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Learning and memory depend on morphological and functional changes to neural spines. Non-muscle
myosin 2b regulates actin dynamics downstream of long-term potentiation induction. However, the
mechanism by which myosin 2b is regulated in the spine has not been fully elucidated. Here, we show that
filamin A-interacting protein (FILIP) is involved in the control of neural spine morphology and is limitedly
expressed in the brain. FILIP bound near the ATPase domain of non-muscle myosin heavy chain IIb, an
essential component of myosin 2b, and modified the function of myosin 2b by interfering with its
actin-binding activity. In addition, FILIP altered the subcellular distribution of myosin 2b in spines.
Moreover, subunits of the NMDA receptor were differently distributed in FILIP-expressing neurons, and
excitation propagation was altered in FILIP-knockout mice. These results indicate that FILIP is a novel,
region-specific modulator of myosin 2b.

ilamentous actins (F-actins) are important structural components that, together with a variety of actin-

binding proteins, underlie a broad range of cellular responses. For example, F-actins and their binding

partners play pivotal roles in cell motility and directionality at the leading edge of migrating cells'. In
addition, actin-binding proteins dynamically regulate the structure of neural spines, which are actin-rich protru-
sions on neurons and major sites for excitatory synaptic transmission involved in learning and memory>*. To
date, more than 100 actin-binding proteins have been identified; muscle-type myosin and filamin were among the
first such proteins to be characterised, whereas non-muscle myosins, including myosin 2b, are emerging members
of this group and have attracted much attention because of their essential involvement in diverse fundamental
cellular functions, spine structure dynamics and learning and memory*>%”. Although there is much interest in the
mechanisms of actin-binding protein regulation, which is critical for essential cellular functions, these mechan-
isms have not yet been fully elucidated. We previously identified a novel filamin A binding protein, filamin A-
interacting protein (FILIP or FILIP-1), and demonstrated that FILIP participates in actin dynamics by accelerat-
ing the calpain-dependent degradation of filamin A® which, when mutated, causes human migration disorder®'°.
We have demonstrated that FILIP, whose mRNA is localised in the ventricular zone of the cortex during the
perinatal stage, is potentially involved in radial migration in the cortex by introducing exogenous FILIP into the
ventricular zone®. However, the in vivo role of FILIP, especially in adults, has not yet been clarified. Here, we
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generated a FILIP-knockout mouse to address these issues.
Unexpectedly, we found that FILIP is likely to regulate spine struc-
ture by modulating the activity of myosin 2b.

Learning and memory are dependent on the activity and morpho-
logy of the neural spines''. Morphological changes to a spine depend
on actin dynamics'. In the hippocampus, myosin 2b is a key regu-
lator of the changes in spine morphology related to learning and
memory*°. However, how and why neural spine morphology varies
across the cortex remains unknown, especially in response to learn-
ing. During the learning response, spine enlargement is observed
during long-term potentiation (LTP) in the hippocampus'!, whereas
learning induces a reduction in the volume of the spine head in the
piriform cortex'. Although the mechanisms underlying such differ-
ences have not been fully elucidated, our data suggest that FILIP,
which is expressed in the piriform cortex but not in the hippocam-
pus, is one of the molecules responsible for these differences.

Results

Generation of a FILIP-knockout mouse. To investigate the function
of FILIP, FILIP was disrupted through homologous recombination.
In embryonic stem cells, a 2.8-kb genomic fragment containing a
portion of exon 5 (the largest exon of FILIP) was replaced with in-
frame f-galactosidase and neomycin resistance genes (see
Supplemental Fig. Sla online). The chimeras were backcrossed
with C57BL/6 mice to produce FILIP-heterozygous mice. The
appearance of and histological samples from the FILIP-
heterozygous (FILIP*'~) mice were indistinguishable from those of
their wild-type (FILIP*'") littermates. The homozygous (FILIP'")
mice were indistinguishable from their normal littermates in terms of
appearance. The disruption of the FILIP gene and absence of FILIP
protein were confirmed by northern blot and western blot analyses
(see Supplemental Fig. S1b, ¢ online). Although two alternatively
spliced forms of FILIP, a long form (L-FILIP) and a short form (S-
FILIP), were observed in the rat, only one form, corresponding to the
long form of FILIP, was detected in mice. Hereafter, we refer to this
form as FILIP instead of L-FILIP.

Targeting of FILIP revealed limited localisation of FILIP in the
brain. Because the mutant allele conferred [-galactosidase
expression under the control of the FILIP promoter (see
Supplemental Fig. S1d online), we examined the distribution of
FILIP-expressing cells in the adult mouse brain by visualising B-
galactosidase activity. With the exception of modestly accumulated
neurons in the upper cortical layer of the FILIP*'~ mice, no obvious
difference was observed in terms of the distribution between
FILIP*'~ and FILIP™'~ mice (see Supplemental Fig. S2a—f online).
Many B-galactosidase-positive cells were detected in the forebrain,
particularly in the ventral portion and in the deep nuclei (Fig. 1 and
Supplemental Fig. S2a-f online), including the anterior olfactory
nucleus, the piriform cortex and the olfactory tubercle as well as in
the nucleus accumbens, the globus pallidus and the amygdaloid
complex. In addition, positive cells were observed in the neocortex,
especially in the visual and the motor cortices (Fig. 1). In contrast, f3-
galactosidase-positive cells were rarely observed in the hippocampus.
In the diencephalon, -galactosidase activity was faint, except in cells
in the arcuate nucleus (Fig. 1f and Supplemental Fig. S2¢ online).

FILIP is expressed in glutamatergic neurons. [-galactosidase-
positive cells were positive for the neuronal markers NeuN and
MAP-2 (see Supplemental Fig. S2g online)'*'* and for Brnl, which
is expressed principally in neurons of layers II-V'¢, the visual cortex
and the piriform cortex (see Supplemental Fig. S2h online). We
further investigated the types of neurons that express FILIP. FILIP
containing neurons were not positive for GAD67 in the piriform
cortex (see Supplemental Fig. S2g online), indicating that FILIP is
expressed in glutamatergic neurons but not in GABAergic neurons.

FILIP regulates spine length. We next investigated whether FILIP
controls neuronal morphology. Neurons were visualised using the
Golgi-Cox staining method, and the lengths of the spines (the
distance between the spine neck close to the dendrite and the tip;
Fig. 2a) on the apical dendrites of the layer II pyramidal neurons
(superficial pyramidal neurons) in the piriform cortex were
measured. The mean length of the spines was shorter in FILIP™"~
mice (mean * s.d., 1.00 = 0.16 um; n = 15) than in the control
FILIP*'~ and FILIP*'* littermates (1.17 * 0.16 pm;n = 19; Fig. 2b-
¢; Student’s t-test, two-tailed, p = 0.00358). The proportion of the
stubby, mushroom and thin types of spines is indicative of spine
maturation'”'®. The measured differences of spine types did not
achieve significance (Fig. 2d). Then, we constructed an inducible
knockdown vector for FILIP and transfected the piriform neurons
with this vector (Fig. 2e). We found that the mean spine length of
FILIP-knockdown neurons was shorter (0.95 * 0.09 um; n = 20)
than that of control neurons (1.06 * 0.06 pm; n = 12; Fig. 2f-g;
Student’s t-test, two-tailed, p = 0.00059). We then studied the
influence of FILIP knockdown on the spine morphology with
primary cultured piriform neurons (Fig. 2h). We observed that the
mean spine length of FILIP-knockdown neurons (1.29 * 0.84 um;
398 spines in 5 neurons) was significantly shorter than that of control
neurons (1.53 = 0.91 pm; 432 spines in 5 neurons; Fig. 2i; Student’s
t-test, two-tailed, p = 0.00011). We also found that the estimated
spine volume of FILIP-knockdown neurons (0.33 * 0.41 pum? 241
spines in 5 neurons) was significantly larger than that of control
neurons (0.22 * 0.24 pm’ 326 spines in 5 neurons; Fig. 2j;
Wilcoxon rank sum test, p = 0.00015).

FILIP was not expressed in pyramidal neurons in the hippocam-
pus (Fig. 1f-h and Supplemental Fig. S2c-e online). Therefore, these
hippocampal neurons can be used as an ideal system to study the role
of FILIP through ectopic expression studies. Hippocampal neurons
were taken from E17.5 mice, cultured for 20 days in vitro (DIV20)
and transfected with an expression vector for Asp-Tyr-Lys-Asp-Asp-
Asp-Asp-Lys (FLAG)-tagged FILIP (FILIP-FLAG). Two days after
transfection, we examined the localisation of exogenous FILIP based
on FLAG staining. FILIP was identified in the spines as well as in
dendrites (Fig. 3a). We further investigated whether the ectopic
expression of FILIP influences spine morphology. We transfected
the FILIP expression vector into hippocampal neurons at DIV17; 3
days later, we measured the spine length and volume (Fig. 3b—e). The
mean spine length in the neurons with FILIP was longer (0.97 *
0.40 pum; 912 spines in 13 neurons) than in those without exogenous
FILIP (0.87 * 0.38 um; 843 spines in 12 neurons; Fig. 3d; Student’s
t-test, two-tailed, p << 0.00001). The spine head volume was reduced
compared with spines without FILIP (0.19 = 0.20 um?; 433 spines
from 11 FILIP-expressing neurons and 0.27 * 0.27 pum? 397 spines
from 11 control neurons; Fig. 3e; Wilcoxon rank sum test, p <
0.00001).

FILIP binds to non-muscle myosin heavy chain IIb. Although
FILIP binds to filamin A and is involved in controlling filamin A
degradation®, filamin A expression decreased in the postnatal
telencephalon despite its high expression during the embryonic
period (Fig. 4a). Recently, it has been reported that small amounts
of filamin A are expressed in the dendrites and cell soma but not
spines of adult neurons'. Therefore, we examined how FILIP exerts
its function in the absence of filamin A in the spine. We determined
that non-muscle myosin heavy chain IIb (NMHC IIb) is a
novel FILIP-binding partner. In general, non-muscle myosin is
composed of 2 heavy chains and 4 light chains®®. NMHC IIb is a
heavy chain of myosin 2b and is essential for the actin-binding and
ATPase activity of myosin 2b°. FILIP-FLAG and NMHC IIb in COS-
7 cells were successfully co-immunoprecipitated using an anti-
NMHC IIb antibody (Fig. 4b). The NMHC IIb binding sites on
FILIP were investigated using several fragments of FILIP (Fig. 4c,
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Figure 1 | Localisation of FILIP-positive cells in the adult brain. The cells positive for B-galactosidase staining (expressed under the control of the FILIP
promoter) are represented by black dots. The coronal sections of an adult (12 week-old) FILIP~'~ mouse brain are shown. The positions of coronal
sections (a) to (j) are shown in (k). The abbreviations are as follows. A, auditory cortex; aca, anterior commissure, anterior part; Acb, nucleus accumbens;
aci, anterior commissure, intrabulbar part; acp, anterior commissure, posterior; AOM, anterior olfactory nucleus, medial part; APir, amygdalopiriform
transition area; Aq, aqueduct; Arc, arcuate nucleus; BMP, basomedial amygdaloid nucleus, posterior part; cc, corpus callosum; Ce, central amygdaloid
nucleus; Cg, cingulate cortex; cp, cerebral peduncle, basal part; CPu, caudate putamen; DTT, dorsal tenia tecta; D3V, dorsal third ventricle; f, fornix; fi,
fimbria of the hippocampus; fr, fasciculus retroflexus; ic, internal capsule; icp, inferior cerebellar peduncle; IG, indusium griseum; IPAC, interstitial
nucleus of the posterior limb of the anterior commissure; LEnt, lateral entorhinal cortex; LGP, lateral globus pallidus; lo, lateral olfactory tract; LSS, lateral
stripe of the striatum; LV, lateral ventricle; M, motor cortex; mcp, middle cerebellar peduncle; Me, medial amygdaloid nucleus; on, olfactory nerve layer;
opt, optic tract; pc, posterior commissure; Pir, piriform cortex; PLCo, posterolateral cortical amygdaloid nucleus; PMCo, posteromedial cortical
amygdaloid nucleus; Pn, pontine nuclei; py, pyramidal tract; rf, rhinal fissure; S, somatosensory cortex; st, stria terminalis; Tu, olfactory tubercle; V, visual

cortex; 3 V, third ventricle; 4 V, fourth ventricle and 7 n, facial nerve.

d). The fragment containing amino acids (aa) 1-652 of FILIP did not
co-immunoprecipitate with NMHC IIb; however, the 687-1212 aa
fragment of FILIP did co-immunoprecipitate with NMHC IIb
(Fig. 4d). Therefore, the NMHC IIb binding site was assigned to
the C-terminal region between 687-1212 aa of FILIP. Because the
960-1212 aa fragment of FILIP did not co-immunoprecipitate with
NMHC IIb (Fig. 4d), the 687-960 aa region of FILIP is likely to be
important for binding to NMHC IIb. Conversely, FILIP-FLAG co-
immunoprecipitated with the 1-782 aa and 1-331 aa regions of
NMHC IIb but not with the 90-331 aa region (Fig. 4e-g). The

myosin heavy chain has a globular head domain that is critical for
the contractive activity of myosin 2b. Biochemically, the globular head
domain of NMHC IIb consists of the myosin N-terminal, the upper
50 kDa, the lower 50 kDa and the converter subdomain; crystal
structure analyses indicate that ATP binds in a pocket between the
upper 50 kDa and the N-terminal subdomain located within the 1-90
aa region of NMHC IIb*. Our data indicate that FILIP binds to the
globular head domain near the ATP binding site that controls the
conformational change of NMHC IIb and is needed for the contractile
cycle, which consists of dissociation and binding to F-actins.

| 4:6353 | DOI: 10.1038/srep06353



Q

e
i=)
c
K%
o)
RS
o
w——————— volume = 4x\W?L/24
C
m *%
bmy
£ i
2 P
§10 t
2
-50.5
(2]
control -/~
Ostubby
g mushroom
m thin
e
‘.Qo(\ Q s'\}o
& & & h
& N E17
E14 P20 P28 pirifqrm neuron
DIV O
f control FILIP RNAI I =

«Q
cumulat

o g(um)
(um il 01 _2 3 4 ——control
1.§ J spine length  ——F|LIP RNAI
S0l b 256
RN 2100
) © 801 /,
£05 S eolf
2] Q.
0 240
control RNAI © 20
>
£ (Hm?)
3 0 1 2 3" ——control
spine head volume ——f¢ || |P RNA;

Figure 2 | FILIP controls spine shape in the piriform cortex. (a) A schematic of the spine indicates the locations where the measurements were
performed. The spine head volume was calculated from the width (W) and length (L) of the spine head under the assumption that the spine is a spheroid.
(b) The morphology of layer II pyramidal neurons located in the piriform cortex. High magnification images of the boxed area are shown in the bottom
row. (c) There was a significant difference in the mean spine length of the layer II piriform pyramidal neurons between 4 FILIP~'~ mice and 4 FILIP*~ and
FILIP*"* littermates. **p = 0.00358 (Student’s t-test). (d) FILIP was not apparently involved in spine classification. (e) The experimental schedule for
panels (f) and (g) is shown. (f) The inducible knockdown of FILIP in the piriform cortex resulted in shorter spine length. (g) There was a

significant difference in the mean spine length between the control and knockdown neurons located in the piriform cortex; ** p = 0.00059. (h) The

experimental schedule for panels (i) and (j) is shown. (i) The cumulative probability of the spine length is shown. (j) The cumulative probability of the
spine head volume is shown.

FILIP influences the subcellular distribution of myosin 2b. myosin 2b with F-actins using COS-7 cells. Because F-actin is
Because FILIP binds to the head domain of NMHC IIb, which is  capable of forming stress fibres in COS-7 cells, the use of COS-7
essential for the binding of NMHC IIb to actin fibres, it is likely cells allowed us to investigate the influence of FILIP on the
that FILIP modifies the ability of myosin 2b to bind to F-actins. interaction of myosin 2b with F-actin. In terms of myosin 2b
First, we determined how FILIP is involved in the interaction of distribution, we classified cells into the following two categories:
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Figure 3 | Exogenous FILIP modifies the spine shape of the hippocampal neurons. (a) Exogenous FILIP localised to dendritic spines and dendrites of
primary cultured hippocampal neurons. High-magnification images of the boxed area are shown in the bottom row. Arrows indicate FILIP based on

FLAG staining in spines. (b) Exogenous FILIP influenced the morphology of primary cultured hippocampal neurons. High-magnification

images of the boxed area are shown in the bottom row. (c) The experimental schedule for panels (b), (d) and (e) is shown. (d) The cumulative probability
of the spine length is shown. (e) The cumulative probability of the spine head volume is shown. The spine head volume was significantly reduced in FILIP-

expressing neurons.

cells with stress fibre-like distribution and cells with granular
distribution. “Stress fibre-like distribution” indicates that the cells
have thick and long fibre-like structures of NMHC IIb, and
“granular distribution” indicates that NMHC IIb exhibits a particle-
like localisation without thick fibre-like structures. Whereas the stress
fibre-like distribution of myosin 2b was dominant in COS-7 cells
without endogenous FILIP, the number of cells with granular
myosin 2b distribution surpassed that of cells with stress fibre-like
distribution in the presence of FILIP (see Supplemental Fig. S3a, b
online). We next investigated whether FILIP influenced the formation
of actin stress fibres, as myosin 2 is a component of actin stress
fibres*"*>. The number of cells with actin stress fibres decreased in
the presence of FILIP (see Supplemental Fig. S3c, d online). Because
FILIP binds to the N-terminal domain of myosin 2b, which is essential
for binding to actin fibres, and the binding of myosin 2b to actin fibres
is essential for the function of myosin 2b, we hypothesised that FILIP
interferes with the activity of myosin 2b. We then compared the
appearance of NMHC IIb in COS-7 cells in the presence of the
myosin 2b inhibitor blebbistatin. Blebbistatin binds to the myosin
globular head domain and blocks the rigid binding of myosin 2b to
actin®. A similar “granular distribution” of NMHC IIb was observed
in the presence of blebbistatin (see Supplemental Fig. S3e, f online).

FILIP interferes with the binding of myosin 2b to F-actins. If our
hypothesis that FILIP interferes with myosin 2b binding to F-actins is

correct, the amount of myosin 2b associated with F-actins should
decrease in the presence of FILIP. F-actins exist in equilibrium with
free globular (G)-actins. Because actins in the cytosol can be
fractionated into F-actin-rich (Triton-soluble (TS) fraction in
Supplemental Fig. S4a online) and G-actin-rich fraction (cytosolic
(CS) fractions in Supplemental Fig. S4a online), we examined the
amounts of NMHC IIb in these two fractions. We found that the
amount of NMHC IIb in the G-actin-rich fraction (free NMHC IIb)
increased in the presence of FILIP, whereas the amount of NMHC IIb
in the F-actin-rich fraction decreased (see Supplemental Fig. S4b
online), suggesting that less NMHC IIb is associated with F-actins
in the presence of FILIP. These results indicated that FILIP
controlled the binding of myosin 2b to F-actin. As FILIP controls
the degradation of filamin A, we investigated whether the amount of
myosin 2b was also influenced by FILIP expression in our culture
conditions. We found that the total amounts of myosin 2b and
filamin A did not change much after FILIP expression in some
culture cells (see Supplemental Fig. S5a online). However, we
found that the amount of NMHC IIb increased by approximately
40% in the hearts of FILIP~'~ mice (see Supplemental Fig. S5b
online), suggesting that deletion of FILIP increased the amount of
NMHC IIb. We also found that the mean intensity of
immunostaining of myosin 2b was significantly increased in the
primary cultured piriform neurons of the FILIP~/~ mice (187.5 *
23.6; 44 neurons) compared with that of the control mice (149.8 *
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Figure 4 | FILIP binds to non-muscle myosin heavy chain IIb (NMHC IIb) of myosin 2b. (a) Filamin A expression in the telencephalon decreased as
development advanced. (b) FILIP bound to endogenous NMHC IIb. The lysates of COS-7 cells transfected with a FLAG-tagged FILIP expression vector or
an empty vector were immunoprecipitated using anti-FLAG and anti-NMHC IIb antibodies. Co-immunoprecipitation of FILIP and NMHC IIb was
verified using anti-FLAG and anti-NMHC IIb antibodies to detect FILIP and NMHC IIb, respectively. (c) The wild-type and mutant forms of FILIP
used in this study are shown. The arrowed line indicates the coiled-coil region. (d) FILIP bound to NMHC IIb via the C-terminal half of FILIP. FLAG-
tagged full-length FILIP and FILIP 687-1212 co-immunoprecipitated with endogenous NMHC IIb. (e) The NMHC IIb and mutated NMHC IIb used in
this study are shown. The grey box indicates the myosin head domain. The green box indicates the myosin tail domain. (f) NMHC IIb bound to
FILIP via the N-terminal half of the myosin head domain. FLAG-tagged FILIP co-immunoprecipitated with NMHC IIb 1-782-VSV and NMHC IIb 1-
331-VSV. (g) The myosin N-terminal SH3-like domain of NMHC IIb was responsible for binding to FILIP. FLAG-tagged FILIP co-immunoprecipitated
with VSV-tagged NMHC IIb 1-331, whereas FLAG-tagged FILIP did not co-immunoprecipitate with VSV-tagged NMHC IIb 90-331.

32.0; 44 neurons; Welch’s t-test, two-tailed, p << 0.00001; see
Supplemental Fig. S5c online). This change in the intensity of
NMHC IIb in FILIP-expressing neurons was also observed in the
FILIP*'~ piriform cortex (see Supplemental Fig. S5d online).

FILIP influences the subcellular distribution of myosin 2b in
spines. It has been demonstrated that myosin 2b localises to the
lower part of the spine head and the spine neck”* and that the
inhibition of myosin 2b leads to spine elongation and reduced
spine head volume®’. We performed myosin 2b knockdown and
obtained similar results (see Supplemental Fig. S6 online).
Therefore, it is likely that FILIP modulates spine morphology
through myosin 2b. We then investigated whether the subcellular
localisation of NMHC IIb was altered in spines in the presence or
absence of FILIP. We transfected morphologically pyramidal
neurons that had been isolated and cultured from the piriform

cortices of the FILIP™~ mice and those of the control littermates
with tdTomato as a volume marker and an EGFP-tagged NMHC
ITb and analysed the subcellular distribution of exogenous NMHC
ITb. The subcellular distribution of NMHC IIb correlated well with
the tdTomato signals in the spine of control mice but not in that of
the FILIP™'~ mice (Fig. 5a—c). We also investigated the distribution
of internal NMHC IIb in the piriform cortex neurons taken from
FILIP~~ mice and found that the number of spines with
accumulated signals of NMHC IIb increased in the neurons from
the FILIP™'~ mice (Fig. 5d, e). These results indicate that FILIP
altered the subcellular distribution of myosin 2b from its
proximally accumulated pattern to an ubiquitous localisation.

Overexpression of NMHC IIb inhibits the spine elongation induced
by exogenous FILIP expression. We observed that exogenous FILIP
influenced endogenous NMHC IIb distribution in the spine of
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(d) An accumulation of endogenous NMHC IIb was more often observed
in the spines of the piriform cortex neurons derived from the FILIP~/~
mice than those from the wild-type mice. In the right column, the area
where the NMHC IIb and EGFP signals colocalised is highlighted in white.
(e) The summarised data of 579 spines (control) and 777 spines (the
FILIP~"~ mice) are shown (p = 0.0141, Fisher’s exact test, two-tailed).

hippocampal neurons (Fig. 6a, b). If we assume that exogenous
FILIP elongated the spine through binding to myosin 2b and
interfering with its function, then exogenous NMHC IIb should
be able to rescue the influence of FILIP on spine morphology. We
transfected the FILIP expression vector and NMHC IIb expression
vector into primary cultured hippocampal neurons and examined
spine length. We found that the exogenous expression of NMHC
IIb inhibited the spine elongation caused by exogenous FILIP
(Fig. 6¢, d).

FILIP intermingles with NMDA receptor-mediated signalling.
Experimentally, glycine is applied to neurons to enhance the
activation of NMDA receptors®>**. We therefore investigated
whether FILIP influences spine morphology in the presence of
glycine. In these experiments, we performed morphological studies
on hippocampal neurons that had been cultured for 2 weeks
(DIV15), which is when spines are in the maturation process in

vitro*” (Fig. 7a). Without glycine, the spine length and spine head
volume were not significantly different regardless of FILIP (Fig. 7b-
d). In contrast, the spine length decreased in the presence of FILIP
when glycine was applied (1.15 = 0.82 pm, 1513 spines from 11
control cells/glycine (—); 1.14 = 0.82 pum, 1438 spines from 11
control cells/glycine (+); 1.20 * 0.73 um, 1421 spines from
11 FILIP-expressing cells/glycine (—); 1.05 = 0.71 um, 1736 spines
from 11 FILIP-expressing cells/glycine (+); Fig. 7c). Interestingly,
the application of glycine resulted in an increase in the spine head
volume, and the degree of this enlargement was enhanced by FILIP
expression (0.144 £ 0.202 pm?, 1245 spines from 11 control cells/
glycine -; 0.195 = 0.276 um?®, 1241 spines from 11 control cells/
glycine +; 0.161 *= 0.193 pm?® 1207 spines from 11 FILIP-
expressing cells/glycine + and 0.233 £ 0.300 pm? 1451 spines
from 11 FILIP-expressing cells/glycine +; Fig. 7d). In addition, we
studied the effects of blebbistatin on spine length in the presence of
glycine. A similar decrease in spine length was observed by the
blebbistatin application as by FILIP (1.19 = 0.90 pum, 396 spines
with blebbistatin in the absence of glycine; 0.97 = 0.87 pum, 305
spines with blebbistatin in the presence of glycine; 1.07 * 0.81 pm,
555 spines with vehicle only in the absence of glycine; 1.15 *
0.91 pum, 543 spines with vehicle only in the presence of glycine;
Fig. 7e).

We further investigated how FILIP influences the intracellular
distribution of NMDA receptors, especially the NR1 (NR1) and
NR2A (NR2A) subunits. We counted the numbers of NR1- and
NR2A-positive deposits in spines and divided them by the number
of observed spines. We defined this value as the ‘density of subunits
in spines’. When FILIP was expressed, the densities of NR1- and
NR2A-positive deposits were significantly lower (Fig. 7, g; Fisher’s
exact test, two-tailed, NR1 p = 0.0211, NR2A p = 0.00009), suggest-
ing that FILIP moderates NMDA receptor activity in the spine. We
also investigated the proportion of NR2A-positive spines to all
observed spines in the primary cultured piriform neurons in which
the expression of FILIP was suppressed by inducible RNAi vectors.
We observed a significant increase in NR2A-positive spines in FILIP-
depleted piriform cortex neurons (control, 2.7% of 377 spines; FILIP
knockdown, 5.6% of 444 spines; Fisher’s exact test, two-tailed, p =
0.03807).

The response to NMDA is reduced in the piriform cortex of
FILIP~~ mice. Because FILIP modified the distribution of NMDA
receptors in the piriform cortex, we investigated whether responses
to NMDA differed in the FILIP~'~ mice compared with wild-type
mice using calcium imaging techniques and a bath application of
NMDA (see Supplemental Fig. S7 online). Neurons were less
responsive to NMDA in the FILIP~'~ mice compared with the
wild-type littermates (Fig. 7h). Supplemental Fig. S8 depicts the
FILIP effects on spines (see Supplemental Fig. S8 online).

The intracortical excitation propagation is abnormal in FILIP~/~
mice. Because FILIP deletion resulted in an abnormal response to
NMDA in the piriform cortex, we investigated whether FILIP
influenced neuronal activity. Unlike other areas in the cortex, the
visual cortex, where FILIP is expressed in layers II/III (Fig. 1g-i and
Fig. 8a), receives strong and sole input from the thalamus, which
allows us to investigate how neuronal activity propagates in the
cortex by stimulating the thalamic input fibres. We stimulated the
white matter of explants taken from the visual cortex so that axons
from the lateral geniculate nucleus were activated and studied how
neuronal activity was propagated using a voltage-sensitive dye*’. The
first excitation was observed in layer VI approximately 4.2 ms after
stimulation (Fig. 8b). In the control, the excitation was subsequently
propagated to the upper layers and spread laterally (horizontally) in
layers II/IIl and layer VI (Fig. 8b). In the FILIP~'~ mice, the degree of
excitation in the upper cortical layers was lower than in the controls.
In particular, the lateral propagation was reduced in layers II/III
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8.4 ms after the stimulation (Fig. 8b). Whereas the peak amplitude of
excitation in layer VI was not significantly different between
the control and the FILIP™'~ mice, it was significantly different in
layers II/III, where FILIP is principally expressed (Fig. 8a-c). The
reduction in the horizontal propagation of excitation in layers II/IIT of
the FILIP~'~ mice persisted even when GABAergic transmission was
inhibited by treatment with the GABA s-receptor blocker bicuculline
(Fig. 8d). We next investigated whether this phenomenon depended on
the modification of myosin function by FILIP. We used blebbistatin to
block myosin 2b activity and found that the excitation propagation was
reduced in layers II/III of the visual cortex in wild-type mice, whereas
that of FILIP~'~ mice was not changed (Fig. 8e, f).

Discussion
We showed that FILIP bound to, and influenced the subcellular
distribution of, myosin 2b. FILIP is likely to facilitate the degradation
of NMHC IIb by modulating enzyme accessibility, because we
observed that exogenous FILIP prevented NMHC IIb from binding
to actin fibres, and it has been reported that the binding of myosin to
actin fibres results in the protection of myosin from enzymatic diges-
tion®. Although it is difficult to exclude the possibility that any
compensatory activity of the FILIP knockout is responsible for an
increase of myosin 2b, we observed an increase in the amount of
NMHC IIb in FILIP~'~ mice. We previously reported that FILIP
enhances filamin A degradation®. Therefore, FILIP is likely to be a
meta-regulator that orchestrates the activities of the major actin-
binding proteins filamin A and myosin 2b.

We showed that FILIP deletion leads to a shorter spine length
in the piriform cortex and that exogenous FILIP results in an
elongated spine length in well-developed hippocampal neurons.

These results indicate that FILIP, which is expressed in a region-
specific manner, is a key molecule that confers unique regional
spine characteristics.

The NR1, NR2A, and NR2B subunits of the NMDA receptor bind
to the myosin regulatory light chain, which is one component of
myosin 2b. It has been demonstrated that such binding influences
the function of NMDA receptors and the intracellular trafficking of
these subunits®**'. As FILIP bound to the heavy chain of myosin 2b
and altered its distribution, it is possible that the distribution of
NMDA receptor is also altered from the synaptic area to other
regions, for example dendritic shafts. Furthermore, as FILIP accel-
erates the degradation of filamin A through calpain activity®, the
cleavage of NR2A receptor by the activated calpain may have resulted
in the alteration of its distribution from the synaptic to extrasynaptic
area®. We presumed that this alteration of localisation is the cause of
the decrease of NR1 and NR2A signals in the spines of FILIP expres-
sing neurons. While it is not completely clear how extrasynaptically
localised NMDA receptors influence the neurons®, it is possible that
they are responsible for the high responses to glycine in FILIP expres-
sing hippocampal neurons. Interestingly, at DIV15, when spine
lengths are becoming shorter and the spine head wider”, FILIP did
not exert any significant influence on the spine morphology of hip-
pocampal neurons without glycine. Because the maturation of cul-
tured hippocampal neurons progresses greatly in the 2-3 weeks after
the initiation of culture”, our data suggest that FILIP did not influ-
ence the developmental changes of spine morphology in any appar-
ent way.

It has been demonstrated that myosin 2 activity is required for
NMDA receptor-dependent synaptic plasticity and for LTP-related
dendritic spine actin polymerisation®. It is possible that FILIP con-
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tributes to regional spine characteristics in learning'*"** through the
modification of NMDA receptor and myosin 2b function, while our
glycine treatment on the FILIP expressing hippocampal neurons
resulted in the enlargement of spine head volume. While we admi-
nistered our glycine treatment without AP5 preconditioning®*** to
avoid the alteration of expression of NMDA receptors by AP5 on the
spines®, it may be that the glycine treatment did not fully mimic the
in vivo condition, especially in the case of the our primary culture
neurons. As we have previously discussed, FILIP showed no signifi-
cant effects on the spine morphology of primary cultured hippocam-
pal neurons at DIV15 without glycine treatment. This result
indicated that the conditions of the primary culture neurons in our
glycine treatment were somewhat different from those of piriform
neurons in vivo at the adult stage. It is possible that the morphological
changes of FILIP expressing hippocampal neurons could not mimic
that of the piriform neurons in their response to learning due to the
difference in the in vivo and in vitro conditions.

The results of our blebbistatin treatment on the cortex indicated
that myosin 2b function represents the function of FILIP on the
horizontal propagation of excitation in the upper layer. As myosin
2b in the growth cone of axons is involved in axon elongation® and
the myosin 2b activity regulates axon branching™, there is a possibil-
ity that alterations in the subcellular distribution of myosin 2b due to
FILIP altered the intra-cortical circuit related to the horizontal pro-
pagation of excitation. Furthermore, the decrease of FILIP expressing
cells in the upper layer of cortex is probably one of the causes of the
decrease of horizontal propagation of excitation because 3-galacto-
sidase positive cells decreased in the cortex of FILIP~'~ mice com-
pared to FILIP*/~ mice.

Methods

Method details are given in the Supplemental information online.

Animals. The mice were maintained in the animal room at the Division of Laboratory
Animal Resources, University of Fukui and Hyogo College of Medicine. The day of
birth was designated P0. All experiments were conducted in accordance with the
Regulations for Animal Research at University of Fukui and the Regulations for
Animal Experimentation in Hyogo College of Medicine. The Animal Research
Committee, University of Fukui and the President of Hyogo College of Medicine
under the review of the Hyogo College of Medicine Animal Experiment Committee
approved the experiments.

Generation of FILIP-knockout mice. Conventional methods were used for the
generation of FILIP-knockout mice.

Vector construction. The full-length rat I-FILIP cDNA was amplified using PCR and
inserted into the pCAGGS vector®, which contains 3 X FLAG sequences and IRES
GFP (pCAGGS FILIP IRES GFP). The empty-vector control was the pCAGGS vector
expressing IRES GFP (pCAGGS IRES GFP). Vectors that express a truncated form of
FILIP were constructed using the KOD-plus-mutagenesis kit (TOYOBO CO., LTD,
Tokyo, Japan). The full-length and various fragments of NMHC IIb were amplified
using PCR and inserted into the pPCMV VSV vector to produce fragments tagged with
VSV-G under the CMV promoter. The shRNA vector for NMHC IIb and NMHC IIb-
resistant vector were constructed. The conditional knockdown vector for FILIP was
constructed using the Tol2 transposon-mediated technique®. The target nucleotide
was bp 1433-1453 of the mouse FILIP cDNA (GenBank accession number:
BC131965.1). The primers for the vector construction are shown in the Supplemental
information online.

Northern blot analyses. Conventional protocols were used for northern blot
analyses®.

Histochemical detection of B-galactosidase and immunostaining. After fixation
with 4% paraformaldehyde (PFA), the brains were cut into 30-um sections with a
cryostat. The sections were stained with X-gal staining solution (1 mg/ml X-gal,

2 mM MgCl,, 5 mM K;Fe(CN)g, 5 mM K,Fe(CN)g, 0.01% NP-40) at 37°C for 40-
48 hr. For immunohistochemical analyses, the sections were incubated with antibody
dilution solution for 30 min and incubated overnight at 4°C with the antibody
dilution buffer containing appropriate concentration of antisera. The signals were
visualised with Alexa Fluor 568-conjugated anti mouse IgG or Alexa Fluor 488-
conjugated anti mouse IgG (Life Technologies Corporation, Grand Island, NY).

Golgi staining method. The FD Rapid GolgiStain kit (FD Neurotechnologies, Inc.,
Columbia, MD) was used for Golgi-Cox staining according to the manufacturer’s

protocol. The spine morphology in piriform layer II neurons was classified according
to Harris’s report*'.

The primary culture of neurons from the hippocampus and the piriform cortex.
The hippocampus and piriform neurons at E17.5 were cultured on
polyethyleneimine-coated coverslips with growth medium (neurobasal medium; Life
Technologies Corporation) containing MACS Supplement B27 PLUS (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany) and I-glutamine). For the analysis of
spine morphology, the vectors were transfected using Lipofectamine 2000 (Life
Technologies Corporation) at DIV17 or 18. To calculate the spine head volume and
length, Z-stacked images were captured using a confocal microscope (LSM 5 Pascal,
Carl Zeiss Microlmaging, GmbH, Jena, Germany) at DIV21. The spine head width
and spine head length of the mushroom- or thin-type spines were measured using the
Image] image analysis program (NIH, Bethesda, MD)*. Spine head volume was
calculated according to the method of Knafo'. To treat cells with glycine, the vectors
were transfected as described above at DIV12. At DIV15, the cells were incubated
with 200 uM glycine-containing HEPES-buffered balanced salt solution (HEPES-
BSS) supplemented with 0.5 uM tetrodotoxin, 1 pM strychnine and 20 uM
bicuculline for 10 min following incubation with normal HEPES-BSS for 20 min. To
be treated with 10 pM blebbistatin during the glycine treatment, the cells were
preincubated with growth medium containing 10 uM blebbistatin for 30 min; then,
the cells were treated with glycine as described above, with the exception of using
HEPES-BSS supplemented with 10 uM blebbistatin. NMDA receptors were
visualised using a polyclonal anti-NR1 antibody (Sigma-Aldrich Co. LLC, St. Louis,
MO) or a polyclonal anti-NMDAR2A antibody (EMD Millipore Corporation,
Billerica, MA) followed by Alexa Fluor 633-conjugated anti-rabbit IgG (Life
Technologies Corporation). pPCAGGS-tdTomato, pT2K-CAGGS-rtTAM2, pT2K-
TBI-shRNAmir and pCAGGS-T2TP (Tol2 transposase) were transfected at a ratio of
1:4:2:4 using Lipofectamine 2000 at DIV16. The culture media were changed to
doxycycline-containing media (1 pug/ml) at DIV17; the cells were observed at DIV21.

Immunoprecipitation. COS-7 cells that had been cultured in a 6-cm dish were lysed
in400 pl ofice-cold lysis buffer 24 hr after transfection with the plasmid vectors. Pre-
cleared lysates were incubated with antibody-bound Protein G Dynabeads (Life
Technologies Corporation) at 4°C for 3 hr. After the Dynabeads were rinsed three
times in lysis buffer, the immunoprecipitated proteins were eluted in SDS sample
buffer. Details are provided in the Supplemental information online.

Western blot analyses and anti-FILIP antisera. The cortices of the ICR mouse
brains and hearts were homogenised in lysis buffer. The insoluble materials were
removed through centrifugation. The protein concentration was measured using
protein assay CBB solution (Nacalai Tesque, Inc., Kyoto, Japan). Protein lysates

(5 pg) or immunoprecipitation products were separated through SDS-PAGE and
transferred onto polyvinylidene difluoride membranes (EMD Millipore
Corporation). After the membranes were blocked, they were incubated with primary
antibodies followed by secondary antibodies coupled to HRP (1:2,000; BD
Biosciences, Franklin Lakes, NJ). The peroxidase activity was detected using
enhanced chemiluminescence. The blot densities were quantified using the Image]J
program. Anti-FILIP antisera were raised against a recombinant peptide of rat FILIP
(ESQEMPMGRTILK) in rabbit.

In utero electroporation gene transfer of the inducible FILIP knockdown vector.
We performed in utero electroporation-mediated gene transfer as previously
reported®. pCAGGS-tdTomato, pT2K-CAGGS-rtTAM2, pT2K-TBI-shRNAmir
and pCAGGS-T2TP (Tol2 transposase) were transfected at a ratio of 1:10:5: 10 into
the embryonic brains of ICR mice at E14.5. At P21 to P28, the delivered pups were
administered doxycycline via the drinking water (the final concentration was 2 mg/
ml + 5% sucrose). The brains were dissected out at P28 and cut coronally into 100-
pm slices with a Vibratome (DOSAKA EM Co., LTD., Kyoto, Japan).

Preparation for optical recording. We performed optical recording with some
modifications from the previous reports*>*. For optical imaging of gross neuronal
excitation, the slices (400-pm thick) were prepared from the visual cortices of
FILIP™~ and their FILIP*'* or FILIP*'~ littermates at one month of age. The slices
were stained in a bath filled with RH-482 (0.1 mg/ml; 20 min). After completing the
optical recordings under perfusion with Ringer’s solution, the slice was perfused with
Ringer’s solution containing 2 uM bicuculline for 30 min. The optical recording in
the presence of bicuculline was then performed.

Optical recording. The light absorption change at 700 * 32 nm was recorded using
an imaging system (Deltaron 1700; Fujifilm Corporation, Tokyo, Japan) with 128 X
128 pixel photo sensors at a frame rate of 0.6 ms. Starting at 10 ms before each
stimulus, the image sensor took 128 consecutive frames at a sampling interval of
0.6 ms. A reference frame, which was taken immediately before each series of 128
frames, was subtracted from the subsequent 128 frames. An electric pulse was given to
the white matter. The ratio image was then calculated by dividing the image data by
the reference frame.

Ca’* imaging. We performed Ca’* imaging with some modifications from the
previous report*!. The brains were removed and transferred to an ice-cold aerated
solution (95% O, and 5% CO,) containing (in mM) 120 choline chloride, 2.4 KCI, 26
NaHCO3, 1.2 NaH,PO,, 0.5 CaCl,, 7 MgCl,, 1.2 ascorbic acid and 15 glucose.
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Coronal slices (300-pum thick) containing the piriform cortex were prepared using a
vibrating microtome. Each slice was loaded for 45 min at room temperature with
10 pM Fluo-4/AM (Life Technologies Corporation) in the presence of 0.01%
Pluronic F-127 (Life Technologies Corporation). The slices were then washed
thoroughly with Ringer’s solution and set in a chamber (0.2 mL) on an upright
microscope (BX51WT; Olympus, Tokyo, Japan). Each slice was perfused with Ringer’s
solution containing (in mM) 127 NaCl, 2 KCl, 1.2 KH,POy, 1.3 MgSO,, 2.4 CaCl,, 26
NaHCOj; and 10 glucose (oxygenated with 95% O, and 5% CO,) at room temperature
(25 £ 2°C). The confocal images of fluo-4 fluorescence were captured in a 0.4-mm?*
area of the piriform cortex at a sampling interval of 500 ms using a CSU10 Nipkow
spinning-disk confocal microscope (Yokogawa Electric, Tokyo, Japan) equipped with
an EM CCD camera (iXON EM; Andor Technology Ltd., Belfast, Northern Ireland,
UK). Fluo-4 fluorescence at 518 nm was excited by light at 488 nm from a
semiconductor laser. NMDA (50 uM) or a high-K* solution were puff-applied for
10 s beginning at 10 s after the start of recording. The high-K™" solution was identical
to the Ringer’s solution except for (in mM) in addition of 76 NaCl and 50 KCl.

Statistical analyses. To analyse the statistical significance of means, we used an
unpaired two-tailed Student ¢-test when two samples had equal variances and Welch’s
t-test when two samples had unequal variances. To analyse statistical significance of
the spine head volume, we used the Wilcoxon rank sum test or Welch’s ¢-test. To
analyse statistical significance of ratio, we used Fisher’s exact test.
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