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Key points

e A T258F mutation of the glycine receptor increases the receptor affinity to
endogenous agonists, modifies single-channel conductance and shapes response

decay kinetics.

e Glycine receptors of cerebellar granule cells play their functional role not
continuously, but when granule cell layer starts receiving high amount of excitatory

inputs.

e Despite their relative scarcity, tonically active glycine receptors of cerebellar granule
cells make a significant impact on action potential generation, inter-neuronal
crosstalk, and modulate synaptic plasticity in neural networks; extracellular glycine
increases probability of postsynaptic response occurrence acting at NMDA receptors

and decreases this probability acting at glycine receptors.

Tonic conductance through glycine receptors of cerebellar granule cells is a yet
undiscovered element of bi-phasic mechanism which regulates processing of sensory

inputs in the cerebellum.

e T258F point mutation disrupts this bi-phasic mechanism, thus illustrating possible
role of the gain-of-function mutations of glycine receptor in development of neural

pathologies.
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Abstract

Functional glycine receptors (GlyRs) were repeatedly detected in cerebellar granule cells
(CGCs), where they deliver exclusively tonic inhibitory signalling. The functional role of this
signaling, however, remains unclear. Apart from that, there is accumulating evidence of the
important role of GlyRs of cerebellar structures in development of neural pathologies such as

hyperekplexia, which can be triggered by GlyR gain-of-function mutations.

In this research we initially tested functional properties of GlyRs, carrying the yet
understudied T258F gain-of-function mutation, to find that this mutation makes significant
modifications in GlyR response to endogenous agonists. Next, we clarified the role of tonic
GlyR conductance in neuronal signalling generated by single CGC and by neural networks in
cell cultures and in living cerebellar tissue of C57BI1-6J mice. We found that GlyRs of CGC
deliver a significant amount of tonic inhibition not continuously, but when cerebellar granule
layer starts receiving substantial excitatory input. Under these conditions tonically active
GlyRs become a part of neural signalling machinery allowing generation of action potentials
(APs) bursts of limited length in response to sensory-evoked signals. GlyRs of CGCs support
a biphasic modulatory mechanism which enhances AP firing when excitatory input intensity
is low, but suppresses it when excitatory input rises to a certain critical level. This enables
one of the key functions of the CGC layer: formation of sensory representations and their
translation into motor output. Finally, we have demonstrated that T258F mutation in CGC
GlyRs modifies single-cell and neural network signalling, and brakes a biphasic modulation

of AP-generating machinery.

Key words: glycine receptor; gain-of-function mutation; tonic inhibitory current; cerebellar

granule cells.
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Introduction

Tonic inhibitory signaling is one of the key modulatory mechanisms of neural cell crosstalk
and, as a consequence, neural network functioning in the brain (Farrant & Nusser, 2005).
This form of signalling is commonly mediated by extrasynaptic receptors with a high affinity
to neurotransmitter ejected to extracellular space due to synaptic spillover (Eulenburg &
Gomeza, 2010). Despite active research over the past decades, our understanding of tonic
inhibitory signaling mechanisms is still far from excellence. To date, the vast majority of
studies examining the mechanisms of tonic inhibition have concentrated on that mediated by
GABA, receptors (GABAARs) (Mtchedlishvili & Kapur, 2006; Mann & Mody, 2009;
Clarkson et al., 2010). In contrast, much less attention has been paid to glycine receptors
(GlyRs) which are also expressed extrasynaptically, and can generate lasting inhibitory tone

(Xu & Gong, 2010; Salling & Harrison, 2014).

Cerebellar granule cells (CGCs) make a favorable model system to address the role of
inhibitory conductance in information processing. CGCs are electrically compact, which
allows high-resolution patch-clamp and makes them sensitive to small fluctuations of
electrical conductance (Virginio & Cherubini, 1997), undergo strong inhibition (Rossi ef al.,
2003; Chadderton et al., 2004), and form the continuous input layer which shapes
information flow through cerebellar cortex (Hamann ef al., 2002; Chadderton et al., 2004).

Concentration values for glycine (Gly) in extracellular space of cerebellar tissue display
quite a noticeable difference when reported by different research groups: 8.6+2 uM (Tossman
et al., 1986), 189 uM (Matsui et al., 1995), 27£12 uM (Hashimoto ef al., 1995). Despite
these differences, this makes the cerebellum a part of brain with one of the highest
extracellular concentration of Gly (Tossman et al., 1986), thus suggesting an important role

of glycinergic signalling in cerebellar function.

In the cerebellum, the highest density of GlyRs at cell surfaces was demonstrated for
Purkinje cells and interneurons of the molecular layer, with low, but detectable, immune
signal in all other areas (van den Pol & Gorcs, 1988; Sassoe-Pognetto et al., 2000). When
studied using molecular biology methods, GlyRs have been also found in CGCs, being
localized at cell somata rather than within synaptic densities (van den Pol & Gorcs, 1988).
Further electrophysiological studies have revealed fully functional GlyRs in membrane

patches excised from CGC somata (Kaneda et al., 1995; Virginio & Cherubini, 1997), but no
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GlyR-mediated signaling in CGC synapses (Kaneda et al., 1995). These data imply that the
GlyRs of CGC have been exclusively (or at least to a major extent) localized to extrasynaptic
cell surface, thus enabling research of the tonic GlyR-mediated inhibition without

“contaminating” signaling from synaptic glycine-ergic inhibitory transmission.

Inhibitory GlyRs are pentameric CI” channels; functional GlyR can be homomeric, i.e.
consist of five o subunits (al-o4 subtypes), or heteromeric with 3a+2f3 composition
(Langosch et al., 1988). The latter composition type is most typical for acute neural tissue.
The T258F point mutation in the a1 subunit is a gain-of-function mutation which was shown
to increase affinity to glycine (Gly) in both homomeric and heteromeric GlyRs (Steinbach et
al., 2000; Shan et al., 2001). This makes T258F al-containing GlyRs of various subunit
composition a perspective object, allowing the study of tonic inhibitory conductance, as they
can be activated by relatively low concentrations of endogenous ligands characteristic for
extrasynaptic space. However, following initial interest, studies of T258F GlyR have been
paused for more than fifteen years, thus its pharmacology in respect to ligands other than Gly,
its impact on inhibitory response kinetics, not to mention its functional role in inter-neuronal

signalling, remain unknown.

Hyperekplexia, or startle disease, is a neuromotor disorder caused by deficits in glycinergic
brain signaling and, at least in some cases, associated with cerebellar vermis (Leaton &
Supple, 1986; Lopiano et al., 1990). The gain-of-function mutations of the GlyR a1 subunit
were repeatedly shown to cause hyperekplexia (Chung et al., 2010; Bode et al., 2013) via the
ablation of a1 glycinergic synapses (Zhang et al., 2016). This is, however, unlikely the case
for the cerebellar effects associated with CGCs due to the absence (or extreme scarcity) of
glycinergic synaptic connections at these cells. Thus the dissection of the effects of GlyRs
carrying gain-of-function mutation in CGCs may provide a key to cellular and molecular

hyperekplexia mechanisms which are currently not in the focus of neuroscience research.

Apart from Gly (Billups & Attwell, 2003), another endogenous GlyR ligand released in
cerebellum upon depolarization is B-alanine (Ala) (Saransaari & Oja, 1993; Koga et al.,
2002). Despite being much less potent than Gly, when acting at GlyR (Pan & Slaughter,
1995), endogenous Ala has been shown to generate tonic GlyR-mediated current in living

neural tissue (Mori et al., 2002).
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Therefore, in this study we dissect the role in neuronal signaling and functional properties of
T258F GlyR in comparison with wild-type (WT) receptor after activation by Gly and Ala.
We set out to go from volatility of single-channel electrical conductance to the impact of
tonic GlyR-mediated current on cerebellar neural network functioning, connecting these
points via the modulation of inhibitory response kinetics and the regulation of action potential

generation.

Materials and methods
Ethical approvals

All experiments on animals were conducted in strict accordance with UK Animals
(Scientific Procedures) Act 1986 Schedule 1 and the Australian National University ethical

committee regulations.
HEK cell cultures

Human embryo kidney 293 cells (HEK-293) were grown in 10-cm tissue culture dishes
coated with a mixture of rat tail Type I collagen at 0.5 mg/ml and poly-D-lysine at 0.1 mg/ml
at 37°C, 5% CO,, in a saturated water atmosphere, cultivated in minimum essential medium,
supplemented with 10% fetal calf serum, 100 IU penicillin, 100 pg/l streptomycin, and

passaged twice weekly.

Since expression of a2 GlyR subunit in CGCs sharply decreases during the first three weeks
of postnatal development to the level characteristic for adult organism, whereas expression of
al and B subunits increases over the same period (Lynch, 2009), we transfected HEK cells
and cultured CGCs with ol subunit DNA to mimic a receptor composition characteristic for

25-30 days old animals which were used as a source of acute cerebellar tissue.

HEK-293 cells were transfected by calcium phosphate - DNA coprecipitation protocol
(Chen & Okayama, 1987) with cDNA coding for the al glycine receptor subunit (T258F or
WT) and B subunit (WT) and for the green fluorescent protein as a marker. When co-
transfecting the GlyR ol and B subunits, their respective cDNAs were combined in a ratio of
1:10 (Pribilla et al., 1992). Recordings were carried out 24-72 hours after transfection. The
perfusion solution contained (in mM): 140 NaCl, 4 KCI, 2 CaCl,, 2 MgCl,, 10 HEPES, 10
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glucose; pH was adjusted to 7.4 with NaOH, osmolarity 300-310 mOsm. Recording pipettes
were made from borosilicate glass capillaries, 1.5mm OD, 0.86 mm ID. Pipettes used for
whole-cell recordings had resistances 2-3 MQ, for patch recordings 4-5 MQ. Both pipettes
for patch- and whole-cell recordings contained (in mM): 145 CsCl, 2 CaCl,, 2 MgCl,, 10
HEPES, 10 EGTA, with the pH adjusted to 7.4 with CsOH and osmolarity adjusted to 300—
310 mOsm. Drug application was performed using 8-channels set of U-tubes, ligands were
dissolved in perfusion solution. The flow pipes had an individual tip diameter of
approximately 40 um and were arranged in a square pattern. For the rapid solution
application experiment we adapted a RASE protocol (Sylantyev & Rusakov, 2013) allowing
application of series of different solutions at the same patch with up to 150-200 us time
resolution. Briefly, patches were exposed to the solution flow from 6-glass pipette mounted
on piezo-actuator, with up to three different solutions exchanged in each application pipette
channel; solution application on patch pipette tip was performed by switches of piezo-
actuator driven by DSA-2 constant-voltage stimulus isolator (Digitimer Ltd). Experiments
were performed at 33-35°C with holding potential of -60 or -70 mV. Data acquisition and
online analysis were performed with AxoGraph 4.0 and pClamp/Clampfit 10x software.
Analysis of current transients activated by +5 mV voltage steps in voltage-clamp mode gave
11.17£0.2 pS as a value of HEK cell membrane capacitance (n=217), which reproduces

earlier reports (Avila et al., 2004; Fischmeister & Hartzell, 2005).
Cerebellar acute slices

C57BI-6J mice were bred in the institutional animal house, grown on a Rat and Mouse
Breeding Diet (Special Diet Services, Witham, UK) and water ad /ibitum, and maintained at
12—12-h light-dark cycle. Animals were sacrificed for slices in the first half of light period of
the L/D cycle. To kill animals, we used an overdose of isoflurane according to the United
Kingdom Animals (Scientific Procedures) Act of 1986. After decapitation with guillotine,

brains were rapidly removed and dissected, and cerebellums were sliced.

250 um parasagittal slices were cut from the cerebellar vermis of 25-30 days old mice with
a Leica VT1200S vibratome and incubated for one hour in a solution containing (in mM):
124 NacCl, 3 KCl, 1 CaCl,, 3 MgCl,, 26 NaHCO3, 1.25 NaH,PO4, 10 D-glucose, and bubbled
with 95:5 O,/CO,, pH 7.4. After incubation slices were transferred to a recording chamber
continuously superfused with an external solution. The external solution composition differed

from incubation solution in containing 2 mM CaCl, and 2 mM MgCl,. GlyR-delivered
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conductance was isolated with a ligands cocktail containing 50 uM APV, 20 uM NBQX, 50
nM CGP-55845, 200 uM S-MCPG, 10 uM MDL-72222, and 1 mM pentylenetetrazole (PTZ)
as GABA-receptor antagonist which has no or low impact on GlyR effects (Corda et al.,

1991; Blednov et al., 2012), which is not the case for other commonly used antagonists of

GABA 4-receptor (Wang & Slaughter, 2005).

The mossy fiber — granule cell pathway morphology is identical for the whole cerebellum;
thus any part of cerebellar granule cell layer with adjacent white matter can be used as a
representative experimental object. However, to preserve the pathway intact in biplanar slice,
vermis rather than cerebellar hemispheres should be used: otherwise, due to bends of lobules
in three dimensions, biplanar slice brakes into small separate pieces (Garthwaite & Batchelor,
1996). Therefore, in our preparation we used slices of cerebellar vermis, where high-
frequency stimulation was delivered to mossy fiber axons by DSA-2 stimulus isolator via
bipolar tungsten electrode placed in the cerebellar white matter near the gyrus crest to
stimulate mossy fibers entering the granule cells layer (Garthwaite & Batchelor, 1996). To
stimulate a single mossy fiber, we used a 0-glass electrode pulled to ~5 um tip diameter,

filled with perfusion solution, with wires in both channels connected to the stimulus isolator.

In all experiments on CGCs (in acute tissue or in culture) the intracellular pipette solution
for voltage-clamp recordings contained (mM): 117.5 Cs-gluconate, 17.5 CsCl, 10 KOH-
HEPES, 10 BAPTA, 8 NaCl, 5 QX-314, 2 Mg-ATP, 0.3 GTP; for current-clamp recordings:
126 K-gluconate, 4 NaCl, 5 HEPES, 15 glucose, 1 MgSO4*7H,0, 2 BAPTA, 3 Mg-ATP;
(pH 7.2, 295 mOsm in both cases); pipette resistance was 7-9 MQ); recordings were
performed at 33-35°C using Multiclamp-700B amplifier with -60 or -70 mV holding current

(for voltage-clamp recordings); signals were pre-filtered and digitized at 10 kHz.
Cultured granule cells

Primary cultures of cerebellar granule neurons were prepared from postnatal days 25-27
mice. Animals were sacrificed as it was described above. The cerebellums were then
removed, dissociated with 0.25 mg/ml trypsin, and plated in 35 mm Nunc dishes at a density
of 1.5%104 cells/ml on glass coverslips coated with poly-D-lysine (10 pg/ml). The cells were
cultured in basal Eagle's medium supplemented with 10% bovine calf serum, 2 mM
glutamine, and 100 pg/ml gentamycin at 37°C in 5% CO2. At days in vitro (DIV) 5 the

medium was replaced with 5 mM K’ medium supplemented with 5 mg/ml glucose, 0.1
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mg/ml transferrin, 0.025 mg/ml insulin, 2 mM glutamine, 20 ug/ml gentamycin and 10 uM
cytosine arabinofuranoside, as previously described (Losi et al., 2002), to facilitate formation
of synaptic network. Cultured neurons were transfected at DIV 7 with WT al or T258F al
and green fluorescent protein (GFP) plasmids with a calcium phosphate protocol. Recordings
were performed starting from DIV 10. The perfusion solution contained the following (in
mM): 119 NaCl, 2.5 KCl, 1.3 Na;SQOy, 2.5 CaCl,, 26.2 NaHCO3, 1 NaH,PO4, 22 glucose and
was continuously gassed with 95% O,/5% CO,, pH 7.35, osmolarity 290-298 mOsm.

To assess modulation of synaptic efficacy in polysynaptic signalling pathways we used
experimental approach tested on cell cultures earlier (Bi & Poo, 1999). Briefly, evoked
postsynaptic currents (EPSCs) were recorded from the neuron in a network of 20-30 cells (cut
from surrounding cell culture by blunt electrode) after current injection applied to another
patched neuron nearby. For the sake of clarity, we isolated segments of neuronal networks
containing only one GFP-fluorescent cell, which was recorded when transfection with human
WT or T258F a1 subunit was studied; or no GFP-fluorescent cells under control. Perfusion
solution in this experiment did not contain neural receptor antagonists. Each EPSC
component propagated by recorded neuron was interpreted as a signal delivered through
separate polysynaptic pathway with a specific transmission delay. To quantify the impact of
GlyRs on synaptic efficacy, we measured probability of EPSC components occurrence (P) in
control and after series of paired stimuli. To allow registration of both increase and decrease
of P, in the beginning of experiment stimulation was adjusted to generate P in an interval
25%<P<75%. If under control conditions EPSC component had P out of this interval, the
component was not used in further statistical calculations. Analysis of current transients
activated by +5 mV voltage steps in voltage-clamp mode gave 2.93+0.11 pS as a value of
CGC membrane capacitance (n=186) which resembles earlier observations (D'Angelo et al.,

1995; Hevers & Liiddens, 2002).
Data analysis

Analysis of the macroscopic currents. Continuous application of GlyR ligands evoked
macroscopic responses, where ‘“stable” response was determined as a difference between
average value of baseline (2-3 s interval before ligand(s) application) and stable current

generated at 5-10 s interval after stabilization of recording current after ligand(s) application.
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Analysis of concentration-response relationships. Concentration-response curve fitting for

changes of response amplitude (Agiyr) was performed with Hill equation

c"
4 ==
R EC,+C™

for agonists, and

c"
A, =1-—
GIvR EC,, +C"

for strychnine, where C is a ligand concentration, £Csy — concentration which causes half-

maximum effect, n, — Hill’s coefficient.

Analysis of phasic responses. Decay profiles of phasic responses were fitted with an
exponential function

—t

Al =—ae’

where Al is a difference between current recorded at baseline and at time ¢, e — the Euler’s

constant, a — fitting constant, 7— decay time constant.

Analysis of the single-channel recordings. Application of GlyR agonists at outside-out
patches evoked single-channel openings to several conductance levels. Therefore, to calculate
and visualize average GlyR conductance characteristic, we constructed all-points histograms

and fitted them with a multi-Gaussian function:

Accepted Article

where k is a number of peaks at a histogram, m,, m; ... my; are the mode values of Gaussians,
G|, O3 ... oy are the standard deviations of corresponding modes, 7 is the value of electrical
current, py, p> ... py are the fitting constants, e is the Euler’s constant. The general algorithm
of multi-Gaussian histogram construction, fitting and interpretation was adapted from the
works of Bennett and Kearns (Bennett & Kearns, 2000) and Traynelis and Jaramillo
(Traynelis & Jaramillo, 1998).
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To quantify input of each conductance level into overall charge transfer, we first obtained a
value of the overall charge transfer as a sum of dot values (XI,) in recorded traces for which
is true the inequality [,<I,,;+2*I;;, where I, is a (negative) current recorded when GIlyR is in
an open state, I,,; — (negative) current which corresponds to the smallest conductance peak of
multi-Gaussian fitting function, I; — (positive) current value which corresponds to the value
of standard deviation of the smallest conductance peak. Next, we obtained charge transfer for
each conductance level as a sum of dot values (ZI;) in recording trace for which is true the
inequality [+2*[5>1>1-2*]s., where I — current which corresponds to the Gaussian peak at
a certain conductance level, I, — current value which corresponds to the value of standard
deviation of this Gaussian peak. Part of each conductance level in an overall charge transfer
was then calculated as ZI./X1,*100%. Single channel openings to certain conductance were
selected automatically by the threshold-detection algorithm of Clampfit software with a

minimum event time length of 0.2 ms.

For the semi-quantitative assessment of amount of GlyR agonists released from cerebellar
tissue in response to high-frequency stimulation in a sniffer patch experiment we used an
open time fraction of single-channel patch recording. This was calculated as a ratio #,/%.,
where ¢, is a full time of a given recording when GlyR(s) in a patch where in open state and ¢,

is a time when GlyR(s) where in closed state.

Analysis of tonic currents. For analysis of tonic whole-cell currents, mean values of holding
current were averaged at 30 s intervals. The shift of the tonic current was calculated as the
difference between the holding current values (Alylq) measured at stable baseline intervals

before and after the application of 1 pM strychnine.

CGP-55845, S-MCPG, strychnine, MDL-72222, picrotoxin, tetrodotoxin, bicuculline and
pentylenetetrazole were purchased from Tocris Bioscience. APV, NBQX and QX-314 were
purchased from Alomone Labs. Cell culture mediums, trypsin, bovine calf serum and
antibiotics were purchased from Invitrogen. All other chemicals were purchased from Sigma-
Aldrich. The WTal GlyR plasmid and GFP plasmid were kindly donated by Prof. Peter
Schofield from the Garvan Institute, Sydney; T258Fal plasmid was kindly donated by Prof.
Joseph Lynch from the University of Queensland, Brisbane. The a2 and B GlyR plasmids

were purchased from OriGene.

This article is protected by copyright. All rights reserved.



Accepted Article

All data are shown as MeantS.E.M. Two-way and one-way analysis of variance (ANOVA)
with Tukey post-hoc test, and Student’s paired and unpaired t-test were used for statistical
calculations as indicated. Nonlinear fitting and related statistical calculations were performed

with Wolfram Mathematica 11 software package.

Results
Effect of T258 F mutation and GlyR subunit composition on affinity to ligands

Initially, dose-response dependencies for GlyR ligands at T258F and WT GlyRs were
tested, with ECsg (or ICsy for “strychnine vs. agonist”) and Hill coefficient (n;) as quantitative

readouts (refer to Tables 1 and 2 for numerical values).

Increasing concentrations of Gly and Ala were first applied to HEK-293 cells expressing
homomeric (al) and heteromeric (a1p) GlyRs, and two-way ANOVA with a Tukey post-hoc
test was used for the data analysis. When we measured the effect on peak current, obtained
values had high variability and thus were hardly interpretable (Table 1). The possible
explanation for this phenomenon is an initial turbulence in applied solution that activates
neighboring cells, which then transfer electrical signal to the recorded cell. This transfer is
enabled by gap junctions (connect >90% of abutting HEK cells) and tunneling nanotubes
(connect ~50% of distant HEK cells) (Wang et al., 2010). Additionally, in some recordings,
maximum current amplitude was observed for stabilized (equilibrated) effect (Fig. 1D).
Hence, for the whole-cell recordings we took measurements at a time interval where the
effect was already equilibrated (Fig. 1A-D). Here and in further experiments we used for
ANOVA purposes an agonist (Gly or Ala) as the independent factorl and a GlyR subunit

composition as the independent factor2.

We found, that ECso of Ala was significantly higher than for Gly, but no significant
difference between agonists was observed for generated n,. GlyR subunit composition also
exerted a significant impact on ECsy values: presence of B subunit or T258F al subunit
lowered an agonist’s ECso; however, only presence of T258F al subunit, but not  subunit,

made a significant impact on 7, (see Table 1, Fig. 1A, B, 1, J).

Two-way ANOVA on values of ECsg. Factorl: F; 4,=16.31, P=2*10'4; Factor2: F3 4,=10.37,
P=3.3*107, Tukey test: P>0.05 for T258Fal vs. T258Falp; for factorlxfactor2: Fs4,=3.18,
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P=0.034. Two-way ANOVA on values of n, Factorl: F,4=2.78, P=0.103; Factor2:
F341=6.12, P=0.0015, Tukey test: P>0.05 for WTal vs. WTalf and for T258Fal wvs.
T258Fal B; factorlxfactor2: Fs 4,=2.42, P=0.08.

Next, we studied the strychnine (Str) effects on WT and T258F GlyRs against the
previously found ECs, of agonists. Here presence of the T258Fal subunit significantly
increased the ICsy values of Str, whereas presence of  subunit did not make a significant
impact; no significant difference between Gly and Ala in terms of counteracting Str effect

was found. Neither subunit composition, nor type of agonist induced a significant bias of n,

(Table 1, Fig. 1C, D, K, L).

Two-way ANOVA on ICsy data: factorl, F;3;=2.56, P=0.118; factor2, F;3;=7.92,
P=3.3*10", Tukey test: P>0.05 for WTal vs. WTalp and for T258Fal vs. T258Falp;
factorlxfactor2: F337;=2.09, P=0.118. Two-way ANOVA on n; values: P>0.1 for both factors.

Whole-cell recordings from HEK cells confirmed a pharmacological profile of GlyRs
expressed from our plasmids. As a next step, we set out to test whether pharmacological
properties of expressed GlyRs are similar in different cultured cell types (HEK and CGC) and
in CGCs of living tissue. Our working hypothesis was as follows: ol subunits, being
expressed in CGCs, mainly generate heteromeric GlyRs with B subunits naturally expressed
in this cell type. Therefore, the pharmacological profile of GlyRs in CGCs transfected with
WTal and T258Fal plasmids should be similar to that of WTalB- and T258Falp-
transfected HEK cells, respectively. As a consequence, pharmacological profile of CGCs in

living tissue should be similar to WTal B-transfected HEK cells.

To obtain more controlled experimental environment, we first tried to apply Gly and
Gly+Str at outside-out membrane patches instead of whole cells. The vast majority of
outside-out patches excised from both cultured CGCs and CGCs of cerebellar brain slices (8
out of 11 tried) after application of Gly displayed single-channel openings rather than poly-
receptor response of a kind as was observed in a whole-cell mode. However, when we
repeated the experiment with nucleated patches, poly-receptor response was generated in all
trials (see example traces at Fig. 1E-H). Values of Gly ECs, Str ICsy and n;, obtained for peak
current in nucleated patches were similar to that of HEK cells transfected with WTalp,
cultured CGCs transfected with WTal, CGCs from living tissue, and WTalB-transfected

HEK cells recorded in whole-cell mode: P>0.3 for all comparisons, n=10-13, Student’s t-test.
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Another set of similar readouts was obtained for nucleated patches from T258Falf-
transfected HEK cells, T258Fa1-transfected CGCs and T258F a1 B-transfected HEK cells in
whole-cell mode: P>0.2 for all comparisons, n=10-12, Student’s t-test; see Tables 1 and 2 for
numerical data. These results have supported our working hypothesis and thus confirmed

similar pharmacological profiles of GlyRs expressed in cell cultures and in living tissue.
Effect of T258 F mutation and GlyR subunit composition on receptor conductance

As a next step, we tested the mutation effect on GlyR single-channel electrical conductance
in outside-out patches excised from HEK cells (Fig. 2; see Table 3 for numerical data). Here
we applied the lowest agonist concentration which exerted a significant effect in whole-cell
experiment on the corresponding type of GlyR (Fig. 1). We found that all-point histograms
for homomeric receptors are best-fitted with three Gaussians, indicating three main
conductance states, whereas the presence of a B subunit reduced the number of conductance
states to two (Fig. 2C, D). For all GlyR subunit compositions, the highest conductance state
delivered >85% of the overall charge transfer (Table 3). Therefore, to assess the influence of
agonists and GlyR subunit composition on GlyR conductance, we analyzed data on the
openings to highest conductance. We found, that presence of both T258F al subunit and (3
subunit lowers the highest conductance level, whereas no significant difference in this GlyR

characteristic was observed when Ala or Gly has been applied.

Two-way ANOVA output: factorl, F; 44=1.37, P=0.25; factor2, F344=5.12, P=0.004, Tukey
test: P>0.05 for WTallp vs. T258FalB; factorlxfactor2: Fs 44=2.61, P=0.063.

To compare single-channel characteristics of GlyRs expressed in HEK cells to those
expressed in CGCs, we repeated the experiment on outside-out patches excised from cultured
CGCs transfected with WTal and T258Fal plasmids, and from CGCs of living tissue (Table
4). In all three experiments on CGCs single-channel GlyR conductance had no significant
difference from values obtained when WTalp and T258Falf receptors were expressed in

HEK cells: P>0.2 for all comparisons, n=12, Student’s t-test (see Table 3 and 4).
GlyR subunit composition shapes response kinetics

For deeper analysis of GlyR functional properties, we next studied the decay kinetics of
response evoked by brief (~200 us) applications of 50 uM Gly and 500 uM Ala in membrane

patches carrying GlyRs of different types. This experiment again demonstrated the significant
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impact of both agonist species and GlyR subunit composition on the response kinetics (Fig.
3). To quantify this impact, we used values of decay time constant (t) obtained with a
nonlinear fitting of response decay profiles. Responses generated by Gly displayed
significantly slower decay (higher decay t) than responses generated by Ala; presence of 3

subunit, but not T258Fal subunit made decay faster, i.e. lowered t values.

Two-way ANOVA results on t values. For factorl: F;40=205, P=2.5*10'17; for factor2:
F340=24.6, P=3.5*10'9, Tukey test: P>0.05 for WTal vs. T258Fal; for factorlxfactor2:
F3.40=9.6, P=6.6%10".

To test whether results obtained for GlyRs expressed in HEK cells are applicable to CGCs,
we repeated this experimental protocol at nucleated patches excised from cultured CGCs
under control (no additional transfection), CGCs transfected with WTal plasmid, and CGCs
transfected with T258F plasmid, applying 50 uM Gly (Fig. 3E, F). We found, that
transfection with T258Fal, but not with WTal, slowers significantly response decay kinetics
when compared to control. For T258Fal vs. control: P=0.004, n=12; for WTa.l vs. control:
P=0.39, n=12, Student’s t-test. This result reproduces an observation for HEK cells
transfected with T258Fal+f and WTal+p (Fig. 3A, B). Hence it is in line with the
presumption that, being transfected with WTal, CGC generates heteromeric WTal GlyRs,
similar to native GlyRs of CGC and to those generated in HEK cell transfected with WTal+3
plasmids. In turn, transfection of CGC with T258Fal results in a mixture of heteromeric

T258Fa 1P and WTalp GlyRs.
GlyR sensitivity to GABA 4R open-channel blockers

Single-receptor recordings revealed two different modes of the main conductance state:
~100-110 pS for HEK cells transfected with WTal and T258Fal and ~50-60 pS for
WTalp- and T258FalB-transfected HEK cells, WTal- and T258Fa1-transfected CGCs, and
CGCs of living tissue (Tables 3 and 4). This pattern suggests that (i) al subunits expressed
from transfected DNA form heteromeric GlyRs with wild-type B subunits when they are
present in a given cell, and (ii) properties of these receptors a similar to those in CGCs of

acute tissue.

To further confirm this finding and to test whether GABAR open-channel blockers such as
picrotoxin (PTX) and pentylenetetrazole (PTZ) do not affect heteromeric GlyR functioning in
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our preparation, we performed an additional solution exchange experiment on nucleated
patches. In this experiment each patch underwent application of 10 uM Gly and then 10 uM
Gly + 10 uM PTX, or 10 uM Gly + 1 mM PTZ (Fig. 4). PTX, being applied at patches from
WTal-transfected HEK cells, lowered the response amplitude to 0.42+0.16 of control:
P=0.022, n=6, Student’s paired t-test. For all other sets of plasmids expressed in both HEK
and CGCs, and for nucleated patches from CGCs of living tissue, PTX and PTZ did not
display a significant effect: P>0.3, n=6 for all cases, Student’s paired t-test (Fig. 4D). PTX,
displaying a significant effect exclusively at homomeric WTal receptors, has confirmed
earlier observations (Pribilla et al., 1992; Shan et al., 2001). Hence, we received an additional
confirmation of heteromeric composition of GlyRs in all cell types where f GlyR subunit is
expressed. In turn, 1 mM PTZ did not exert a significant effect on any GlyR type (in accord
with earlier studies, see (Corda et al., 1991)), thus enabling us to use it for silencing of

GABARs in further experiments on living tissue with presumable GABA spillover.

As an additional control on subunit composition of GlyRs in CGCs, we tested the antagonist
effect of bicuculline (BIC) on alf and a2 GlyRs expressed in HEK cells and on GlyRs
from CGCs of acute tissue. | mM BIC, when applied against 60 uM of Gly, was shown to
block in full conductance generated by a2 GlyRs, but not by a1} GlyRs (Li & Slaughter,
2007). We repeated this experimental protocol to find, that 1 mM BIC indeed fully
suppressed the effect of a2 GlyRs in HEK cells (response amplitude 0.045+0.007 of
control), but not a 1B GlyRs in HEK cells and GlyRs from CGC of acute tissue: 0.392+0.096
and 0.4310.089 for HEK cells and CGCs, respectively (Fig. 4C and E). This result confirmed
that al-containing GlyRs generate at least a significant part of GlyR effect in CGCs of 25-30

days old C57BI-6J mice and provided rationale of the al overexpression experiments.
GlyR input into tonic conductance in living neural tissue

Previous experiments allowed us to assess the influence of mutant GlyR subunits on single-
channel properties, and on poly-receptor response parameters in an artificial expression
system (HEK cells) as well as in cultured CGCs and CGCs from acute slices. Therefore, in
the next stage of the research we decided to test the GlyR impact on inter-neuronal signaling

in living cerebellar tissue.

As a first step, we clarified whether GlyR conductance has a significant input into neural

tonic signaling in cerebellar vermis. To achieve this, we performed a continuous whole-cell
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recording from CGCs in vermis slices (Fig. 5). To isolate GlyR activity we added a cocktail
of ligands (including PTZ), which blocked all other receptors (see “Cerebellar acute slices”
section of Methods for more details). GlyR response-isolating ligands fully suppressed
spontaneous activity in CGCs. However, subsequent applications of 1 uM strychnine did not
induce any significant effect, shifting the holding current for 1.57+0.84 pA; the significance
of the difference from zero being: P=0.103, n=8, Student’s t-test (Fig. SA, D). We therefore
repeated the experimental protocol, adding high-frequency stimulation (HFS): 8 bursts of 10
impulses at 100 Hz delivered to mossy fibers (D'Angelo et al., 1999) 10 minutes before drug
application. After HFS, application of strychnine following GlyR-isolating ligands revealed
the presence of GlyR-mediated tonic conductance of 5.38+0.82 pA, thus proving the presence
of functional tonically-active GlyRs; the significance of the difference from zero was:

P=3.1*10"*, n=8, Student’s paired t-test (Fig. 5A, D).

We next asked, what is the mechanism revealing GlyR-mediated tonic conductance after
HFS. The simplest explanation is that HFS upregulates the synaptic vesicular release which
results in neurotransmitter spillover and, as a consequence, results in an increase of
neurotransmitters (in particular Gly) concentration in extracellular space. To test this
hypothesis, we repeated the experiment without HFS, but with Ca®" concentration elevated to
4 mM which should promote vesicle release. Indeed, under these conditions we observed a
significant GlyR-mediated tonic current, similar to that after HFS: 6.02+0.73 pA; the
significance of the difference from zero: P=1.8* 10, n=7, Student’s paired t-test (Fig. 5A, D).

Additionally, to explore whether our GlyR response-isolating cocktail fully inhibits all
activity of GABAARs, we repeated a HFS experiment, but with application of 50 uM PTX
after PTZ-containing cocktail (Fig. 5B). Under these conditions, we found no significant
effect of PTX which induced an outward shift of holding current for 0.67+0.42 pA (P=0.53,
n=6, Student’s paired t-test), but still a significant effect of strychnine added after PTX:
5.42+0.54 pA, P=4.2*10", n=6, Student’s paired t-test (Fig. 5B, E). Next, to clarify whether
the impact of strychnine on holding current is not due to its side effect on GABARs, we
performed a continuous recording experiment without HFS, when GlyR response-isolating
cocktail was not applied before strychnine, and PTX was applied after strychnine (Fig. 5C).
In this experiment strychnine did not display a significant impact on holding current

(difference from control 1.11+£0.32 pA, P=0.66, n=6, Student’s paired t-test), whereas PTX
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still induced its significant outward shift (difference from strychnine 10.3£0.97 pA,
P=0.0002, n=6, Student’s paired t-test) - see Fig. 5F.

Release of GlyR endogenous ligands in cerebellar tissue due to HFS

Next, to test directly whether cerebellar tissue releases an additional amount of GlyR
agonists in a course of HFS, we combined a HFS stimulation with a sniffer patch technique
(Fig. 6). To do this, we pulled an outside-out patch from CGC, and performed a control
recording of GlyR openings at a distance of 5 um from slice surface. Then we repeated a
recording at 300 um above the slice. Next, we lowered the patch pipette back to 5-6 um
distance and initiated HFS stimulation protocol; after that we again elevated the patch pipette
to 300 pum distance (Fig. 6A). For quantitative assessment of HFS effect on
neurotransmitters’ release we calculated values of an open-time fraction which integrates
single-channel open time and opening frequency (Fig. 6B). The value of GlyR open time
fraction recorded at 5 um distance under HFS was 2.06+0.26 times higher than that obtained
under control conditions at the same distance (P=0.009, n=6, Student’s paired t-test). In
contrast, the open time fraction was significantly lowered at a 300 um distance when
compared to that obtained at 5 um under control: to 0.082+0.031 at 300 um under control
conditions and to 0.087£0.032 under HFS; P<0.0001, n=6 for both cases, Student’s paired t-

test.
GlyRs of CGCs modulate action potential generation

An experiment on acute tissue has proved the presence of tonically active GlyRs in CGCs.
Hence, we next asked if extrasynaptic GlyRs of CGC modify neuronal signalling generation,
and if so, how can this role be modified by the gain-of-function mutation? To clarify this, we
performed experiments on cultured CGCs transfected with T258Fal subunit, and WTal
subunit as a positive control ensuring that experimental results observed in T258Fal-
expressing culture are not the side effects of the transfection procedure. The abundance of
native f GlyR subunits in CGCs (AIBS) ensured the formation of heteromeric receptors in

the transfected cells.

First, we studied modulatory input of tonically active GlyRs into the action potential
generation. To do this, we compared the summation profile of evoked post-synaptic

potentials (EPSPs) during trains of five stimuli evoked by the field 50 Hz stimulation. The
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stimuli strength was adjusted so that, under control conditions where no GlyR ligands added,
the stimulation train induced 1-3 APs (Fig. 7A-C). After the control recording series (10
traces) stimulation protocol was repeated on the same cell with low concentrations of GlyR
agonist (10 uM Gly or 50 uM Ala) and then with high concentrations of agonist (50 uM Gly
or 500 uM Ala), a total of ten individual traces for each mode. The average number of APs
per trace was then used for quantification of the agonist effect. The experiment was repeated
for untransfected cells, cells transfected with WTal, and with T258Fal c¢cDNA. Both
agonists displayed a similar response profile in untransfected CGCs and CGCs transfected
with WTal: only a high ligand concentrations exerted a significant downregulatory impact
on AP numbers; on the contrary, in the case of CGCs transfected with T258Fal, a significant

decrease of AP number was generated after application of agonists in both concentrations

(Fig. 7D-E).
Tonically active GlyRs modulate synaptic plasticity

An experiment on EPSP summation confirmed the significant input of GlyRs into AP
generation machinery. However, how could this affect the synaptic plasticity and inter-
neuronal crosstalk? To address the issue, we studied networks composed of several (20-30)
cultured CGCs, where two polysynaptically connected cells were patched simultaneously.
Current injection into one cell generated an action potential with the subsequent poly-
component EPSC recorded from another cell. We interpreted each EPSC component as a
signal transmission through separate pathways with a specific time lag. When the low-
frequency stimulation (1 stimulus per 15 seconds) was used, the occurrence probability (P)
remained stable for each EPSC component. We thus used the EPSC profile as a gauge
allowing the quantitative measurement of synaptic efficacy (see the “Cultured granule cells”
section of Methods). To examine the synaptic plasticity in the recorded network, we applied a
train of 50 paired-pulse stimuli with 50 ms inter-pulse interval at 1 Hz. After that, we
monitored changes in the P (decrease or increase, i.e. AP) of the pre-existing EPSC
components. These changes were interpreted as an indicator of the remodeling of signaling
pathways (Fig. 8A). At each recorded CGC, the experimental protocol was then repeated with
low and high concentrations of agonists (similar to those used in the experiment on AP

generation).

Unexpectedly, we found that 10 puM Gly increased significantly AP in untransfected cells

and 1in cells transfected with WTal, whereas a 50 uM concentration of Gly had a significant
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downregulatory effect. On the contrary, in the cells transfected with T258Fal, both Gly
concentrations displayed a downregulatory action (Fig. 8D). The experiment with Ala did not
display opposite effects for different concentrations: AP was decreased in all cases (Fig. 8C).
To explain such a difference between the GlyR agonists, we hypothesized that the Gly-
generated effects in this experiment were partially delivered through NMDA receptors
(NMDARs) in parallel with GlyRs. To test this hypothesis, we repeated the experimental
protocol with 2 nM of L-689,560, which is a high-affinity competitor for the Gly binding site
of NMDAR (Grimwood et al., 1992), in perfusate. Indeed, under these conditions, Gly
displayed an effect profile similar to that of Ala: decreased AP under all tested concentrations
(Fig. 8E). Next, we repeated this experiment without L-689,560, but with 1 uM Str in
perfusion solution (Fig. 8F). Here we found, that increasing Gly concentrations elevate AP
rather than generate bi-phasic effect as at Fig. 8D. We thus concluded, that Gly increases AP
acting at NMDARs, and decreases AP acting at GlyRs.

Gly spillover modulates AP generation in CGCs of acute tissue

In the previous experiment we found that extrasynaptic GlyRs shape neural network
functioning and can reverse the effect of glutamatergic excitatory input. However, it is
unknown whether extrasynaptic GlyRs modulate CGCs excitation in living tissue. To clarify
this, we tested GlyRs input into excitation machinery in cerebellar brain slices. Initially, we
tried to reproduce a sensory excitatory input into given CGC, which was shown in vivo to be
delivered via a single mossy fiber (Chadderton et al., 2004). To achieve this, we used a 0-
glass stimulation microelectrode of ~5 uM diameter. With this electrode we searched for a
position in the cerebellar white matter where stimulation pulse generated EPSC(s) in the
patched CGC. Once the position was found, we delivered several groups of stimuli (5 stimuli
at 25 Hz, 30 s intervals between groups); each group evoked 2-5 glutamatergic EPSCs in the
recorded cell, reproducing the result of in vivo sensory input (Chadderton et al., 2004). Then
we compared average response amplitudes and cumulative response amplitude histograms for
evoked glutamatergic EPSCs, spontaneous EPSCs, and mini-EPSCs (after application of 1
puM tetrodotoxin, TTX): Fig. 9A, C, D. We found no significant difference in average
response amplitude for these three EPSC types (one-way ANOVA: F;;5=0.47, P=0.63) and
high similarity of the cumulative response amplitude histograms (Fig. 9C). The similarity of

spontaneous, evoked and mini EPSCs indicates that sensory stimulation induces bursts of
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responses where each is generated by single neurotransmitter quantum, and that our

stimulation protocol resembles native sensory input delivered to individual CGC.

Equipped with this knowledge, we then studied AP generation in response to sensory-like
inputs. To do this, we used stimulation sets consisting of four groups, five stimuli at 25 Hz in
each group, with 30 s inter-group intervals; after a first set, a 5 min interval was taken, and
then similar stimulation set delivered. To quantify changes in AP-generation machinery, we
used an average number of APs generated by the five-stimuli group (Fig. 9B, E, F). Under
control conditions, 5 min interval with no stimulation did not significantly change an average
AP number: 2.93+0.43 vs. 3.2+0.28, P=0.48, n=9, Student’s paired t-test. To find out,
whether AP generation is affected by Gly, we added 50 uM Gly after the first stimulation set.
This significantly decreased a number of APs per stimulation group: 2.12+0.21 vs. 3.9810.16
in the first stimulation set, P=0.00011, n=9, Student’s paired t-test. To advance on this and to
investigate whether cerebellar tissue can release an amount of Gly sufficient to modulate AP
generation, we repeated the experiment with HFS (8 bursts of 10 impulses at 100 Hz,
delivered to mossy fibers by tungsten bipolar electrode) after the first stimulation set. In this
case AP number per five-stimuli group in the second stimulation set was significantly
reduced: 2.83+0.4 vs. 3.53+0.36 in the first set, P=0.0014, n=9, Student’s paired t-test. To test
whether this effect was indeed delivered by GlyRs, we repeated the HFS experiment adding 1
UM strychnine after the first stimulation set. Strychnine made difference in AP number
between the first and second stimulation sets non-significant, thus confirming GlyRs

involvement: 3.47+0.21 vs. 3.27£0.28, P=0.31, n=11, Student’s paired t-test.

Discussion

In this study at a first stage we have clarified the functional effects of GlyR subunits. We
found that the single-point T258F mutation of ol subunit decreases ECsy of Gly and Ala
(Fig. 1, Table 1 and 2) and slows the decay kinetics of the inhibitory response delivered via
heteromeric receptors (Fig. 3). This proves that the T258F mutation increases GlyR affinity
to agonists, which is in line with earlier observations (Shan et al., 2001). In addition, the
augmented affinity overweighs the lower conductance of T258F GlyR (compared to the WT
receptor) (Fig. 2). However, on the contrary to (Shan et al., 2001), in our preparation WT

heteromeric (a1B) GlyRs displayed a significantly higher affinity to agonists than did WT
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homomeric al GlyRs (Table 1). This resembles another study in which heteromeric GlyRs
were shown to have significantly lower ECsy for Gly than did homomeric receptors
(Mohammadi et al., 2003). Overall, these facts suggest prudence when predicting GlyR
effects on the basis of the receptor subunit composition. Nonetheless, experiments on HEK-
293 cells have clearly shown that the introduction of the T258Fal subunit increases affinity
to agonists in both hetero- and homomeric GlyRs, i.e. confirmed a gain-of-function status of

the T258F mutation.

Factors determining existence of multiple conductance states in GlyR and mechanisms of
their implementation are the topic of long-lasting discussions. The most obvious explanation
is that GlyR can open to various conductance states in response to different ligation levels:
from 1 to 5 agonist molecules bound to the functional receptor (Beato et al., 2004), as it was
demonstrated for the closely related GABAAR (Birnir et al., 2001). This, however, was
disproved by observations that the ratio of GlyR openings to different conductance levels is
independent from the agonist concentration (Twyman & Macdonald, 1991; Beato et al.,
2002). Number and conductivity of GlyR conductance levels were repeatedly shown to be
regulated by the receptor subunit composition (Rajendra et al., 1997), where presence of
subunit eliminates high-conductance levels (Bormann ef al., 1993). Hence, another possibility
to obtain different conductance levels in the same patch recording is a presence of GlyRs of
different subunit composition in a given membrane patch. This option, however, looks quite
unlikely due to observations of openings to distinct conductance levels within the same burst
(Beato et al., 2002). Presence of different conductance levels in recordings from outside-out
patches (as at Fig. 6), where all cytoplasmic signalling chains are surely destroyed (Hamill et
al., 1983; Takahashi et al., 1992) also questions modulation by intracellular factors as the
only mechanism generating different GlyR conductance states. Therefore, available
experimental facts about propagation of GlyR conductance levels suggest multiple
mechanisms of their modulation. In this context, lower number of conductance levels in
outside-out patches than in nucleated patches observed in our study (two vs. three) may be a

result of removal of cytoplasmic factor(s) delivering partial upregulatory effect in living cell.

Residue position 258 in all types of GlyR subunits is localized within M2 domain which
lines the receptor ion channel pore, making GlyR electrical conductance highly sensitive to
mutations in this domain (Keramidas et al., 2000; Keramidas et al., 2002). Therefore, it is not

surprising that the T258F mutation, i.e. replacement of small, polar and hydrophilic threonine
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residue with large, non-polar and hydrophobic phenylalanine, exerts a significant
downregulatory effect on GlyR electrical conductance, most possibly by obstructing the CI -

ion passage.

The issue to be clarified before the work on GlyRs expressed in acute tissue is indeed their
actual subunit composition. In situ hybridization experiments on mRNA encoding various
GlyR subunits have shown that the expression level of al subunit increases, and of a2
subunit decreases rapidly in postnatal (after P0O) tissue of spinal cord (Watanabe & Akagi,
1995). Similar experiments conducted by different research groups on CGC layer of adult
rodents generated various results: strong signal for al mRNA with somatic localization
(Racca et al., 1998), weak signal for ol mRNA (Fujita et al., 1991), or no detection for both
al and a2 subunit mRNA (Sato et al., 1992). We thus tried to assess the input of al-
containing GlyRs into the overall GlyR signal with an alternative approach. In line with an
earlier study (Li & Slaughter, 2007), we found that 1 mM BIC, being applied with 60 pM
Gly, fully suppresses opening of a2-containing GlyRs expressed in HEK cells, but has much
lower impact when al-containing GlyRs were expressed. Then, being applied on GlyRs from
acute cerebellar tissue, BIC approximately halved their effect, thus confirming a significant

role of a1-GlyRs in living CGCs (Fig. 4C and E).

In our experiments on HEK cells, cultured CGCs and CGCs from acute tissue we have not
observed a significant difference between heteromeric GlyRs in terms of pharmacological
properties (ECso, ICso, Hill’s coefficients) and ion channel conductance, along with
similarities in percentage of overall charge transfer through given conductance state (see
Tables 1-4). The impact of the T258F mutation on GlyR response decay kinetics in
transfected CGCs resembles that obtained in HEK cells (Fig. 3). Moreover, PTX displayed a
negligible effect on heteromeric GlyRs expressed in cultured cells and on GlyRs in
membrane patches excised from CGCs of cerebellar slices (Fig. 4), thus confirming the long-
established finding of PTX antagonism at WTal homomeric, but not T258Fal homomeric
or any type of heteromeric GlyRs (Pribilla et al., 1992; Shan ef al., 2001). These observations
suggest three main conclusions. First, physiological and pharmacological properties of GlyRs
in living tissue and of heteromeric WT GlyRs expressed in different types of cultured cells
are similar. Second, most GlyRs in native CGCs of 25-30 days old mice are of heteromeric
composition. Third, native expression of  GlyR subunit in CGCs is high enough to make

most of GlyRs heteromeric when the cell is transfected with additional amount of a-subunit
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DNA; this is in accord with earlier data on much higher expression of f GlyR subunit than a

subunits in postnatal CGCs (van den Pol & Gorcs, 1988; Fujita ef al., 1991).

The data on GlyR presence at CGC somata at different ages are to some extent
contradictive. Wall and Usowicz reported the presence of GlyR-mediated currents for P12
but not for P40 animals (Wall & Usowicz, 1997); on the contrary, Sasso¢-Pognetto and co-
authors have found GlyR-specific immunostaining in CGCs of adult rats (Sasso¢-Pognetto et
al., 2000). The plausible explanation of such an apparent discrepancy is that GlyR number at
CGC soma decreases with age, making, at some stage, GlyR-mediated tonic current
undetectable under normal conditions. Under these conditions GlyRs, however, can still be
detected with immunostaining and may deliver a significant amount of tonic current after
HFS which provokes neurotransmitter spillover. Therefore, to test this hypothesis and clarify
a functional role of GlyRs in CGC layer, we next studied GlyRs signalling in acute cerebellar

tissue.

The absence of spontaneous post-synaptic currents after the isolation of a GlyR-mediated
response in our whole-cell recordings (Fig. 5A) confirms earlier reports about CGCs as being
deprived of functional synaptic GlyRs, but carrying them at extrasynaptic membrane (Huck
& Lux, 1987; Kaneda et al., 1995; Virginio & Cherubini, 1997).

There are several possible explanations of lower amounts of GlyR-transferred current
observed in CGCs than in HEK cells (see Fig. 1, 4 and 5). First, size and surface area of HEK
cells are substantially larger than that of CGCs: this is illustrated by cell images (Fig. 3G) and
by data on membrane capacitance (11.16+0.2 pS for HEKs vs. 2.93+0.11 pS for CGCs, see
Methods). Second, the expression level and, as a consequence, density of GlyRs at a cell
somata could be different for HEK cells and CGCs. This was confirmed by experiments
finding that Gly application at membrane patches excised from HEK cells elicited
macroscopic responses (Fig 3A and C), whereas the majority of outside-out patches obtained
from CGCs after application of Gly displayed single-channel openings; to generate
macroscopic GlyR responses in patches from CGCs the use of nucleated patches with much
larger surface area was necessary (Fig. 3E). Third, as CGCs, in contrast to HEK cells, have a
branched shape with several neurites (Fig. 3G), and GlyR density at dendrites increases with
distance from the cell soma (Lorenzo et al., 2007), in whole-cell recordings (as at Fig. 1A-D
and Fig. 5) the decrease of response amplitude due to space-clamp effect should be much

stronger in CGCs than in HEK cells.
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GlyR-mediated tonic inhibition was shown to shape neuronal network behaviour in acute
neural tissue (Flint ez al., 1998; Zhang et al., 2008) but, to the best of our knowledge, not in
the cerebellum; in our work, we could not register a significant GlyR input into tonic current
under normal conditions (Fig. 5A). The plausible explanation is a low concentration of GlyR
agonists in cerebellar extracellular space under stable conditions. Despite the fact that the
release of Gly and Ala was repeatedly detected in native cerebellum (Koga et al., 2002;
Billups & Attwell, 2003) and, in particular, in cerebellar vermis (Flint et al., 1981), their
concentrations in the extracellular space were reported in a range of first tens of micromoles
(Tossman et al., 1986; Takagi et al., 1993; Westergren et al., 1994; Oda et al., 2007), which
is just above the detectable level of Gly for WT receptors found in our work, and far below
this level for Ala (see Fig. 1 and Table 1). Taken together with relatively low levels of
expression of GlyRs in CGCs, when compared to neighboring interneurons of cerebellar
molecular layer and Purkinje cells (van den Pol & Gorcs, 1988; Racca et al., 1998; Sassoe-
Pognetto et al., 2000), this may result in a very small amount of tonic current, undetectable
with electrophysiological methods. However, HFS generated a highly significant inhibitory
charge transfer via GlyRs; similar results obtained in experiment with elevated Ca*"
concentration supports a hypothesis concerning upregulation of neurotransmitter release as a
mechanism of tonic current generation by HFS (Fig. 5D). These observations also imply that
the extrasynaptic GlyRs of CGC play their functional role not on a continuous basis, but

when CGC layer starts receiving high amount of excitatory inputs.

Our experimental findings on the generation of EPSP series confirmed that GlyRs input into
electrical conductance exerts a substantial effect on inter-neuronal crosstalk (Fig. 7). The
amount of inhibitory current transferred via GlyRs is sufficient for the control of AP
generation, thus resembling the functions of tonically active GlyRs in the spinal cord

(Takazawa & MacDermott, 2010).

In our subsequent experiments on the remodelling of signalling pathways, we demonstrated
that the activation of GlyRs by a series of paired stimuli exerts a significant impact on the
variability of synaptic transmission and synaptic strength (AP) — Fig. 8. Varying Gly
concentrations caused an inverse change of AP: an increase for low concentration and a
decrease for high (Fig. 8D). Since such a change of AP was not observed in the experiment
involving Ala, when Gly was added together with L-689,560 and when GlyRs were blocked
with Str (Fig. 8C, E, F), we concluded that this bi-phasic effect requires simultaneous
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presence of active GlyRs and NMDARs. Therefore, we formulated a hypothesis regarding the
functional role of GlyR signaling in CGCs as follows. Gly is a co-agonist that is critical for
NMDAR functioning, and the elevation of incoming signaling intensity enhances Gly
concentration in CGC layer (Billups & Attwell, 2003), thus ensuring NMDARs activation
and AP(s) generation. However, a further increment of signaling strength activates
extrasynaptic GlyRs due to the amplification of the Gly concentration. This, in turn,
suppresses AP firing in CGCs and therefore discontinues (or at least limits) outgoing
signaling. This hypothesis provides a plausible explanation for GlyRs relative scarcity
(Sassoe-Pognetto et al., 2000) and their exclusive extrasynaptic localization (Kaneda et al.,
1995): these are the obligatory characteristics that ensure the bi-phasic modulation of the cell
signaling output, amplifying the excitatory input at low intensity, but triggering a “safety
catch” which limits further excitation when input signaling rises to a certain critical level. In
our experiments, T258F GlyRs, having a higher affinity to Gly, will inhibit CGCs’ firing with
a lower concentration of spillover neurotransmitters, which is equivalent to much weaker

excitatory input.

To the best of our knowledge, there are no reports about significant Gly release (and, more
importantly, spillover) in CGC synapses in response to increased excitatory input; this is in
accord with the fact of the absence of GlyRs in CGC synapses (Kaneda et al., 1995).
Therefore, since CGCs make up >97% of neuronal population of granule cell layer (Herndon,
1964; Palay & Chan-Palay, 2012), the question about a particular mechanism of the
excitation-induced Gly concentration increase in CGC layer becomes critical in a context of
our hypothesis regarding Gly-based bi-phasic modulation of CGC activity. The possible
source of Gly concentration increase is Bergmann glia, which is abundant in CGC layer
(Herndon, 1964; Southam ef al., 1992) and releases significant amounts of Gly in response to
cell membrane depolarization (Huang et al., 2004). Such a depolarization might be due to
glutamate spillover from neuronal synapses upon overexcitation, and subsequent activation of
NMDA- and AMPA-receptors at Bergmann glial cells, which was shown to induce powerful
cation inflow (Miiller et al., 1993; Dzubay & Jahr, 1999). Therefore, the critical level of
excitatory input which switches Gly-mediated inhibition in CGC layer might be to large
extent determined by distribution of glial Gly transporter GLYT1 (Zafra et al., 1995), its

activity, and sensitivity to cell membrane depolarization (Huang et al., 2004).

Another important question about Gly-mediated inhibition of CGC activity is regarding its

interaction and/or mutual influence with other bi-phasic modulatory systems in CGC layer,
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such as glutamate-nitric oxide (NO)-cGMP pathway. In this pathway NO was shown to be a
retrograde neurotransmitter which determines presynaptic ion currents, neural network
excitability and long-term potentiation (LTP). In turn, NO pathway blockers inhibit neural
cell excitation and LTP (D'Angelo et al., 2005). It was reported earlier that when released
from cerebellar neurons, NO activates soluble guanylate cyclase, thus increasing amount of
cGMP in Bergmann glia (Southam et al., 1992) and this way reduces Gly release (Hernandes
& Troncone, 2009). This suggests the phenomenon of Gly-mediated bi-phasic regulation of
CGC signaling to be an integral and tightly interconnected part of regulatory mechanisms

(such as NO-cGMP pathway) that modulate cerebellar neural activity.

Our next experiment on AP generation in response to sensory-like excitatory signaling
which resembles the effect of stimulation of the rodent’s whisker (Chadderton et al., 2004)
proved a significant input of GlyRs into CGC excitation machinery in living cerebellar tissue,
and provided further support to the hypothesis regarding the GlyRs functional role. We have
shown, that intensive excitatory signaling activates a GlyR-mediated “safety catch” which

prevents over-excitation of CGCs in response to sensory inputs (Fig. 9).

An earlier study has shown that CGCs, generating bursts of APs of limited length in
response to clustered sensory-evoked signals from mossy fibers, produce patterns of activity
which provide a physiological mechanism for the model of the CGC layer as a storage of
sensory representations (Chadderton et al., 2004). Within this model the strictly limited
intensity of outgoing signalling increases the CGC layer’s capacity to act as an information
store (Marr, 1969; Albus, 1971). This suggests a GlyR-generated “safety catch” as the
element controlling a key function of the cerebellar granule layer. In turn, the GlyRs which
underwent a gain-of-function mutation, due to their higher affinity, might break the cerebellar

mechanism of sensory representations’ formation, storage, and translation into motor outputs.

Classical GlyR mutations which lead to hyperekplexia development are the loss-of-function
mutations that reduce CI inhibitory current (Harvey et al., 2008); it is widely accepted, that
such a deficiency of inhibition provokes a massive haphazard motor activity in response to
unexpected and/or uncommon sensory stimulus (Matsumoto et al., 1992). On the other hand,
GlyR gain-of-function mutations (with effects similar to T258F) were also shown to induce
hyperekplexia (Chung et al., 2010; Bode et al., 2013). It seems, then, paradoxical, that
mutations of opposite effect generate similar disease manifestations and full clinical

syndrome. To date, the only proposed explanation is that enhanced spontaneous GlyR activity
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due to gain-of-function mutation during nervous system development prevents formation of
glycinergic synapses and thus induces shortage of inhibitory signaling in adult brain (Zhang
et al., 2016). This, however, is unlikely the case for CGCs in cerebellar vermis which are
deprived of glycinergic synapses under healthy conditions. Nevertheless, it was repeatedly
demonstrated that hyperekplexia is associated with functional deficits in cerebellar vermis
(Leaton & Supple, 1986; Lopiano ef al., 1990; Goraya et al., 2002). Thus one more possible
explanation of cerebellar hyperekplexia mechanisms is as follows. The gain-of-function
mutation, due to over-amplification of the “safety catch”, disrupts the process of induction of
standard activity patterns, stored in CGC layer (Chadderton et al., 2004), in response to
sensory inputs (as was shown in our experiment with sensory input-mimicking stimulation,
Fig. 9), and thus leads to chaotic movement reactions. Alternatively, one should assume that
CGCs, which are most numerous neurons in the brain and make up ~90% of neurons in
cerebellum, have, nevertheless, no connection to cerebellum-associated hyperekplexia

effects.

Our data demonstrate that fluctuations of GlyR-delivered tonic inhibition due to T258F
mutation make a significant impact on single-receptor, single-cell and neuronal network
functioning in CGC layer. The fundamental question is, however, whether modulation of
GlyR inhibitory tone can lead to abnormalities at a level of a whole organism. The impact on
single-cell signaling due to genetic deletion of a6- and &-subunits of GABAAR which
deprived CGCs of the major amount of tonic inhibition, was shown to be compensated by
alternative signalling mechanisms (Brickley ef al., 2001). In line with this, genetic silencing
of expression of ol GABAR subunit can lead to the loss of ~60% of functional GABARs
in the brain; but, nevertheless, the connected effects on animal phenotype and behavior can
be successfully compensated (Reynolds et al., 2003). These observations suggest behavioral
studies at animal model(s) with CGC-specific GlyR mutations as the next step in clarification

of cerebellar mechanisms of hyperekplexia.
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Figure 1. Affinity of GlyRs of different subunit composition to GlyR ligands. A-D: Example whole-cell
responses recorded from HEK-293 cells. Dashed lines in A denote the interval where response
amplitude was measured. A: transfection with WTa1 GlyR, effect of increasing concentrations of

effects of all tested ligands at all GlyR types.
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glycine. B: transfection with T258Fa1 GlyR, effect of increasing concentrations of glycine. C:
transfection with WTal GlyR, effect of increasing concentrations of strychnine applied together with
stable concentration of glycine. D: transfection with T258Fal GlyR, effect of increasing
concentrations of strychnine applied together with stable concentration of glycine. E-H: Example
traces recorded from nucleated patches of cultured cells. E: same as A, nucleated patch from HEK
cell. F: same as B, nucleated patch from CGC. G: same as C, nucleated patch from HEK cell. H: same
as D, nucleated patch from CGC. Color codes in A-H apply to sets of traces where similar solutions
were used (traces to left and to right from corresponding legend). I-L: Example concentration-
response plots for GlyR ligands with Hill's equation fitting curves; response amplitudes are
normalized to maximum response. Strychnine effect was studied against ECs of glycine obtained in
experiments on GlyR of similar subunit composition. Refer to Tables 1 and 2 for numerical data on

1.0
0.8
0.6
0.4
0.2

0.0 -

0.1 1 10 100
Gly, uM

T258Fa1p

WTaip

T258Fal
WTal

1000

10 o

o T258Fal
" WTal

1 10 100 1000

Str, nM

1.0 4
0.8 ©  T258Falp
0.6 " WTalp

0.4

0.2

0.0 4
1 10

100
Str, nM

1000



Figure 2. Single-channel currents generated by GlyRs of different subunit composition. A: Single-
channel responses triggered by glycine application. B: Single-channel responses triggered by B-
alanine application. From top to bottom: homomeric WTal GlyR, homomeric T258Fa.1 GlyR,
heteromeric WTa1B GlyR, heteromeric T258Fa1B GlyR. Each receptor subtype activated by ECs, of
corresponding ligand obtained in experiment on whole cell currents. Scale bars and trace labels
apply to A and B. C: Example all-point histograms of single-channel conductances obtained for
homomeric GlyRs. Top: WTal GlyR. Bottom: T258Fa.1 GlyR. D: Example all-point histograms of
single-channel conductances obtained for heteromeric GlyRs. Top: WTa1p GlyR. Bottom: T258Fal
GlyR. Refer to Table 3 for numerical data on subconductance levels revealed by Gly and Ala for

different subunit compositions.
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Figure 3 T258F mutation slowers kinetics of GlyR response triggered by brief application of
agonists. A: GlyR responses evoked in HEK cell outside-out membrane patches by ~200 ps
application of 1 mM glycine. Trace color codes apply to A and C. B: Statistical summary of A: decay
time constant (t) values of response generated by GlyRs of different subunit composition after
glycine application. In B and D response amplitudes normalized to those of WTal receptor. C: GlyR
responses evoked in HEK cell outside-out membrane patches by ~200 ps application of 5 mM [3-
alanine. D: Statistical summary of C: t values of responses generated by GlyRs of different subunit
composition after B-alanine application. E: GlyR responses evoked in CGC nucleated patches by ~200
us application of 1 mM glycine. Response traces are normalized to peak current in non-transfected
cell. F: Statistical summary of E: t values of response generated by GlyRs of different subunit
composition after glycine application. G: Images of cultured HEK cells (left) and CGCs (right). 100 um
scale bar apply to both images. * - P<0.05, n=6, Student’s t-test.
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Figure 4. GIlyR subunit composition determines response to GABA-receptor
antagonists. A, B: example traces illustrating effect induced in nucleated patches by
application of 10 uM glycine and glycine + GABAAR antagonists. A: WTal subunit
expressed in HEK cells. B: CGC of acute tissue. For A and B, left: effect of 10 uM picrotoxin
(PTX); right: effect of 1 mM pentylenetetrazole (PTZ). Color codes apply to all example
traces. C: Effect of 60 uM Gly + 1 mM bicuculline (BIC) on heteromeric GlyRs of various
subunit composition. Left: a1 GlyRs expressed in HEK cell. Medium: a2f3 GlyR expressed
in HEK cell. Right: nucleated patch pulled from CGC of acute cerebellar tissue. D: Statistical
summary for A and B. Effect of Gly+PTX and Gly+PTZ on GIlyR of different subunit
composition expressed in HEK cells and in CGCs. Asterisk denotes significance of difference
from unity. In D and E data normalized to amplitude generated by application of Gly only. E:
Statistical summary of C. Asterisks denote significance of difference from both alf and

CGC columns. * - P<0.05, ** - P<0.01, n=6, Student’s t-test
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Figure 5. GlyRs generate significant tonic conductance in CGCs in response to enhanced release of
neurotransmitters. A-C: Example traces of whole-cell recordings from CGCs in acute tissue. Dashed
lines show intervals where holding current was measured, scale bars apply to all traces. A, from top
to bottom: under control conditions, after high-frequency stimulation (HFS, 8 bursts of 10 impulses
at 100 Hz) and with elevated Ca”*" concentration (4 mM). B: GlyRs of CGC remain functional with PTX,
50 uM added to perfusion solution. C: Strychnine does not make a significant impact on GABA4Rs
which are next blocked by PTX. D: Statistical summary of A: changes of holding current induced by 1
UM Str. E: Statistical summary of B: changes of holding current after HFS induced by 10 uM PTX and
by 1 uM Str after PTX. F: Statistical summary of C: changes of holding current (with no preliminary
HFS) induced by Str and by PTX after Str. Asterisks denote significance of difference from zero; *** -
P<0.001, n=6-8, Student’s paired t-test.
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Figure 6 High-frequency stimulation induces release of GlyR ligands from acute tissue.
A: example traces recorded from an outside-out sniffer patch. From top to bottom: control
(no stimulation), 5 um from slice surface; control, 300 um from slice surface; HFS, 5 um
from slice surface; HFS, 300 um from slice surface. B: statistical summary. Open time
fraction normalized to that obtained under control at 5 um from slice surface. Asterisks
denote significance of difference from unity, ** - P<0.01, *** - P<0.0001, n=6, paired

Student’s t-test.
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Figure 7. GlyRs modulate action potential generation in cultured CGCs. A-C: Example traces
illustrating EPSPs evoked in CGCs by five consecutive field stimuli under control (left) and with
different concentration of GlyR agonists: low (10 uM glycine or 100 uM B-alanine, medium panel) or
high (50 uM glycine or 500 uM B-alanine, right panel). Stimulation artifacts are blanked; dashed lines
illustrate impact of GlyR activation on EPSP amplitude; scale bars apply to all traces in A-C. A: No
transfection. B: WTal transfection. C: T258Fal transfection. D-E: Statistical summary. Average
number of APs generated per stimulation train under control and with different concentrations of
glycine (D) and B-alanine (E). Vertical axis labels and titles on the left apply to all bar charts. Asterisks
denote significance of difference from “No ligands” value. ** - P<0.01, *** - P<0.001, n=5-7,
Student’s t-test.
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Figure 8. GlyRs modulate synaptic plasticity in a network of cultured CGCs. A: Sketch depicting
three hypothetical polysynaptic pathways (dotted lines) leading from stimulated neuron (S) to the

recorded neuron (R) with different transmission delays, corresponding to the onset latencies of the

0.3

a0

0.4

Accepted Article

0
Mo transfection

Figure 8

Mo transfection

Ala H Control

[ Ala 50 uM

a I Ala 500 pM
8

WTal T258Fai

Gly + L-689,560

WTal T258Fal

0.1 4

0.0 4

0.5

04

a 0.3 1

0.2

0.1

5
Do oo O =

Mo transfection

€ @ O *

0
Mo transfection

This article is protected by copyright. All rights reserved.

three distinct EPSC components. B: Traces depict 20 consecutive EPSCs (inward currents are shown
upwards) recorded from a cultured neuron in response to stimulation of a nearby neuron before
(left) and after repetitive paired-pulse stimulation (right). C-F: Statistical summary of pathway
remodeling induced by paired-pulse stimulation with modulatory impact of GlyR ligands. C: Ala
applied. D: Gly applied; bar color codes apply to D-F. E: Gly applied, NMDARs are blocked with 2 nM
L-689,560. F: Gly applied, GlyRs are blocked with 1 uM strychnine. Asterisks denote significance of
difference from “Control” value. * - P<0.05, ** - P<0.01, n=7-8, Student’s t-test.
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Figure 9. GlyRs modulate AP generation in CGCs of acute tissue. A: Examples of
glutamate-evoked excitatory responses in CGC. From top to bottom: spontaneous activity;
spontaneous activity and EPSC burst evoked by 5 stimuli at 25 Hz delivered through single
mossy fibre; mini-EPSCs after TTX application; all activity suppressed by 50 uM NBQX
application. B: Example action potentials evoked by 5 stimuli at 25 Hz through single mossy
fibre. Top: control. Bottom: after HFS. C: Normalized cumulative amplitude histograms for
spontaneous EPSCs, EPSCs evoked by 25 Hz stimulation, and mini-EPSCs, 1 pA bin. D:
Statistical summary for A. Average amplitudes of spontanecous EPSCs, EPSCs evoked by 25
Hz stimulation, and mini-EPSCs, n=6 cells; 25 Hz stimulation: 10-15 episodes 30 s apart in
each cell. E-F: Statistical summary for B. Shift in average number of APs generated by 25
Hz stimulation series: 1* stimulation set of 4 groups of 5 stimuli at 25 Hz with 30 s intervals,
then 5 min interval, and 2™ stimulation set similar to the first. E: No HFS. Left: control.
Right: Gly 50 uM added after 1* stimulation set. F: HFS after the 1% stimulation set. Left:
control. Right: strychnine 1 pM added after the 1% stimulation set. Bar titles and vertical axes
titles apply to all bar charts in E-F. Asterisks denote significance of difference between
average number of APs in 1** and 2™ stimulation set; ** - P<0.01, *** - P<0.001, n=9-11,

Student’s paired t-test.
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Table 1. Pharmacology of GlyRs of different subunit composition expressed in HEK-293 cells, mean+SE, whole-cell recordings. Values
calculated for equilibrated current; ECsy and ICs values obtained for peak current are given in brackets.

Glycine p-Alanine Strychnine vs. Glycine“ Strychnine vs. p-Alanine”

GIlyR subunit | ECsy, uM ny, ECs, uM n, 1C59, nM n 1Cs9, nM n, n

composition

WTal 32.3+2.1 2.6+£0.3 267+43.8 | 2.3+0.2 8.7+1.8 1.9+0.6 7.6+1.3 22402 | 5
(26.1+17.3) (318+141) (13.2+6.4) (9.6+1.8)

T258Fal 6.8+1.1 1.7+0.2 70+13.2 1.8+0.3 52.6+8.7 2.3+0.5 34.1£7.4 2.4+0.5 | 6
(11.3£6.2) (92.3+48.6) (39.5£19.8) (22.5£11.7)

WTalp 18.8+2.9 2.2+0.2 142+14.1 | 2.2+0.4 10.3+£2.1 2.1+0.7 7.4+1.6 2.0+£04 | 6
(13.8£8.7) (206£117) (24.1£16.7) (8.314.3)

T258Falp 8.1+0.9 1.5+0.1 77+£12.8 1.9+0.3 59.8+8.6 2.6+0.7 42.6+£8.9 2.1£0.3 | 5
(14.1£7.6) (104+£56.4) (88.3+£36.2) (31.4£11.9)

“-Agonist concentration equals ECsy obtained when pure agonist (glycine or B-alanine) was tested at GlyRs of correspondent subunit

composition.

This is an Accepted Article that has been peer-reviewed and approved for publication in the The Journal of Physiology, but has yet to undergo copy-editing
and proof correction. Please cite this article as an 'Accepted Article'; doi: 10.1113/JP277626.
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Table 2. Pharmacology of GlyRs of different subunit composition expressed in HEK-293 cells

nucleated patches. Values calculated for peak current.

and in CGCs, mean+SE, recordings from

Glycine Strychnine vs. Glycineb

GlyR subunit

composition, cell ECso, pM ny n 1C59, nM n; n
type

WTalp, HEK 20.3+1.8 1.9+0.1 5 8.4+1.8 2.0+0.4 5
T258FalpB, HEK 7.9+1.2 1.4+0.2 5 49.6+7.6 2.8+0.5 5
WTal, CGC 21.2+1.9 2.1+0.2 5 7.8£2.2 1.9+0.3 5
T258Fal, CGC 8.5+0.6 1.7+0.3 6 52.6+4.3 2.24+0.2 5
Living tissue, CGC 24.5+£3.2 2.3+0.4 5 9.3£2.9 2.2+0.4 5

?_Glycine concentration equals ECs obtained when pure glycine was tested at GlyRs of correspondent subunit composition.
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Table 3. Conductance states and their input into overall charge transfer for GlyRs expressed in HEK-293 cells and recorded from outside-out
patches, mean+SE. Agonists concentration equals ECsy obtained in whole cell for correspondent subunit composition; n=6 for glycine, n=7 for

[-alanine.
Agonist
Glycine B-Alanine

GIyR subunit composition | Conductance states (pS) | Charge transfer (%)° | Conductance states (pS) | Charge transfer (%)°
WTal 112+3.6, 67+1.8, 37+2.4 86.2,9.7,3.3 108+2.2, 71+£2.3, 32+2.7 87.3,84,2.2
T258Fal 97+2.9, 38+4.1, 27+3.3 92.1,2.8,4.8 95+1.4, 46+2.8, 19+2.7 91.3,25,5.1
WTalp 52+1.9, 284+2.6 88.6, 8.8 56+2.8, 25+2.7 92.7,54
T258Falp 5442.5, 27+1.7 90.3,7.9 51£3.1,29+2.3 89.6, 8.2

“-Sum of values may be <100% due to high-amplitude noise events.
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Table 4. Conductance states and their input into overall charge transfer for GlyRs expressed
in CGCs and activated by glycine in outside-out patches, mean+SE. For WTal and T258F a1
overexpressed in cultured CGCs glycine concentration equals ECsy obtained in HEK-293
cells for correspondent subunit composition. Data for living tissue were obtained in a sniffer
patch experiment, n=6 for all experiments.

GlyR subunit composition | Conductance states (pS) | Charge transfer (%)”
Transfected with WTal 56+2.6, 30+2.2 94.8, 4.6
Transfected with T258Fal 5143.1, 28+2.3 87.2,9.1
Living tissue 57+1.8,29+3.1 90.1, 8.8

7_Sum of values may be <100% due to high-amplitude noise events.

This is an Accepted Article that has been peer-reviewed and approved for publication in the The
Journal of Physiology, but has yet to undergo copy-editing and proof correction. Please cite this
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