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Abstract
Configuration of tripartite synapses, comprising the pre-, post-, and peri-synaptic components
(axon terminal or bouton, dendritic spine, and astroglial terminal process), is a critical determinant
of neurotransmitter kinetics and hence synaptic transmission. However, little is known about
molecular basis for the regulation of tripartite synapse morphology. Previous studies showed that
CDC42EP4, an effector protein of a cell morphogenesis regulator CDC42, is expressed
exclusively in Bergmann glia in the cerebellar cortex, that it forms tight complex with the septin
heterooligomer, and that it interacts indirectly with the glutamate transporter GLAST and
MYH10/nonmuscle myosin ΙΙB. Scrutiny of Cdc42ep4-/- mice had revealed that the CDC42EP4septins-GLAST interaction facilitates glutamate clearance, while the role for CDC42EP4-septinsMYH10 interaction has remained unsolved. Here, we find anomalous configuration of the
tripartite synapses comprising the parallel fiber boutons, dendritic spines of Purkinje cells, and
Bergmann glial processes in Cdc42ep4-/- mice. The complex anomalies include 1) recession of
Bergmann glial membranes from the nearest active zones, and 2) extension of nonactive synaptic
contact around active zone. In line with the recession of Bergmann glial membranes by the loss
of CDC42EP4, overexpression of CDC42EP4 in heterologous cells promotes cell spreading and
partitioning of MYH10 to insoluble (i.e., active) fraction. Paradoxically, however, Cdc42ep4-/cerebellum contained significantly more MYH10 and N-cadherin, which is attributed to
secondary neuronal response mainly in Purkinje cells. Given cooperative actions of N-cadherin
and MYH10 for adhesion between neurons, we speculate that their augmentation may account for
reflect the extension of nonactive synaptic contacts in Cdc42ep4-/- cerebellum. Transcellular
mechanism that links the absence of CDC42EP4 in Bergmann glia to the augmentation of Ncadherin and MYH10 in neurons is currently unknown, but the phenotypic similarity to GLASTnull mice indicates involvement of the glutamate intolerance. Together, the unique phenotype of
Cdc42ep4-/- mice provides a clue to novel molecular network underlying tripartite synapse
configuration.
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IB: immunoblot, IP: immunoprecipitation, KO: knockout, Sup: supernatant, WT: wild type.

3

'Highlights' (each < 85 characters, including spaces).
1) Cdc42ep4-/- mouse cerebellum contains anomalous glutamatergic tripartite synapses.
2) The anomalies include recession of Bergmann glial processes from the active zone.
3) The anomalies include aberrant extension of synaptic contact around active zones.
4) Possible attenuation of MYH10 in Bergmann glia may underlie the process recession The
anomalies accompany an.aberrant insolubilization of MYH10, but not MYH9.
5) Augmentations of MYH10 and N-cadherin may partly account for the neuronal anomalies.
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Introduction
In glutamatergic tripartite synapses, three components of the presynaptic (axon terminal or
bouton), postsynaptic (dendritic spine), and perisynaptic (astroglial process) domains are tightly
coupled both physically and functionally (Araque et al., 1999; Halassa et al., 2007; Chen et al.,
2008; Perea et al., 2009). However, neither developmental nor activity-dependent mechanism by
which neuronal and glial components coordinately regulate mutual adhesion and local shape is
well understood, due in part to variety of synapses, and a plethora of membrane-bound molecules
and submembranous cytoskeletal molecules involved (Iino et al., 2001; Watanabe, 2002; Tai et
al., 2008; Garrett and Weiner, 2009; Friedman et al, 2015).
In our previous study, we found that a Bergmann glia-selective CDC42 effector protein
CDC42EP4 is in tight complex with filamentous heterooligomers of septins (SEPT2/4/5/7/11)
beneath plasma membranes of Bergmann glial lamellar processes (Ageta-Ishihara et al., 2015).
The glial component enwraps pre- and postsynaptic components of glutamatergic synapses, most
of which are formed between the parallel fibers and Purkinje cells (Altman and Bayer, 1997). The
CDC42EP4-septins complex physically associates with a few membrane-bound and
submembranous proteins, two of which had been reported to interact with septins; a glial
glutamate transporter GLAST (Kinoshita et al., 2004; Hagiwara et al., 2011) and nonmuscle
myosin IIs (Joo et al., 2007). We also demonstrated that genetic loss of CDC42EP4 causes a series
of events that include 1) biochemical dissociation of GLAST from septins, 2) delocalization of
GLAST away from the synaptic active zone, presumably due to release from the septin-based
scaffold,

3)

loss

of

efficiency

in

glutamate-buffering/clearance,

and

4)

motor

coordination/learning defects in mice, where 3) and 4) are significantly masked by adaptive
compensatory mechanisms (Ageta-Ishihara et al., 2015). On the other hand, physiological role for
the CDC42EP4-septins-MYH10/nonmuscle myosin IIB interaction in the perisynaptic domain,
as with the mechanism underlying 2), remain unaddressed.
Five members of the mammalian CDC42EP family are highly variable in size, domain
structure, and expression patterns (Joberty et al., 1999), predictive of diverse molecular functions
and physiological roles. In fact, CDC42EP-mediated complex phenomena are represented by the
following findings, some of which are apparently incompatible: 1) Overexpression of
CDC42EP5/Borg3 (calculated mass, 15 kDa) interferes with spreading of a mouse fibroblast cell
line NIH3T3 on substrate, while sparing cell shape of a dog epithelial cell line MDCK (Joberty
et al., 1999, 2001). 2) Depletion of CDC42EP3/Borg5 (28 kDa) suppresses actomyosin
contractility in fibroblasts in vitro (Calvo et al., 2015). 3) Genetic loss of CDC42EP3 affects
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septin and actomyosin, perturbing endothelial cell migration and angiogenesis in vivo (Liu et al.,
2014b). 4) Overexpression of CDC42EP4 (38 kDa) augments the motility of a human breast
epithelial cell line MCF-10A depending on the phosphorylation-mediated dissociation from
CDC42 (Zhao and Rotenberg, 2014).
On the basis of the above background, in this study we reassess the cerebellar molecular
layer of Cdc42ep4-/- mice, focusing on the tripartite synapses comprising the parallel fiber boutons,
Purkinje cell dendrites, and Bergmann glial lamellar processes. Electron microscopic analysis
reveals anomalous configuration not only in the glial component, but also in the neuronal
components despite glia-selective expression of CDC42EP4. Biochemical and cell biological
analyses indicate a role for the CDC42EP4-septins-MYH10 axis in the perisynaptic glial
configuration. We further explore molecular mechanism underlying the pre- and postsynaptic
anomalies originated from the perisynaptic defects.
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Results
Anomalous configuration of tripartite synapses in the cerebellar cortex of Cdc42ep4-/- mice
To explore morphological phenotype of Cdc42ep4-/- mice focusing on the cerebellar cortex, we
visualized Bergmann glia with immunofluorescence for phosphoglycerate dehydrogenase
(3PDGH, Fig. 1A-D) and Golgi silver impregnation stain (Supplemental Fig. S1). Since the
morphology of Bergmann glia is highly variable by location and by sectioning angle, we withheld
quantitative comparison on the arborization pattern between WT and Cdc42ep4-/-

mice.

As a means of quantitative comparison at a higher resolution, we randomly selected
corresponding regions in Cdc42ep4-/- and WT cerebellar cortices, and exhaustively observed
asymmetric synapses with transmission electron microscopy (TEM). It has been established that
they are mostly glutamatergic synapses comprising pre-, post-, and perisynaptic components,
which correspond respectively to boutons or axon terminals of the parallel fibers from the
cerebellar granule cells, dendritic spines of Purkinje cells, and lamellar processes of Bergmann
glia (Altman and Bayer, 1997; Yamada et al., 2000). In Cdc42ep4-/- mice, postsynaptic density
(PSD) of cerebellar cortical synapses were normal in length, as reported (Ageta-Ishihara et al.,
2015). However, they exhibited aberrant configuration which appeared to be a combination of
inseparable anomalies; 1) recession of Bergmann glial membrane from the nearest active zone,
and 2) extension of the nonactive synaptic contact around an active zone (Fig. 1E, F). As the latter
is unambiguously definable, we measured the distance from an edge of a PSD to the nearest point
of Bergmann glial membrane facing the synaptic gap. The morphometry revealed that “nonactive”
synaptic contact around the active zone was significantly extended in Cdc42ep4-/- mice as
compared with those of WT littermates (Fig. 1G, H). The morphological anomalies in the tripartite
synapses may account in part for the endophenotype of Cdc42ep4-/- mice; i.e., delocalization of
GLAST away from the active zone and the insufficient glutamate-buffering/clearance capacity
(Ageta-Ishihara et al., 2015).

Expression of CDC42EP4 facilitates cell spreading
Previous in vitro and in vivo studies on CDC42EP family proteins indicated their common roles
for cell morphogenesis and/or migration in association with the septin and actomyosin
cytoskeletal systems (see Introduction). However, whether the retraction of Bergmann glial
membrane is attributed to the loss of function of Cdc42ep4 is not technically reproducible or
testable in vitro, because isolated Bergmann glial cells do not develop characteristic lamellar
processes in culture (Belvindrah et al., 2006), and common tissue culture cell lines do not express
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CDC42EP4. Alternatively, we examined whether expression of CDC42EP4 could induce
morphological changes in heterologous COS-7 (a monkey kidney-derived cell line) cells in
culture. While GFP distributed diffusely both in the nucleus and cytoplasm, GFP-CDC42EP4
fusion protein localized to the cytoplasm. GFP-CDC42EP4-expressing cells covered significantly
wider area than GFP-expressing control cells at 1 h after replating (~1.5x on average, Fig. 2A).
The difference in the cell area diminished to statistically insignificant level by 3 h after replating
(data not shown). Albeit artificial, these findings indicate that CDC42EP4 has positive effect on
the spreading of heterologous cells in culture, as is largely compatible with previous reports on
its paralogs, CDC42EP1 and CDC42EP3 (Liu et al., 2014b; Calvo et al., 2015).

Expression of CDC42EP4 promotes partitioning of MYH10 to the insoluble fraction
To explore the mechanism underlying the facilitation of cell spreading by exogenous CDC42EP4
expression, we conducted biochemical fractionation of the cell lysate followed by
immunoblotting. We first examined MYH10 on the basis that 1) MYH10 is a ubiquitous, principal
motor protein that generates contractile/tensile force in the cell cortex, hence a major determinant
of cell shape (Sellers, 2000; Lo et al., 2004; Cai et al., 2006; Vicente-Manzanares et al., 2009), 2)
MYH10 is dominant among two other nonmuscle myosin Ⅱs (i.e., MYH9/nonmuscle myosin ⅡA,
MYH14/nonmuscle myosin ⅡC) in neural tissues (Betapudi, 2014), 3) MYH10, in conjunction
with actin, is involved in the activity-dependent morphological remodeling of dendritic spines
(i.e., structural plasticity) (Rex et al., 2010), and 4) MYH10 is co-immunoprecipitated with the
CDC42EP4/septin complex from mouse cerebellar lysate (Ageta-Ishihara et al., 2015).
COS-7 cells expressing GFP-CDC42EP4 contained significantly more (x ~2.6) MYH10
in the insoluble fraction than GFP-expressing control cells (Fig. 2B). Previous reports showed
that MYH10 in the insoluble fraction of COS-7 cells corresponds to the active, contractile fraction
incorporated in the actin-based cytoskeletal network (Moncman et al., 1993), and that SEPT2MYH9 interaction facilitate actomyosin contraction as a scaffold for the phosphorylation of
myosin light chain by ROCK/Rho-kinase (Joo et al., 2007). Thus, our in vitro findings with COS7 cells collectively indicate that CDC42EP4 expression augments septin/MYH10/actin
interaction, and cell spreading.
Accumulation and insolubilization of MYH10 in Cdc42ep4-/- cerebellum
Our in vitro results also agree with previous reports on the requirement of nonmuscle myosin IIs
for the spreading of fibroblasts (Liu et al., 2014a). As the two major nonmuscle myosin IIs
(MYH9 and MYH10) play distinct roles (Betapudi et al., 2006), we compared their amounts in
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the soluble/insoluble (supernatant/pellet) fractions of cerebellar lysates from Cdc42ep4-/- and WT
mice. The insoluble fraction of Cdc42ep4-/- cerebellar lysate contained significantly more MYH10,
but not MYH9, than that of WT mice, while the amounts of MYH9 and MYH10 in the soluble
fractions were comparable (Fig. 3A, B). These data, along with a trend of slight increment of βactin in the insoluble fraction (Fig. 3C), indicate selective augmentation of MYH10 in Cdc42ep4/-

cerebellum. Intriguingly, no such difference by genotype was observed in 4-week-old pups (Fig.

3D), reflecting postdevelopmental nature of the phenotype. However, the negative correlation
between CDC42EP4 and insoluble MYH10 found in vivo seems incompatible with the positive
correlation suggested by the in vitro experiments with COS-7 cells.

The major source of MYH10 in the cerebellum is Purkinje cells
To reconcile the apparent discrepancy between the in vitro and in vivo findings, we attempted to
identify the origins of MYH10 contained in the cerebellar lysate by visualizing the distribution of
MYH10 in the cerebellum. The intensity of immunofluorescence signal for MYH10 was highest
in the somata and dendrites of Purkinje cells, but much lower in Bergmann glial cell bodies and
processes (Fig. 3E). These are in agreement with previous immunofluorescence and in situ
hybridization data (Miyazaki et al., 2000; Ma et al., 2006; Allen Brain Atlas). There was no
recognizable anomaly in the distribution patterns of MYH10 and SEPT4 in Cdc42ep4/-

cerebellum at least at this resolution (Fig. 3E).
To corroborate the results, we further conducted immunoprecipitation-immunoblot (IP-

IB) analysis of cerebellar lysates from WT mice. Consistently, a neuron-selective septin subunit
SEPT3 pulled down MYH10 more efficiently than SEPT4 (Bergmann glia-selective subunit) and
CDC42EP4 (Fig. 4A-C). These data demonstrate that Purkinje cells, but not Bergmann glia, are
the major source of MYH10 in the cerebellar cortex and the lysate. Since Purkinje cells do not
express the Cdc42ep4 gene at lease in mice (Ageta-Ishihara et al., 2015; Allen Brain Atlas and
Geo database from NCBI), we reasoned that dysfunctional Cdc42ep4-/- Bergmann glia
transcellularly impinge on Purkinje cells toward the accumulation and functional augmentation
of MYH10 (See Discussion).
Unlike the fact that CDC42EP4 positively regulates the association between GLAST and
the septin complex in Bergman glia (Ageta-Ishihara et al., 2015), loss of CDC42EP4 did not alter
the interaction between MYH10 and the septin complex in Bergmann glia (represented by SEPT4
in Fig. 4B) and neurons (represented by SEPT3 in Fig. 4C).
Accumulation of N-cadherin in Cdc42ep4-/- cerebellum
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It has been established that submembranous actomyosin network physically and functionally
interact with N-cadherin (Marrs et al., 2009; Bozdagi et al., 2010; Tanaka et al., 2012; Chazeau
et al., 2015), and that homophilic interaction of N-cadherin mediates the adhesion between preand postsynaptic membranes at the outer borders and margins of an active zone of mature
synapses (Uchida et al., 1996). Thus, we compared the status of N-cadherin in the
pellet/supernatant fractions of Cdc42ep4-/- and WT cerebellar lysates by immunoblotting. The
content of N-cadherin in the soluble fraction, but not in the insoluble fraction, was significantly
higher in Cdc42ep4-/- cerebellar lysate (Fig. 4D). A previous study showed that several major
proteins in the synaptic active zone are highly insoluble, while significant amount of N-cadherin,
β-catenin, actin, and septins are partitioned to the soluble fraction under standard extraction
conditions (Phillips et al., 2001). Together, all the above data indicate that the mild accumulations
of N-cadherin and MYH10 account, at least in part, for the anomalous extension of nonactive
synaptic contacts toward Purkinje cells in Cdc42ep4-/- cerebellum.
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Discussion

We have demonstrated that mice that lack a Bergmann glia-selective scaffold protein CDC42EP4
harbor a set of anomalies in the most numerous glutamatergic tripartite synapses in the molecular
layer of the cerebellar cortex. The morphological and functional anomalies in the perisynaptic
component, i.e., glial recession (this study) and inefficient glutamate clearance (Ageta-Ishihara et
al., 2015), impinge on the neighboring neuronal components. The secondary augmentations of Ncadherin and MYH10 in neurons seem to underlie the extension of pre- and postsynaptic adhesion
around the active zones, although the transcellular mechanism remains unclear.
MYH10, in conjunction with the actin cytoskeleton, not only generates tensile force for
the proliferation and migration of neural precursor cells (Shenk et al., 2007), but also serves as a
submembranous structural component that facilitates cell adhesion mediated by N-cadherin and
other cell adhesion molecules (Uren et al., 2000; Ma et al., 2007; Tai et al., 2008). Given that Ncadherin is excluded from the active zones in mature synapses (Uchida et al., 1996), the
concurrent augmentation of N-cadherin and MYH10 in cerebellar neurons of adult Cdc42ep4/-

mice suggests organization of superfluous synaptic contacts around the active zones.
The mode of glia-originated tripartite synapse anomalies found in Cdc42ep4-/- mice is

regarded as a milder phenocopy of GLAST-null mice, where severe overflow of extracellular
glutamate abolishes Bergmann glial coverage around pre- and postsynaptic components and
developmental rewiring among cerebellar neurons (Miyazaki et al., 2017). Apart from the
magnitude, the phenotypic similarity of Cdc42ep4-/- mice to GLAST-null mice and GLAST
inhibitor-treated wildtype mice (Miyazaki et al., 2017) indicates that the inefficient glutamate
clearance is the common transcellular mechanism linking the glial anomalies to the neuronal
anomalies. Reciprocally, the phenotypic similarity to Cdc42ep4-/- mice predicts that adult GLASTnull mice harbor significant augmentations of N-cadherin and MYH10 in the cerebella. In either
mutant, glutamate overflow around synapses would increase actin polymerization (Matsuzaki et
al., 2004) and activity-dependent accumulation of β-catenin (Murase et al., 2002) in dendritic
spines, which would synergistically promote MYH10 accumulation and N-cadherin-mediated
adhesion of synaptic membranes (Takeichi and Abe, 2005; Rex et al., 2010; Friedman et al., 2015).
Despite the inefficient clearance and protracted retention of glutamate around parallel
fiber-Purkinje cell synapses in Cdc42ep4-/- mice, the bulk content of glutamate in the
whole cerebellar cortex was normal, which was also the case for some other amino acids (e.g.,
GABA, D-serine), monoamines (e.g., dopamine, noradrenaline), and neurotransmitter
metabolites (Ageta-Ishihara et al., 2015). Since many of those molecules serve as
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neurotransmitters, neuromodulators, and/or gliotransmitters (Perea et al., 2009), scrutiny of their
local turnover might reveal unknown molecular pathways underlying the tripartite synapse
anomalies.
Since Bergmann glial processes and Purkinje cell dendrites are finely intertwined, and
MYH10 abounds in Purkinje cells but not in Bergmann glia, it is difficult to demonstrate the
putative reduction of MYH10 in Bergmann glia, and the probable augmentation of MYH10 in
Purkinje cells, in Cdc42ep4-/- cerebellum by immunofluorescence (Fig. 3E). This problem of
quantification of MYH10 in each of the three synaptic compartments would be overcome by
immunogold labeling and TEM observation. However, MYH10 antibodies applicable for
immune-EM analysis is currently unavailable. Another remaining problem is whether the
reduction of MYH10 in Cdc42ep4-/- Bergmann glia causes retraction of their perisynaptic
processes, which could be tested by Bergmann glia-selective knockdown or inhibition of MYH10.
Future studies addressing those and other outstanding problems with Cdc42ep4-/- and GLASTnull mice would provide unique clues to unravel the “three-body problem” of synapses.
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Materials and Methods

Animal experiments
Animal experiments had been approved by institutional review committees and conducted in
accordance with the regulations for the care and use of animals at Nagoya University, Hokkaido
University and Niigata University.

Antibodies
We used original rabbit polyclonal antibodies for the following antigens: CDC42EP4 (Frontier
Science AB_2571675, dilution 1:150) and SEPT4 (Ihara et al., 2007, 1:3000) as previously
described, and one raised against and affinity purified with a synthetic oligopeptide Met1-Lys17
from SEPT3 (this study). The sources and dilution of commercial antibodies are as follows:
3PGDH (Frontier Science, AB_2571653, 1 µg/ml), MYH10 (Covance PRB-445P, 1:2000), αtubulin (Sigma T9026, 1:10000), GFP (Thermo A11122, 1:1000), β-actin (Sigma A5441, 1:1000),
and MYH9 (Sigma M8064, 1:2000), N-cadherin (BD 610920, 1:250). For secondary antibodies,
we used horseradish peroxidase- or Cy3-conjugated IgGs from mouse or rabbit (Cell signaling
7074 and 7076, Rockland 18-8816-31, Jackson ImmunoReseach711-165-152, 1:200).

Biochemical fractionation of brain tissues
The cerebellum from Cdc42ep4-/- and wild-type mice were dissected, weighed, homogenized by
sonication in 3 ml/g of buffer A (10 mM Tris-HCl pH 7.6, 0.15 M NaCl, 1% Triton X-100, and
protease inhibitors). The supernatant after centrifugation at 20,400 x g at 4°C for 0.5 h was labeled
as soluble fraction. The washed pellet was dissolved with sonication in buffer B (3 ml/g; 0.1 M
Tris-HCl pH 6.8, 4% SDS, 20% glycerol), whose final volume was adjusted to that of the cognate
soluble fraction, and was labeled as pellet/insoluble fraction. After measuring protein
concentration with a BCA method, each sample was mixed with an equal amount of 2x sample
buffer (0.1 M Tris-HCl pH 6.8, 4% SDS, 20% glycerol, 20% 2-mercaptoethanol and 0.01%
bromophenol blue) and incubated for 0.5 h at RT.

Immunoblotting and densitometry
The protein content in each fraction was measured and incubated with Laemmli buffer. Each
soluble fraction was loaded with the equivalent amount of the cognate pellet/insoluble fraction in
an adjacent lane of 10% polyacrylamide gel. Polypeptides resolved by electrophoresis were
transferred onto reinforced PVDF membranes (Millipore, IPVH00010) using a semidry,
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discontinuous buffer method (Parajuli et al., 2016). The membranes were blocked with 5% skim
milk in Tris-buffered saline (TBS; 0.1 M Tris-HCl pH 7.4, 150 mM NaCl) containing 0.05%
Tween-20 and incubated serially with the primary antibodies and anti-rabbit or -mouse IgG
conjugated with horseradish peroxidase (Jackson ImmunoResearch). After extensive wash with
TBS plus 0.05% Tween-20, chemiluminescence detection and densitometry were conducted with
ECL-Plus reagent (PerkinElmer) and an image analyzer LAS4000mini with MultiGauge software
(GE).

Immunofluorescence, and fluorescence and electron microscopy
Mouse brains were dissected after deep anesthesia with sodium pentobarbital (0.1 mg/g, i.p.) with
transcardial perfusion with 0.01 M phosphate-buffered saline (PBS), then with with 4%
paraformaldehyde in 0.1 M phosphate buffer (PB) at pH 7.2 for IF, or with 2%
paraformaldehyde/2% glutaraldehyde in PB for TEM. The brains excised from the skull were
immersed in the same fixative for 3 days, then 4-μm-thick paraffin sections for IF (for 3PDGH,
MYH10, and SEPT4) were made with a sliding microtome (SM1000R, Leica) and used in IF, or
50-μm-thick sections for TEM were made with a microslicer (VT1000S, Leica), and subjected to
free-floating incubation. For IF, slices were incubated with 10% normal donkey serum for 20 min,
a mixture of primary antibodies overnight, and a mixture of Alexa 488- or Cy3-labeled speciesspecific secondary antibodies for 2 h. Fluorescence imaging was conducted using scanning laser
confocal microscopes IX81/FV1000 (Olympus) with a 40×, NA 1.0 objective lens and LSM-780
(Zeiss) with 63×, NA 1.4 objective lenses. For TEM, ultrathin sections were mounted on grids
and stained with 2% uranyl acetate for 20 min, and observed with a TEM (H-7100, Hitachi) as
described previously (Fukaya et al., 2000; Abe et al., 2004).

Cell culture and spreading
COS-7 cells (monkey kidney-derived cell line) were grown in Dulbecco’s modified Eagle
medium containing 10% fetal bovine serum (FBS), and co-transfected with GFP or GFPCDC42EP4 and TagRFP using Lipofectamine 2000 (Thermo Fisher). After 24 h, cells were
collected using trypsin/0.25% EDTA, allowed to spread for 1 h, then fixed with 4% PFA/PBS for
15 min. Serial confocal images were acquired with a 63x objective lens (NA 1.4) on the laser
microscope LSM-780. Cell area was measured using ImageJ-based software, Fiji (NIH).

Statistical analysis
Quantitative data were expressed as mean ± s.e.m. For statistical analyses, either two tailed t-test
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or Kolmogorov-Smirnov test were applied using Prism 6.03 (GraphPad Software). p values
represent the effects of genotype.
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Figure Legends

Figure 1. Anomalous configuration of tripartite synapses in the cerebellar cortex of
Cdc42ep4-/- mice
(A-D) Immunofluorescence for a Bergmann glia marker 3-phosphoglycerate dehydrogenase
(3PDGH) on parasagittal cerebellar sections of adult male Cdc42ep4fl/fl (WT; A, B) and
Cdc42ep4-/- (KO; C, D) littermates. Cdc42ep4 KO mice are normal in somatic positioning of
Bergmann glia around Purkinje cell somata and in palisade-like alignment of Bergmann fibers in
the molecular layer. ML, molecular layer; PCL, Purkinje cell layer. Scale bar, 20 µm (A, C) or
5 µm (B, D).
(E, F) Representative TEM images of tripartite synapses in the cerebellar molecular layer of WT
(E) and KO (F) littermates. The length the active zone, which is equivalent to that of PSD (the
distance between a pair of black arrowheads), was comparable by genotype (Ageta-Ishihara et al.,
2015). However, the distance measured from an edge of a PSD to the nearest tip of Bergmann
glial membrane (a pair of red arrowheads) appeared to extend in KO cerebella (Fig. 1F). PF:
parallel fiber terminal or bouton. Sp: dendritic spine of Purkinje cell. Terminal lamellae of
Bergmann glial processes are tinted. Scale bar, 200 nm.
(G) Cumulative histogram of PSD edge-glial tip distance, showing a statistically significant
extension in KO by the right-shift of the curve (n=92, 92 synapses from WT and KO littermates,
p= 7.00 x 10-6 by Kolmogorov-Smirnov test).
(H) The PSD edge-glial tip distance, which corresponds to the nonactive synaptic contact, was
significantly greater in KO than in WT (152.4 ± 14.7 vs. 58.9 ± 8.18 nm; n=90, 86 synapses; p=
0.0001 by Mann-Whitney U test). Data represented as mean ± s.e.m.

Figure 2. Expression of CDC42EP4 in heterologous cells promotes spreading and
accumulation of MYH10 in insoluble fraction
(A) (top) Representative fluorescence images of COS-7 cells co-expressing either GFP or GFPCDC42EP4, with a volume marker TagRFP. Each image is a projection of 0.5 µm-thick serial
optical sections acquired at 1 h after replating, 25 h after transfection. Unlike GFP and TagRFP,
GFP-CDC42EP4 was distributed selectively in the cytoplasm (i.e., excluded from the nucleus).
Scale bar, 10 µm.
(bottom) Quantification of cell area in the spreading assay. GFP-CDC42EP4-expressing cells
spread significantly more widely than GFP-expressing control cells (n=10, p= 0.0068 by
Student’s t test). Data represented as mean ± s.e.m.
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(B) Results from the supernatant/pellet assay using cell lysates as in (A).
(top) Representative immunoblot for endogenous MYH10 in the soluble (Sup for supernatant)
and the insoluble (pellet) fractions. In COS-7 cells expressing GFP-CDC42EP4, significantly
more MYH10 is partitioned to the insoluble fraction than those expressing GFP alone.
(bottom) Quantification of MYH10 in triplicated experiments using α-tubulin as a loading control.
A significant augmentation of MYH10 was observed in the insoluble fraction of GFPCDC42EP4-expressing cells (x ~2.6; n=3, p= 0.017 by Student’s t test) without reduction in the
soluble fraction, indicating an increment in the total amount of MYH10 in cells. These data from
heterologous cells indicate positive effects of GFP-CDC42EP4 on the activity and/or stability of
MYH10. Data represented as mean ± s.e.m.
Figure 3. Selective augmentation of MYH10 in postdevelopmental Cdc42ep4-/- cerebellum
(A) Representative quantitative immunoblot for MYH10 in the supernatant/pellet assay of
cerebellar lysate from adult (3.5-8 months of age) male Cdc42ep4fl/fl (WT) and Cdc42ep4-/- (KO)
littermates, conducted as in Fig. 2B. MYH10 significantly increased (x ~1.5) in the insoluble
fraction in KO (triplicated experiments, n=3, 3, p= 0.012 by Student’s t test), with a trend of
increase in the soluble fraction (p= 0.13). Data represented as mean ± s.e.m.
(B-C) MYH9 (B) and β-actin (C) analyzed likewise in the same set of samples as in (A) were
comparable between WT and KO (triplicated experiments, n=3, 3, p= 0.38, 0.49, 0.82, and 0.13
by Student’s t test). Data represented as mean ± s.e.m.
(D) MYH10 was not augmented in the cerebella of 4-week-old Cdc42ep4-/- pups (n=3, 3, p= 0.23,
and 0.8 by Student’s t test) indicating showing that genetic loss of CDC42EP4 causes selective
augmentation of MYH10 in the cerebellum after maturity. Data represented as mean ± s.e.m.
(E) Immunofluorescence for MYH10 and a Bergmann glia-selective septin subunit SEPT4 on
parasagittal cerebellar sections of adult male WT and KO littermates. MYH10 highlighted
Purkinje cell somata and dendrites against weaker staining of neuropil and glial processes, which
were comparable by genotype. These data indicate that Purkinje cells are the principal source of
MYH10 in the cerebellum, and that the augmentation of MYH10 in KO cerebella is not attributed
to Bergmann glia. Note that SEPT4 abounds in peripheral lamellar processes of Bergmann glia in
contrast to 3PDGH (Fig. 1A). Scale bar, 20 µm.

Figure 4. The major source of MYH10 in the cerebellum is Purkinje cells
(A-C) Representative sets of images from immunoprecipitation-coupled immunoblot (IP-IB)
assay for MYH10 using antibodies against CDC42EP4 (A), SEPT4 (B), and SEPT3 (C). MYH10
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was barely detected in WT cerebellar lysates pulled down with antibodies for Bergmann gliaselective proteins, CDC42EP4 (A) and SEPT4 (B). In contrast, MYH10 was coimmunoprecipitated with a neuron-selective septin subunit SEPT3 in the presence or absence of
CDC42EP4 (C). These data also indicate that the loss of CDC42EP4 does not alter MYH10-septin
interaction in Bergmann glia and neurons, whereas it attenuates GLAST-septin interaction in
Bergmann glia (Ageta-Ishihara et al., 2015).
(D) Results from the supernatant/pellet assay for endogenous N-cadherin using cerebellar lysates
from WT and KO mice.
(top) Representative immunoblot for endogenous N-cadherin in the soluble and the insoluble
fractions.
(bottom) Quantification in triplicated experiments using α-tubulin as a loading control. A
significant increment of N-cadherin (the major band of 135kDa) was observed in the soluble
fraction of the cerebella from KO mice (x ~1.4; n=3, 3, p= 0.04 by Student’s t test) without
reduction in the insoluble fraction, indicating an increment in the total amount of N-cadherin in
cells. Data represented as mean ± s.e.m.

Supplemental Figure-S1
A gallery of Bergmann glia visualized by a Golgi impregnation method in WT and KO cerebella.
Scale bars, 20 µm and 5 µm. See Miyazaki et al., 2017 for methods.
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