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Loss-of-function mutations in TANK-binding kinase 1 cause genetic amyotrophic lateral sclerosis and frontotemporal dementia.

Consistent with incomplete penetrance in humans, haploinsufficiency of TANK-binding kinase 1 did not cause motor symptoms in

mice up to 7 months of age in a previous study. Ageing is the strongest risk factor for neurodegenerative diseases. Hypothesizing

that age-dependent processes together with haploinsufficiency of TANK-binding kinase 1 could create a double hit situation that

may trigger neurodegeneration, we examined mice with hemizygous deletion of Tbk1 (Tbk1þ/� mice) and wild-type siblings up to

22 months. Compared to 4-month old mice, aged, 22-month old mice showed glial activation, deposition of motoneuronal p62

aggregates, muscular denervation and profound transcriptomic alterations in a set of 800 immune-related genes upon ageing.

However, we did not observe differences regarding these measures between aged Tbk1þ/� and wild-type siblings. High age did

also not precipitate TAR DNA-binding protein 43 aggregation, neurodegeneration or a neurological phenotype in Tbk1þ/� mice.

In young Tbk1þ/� mice, however, we found the CNS immune gene expression pattern shifted towards the age-dependent immune

system dysregulation observed in old mice. Conclusively, ageing is not sufficient to precipitate an amyotrophic lateral sclerosis or

frontotemporal dementia phenotype or spinal or cortical neurodegeneration in a model of Tbk1 haploinsufficiency. We hypothesize

that the consequences of Tbk1 haploinsufficiency may be highly context-dependent and require a specific synergistic stress stimulus

to be uncovered.
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Recherche Scientifique, Sorbonne Université, 75013 Paris, France
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Introduction
Amyotrophic lateral sclerosis (ALS) and frontotemporal

dementia (FTD) are fatal age-related neurodegenerative

diseases affecting predominantly motor neurons (MNs) or

neurons of the frontal and temporal cortex. This leads to

peripheral and central palsy or cognitive deficits and per-

sonality changes, respectively. We have recently discov-

ered that mutations in TANK-binding kinase 1 (TBK1)

can cause both conditions (Freischmidt et al., 2015). The

association between ALS/FTD and TBK1 is almost exclu-

sively based on deleterious loss-of-function mutations.

TBK1 loss-of-function mutations have been found evenly

distributed over the TBK1 coding sequence, and consist-

ently result in a loss of expression of the mutant TBK1
in both post-mortem brain tissue and patient-derived cell

lines (Pottier et al., 2015; Catanese et al., 2019). Thus,

TBK1 is haploinsufficient, and loss of one of the two

TBK1 gene copies causes ALS. TBK1 is a regulator of se-

lective autophagy (Wild et al., 2011; Weidberg and

Elazar, 2011; Pilli et al., 2012), innate and adaptive im-

mune responses (Hemmi et al., 2004, Jin et al., 2012; Yu

et al., 2015), energy metabolism (Reilly et al., 2013,

2015) and tumorigenesis (Ou et al., 2011). Long before

its discovery as an ALS gene the role of TBK1 in immune

signalling has been studied in mice. Mice on a C57BL/6

background heterozygous for Tbk1 are viable while full

knockouts die at E 14.5 due to liver necrosis (Bonnard

et al., 2000). In contrast, mice carrying both Tbk1 alleles

mutated to encode a protein with no catalytic activity on

the 129S5 background are viable but develop severe im-

mune cell infiltrates in multiple organs (Marchlik et al.,

2010). Furthermore, mice with a heterozygous endogen-

ous knock-in of the Tbk1G217R variant (almost complete-

ly abolished protein expression), as well as homozygous

and heterozygous mice with a knock-in of Tbk1R228H

(reduced kinase activity with normal protein expression)

are viable and do not develop clinical or histological

signs of motor symptoms up to 2 years of age (Gerbino

et al., 2020). We and others have recently shown that

heterozygous Tbk1 deletion prepones muscular denerv-

ation and tremor but extends survival in SOD1G93A

transgenic mice, which are characterized by dysregulation

of proteostasis and pronounced neuroinflammation.

Consequently, as TBK1 mutations display incomplete

penetrance in patients and Tbk1þ/� mice did not develop

a neurological phenotype during the study period of

7 months (Brenner et al., 2019), we hypothesized that

additional factors besides the Tbk1 loss-of-function muta-

tion alone are required to cause signs of neurodegenera-

tion or neuromuscular junction (NMJ) denervation.

Ageing is the strongest risk factor for ALS and FTD

(Niccoli et al., 2017). To refer to the pro-inflammatory

phenotype accompanying ageing in mammals the term

‘inflamm-ageing’ has been coined in 2000 (Franceschi

et al., 2006). Moreover, age-related effects in the spinal

cord, which are highly relevant for the modelling of ALS

in rodents, can contrast with the respective alterations in

the brain (Holtman et al., 2015; Galatro et al., 2017)

and are poorly characterized to date.

Therefore, we set out to test the hypothesis that a dou-

ble hit situation of heterozygous Tbk1 deletion and age-

ing could synergize to cause a manifest a subclinical ALS/

FTD phenotype.

Materials and methods

Animals

Heterozygous B6.129P2-Tbk1tm1Aki mice (Tbk1þ/� mice

from now on; http://www.informatics.jax.org/allele/key/
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29752, accessed 25 August 2020; Hemmi et al., 2004)

were kindly provided by Shizuo Akira. Mice were main-

tained at 22�C with a 14-/10-h light/dark cycle with food

and water ad libitum. All animal experiments were per-

formed in accordance with institutional guidelines of the

University of Ulm and were approved by the local au-

thority (Regierungspräsidium Tübingen, Germany; animal

permission no. 1242).

Motor and behavioural testing

All animal behavioural tests were performed at Ulm

University. The Viewer 3 software from ‘Biobserve’ was

used to track and record animal movements automatical-

ly. Biweekly, male mice were subjected to weighing,

motor testing and behavioural testing. Detailed test

descriptions can be found in the Supplementary section.

Gene expression analysis and
immunostaining

All immunostainings (including western blots) and

NanostringVC methods were adapted from Brenner et al.
(2019). Further information can be found in the

Supplementary section of this manuscript. All male mice

were sacrificed at the age of 4 or 22 months.

Immunostainings

Spinal cord and brain sections were stained with combi-

nations of mouse anti-p62 (1:500, ab56416, Abcam),

goat anti-ChAT (1:100, AB114P, Millipore), rabbit anti-

GABARAPL1 (1:1000, 11010 AP, Proteintech), rat anti-

Clec7a (1:30, mabg-mdect, InvivoGen), rabbit anti-Iba1

(1:500), goat anti-Iba1 (1:1000, 01919741, Wako), chick-

en anti-GFAP (1:1000, ab4674, Abcam), goat anti-Sox9

(1:100, AF3075-SP, R&D) and rabbit anti-PU.1 (1:100,

2258S, Abcam). APC anti mouse-CD31 (PECAM-1, 1:50,

102510, BioLegend), PE anti mouse-LY6-A/E (1:50,

108108, BioLegend) and rabbit anti-ITGA7 (1:100,

ab203254, Abcam) were used for the representative pic-

tures in the Supplementary section. Muscles were stained

with a-bungarotoxin 488 (1:1000, B13422, Invitrogen)

and anti-Synaptophysin (1:1000, ab32594, Abcam). Brain

slices were further stained for TAR DNA-binding protein

43(TDP-43) (Rabbit-Anti-TDP-43, T1580, Sigma).

Antibodies were diluted in TBS containing 0.25% (v/v)

Triton X-100 and 5% (v/v) horse serum. Sections were

incubated with the primary antibody overnight at 4�C,

washed three times with TBS for 20 min and incubated

with the secondary antibody for 1 h at RT protected

from light. Secondary antibodies used for immunofluores-

cence were donkey anti-Rat/-Rabbit/-Mouse/-Goat as well

as goat anti-Chicken/-Rabbit/-Mouse Alexa Fluor 488/

546/647 (1:750, Invitrogen). NeuroTraceTM (NT) 530/

615 Red and 640/660 Deep red from Thermo Fisher,

1:100, was used to mark neurons in the spinal cord and

in the brain cortex. Slides were mounted with medium

containing DAPI. Rabbit anti-LC3B (1:1000, 2775, Cell

Signaling), mouse anti-SQSTM1/p62 (1:1000, ab56416,

Abcam), rabbit anti-GAPDH (1:5000, 10494-1-AP,

Proteintech) and secondary goat anti-mouse-HRP

(1:1000, Life Technologies) and goat anti-rabbit-HRP

(1:1000, Life Technologies) were used for staining of

western blot membranes accordingly to Brenner et al.
(2019).

Image and data analysis

An Axio Observer.A1 microscope (Zeiss) was only used

to acquire pictures for MNs count. For all other stainings

a TCS SP8 (Leica) confocal laser scanning microscope

was used. All stainings were analysed using ImageJ soft-

ware and plug-ins and by blinded investigators.

Statistical analysis

For comparison of multiple groups, the statistical signifi-

cance of endpoints was evaluated by paired t-test or two-

way ANOVA followed by Tukey’s multiple comparisons

post hoc test. Data are presented as means 6 SEM in

bar graphs. Statistical significance is reported by the P-

value of the statistical test procedures and was assessed

as significant (*P< 0.05), strongly significant (**P< 0.01)

or highly significant (***P< 0.001; ****P< 0.0001). All

statistical analyses were performed with Prism software.

Data availability statement

Raw data were generated at Ulm University and are

available upon request.

Results

Hemizygous loss of Tbk1 does not
cause a behavioural phenotype in
aged mice

Mice with heterozygous Tbk1 deletion lacked a pheno-

type until the age of 7 months in a previous study

(Brenner et al., 2019). To test whether a double hit situ-

ation of hemizygous Tbk1 deletion and high age precipi-

tates an ALS- or FTD-like phenotype in Tbk1þ/� mice,

we analysed Tbk1þ/� mice and wild-type (wt) siblings for

gross abnormalities, motor, social or cognitive deficits

until the age of 22 months. Morphologically, Tbk1þ/�

mice were normal during the whole observation period

(Fig. 1A). The weight curves (Fig. 1B) and rotarod per-

formance (Fig. 1C) did not differ between Tbk1þ/� and

wt mice when tested on a weekly basis between 9 and

22 months. Moreover, as assessed by a test battery con-

sisting of open field, Y-maze and three-chamber tests,

Tbk1þ/� mice did not show altered exploration
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behaviour, memory deficits or altered social interaction

(Fig. 1D–F), respectively. Tbk1þ/� mice did not exhibit a

premature lethality (Fig. 1G).

Decline in muscular innervation and
autophagy depends on age but not
Tbk1 haploinsufficiency

Tbk1þ/� and wt mice were sacrificed at an early- and a

late-adult time-point (4 and 22 months) and were histo-

pathologically and biochemically analysed to assess sub-

clinical parameters potentially altered by age and/or Tbk1
haploinsufficiency. As shown in Fig. 2A–D, similar num-

bers of spinal MNs and cortical neurons in layer V were

counted in Tbk1þ/� and wt animals at both time points.

Regarding NMJ integrity, proximal muscles (m. quadri-

ceps) showed only a slight trend towards denervation at

the higher age compared to the earlier time point

(Fig. 2E and F), while a significant increase in partially

or fully denervated motor endplates was found in distal

muscles (m. lumbricalis) in old mice compared to young

animals (Fig. 2G and H) consistent with age-related NMJ

defects observed by a previous study (Valdez et al.,

2012). This effect, however, was not modified by the

Tbk1 genotype. Furthermore, as analysed by electron mi-

croscopy, the g-ratio (axon diameter/total diameter of the

axon plus the myelin sheath as a measure for myelin-

ation), the amount of axon abnormalities and the diam-

eter distribution did not differ between both genotypes at

the age of 22 months (Fig. 2I–L).

The regulation of selective autophagy is a well-charac-

terized function of TBK1. Hemizygous deletion of TBK1,

respectively, leads to accumulation of p62 positive intra-

cytoplasmic protein inclusions in iPSC-derived MNs and

spinal MNs of SOD1G93A mutant mice (Brenner et al.,

2019; Catanese et al., 2019). However, hemizygous Tbk1

knock-out alone, i.e. without an additional burden of the

proteostatic system by mutant SOD1G93A overexpression,

did not lead to an accumulation of p62 inclusions in spi-

nal MNs of young (4 months old) mice (Brenner et al.,
2019). Ageing has been suggested to be associated with a

decline of neuronal autophagic capacity (Stavoe et al.,

2019). Consequently, we speculated whether Tbk1 hap-

loinsufficiency would cooperate with ageing to impair

autophagic function. In an immunohistological analysis,

the number of spinal MNs containing tiny p62þ inclu-

sions tended to be non-significantly higher in old

Figure 1 Mice lacking one Tbk1 allele do not show morphological or behavioural changes. (A) Photographs showing a wt mouse and

a Tbk1þ/� sibling. (B) Weight development is similar in Tbk1þ/� mice and wt siblings during the study period. (C) Tbk1þ/� mice and wt siblings

show a similar performance in the rotarod test during the study period. (D) Tbk1þ/� and wt mice show similar lengths of stay in the centre of the

open field arena. (E) Spontaneous alternation performance value does not differ between Tbk1þ/� and wt mice in the Y-maze test. (F) The

lengths of stay in the social areas in the three-chamber test is not different between Tbk1þ/� and wt mice. (G) Tbk1þ/� and wt mice do not

display premature lethality during the study period. N¼ 18–20 males per genotype. Data in B–F are shown as mean 6 SEM and were analysed

by paired t-test. Kaplan–Meier plot was analysed using the Log-rank (Mantel–Cox) test.
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Figure 2 Hemizygous deletion of Tbk1 does not affect MN viability and muscular innervation. (A) Representative pictures of LSC

anterior horn sections of both genotypes at 4 and 22 months stained for NTand choline acetyltransferase. Scale bar ¼ 100 mm. (B)

Quantification of LSC MNs shows similar numbers in Tbk1þ/� and wt mice at either age. N¼ 6 mice. (C) Representative pictures of motor

cortex sections of 4- and 22-month old Tbk1þ/� and wt mice stained with NT. Scale bar ¼ 50 mm. (D) Quantification of NT-positive neurons per

mm2 in the V layer of the motor cortex shows similar numbers in Tbk1þ/� when compared to aged matched wt mice. N¼ 6 mice. (E)

Representative pictures of NMJs of the m. vastus medialis and m. quadriceps of 4- and 22-month old Tbk1þ/� and wt mice stained for a-

Bungarotoxin and synaptophysin. Scale bar ¼ 50 mm. (F) Quantification of partially and fully denervated NMJs of the m. vastus medialis/m.

quadriceps. N¼ 6–7 mice. (G) Representative pictures of NMJ of the m. lumbricalis of both genotypes at 4 and 22 months stained for a-
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compared to young mice, while we did not observe such

a trend by heterozygous Tbk1 deletion (Fig. 3A and C).

Since GABARAPL1, an ATG8 homologue, has been

shown to be associated with autophagic vesicles

(Chakrama et al., 2010) and we observed a co-localiza-

tion with p62 (data not shown), we decided to further

validate our results by quantification of the amount of

GABARAPL1þ aggregates. We observed an age-depend-

ent trend towards more GABARAPL1þ aggregates in the

lumbar spinal cord (LSC), independent of the Tbk1 dele-

tion (Fig. 3B and D). We further performed the same

quantification for p62 and GABARAPL1 in the motor

cortex of young and aged mice. Again, we could detect

only a small trend towards more aggregates in the aged

cohort, without any effect due to heterozygous Tbk1 de-

letion (Fig. 3E–H). Western blotting showed similar levels

of the autophagy markers LC3-I, LC3-II and p62 in spi-

nal cord and cortex lysates from young and old mice of

both genotypes (Fig. 4A–G). As cytoplasmatic aggregates

of (hyperphosphorylated) TDP-43 protein are the main

neuropathological marker for ALS, we performed also

TDP-43 staining in the motor cortex of 22-month old

mice. However, we detected only nuclear TDP-43 staining

but no cytoplasmatic TDP-43 aggregates in either geno-

type (Supplementary Fig. 1A).

Age-dependent but Tbk1-
independent activation of glial cells

TBK1 is an important regulator of inflammatory

responses, mainly by controlling the type I interferon re-

sponse (Trinchieri, 2010; Ahmad et al., 2016; Brenner

et al., 2019). Hemizygous deletion of Tbk1 substantially

alters neuroinflammation in the CNS of SOD1G93A trans-

genic mice (Brenner et al., 2019), and mice carrying two

Tbk1 mutated alleles (leading to a reduced and inactive

protein) develop a pro-inflammatory auto-immune pheno-

type on the S129 background (Marchlik et al., 2010).

Also, normal ageing has been repeatedly shown to be

associated with a low-grade inflammation in higher

organisms (Chung et al., 2019). Consequently, to deter-

mine whether Tbk1 haploinsufficiency would interact

with age-associated inflammation, we analysed microglial

and astrocytic markers in the CNS of young and aged

Tbk1þ/� and wt mice. We detected a robust increase in

the number of cells double positive for the microglial/

myeloid cell marker Iba1 and PU.1 in both the spinal

cord and cortical grey matter of 22-month old mice com-

pared to 4-month old mice (Fig. 5A–F). We further quan-

tified the mean cell surface of double positive microglia

in both tissues, and found a significant increase in cell

size in the aged cohort in the spinal cord, but not in the

motor cortex, where only the aged Tbk1þ/� cohort had a

significantly greater cell surface (Fig. 5F). However, het-

erozygous deletion of Tbk1 had no effect on glial cell

numbers at either age.

We additionally performed immunohistochemical stain-

ing of Clec7a. Clec7a is a prominent component of the

disease-associated microglial signature downstream of

Trem2, which has previously been described in various

mouse models of neurodegeneration (Holtman et al.,

2015; Krasemann et al., 2017). While Clec7aþ microglial

cells were abundant in the LSC of aged mice, they were

virtually absent in young mice spinal cords

(Supplementary Fig. 1B). Again, we did not observe a

Tbk1-dependent effect at either age.

Moreover, the number and the cell size of cells double

positive for the astrocytic markers GFAP and Sox9 (Sun

et al., 2017) was not affected by age or Tbk1 haploinsuf-

ficiency in the spinal cord (Fig. 5G–I). In contrast, the

abundance of GFAP/Sox9 positive cells was mildly, but

significantly increased in the motor cortex of aged wt

compared to young wt mice. Again, there was no differ-

ence between Tbk1þ/� and wt mice at either age (Fig. 5J

and K).

Hemizygous deletion of Tbk1 causes
only minor changes in the
transcriptome of aged spinal cord
MNs

In absence of behavioural or histopathological abnormal-

ities in the motor system of Tbk1þ/� mice we aimed to

detect changes in gene expression that might reflect with

high sensitivity possible consequences of the Tbk1 dele-

tion. To that end, MNs were captured by laser microdis-

section from the LSCs of 22-month old Tbk1þ/� and wt
mice. Subsequent RNA sequencing detected a total of

11.095 transcripts per sample. After correction for

Figure 2 Continued

Bungarotoxin and synaptophysin). White arrows indicate denervated NMJs. Scale bar ¼ 50 mm. (H) Quantification of fully and partially

denervated NMJs of the m. lumbricalis shows a genotype-independent age-related muscular denervation. N¼ 6–11 mice. (I) Representative

pictures of transmission electron microscopy of the corticospinal tract in the LSC of 22-month old Tbk1þ/� and wt mice. Scale bar ¼ 20 mm.

Lower higher magnification images show from left to right, examples of axons with myelin shield containing inner protrusion, detached axon,

myelin out folding and an axon with degenerated myelin. Scale bar ¼ 5 mm. (J) Graphs showing the correlation between the diameter and the g-

ratio (axon diameter/total diameter of the axon plus the myelin sheath) per axon. N¼ 5 mice. (K) Quantification of different axon abnormalities.

N¼ 4 mice. (L) Analysis of the axon diameters distribution shows no differences between 22-month old Tbk1þ/� and wt mice. N¼ 5 mice. Data

in B, D, F and H have been analysed by two-way ANOVA followed by Tukey’s multiple comparisons correction. **P< 0.01; *P< 0.05. Data in K

and L have been analysed by t-test. All bar graphs are shown as mean 6 SEM.
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Figure 3 Autophagy in spinal cord and motor cortex is not influenced by hemizygous loss of Tbk1. (A) Representative pictures of

LSC sections stained for NTand the autophagy marker p62. Scale bar ¼ 100 mm. (B) Representative pictures of LSC sections stained for NTand

the autophagy marker GABARAPL1. Scale bar ¼ 100mm. (C) and (D) Bar graphs showing the percentage of neurons containing p62 and

GABARAPL1 positive inclusions in spinal cord of 4- and 22-month old mice from both genotypes. In both graphs a trend can be seen towards

the aged cohorts. (E) and (F) Representative pictures of brain motor cortex sections stained for NTand p62 and NTand GABARAPL1.

respectively. Scale bar ¼ 50 mm. (G) and (H) Bar graphs showing the percentage of neurons containing p62 and GABARAPL1 positive inclusions

in brain cortex of 4- and 22-month old mice from both genotypes. A genotype-independent age-related accumulation of GABARAPL1 inclusions

is observed in the cortex of the transgene mice. All bar graphs are shown as mean 6 SEM. All data analysed by two-way ANOVA followed by

Tukey’s multiple comparisons. *P< 0.05. N¼ 5–6.
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multiple testing, apart from the expected downregulation

of Tbk1 only the abundance of three RNA transcripts

remained significantly different between Tbk1þ/� and wt

mice: Mon2, Stat6 (both upregulated) and Avpr1a (down-

regulated) (Fig. 5L). RT-qPCR quantification of these

transcripts from whole spinal cord lysates showed similar

levels in both genotypes (Fig. 5M–O). Moreover, both

genotypes were not separated in a principal component

analysis of the MN transcriptomes (data not shown).

Conclusively, even a transcriptomic approach at the sin-

gle cell level did not reveal evidence for major molecular

alterations of aged Tbk1þ/� mice compared to wt mice.

Haploinsufficiency of TBK1 shifts
the spinal inflammatory
transcriptome towards ageing in
young mice

To corroborate our immunohistochemical analysis of neu-

roinflammation, we performed a quantitative NanoString

ncounterVC mRNA expression profiling of a large inflam-

mation-related gene panel (800 genes) in total LSC lysates

of mice of all four groups. Ageing significantly changed

219 mRNA transcripts in wt mice (Fig. 6A and

Supplementary data). While the heterozygous Tbk1 dele-

tion significantly altered five mRNA transcripts in 4-

month old mice compared to age-matched siblings (Tbk1,

Esam, Ly6a, Setd1a and Pecam1; Fig. 6F), we did not

find significant differences between wt and Tbk1þ/� sib-

lings beyond Tbk1 at 22 months. Three of the five tran-

scripts altered in young Tbk1þ/� mice are predominantly

expressed by endothelial cells (Newman, 1991; Hirata

et al., 2001; Zhang et al., 2014). Consistently, analysis of

cell type-specific marker gene signatures according to

Danaher et al. (2017) showed a significant enrichment of

endothelial markers in young Tbk1þ/� mice compared to

wt siblings (Fig. 6E). To identify the specific expression

of these endothelial markers we also performed IHC

staining for their protein product, LY6A and PECAM-1

and we could not observe higher extracellular expression

other than at the endothelial level (Supplementary Fig.

1C and D). Furthermore, the microglia gene score was

robustly increased in aged mice, while we did not observe

differences between wt and Tbk1þ/� mice (Fig. 6B), in

line with our immunohistochemical analysis of microglial

activation. Similarly, the astrocyte gene score was

increased in aged wt mice compared to young ones. The

Figure 4 Autophagic markers stay unchanged upon ageing and Tbk1 reduction in vivo. (A) Representative western blot picture of

spinal cord and brain cortex lysates. Protein expression levels of LC3-I/-II and p62 have been analysed; 30 mg of protein have been loaded per

lane. GAPDH has been used as loading control. (B), (D) and (F) bar graphs showing the quantifications of p62 and LC3-I/-II protein expression in

mice spinal cord lysate while (C), (E) and (G) show quantifications of the same protein expression in brain cortex lysates. All bar graphs are

shown as mean 6 SEM. All data analysed by two-way ANOVA followed by Tukey’s multiple comparisons. N¼ 4.
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Figure 5 Tbk1 heterozygous loss does not influence age-related microglia activation in mice spinal cord and motor cortex.

(A) Representative pictures of LSC sections stained for the microglia markers Iba1, Clec7a (Clc7) and PU.1. Enlargements show that only

microglia of 22-month old mice are Clec7a-positive. Scale bar ¼ 100mm. (B) Quantification of Iba1þ/PU.1þ cells in the grey matter of the LSC

shows a genotype-independent increase in microglia numbers in 22-month old mice. (C) The mean cell size of Iba1þ/PU.1þ microglial cells in the

LSC differs between young and old but not between Tbk1þ/� and wt mice. (D) Representative pictures of motor cortex sections stained for PU.1

and Iba1. Scale bar ¼ 50mm. (E) Age-dependent but genotype-independent increase in the numbers of Iba1þ/PU.1þ microglia in the motor

cortex. (F) The mean cell size of Iba1þ/PU.1þ microglial cells in the motor cortex differs significantly only between young and old Tbk1þ/� mice.

(G) LSC sections stained for the astrocytic markers GFAP and Sox9. Enlargements show GFAPþ/Sox9þ astrocytes. Scale bar ¼ 100 mm. (H)

Quantification of GFAPþ/Sox9þ astrocytes in the LSC reveals similar numbers, independently of genotype and age. (I) The mean cell size of

GFAPþ/Sox9þ astrocytes in the LSC does not differ between Tbk1þ/� and wt and young and old mice. (J) Representative pictures of motor

cortex sections stained for GFAP and Sox9. Scale bar ¼ 50 mm. (K) Quantification of GFAPþ/Sox9þ astrocytes in motor cortex shows higher

numbers only in aged wt mice compared to young ones. N¼ 6 for all analyses. (L) Volcano plot of RNA sequencing analysis of laser micro-

dissected LSC MNs from wt and Tbk1þ/� mice at the age of 22 months. Horizontal line indicates threshold for FDR (0.1). After FDR correction

for multiple testing only four genes remain significantly altered (including Tbk1). (M)–(O) qPCR results of mRNA analysis from whole LSC lysates

for validation of Avpr1a, Stat6 and Mon2 levels. N¼ 5. All bar graphs are shown as mean 6 SEM. All data have been analysed by two-way ANOVA

followed by Tukey’s multiple comparisons. *P< 0.05; **P< 0.01;***P< 0.001.
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Figure 6 Haploinsufficiency of TBK1 shifts the spinal inflammatory transcriptome towards ageing in young mice. (A) Unbiased

hierarchical cluster analysis (average linkage) on all 800 genes of the neuroinflammation panel in the spinal cord of young and aged wt and

Tbk1þ/� mice. Cluster analysis completely separates young from old mice and wt from Tbk1þ/� mice at the age of 4 months. (B) The microglia-

specific gene score shows an age-dependent increase that is independent of Tbk1. (C) The astrocyte-specific gene score is increased in Tbk1þ/�

mice compared to wt siblings at 4 but not at 22 months. The astroglia gene score is age-dependently increased in wt mice. (D) The

oligodendrocyte-specific gene score is not affected by genotype or age. (E) The endothelial-specific gene score is increased in Tbk1þ/� mice

compared to wt siblings at 4 but not at 22 months. (F) Volcano plot showing 5 (including Tbk1) out of 800 genes after FDR correction for
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astrocyte gene score did not differ between wt and

Tbk1þ/� siblings at high age, but we observed an in-

crease in the astrocyte gene score due to Tbk1 loss at

4 months of age (Fig. 6C). The astroglial marker gene

score is also composed of the genes Itga7, Nwd1 and

Egfr. With a fold change of 1.15 Itga7 has the biggest

impact on this score. Immunofluorescent staining for

ITGA7 confirmed astrocytic expression (Supplementary

Fig. 1). The oligodendrocyte marker score was unaltered

in all comparisons (Fig. 6D).

In an unbiased hierarchical cluster analysis based on

the whole gene panel young mice were completely sepa-

rated from old mice, and wt were incompletely distin-

guished from Tbk1þ/� siblings at 4 months but not at

22 months of age (Fig. 6A). The impact of Tbk1 deletion

in young animals was further corroborated by a principal

component analysis, which showed that transcriptomic

profile of young Tbk1þ/� mice is separated from the wt

mice and shifted towards the aged groups, while Tbk1

haploinsufficiency did not have an impact in old mice

(Fig. 6G). We found further evidence for a mild shift in

the immune transcriptome due to Tbk1 haploinsufficiency

in young animals, in that the nominal expression changes

induced by Tbk1 haploinsufficiency at young age corre-

lated with the gene expression alterations induced by age-

ing (r¼ 0.4571; P< 0.0001; based on the 219 genes

significantly regulated by age after false discovery rate

(FDR) correction for multiple testing; Fig. 6H).

Discussion
Here, we provide a behavioural, histological and molecu-

lar in-depth analysis of mouse motor cortex and spinal

cord with heterozygous Tbk1 knock-out at young and

old age, to decipher whether and how the ALS/FTD-caus-

ing TBK1 mutation interacts with ageing. We observed

age-dependent effects on glial activation, trends to altered

markers of proteostasis and NMJ innervation of distal

muscles that were independent of the Tbk1 genotype.

Employing RNA sequencing of laser-captured MNs of

aged mice we found only very few mRNAs significantly

altered by the heterozygous Tbk1 knock-out despite the

presumed high sensitivity of this approach to detect pos-

sible cellular consequences of Tbk1 deletion. The alter-

ation of these few transcript could not be validated by

RT-qPCR from whole spinal cord tissue, suggesting that

the observed alterations in Mon2, Stat6 and Avpr1 are

restricted to one or few cell types (and thus, not detected

in the whole tissue, as compared to laser microdissected

MNs).

The results from our transcriptomic panel analysis of

neuroinflammatory markers in the spinal cord are in line

with previous reports of an age-dependent ‘inflamm-age-

ing’ in the mouse and brain (Franceschi et al., 2006;

Norden and Godbout, 2013; Koellhoffer et al., 2017; Lin

et al., 2018). The robust age-related alterations described

in our analyses make it less likely that the complete lack

of an ALS phenotype in old Tbk1þ/� mice was due to a

lack of biological ageing. Moreover, the fact that deletion

of just one Tbk1 allele robustly modified markers of

autophagy, NMJ denervation, neuroinflammation and

even the motor phenotype in SOD1G93A transgenic mice

(Brenner et al., 2019), show that a heterozygous Tbk1

knock-out (using the same mutation and mouse line as in

this study) is principally sufficient to result in detectable

biological alterations in the mouse CNS. However, these

mutant Tbk1-linked effects seem to usually require a very

specific context (or second hit) to be uncovered in the

CNS. Tbk1 reduction modulates the disease in

SOD1G93A mice by also slowing the progression at later

stages, indicating that the loss of this kinase activity

could actually be beneficial, in a disease model such as

the SOD1G93A mouse, by reducing the innate immune re-

sponse (Gerbino et al., 2020).

Although in none of the previously published studies

the Tbk1þ/� mice were as systematically investigated as

in ours, the results obtained by us are in line with the re-

cent study of Gerbino et al. In this study, Tbk1G217R het-

erozygous mice (largely reduced expression and therefore

not viable in homozygous state) show no sign of motor

deficits and MNs loss until 2 years of age and only age-

related NMJs changes independent of the Tbk1 mutation

(Gerbino et al., 2020). In the study presented here, Tbk1

heterozygous knockouts were thoroughly and deeply

characterized by the use of a large battery of socio-cogni-

tive and motor tests detailed RNA and protein analysis

and ultrastructure analysis of spinal cord axons. No sub-

clinical differences were detected even at very high age.

Surprisingly, however, we found evidence for a mild ef-

fect of the heterozygous Tbk1 knock-out in young mice,

with a mild premature shift of the immune transcriptome

towards ‘inflamm-ageing’, which may be relevant for ALS

pathogenesis. The premature ‘inflamm-ageing’ in young

Tbk1þ/� mice is mainly based on an altered astrocyte

and endothelial marker gene scores. In fact, of the four

Figure 6 Continued

multiple testing differently regulated when comparing both genotypes at age 4 months. Horizontal line indicates threshold for FDR (0.05). (G) A

principal component analysis of the same 800 gene panel shows a shift of the transcriptomic inflammatory profile of young Tbk1þ/� mice

towards that of old ones. (H) Positive correlation of age-associated changes with changes caused by Tbk1 haploinsufficiency in young mice, based

on the 219 genes significantly altered by ageing. (B)–(E) Graphs have been analysed by two-way ANOVA followed by Tukey’s multiple

comparisons. All bar graphs are shown as mean 6 SEM. *P< 0.05; **P< 0.01;***P< 0.001. N¼ 5.
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transcripts differently regulated between wt and Tbk1þ/�

at 4 months, three are associated with endothelial cells,

making of them the element that contributes the most to

the premature ‘inflamm-ageing’ in young Tbk1þ/� mice.

In our analysis we found an upregulation of Ly6a,

Esam and Pecam1 that are expressed by endothelial cells

and are associated with the blood–brain barrier (BBB)

function. While a stabilizing function for PECAM-1 was

described in in vitro models of the BBB, the functions of

LY6A and ESAM are still largely unknown in BBB func-

tion (Wimmer et al., 2019). The role of the BBB in ALS

is the topic of active research. Initial studies using differ-

ent superoxide dismutase 1 models provide evidence that

disruption of the BBB precedes MN loss (Zhong et al.,
2008; Miyazaki et al., 2011). The specific role of TBK1

in the regulation of endothelial cells and the BBB remains

to be examined by further studies.

Taken together, our study provides valuable data on

the robust age-dependent alterations in the mouse CNS,

which are of importance for both ageing and ALS re-

search. Moreover, we show that TBK1 mutations associ-

ated with ALS or FTD in humans do not in a simple

way synergize with ageing, but rather prepone immune

ageing in young-adult mice. Although age clearly is a risk

factor for neurodegeneration, additional and more specific

second hits that cooperate with Tbk1 mutations to cause

ALS/FTD are probably waiting to be identified.
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