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Introduction

A characteristic of the vertebrate central nervous system 
(CNS) is that most of its constituent cells originate far 
from where they reside in the adult. Consequently, develop-
ing nerve cells have to faithfully navigate a complex and 
dynamically changing environment to assure the proper 
formation of a functional CNS (e.g., Rakic 1988; Metin 
et  al. 2008; Marin and Rubenstein 2003). Further, nerve 
cells may also be distinguished from non-neuronal cells as 
they establish extensive connections with cells well beyond 
the immediate neighborhood of their own somata.

Cell membrane dynamics is central to these key devel-
opmental processes as well as to the adult function and 
maintenance of neural circuitry. Changes in cell shape con-
comitant with differentiation, cellular motility, and polari-
zation all go along with plasmalemma remodeling and 
require its integration with cell-extrinsic signals and intra-
cellular structure, notably the actin cytoskeleton. Conse-
quently, proteins that couple membrane dynamics to that of 
actin filaments have attracted considerable attention (Flynn 
2013; Da Silva and Dotti 2002).

Mtss1 is a prominent member of this functional group 
widely expressed in the developing nervous system (Mat-
tila et  al. 2003; Hayn-Leichsenring et  al. 2011; Saarikan-
gas et al. 2015; and this paper). Its association with the cell 
membrane results in a characteristic negative membrane 
bending and the formation of protrusions linked to the actin 
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cytoskeleton (for reviews, see e.g., Suetsugu 2010; Suet-
sugu et al. 2014). The gene-encoding Mtss1 was observed 
early on to be differentially expressed in metastatic vs non-
metastatic prostate cancer cells (Lee et al. 2002), and con-
sequently suspected to play a role in cell motility. Since 
then, aberrant Mtss1 expression has been observed in a 
variety of tumors (e.g., Dawson et  al. 2012b; Mertz et  al. 
2014; Lei et  al. 2014). During physiologic development, 
lack of Mtss1 results in renal malfunction due to a compro-
mised integrity of kidney epithelia intercellular junctions 
(Saarikangas et  al. 2011; see also; Dawson et  al. 2012a). 
Mtss1 has also been shown to be necessary for spine for-
mation in cerebellar Purkinje neurons (Saarikangas et  al. 
2015).

While these observations pinpoint the significance of 
Mtss1 for normal tissue differentiation and maintenance 
and have revealed considerable molecular mechanistic 
insight (cf references above), we are still a far cry from 
a consistent view of how Mtss1 may impinge on cellular 
integration and the development and maintenance of com-
plex tissues. This is not least due to the rather widespread 
expression of Mtss1, in cells that differentiate interdepend-
ently or interact in mature tissues. Consequently, how aber-
rant Mtss1 expression affects individual cells, and how this 
then translates into tissue dysfunction cannot be effectively 
deduced from scenarios characterized by global Mtss1 
dysregulation.

Here, we use the murine cerebellum as a model to 
address these issues. In the cerebellar cortex, Mtss1 is 
expressed in Purkinje cells and, transiently during develop-
ment, in differentiating granule neurons (Glassmann et al. 
2007). The developmental history of these two cell types 
and their interdependence is known in exquisite detail (for 
reviews and further references, see Leto et  al. 2016), and 
both are directly amenable to selective genetic manipula-
tion (cf Oberdick et  al. 1990; Ben-Arie et  al. 1997). This 
allowed us to compare cellular and histogenetic effects 
of globally aberrant Mtss1 expression with that in which 
either Purkinje neurons or granule cells were targeted 
selectively. As readout, we assessed migration and neur-
ite formation, two key developmental steps dependent on 
membrane protrusion dynamics.

The findings presented allow to discern cell-specific 
and transcellular effects of Mtss1 on cellular survival, 
motility, and process formation during development and 
maturation of a paradigmatic neural circuit. They identify 
a distinct role for the brain-specific exon 12a splice vari-
ant of Mtss1 for neuritogenesis. Lastly, we document that 
Mtss1-related developmental defects eventually lead to 
age-dependent neurodegeneration and motor deficits. These 
data yield novel insights on how the actin- and membrane-
binding protein Mtss1 assures proper brain histogenesis 
and maintenance.

Materials and methods

Animals

Mtss1-KO mice were obtained from Dr. Rong Li, The 
Stowers Institute for Medical Research, Kansas City, MO, 
USA and have been described previously (Xia et al. 2010). 
All animals used for the present experiments were main-
tained on a mixed, predominantly C57/Bl6 genetic back-
ground. Mice were housed in temperature-, light-, and 
humidity-controlled rooms with a 12-h light/dark cycle. All 
animal handling was done in strict adherence to govern-
mental (Directive 2010/63/EU of the European Parliament 
and of the Council of 22 September 2010) and institutional 
animal care regulations. Animals of either sex were used 
for the experiments except for the rotarod analyses where 
only males were investigated. Cell type-specific expres-
sion of Mtss1 in Purkinje neurons or granule cells in a null 
background was achieved by crossing Mtss1-KO mice with 
Pcp2(L7)-cre (Barski et  al. 2000) or Atoh1(Math1)-cre 
(Matei et  al. 2005), respectively. Consequently, in double 
transgenic mice, the splicing of the endogenous 5′ exon of 
Mtss1 into the gene trapping cassette generating a fusion 
transcript of Mtss1 and lacZ is suppressed, and the wild-
type situation is restored.

Tissue preparation and qPCR analysis

Total RNA was extracted from cerebella of P0, P8, and 
adult Mtss1-KO and age-matched control mice using Tri-
zol reagent following the manufacturer’s instructions (Life 
Technologies). The RNA was stored at −80 °C. RNA yield 
and quality were determined with a Qubit 2.0 Fluorometer 
(Life Technologies) and by agarose gel electrophoresis. 
Five µl of diluted RNA eluate (10 ng/µl) was reverse-tran-
scribed in 20 µl reactions using the iScript cDNA Synthesis 
Kit (BioRad). The cDNA samples were stored at −20 °C 
in nuclease-free, low nucleic acid-binding microcentrifuge 
tubes. The cDNA was diluted to 2.5 ng/µl and assayed in 
10 µl PCR reactions. The sequence-specific Taqman prim-
ers for Mtss1-iso12 (Assay ID: Mm00460621_m1) and 
Mtss1-iso12a (Mm01200879_m1) were purchased from 
Life Technologies. GAPDH (Mm99999915_g1) was used 
as a reference gene. A no-template control (NTC) of water 
was purified with the samples and profiled like the samples. 
Each gene was assayed on Bio-Rad Hard-Shell Plates (Bio-
Rad, CA, USA) containing triplicate wells of cDNA from 
all samples. Each qPCR reaction contained the following: 
5  µl PCR master mix (TaqMan Gene Expression Master 
Mix, Life Technologies), 0.5 µl of each primer set, and 3 µl 
of cDNA. All qPCR reactions were carried out on CFX96 
Touch Real-Time PCR Detection System (Bio-Rad). The 
thermal cycling parameters used were as follows: A 2-min 
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incubation at 50 °C and a 10-min initial denaturation at 
95 °C, followed by 40 cycles of two-step amplification at 
95 °C for 15  s and 60 °C for 60  s, and a final incubation 
for 30  s at 65 °C. PCR efficiency was determined from a 
standard curve. The correct size of the PCR products was 
confirmed by electrophoresis on a 2.5% agarose gel stained 
with ethidium bromide.

Technical replicates (triplicates) of Cq values for each 
sample were combined in a single mean value and then 
further analyzed by the method of Pfaffl (2001). Expres-
sion levels are reported as relative to those of GAPDH. 
Experimental variability was calculated based on biological 
replicates.

Histology

Mice were sacrificed by intraperitoneal injection of an 
overdose of anesthetic (a combination of ketamine hydro-
chloride and xylazine hydrochloride) and subsequent tran-
scardial perfusion with 40  ml phosphate-buffered saline 
(PBS) followed by 25 ml 4% (w/v) freshly depolymerized 
paraformaldehyde (PFA) in PBS (150  mM NaCl, 10  mM 
Na2HPO4, pH 7.4). Brains were dissected from the mice 
and postfixed for 24 h in the same fixative. They were then 
extensively washed with tap water, dehydrated by passage 
through graded ethanols (30, 40, 50, 60, 70, 80, and 95%), 
and embedded in paraffin. Serial sections were cut in the 
sagittal plane at a thickness of 10 µm, rehydrated by stand-
ard procedures, and stained with 0.1% cresyl violet (Nissl 
staining).

For the preparation of cryosections, perfusion-fixed 
brains were postfixed in the same fixative for 30 min. They 
were then transferred to PBS containing 30% (w/v) glucose 
and incubated at 4 °C over night. Subsequently, they were 
mounted in Tissue-Tek O.C.T. (Sakura Finetek) embedding 
medium. Cryosections were cut at 10 µm using a cryostat 
(HM560, Microm, Thermo Fisher Scientific).

Immunostaining

Mice were perfused as described above. Brains were post-
fixed in 2% PFA for at least one week at 4 °C. Fifty-µm-
thick free floating vibratome sections were obtained (VT 
1200 S, Leica), and stained as described previously (Tress 
et  al. 2011). As primary antibodies, mouse anti-NeuN 
antibodies (1:100, EMD Millipore, mouse monoclonal 
MAB377) were used to identify granule cells, and rab-
bit polyclonal anti-Calbindin antibodies (1:2000, Swant, 
CB38) were used for staining of cerebellar Purkinje cells. 
Antibodies detecting mouse Mtss1 splice isoforms were 
raised against the amino acid sequences CLPASRLLP 
RVTSVHLPD (Mtss1-iso12) and GSTMGAWVSTEK 
(Mtss1-iso12a) after an epitope analysis by Thermo Fisher 

Scientific and used in a dilution of 1:500. Binding of these 
antisera to tissue sections could be blocked with their spe-
cific immunogenic peptides. To further test the specific-
ity of these antibodies, we generated GST fusion proteins 
incorporating the specific sequences of these exons. The 
following primers were used to amplify the corresponding 
gene regions by PCR: Ex12-BamHI: cgcggatccgcgGCT​
GCC​AAC​CAG​TTG​TCT​AA, Ex12-EcoRI: ggaattccggGTC​
ATA​GGG​TCC​TGG​CTT​TG, Ex12a-EcoRI: ggaattccgg 
CTT​TGC​CCA​GTC​CTT​CTC​TG, Ex12a-BamHI: cggga 
tccgcgGAA​GCT​GCC​AAC​CAG​AAC​TC. The result-
ing amplicons were cloned using the EcoRI and BamHI 
restriction sites into pGEX-6P-1 (GE Healthcare Life Sci-
ences), which were then transfected into E. coli Rosetta 
cells (Invitrogen) using standard procedures. Bacterial 
lysates were subjected to western blot analysis and probed 
with anti-Mtss1-iso12 and anti-Mtss1-iso12a antibodies. 
Furthermore, mouse anti-GST antibodies (1: 1000, Sigma, 
1160) were used to analyze the presence of the GST tag 
in all recombinant proteins. In western blots with tissue 
lysates of Mtss1-KO cerebella, neither anti-Mtss1-iso12 
nor anti-Mtss1-iso12a antibodies revealed any signal at 
the molecular weight of Mtss1 (~110 kDa). The antibody 
to exon 12a, however, stained a few bands with molecular 
weights <50 kDa, both in tissue extracts from wild-type and 
Mtss1-deficient animals. To test whether this antibody may 
still be used to specifically detect Mtss1-exon 12 on tis-
sue sections, we stained sections prepared from Mtss1-null 
animals with this antibody, and also that for exon 12a. In 
contrast to their intense staining of granule and/or Purkinje 
cells in cerebellar sections of wild-type animals (see, e.g., 
Fig. 8b), neither antibody resulted in any staining of these 
cells on sections from Mtss1-null animals (data not shown), 
documenting their specificity when used on formalin-fixed 
tissue sections.

For immunohistochemistry of paraffin-embedded mate-
rial, rehydrated sections were heated to 94 °C in 10  mM 
sodium citrate buffer (pH 6.1) for 20  min. Endogenous 
peroxidase activity was blocked by incubation in 10% 
methanol/0.1% H2O2 in PBS for 5 min. Sections were then 
incubated in 0.5% Triton X-100 in PBS for 15 min. Non-
specific protein-binding sites were blocked by incubation 
with 2% normal serum in PBS for 1–2  h. Sections were 
then reacted with primary antibodies diluted in blocking 
reagent at 4 °C overnight.

When β-Gal histochemical and immunohistochemi-
cal analyses were combined, cryostat sections were fixed 
in 4% PFA for 5  min and subsequently incubated in a 
solution containing 5-bromo-4-chloro-3-indolyl-galac-
toside (X-gal) as described (Schilling et al. 1991b). For 
immunohistochemical analyses, β-Gal-stained sections 
were incubated in 10% methanol/0.1% H2O2 / 90% PBS 
for 10  min to block endogenous peroxidase activity. 



2790	 Brain Struct Funct (2017) 222:2787–2805

1 3

Afterwards, sections were permeabilized for 10  min in 
PBS containing 0.5% Triton X-100 and blocked by incu-
bation in 2% normal serum from the species in which 
the secondary antibody had been generated. Primary 
and secondary antibodies were diluted in blocking solu-
tion. The following antibodies were used in this study: 
sheep polyclonal anti-Plexin B2 (1: 20, R&D Systems, 
AF5329) and mouse monoclonal anti-NeuN (1: 100, 
EMD Millipore).

For immunocytochemistry, cell cultures were fixed 
48 h after plating with 4% PFA in PBS for 10 min. For 
X-gal histochemistry, fixed cells were stained for β-Gal 
activity as described (Schilling et  al. 1991b). After a 
30-min incubation with 2% normal goat serum to block 
free protein-binding sites, cultures were incubated over-
night at 4 °C with primary antisera diluted in 2% normal 
goat serum. We used rabbit anti-MAP2 (1:1,000, Cell 
Signaling Technologies, 4542) to stain neurites. To ana-
lyze granule cell proliferation, a mouse anti-BrdU anti-
body (1: 200, Sigma, B2531) was used.

The immunoreaction product was visualized using 
biotinylated secondary antibodies (goat anti-mouse, 
Vector Laboratories, BA-9200; goat anti-rabbit, Vec-
tor Laboratories, BA-1000) at a concentration of 1:200, 
and diaminobenzidine as a chromogen. For fluorescently 
labeled cultures, cells fixed and blocked as outlined 
above were stained with anti-MAP2 (1:1000), nuclei 
were visualized using Hoechst 33,258 dye (1  µg/ml). 
After staining, cells were coverslipped and imaged (Axi-
oskop 2, Axiovert 200 M, Zeiss).

To test for structural abnormalities of Purkinje cell 
dendrites, we counted spines on tertiary branchlets. 
Further, we assessed abnormal, downward orienta-
tion of main dendritic branches by counting numbers 
of dendrites that originated distal to the first dendritic 
branch point and intersected a line drawn parallel to the 
Purkinje cell layer end passing through this first branch 
point. A total of 36 Purkinje cells from wild-type and 
33 cells from Mtss1-null cerebella were analyzed, drawn 
randomly from sections obtained from three different 
animals of either genotype. Results were compared using 
a G-test with William’s correction.

To assess the extent of granule cell ectopias, we meas-
ured, in mid-sagittal sections of adult animals, the areas 
occupied by clusters of granule cells outside the internal 
granule cell layer. At least three animals null for Mtss1, 
with restored expression of Mtss1 in Purkinje cells, or 
with restored expression in granule cell precursors were 
analyzed. Data were analyzed using Anova, and post hoc 
comparisons, we calculated using Tukey (all treatment) 
contrasts as implemented in the R package multcomp 
(Hothorn et al. 2008).

Immunoblotting

For protein analysis, cerebella or cultured granule cells 
were solubilized in RIPA buffer supplemented with pro-
tease inhibitor cocktail (Complete, Roche Diagnostics) by 
sonification. A total of 25 μg per sample was fractionated 
by SDS polyacrylamide gels and transferred to Immobilon-
P PVDF membranes (Millipore) by semidry electro-trans-
blotting (BioRad). After blocking with 5% (w/v) non-fat 
dry milk in TBST (0.05 mM Tris, 0.150 mM NaCl, 0.05% 
(v/v) Tween20, pH 7.6), the membranes were incubated 
with the following antibodies: rabbit anti-Mtss1 (1:125, 
Biomol, IMG-6108A), rabbit anti-Mtss1-iso12 (1:250), 
rabbit anti-Mtss1-iso12a (1:250), and rabbit anti-cyclophi-
lin B (1:10,000, abcam, ab16045). After three washes for 
5 min in TBST blots where incubated with HRP-conjugated 
goat anti-mouse (1:30,000, Dianova, 115-035-146) or goat 
anti-rabbit antibodies (1:30,000, Dianova, 111-035-144) for 
2 h at 20 °C. Protein signal was visualized using the Super-
Signal West Pico detection system (Pierce) according to the 
manufacturer’s instructions.

Golgi staining

To study the morphology of granule neurons in  situ, we 
Golgi-impregnated adult cerebella of three Mtss1-KO and 
three wild-type littermates using the FD Rapid GolgiStain 
kit (FD Neurotechnologies) according to the manufac-
turer’s recommendations. Granule neurons of lobus sim-
plex were visualized using an Axioskop 2 microscope, and 
images were acquired with a Cool Snap EZ digital camera 
(Visitron Systems) and AxioVision 4.8.2.0 software (Carl 
Zeiss Microimaging GmbH). Images of Golgi-labeled cells 
were obtained using a z-stack of ten to twelve microphoto-
graphs taken at 1-μm intervals throughout the slice and put 
into a single focused image with the software ImageJ 1.48.

Culture of primary cerebellar granule cells

Primary dissociated cerebellar cells were prepared as 
described (Weisheit et  al. 2006). Briefly, cerebella from 
eight-day-old postnatal mice were dissected in Hanks’ 
balanced salt solution (modified to contain 4.17  mM 
NaHCO3 and 0.7  mM Na2HPO4·2H2O, pH 7.2), and the 
meninges were completely removed. The cerebella were 
mechanically dissociated in small pieces, which were 
then incubated with 0.05% trypsin/EDTA in PBS at 37 °C 
for 15  min. The trypsin action was stopped with trypsin 
inhibitor (Life Technologies) and the cell suspension was 
passed through a nylon mesh (pore size 250 μm). Dissoci-
ated cells were pelleted by low-speed centrifugation. They 
were then resuspended in serum-free medium, and trypan 
blue-excluding cells were counted. Cells were grown at a 



2791Brain Struct Funct (2017) 222:2787–2805	

1 3

density of 500,000 cells/cm2 on 24-well multidishes that 
had been coated overnight with poly-L-lysine (Sigma) 
and, subsequently, for 2  h at 37 °C with laminin (Sigma). 
Cultures were maintained for 24 or 48 h at 37 °C under 5% 
CO2 in serum-free, B27-supplemented Neurobasal medium 
(Gibco).

Time‑lapse video microscopy

For time-lapse studies, cells were prepared and plated as 
described above. Four hours after plating, cultures were 
transferred to an incubator (5% CO2, 37 °C, humidified) 
mounted on an inverted microscope (Leica DMIRE2) 
equipped with a digital CCD camera (DFC350FX, Leica). 
Bright-field images were recorded at low magnifica-
tion (N-Plan 20x/0.04, Leica) with a sampling interval of 
10  min during a total observation period of 280  min. To 
analyze cell mobility, 169 WT neurons and 172 KO neu-
rons were tracked in cultures from three independent prep-
arations (pooled cells from 2 mice each). Cell trajectories 
were determined by following the center of the granule cell 
using the ImageJ plugin ‘MTrackJ’ (http://www.imagesci-
ence.org/meijering/software/mtrackj/). To characterize cell 
migration, the time-averaged mean square displacement 
was calculated for each track (MSD; cf Michalet 2010, for-
mula 7). Linear fits to MSD values were based on intervals 
up to 150 min.

BrdU incorporation

For the proliferation assay, primary granule cells were 
obtained as described above and grown in 24-well dishes 
(Nunc) in a volume of 100 μl and a concentration of 3 × 105 
cells/ml. For Shh treatment, cells were incubated with 
0.625 μg/ml of recombinant human Shh-N (R&D Systems) 
for 24 h. Subsequently, BrdU (Sigma), at 40 µM, was added 
to the media. After another four-hour-long incubation, cells 
were fixed (4% PFA). BrdU incorporation was monitored 
by immunostaining. All experiments were performed at 
least in triplicates.

Percentages of BrdU-positive cells were compared using 
a generalized linear model with a logit link. Genetic back-
ground and treatment were entered as predictive factors in 
the model. For post hoc comparisons, we calculated Tukey 
contrasts using the R package multcomp (Hothorn et  al. 
2008).

Viral transduction of primary granule cells

For N-terminal Strep-tagging of Mtss1, full-length 
cDNAs of the Mtss1 isoforms comprising exon 12 or 

exon 12a were cloned into the mammalian Step-tag vec-
tor pEXPR-IBA5 (IBA). The PCR products were sub-
cloned in-frame with a Strep-tag into an AAV backbone 
containing the 1.1-kb CMV enhancer/chicken β-actin 
(CBA) promoter, the woodchuck posttranscriptional regu-
latory element (WPRE), and the bovine growth hormone 
polyA (AAV-iso12, AAV-iso12a). The same AAV-CBA-
HA-WPRE-bGH backbone carrying the Tomato reporter 
gene was used as a control (AAV-control). AAV pseu-
dotyped vectors (virions containing a 1:1 ratio of AAV1 
and AAV2 capsid proteins with AAV2 ITRs) were gener-
ated as described (McClure et  al. 2011). Briefly, human 
embryonic kidney 293 (HEK) cells were transfected with 
the AAV plasmid, the AAV1 (pH21) and AAV2 (pRV1) 
helper plasmids, and the adenovirus helper plasmid 
(pF▵6, Stratagene) by standard calcium phosphate trans-
fection methods. Forty-eight hours after transfection cells 
were harvested and lysed by four freeze/thaw cycles. The 
efficiency of the viral particles was tested by adding dif-
ferent amounts of HEK lysate to the cultures (four hours 
after plating) and analyzing the number of Strep-positive 
cells (anti-StrepMAB Classic, IBA, 2-1507-001). For all 
experiments, cultures with a transduction efficiency of at 
least 95% were used.

To analyze the effects of Mtss1-exon 12 and 12a vari-
ants on neuritogenesis, we immunostained cultures trans-
duced with the appropriate viral constructs for Map2 
after six and ten days in vitro (DIV) as described above. 
As controls, we included non-transduced cultures derived 
from wild-type and Mtss1−/− mice. Randomly chosen 
areas were photographed using a 40x objective, and 
these micrographs were used for quantitative analysis. 
An estimate of cell density was obtained by counting cell 
nuclei. To assess neurite density, we quantified numbers 
of Map2-positive pixels, which is a function of neurite 
numbers, neurite length, and thickness (or the thickness 
of fasciculated neurites). We used ImageJ to first thresh-
old the images (using the “mean” threshold implemented 
in ImageJ) and subsequently measured the fraction of 
immunoreactive pixels. This approach is preferable to 
direct morphometry of individual neurites, as these are 
typically tightly interwoven and fasciculated in high-den-
sity cultures as are needed to assure long enough survival 
for efficient viral expression. For statistical comparison 
of neurite density, we analyzed the data using a general-
ized linear model with a logit link to account for the fact 
that the response variable was on a proportional (percent-
age) scale. As predictor variable, we used the Mtss1-var-
iant expressed (wild-type, exon 12, exon 12a, or none). 
Cell numbers were entered as a covariate (i.e., to control 
for variations in cell density). For post hoc comparisons, 
we calculated Tukey (all treatment) contrasts using the R 
package multcomp (Hothorn et al. 2008).

http://www.imagescience.org/meijering/software/mtrackj/
http://www.imagescience.org/meijering/software/mtrackj/
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Rotarod analysis

Motor coordination and balancing were tested with an 
accelerating rotarod (Ugo Basile). During the acquisition 
phase, each mouse was given three trials (with an intertrial 
interval of ≥25 min to control for possible effects of physi-
cal exhaustion) for three consecutive days. On each trial, 
the mouse was placed on the drum rotating with 4  rpm 
along its vertical axis, with its head pointing towards the 
direction opposite to that of the rod’s motion. The mouse 
had to move forward on the drum in order to avoid falling 
off. Over a period of 300 s, the rod accelerated to a speed 
of 40 rpm. Runs in which a mouse did not actively balance 
on the rod but rather passively clung to it were excluded. 
After a retention delay of one week, the long-term motor 
memory of the animals was evaluated during three trials. 
To probe the relationship between rotarod performance, 
genotype and age, we fitted these data to a mixed effects 
model, with genotype (WT, KO), age (6 and 12 months), 
and day of testing/learning (1, 2, 3, and 4) as fixed effects. 
As random effects, we had random intercepts and random 
slopes for subjects (mouse). We report lower-bound (i.e., 
conservative) p-values calculated using the methodology 
implemented in R package LMERConvenienceFunctions 
(Newman et al. 2011).

Data analysis and statistical tests

Sample sizes were defined using prospective power analy-
sis to assure a power of at least 0.8 to detect an effect at 
the 5% significance level. For mixed models, we sought to 
detect a 5% difference for fixed effects. For qPCR analyses, 

we aimed to detect an at least twofold difference; for all 
other tests, we aimed to detect a difference of 20% relative 
to controls. Power analyses were based on results and vari-
ances observed in the previous studies and implemented in 
R (R Core Team 2015).

Results

Initial screening of the central nervous system (CNS) by 
immunocytochemistry in adult mice showed widespread 
expression of Mtss1, inter alia in the developing cer-
ebral cortex, the hippocampal formation, and the striatum 
(Fig. 1a–c). The same expression pattern was seen in Mtss1 
heterozygous animals stained for lacZ expressed from the 
Mtss1 locus (Figs. 1e, f, 2a, b).

To address the developmental significance of Mtss1 for 
cortical histogenesis, we focussed on the cerebellar cortex. 
This choice was primarily motivated by the fact that cel-
lular interactions during cortical histogenesis are particu-
larly well understood in the cerebellum; and that the key 
interacting, Mtss1-expressing cells in this cortical structure 
can be readily identified, and selectively and specifically 
targeted by genetic means.

To assess the effect of Mtss1 on normal cerebellar func-
tion and development, we analyzed motor behavior and cer-
ebellar histogenesis in mice deficient for Mtss1 (Xia et al. 
2010). Of note, animals analyzed here are genetically dis-
tinct from those for which similar tests have been described 
recently (Saarikangas et  al. 2015). Mtss1−/− animals were 
born at the expected Mendelian frequency and did not 
show any obviously abnormal behavior or a decreased life 

Fig. 1   Mtss1 is widely 
expressed throughout the 
cerebrum. a–c Immunofluores-
cence staining for Mtss1 (green) 
of CA1 (a), cortex (b), and 
striatum (c) of seven-month-
old wild-type mice reveals 
expression in multiple neuronal 
subtypes. Propidium iodide 
was used to stain nuclei (red). 
Scale bar 50 µm. d–f Alterna-
tively, β-galactosidase staining 
to visualize lacZ reporter gene 
expression in seven-month-old 
heterozygous Mtss1-deficient 
cells (blue) and counterstain-
ing for NeuN (brown) identifies 
neurons in the CA1 region (d), 
cortex (e), and striatum (f) that 
express Mtss1. Scale bar 50 µm
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Fig. 2   Expression of Mtss1 is developmentally regulated and affects 
rotarod performance and cerebellar size. a, b Cerebellar sections 
of P8 (a) and two-month-old Mtss1−/− mice (b) were probed for 
β-galactosidase activity. Note that at P8 granule cells of the external 
granular layer (ECL) and the internal granular layer (IGL) as well as 
Purkinje cells (PCL) are positive for lacZ. In adult Mtss1-null mice, 
X-gal staining is still present in Purkinje neurons, but lacking in gran-
ule cells. Scale bar 50 µm. n > 3 per group. c Western blot analysis 
of Mtss1 proteins in wild-type and Mtss1−/− cerebellar lysates using 
an antibody directed to the C-terminal portion (exon 15) of Mtss1. 
Cyclophilin (Cyc) was used as a loading control. n = 2 independent 
experiments. d At six months of age, Mtss1−/− (KO; n = 15 mice) and 
wild-type (WT, n = 22) mice show comparable rotarod performances. 
Both genotypes improve over time in an indistinguishable way (F(1, 
70) for day = 17.95, p < 0.001; F(2, 70) for genotype = 0.33, p = 0.567; 

F(2, 70) for interaction between day and genotype = 0.49, p = 0.486). 
In contrast, at 12 months of age, the latency to fall of Mtss1−/− mice 
(n = 15) is considerably worse than that of aged wild-type (n = 12) 
animals (F(2, 46) = 16.06, p < 0.001), and also that of Mtss1−/− mice 
at six months (F(1,68) = 11.65, p < 0.001). Note that Mtss1−/− mice 
still improved over time, and that the tempo of improvement was 
comparable to wild-type animals (F(1, 46) for day = 32.09, p < 0.001; 
F(2, 46) for interaction between day and genotype = 0.19, p = 0.668). 
Note also that the performance of wild-type is not dependent on age 
(F(1, 88) = 1.47, p = 0.229). Error bars indicate 1 SEM. The time axis 
is on a logarithmic scale. e, f Matched parasagittal sections stained 
for Calbindin reveal a clear-cut reduction in cerebellar size in seven-
month-old Mtss1-null animals (f) compared to wild-type littermates 
(e). Scale bar 500 µm. n = 5 WT and 4 KO cerebella
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span. Cerebellar protein extracts from these mutants probed 
with an antibody specific to a C-terminal epitope of Mtss1 
showed that these animals were indeed null for this protein 
(Fig. 2c).

Rotarod testing of the motor skills of Mtss1-deficient 
animals at six months of age did not reveal any differ-
ences relative to wild-type littermates (Fig. 2d). At initial 
testing, the time the animals managed to stay on the rotat-
ing rod was the same for Mtss1-deficient animals and their 
wild-type littermates, and both genotypes showed identical 
improvement (learning) upon retesting on subsequent days 
(p for genotype difference = 0.567).

In contrast, when both genotypes were retested at an age 
of 12 months, Mtss1-deficient animals could be clearly dis-
tinguished. While the improvement of performance seen on 
subsequent days was comparable for wild-type and mutant 
animals, the overall performance of mutants was worse on 
all days tested (p for genotype < 0.001). This difference 
was primarily due to a dramatic reduction in the time-aged 
mutant animals managed to stay on the rod (p < 0.001), 
which contrasted with the rather unchanged performance of 
wild-type animals at six and 12 months of age (p = 0.229).

Mtss1 ablation severely impairs Purkinje cell survival 
and morphology

To search for the pathology underpinning this behavioral 
phenotype, we initially compared cerebellar sizes of wild-
type and Mtss1-deficient animals. Overall, cerebellar size of 
Mtss1-deficient animals was clearly reduced as compared 
to wild-type littermates (Fig. 2e, f). When we measured the 
length of the Purkinje cell layer in mid-sagittal sections, 
this size indicator was reduced by 19% in knockout animals 
(n = 5 WT and 4 KO animals; p = 0.043; t test). These sec-
tions also revealed widespread and scattered Purkinje cell 
loss throughout the cerebellar cortex, indicated by a patchy 
and irregular staining for Calbindin. We could not observe 
any anterior–posterior or mediolateral pattern of Purkinje 
cell demise. To delineate the time course of these changes, 
we analyzed sections of animals aged between eight days 
and 12 months (Fig. 3). The most conspicuous finding was 
a progressive loss of Purkinje cells over age. While no dif-
ferences in the density of Purkinje cells were visible at P8, 
P21, and two months of age, massive gaps in the Purkinje 
cell layer were visible in cerebella obtained from seven- and 
12-month-old animals (Fig. 3a, b). At higher magnification, 
besides the overt loss of Purkinje neurons, variability in 
their staining intensity and a somewhat disordered arrange-
ment of their dendrites became apparent. Specifically, 
major dendritic branches in Mtss1−/− animals are often 
oriented towards the granule cell layer, rather than towards 
the meningeal surface, as is the rule in wild-type mice (a 
phenotype somewhat reminiscent of the weeping willow 

dendrites described by Altman and Anderson (1972); com-
pare Fig.  4a, b. In 36 wild-type cells, downward orienta-
tion of main dendrites occurred only twice. In contrast, 24 
such misoriented dendrites were observed in 33 Purkinje 
cells deficient for Mtss1 (p = 1.58 × 10−9; G-test with Wil-
liam’s correction). A conspicuous feature visible in major 
dendrites of Mtss1−/− animals was oval areas, typically 
measuring some 4–6 µm in diameter, devoid of Calbindin 
signal. Careful inspection of serial optical sections strongly 
suggested that these structures resulted from a local thin-
ning or indentation of Purkinje cell dendrites. Similar to 
the major dendritic branches, tertiary branchlets of Purkinje 
cell dendrites in Mtss1 animals showed an abnormal ori-
entation, often pointing downward (i.e., towards the gran-
ule cell layer, but without entering it). At first glance, they 
also appeared thinner and less straight than those in wild-
type animals. Analysis at still higher resolution (Fig. 4c–f) 
confirmed this impression and further revealed that the 
density of tertiary branchlet spines was lower in Mtss1-
deficient animals as compared to controls (protrusions/
µm of dendrite: Mtss1+/+, 2.6 ± 0.14, Mtss1−/−, 1.7 ± 0.09, 
p = 0.0003, t test, n = 3 animals per genotype with 12–13 
cells per animal).

The development of Purkinje and granule cells is tightly 
interconnected. Thus, the above findings in mice globally 
null for Mtss1 do not allow to dissect the primary cellular 
site(s) of action of this protein during normal Purkinje cell 
development. To address this issue, we bred Mtss1-KO ani-
mals with mice expressing the cre recombinase either under 
control of the granule cell-specific Atoh1 (Math1) pro-
moter (Ben-Arie et  al. 1997), or the Purkinje cell-specific 
Pcp2 (L7) promoter (Oberdick et  al. 1990). This allowed 
re-expression of Mtss1, on an Mtss1-deficient background, 
specifically in granule cells and their precursors or postmi-
totic, postmigratory Purkinje cells, respectively. We visu-
alized the wild-type status of individual cells by staining 
for β-galactosidase, which is expressed only in Mtss1-null 
cells, and we used western blotting to assess expression 
strength of Mtss1 (Supplementary Fig. 1).

In Mtss1-null animals in which Mtss1 was selectively 
re-expressed in Purkinje cells, cell-free gaps indicative of 
Purkinje cell loss were no longer detectable, and conse-
quently, overall dendritic density was also higher in these 
animals than in Mtss1-null mice. However, the structure 
of Purkinje cell dendrites was still abnormal, with kinks 
in major dendritic stems and downward oriented tertiary 
branchlets reminiscent of the situation in mice globally null 
for Mtss1 (Fig. 4g). Conversely, in mutant animals in which 
expression of this gene was selectively restored in granule 
cells (Fig. 4h), Purkinje cell gaps were the most prominent 
finding. Further, Purkinje cell dendrites were stunted and 
disfigured, as described above following the global knock-
out of this gene (Fig. 4d).
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Another difference between Purkinje cells in WT and 
Mtss1−/− animals was the presence, in the latter, of multiple 
swellings in the axons (axon collaterals) that form the sub-
ganglionic plexus. These appeared as bead-like, roundish 
structures with a diameter of around 5–6 µm, clearly larger 
than axonal swellings characteristic for the subganglionic 

plexus in wild-type mice (2–3  µm in diameter). Consist-
ently, Purkinje cell axon terminals identified by staining 
for Calbindin surrounding deep nuclear neurons were also 
larger in Mtss1-deficient animals as compared to controls 
(Fig. 5a, b). Quantitative analysis showed that this was due 
to a gain of large-diameter terminals, and a compensatory 

Fig. 3   Ablation of Mtss1 causes impaired survival of Purkinje neu-
rons. a Immunocytochemical staining for Calbindin shows a regular 
layer of Purkinje cells in wild-type (WT) and mutant mice (KO) at 
eight and 21 days of age, but multiple regions devoid of Purkinje cells 
in seven-month-old animals. Scale bar 250  µm. n = 5 per group. b 

This observation is confirmed in Nissl-stained sections, which appear 
indistinguishable in two-month-old animals, but show massive gaps 
in the Purkinje cell layer in seven- and 12-month-old animals. Scale 
bar 50 µm. n = 5 per group
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reduction of the fraction of smaller terminals, which, how-
ever, were still present in Mtss1-deficient animals (Fig. 5e). 
The median size of terminals in Mtss1−/− mice was 0.93 vs 
0.56 µm in wild-type animals. More than 15% of all termi-
nals in Mtss1−/− animals were larger than the largest ones 
observed in wild-type mice (Fig. 5e, p < 0.001 by Kolmog-
orov–Smirnov test for equality of distributions). Re-expres-
sion of Mtss1 in Purkinje cells fully reverted this axonal/
presynaptic phenotype (Fig.  5c; WT vs Mtss1-positive 
Purkinje cells on a null background, p > 0.3). In contrast, 

Fig. 4   Altered Purkinje cell dendritic morphology in Mtss1−/− mice. 
a, b Commensurate with Purkinje cell loss in aged Mtss1−/− animals, 
parts of the molecular layer were devoid of Purkinje cell dendrites, 
giving it an overall patchy appearance in sections stained for Cal-
bindin (B; A shows an age-matched wild-type). Note also the some-
what kinky course of main dendritic branches in the mutant, and the 
presence of ovoid structures devoid of immunosignal (arrows in b). 
Finally, note that axonal swellings in the subganglionic plexus are 
considerably larger in seven-month-old Mtss1−/− animals than in con-
trols (arrowheads in b). Scale bar 50 µm. n = 4. c, d Higher power 
views of representative areas of the molecular layer again show differ-
ences in dendritic density between wild-type (c) and Mtss1−/− mice 
(d). Scale bar 20  µm. e, f At still higher magnification, spine den-
sity appears noticeably reduced in mutant mice. Scale bar 2 µm. g, h 
Purkinje cell dendritic morphology approaches that seen in wild-type 
cells following re-expression of Mtss1 in these cells (g). In contrast, 
Purkinje cell dendrites are still dysmorphic if re-expression of Mtss1 
occurs selectively in granule cells (h). Purkinje cells were identified 
by immunostaining for Calbindin. Scale bar 50 µm, n = 5

Fig. 5   Mtss1 ablation causes increased size of Purkinje cell axon 
terminals. a, b Calbindin-immunoreactive Purkinje cell axon termi-
nals surrounding somata (arrows) of neurons in the dentate nucleus 
of age-matched (seven-month old) wild-type (a) and global Mtss1−/− 
mice (b). n = 3 per group. Scale bar 250  µm. c, d Terminals of 
Purkinje cell axons of mice in which Purkinje cells were reverted to 
wild-type status (c) and of mice which re-expressed Mtss1 in granule 
cells (d). n = 3–4 per group. Scale bar 250 µm. e Purkinje cell axon 
terminals in global Mtss1−/− mice and animals in which granule cells 
were reverted to wild-type status are skewed towards larger sizes rela-
tive to that seen in wild-type mice or in animals with Purkinje cell-
specific re-expression of Mtss1. n = 3–4 mice per group, n = 328 ter-
minals for WT, 211 for KO, 215 for animals in which granule cells 
were wild-type on a null background and 162 terminals for animals 
with wild-type Purkinje cells on a null background
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re-expression in granule cells had no effect on the aberrant 
presynaptic structure of Purkinje cells (Fig.  5d, p < 0.001 
for comparison with WT or Mtss1-positive Purkinje cells 
on a null background; and p > 0.5 for KO vs Mtss1-positive 
granule cells on a null background).

Mtss1 deficiency causes displaced and morphologically 
altered granule cells

Besides Purkinje neurons, granule cell development was 
also affected in Mtss1-deficient animals. While no obvi-
ous differences were visible at P8, multiple sub-meningeal 
granule cell ectopias were observed from P21 onward 

(Fig. 6a). These were more frequent in the posterior lobes 
of the cerebellum and typically consisted of small, flat clus-
ters of cells that stained strongly for NeuN, which, within 
the cerebellar cortex, is a specific marker for postmitotic 
and postmigratory granule cells (Weyer and Schilling 
2003).

As documented in Fig.  6d, granule cell ectopias per-
sisted in cerebella of Mtss1-null mice in which Mtss1 was 
re-expressed in Purkinje cells. While ectopias persisted also 
after restoration of Mtss1 expression in granule cells, they 
were considerably smaller in these animals than those seen 
in animals in which granule cells and their precursors were 
null for Mtss1 (Fig. 6e).

Fig. 6   Loss of Mtss1 leads to displaced and morphologically altered 
cerebellar granule neurons. a At P8, the localization of postmi-
totic NeuN-positive granule cells is indistinguishable in wild-type 
(WT upper row) and Mtss1-deficient animals (KO lower row). At 
P21, when the external granular layer has just vanished, as well as 
in seven-month-old animals, Mtss1 KO cerebella show ectopically 
clustered granule cells in the molecular layer (arrows). Note that the 
amount of postmitotic granule cells dispersed in the molecular layer 
of Mtss1−/− cerebella seems to be increased in all ages investigated. 

Scale bar 150  µm. n = 4–6 per age. b, c Representative examples 
of Golgi-stained granule cells of Mtss1 wild-type (b) and mutant 
cerebella (c). Scale bar 10  µm. n = 3 per group. d, e Nissl staining 
documents the persistence of granule cell ectopias following the 
reconstitution of Mtss1 expression in Purkinje cells (d). Following re-
expression of Mtss1 in granule cells (and their precursors), ectopias 
are largely gone, although minor ones can still be detected (e). Scale 
bar 150 µm. n = 5 animals aged 6–7 month
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To get a quantitative perspective on these ectopias, we 
measured, in matched sagittal sections from the vermis 
cerebelli, the size of sub-meningeal granule cell clusters. 
Previous investigations have shown that such ectopias may 
occur, if rarely, in wild-type C57Bl/6 mice. If so, they are 
restricted to lobules VIII and IX, where they impressed as 
cellular bridges between the granule layers of theses lob-
ules theses lobules (van Dine et al. 2015).

Therefore, we carefully screened wild-type littermates 
of our Mtss1-deficient animals for granule cell ectopias. In 
keeping with the above reports, we did not observe ectopias 
in more than 20 animals screened. In contrast, in Mtss1-
deficient animals, ectopias were found scattered all along 
the anterior–posterior axis. They occurred at about the 
same frequency (range = 17–32 per section) as in mice in 
which Purkinje cells were reverted to a wild-type status 
(range = 20–23). Numbers of ectopias were lower in Mtss1-
null animals in which Mtss1 was reverted to a wild-type 
status in granule cell precursors (range 9–16). Further, in 
these latter animals, remaining ectopias were restricted to 
the posterior cerebellum. This difference became even more 
obvious when we assessed the size of these ectopias (taking 
their area in sagittal sections as a proxy of total size): While 
ectopias were of about the same size in Mtss1-null ani-
mals and Mtss1-null animals with re-expression of Mtss1 
in Purkinje cells (17,906 +/−961 µm2 vs 20,334 +/−4137 
µm2; p = 0.664; Anova for genotype effect, followed by 
Tukey’s post hoc test), they were considerably smaller in 
animals in which Mtss1 expression was restored to granule 
cell precursors (5052+/−402 µm2; p = 0.001 when com-
pared to Mtss1-null mice). Thus, Mtss1 deficiency results 
in granule cell ectopias that are not appreciably reduced by 
selective re-expression of Mtss1 in Purkinje cells, but are 
largely reduced following the re-expression in granule cell 

precursors. Persistent granule cell ectopias in the latter ani-
mals are located in posterior cerebellum, where the Atoh1 
(Math1) promotor used to bring about Mtss1 reconstitution 
to granule cell precursors is known to be not fully effec-
tive (Machold and Fishell 2005; Pan et  al. 2009; see also 
"Discussion").

Further, as compared to wild-type littermates, increased 
numbers of single postmitotic granule cells were found 
in the molecular layer of adult Mtss1-deficient animals 
(Fig.  6a). A comparison of Golgi-stained cells present in 
the granule cell layer of adult Mtss1−/− and wild-type mice 
revealed multiple anomalies including shortened or miss-
ing dendrites or bulged soma (Fig. 6b, c) in Mtss1-deficient 
granule neurons.

To investigate whether ectopias were caused by altered 
granule cell precursor proliferation, we stained early post-
natal cerebellar sections with the proliferation marker 
PCNA. Comparison of the genotypes did not reveal any dif-
ferences between cerebella of wild-type and Mtss1−/− ani-
mals (Fig. 7a, b). Further, cells isolated from eight-day-old 
postnatal cerebellar anlagen of wild-type and Mtss1−/− ani-
mals showed equal numbers of cells incorporating BrdU. 
This series of experiments also revealed that Mtss1-defi-
cient cells showed the same sensitivity towards the granule 
cell mitogen, sonic hedgehog as wild-type cells (Fig. 7c).

Developmental expression and cellular localization 
of Mtss1 isoforms in the cerebellum

Any mechanistic interpretation of the morphological defi-
cits outlined above needs to consider that two splice vari-
ants of Mtss1 are expressed in the CNS, and specifically 
during cerebellar development (Glassmann et al. 2007). To 

Fig. 7   Mtss1 is dispensable for granule cell proliferation. a, b PCNA 
staining of P8 Mtss1+/+ mouse cerebella (a) shows no histologi-
cal alterations compared with Mtss1−/− mouse tissue (b). Scale bar 
150 µm. n = 3 per group. c Ablation of Mtss1 does not influence the 
proliferation of primary granule neurons as measured by the per-
centage of cells that incorporated BrdU (WT vs KO, p = 0.969). Shh 
leads to a massive increase of the fraction of cells that incorporated 

BrdU both in Mtss1+/+ and Mtss1−/− cultures (for both, Shh vs no 
treatment, p  ≤ 0.001). Yet as for untreated cells, numbers of BrdU-
positive cells in wild-type and Mtss1-deficient cultures could not be 
distinguished (p = 0.714) following Shh treatment. Error bars are 
SEM. n = 2 independent experiments with 625–1211 cells scored per 
genotype and condition
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date, the function of the CNS-specific isoform of Mtss1 is 
still elusive.

To address this issue, we sought to obtain a quantitative 
estimate of Mtss1 splice variant expression during cerebel-
lar development and to assess the (sub-) cellular location 
of the respective protein products. Expression of Mtss1 
mRNA is stronger at P8 as compared to P0 or adults. This 
is true for both the exon 12 and exon 12a isoform (Fig. 8a). 
Overall, expression of the exon 12a variant is consider-
ably stronger than that of the exon 12 variant (about 12–17 
fold), with the biggest differences seen in adults (~120-day-
old animals). However, age-dependent changes in relative 
expression levels of these two exons were rather moderate.

To clarify whether both Mtss1 isoforms are expressed by 
the same cell or whether they are differentially expressed 
in distinct cell types, we used antibodies specific for Mtss1 
isoforms comprising either exon 12 or 12a. Staining of cer-
ebellar sections of P8 mice with these antibodies revealed 
that both Mtss1 isoforms were expressed in Purkinje neu-
rons and in granule cells, both in the EGL and the IGL. In 
two-month-old animals, immunoreactivity for Mtss1 was 
no longer visible in granule cells (Fig. 8b). In Purkinje neu-
rons, the subcellular localization of the immunosignal was 
strikingly different for the two isoforms. Staining for both 
splice variants resulted in an outlining of entire Purkinje 
cells, including their dendritic trees and also their axons, 
which can readily be identified passing the granule cell 
layer. In contrast, in adult Purkinje cells, the exon 12 vari-
ant of Mtss1 localizes to the nucleus, whereas that com-
prising exon 12a was excluded from it. Finally, it seems 
appropriate to note that these antibodies also permitted us 
to verify that Mtss1-deficient animals were indeed devoid 
of both Mtss1 isoforms (Fig. 8c).

Splice variant‑specific effects of Mtss1 on granule cell 
development

To further probe how Mtss1 might affect granule cell 
development, and particularly to assess potentially specific 
effects of its splice isoforms, we next studied cerebellar 
granule cell development in vitro. As in the intact cerebel-
lum, expression of the Mtss1-exon 12a isoform is consid-
erably stronger than that of the exon 12 variant over ten 
days of cultivation (Fig. 8a). Of note, the transcription level 
of the Mtss1 isoform comprising exon 12 is constantly 
reduced from DIV 1 to DIV 10. In contrast, the amount of 
mRNA encoding the exon 12a variant increases until DIV 3 
but then drops during further maturation.

Next, we compared the motility of granule cells in pri-
mary cultures prepared from wild-type and Mtss1-deficient 
mice. After seeding, cells were allowed to adhere to the 
substratum for four hours; they were then tracked for five 
hours. Figure 9b shows the (time- and ensemble-averaged) 

Fig. 8   Mtss1 isoforms are differentially expressed in maturing cer-
ebellum. a qPCR analysis of Mtss1 splice isoforms comprising exon 
12 or exon 12a in Mtss1 wild-type animals at different developmen-
tal stages. Note the fivefold difference of scales for exon 12 and exon 
12a. Expression levels are relative to that of GAPDH. n = 4 per age. 
Error bars = 1 SEM. b Cerebellar sections of P8 and two-month-old 
WT mice were stained with antibodies specific to Mtss1 splice iso-
forms harboring exon 12 (iso12) or exon 12a (iso12a). At P8, both 
isoforms show comparable cell type-specific and subcellular locali-
zation. In adult cerebellum, granule cells cease to express Mtss1, 
whereas in Purkinje cells Mtss1 protein is still detectable. In mature, 
Purkinje cells Mtss1-exon 12 localizes to the nucleus but Mtss1-exon 
12a does not. EGL: external granular layer. PCL: Purkinje cell layer, 
IGL: internal granular layer, ML: molecular layer, GCL: granule cell 
layer. Scale bar 50 µm. n = 3 animals per age. c Western blot analysis 
of Mtss1 wild-type (WT) and Mtss1-deficient (KO) cerebellar lysates 
probed with antibodies directed to Mtss1-exon 12 or -exon 12a dis-
playing complete loss of both isoforms in Mtss1−/− brain. n = 2 inde-
pendent experiments
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mean square displacement (MSD) values obtained from 
these tracks. These MSD curves provide information on at 
least two salient issues. First, they allow assessing average 
cell motility (speed), which may be derived from the slope 
of the fitted straight lines. Second, they inform us about 
directional persistence of migrating cells. This latter infor-
mation is represented in the deviations of data points from 
the straight line fit (for formal details, see below). Thus, 
MSD values of wild-type and Mtss1-deficient cells seem 
to deviate systematically from what would be predicted 
assuming purely random (Brownian, diffusive) motion; 
the latter prediction is indicated by the straight line fits in 
Fig. 9b. Intriguingly, this deviation differs, in direction, for 
wild-type and Mtss1−/− cells.

To test this, we next fitted the data to power functions 
of the form MSD ~ K × timealpha (Metzler and Klafter 
2000; Ruthardt et al. 2011). In this model, a value of one 
for alpha is indicative for a purely diffusive (Brownian) 
mode of locomotion; values smaller than one indicate hin-
dered (corralled) locomotion, and values between 1 and 
2 indicate superdiffusion (or directed movement). K is a 
parameter composed of a constant characteristic for dimen-
sionality of the observations (4 in the present case, as we 
observed migration in 2-dimensional space), and the “dif-
fusion constant.” For cell movement, this latter may more 
appropriately called “random motility coefficient” (Dick-
inson and Tranquillo 1993). Comparison of the parameters 
of these fits (legend to Fig. 9) for WT and Mtss1-deficient 
cells reveals several facts. First, K appears to be about the 
same for both genotypes (p = 0.667 by two-sided t test). In 
contrast, alpha is different for the two genotypes (p = 1.15 × 
10−8 by two-sided t test). Alpha calculated for wild-types is 
slightly larger than unity. While the difference may appear 
subtle, it is clearly significant (p = 0.038 by two-sided 

t test). In contrast, alpha for Mtss1-null cells is clearly 
smaller than one (p = 1.19 × 10−6). As alpha enters the 
model as an exponent, this indicates a major difference in 
overall motility, i.e., while motility of wild-type cells shows 

Fig. 9   Expression of Mtss1 isoforms and mobility of cultured gran-
ule cells. a qPCR analysis of Mtss1 splice isoforms comprising exon 
12 or exon 12a in wild-type primary granule cells at different devel-
opmental stages. Expression levels are relative to that of GAPDH. 
Note the fivefold scale difference of scales for exon 12 and exon 12a. 
DIV: days in vitro. Error bars are SEM of two independent experi-
ments. b Mean square displacement (MSD) analysis of the trajec-
tories of Mtss1+/+ and Mtss1−/− granule cells (169 and 172 cells, 
respectively; 28 time points each). When these data were fitted to a 
power functions of the form MSD ~ K × timealpha, the directional 
persistence-associated parameter alpha differed for wild-type and 
KO cells (1.011 ± 0.004 vs 0.942 ± 0.009; p = 1.16 × 10−8), and both 
differed from unity (p = 0.038 and 1.19 × 10−6, respectively). Fits 
expected for alpha = 1 are shown as straight lines. The speed-related 
parameter K is not significantly different for wild-type and Mtss1-null 
cells (52.76 ± 1.06 vs 51.40 ± 2.08; p = 0.667). Error bars are SEMs. c 
Distributions of absolute distances covered by wild-type (solid line) 
and Mtss1 KO cells (dotted line) over 280 min in vitro. Dark-shaded 
areas indicate distances for which Mtss1 KO cells outnumber wild-
type cells, and lightly shaded areas distances for which wild-type 
cells prevail

▸
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some minor degree of directional persistence even in the 
unstructured in  vitro environment, that of Mtss1−/− cells 
appears hindered, or corralled. This difference in motil-
ity is also reflected in the absolute distance covered by the 
cells during the observed period. Most Mtss1-deficient 
cells were found up to 100–150 µm from their staring point 
after 280  min of migration (Fig.  9c). There was a clear 
shift in the distribution of the distances covered towards 
larger values for wild-type cells. If we define cells that had 
moved away from their starting point less then 10 µm (i.e., 
roughly twice the diameter of a typical granule cell soma) 
as “immobile,” we found that some 1.8 and 2.9% of all cells 
(3 and 5 cells, in absolute numbers) fell into this category 
for wild-type and Mtss1-deficient cells, respectively.

During migration, granule cells also elaborate their 
axons and dendrites. To directly probe potential effects of 
Mtss1 variants on granule cell neuritogenesis, we com-
pared neurite formation in cultured granule cells from 
Mtss1-deficient animals in which we re-expressed, via viral 
transduction, Mtss1-exon 12, or exon 12a. We verified effi-
cient expression in transduced cells by western blotting 
(Fig.  10a). While only weak expression of virally trans-
duced Mtss1 was visible after 6 DIV, a strong signal was 
obtained at DIV 10 (Fig. 10a).

When we compared neurite densities in these cultures 
(Fig. 10b), we observed that following viral transduction of 
Mtss1-null cells with the exon 12a comprising isoform of 
Mtss1 neurite densities reached wild-type levels at DIV 6, 
and even surpassed these after 10 DIV. In contrast, expres-
sion of the exon 12-comprising isoform of Mtss1 in Mtss1-
null granule cells did not lead to a detectable effect on neu-
rite densities after 6 DIV, and caused only a minor increase 
after 10 DIV. These effects were robust and highly signifi-
cant (p at least < 0.01, Fig. 10c).

Discussion

Mtss1 affects dendritic and axonal development

In the cerebellum, Mtss1-deficiency results in malformed 
dendrites and axons, notably of Purkinje and granule 
cells. Yet these cells not only both express Mtss1, but also 
impinge on each other’s morphogenesis (see, e.g., Schil-
ling et al. 1991a; Baptista et al. 1994). To unambiguously 
identify the cellular site(s) of action responsible for the 
observed phenotype, we therefore re-expressed, on a global 
Mtss1-null background, Mtss1 specifically and selectively 
in Purkinje or granule cells. As Purkinje cell dendritic 
abnormalities characteristic for Mtss1-null mice persist 
if this gene is re-expressed selectively in granule cells 
(and their precursors), it follows that Mtss1 expression in 
Purkinje cells proper is critical for their dendritogenesis. 

Fig. 10   Mtss1-deficient granule cells display reduced neurite devel-
opment that can be rescued by expression of Mtss1-exon 12a. a West-
ern blot analysis of primary cerebellar granule cells transduced with 
rAAV-exon 12a and rAAV-exon 12. The size difference of Mtss1 
bands of transduced primary neurons compared to wild-type cerebel-
lar lysate is caused by the Strep-tag added to the N-terminus of the 
transduced proteins. Cyclophilin (Cyc) was used as a loading control. 
Results are representative data of two independent experiments. b 
Representative images of X-gal and Map2-stained primary cerebel-
lar granule cells after six days in  vitro. Mtss1−/− neurons have less 
neurites compared to granule cells derived from Mtss1+/+ littermates. 
Upon rAAV-mediated expression of Mtss1, phenotypical rescue can 
be achieved only by Mtss1-exon 12a. Scale bar 15 µm. c Quantitative 
analysis of neurite density following expression of either exon 12 or 
exon 12a variant of Mtss1. Neurite density in Mtss1-deficient (KO) 
cells is clearly lower than in wild-type (WT) cells (at DIV 6 and DIV 
10, p < 0.001). Following expression of Mtss1-exon 12a in KO-gran-
ule cells, neurite density increases and is no longer distinguishable (at 
DIV 6, p = 0.877) or even exceeds that in wild-type cells (at DIV 10, 
p < 0.010). In contrast, following expression of Mtss1-exon 12 in KO-
granule cells does not appreciably affect neurite density (at DIV 6, 
p = 0.803; at DIV 10, p = 0.058 for transduced vs KO cells). Neurite 
density is expressed as the percentage of the area covered by MAP2 
positive processes. Results are representative data of two independent 
experiments
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Conversely, the persistence of such defects even after selec-
tive restoration of Mtss1 to Purkinje cells indicates that 
Mtss1 expression in Purkinje cell afferents is also required 
for orderly Purkinje cell dendritogenesis. A parsimonious 
explanation of this observation is that Mtss1 deficiency in 
granule cells impairs the physiologic transsynaptic tuning 
of Purkinje cell dendritogenesis (Schilling et  al. 1991a; 
Baptista et  al. 1994; for a review see; Sotelo and Rossi 
2013).

Thus, persistent Purkinje cell dendritic defects in Mtss1-
null mice with Mtss1 expression restored to Purkinje cells 
also point to a hitherto unknown effect of Mtss1 on axonal, 
or presynaptic, development and/or function. Two addi-
tional findings reported here further support this conclu-
sion. First, abnormal synaptic terminals of Purkinje cells 
in deep cerebellar nuclei of Mtss1-deficient animals are 
the direct evidence for an axonal effect of Mtss1. Indeed, 
this appears a cell-intrinsic effect, as it is abolished upon 
re-expression of Mtss1 in Purkinje cells of Mtss1-null ani-
mals. Second, impaired neuritogenesis of Mtss1-null gran-
ule cells strongly suggests that axon formation of these 
cells is also Mtss1-dependent. This latter interpretation is 
borne out by the recent observation that spontaneous excit-
atory postsynaptic currents (mEPSC) in Purkinje cells are 
reduced in young Mtss1−/− mice (Saarikangas et al. 2015). 
To wit, this signifies either a decreased density or release 
probability of excitatory Purkinje cell afferents. Whether 
this axonal phenotype related to Mtss1 expression implies 
sorting of this protein to the axon, or reflects an indirect, 
say an effect of Mtss1 on the sorting of other constituents 
to the axon, is currently not known.

Our analysis of granule cell neuritogenesis in  vitro 
provide one rationale to explain the morphological (this 
study) and electrophysiological (Saarikangas et  al. 2015) 
changes indicative of a reduced granule cell innervation of 
Purkinje cells following Mtss1 ablation. First, we note that 
any effect observed in  vitro is unambiguously intrinsic to 
granule cells, since their postsynaptic targets, viz. Purkinje 
cells, do not survive in cerebellar cultures as used here (see 
e.g., Tabata et al. 2000). More importantly, our reconstitu-
tion experiments not only document that re-expression of 
Mtss1 is necessary and sufficient to normalize neurite for-
mation to the level seen in wild-type granule cells, but also 
that this is specific for the exon 12a variant of Mtss1. Con-
sistently, the time course of expression of the cognate exon 
12a variant parallels the phase of massive granule cell axon 
growth. These observations define a first function specific 
to the exon 12a variant of Mtss1, and in fact one that seems 
nicely compatible with the CNS-specific expression of this 
isoform, which is not found in peripheral tissues (Glass-
mann et  al. 2007). Unfortunately, the structure of these 
exons do not suggest any reasonable clues how this specific 
function may be mechanistically realized (for a sequence 

comparison of exons 12 and 12a and a discussion of poten-
tial consequences, see Glassmann et al. 2007).

Orderly granule cell migration depends on Mtss1

The sub-meningeal granule cell ectopias observed Mtss1-
deficient animals indicate that Mtss1 also affects granule 
cell migration. While selective re-expression of Mtss1 
in Purkinje neurons does not appreciably affect granule 
cell ectopias in Mtss1-null animals, selective restoration 
of Mtss1 to granule cell precursors on a null background 
greatly reduces the extent and numbers of such ectopias. 
In fact, persistent granule cell ectopias in Mtss1-null mice 
with re-expression of Mtss1 in granule cell precursors are 
restricted to the posterior cerebellum, where the promotor 
used to reconstitute Mtss1-expression to granule cell pre-
cursors is known to be less efficient and turned on only 
later during development (Machold and Fishell 2005; Pan 
et  al. 2009). Thus, this phenotype independently supports 
the conclusion that ectopias are caused primarily by Mtss1 
deficiency specifically in granule cell precursors. For the 
sake of completeness, we note that we cannot formally 
exclude that the proper granule cell migration may also be 
influenced on Mtss1 expression also in non-granule cells, 
notably Purkinje neurons, though our data do not suggest 
such a conclusion. Quite to the contrary, the altered migra-
tory behavior of Mtss1-null granule cells in vitro suggests a 
mechanistic interpretation of how Mtss1 may cell-intrinsi-
cally impinge on granule cell motility.

The culture model used lacks typical directional cues 
that act on migrating granule cell in situ. Consistently, cul-
tured wild-type granule cells move in an essentially ran-
dom fashion, with only a minor degree of directional per-
sistence. In contrast, mobility of Mtss1-deficient granule 
cells in vitro is hindered or corralled (Burov et  al. 2011). 
Considering that in vitro, the predominant cell types which 
might impose corralling as observed in the absence of 
Mtss1 are granule cells themselves, a tentative explana-
tion for the origin of granule cell ectopias in vivo might be 
that Mtss1 deficiency impedes the exit of early postmitotic 
granule cells from the EGL. This interpretation is in keep-
ing with the established role for homotypic interactions of 
granule cells for their development (Gao et al. 1991), and it 
assigns Mtss1 a cell-intrinsic function in this process.

Intriguingly, recent observations in bone marrow cells 
(Zhan et al. 2016) suggest that Mtss1-deficient granule cell 
precursors may be incapable to down-regulate Cxcr4 sur-
face expression. This, in consequence, may be predicted 
to impede the orderly emigration of differentiating granule 
cells from the external granule cell layer (Vilz et al. 2005), 
and thus suggests a granule cell-intrinsic, direct molecular 
mechanism to explain the phenotype observed here. Fur-
ther, the known positive effects of Mtss1 on Rac1 activity 
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(Bompard et al. 2005; Suetsugu et al. 2006; Dawson et al. 
2012a) may also contribute to explain the migratory defi-
cits we observed in Mtss1-null granule cells. Active Rac1 
positively regulates granule cell polarization and migra-
tion by modulating actin dynamics (Tahirovic et al. 2010). 
Intriguingly, Purkinje cell spine development and axon 
arborisation are also the subject to Rac1 activity (cf Luo 
et  al. 1996). Similarly, a direct interaction between Mtss1 
and RhoA has been observed in cancer cells, resulting in 
a reduction of Rho activity (Mertz et  al. 2014; Lei et  al. 
2014). Interestingly, RhoA-deficient cerebellar granule 
cells exhibit delayed migration (Mulherkar et  al. 2014). 
Lastly, Mtss1 has recently also been described to scaffold 
and organize aPKC-iota/lamda, Pard3, and Pard6 (Atwood 
et al. 2013), which are known to regulate directional migra-
tion (Atwood et  al. 2013; Crespo et  al. 2014), including 
that of granule cells (Solecki et  al. 2004). Together with 
the present results, these findings emphasize the concept 
that Mtss1 provides a scaffold to integrate the fine-tuning 
of actin dynamics by multiple signaling cascades which 
assure proper granule cell migration.

Finally, the exon 12a-specific effect of Mtss1 on gran-
ule cell neuritogenesis described above begs the question 
whether Mtss1 effects on migration might be also exon-
dependent. Experiments to address this issue are currently 
not feasible, as cultured granule cells become immobile 
and differentiate well before viral expression becomes effi-
cient (Trenkner et al. 1984; Tarnok et al. 2005).

Mtss1 deficiency and protracted neuronal demise: 
a paradigm chronic neurodegeneration based 
on minimal developmental defects?

A feature that distinguishes the cerebellar phenotype of 
Mtss1-deficient animals from other mutants with abnor-
malities in this brain region (e.g., Caviness and Rakic 
1978; Manzano et  al. 2007; Fernandez-Gonzalez et  al. 
2002; Kullmann et  al. 2012) is the rather protracted and 
progressive demise of Purkinje cells and the accompany-
ing neurological deficits as documented here, and also by 
Saarikangas et al. (2015), who used a genetically different 
Mtss1-deficient strains of mice than the one analyzed here. 
This loss of neurons, superimposed on a clear-cut devel-
opmental disruption, also distinguishes Mtss1-deficient 
animals from mice in which other I-BAR (Sawallisch et al. 
2009; Kim et  al. 2009) or F-BAR proteins (Carlson et  al. 
2011; Charrier et al. 2012) have been ablated.

Intriguingly, the observation that Purkinje cell loss 
is greatly reduced if Mtss1 expression is selectively 
restored to Purkinje cells (on an otherwise Mtss1-null 
background) allows to separate the effects of Mtss1 on 
Purkinje cell survival and dysmorphology. The latter 

cannot be the sole cause of the protracted neurological 
demise observed in globally Mtss1-null animals. This 
focuses attention on the nuclear localization of Mtss1 
seen in older animals and raises the question whether 
Mtss1 affects nuclear organization and, eventually, tran-
scriptional dynamics. For one, the lipid composition of 
the nuclear membrane [for a review, see (Barlow et  al. 
2010)] is such that it would allow Mtss1 to bind (Mattila 
et al. 2007). Further, recent research has revealed increas-
ing evidence for the presence and regulatory function of 
actin within the nucleus (for reviews, see Treisman 2013; 
Hendzel 2014). Whether Mtss1 acts within the nucleus 
in an analogous mode as at the cell membrane, or in a 
hitherto unknown fashion, remains to be seen. Still, the 
present data clearly identify Mtss1 as member of a grow-
ing number of actin-interacting proteins with (regulated) 
nuclear location which may be critical to regulating actin 
nuclear function(s) (see, e.g., Johnson et  al. 2013 and 
further references therein). Of note, our observation that 
the exon 12 variant of Mtss1, but not the variant com-
prising exon 12a, may enter the nucleus suggests that 
nuclear access of Mtss1 is developmentally regulated, in 
parallel with splicing. Finally, as the nuclear localization 
and export signals encoded in the Mtss1 sequence are not 
affected by differential usage of exons 12 or 12a (Glass-
mann et al. 2007), we may conclude that exon 12a consti-
tutes a structural hindrance for nuclear entry.

In conclusion, the present results provide a detailed 
account of the function of Mtss1, a key linker between 
the actin cytoskeleton and the cell membrane, for the 
development and maintenance of a paradigmatic neuronal 
circuit, the cerebellar cortex. We identify cellular sites of 
action responsible for the pleiotropic effects of this pro-
tein on cell survival, migration, and neuritogenesis. Fur-
ther, our data identify a specific effect of the Mtss1-exon 
12a splice variant on neuritogenesis and thus identify a 
first function for this so far enigmatic neuron-specific 
isoform. Lastly, the protracted neurodegeneration seen 
in Mtss1-null mice suggests them as a model to study 
the linkage between neurodevelopmental disorders and 
neurodegeneration.
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