z-Stack 
confocal images of microglia stained for 
Iba1 in G1 and G3 mTerc -/- (10 months old; 
n=3) injected with PBS or LPS (1mg/Kg 
weight of the animal) 18 h prior to 
termination. Regions depicted include 

Frontal cortex (FC), Entorhinal cortex (EC), 
Hippocampus (Hip), Substantia Nigra (SN), 
Medulla (Med). G1 and G3 mTerc -/- show 
differences in morphology in in all brain 
regions.. LPS injected G1 and G3 mTerc -/- 
brain sections are proportionally different 
from non-injected controls.
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