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The Septate Junction Protein Caspr Is Required for
Structural Support and Retention of KCNQ4 at Calyceal
Synapses of Vestibular Hair Cells
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The afferent innervation contacting the type I hair cells of the vestibular sensory epithelia form distinct calyceal synapses. The apposed
presynaptic and postsynaptic membranes at this large area of synaptic contact are kept at a remarkably regular distance. Here, we show
by freeze-fracture electron microscopy that a patterned alignment of proteins at the calyceal membrane resembles a type of intercellular
junction that is rare in vertebrates, the septate junction (SJ). We found that a core molecular component of SJs, Caspr, colocalizes with the
K" channel KCNQ4 at the postsynaptic membranes of these calyceal synapses. Inmunolabeling and ultrastructural analyses of Caspr
knock-out mice reveal that, in the absence of Caspr, the separation between the membranes of the hair cells and the afferent neurons is
conspicuously irregular and often increased by an order of magnitude. In these mutants, KCNQ4 fails to cluster at the postsynaptic
membrane and appears diffused along the entire calyceal membrane. Our results indicate that a septate-like junction provides structural
support to calyceal synaptic contact with the vestibular hair cell and that Caspr is required for the recruitment or retention of KCNQ4 at

these synapses.

Introduction
Vestibular organs are responsible for sensing head movement
and head tilt, and the mechanosensory signal is transduced by
hair cells that synapse with the vestibular afferent nerve. There are
two types of vestibular hair cells that differ in shape and innerva-
tion morphology. Type II hair cells are innervated by bouton
synapses, whereas type I hair cells are almost fully enveloped by a
calyx-shaped postsynaptic terminal, and are found only in higher
vertebrates (Eatock et al., 2008). The hair cell-calyx contact ex-
hibit features that are characteristic of intercellular junctions in-
cluding a regular spacing (Gulley and Bagger-Sjobick, 1979). Al-
though the presence of intercellular junctional features was
recognized decades ago, no subsequent information on the mo-
lecular characterization of this junction is available.
Functionally, calyceal synapses also exhibit features that are
distinct from the regular bouton synapses. These include com-
paratively weak synaptic input to the postsynaptic terminal and
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persistent postsynaptic potential after inhibition of glutamate re-
ceptors (Yamashita and Ohmori, 1990; Holt et al., 2007a). Al-
though these features have been the focus of several studies in the
last decade, the mechanisms driving these differences are un-
known. Theoretical models have correlated the unusual proper-
ties of calyceal synapses with the geometry of the contacts be-
tween the calyx and the type I hair cells (Goldberg, 1996; Soto et
al., 2002). A common parameter emphasized in these models is
the intercellular space between the membranes. Consensus is that
the accumulation of K™ ions in the intercellular space greatly
contributes to the peculiar properties of calyceal synapses. Inter-
estingly, the potassium channel KCNQ4, a key protein in ho-
meostasis of K, is highly concentrated at calyceal synapses
(Kharkovets et al., 2000; Hurley et al., 2006; Holt et al., 2007b).
We investigated the structure of calyceal contacts by freeze
fracture and observed a pattern of intramembrane particle (IMP)
distribution that resembles the pattern observed in septate junc-
tions (SJs). Thus far, SJs in vertebrates have only been described
at the paranodal region of myelinated axons, based on their mor-
phological septa-like appearance and the localization of the ver-
tebrate homologues of Drosophila S] proteins (Banerjee et al.,
2006). Caspr is the vertebrate homolog of Drosophila neurexin
IV. Caspr is involved in the targeting of paranodal proteins and
segregation of membrane domains, working as a fence for segre-
gation of Na™ and K channels at the nodes of Ranvier and
juxtaparanodes, respectively (Bhat et al., 2001). We show that
Caspr is localized at the calyceal membrane at the region of the
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junctional contact with the type I hair cell.
Using Caspr knock-out mice, we show that
Caspr is essential for maintaining the junc-
tional contact and for retaining KCNQ4 at
the junctional site.

Materials and Methods

Animals. Experiments were performed accord-
ing to University of North Carolina and Na-
tional Institutes of Health (NIH) guidelines for
ethical treatment of laboratory animals. Rats
younger than postnatal day 10 (P10) were killed
by decapitation, whereas adult rats were anes-
thetized with CO, and decapitated. Caspr /"~
mice (Bhat et al., 2001; Garcia-Fresco et al.,
2006) were anesthetized, perfusion fixed, and
postfixed for 12 h. Fixations were performed for
2 h at room temperature using 4% paraformal-
dehyde in PBS for immunoassays, or 2.5% glu-
taraldehyde, 4% paraformaldehyde in 0.1 M so-
dium cacodylate buffer, pH 7.2, for thin section
and freeze fracture.

Antibodies. The antibodies used were guinea
pig and rabbit anti-Caspr antibodies (Bhat et
al., 2001), rabbit anti-KCNQ4 (Beisel et al.,
2005), and rabbit anti-BIII tubulin (Covance).
Alexa Fluor 568, 488, and 647 secondary anti-
bodies were from Invitrogen. Colloidal gold-
conjugated antibody (15 nm) was from BB
International.

Immunofluorescence. Fixed tissues were per-
meabilized for 20 min with 0.5% Triton X-100
(Sigma-Aldrich) in PBS and blocked overnight
at 4°C in 2% bovine serum albumin (Sigma-
Aldrich) in PBS. Tissue was incubated with pri-
mary antibody for 2 h, washed in PBS, and in-
cubated with secondary antibody for 1 h and
counterstained with Alexa Fluor 568 phalloidin
(Invitrogen), mounted using Prolong anti-fade
(Invitrogen), viewed with a confocal micro-
scope (PerkinElmer) and analyzed using Im-
age] (NIH).

Thin sections. Fixed tissues were postfixed
with 1% osmium tetroxide (Sigma-Aldrich) for
40 min, dehydrated in acetone, and embedded
in PolyBed 812 (EMS Acquisition Corp). Thin
sections were stained with 2% uranyl acetate
(EMS Acquisition Corp) and lead citrate (EMS
Acquisition Corp), imaged with a JEOL 1010 or
a Zeiss 922 [electron microscope and analyzed
with ImageJ (NIH)]. The gap between apposed
membranes at the calyceal contacts was mea-
sured in Caspr™/* and Caspr /" (three mice
per genotype). Images corresponding to re-
gions at the basal half of the calyceal contacts with the hair cells (14 cells
of each genotype) were selected, and 20 measurements were performed
per image. Measurements, evenly distributed along the extension of the
contacts, consisted of the distance between the centers of well defined
adjacent lipid bilayers in a perpendicular angle to the membranes. We
avoided invaginations of calyx, where the intercellular space is narrower
(Bagger-Sjobick and Gulley, 1979).

Immunoelectron microscopy. After fixation, the samples were glycerin-
ated (30%) and plunge-frozen in Freon 22 cooled in liquid nitrogen.
Frozen tissues were freeze-substituted in a Leica freeze-substitution ap-
paratus with 1% uranyl acetate in methanol at —90°C for 2 d, embedded
in Lowicryl (EMS Acquisition Corp) at —20°C for 1 d, and polymerized
in UV light at —20°C for 2 d. Immunogold labeling was performed on
thin sections as described previously (Dumontetal., 2001). For the quan-

Figure 1.
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Septate junction-like features and localization of Caspr at type | hair cell calyceal synapses. a, Thin-section electron
microscopy of mouse vestibular epithelia showing regular intercellular gap between the conspicuously electron-dense mem-
branes of the calyx (Cx) and the type | hair cells (HC). b, Higher magnification shows the presence of periodic elements lining up the
extracellular surface of the membranes (inset, arrows). Some of these periodic elements seem to be connected to form cross-
bridges. ¢, Freeze-fracture image of the protoplasmic fracture face of a rat vestibular type | hair cell membrane shows parallel
linear arrays of intramembrane particles (arrows). d, Confocal immunofluorescence image of type | hair cells of adult rat (red)
shows localization of Caspr (arrows, red) at the internal part of the calyx (counterstained with anti-3lIl tubulin; green). The first
hemiparanode (arrow) shows Casprimmunoreactivity (green). e, Schematic diagram showing in red the regions that are positive
for Casprin the calyceal innervation (green) of the type | hair cell. f, Casprimmunogold-labeled thin section (of adult rat ampula)
showing the contact between the (xand the HC equivalent to the region shown by the rectangle in e. Majority of the gold particles
line up with the nerve calyx membrane. Scale bars: @, 500 nm; b, ¢, 50 nm; d, 5 um; e, 50 nm.

tification of the Caspr labeling, gold particles at the contacts between the
hair cells and the calyx were counted in 12 images of different cells from
two mice. For KCNQ4 labeling, gold particles were counted along the
hair cell membrane and neurons at the inner face of the calyx.

Freeze fracture. After fixation, samples were glycerinated (30%), placed
on gelatin-covered aluminum stubs, and slam-frozen on a copper block
cooled with liquid nitrogen in a LifeCell apparatus. Samples were freeze
fractured as described previously (Kachar et al., 1986).

Results

The contacts between the membranes of type I hair cells and the
neuronal calyx appear in thin-section electron micrographs as
two conspicuously electron-dense membranes separated by a
very regular space (Fig. 1a,b). In close-up views of these calyceal
contacts, we observe periodic electron-dense elements that



Sousa et al. » Caspr Determines Structure of Calyceal Synaptic Contacts

project from the juxtaposed surfaces of the contacting plasma
membranes into the intercellular space and often appear to form
cross-bridges (Fig. 1b, inset). The regular spacing, enhanced elec-
tron density of the membranes, and the periodic cross bridges,
are all common structural features observed in intercellular junc-
tions (Furuse and Tsukita, 2006). Freeze-fracture images of the
plasma membrane of vestibular type-I hair cells show IMPs or-
ganized in parallel linear arrays (Fig. 1¢, arrows). These parallel
linear arrays of IMPs resemble the IMP organization of SJs (Ka-
charetal., 1986), but an optimal alignment of the section with the
orientation of this linear array of particles is necessary for visual-
ization of the cross-bridges in thin-section electron micrographs.
We tested by immunofluorescence for the presence of Caspr.
Caspr immunoreactivity was observed at the contacts between
the calyx and type I hair cells in mouse, rat (Fig. 1d), and guinea
pig. The Caspr immunofluorescence at the calyx was even stron-
ger than that at the hemiparanodes (Fig. 1). To quantify the cel-
lular distribution of Caspr immunolabeling in the calyceal con-
tacts with the hair cells, we counted gold particles along the
membranes of both sides of the contacts and found that 86% of
the total gold particles (n = 398) was associated with the nerve
membrane (Fig. 1f).

The structural features of the contact between the type I hair
cells and the calyx and the presence of Caspr suggest that this
contact is supported by a septate-like junction. Previous ultra-
structural studies have shown disruption of paranodal SJs in
Caspr~’~ mouse (Bhat et al., 2001). To explore the role of Caspr
in calyceal contacts, we performed thin-section electron micros-
copy of utricle and ampullae of Caspr~/~. When comparing with
Caspr™’™", we do not detect changes in the overall ultrastructural
morphology of Caspr™’~ sensory epithelium, including the ca-
lyceal terminals and the hair cells (data not shown). However, in
the Caspr~/~, the membranes of the calyceal contact do not ex-
hibit the characteristic electron-dense appearance, and the gap
between the membranes is very irregular and often significantly
enlarged (Fig. 2). This enlargement of the intercellular space was
specific to the calyceal synapses, as we did not observe swellings at
the contacts between the same calyx and the supporting cells (Fig.
2b). We measured the gap between the membranes at the calyceal
synapses; it averaged 28 = 4 nm (n = 279) in Caspr™’™, but this
value increased to 64 = 55 nm (1 = 436) in Caspr '~ . The box
plot of the data (Fig. 2¢) shows the increased variability in the
separation between the membranes. These results indicate that
Caspr is required for maintaining the regular separation between
hair cells and the calyx membranes and for recruiting other pro-
teins that produce the characteristic electron-dense profile of
these membranes.

KCNQ4 is a potassium channel enriched at the calyceal syn-
apses. In the adult rat, its major expression is in the calyx, but
early in development it is expressed in both hair cells and the
calyx (Hurley et al., 2006). To determine if KCNQ4 localization is
related or dependent on Caspr, we performed a coimmunofluo-
rescence localization assay. Confocal images tangential to the ca-
lyceal junction show a remarkable colocalization of these two
proteins in adult rat (Fig. 3a), but clustering of Caspr at these
junctions preceded that of KCNQ4 in the first postnatal days
(data not shown). Previous studies have shown that ion channels
at the paranodal membranes are mislocalized in Caspr ™/~ (Bhat
etal., 2001). Using immunofluorescence, we analyzed the distri-
bution of KCNQ4 in the vestibular system of adult Caspr /.
Whereas Caspr colocalizes with KCNQ4 at the calyceal synapses
of Caspr™’* (Fig. 3b), Caspr was not detected in the Caspr /"~
with the same experimental conditions, and the distribution of
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Figure2.  Ablation of Caspr leads to disruption of the calyceal synaptic contact. a, b, Low (a)
and high (b) magpnification thin-section micrographs showing the irregular and often enlarged
gap between the membranes of the calyx (Cx) and the type | hair cell (HC) from a Caspr "~
mouse ampula (asterisk). The contacting membranes also lost their characteristic electron den-
sity as seen in Figure 1. ¢, Box plot of the distance between the calyx and the type | hair cell
membranes measured in Caspr ™/ (average, 28 = 4nm; n = 279) and Caspr /" (average,
64 == 55nm; n = 436) mice; filled square, mean; middle line of the box, median; top line of the
box, 75th percentile; bottom line of the box, 25th percentile; top and bottom whiskers, maxi-
mum and minimum, respectively. Scale bars: a, 400 nm; b, 200 nm.

KCNQ4 in the calyx in Caspr ™/~ was notably faint and with a
more disperse pattern of localization (Figs. 3¢, 4). We analyzed
the distribution of KCNQ4 labeling in the calyceal contacts by
quantifying the number of KCNQ4 immunogold particles at
these contacts and determining the percentage of particles asso-
ciated with the membranes of hair cells and the nerve calyx for
both genotypes. In Caspr™’*, the frequency of gold particles as-
sociated with the calyx inner face (0.54 particles per micrometer,
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Caspr KCNQ4 merge

Caspr

Figure3. Localization of KC(NQ4 at the calyceal membrane depends on Caspr. a, Confocal optical section grazing the calyx-type
Ihair cell (from adult ratampulla); the contact region shows perfectly matched patterns of distribution of the immunofluorescence
for Caspr (red) and KCNQ4 (green), indicating that these two proteins are colocalized. b, ¢, Casprimmunoreactivity in ampulla of

n = 100) was higher than that associated
with the hair cell (0.11 particles per micro-
meter) or the calyx outer face (0.09 parti-
cles per micrometer). In contrast, in
Caspr~’", the frequency of gold particles
associated with the calyx outer face (0.69
particles per micrometer, n = 90) was
higher than that associated with the calyx
inner face (0.47 particles per micrometer)
and the hair cells (0.17 particles per micro-
meter). These data confirm that KCNQ4 is
indeed redistributed to outer face of the
calyx of Casprf/ ~ (Fig. 3d,e), as illustrated
in the diagrams (Fig. 3f,¢). Together, these
results demonstrate that Caspr is necessary
for recruiting or retaining KCNQ4 at the
calyceal synaptic contacts.

To characterize the redistribution of
KCNQ4, we quantitatively compared the
distribution of KCNQ4 immunofluores-
cence at the inner and outer faces of
Caspr™" and Caspr~/~ calyces. Although
we detected KCNQ4 immunofluorescence
at the outer face of virtually all Caspr™/~
calyces, KCNQ4 immunofluorescence was
detected in only ~15% of Caspr*’" caly-
ces (n = 82 cells). This result, per se, indi-
cates a redistribution of KCNQ4 immuno-
fluorescence in the calyx membranes. To
evaluate the redistribution of KCNQ4 im-
munoreactivity, we compared profiles of
fluorescence intensity spanning inner and
outer faces of calyces in Caspr*/* and
Caspr~’~. For that, we subtracted the flu-
orescence background and used as a pa-
rameter the ratio (R) between the maxi-
mum values for the fluorescence peaks
corresponding to the inner (i) and outer
(0) faces of each measured calyx (for each
individual cell, r = [i + i']/[o + 0']) and
found that Caspr’™’", indeed, displays
much higher R values (R, = 9.8 = 7.8,
n = 10) than Caspr '~ (R, = 1.3 * 0.4,
n = 28). A representative example of this
comparative analysis is shown in Figure 4.
The profiles clearly illustrate that KCNQ4
immunofluorescence is highly enriched at
the inner face of Caspr*/* calyces, whereas
itis much reduced in the Caspr™~ calyces.

<«

Caspr™’™ and Caspr—/~ at P18.b, Casprand KCNQ4 colocal-
ize at the calyceal synapses in Caspr ™" mice. ¢, The labeling
for KCNQ4 in the membranes of the Caspr '~ calyx is faint
and sparsely distributed. d, e, Inmunogold labeling of KCNQ4
confirms its localization at the internal membranes of the
nerve calyxin Caspr™* and along both internal and external
membranes of the calyx in Caspr " f, g, Schematic dia-
gram shows the colocalization of Caspr and KCNQ4 in
Caspr*’* () and the redistribution of KCNQ4 in Caspr™/~
(g). A yet unidentified binding partner for the Caspr complex
on the hair cell membrane is represented in gray (f, g). Scale
bars:a, 2 um; b, ¢, 10 um; d, e, 200 nm.
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Figure 4.  Ablation of Caspr leads to decreases in KCNQ4 expression and its redistribution in
the calyx membranes. a, Representative image showing the different distribution of fluores-
cence intensity between inner (arrowheads) and outer (arrows) faces of the calyceal region of
two KCNQ4-labeled cells from Caspr™”™ (blue) and Caspr "~ (red). A line crossing hair cells
and calyxindicates the sampling plane used in the profile plots shown in . Maximum values for
peak, corresponding toinner (7, i) and outer (0, 0") faces of the calyx, were used to calculate the
ratio of fluorescence distribution at the calyx membranes.

The quantitative immunofluorescence and immunoelectron mi-
croscopy data further support the model depicted in Figure 3, in
which ablation of Caspr leads to decreases in KCNQ4 expression
accompanied by the redistribution of these channels at the mem-
branes of the calyx.

Discussion

Our results show that a septate-like junction supports the contact
between the neuronal calyx and the vestibular type 1 hair cell.
Based on immunolocalization and electron microscopy experi-
ments using Caspr™’" and Caspr~/~ mice, we show that Caspr, a
SJ core protein found in myelin paranodal contacts, is essential
for the formation of the calyceal contact. Caspr is not only re-
quired for structural support of the calyceal contact but also for
recruiting or retaining KCNQ4, a key physiological component
of the calyx synapse.

SJs are common in invertebrates where they form selective
permeability barriers and also segregate membrane domains (La-
val et al., 2008). Tight junctions have replaced S]Js in vertebrates,
and the only previously know example of S] in vertebrates is the
paranodal junction in myelinated axons (Banerjee et al., 2006).
The discovery of a calyceal SJ-like structure indicates that there
are unrecognized parallels between myelinated axons and vestib-
ular calyces, which are vertebrate-specific systems. The reason for
SJs preservation at the paranodes is unclear, but it has been sug-
gested that a leaky diffusion barrier might be necessary in specific
physiologic contexts (Skaer and Maddrell, 1987). In addition to
promoting the close apposition between the axonal and glial
membranes, paranodal SJs restrict ion movement between the
extracellular space confined in the insulated portion of the my-
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elinated axons (internodes) and the extracellular space surround-
ing the nodes of Ranvier (Salzer, 2003).

In type I hair cells, the apposed postsynaptic and presynaptic
membranes at the calyceal contacts span ~100X the surface of a
typical bouton end seen in type II hair cells. The postsynaptic
potential in a calyx receiving input of ~10 synaptic ribbons (type
I hair cell) is only approximately three times larger than the
postsynaptic potential of a single bouton receiving input from
one synaptic ribbon (type II hair cell), suggesting that calyceal
synapses are rather inefficient (Eatock et al., 1998). In addition,
experiments using pharmacological inhibitors of glutamate re-
ceptors show calyx depolarization in the absence of formal syn-
aptic transmission (Yamashita and Ohmori, 1990; Holt et al.,
2007a). Goldberg has proposed a theoretical model correlating
the narrow gap and the extent of the contact between the calyx
and the type I hair cells to the unexplained properties of calyceal
synapses, where the K™ ions in the intercellular space affect ca-
lyceal transmission (Goldberg, 1996). For instance, an accumu-
lation of neurotransmitters and ions in the calyceal synaptic con-
tacts could explain the observed decreases in synaptic gain and
slow decay in postsynaptic potential after termination of me-
chanical stimulation (Goldberg, 1996). The role of Caspr in the
calyceal contact would be to form a septate-like junction and
define the narrow space between the apposed membranes and at
the same time provide a leaky diffusion barrier. That would par-
allel a known function of paranodal SJs, which provides a diffu-
sion barrier for K" (Salzer, 2003). Caspr is a transmembrane
glycoprotein that contains an extracellular domain rich in lami-
nin G-like domains and a cytoplasmic domain that binds to the
axonal cytoskeleton. Different lines of evidence point to Caspr as
ascaffolding protein that recruits other proteins to the paranodes
(Girault et al., 2003). The large extracellular domain and the
scaffolding properties of Caspr might contribute to the electron-
dense profile observed in calyceal junctions and support the idea
that the extracellular gap in calyceal synapses is a crowded mo-
lecular environment that can limit free diffusion of solutes.

Intercellular adhesion molecules have been implicated in re-
cruiting other proteins to the sites of cell contacts. For example,
neuroligin-1 has been implicated in recruiting postsynaptic pro-
teins to the synapses (Shapiro et al., 2007). K™ channels have
been reported to transiently cluster at SJs in paranodes during
developmental myelination and during remyelination (Rasband
and Trimmer, 2001). The characteristic electron-dense profile of
the membranes at the calyceal contacts suggests that there is a
high density of proteins recruited and maintained at the contact
site. Interestingly, when Caspr is absent (in the Caspr™’"), the
membranes no longer display the electron-dense appearance,
suggesting that Caspr is essential for the targeting and retention
of other proteins in the calyceal contact. The colocalization of
Caspr and KCNQ4 in the calyceal contacts is striking and to-
gether with the data showing dispersion of KCNQ4 in the
Caspr~’~, strongly suggests that the localization of these two pro-
teins is interdependent. We also observed that Caspr expression
in the calyceal contact precedes by several days the localization of
KCNQ#4 (data not shown), suggesting that this interdependency
takes place during normal development. KCNQ4 is believed to
contribute to the homeostasis of K* at the calyceal synapses
(Kharlovets et al., 2000). A dependence of KCNQ4 on Caspr for
targeting and retention is certainly a reliable way to target
KCNQ4 specifically to the extensive area of calyceal contact. One
possible scenario where the colocalization of these two proteins
could be advantageous to synaptic function is if the cell is trying
to limit the diffusion of the neurotransmitter out of the synaptic
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cleft, but at the same time, it needs to buffer the concentration of
K™. We could not test for the in vivo effect of ablation of Caspr
because the Caspr™’~ mice develop severe ataxia, eventual paral-
ysis, and premature death at about postnatal day 20 (Bhat et al.,
2001).

Intriguingly, like the calyceal synapses in vestibular epithelia,
the myelinated axons also arose late during evolution and are a
vertebrate-specific feature (Hartline and Colman, 2007). In para-
nodal SJs, a Caspr/contactin complex at the neuronal side binds
NF155 at the glial side and links SJs to the axonal cytoskeleton
(Sousa and Bhat, 2007). Whereas NF155 is believed to be the
counterpart of the Caspr/contactin complex, we still do not know
what is the counterpart of Caspr at the calyceal junctions. It
would be interesting to identify the additional molecular compo-
nents and how they are organized to establish the septate-like
junctional structures at the calyceal synapses.
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