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Neurons are highly polarized cells that extend a single axon and
several dendrites. Studies with cultured neurons indicate that the
proximal portion of the axon, denoted as the axon initial segment
(AlS), maintains neuronal polarity in vitro. The membrane-adaptor
protein ankyrinG (ankG) is an essential component of the AIS. To
determine the relevance of ankG for neuronal polarity in vivo, we
studied mice with a cerebellum-specific ankG deficiency. Strikingly,
ankG-depleted axons develop protrusions closely resembling den-
dritic spines. Such axonal spines are enriched with postsynaptic
proteins, including ProSAP1/Shank2 and ionotropic and metabo-
tropic glutamate receptors. In addition, immunofluorescence
indicated that axonal spines are contacted by presynaptic gluta-
matergic boutons. For further analysis, double mutants were
obtained by crossbreeding ankG—/~ mice with L7/Purkinje cell-
specific promoter 2 (PCP2) mice expressing enhanced green fluo-
rescent protein (EGFP) in Purkinje cells (PCs). This approach allowed
precise confocal microscopic mapping of EGFP-positive spiny axons
and their subsequent identification at the electron microscopic
level. Ultrastructurally, axonal spines contained a typical postsyn-
aptic density and established asymmetric excitatory synapses with
presynaptic boutons containing synaptic vesicles. In the shaft of
spiny axons, typical ultrastructural features of the AlS, including
the membrane-associated dense undercoating and cytoplasmic
bundles of microtubules, were absent. Finally, using time-lapse
imaging of organotypic cerebellar slice cultures, we demonstrate
that nonspiny PC axons of EGFP-positive/ankG~—/~ mice acquire a
spiny phenotype within a time range of only 3 days. Collectively,
these findings demonstrate that axons of ankG-deficient mice
acquire hallmark features of dendrites. AnkG thus is important for
maintaining appropriate axo-dendritic polarity in vivo.

axon initial segment | axonal differentiation | diffusion barrier |
cytoskeleton

nderstanding the mechanisms of cellular polarization into

distinct compartments is a fundamental issue in cell biology.
Among all cell types with a complex morphology, neurons are
characterized by exceptionally pronounced structural and func-
tional segregation of distinct cell domains. The most fundamen-
tal level of neuronal polarity is represented by the establishment
of axonal and somatodendritic domains (1, 2). Appropriate
maintenance of these domains—specialized for either receiving
(dendrites) or transmitting electrical signals (axons)—provides
the underpinning for all neural circuitry (3). Structurally, den-
drites and axons can be distinguished by their morphological
appearance and their specific complements of organelles and
cytoskeleton proteins. In addition, distinct sets of membrane
proteins are enriched in either the somatodendritic or the axonal
domain (3).

The structural and functional segregation of axons and den-
drites—referred to as axo-dendritic polarity—is established early
on in development (4, 5). Subsequently, axo-dendritic polarity
must be maintained over the entire life span of the neuron. A
unique axonal subdomain implicated in this process is the axon
initial segment (AIS), which extends from the axon hillock to the
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beginning of the myelin sheath (6). The AIS serves not only as
the initial generator but also as an important modulator of action
potentials (7, 8). Moreover, a membrane-associated diffusion
barrier is established in the AIS (9, 10). This barrier is based
on a high density of transmembrane proteins recruited to the
AIS by the membrane adaptor protein ankyrinG (ankG) (11,
12). AnkG indeed serves as the master organizer molecule of
the AIS because other proteins, such as BIV spectrin and
KCNQ2/3 channels, require ankG to appropriately cluster in
the AIS (12—14).

Previously, a role of the AIS for maintaining segregation of
axonal and somatodendritic membrane proteins was postulated
(9, 10). Interestingly, a shift of dendritic features into proximal
axons was indeed found in cultured hippocampal neurons
treated with ankG short hairpin RNA (15). This observation
provides direct evidence for a role of ankG in maintaining
axo-dendritic polarity in vitro. In contrast, the potential rele-
vance of ankG for neuronal polarization in vivo still remains
undetermined. To address this issue, we examined mice with a
cerebellum-specific deficiency for ankG (16). These mice lack
the 270/480-kDa isoforms of ankG and are affected by ataxia,
Purkinje cell loss, impaired firing of action potentials, and
impaired AIS-specific localization of voltage-gated sodium
channels. AISs of ankG-deficient Purkinje neurons also lack
B-IV spectrin (13) and KCNQ2/3 channels (14). Moreover,
186-kDa neurofascin is not concentrated normally at ankG-
deficient AISs (13) and formation of neurofascin-dependent
axo-axonic synapses with interneurons is impaired (17).

In the present study, we document a profound structural
reorganization of ankG-deficient Purkinje cell axons in vivo and
show that they exhibit features normally associated with den-
drites. These results indicate that ankG plays a central role in
maintaining appropriate axo-dendritic polarity in vivo.

Results

The morphology of Purkinje cells (PCs) in ankG™/~ mice was
compared to that of wild-type animals, using immunofluorescent
labeling of calbindin D28K, a calcium-binding protein enriched
in PCs (Fig. 14). Some principal features of PC polarity were
found to be preserved in ankG~/~ mice. Thus, a single axon
emerged from the basal cell pole whereas dendrites originated
from the opposite cell pole. AnkG~/~ PC axons had a normal
trajectory through the granule cell layer, fasciculating with other
axons in the white matter. Accordingly, ankG deficiency appar-
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Fig. 1. AnkG-deficiency causes PC axons to develop spines in vivo. (A-C) The morphology of PC in ankG~/~ mice is visualized by anti-calbindin D28K labeling.
(A) At low magnification, principal features of axo-dendritic polarity are preserved. PC dendrites branch in the molecular layer (ML), PC somata are aligned in
the Purkinje cell layer (PCL), and PC axons (arrow) traverse the granule cell layer (GCL) en route to the white matter (WM). (B) Higher magnification of framed
area in A. Three PC axons originating from their parental cell body are depicted. Two of them (arrowheads) exhibit a conspicuous spiny appearance. By
comparison, the third axon (arrow) shows a smooth surface. (C) Close-up view of framed area in B. The PC axon gives rise to numerous spiny protrusions. These
spines have a thread-like neck and a mushroom-like head (arrowheads) and thus resemble dendritic spines. (D) The 3-dimensional morphology of a spiny PC axon

is visualized by surface rendering of a confocal Z-stack. (Scale bars: A, 100 um; B, 20 um; C and D, 2 um.)

ently does not interfere either with initial specification of PC
axons or with axonal pathfinding in vivo.

Closer microscopic examination, however, revealed surprising
morphological changes in PCs of ankG™/~ mice. A substantial
number of proximal axonal segments of PCs gave rise to
cytoplasmic protrusions closely resembling dendritic spines (Fig.
1 B-D). The distribution and prevalence of spiny axons was
studied in parasagittal sections of the cerebellar vermis [sup-
porting information (SI) Fig. S1]. The highest prevalence was
noted in the cerebellar nodule where 45% of all examined axons
exhibited a spiny phenotype. By contrast, spiny axons were
completely absent in ankG*/* mice. Spines were only rarely
associated with the ankG-depleted AIS itself, but were mainly
found along adjacent axonal segments. Spiny segments acquired
a length of up to 160 wm, which is almost an order of magnitude
longer than the AIS of a typical PC (18). Spiny axons had a
considerably larger diameter as compared to nonspiny axons of
ankG ™/~ mice (1.84 = 0.33 pm vs. 0.93 = 0.17 um). During their
transit through the granule cell layer, the thickened spiny axons
tapered down into normal-sized nonspiny axons. The morphol-
ogy of axonal spines was further analyzed by 3-dimensional
surface rendering of confocal Z-stacks (Fig. 1D). Axonal spines
typically had a mushroom-like appearance with a bulbous head
connected to the shaft of the parent process via a thin neck. This
morphology closely resembles dendritic PC spines. The spiny
phenotype of PC axons in ankG ™/~ mice suggests that ankG
contributes to proper segregation of the axonal and the soma-
todendritic domain in vivo. Our findings confirm and extend the
recent in vitro data of Hedstrom et al. (15).

Dendritic spines represent neuronal microcompartments
equipped with a multitude of cytoskeleton proteins, signaling
complexes, and membrane-associated proteins (19). The con-
centration of actin filaments, for example, is strikingly high in
dendritic spines as compared to other neuronal compartments
(20). We detected filamentous actin in spiny axons using fluo-
rescent phalloidin. The neck of aberrant axonal spines in ankG-
depleted PCs was highly enriched with F-actin (Fig. 2 4-C),
similar to the distribution of filamentous actin in dendritic
spines. Dynamic modulation of the actin cytoskeleton by actin-
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binding proteins plays an important role in regulating spine
morphology and synaptic plasticity (21). One of these actin-
binding proteins is spinophilin/neurabin-II, which modulates
excitatory synaptic transmission by recruiting protein phospha-
tase-1 to spines (22). Spinophilin accumulated in axonal spines
of ankG™/~ PC axons (Fig. 2 D-F), indicating that actin-
associated proteins normally targeted to dendritic spines are
shifted into the axonal compartment of ankG =/~ PCs. Spinophi-
lin was absent in nonspiny axons of ankG~/~ mice and in
ankG*/* PC axons.

In addition to detecting the aberrant shift of dendritic proteins
into spiny axons (detailed above), we also examined the compart-
mentalization of the axon-specific protein tau (Fig. S2). Accumu-
lation of tau was markedly reduced in spiny segments of ankG~/~
mice as compared to nonspiny axons of control animals.

Dendritic spines serve as postsynaptic compartments for
excitatory glutamatergic neurotransmission. This function is
intimately connected with the postsynaptic density (PSD), a huge
macromolecular complex consisting of several hundred different
proteins (23, 24). We examined whether key components of the
PSD are also enriched in axonal spines. We focused on proteins
of the ProSAP/Shank family, which function as “master scaf-
folding proteins” of the PSD by binding simultaneously to
glutamate receptor complexes and the postsynaptic cytoskeleton
of the spine (25-27). First, we confirmed the previously reported
somatodendritic clustering of ProSAP1/Shank2. In ankG™/~
mice, however, small punctate structures intensively immunopo-
sitive for ProSAP1/Shank2 were specifically located in axonal
spine heads (Fig. 2 G-I). Thus, lack of ankG causes important
backbone proteins of the PSD to be specifically targeted to
axonal spines.

The membrane of PC spines contains metabotropic and
ionotropic glutamate receptors (GluRs). Thus, we tested
whether postsynaptic GluRs are also present in axonal spines of
ankG ™/~ PCs. First, the distribution of the postsynaptic metabo-
tropic glutamate receptor 1 (mGluR1) was examined. In
ankG™/* animals mGluR1 labeling was restricted to the soma-
todendritic domain as previously reported (28). In ankG~/~
animals, however, mGluR1 labeling was found in the granule cell
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Fig. 2. Spiny PC axons of ankG~/~ mice possess neurochemical features of
axons and dendrites. (A-C) Enrichment of filamentous actin in spines of an
ankG~/~ PC axon (arrowhead). F-actin was labeled by fluorescent phalloidin.
(D-F) Enrichment of the dendrite-specific protein spinophilin in spines of an
ankG~/~ PC axon (arrowheads). (G-/) Highly selective enrichment of the PSD
protein ProSAP1/Shank2 in spines of an ankG~/~ PC axon (arrowheads). (Scale
bar, 5 um.)

layer, where it was associated with spiny PC axons (Fig. 3 A-D).
Nonspiny PC axons were devoid of mGluR1 (Fig. 3 A-D,
arrowheads). Next, we examined the distribution of GluR&2,
which specifically localizes to parallel fiber (PF)/Purkinje cell
synapses (29). Again, an aberrant shift of GluR#é2 into spiny PC
axons was found, whereas nonspiny axons of ankG~'~ PCs were
GluR&2 negative (Fig. 3 E-G). These observations demonstrate
that lack of ankG permits GluRs to enter the axonal domain.

Dendritic spines normally are contacted by glutamatergic
axonal endings. We tested whether this is also the case for axonal
spines of ankG~/~ mice. The vesicular glutamate transporter 1
(VGlutl) was used as a marker for glutamatergic boutons (30).
As shown in Fig. 3H, I spiny axons were indeed contacted by
glutamatergic boutons (see also Fig. S3 A-C). Further confir-
mation for axonal boutons impinging on the axonal spines was
obtained by double labeling against synaptophysin, a marker for
presynaptic endings (Fig. S3 D-F). These observations indicate
that axonal spines of ankG ™/~ mice serve as postsynaptic part-
ners for presynaptic glutamatergic terminals.

Further insights into structural changes of ankG-depleted
axons required the use of electron microscopy (EM). However,
spiny axons were very difficult to identify by conventional
techniques such as immunogold labeling. We circumvented this
limitation by crossbreeding ankG~/~ mice with mice that express
enhanced green fluorescent protein (EGFP) under the control
of the PC-specific promoter L7 (31). The PC somata of these
double mutants gave rise to EGFP-positive spiny axons indis-
tinguishable from those identified in ankG ™/~ single mutants.
This allowed us to perform correlated light and electron mi-
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Fig.3. Featuresof glutamatergic synapses associated with spines of ankG /-
PC axons. (A-C) Clustering of postsynaptic mGluR1 in a spiny PC axon (arrow).
By comparison, a neighboring nonspiny PC axon (arrowhead) is completely
devoid of mGluR1. (D) Close-up view of the framed area shown in C. Arrow
points to a spine enriched with mGIluR1. Arrowhead: nonspiny PC axon devoid
of mGIuR1. (E-G) Enrichment of postsynaptic GIuRS2 in spiny PC axons (ar-
rows). Nonspiny axons beneath the PC layer belong to the plexus of PC axon
collaterals. (H and /) Double labeling for calbindin D28K and VGlut1. (H)
Asterisk denotes glutamatergic mossy fiber boutons associated with cerebel-
lar glomeruli. Two PC axons in the framed area are shown at higher magni-
fication in /. (/) Spines of a PC axon are contacted by VGlut1-positive boutons
(arrows). A neighboring nonspiny axon (asterisk) is devoid of VGlut1-positive
terminals.

croscopy (Fig. S4). As a first step, precise mapping of EGFP-
positive spiny axons was achieved by confocal laser scanning
microscopy (Fig. S44). Subsequently, this topographic informa-
tion served to identify spiny axons in ultrathin sections (Fig. S4
B and C). Spines of ankG-depleted axons were found to be
contacted by terminal presynaptic boutons filled with synaptic
vesicles (Fig. 4 A-D). Importantly, the axonal spine contained a
thickened postsynaptic density (Fig. 4 B and D)—a hallmark for
asymmetric and excitatory glutamatergic synapses. Together
with our immunohistochemical findings these results confirm the
aberrant postsynaptic nature of ankG-depleted spiny axons.

In serial ultrathin sections, the spiny axon illustrated in Fig. 4
could be traced over a distance of ~80 um extending from the
PC soma into the granule cell layer. Interestingly, over this entire
length the spiny axon was completely devoid of a myelin sheath
(see also Fig. S4). By contrast, the first unmyelinated portion of
the PC axon (corresponding to the length of the AIS) normally
accounts only for the first 17 um of the axon (18). Further
confirmation for impaired myelination of spiny axons in ankG-
depleted mice was obtained by immunofluorescent labeling of
myelin basic protein—a major component of the myelin sheath
(Fig. S5). Taken together, these data suggest that lack of ankG
interferes with proper myelination of proximal axonal segments.

At the ultrastructural level, the AIS can be distinguished by 2
features: (i) an electron-dense undercoating beneath the cyto-
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Fig. 4. Ultrastructural features of spiny axons in L7-EGFP/ankG~'~ double
mutants. (A and C) The shaft of an ankG-depleted axon gives rise to mush-
room-like spines (asterisks in A). Shades of color in C delineate the contour of
a spiny axon (green) and 2 associated presynaptic terminals (yellow). PSDs
associated with the axonal spines are shaded in red. See Fig. S3 for confocal
scanning microscopy of the same spiny axon. (B and D) Close-up view of the
framed area in A. The spine of the ankG-depleted axon is endowed with a PSD
and contacted by a presynaptic terminal containing numerous synaptic vesi-
cles (SV). Colors in D correspond to those in C. (E and F) Ultrastructure of the
ankG-depleted AIS. E depicts the transition of a PC soma into the AIS of the
spiny axon also shown in A-D (contour delineated by green color). (F) Close-up
view of the framed areain E. The cytoplasmic membrane of the ankG-depleted
AIS (arrowheads) lacks the dense undercoating normally found in the AlS.
Likewise, the AIS cytoplasm is devoid of fasciculated microtubules. For com-
parison with an AlS of a control animal see Fig. S6.

plasmic membrane and (if) fascicles of cytoplasmic microtubules
(32). Of note, both of these ultrastructural AIS features were
absent in proximal segments of spiny PC axons (Fig. 4 E and F).
In contrast, these features were present in AISs of control
animals (Fig. S6). Thus the acquisition of dendritic features by
ankG-deficient axons is accompanied by a loss of AIS-specific
ultrastructural features.

The development of spiny axons was further examined using
organotypic cerebellar slice cultures prepared from L7-EGFP/
ankG~/~ double mutants at P9-P10. Confocal time-lapse imag-
ing revealed the spiny morphology of EGFP-positive PC axons
(Fig. 5 A-C). The altered axons exhibited all of the dendritic
features detailed above (summarized in Fig. S7). A subset of
EGFP-positive PC axons was mapped and confocal Z-stacks of
identified axons were acquired every other day. This approach
allowed us to detect the conversion of nonspiny into spiny axons
over a time range of only 3 days (Fig. 5 D-I). Such acquisition
of a spiny phenotype consistently was accompanied by a thick-
ening of the converting axon. Spiny axons were stable over the
entire period of observation. Thus, a conversion of a spiny into
a nonspiny phenotype was not observed. This supports the
notion that ankG depletion does not interfere with early axon
specification but rather with long-term maintenance of axonal
identity.

Discussion

This study documents a profound dendritic reorganization of
ankG-depleted axons in vivo. Core components of the somatoden-
dritic compartment were found to be shifted into the axonal
compartment of ankG-deficient neurons. This shift was accompa-
nied by outgrowth of cytoplasmic axonal protrusions closely re-
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Fig. 5. Identification and time-lapse imaging of spiny axons in cerebellar
slice cultures prepared from L7-EGFP/ankG ~/~ mice. (A-C) EGFP-positive spiny
PC axon identified in a cerebellar slice culture (DIV10) of an L7-EGFP/ankG~/~
mouse. The spiny appearance of this process (arrowheads) closely resembles
that of axons found in cerebellar brain sections of ankG~/~ mice (see Fig. 1).
(D-I) Confocal time-lapse imaging of a cerebellar slice culture reveals the
conversion of a nonspiny into a spiny axon. At DIV13, the selected axon is
largely devoid of spines except for a single protrusion (arrowhead). Between
DIV13 (D) and DIV15 (E) the conversion into a spiny axon occurs. This conver-
sion into an axo-dendritic hybrid is accompanied by an enlargement of the
axonal diameter. (Scale bars: A and D-F, 20 um; B, 10 um; C and G-/, 5 pm.)

sembling dendritic spines. Time-lapse imaging of EGFP-expressing
ankG-depleted PC axons demonstrated a conversion of inconspic-
uous nonspiny axons into spiny axons over a time range of only 3
days. Most notably, aberrant axonal spines were equipped with
postsynaptic glutamate receptors and served as contact sites for
presynaptic glutamatergic boutons as revealed by electron micro-
scopic analysis. Thus, depletion of ankG interferes with the main-
tenance of axonal identity by imposing hallmark features of postsyn-
aptic dendrites on axons in vivo.

Development of spines and associated glutamatergic synapses is
a highly complex process that requires appropriate trafficking,
assembly, and coordinated interaction of a multitude of regulatory
proteins (19). What are the key molecules responsible for aberrant
spinogenesis and glutamatergic synaptogenesis associated with
ankG-depleted axons? Two major candidate proteins include the
PSD-associated protein ProSAP/Shank and the glutamate receptor
GIluRé&2. With regard to ProSAP/Shank, a central role of this
molecule for spinogenesis was previously proposed on the basis of
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the following findings: (a) ProSAP/Shank is an early component of
the PSD during synaptogenesis (33), (b) overexpression of ProSAP/
Shank induces enlargement of dendritic spine heads (34), and (c)
transfection of ProSAP/Shank induces spine formation in dendrites
of cerebellar granule cells that are normally nonspiny (35). More-
over, these spines are contacted by functional glutamatergic
synapses. Accordingly, ProSAP/Shank recruits the necessary cy-
toskeletal and membrane components that enable the postsynaptic
membrane of dendrites to reorganize into a spine-like structure
involved in glutamatergic neurotransmission. It is thus conceivable
that a shift of ProSAP1/Shank? into proximal ankG~/~ axons may
play an important role in aberrant axonal spinogenesis.

With regard to GluR&2, it is known that this receptor plays a
major role in recruitment of glutamatergic presynaptic terminals
to postsynaptic PC spines in vivo (29, 36). Heterologous expres-
sion of GluR&2 in HEK cells cocultured with cerebellar granule
cells attracts presynaptic glutamatergic terminals even to the
nonneuronal HEK cells (36). Thus, on the basis of its well-
established role as a presynaptic organizer, we suggest that
GluR62—together with ProSAP/Shank—may play a key role in
driving glutamatergic synaptogenesis associated with aberrant
spines of ankG-depleted axons.

Previous in vitro studies pointed out that depletion of ankG could
compromise the AIS-specific membrane diffusion barrier (2, 9, 10)
and thus abolish segregation of somatodendritic vs. axonal mem-
brane proteins (15). However, this mechanism alone cannot explain
the highly complex restructuring that must underlie the conversion
of a normal axon into a spiny axo-dendritic hybrid. The question
therefore has to be raised whether additional functions of ankG in
the AIS may contribute to maintaining neuronal polarity. In this
regard, previous studies on epithelial cells may provide valuable
clues linking ankG to even more profound mechanisms of mem-
brane metabolism. In epithelial cells, ankG is associated with the
lateral membrane (37). Interestingly, RNAi-induced depletion of
ankG in epithelial cells caused a dramatic loss of the lateral
membrane whereas apical and basal membrane domains expanded
(37, 38). In addition to simply modifying the biophysical charac-
teristics of a given membrane domain, ankG thus is also responsible
for entire membrane biogenesis (38). It will be of interest to
determine whether ankG exerts a similar function in the AIS.
Impaired biogenesis of the entire AIS membrane would offer an
alternative explanation for the profound morphological changes of
ankG-depleted axons.

Of note, the aberrant shift of dendritic components into ankG-
depleted axons not only was restricted to membrane-associated
proteins (such as GluRs) but also included cytoplasmic proteins
such as the actin-regulating protein spinophilin. This shift of
cytoplasmic components can hardly be attributed to an impaired
membrane diffusion barrier. Indeed, a recent study provides direct
evidence for an ankG-dependent cytoplasmic filter in the AIS (39).
This cytoplasmic AIS filter controls the diffusion of macromole-
cules and transport of vesicular carriers into the axon and is
perturbed by depletion of ankG (39). Thus a combined disruption
of both membrane-associated and cytoplasmic filtering in the AIS
may underlie the dendritic reorganization of axons in ankG-
depleted mice. This notion is confirmed and extended by our
current electron microscopic analysis demonstrating absence not
only of the membrane-associated dense undercoating but also of
cytoplasmic microtubule bundles in ankG-depleted spiny axons.
This analysis suggests that ankG couples the function and integrity
of the membrane cytoskeleton to that of the cytoplasmic microtu-
bule system of the AIS. Interestingly, the AIS-specific 480-kDa
isoform of ankG with its highly elongated tail domain (length ~0.5
pm) (11) is an ideal candidate to connect microtubules to spectrin-
associated actin filaments (40). Moreover, the fasciculated micro-
tubules of the AIS are known to provide important directional cues
for anterograde axonal transport (41). Disrupting the microtubule
architecture of the AIS may thus contribute to the partial loss of the
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axonal phenotype documented in the present study. Unraveling the
precise molecular mechanisms that underlie these structural
changes will help us to fully understand the crucial role of ankG for
maintaining appropriate neuronal polarity in vivo.

Materials and Methods

Animals. Animals were raised and housed under standard laboratory condi-
tions. All animal experiments were performed in compliance with German law
on the use of laboratory animals. For time-lapse imaging of cerebellar slice
cultures, ankG~/~ mice were crossbred with L7/Purkinje cell-specific promoter
2 (PCP2)-EGFP transgenic mice expressing EGFP under the direction of a
Purkinje cell-specific promoter (L7/PCP2) (31). L7/PCP2-EGFP mice were pur-
chased from Jackson Laboratory. AnkG and EGFP genotypes were determined
as described (13, 16).

Antibodies. Antibodies against the ionotropic GlurR1 and GIuR&2, the
mGluR1e, myelin basic protein, and synaptophysin were purchased from
Chemicon International. A polyclonal antibody directed against residues 286 -
390 of spinophilin/neurabin-Il was purchased from Upstate Cell Signaling
Solutions. Polyclonal anti-ProSAP1/Shank2 (27) was kindly provided by Tobias
Boeckers (Department of Anatomy and Cell Biology, University of Ulm, Ulm,
Germany). Polyclonal antibodies against anti-calbindin D28K were purchased
from Swant. Alexa 568 phalloidin was purchased from MoBiTec GmbH. VGlut1
was purchased from Synaptic Systems GmbH. The monoclonal antibody AT270
(Pierce Scientific, 1:1,000) was used to detect the axonal protein tau. All
primary antibodies were used at a dilution of 1:500.

Immunohistochemistry. Adult mice were anesthetized with pentobarbital and
transcardially perfused with 4% paraformaldehyde (PFA) in PBS, pH 7.4. Brains
were removed and fixed in 4% PFA in PBS overnight. Sagittal vibratome sections
(thickness 50 um) were incubated with primary antibodies for 24 h at room
temperature (RT). Bound antigens were detected by secondary antibodies con-
jugated with Alexa Fluor 488 or Alexa Fluor 568 (1:1,000; Molecular Probes).

Confocal Laser Scanning Microscopy. For confocal microscopy, a laser scanning
microscope (LSM 510, Carl Zeiss) was used. Optical reconstruction of confocal
Z-stacks was performed using the implemented LSM5 software. Three-
dimensional surface renderings were generated using the Imaris software pack-
age (Bitplane AG). Photoshop CS2 (Adobe Systems) was used to optimize contrast
and brightness. Detector gain and amplifier offset was set to obtain pixel den-
sities within the linear range. AIS fluorescence intensity was measured using
implemented functions of the LSM 510 (Carl Zeiss Microlmaging).

Electron Microscopy. For electron microscopy, mice were transcardially perfused
with 0.9% NacCl followed by perfusion with 4% paraformaldehyde and 0.5%
glutaraldehyde. Serial sagittal sections (50 um) of the cerebellar vermis were cut
using a Vibratome (VT1000S, Leica). TO-PRO-3 (Molecular Probes, 1:5,000 in 1X
PBS) was used for fluorescent counterstaining of cell nuclei. Sections were
mounted on slides and coverslipped using aqueous fluorescence mounting me-
dium. Subsequently, precise mapping of EGFP-positive spiny axons and surround-
ing TO-PRO-3-labeled nuclei was performed by recording Z-stacks of laser con-
focal microscopy images (see Fig. S4). Sections were carefully removed from the
slide and postfixed in 2.5% glutaraldehyde (24 h, RT). The Vibratome sections
were treated with 1% OsO4 before being dehydrated and flat-embedded in
Epon. Serial ultrathin sections were placed on 100-mesh copper grids (Plano
GmbH), stained with uranyl acetate and lead citrate, and analyzed using a Zeiss
EM 902 equipped with a cooled CCD camera (TRS). Fig. S4 exemplifies the
successful identification of a spiny axon in ultrathin sections by means of corre-
lation with previous laser microscopic mapping of EGFP and TO-PRO-3.

Light Microscopic Mapping of the Distribution and Diameter of Spiny Axons. The
distribution of spiny axons was mapped in calbindin-labeled sections of the
cerebellar vermis. Only axons that could be traced from their parental PCsoma
for a distance of at least 50 um were included. A total of 1,756 axons were
mapped in ankG-depleted mice (n = 3) and compared to 1,378 axons of
ankG*/* (n = 3) animals. The percentage of spiny axons was calculated for
each vermal lobule (I-X) separately. The diameter of PC axons was assessed at
a distance of 40 um from the PC axon hillock.

Organotypic Cerebellar Slice Cultures. Organotypic cerebellar slices were cul-
tured according to a modified protocol (42). Slices were prepared at postnatal
days9and 10. After decapitation, cerebelli were removed and sagittal sections
were cut at 350 um using a Mcllwain mechanical tissue chopper (Science
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Products). Slices were placed onto porous membranes (Millicell-CM, Millipore)
and put into 6-well plates containing culture medium (50% minimum essen-
tial medium, 25% HBSS, 25% normal horse serum, 0.5% Glutamax, 4.2 mM
glucose, 10 mM Hepes, and 0.5% sodium bicarbonate). The buffer was ad-
justed to pH 7.3. Cultures were incubated at 35 °Cin a humidified atmosphere
(5% CO3). The medium was exchanged every other day.

Time-Lapse Imaging of Organotypic Cerebellar Slice Cultures. Time-lapse im-
aging was performed each day from days in vitro (DIV)9 to DIV21 with an
upright Zeiss LSM PASCAL microscope. During imaging the culture medium
was replaced with warm (35 °C) imaging buffer containing 129 mM Nacl, 4
mM KCl, 1 mM MgCl,, 2 mM CacCly, 4.2 mM glucose, 10 mM Hepes, 0.1 mM
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