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Summary of thesis contents

More than ten thousand-fold calcium concentration gradient exists across neuronal
plasma membrane, and openings of voltage dependent calcium channels (VDCCs)
allow transient influx of Ca?* that creates a distinct intracellular signal and precisely
controls many cellular mechanisms. Due to diffusion and buffering, intracellular
calcium signals rapidly collapses; thus, mechanisms dependent on such signal must
be situated quite close to the site of influx. It is also well known that the membrane
potential dynamics are not dictated solely by Na* and K* conductances but VDCCs
can also contribute. For these reasons, subcellular localization of VDCCs is likely to
be strategically arranged. Locations of VDCCs can be electrophysiologically hunted
using outside-out patches but only from soma and large processes. Calcium imaging
studies have visualized intracellular calcium concentration ([Ca?*]i) but with resolution
limited to sub-micrometer range. Important neuronal functions such as vesicular
release depend on [Ca?']i increase within tens of nanometers from the calcium influx
source (calcium nanodomain) and only electron microscopy has this resolution. Here,
we used highly sensitive SDS-digested freeze-fracture replica labeling (SDS-FRL) for
Cay2.1 subunit to visualize the two-dimensional distribution of P/Q-type VDCCs along
the plasma membrane.

SDS-FRL method was developed by Fujimoto to visualize two-dimensional
distribution of membrane molecules on freeze-fracture replicas. The brain tissue is
frozen, freeze-fractured, shadowed with platinum-carbon and then replicated using
carbon. The tissue beneath the replica is then dissolved with SDS, leaving the
membrane proteins in the carbon-fixed membrane halves. Antibodies for the
intracellular and extracellular domains can be applied to the membrane proteins
separated on the protoplasmic face (P-face) and exoplasmic face (E-face),
respectively. In my study, | used Ca,2.1 antibody which specifically labeled both
presynaptic and postsynaptic P-face in the rat cerebellum.

Among the various types of VDCCs, the P/Q-type (Ca,2.1) has a prevailing role in a
number of neuronal functions and is most abundant in Purkinje cells (PCs). The
Cav2.1 channels play key roles in the generation of dendritic spikes after climbing
fiber (CF) activation or strong parallel fiber (PF) activation and in the amplification of
excitatory post-synaptic potentials (EPSPs) in the distal dendrites. The Ca,2.1
channels also have indispensable roles in the postnatal development of the cerebellar
circuitry. Cay2.1 fuels heterosynaptic competition between CF and PF, and also
homosynaptic competition among multiple CFs in developing cerebellum.

In this study, | found high density immunogold particles for Ca,2.1 in the active zone
of PF terminals consistent with a previous study. SDS-FRL revealed small clusters of
Ca,2.1 within the active zone. | also found localization of Ca.2.1 in the active zone of
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CF terminals. The number of particles within each active zone was comparable to that
of functional channels deduced from previous reports, indicating high sensitivity of
our labeling. The variability of Cay2.1 numbers among PF active zones was
comparable to that of the size of PF synapses. In PCs, | found two distinct patterns of
Cay2.1 distribution, scattered and clustered. Both populations of Ca,2.1 were found
as early as postnatal day 3 in which synapse arrangement takes place in developing
cerebellum as shown by previous reports. These two populations of Ca,2.1 were
increased in the second postnatal week to a mature level. The scattered Ca,2.1 had a
somatodendritic gradient with the density of immunogold particles increasing 2.5-fold
from soma to distal dendrites. This result explains previous calcium imaging studies
showing higher [Ca?*]i changes in the fine dendrites compared with the thicker
dendrites during bursts of calcium spikes in PCs. The scattered Ca,2.1 showed a high
density in the periphery of PSD in PC spines, consistent with previous results. The
other population with 74-fold higher density than the scattered particles was found
within clusters of intramembrane particles (IMPs) on the P-face of soma and primary
dendrites. These particular clusters of IMPs positive for Ca,2.1 were also positive for
two calcium-activated potassium channels, BK and SK2, with the nearest neighbor
distance of 40 nm from Ca,2.1. The calcium nanodomain created by opening of these
Ca,2.1 channels should fuel activation of both BK and SK2 channels, which underlies
the characteristic after-hyper-polarization following calcium spikes in PCs and may
result in bidirectional effects on PC excitability.

It has been shown that calcium channels have four different subunits, which are a1, B,
y and a2d. Direct interaction between a1 and B subunits is mediated by well-defined
sequence motifs on B (BID, B subunit interaction domain) and on the Ill cytoplasmic
linker of a1 (AID, alpha Interacting domain). The 3 subunits appear to participate in
the membrane trafficking of the a1 subunit. In the cerebellum, B4 is found to be
abundant and could be coupled with a1A subunit (Ca,2.1). In the present study, |
showed that indeed (4 was colocalized with Ca,2.1 in the active zone of parallel fiber
terminals. These high resolution colocalization studies can give an insight into the
characteristics and functional consequence of Ca,2.1 activation in the cerebellum.
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