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i SCNADEE
Summary of thesis contents

Glycine is a major inhibitory neurotransmitter in the spinal cord and the
brainstem. A glycine-mediated inhibitory neurotransmission (glycinergic transmission) is
responsible for physiological functions that include motor control, afferent sensory
transduction, visual and auditory transductions. Disruptions of glycinergic transmission
caused by mutations to glycine receptors (GlyRs) are associated with hyperekplexia (so-
called “startle disease”). Despite the physiological importance of glycinergic transmission,
the primary mechanism of glycinergic synapse formation is still not fully elucidated.

The clustering of postsynaptic glycine receptors is considered to be established
at immature stages by depolarization mediated increase in Ca®*, and is disturbed by the
chronic presence of strychnine, a selective glycine receptor antagonist. In mature neurons,
however, the neuronal response to glycine receptor activation is the opposite, a
hyperpolarization. Thus, glycinergic inputs evoke depolarizing responses at immature
stage, but hyperpolarizing responses at mature stage due to the developmental
upregulation of KCC2, an intracellular CI extruder. The timing of this glycine-induced
depolarizing to hyperpolarizing switch occurs at around the 1st postnatal week in mice
and rats. Nevertheless, remodeling of inhibitory glycinergic synapses continues in the
mature neuronal system. Therefore, the basic hypothesis that GlyR activation regulates
its localization at synapses in mature neuronal system needs investigation.

In this study, | have analyzed whether GlyR activation is responsible for synaptic
localization and neurotransmission in mature cultured spinal cord neurons. To elucidate
this question, | applied various experimental techniques to quantify GlyRs in neurons and
synapses: conventional immunostaining, dynamic imaging techniques on living cells
including fluorescence recovery after photobleaching (FRAP), combinations of
fluorescence loss in photobleaching (FLIP), and a single particle tracking. Finally, |
combined these with the voltage-clamp configurations of electrophysiological patch
clamp recordings to measure functional synaptic transmission.

Primary cultures of spinal cord neurons were prepared from wildtype Wistar rats
at embryonic day 14 (E14) for immunocytochemistry; from VGAT-Venus transgenic
C57BL/6 mice E13-15 for single particle tracking; and from wildtype C57BL/6J mice
E13-15 for FRAP, FRAP-FLIP and electrophysiological experiments. All procedures
carried out in this study were approved by the Okazaki Institutional Animal Care and Use
Committee, and conducted in accorded with guidelines defined by the National Institute
of Natural Sciences. All the efforts were made to minimize suffering and the number of
animals used in this study. Procedures of primary cultured neurons were mostly similar
to standard protocols for primary hippocampal neurons.

In most of the present studies, three set of groups were compared. One was
chronically treated with strychnine (1 puM final concentration, cSTR) to block GlyR
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activation from the first day of culture. The second group (WASH) had under one hour
GIlyR activation by removing chronically applied strychnine only one hour prior to each
experiment. The third group (control) was incubated without strychnine from the first day
of culture plating. All the neurons were incubated on polyethylenimine-coated cover
glasses with Neurobasal medium at 37 °C and 5% CO for 14-42 days in vitro (div).

To examine whether chronic blockade of GlyR affects its synaptic localization,
immunostaining was performed in control, cSTR and WASH groups. The results showed
that chronic strychnine caused a significant decrease in the intensity of GlyR staining at
synapses. The result of surface cell assay showed intracellular GlyR expression was
increased in cSTR compared with control group, but the total surface expression that
includes synaptic and extrasynaptic GlyRs was similar in each group. These results
indicated that GlyRs on the neuronal membrane are diffused away from synapses in cSTR.
Thus, | next examined GlyR dynamics in living neuronal culture by using FRAP and
FRAP-FLIP experiments, using a pH-sensitive GFP (superecliptic pHIuorin: SEP)-tagged
GlyR to specifically visualize cell surface GlyRs.

This GFP-tagged GlyRal was firstly constructed, then transfected to cultured
spinal cord neurons by Lipofectamine 2000 at 13-15 days in vitro, with experiments
conducted within 48 hours after transfection. The results from the FRAP experiments
suggested that GlyR activation is responsible for its surface mobility. To distinguish
contributions of exocytosis, insertions from intracellular stores, and lateral diffusion on
the surface mobility, | performed a combination of FRAP-FLIP experiments. The result
demonstrated that chronic blockade of GlyR induces an increase in the lateral diffusion
of cell surface GlyRs without effects on GlyR exocytosis. In contrast, one hour GlyR
activation (WASH group) was sufficient to reduce this change in diffusion properties in
mature neurons.

For distinguishing GlyR lateral diffusion at synaptic vs. extrasynaptic location,
mCherry-gephyrin (the postsynaptic scaffolding protein of GlyR) was cotransfected into
neuronal cultures and focal FRAP (1 um diameter) was performed at mCherry-expressed
synaptic regions. The results showed that synaptic GlyRs had a significantly lower lateral
diffusion following the activation of GlyRs. To quantify activation-dependent GlyR
diffusion at synaptic and extrasynaptic locations, single particle tracking quantum dot-
labeled GlyRs was employed, with FM 4-64 used to identify active presynaptic sites. The
results indicated that laterally diffusing GlyRs stay for longer dwell times at synapse
following GlyR activation.

Finally, I examined whether functional glycinergic transmission was modulated
by chronic GlyR block using electrophysiological patch-clamp techniques. After
activation of chronically blocked GlyRs, the amplitude of spontaneous miniature
glycinergic currents was gradually increased after strychnine removal in cSTR group, but
not in the control group. This supports the observations in live cell imaging that diffusion
rate of synaptic GlyRs were decreased under the absence of strychnine. The recording by
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gramicidin-perforated patch-clamp verified that the neurons used in the present study
were mature, in terms of glycine-induced hyperpolarizations.

Overall, these results suggested that the activation of glycine receptor regulates
the diffusion properties of the receptor and thereby functional glycine neurotransmission
in mature neurons. Because glycine induces a hyperpolarization rather than
depolarization in this matured stage, the previously proposed mechanism of glycinergic
synapse formation at immature stage is insufficient to explain the results. Although the
signaling mechanism is not fully elucidated, this is a novel report of activation-dependent
glycinergic synapse formation in mature neurons.
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