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Aged Tmem106b knockout mice display gait deficits in
coincidence with Purkinje cell loss and only limited signs of
non-motor dysfunction
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INTRODUCTION

Lysosomes play a pivotal role in neuronal homeostasis under
physiological as well as pathophysiological conditions. The
fusion of autophagosomes with hydrolytic enzyme-containing
lysosomes is an essential event for completing the removal
of misfolded and aggregated proteins engulfed by autophago-
somes, for example, in neuronal stem cells, and also termi-
nally differentiated neurons (5,15). The importance of proper
lysosomal function in neurons is highlighted by pathophysi-
ological conditions observed in several neurodegenerative
disorders, including Alzheimer’s disease, Parkinson’s disease,
amyotrophic lateral sclerosis and frontotemporal disease
(FTD) [reviewed in (36,39,44)]. In familial cases of these
disorders, genetic variants or mutations in genes coding for
lysosomal proteins were shown to cause disease, drastically
increase the risk to develop the disease or modulate disease
pathogenesis, respectively. This is particularly the case for
FTD, the second most common type of presenile dementia
affecting up to 15 per 100,000 in people 45-64 years of
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Abstract

Genetic variants in TMEMI106B are a major risk factor for several neurodegenera-
tive diseases including frontotemporal degeneration, limbic-predominant age-related
TDP-43 encephalopathy, Parkinson’s disease, late-onset-Alzheimer’s disease and con-
stitute a genetic determinant of differential aging. TMEMI106B encodes an integral
lysosomal membrane protein but its precise physiological function in the central
nervous system remains enigmatic. Presently, we aimed to increase understanding
of TMEM106B contribution to general brain function and aging. We analyzed an
aged cohort of Tmeml06b knockout-, heterozygote and wild-type mice in a behav-
ioral test battery including assessments of motor function as well as, social, emotional
and cognitive function. Aged Tmeml106b knockout (KO) mice displayed diverse be-
havioral deficits including motor impairment, gait defects and reduced startle reac-
tivity. In contrast, no prominent deficits were observed in social, emotional or cognitive
behaviors. Histologically, we observed late-onset loss of Purkinje cells followed by
reactive gliosis in the cerebellum, which likely contributed to progressive decline in
motor function and gait defects in particular. Reactive gliosis was not restricted to
the cerebellum but observed in different areas of the brain including the brain stem
and parts of the cerebral cortex. Surviving Purkinje cells showed vacuolated lys-
osomes in the axon initial segment, implicating TMEM106B-dependent lysosomal
trafficking defects as the underlying cause of axonal and more general neuronal
dysfunction contributing to behavioral impairments. Our experiments help to elucidate
how TMEMI106B affects spatial neuronal homeostasis and exemplifies a critical role
of TMEMI106B in neuronal cells for survival.

age (29). A prominent neuropathological feature of FTD
is the aggregation of ubiquitinated TAR DNA-binding pro-
tein 43 kDa (TDP-43) in neuronal cytosolic inclusion, which
is found in approximately 50% of cases with clinically diag-
nosed FTD (2,19,25). Moreover, endo-/lysosomal defects are
a primary cause of neuronal dysfunction in FTD (9,10).
Heterozygous missense mutations in GRN (coding for
Progranulin) lead to Progranulin haploinsufficiency and con-
stitute a major genetic risk factor for FTD. Progranulin is
most highly expressed in microglia, and also localizes to
neuronal lysosomes, while its precise function is still unclear
(27). Importantly, additional modifying genes appear to affect
FTD progression. TMEMI106B was identified as one of
those major risk genes (41). Variations in TMEM106B were
shown to affect the course of disease in both GRN- and
C9orf72 carriers (7,8,28,40,42). Likewise, variants in
TMEM106B have been associated with other neurodegenera-
tive diseases such as hippocampal sclerosis, Limbic-
predominant age-related TDP-43 encephalopathy, Parkinson’s
disease, late-onset Alzheimer’s disease and chronic traumatic
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encephalopathy  (3,12,13,22-24,31,38,48). Furthermore,
TMEMI106B was shown to play a role in the dissociation
of cognition and neuropathology in elderly people (45) and
TMEMI106B was identified as a key genetic determinant
of differential aging in the cerebral cortex (30,47). Finally,
a dominant mutation in TMEMI06B leads to a familial
hypomyelinating leukodystrophy (35,46). This variety of
apparent genetic links implicates TMEMI06B as a major
risk factor for neurodegenerative diseases. How TMEM106B
is contributing to such a broad spectrum of neurological
diseases, remains, however, enigmatic.

TMEMI106B is a lysosomal transmembrane protein with
a large, highly glycosylated luminal domain, a single trans-
membrane domain and a cytosolic amino-terminus (14). In
cultured cortical and hippocampal neurons, Tmen106b knock-
down leads to altered microtubule-dependent lysosomal posi-
tioning in dendrites (34,37). However, analysis of Tmeml06b
knockout (KO) mice revealed that positioning and trafficking
of lysosomes are drastically altered in myelinated axons of
selected motoneuron nuclei. Pronounced pathology was par-
ticularly observed in the facial motor nucleus (FMN).
Motoneurons of Tmem106b KO mice show drastically swollen
vacuoles at the distal end of the axon initial segment (AIS),
which proved positive for the lysosomal marker protein
LAMP1 (18). Interestingly, this phenotype was already
observed in young mice starting at the age of 4 weeks.
Vacuolization is accompanied by dysfunction of facial moto-
neuron-dependent innervated muscles such as the Musculus
orbicularis orbis. Additionally, impaired autophagic cargo
degradation was observed, which likely results from impaired
axonal transport of LAMPI-positive organelles (18).

In the present study, we aimed to increase understanding
of TMEMI106B involvement in general brain function and
aging. Specifically, we analyzed the functional consequences
of TMEMI106B deficiency using a cohort of Tmeml06b
wildtype (WT), heterozygote (HET) and homozygous (KO)
mice. Starting at 14 months of age these mice were subjected
to an extended behavioral test battery. We aimed to provide
a broad characterization but based on previous observations
and theoretical relevance, we increasingly focused on tests
detailing motor function and behaviors reminiscent of human
FTD. Tmem106b KO mice displayed diverse behavioral deficits
including motor impairment, gait alterations and reduced
startle reactivity, but no prominent changes in social, emo-
tional or cognitive behavior. Gait changes and more general
sensorimotor dysfunction were histologically corroborated by
late-onset loss of Purkinje cells and subsequent reactive cer-
ebellar gliosis. Surviving Purkinje cells, just like motoneurons
at earlier stages, often showed vacuolated lysosomes in the
AIS, implicating generalized lysosomal trafficking defects as
the underlying cause for the (progression of) behavioral defi-
cits and more general neuronal dysfunction.

MATERIAL AND METHODS

Mice

Tmem106b KO mice generated by CRISPR/Cas9 in a C57/
BI6N background were described previously (18). Mice were

224

Stroobants et al

housed at standard laboratory conditions (12 hours’ light/
dark cycle, constant room temperature and humidity).
Behavioral testing was initiated at 14 months of age in
Tmeml106b WT (n = 14), Tmeml06b HET (n = 11) and
Tmeml106b KO (n = 14) mice—all females. We chose female
mice for these tests because behavioral readouts are gener-
ally more affected by territorial fighting and differences in
the social hierarchy in socially housed males (1). In contrast,
it has been well established that female mice are much
more affiliative than males. Behavioral testing took place
during the light phase of the cycle. Food and water were
available ad libitum. Experimental protocols were approved
by the ethical research committee of the KU Leuven accord-
ing to EC guidelines/approved by local German authorities
(Ministerium fiir Energiewende, Landwirtschaft, Umwelt und
landliche Raume, Kiel, V 242-13648/2018).

Antibodies and chemicals

The following antibodies were used for immunofluorescence
on brain sections and immunoblots: Glial Fibrillary Acidic
Protein (GFAP) (1:500; mouse monoclonal; clone G-A-5,
G3893, Sigma-Aldrich); CD68 (1:500; rat monoclonal; clone
FA-11 (MCA1957, AbD Serotec), Calbindin D-28 K (1:1000,
mouse monoclonal; CB-955, ascites fluid; Sigma-Aldrich),
Myelin Basic Protein (MBP) (1:1000; rabbit polyclonal;
GTX22404, GeneTex), LAMP1 (1:500; rat monoclonal; clone
1D4B, Developmental Studies Hybridoma Bank (University
of Towa, Iowa City, IA, USA) and p62/SQSTMI (rabbit
polyclonal, BML-PW9860; Enzo). Fluorophore-conjugated
secondary antibodies against the corresponding primary
antibody species (AlexaFluor 488, AlexaFluor 594 and
AlexaFluor 647) were purchased from Invitrogen/Molecular
Probes and were diluted 1:500. Analytical grade chemicals
were purchased, if not stated otherwise, from Sigma-Aldrich
(MO, USA).

Preparation of brain lysates and
immunoblotting

Brain lysates were prepared by homogenization of fresh or
frozen brain material with 10-20 strokes at 1000 rounds
per minute using a Glass homogenizer (B. Braun type 8§53202)
in 15 volumes of lysis buffer (PBS supplemented with ¢cOm-
plete™ Protease Inhibitor (Sigma-Aldrich) and 1% (w/v)
Triton X-100). After homogenization the lysates were cen-
trifuged for 20 minutes at 1000 X g at 4°C followed by
ultrasonification twice for 20 seconds at 4°C using a Branson
Sonifier 450 (level seven in a cup horn, Emerson Industrial
Automation) and lysed on ice for approximately 60 minutes.
The cell suspension was centrifuged at 16 000 x g for
15 minutes at 4°C and the protein concentration of the
supernatant was determined using the Pierce BCA (bicin-
choninic Acid) Assay kit (Thermo Fisher Scientific) according
to the manufacturer’s instructions. Protein lysates were pre-
pared for SDS-PAGE in sample buffer (125 mM Tris/HCl
pH 6.8, 10% (v/v) glycerol, 1% (w/v) SDS, 1% (v/v)
p-mercaptoethanol and traces of bromophenol blue) and
were denatured for 10 minutes at 95°C. Western blot was
carried out according to standard procedures. After washing,
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the membranes in TBS-T buffer, horseradish peroxidase
activity was detected by using an ImageQuant LAS 4000
(GE Healthcare). The intensity of the signal was quantified
using Image J software. Before incubation with different
antibodies, the membranes were stripped using 0.2 M NaOH.
Incubations of 5 minutes at room temperature and gentle
shaking were performed in distilled water, followed by 0.2 M
NaOH, rinsing with distilled water, 0.2 M NaOH followed
by distilled water, and finally, TBS-T. Next, the membranes
were incubated in 5% (w/v) milk powder in 1x TBS-T buffer
for 1 hour at room temperature followed by incubation
with the first antibody.

Immunofluorescence of brain sections

Deeply anaesthetized mice were transcardially perfused with
0.1 M phosphate buffer (PB) (pH 7.4) followed by 4%
paraformaldehyde (PFA). The brains were removed and
postfixed by immersion for another 4 hours in 4% PFA.
PFA was removed and replaced by 30% sucrose (w/v) in
0.1 M PB. After incubation overnight, brains were cut sagit-
tally and 35 um thick. Free-floating sections were prepared
with a Leica 9000s sliding microtome (Leica, Wetzlar,
Germany). The sections were blocked in blocking solutions
(0.5% Triton-X 100, 4% normal goat serum in 0.1 M PB
pH 7.4), incubated in blocking solution containing the pri-
mary antibody/antibodies at 4°C overnight. After washing
three times with wash solution (0.1 M PB pH 7.4 containing
0.25% Triton-X 100), sections were incubated for 2 hours
in secondary antibody in solution, washed again three times
in wash solution containing 4’,6-diamidin-2-phenylindol
(DAPI) and finally brought on glass slides and embedded
in Mowiol/DABCO. Images were analyzed with a Leica
DMi8 fluorescence microscope equipped with an automated
stage and the LAS X software or an Olympus FV1000D
Laser Scanning Confocal Microscope (model: FV10-292-115)
with a 60x lens (UPLSAPO). Image acquisition with the
Olympus confocal microscope was performed with the FV10-
ASW 4.2 Viewer software (Olympus, Germany).

For quantification of the CD68-positive area, images were
processed to 8-bit images in Imagel-software, a region of
interest (ROI) was specified and a threshold for the signal
intensity was defined. The number of pixels was calculated/
per ROI. For representation, the average of the CD68-positive
area of the WT animals was set as 1 and the CD68-positive
area for each animal is represented.

Behavioral tests

Cage activity. Home cage activity was recorded in transparent
cages with an area of 20 X 30 cm, placed between three infrared
beams. Activity patterns were evaluated by recording total
number of beam crossings during 30 minutes intervals for
23 hours using customized software.

Grip strength. Forelimb grip strength was evaluated by
allowing mice to spontaneously grab a T-shaped bar.
Connection of the bar to a digital dynamometer (Ugo Basile,
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Gemonio, Italy) allowed quantification of strength which was
averaged over 10 trials.

Rotarod. The rotarod test was included as a measure of
motor coordination and equilibrium. Animals first received
2 minutes of training at a fixed speed of 5 rpm on the apparatus
(Ugo Basile, Gemonio, Italy). Following training four test
trials (10) were conducted with an accelerating rotation from 5
to 40 rpm during 5 minutes. Drop latency was registered up to
the 5 minutes cutoff. For the comparison between young
animals and old animals (14 months), data for the young
cohort (3 months) was used from a previous study (18).

Gait analysis. Footprint gait analysis was performed via
ventral plane video tracking during treadmill walking for
automatic quantification of gait patterns (DigiGait, Mouse
Specifics Inc, MA, USA). Mice were habituated to walking
on the treadmill at 10 cm/s. Belt speed was subsequently
increased to 12 cm/s from the moment which video data was
acquired for 45 seconds. The amount of times mice could not
keep pace with the treadmill speed was registered (further
referred to as the amount of errors). A fragment of the video
where mice were consistently walking above the camera was
selected for analysis. Different parameters were extracted
from the video data using DigiGait analysis software,
including fore versus hind gait symmetry (the ratio of
forelimb stepping frequency to hind limb stepping frequency).
Spatial parameters comprised stance widths (distance
between contralateral paws), stride lengths (distance between
subsequent placements of the same paw). Temporal aspects
of gait were also evaluated by analyzing stance (time paw is
in contact with the belt), brake (part of stance from initial
contact to maximum contact), propulsion (part of stance
from maximum contact to swing), swing (time paw is not in
contact with the belt) and stride (sum of stance and swing
duration) times. Stance and swing times were analyzed
relative to stride time. Brake and propulsion times were
analyzed relative to stance time.

Open field.  Open field locomotion was recorded to evaluate
exploratory behavior. Following 30 minutes dark adaptation,
mice were placed into a transparent 50 X 50 cm arena.
Subsequent to 1 minutes habituation, animal movement was
recorded for 10 minutes using ANY-mazeTM Video Tracking
System software (Stoelting Co., IL, USA). Total path length,
percentage of path length in the center (=30 cm circle) and
time in the periphery (<5 cm from the walls) were extracted.
For each genotype, an illustrative ANY-maze heatmap was
generated using the animals’ center points, reflecting average
time spent in each area of the maze.

Elevated plus maze. Exploration of an elevated plus maze
was assessed to characterized anxiety-related behavior. The
arena consisted of a plus-shaped maze, elevated 50 cm above
surface, with two arms (5 cm wide) closed by side walls and two
open arms. Mice could freely explore for 10 minutes following
1 minute habituation. Four IR beams recording open and
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closed arm entries, and one recording the percentage of time
per minute spent in the open arms were connected to a
computerized activity logger.

Sociability and preference for social novelty. Sociability
and preference for social novelty (SPSN) was evaluated in a
three-chamber Plexiglas setup. The two side chambers
(10 X 10 cm) were separated from the center compartment
(40 x 10 cm) by Plexiglas walls containing holes (diameter
0.8 cm) to allow social interaction and odor transfer between
experimental and stimulus mice. First, an acclimation trial was
performed during which mice were allowed to explore the
central chamber for 5 minutes. During the 10 minutes
sociability trial, one side chamber contained a stranger mouse.
The side of the social chamber was randomized. Preference for
social novelty was subsequently evaluated by placing a second
stranger mouse into the previously empty side chamber for
10 minutes. Animal movement was recorded using ANY-
mazeTM Video Tracking System software (Stoelting Co., IL,
USA). The time the animal’s head was closer than 1 cm to the
chamber walls was measured to allow quantification of
preferential exploration in sociability and social novelty phases.

Passive avoidance. Passive avoidance learning was examined
in a step-through box with a small illuminated compartment
and a larger dark compartment containing a grid-floor. After
30 minutes dark adaptation, the mouse was placed in the light
compartment for a training trial. After 5 seconds, the sliding
door to the dark compartment was opened and step-through
latency was manually recorded up to a 300-sec cutoff. When all
four paws were placed on the grid, a mild electric shock
(0.3 mA, 1 seconds) was delivered with a constant current
shocker (MED Associates Inc., St. Albans, Vermont, USA).
Retention memory was tested 24 hours later using the same
procedure without shock delivery.

Tail suspension. Depression-like behavior was assessed during
the tail suspension test. Mice were suspended by their tails with
tape in a suspension box for 5 minutes. Escape-oriented
movement was recorded using ANY-mazeTM Video Tracking
System software (Stoelting Co., IL, USA). Distance moved,
immobility time and latency to the first immobile episode were
extracted. Three mice (two WT and one Tmeml06b HET) were
excluded because of repeated tail climbing behavior.

Repetitive  behavior. For assessment of spontaneous
repetitive behaviors, mice were placed in a transparent cage
with an area of 20 X 30 cm for 20 minutes. Following 10 minutes
of habituation, bouts of self-grooming and digging behavior
were recorded and summed. Grooming behavior was defined
as stroking, scratching or licking any body region.

Startle reactivity and prepulse inhibition (PPl). Startle
reactivity and PPI were measured using a Med Associates (St.
Albans, VT, USA) acoustic startle box (MED-ASR-PROI) and
Med Associates Startle Reflex software. Mice were placed in a
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cubical restrainer (ENV-406SM-8), which was mounted on a
motion-sensitive platform inside a sound-attenuating box.
Acoustic stimuli and background noise were delivered through
speakers located inside the sound-attenuating box. The first
peak pressure value occurring within 200 ms after onset of
startle pulse (SP) was taken as peak startle value. Mice habituated
for 5 minutes inside the cubicle prior to administration of the
first stimulus. Following acclimation, mice were presented with
five white noise startle pulses (115 dB SPL; 38 ms duration plus
1 ms rise/fall time; SP alone). Thereafter, 10 stimulus trial blocks
were administered. Each block contained seven stimulus trials,
with each stimulus trial belonging to one of three trial types: SP
alone, prepulse (PP) followed by SP or PP alone. Startle pulses
were white noise bursts (SP: 115 dB; 38 ms plus 1 ms rise/fall
time and PP: 70, 75 or 80 dB; 18 ms plus 1 ms rise/fall time).
Time interval between onset of PP and onset of SP was 120 ms;
intertrial intervals were 10-15 seconds. Peak values after SP
administration were averaged for each trial type. Percentage PPI
values (%PPI) were calculated according to the standard
formula: %PPI = [1 — (startle peak at SP after PP)/(startle peak
at SP alone)] X 100.

Brainstem auditory-evoked potentials (BAEPs). Brainstem
auditory-evoked potentials (BAEPs) were recorded on a
Myos 4 plus digital EMG/EP recorder (Schwarzer, Munich,
Germany). Mice were anesthetized with Nembutal (6 mg/ml
i.p. at 1% body weight). A needle electrode was placed
subcutaneously behind each ear and referenced to a common
electrode near the base of the tail; a fourth electrode, also
placed near the base of the tail, was used as a ground. Robust
five-peak tracings were obtained by averaging 2000 responses
evoked by 85-86 dB clicks [measured with a Briiel & Kjer
(Norcross, GA) sound intensity meter] emitted by a speaker
placed 1 cm in front of the animal’s head. For each of the
tracings, latencies of the first five peaks (numbered I through
V) were measured.

Statistics

Behavioral data are presented as mean + standard error of
the mean (SEM). Shapiro-Wilk and Brown-Forsythe tests
were used to determine normality and variance homogeneity.
Group comparisons were performed through one-way
ANOVA, Kruskal-Wallis ANOVA on ranks, or two- or
three-way repeated-measures ANOVA. Post hoc comparisons
were performed upon omnibus test significance. Multiple
comparisons and p-value adjustments were executed accord-
ing to the Dunn-Bonferroni method for Kruskal-Wallis
ANOVA and the Holm-Sidak method for parametric
ANOVA. One-sample -tests or one-sample signed rank tests
were performed to compare group performances to coinci-
dence levels. The number of animals per group is WT
(n = 14), HET (n = 11) and KO (n = 14), unless otherwise
specified. The significance threshold was set at a = 0.05.
The level of statistical significance is indicated with asterisks
as follows: not significant (ns) = P > 0.05; *P < 0.05;
**P < 0.01; ***P < 0.001.

Brain Pathology 31 (2021) 223-238

© 2020 The Authors. Brain Pathology published by John Wiley & Sons Ltd on behalf of International Society of Neuropathology



Stroobants et al

Tmem106b +/+

Visual Cortex >

@ Cerebellum

Tmem106b +/+

1 Cerebellum

Tmem106b +/+

Figure 1. Aged Tmem106b KO mice show widespread reactive
microgliosis and astrogliosis. (A) Immunohistochemistry staining of
18-month-old WT am Tmem106b KO mice with antibodies against the
microglia marker CD68 (magenta) and Ibal (green). (B)
Immunohistochemistry staining of 18-month-old WT and Tmem 1066 KO
mice with an antibody against the microglia marker CD68. Numbered

RESULTS

TMEM106B deficiency causes reactive
gliosis, cerebellar atrophy and Purkinje
cell death

Young Tmeml106b KO mice (<3 months) develop early-
onset axonal vacuolization of motoneurons and progressive
motor defects (18). To investigate the effect of aging on
the general neurological phenotype, we analyzed the brains
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Cerebellum  Visual Cortex Hippocampus Pontine  Pons

(anterior) cortex (somatomotor-/ grey
somatosensory)

*kk
74 X%

CD68 immunoreactivity / area

Tmem106b +/+ T

2 Visual cortex

Tmem106b +/+ &

Tmem106b --

boxed areas are depicted enlarged. Image-based quantification (CD68-
positive area of selected region of interest, relative to the average
CD68-area of the WT) of selected brain areas is given (mean + SEM,
n=5-6***P<0.001). (C) Immunohistochemistry staining of 18-month-
old WT am Tmem106b KO mice with an antibody against the astrocyte-
marker GFAPR [Colour figure can be viewed at wileyonlinelibrary.com]

of WT, Tmeml106b HET and Tmeml106b KO animals by
immunohistochemistry at the age of 18 months.
Immunohistochemistry for the microglia markers CD68
and Ibal (Figure 1A) revealed widespread but not gen-
eralized microgliosis in different brain regions. Microglia
of Tmeml06b KO mice extensively expressed CD68, a
marker of activated microglia (11). Furthermore, they
showed the typical morphology of activated and amoeboid
microglia, while resting microglia in WT mice expressed
little CD68 (Figure 1A). Areas with the highest
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Figure 2. Cerebellar degeneration in aged Tmem106b KO mice. (A)
Photos of representative brains of 18-month-old WT and Tmem106b KO
mice. Cerebellar wet-weight of WT, Tmem106b HET and Tmem 106b KO
mice is depicted (age: 18 months). (mean + SEM, n = 4-5; *P < 0.05,
**P < 0.01). (B) Representative immunofluorescence staining of
cerebellar sections for the Purkinje cell marker calbindin-D28-K of WT
and Tmem106b KO mice (age: 18 months). (C) Triple Co-
immunofluorescence staining of cerebellar sections from WT and

CD68-immunoreactivity included the hindbrain (pontine
grey, pons and medulla) and spinal cord, distinct layers
of the dorsal cerebral cortex (visual area) and the cerebel-
lum (Figure 1B). Quantification of the CD68-signal indi-
cated a statistically significant increase of the CD68 area
in these regions (Figure 1B). Activated microglia were
particularly found in the white matter and in the molecular
layer of the cerebellum. Staining for the astrocytic marker
GFAP (Figure 1C) revealed hypertrophic astroglia at sites
that were also affected by microgliosis, including the visual
area of the cerebral cortex and the cerebellum.

Among the brain regions with the most pronounced gliosis
was the cerebellum. Examination of the brains revealed a
reduced size of the cerebellum at the age of 18 months,
indicating mild atrophy. Accordingly, the weight of the cer-
ebellum was statistically significantly reduced in 7meml06b
KO mice in comparison to WT animals (Figure 2A). No
differences were observed for Tmemi06b HET animals.
Immunohistochemistry staining of brain sections for the

228

Stroobants et al

Tmem106b +/+

Tmem106b -/-

Tmem106b +/+
i

Tmem106b -/-

Calbindin

Tmem106b KO mice for calbindin-D28-K (green) and the microglia/
macrophage marker CD68 (magenta) (upper panel) and calbindin-D28-K
(green) and the astrocyte-marker GFAP (magenta), (lower panel). (D)
Immunoblot of cerebellar extracts from WT and Tmem106b KO mice
with an antibody against GFAP GAPDH is depicted as a loading control.
Quantification of the GFAP normalized to GAPDH is shown. The mean of
the values for the WT animals was set as 100%. (mean + SEM, n = 4-5
*¥**P < 0.001). [Colour figure can be viewed at wileyonlinelibrary.com]

Purkinje cell marker Calbindin-D-28K revealed a loss of
Purkinje cells that was pronounced in the anterior lobules
of the cerebellum of Tmeml06b KO animals (Figure 2B).
Co-immunofluorescence of Calbindin-D-28K with CD68
(Figure 2C) revealed activated microglia in the molecular layer
of the affected lobules (most pronounced observed in layer
V/VI) and the white matter tracts. Microgliosis was accom-
panied by severe hypertrophy of Bergmann glia at sites of
Purkinje cell death and astrogliosis of the white matter.
Astrogliosis was confirmed by immunoblot and we observed
a ~3.5 fold increase of GFAP levels in cerebellar lysates from
Tmeml106b KO mice (18-month-old) in comparison to WT
animals (Figure 2D). In summary, TMEMI106B deficiency
causes widespread reactive gliosis and cell death in the cer-
ebellum at late stages. We did not observe differences between
male and female animals in any of the parameters analyzed
by histology, indicating that both genders are equally affected.

The most notable early pathologic feature of Tmeml106b
KO mice is the prominent appearance of giant vacuoles in
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the proximal axon of facial motoneurons which are positive
for the lysosomal marker LAMP1 (18). Therefore, we ana-
lyzed if vacuolization of Purkinje cells might be causative
for their subsequent degeneration. For this purpose, we used
brains of 9-month-old Tmeml06b KO animals, an age pre-
ceding prominent loss of Purkinje cells. Co-immunofluo-
rescence staining of these brains with the AIS marker Ankyrin
G revealed the conspicuous appearance of single enlarged
lysosomes (typically 2-2.5 um diameter) within the proximal
axon/AlS in numerous Purkinje cells (Figure 3A). In con-
trast, no lysosomes were observed in the AIS of WT mice.
These findings resemble the observations in motoneurons
of young animals. However, it should be noted that these
large lysosomes were considerably smaller compared to vacu-
oles found in the facial motor nucleus (with a size ranging
up to >20-35 pum). In 18-month-old Tmeml06b KO animals,
we regularly observed vacuoles in the granular layer in very
close proximity to Purkinje cells, with striking resemblance
to those found early (2-4 month of age) in facial moto-
neurons with a diameter up to 15 pm (Figure 3B).

In addition to LAMPI1-positive vacuoles, we observed
pronounced p62 aggregates in the cerebellum of Tmeml06b
KO mice at an age >18 months (Figure 3C). p62-pathology
was indistinguishable between male and female mice. Small
p62-positive aggregates/inclusions were found throughout
the granular cell layer and the white matter tracts of the
Tmeml06b KO mice. These aggregates were sized from
250 nm to 1 um and appeared in various shapes, ranging

A
Tmem106b -/-

Figure 3. Vacuolization of TMEM106B-deficient Purkinje cells in the
cerebellum and p62-pathology in the cerebellum of Tmem106b KO
mice. (A) Co-immunofluorescence staining of brain/cerebellar sections
from a 9-month-old Tmem7106b KO mouse for LAMP1 (green) and
Ankyrin G (magenta). LAMP1-positive vacuoles within the AIS are
marked with arrowheads. Purkinje cells are marked with asterisks. (B)
Co-immunofluorescence staining of brain/cerebellar sections from
20-month-old WT and Tmem106b KO mouse for LAMP1 (green) and
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from spherical to small filamentous or skein-like shapes.
Rare p62-positive aggregates in the molecular layer were
restricted to those layers that showed extensive Purkinje
cell death (not shown). The appearance of p62-positive
aggregates in the granular cell layer suggests, involvement
of granular cerebellar cells in addition to Purkinje cell death.

TMEM106B deficiency causes impaired
treadmill performance and gait defects

The degenerative changes observed by histology prompted
us to characterize the behavior of aged Tmeml06b KO mice
in detail. Considering the specific late-stage vulnerability of
the cerebellum to TMEM106B deficiency, our primary focus
was on the motor function of these animals. We started
our survey by determining general locomotor behavior. Home
cage activity showed no significant difference between the
genotypes in total or time-dependent cage activity (P = 0.854
& P = 0.609) (Figure S1A). Like in 3-month-old animals
(18), no significant difference was detectable for grip strength
(P = 0.196) (Figure S1B). Drop latencies on the accelerating
rotarod tended to be lower in TmemlI06b KO mice, but
there was no significant difference between the genotypes
on average (P = 0.122) or dependent on the trial (P = 0.543)
(Figure S1C). However, in comparison to earlier assessment
[3 months, (18)], rotarod performance appeared to remain
stable in aged Tmeml06b HET and WT mice (14 months),
while there was evidence for deterioration in Tmeml06b KO

Tmem106b +/+
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calbindin-D28-K (magenta). A LAMP1-positive vacuole is marked with an
arrowhead. (C) Co-immunofluorescence staining of brain/cerebellar
sections from 20-month-old WT and Tmem106b KO mice for calbindin-
D28-K (green) and p62 (magenta). (A, C): MCL = molecular cell layer;
GCL = granular cell layer, PCL = Purkinje cell layer. The number of p62-
positive aggregates/10 mm? of the granular layer/white matter is
depicted (mean + SEM, n = 3-4 **P < 0.01). [Colour figure can be
viewed at wileyonlinelibrary.com]
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Figure 4. Progressive motor deficits, impaired treadmill performance
and gait changes in aged Tmem106b KO mice. (A) Scatter plot
representing average drop latencies on the rotarod during retesting of
young animals [3 months, (18)] versus old animals (14 months). (B)
Treadmill performance depicted as the number of errors. (C) Fore versus
hind gait symmetry (the ratio of forelimb stepping frequency to hind
limb stepping frequency) extracted from the treadmill walking video
sequences. (D) Fore and hind stance widths. (E) Fore and hind stride

animals. Indeed, Tmeml06b KO mice showed significantly
reduced motor performance during retesting at older in
comparison to younger age (#(13) = 3.490, P = 0.004), while
WT and Tmeml06b HET mice showed similar performance
(P = 0.671 & P = 0.371). (Figure 4A). These results sug-
gest worsening of early-onset motor impairment, putatively
related to progressive cerebellar pathology in Tmeml106b KO
mice. As disturbance of cerebellar integrity typically results
in gait alterations, mice were subjected to gait analysis dur-
ing treadmill locomotion. There was a significant genotype
effect on treadmill performance (H(2) = 13.012, P = 0.001).
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length (F) Stride length and Fore and hind stride times. (G) Contributions
of stance (lower bars) and swing (upper bars) components to the stride
time of the fore and hind paws (H) Contributions of the brake (lowers
bars) and propulsion (upper bars) components to the stance time of the
fore and hind paws. (C-H): Eight mice were excluded for gait analysis as
video footage did not allow reliable parameter extraction (final n; WT:
n=12; HET. n = 9; KO: n = 11). (B-H): ns = P > 0.05; *P < 0.05;
*¥*P < 0.01. [Colour figure can be viewed at wileyonlinelibrary.com]

Tmem106b KO mice made significantly more errors than
WT and Tmeml106b HET mice (P = 0.019 & P = 0.002)
(Figure 4B), confirming reduced motor performance. Mice
were ventrally video-tracked during treadmill walking to
allow parameter extraction for gait analysis. Animal size
measures were not significantly different between the geno-
types (animal length: P = 0.243 & animal width: P = 0.106)
(Figure S2A,B). Eight mice were excluded for gait analysis
as video footage did not allow reliable parameter extraction.
However, the remaining animals (N = 9-12) still allowed
statistical evaluation. Fore versus hind gait symmetry (the
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ratio of forelimb stepping frequency to hind limb stepping
frequency) tended to vary between the genotypes, but this
effect did not reach statistical significance (P = 0.061)
(Figure 4C). However, the symmetry of TmemlI06b KO mice
significantly differed from unity (z(10) = 3.081, P = 0.011),
while this was not the case for Tmeml06b HET mice
(P = 0.742) and WT mice (P = 0.764) (Figure 4C). This
indicates an asymmetric gait in which hind limbs of Tmeml106b
KO mice stepped more frequently in comparison to their
forelimbs. There were no significant differences in fore and
hind stance widths (gen P = 0.152 & genxpaws P = 0.716)
(Figure 4D) or step angles (Figure S2C). There was, how-
ever, a significant difference between genotypes in stride
length of the forepaws (£(2,29) = 4.301, P <0.023). Tmeml106b
KO mice showed increased stride lengths in comparison to
WT and Tmeml06b HET mice (p = .049 & p = .036),
indicating larger steps taken by these mice. A similar trend
was observed for the hind paw stride length (P = 0.110)
(Figure 4E). Analogous results were obtained for the stride
times (P < 0.022 & P < 0.116) (Figure 4F). Considering
this genotype difference in stride times, temporal gait param-
eters were analyzed using relative instead of raw measures.
There were no differences between the genotypes in the
relative contribution of swing and stance times to the total
stride time of the fore and hind paws (gen P = 0.225 &
genxpaws P = 0.550) (Figure 4G). There was a significant
difference between the genotypes concerning the specific
contributions of the brake and propulsion components to
the stance time of the forepaws (genxpaws interaction
F(2,63) = 5.550, P < 0.009) (Figure 4H). Tmeml06b KO
mice showed a relative increase in brake time (and conse-
quently reduced propulsion time) in comparison to WT mice
(P < 0.014). In summary, gait changes were evident in
various parameters. Progressive motor impairment and gait
deficits in TmemlI06b KO mice are consistent with immu-
nohistological observations of progressive cerebellar pathol-
ogy and conjoining early-onset motor neuron disease
features.

TMEM106B deficiency leads to reduced
acoustic startle reactivity without affecting
brainstem auditory-evoked potentials (BAEP)

We previously described thalamic vacuolization in
Tmeml06b KO mice (18). Given the importance of the
thalamus as the obligatory station through which nearly
all sensory information must pass before reaching the
cerebral cortex (21), we aimed to assess sensorimotor gat-
ing by measuring prepulse inhibition of the acoustic startle
response (PPI) (Figure 5A.,B). The acoustic startle reflex
was evaluated using startle peak values from “startle alone”
trials. Peak values during the null period and the startle
period were compared. There were significant differences
between the genotypes in startle peak values depending
on the period (genotype X phase interaction
(F(2,36) = 16.823, P < 0.001). WT and Tmeml06b HET
mice showed clearly increased peak values during the startle
period in comparison to the null period (both P < 0.001),
while Tmem106b KO mice did not (P = 0.547), suggesting
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severely reduced acoustic startle reactivity (Figure S5A).
Indeed, startle peak values were significantly higher in
WT and Tmem106b HET mice in comparison to Tmeml06b
KO mice (both P < 0.001), while there was no difference
in null peak values. Furthermore, Tmemi06b HET mice
showed decreased startle peak values in comparison to
WT mice (P = 0.002). PPI calculations showed significant
genotype differences for all levels (H(2) = 13.855 & 16.195
& 19.222, all P < 0.001) (Figure 5B). No differences were
observed between WT and Tmem106b HET mice. Tmem106b
KO mice showed reduced PPI percentages in comparison
to WT (P = 0.002, P < 0.001, P < 0.001) and Tmeml06b
HET mice (P = 0.009, P = 0.005, P = 0.006) for each
prepulse level. However, the weaker baseline startle reflex
in Tmeml06b KO mice might have confounded these
measurements. If the average null peak value is considered
as the floor startle reactivity level, maximum attainable
PPI for WT, Tmemi06b HET and Tmeml06b KO mice
was 80.3%, 68.0% and 21.5%, respectively. This would
mean WT, Tmeml06b HET and Tmeml06b KO mice
reached a largely similar 70.0%, 77.6% and 71.8% of their
maximum attainable PPI. Therefore, we cannot conclude
sensorimotor gating is impaired in Tmeml06b KO mice.
A possible explanation for the strongly reduced acoustic
startle reactivity could be impaired auditory function. We
have previously shown that vacuolization in Tmeml06b
KO mice primarily affects motoneuron nuclei of the
brainstem and the thalamus (18), but phenotypes might
not be restricted to motoneuron nuclei and affect the
brainstem in general. We recorded brainstem auditory-
evoked potentials in our mice (Figure 5C), which represent
neuronal activity along the pontomedullary pathway
following auditory stimulation. One Tmem106b HET animal
was excluded from final analysis as no reliable signal could
be recorded. Other animals showed a detectable five-peak
pattern. Peak latencies showed no significant differences
between the genotypes (genotype P = 0.583, gen X peak
P = 0.776) (Figure 5C). In summary, these data suggest
that the reduced acoustic startle reflex in Tmeml106b KO
mice is not related to the impaired auditory processing,
but could reflect reduced motor output on the level of
spinal motoneurons.

Deficiency of TMIEM106B leads
to exploration deficits

Open field locomotion was analyzed to characterize explora-
tory behavior (Figure 6A-E). There was no significant
difference between the genotypes for total distance traveled
(P = 0.071), although Tmemi106b KO mice tended to have
decreased path length (Figure 6B). However, there was a
significant difference between genotypes for the time spent
in the periphery of the arena (F(2,36) = 8.083, P = 0.001).
Tmeml106b KO mice showed signs of thigmotaxis in com-
parison to WT and Tmeml106b HET mice (P = 0.010 &
P = 0.002) (Figure 6A, C). This was further confirmed
by genotype differences in the average distance from the
center (F(2,36) = 7.343, P = 0.002) (Figure 6D) and the
percentage of path length in the center (F(2,36) = 8.362,
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Figure 5. Reduced acoustic startle reactivity but normal brainstem
auditory evoked potentials in Tmem106b KO mice. (A) Acoustic startle
reflex was evaluated using startle peak values from “startle alone”
trials. Peak values during the null period and the startle period were
compared. (B) Prepulse inhibition calculations from acoustic startle
reflexes. (C) Brainstem auditory evoked potentials (BAEP). One
Tmem106b HET animal was excluded from final analysis as no reliable
signal could be recorded. Other animals showed a detectable five-peak
pattern (I-V). (A)—(C): ns = P > 0.05; **P < 0.01; ***P < 0.001. [Colour
figure can be viewed at wileyonlinelibrary.com]

P = 0.001) (Figure 6E). Tmeml06b KO mice showed
reduced exploration of the center in comparison to WT
& Tmeml106b HET mice (P = 0.025 & P = 0.002 for
average distance from the center; P = 0.012 & P = 0.001
for percentage of path length in the center). These data
show clear changes in exploratory tendencies and may
suggest affective-like changes Tmem106b KO mice. However,
it is unclear to which extent motor deficits could have
contributed to these differences.

Similar to the open field, a trend for reduced explora-
tory activity in Tmeml06b KO mice was noted in the
Y-maze test. There was, however, no significant difference
between genotypes for the number of arm visits
(P = 0.142). Spatial working memory was assessed through
assessment of arm visit alternation (Figure 6F-G). One-
sample ¢-tests indicated that WT and Tmeml06b HET
mice alternated significantly more than expected by coin-
cidence (#(13) = 4.208, P = 0.001 & #(10) = 4.348,
P = 0.001), while this was not the case for Tmeml06b
KO mice (P = 0.160). However, a direct comparison of
spontaneous alternation percentages showed no significant
difference between genotypes (P = 0.182) (Figure 6F-G).
Memory assessment was subsequently extended by evalu-
ation of fear memory in the passive avoidance task
(Figure 6H). There were significant differences between
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the genotypes in step-through latencies during the training
and test phase of the passive avoidance task (H(2) = 12.156,
P = 0.002 & H(2) = 12.702, P = 0.002). Tmeml06b KO
mice showed significantly increased step-through latencies
during training (Tmemli06b KO vs. WT: P = 0.006,
Tmeml106b KO vs. Tmeml06b HET: P = 0.014) and test-
ing (Tmeml06b KO vs. Tmeml06b HET: P < 0.004).
Differences in baseline step-through behavior confounded
assessment of performance, but Tmem106b KO mice clearly
did not show reduced, but rather increased fear memory.
By and large, lack of robust cognitive deficits in Tmeml106b
KO mice was consistent with the absence of obvious
pathology in telencephalic regions typically involved in
these behaviors, including the hippocampus.

Tmem106b KO mice do not exhibit obvious
signs of abnormal repetitive, social,
disinhibition- or depression-related behavior

Finally, we tested the aged cohort of mice for equivalents
of prominent human FTD features, including abnormal
social behavior, repetitive behaviors, disinhibition and
depression-like behavior(4) (Figure 7A-H; Figure S3A-E).
There were no significant differences between the genotypes
for the distance traveled during the acclimation phase
(P = 0.944) (Figure 6A), the sociability phase (P = 0.136)
(Figure 6B) or the preference for social novelty phase
(P = 0.908) (Figure 6C) of the SPSN test. Furthermore,
during the sociability and social novelty phases, there were
no differences between genotypes in time spent in proxim-
ity of the wire cages (P = 0.439 & P = 0.786), confirming
baseline exploratory behavior did not appear to differ in
this test. Likewise, social interaction behavior appeared
intact in Tmem106b KO mice. A relative measure of socia-
bility again showed no significant differences between the
genotypes, on average (P = 0.296) or time-dependent
(genotype X time interaction, P = 0.279) (Figure 6D).
Similarly, there were no significant differences in the rela-
tive preference for social novelty, on average (P = 0.229)
or time-dependent (genotype X time interaction, P = (0.748)
(Figure 6E). During observations for assessment repetitive
behavior, there were no significant differences between the
genotypes in the time spent self-grooming (P = 0.299) or
the amount of digging behavior (P = 0.731) (Figure S3A,B).
Other possible repetitive behaviors such as bar-mouthing,
jumping and somersaulting were rarely observed. There
was no difference between the genotypes for the total
amount of beam crossings in the elevated plus maze
(P = 0.350) (Figure 6F). Furthermore, they showed similar
relative activity in the open arms (P = 0.503) (Figure S3C)
and spent a similar relative amount of time in the open
arms (P = 0.666) (Figure 6G), results suggesting similar
anxiety-related behavior and no signs of a lack of inhibi-
tion in Tmemi106b KO mice. Finally, we tested depression-
related behavior with the tail suspension test. There were
no significant differences between the genotypes for the
amount of distance moved (P = 0.973) (Figure S3D), the
immobility time (P = 0.918) (Figure 6H) nor the latency
to the first immobile episode (P = 0.808) (Figure S3E).
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Figure 6. Aged Tmem106b KO mice show exploratory deficits. (A)
Heatmap representation of the cumulative time spent in each area of
the open field for each genotype. The scale in seconds is depicted
below the heatmap. (B) Total distance traveled in the open field. (C) Time
spent in the periphery of the arena of the open field. (D) Average
distance from the center of the open field. (E). Percentage of path

In summary, TMEM106B deficiency does not seem to
cause FTD-like behavioral characteristics such as abnormal
repetitive or social behaviors, disinhibition- or depression-
related behavior in mice.

DISCUSSION

Variants in TMEMI106B have initially been identified as an
important genetic risk factor for FTD (41). Subsequently,
genetic linkages were identified with a much broader spectrum
of other neurodegenerative disorders including limbic-predom-
inant age-related TDP-43 encephalopathy, Parkinson’s disease
and late-onset Alzheimer’s disease (22,23,38). Moreover, genetic
links were also confirmed with dissociation of cognitive per-
formance in elderlies and differential aging in humans
(16,30,45,47) as well as with increased neuronal proportion
in Alzheimer’s disease (16). Recently, a mutation in TMEM106B
was identified as the underlying cause for a hypomyelinating
leukodystrophy (35,46,51). Elucidation of how a single gene
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can affect disease severity and pathology of such a broad
spectrum of diseases and cognitive function remains a major
and important challenge. Better understanding of the patho-
genic cascades and the specific role of TMEMI06B could
contribute to the development of therapeutic options by
targeting TMEM106B-related pathways.

In a first effort toward understanding the physiological
function of TMEM106B, we generated Tmem106b KO mice
and found drastic proximal axonal swelling in different
motoneuron nuclei and the thalamus, caused by giant
LAMPI1-positive vacuoles. Notably, this phenotype was
already observed by 2-month of age and was accompanied
by mild motor dysfunction but without neuronal death (18).
Presently, we extend our analysis of TmemlI06b KO mice
with an aged cohort and a detailed behavioral survey to
understand age-related phenotypes. Given the close genetic
linkage of variants in TMEM106B with aging and cognition
in humans (30), our findings of behavioral deficits in aged
Tmem106b KO animals support the finding of a major role
of TMEMI06B in normal neuronal homeostasis,
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Figure 7. Tmem106b KO mice do not show altered social behavior,
anxiety-related or depression-related deficits. (A) Distance traveled during
the acclimation phase of the SPSN-test. (B) Distance traveled during the
sociability phase of the SPSN-test. (C) Distance traveled during the social
novelty phase of the SPSN-test. (D) Relative measure of sociability. Data
are depicted for each 2-minute interval. (E) Relative preference for social

substantiate the findings of a genetic link of TMEMI106B
and aging observed in the human studies and justify the
use of the Tmeml06b KO mouse as a good model for
studying disease- and age-related pathology.

A dominant mutation in TMEMI06B in humans causes
a hypomyelinating leukodystrophy and recently, subtle changes
in myelin-related proteins and myelination were described
in Tmeml106b KO mice under basal conditions (50) and in
a demyelination/re-myelination model in Tmem06b KO mice
(6). While we cannot rule out the observed behavioral and
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novelty. Data are depicted for each 2-minute interval. (F) Total number of
beam crossings in the elevated plus maze. (G) Relative activity in the
open arms in the elevated plus maze (% of total time). (H) Immobility time
in the tail suspension test. Three mice (2 WT — 1 Tmem106b HET) were
excluded because of repeated tail climbing behavior. (A)-(H):
ns = P> 0.05. [Colour figure can be viewed at wileyonlinelibrary.com]

pathological deficits are caused by subtle changes in myeli-
nation rather than neuronal changes, our previous data of
impaired lysosomal axonal transport in isolated cultured
neurons suggest a cell-intrinsic pathology (18). In vivo experi-
ments, such as the generation of conditional knockout mice,
might be a valuable tool to further determine the extent
to which these phenotypes are due to neuronal changes or
altered myelination.

Our current set of experiments reveal a TMEMI106B-
dependent progressive development of neuronal dysfunction
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that is not (almost) exclusively restricted to motoneurons
as observed in young Tmeml06b KO animals (18). This
observation is highlighted by the late onset of Purkinje
cell death that is accompanied by mild gait abnormalities
and progression of motor impairment. The robust but
still relatively mild motor phenotype is in good agreement
with the fact that even the oldest mice tested showed
only partial loss of Purkinje cells. The finding of rare
vacuoles at the distal end of the AIS of Purkinje cell
axons suggests that these alterations are the underlying
cause for their subsequent degeneration. The high suscep-
tibility of Purkinje cells to any pathological challenge is
well documented in numerous lysosomal storage disorders
in which they often represent the neuronal subtype that
primarily undergoes cell death (32,33). It should be noted
that the pattern of Purkinje cell death in the Tmeml106b
KO mice was not random, but followed a pattern observed
previously in other genetic disorders like Niemann-Pick
type C and A/B (32,33). While the Purkinje cell layer of
the posterior lobules was still fully intact at 2 years of
age, Purkinje cells started to disappear from layer V/IV
and layer IIT at 9-12-month of age and were strikingly
reduced at 2 years of age. Similar to Tmemli06b KO mice,
Niemann-Pick mouse models develop motor coordination
deficits and gait abnormalities (17,20,26) Given the similar
pattern of cell death in Tmeml06b KO mice and other
mouse models with cerebellar Purkinje cell degeneration,
it seems likely that differential cell vulnerability is not
specifically explained by changes in TMEMI106B expres-
sion, but other (genetic) factors that are protective for
surviving Purkinje cells. It should, however, be noted that
other regions of the central nervous system relevant for
motor behavior (e.g., spinal cord) are affected Tmeml06b
KO mice, which likely contribute to the observed gait
defects as well. In summary, progressive motor impairment
and gait deficits in aged Tmeml06b KO mice are consist-
ent with progressive cerebellar pathology exacerbating the
consequences of early-onset motor neuron pathology.
We observed widespread but not fully generalized micro-
gliosis and astrogliosis in aged 7memIl06b KO mice. Even
though we cannot rule out a cell-intrinsic relevant function
of TMEMI106B in microglia, the course of events and the
spatial distribution of activated microglia (e.g., the appearance
of activated microglia at sites of Purkinje cell death) point
to reactive activation rather than microglia-intrinsic activation.
These findings suggest that unlike many other disease-modifying
genes (e.g, TREM2 or APOE in Alzheimers disease),
TMEMI106B does not convey its important disease-modulating
function in microglia, but cell-autonomous in neurons.
Genetic variants in TMEM 106 B convey the highest disease-
modifying effect on diseases that mostly affect the frontal
brain and the cerebral cortex, including FTD, Alzheimer’s
disease, chronic traumatic encephalopathy and limbic-pre-
dominant age-related TDP-43 encephalopathy (16,41,49).
However, phenotypes we observed in the Tmemli06b KO
mice (LAMPI1-positive vacuoles, micro- and astrogliosis, cell
death) were most pronounced in the cerebellum, brainstem,
midbrain and the hindbrain. These findings are supported
by the behavioral experiments that did not appear to reveal
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major deficits in social, emotional or cognitive function,
but clear deficits in reflexive behavior and coordinated move-
ment. Open field assessment did reveal changes in explora-
tory behavior, more specifically indicating thigmotaxis in
Tmem106b KO animals. Reduced center exploration could
reflect an inert or anxious phenotype, for which, however,
no further evidence was found in tail suspension or elevated
plus maze behavior. Step-through latencies in the passive
avoidance task indicated a baseline delay in TmemI106b KO
mice to enter a dark compartment. It is unclear to which
extent the established motor defects contributed to changes
in step-through and exploratory movement. In combination
with observation of apparently unaltered behaviors in isola-
tion and during interaction with conspecifics, our results
indicate that Tmeml06b KO animals appear to show no
typical FTD-like signs such as apathy/inertia, lack of inhibi-
tion, repetitive behavior or social disinterest (43). The cause
of this apparent contradiction remains an important ques-
tion. Differences between humans and mice, for example,
in TMEMI106B expression, provide a possible explanation.
Alternatively, changes in TMEM106B expression could convey
a higher impact on neurons that are already affected by
the primary disease-cause as a first hit, like protein aggre-
gates typically appearing the indicated disease entities.

Reduced acoustic startle reactivity was one of the most
striking differences observed between WT and Tmeml06b
KO animals. We found no indication of impaired auditory
processing in recordings of brainstem auditory-evoked poten-
tials, suggesting this difference could reflect reduced motor
output on the level of spinal motor neurons. Deficient reflexes
likely arise from partially dysfunctional motoneuron units
of the corresponding facial nerves and motoneurons, under-
scoring axonal deficits (18). Notably, Tmem106b HET mice
showed signs of reduced startle reactivity as well. We did
not observe any LAMPI-positive vacuoles in Tmeml06b
HET mice, but reduced TMEM106B might have functional
relevance before the formation of the giant vacuoles observed
in the Tmeml06b KO animals. These results underscore that
TMEMI106B-levels need to be tightly balanced for proper
function of the lysosomal system in neurons.

A major open question regarding the role of TMEM106B
in aging and neurodegenerative diseases is how a single protein
can affect such a broad spectrum of diseases. The slowly pro-
gressive phenotype of the Tmeml06b KO mice finally yielding
in mild (lysosomal) dysfunction and eventually cell death in
a subset of neurons suggests a mechanism in which a primary
(genetic) predisposition determines disease onset and variants
in TMEM106B leading to altered levels or function act like
a second hit, by which the course of the disease is modulated.
It will be interesting to determine the effect of TMEM106B
deficiency or haploinsufficiency in mouse models for common
neurodegenerative diseases like Parkinson’s disease, Alzheimer’s
disease or other age-related neurodegenerative diseases.
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SUPPORTING INFORMATION

Additional supporting information may be found in the online
version of this article at the publisher’s web site:

Figure S1. Aged Tmem106b KO mice show no differences in cage
activity, grip strength, or rotarod performance. (A) Total num-
ber of beam crossings during 30 minutes intervals for 23 h in
home cages placed between three infrared beams. Dark (d1-24)
and light-phases (11-22) are indicated. n = 14; Tmem106b HET:
n = 11; Tmem106b KO: n = 14). (B) Forelimb grip strength evalu-
ated by allowing mice to spontaneously grab a T-shaped bar. (C)
Drop latencies on the accelerating rotarod. n = 14; TmemlI06b
HET: n = 11; Tmem106b KO: n = 14). (B)~(C): ns = P > 0.05
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Figure S2. Aged Tmeml06bh KO mice show no differences in
size measures and step angles during gait analysis. (A) Animal
lengths and animal widths (B) were not significantly differ-
ent between the genotypes. (C) Fore- and hind step angles are
depicted. (A)—(B): ns = P > 0.05

Figure S3. Aged Tmem106b KO mice show no obvious abnormal
repetitive, anxiety-, or depression-related behavior. (A) Time
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spent self-grooming during a 10 minutes observation time. (B)
Amount of digging behavior during a 10 minutes observation
time. (C) Activity in the open arms in the elevated plus maze
test. The number of beam crossings is depicted. (D) Amount
of distance moved during the tail suspension test. (E) The
latency to the first immobile episode during tail suspension
test. (A)—(E): ns = P > 0.05.
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