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Abstract

GABA, receptors (GABAARs) are the principal inhibitory neurotransmitter receptors in the
central nervous system. They control neuronal excitability by synaptic and tonic forms of
inhibition mostly mediated by different receptor subtypes located in specific cell membrane
subdomains. A consensus suggests that a1-3y comprise synaptic GABAaRs, whilst
extrasynaptic a4Bd, a5y and af isoforms largely underlie tonic inhibition. Although some
structural features that enable the spatial segregation of receptors are known, the mobility of
key synaptic and extrasynaptic GABAsRs are less understood, and yet this is a key determinant
of the efficacy of GABA inhibition. To address this aspect, we have incorporated functionally
silent a-bungarotoxin binding sites (BBS) into prominent hippocampal GABAAR subunits which
meidate synaptic and tonic inhibition. Using single particle tracking with quantum dots we
demonstrate that GABAsRs that are traditionally considered to mediate synaptic or tonic
inhibition are all able to access inhibitory synapses. These isoforms have variable diffusion rates
and are differentially retained upon entering the synaptic membrane subdomain. Interestingly,
a2 and o4 subunits reside longer at synapses compared to a5 and & subunits. Furthermore, a
high proportion of extrasynaptic -containing receptors exhibited slower diffusion compared to &
subunits at synapses. A chimera formed from &-subunits, with the intracellular domain of y2L,
reversed this behaviour. In addition, we observed that receptor activation affected the diffusion
of extrasynaptic, but not of synaptic GABAARs. Overall, we conclude that the differential mobility
profiles of key synaptic and extrasynaptic GABA,Rs are determined by receptor subunit

composition and intracellular structural motifs.
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GABA,Rs mediating synaptic or tonic inhibition all access inhibitory synapses
Diffusion and retention of GABAARSs at synapses depends on the subunit composition
Dwell times for a2 and a4 are longer than for a5 and & at inhibitory synapses

A large proportion of extrasynaptic 5-GABARs exhibit restricted diffusion

The large intracellular loops of & and y2L regulate mobility and synaptic trapping



1. Introduction

y-aminobutyric acid type-A receptors (GABARs) form part of the pentameric ligand-gated ion
channel family and are the main inhibitory neurotransmitter receptors in the central nervous
system (Smart, 2015; Luscher et al., 2011). These receptors are crucial for maintaining control
over excitability and neural network computation (Klausberger et al., 2002) and their dysfunction
is associated with several neurological conditions including: epilepsy (Oyrer et al., 2018;
Macdonald et al., 2010), cognitive impairment (Rudolph and Mohler, 2014), and schizophrenia
(Braat and Kooy, 2015; Schmidt and Mirnics, 2015). GABAxRs mediate two distinct types of
inhibition in the brain: phasic and tonic. Phasic inhibition is brief in duration (typically
milliseconds) and arises due to release of GABA from presynaptic interneurons. Activation of
postsynaptic GABARSs briefly hyperpolarises and electrically shunts the neuronal membrane to
regulate excitability (Mitchell and Silver, 2003). In contrast, tonic inhibition arises due to the
persistent background activity of GABAARSs in response to ambient and synaptic GABA spillover
(Glykys and Mody, 2007). Tonic inhibition exerts a persistent control over neuronal excitability

and is important for setting the gain for spike firing (Mitchell and Silver, 2003).

GABAARs are assembled from 19 subunits (a1-6, B1-3, y1-3, 8, p1-3, &, 1, and 0) and the
prototypical pentamer consists of 2a, 2B and a y/® subunits (Sieghart and Sperk, 2002). Even
though such a large number of subunits can generate considerable diversity for receptor
subtypes, interestingly, only certain subunit combinations are thought to predominate depending
on brain area, cell type and stage of neurodevelopment (Olsen and Sieghart, 2009). Relative
spatial segregation of receptor subtypes is observed in ultrastructural and light microscopy
studies, and in studies of phasic and tonic inhibition. Using subunit knock-in/-out mice and
pharmacological tools, a1B2/3y2 and a2B2/3y2 receptors are localised to inhibitory synapses
(Kasugai et al., 2010) where they mediate phasic inhibition, e.g. in hippocampal CA1 pyramidal
neurons (Prenosil et al., 2006). By contrast, a5B83y2, a4330, a1 and a1 receptor isoforms
mediate tonic inhibition in pyramidal and granule cells (Glykys et al., 2008; Stell et al., 2003;
Sun et al., 2004; Glykys et al., 2007; Mortensen and Smart, 2006; Zheleznova et al., 2008;
Brickley and Mody, 2012; Thomas et al., 2005).

Although they can be spatially discrete, GABAARSs are highly dynamic and diffuse laterally within
the neuronal plasma membrane between synaptic and extrasynaptic areas (Thomas et al.,
2005; Bogdanov et al., 2006; Bannai et al., 2009). GABAARs are inserted into the plasma

membrane at extrasynaptic locations and synaptic receptors access inhibitory postsynaptic



microdomains by lateral diffusion. At such specialisations, GABARs are likely to be anchored
by scaffold proteins such as gephyrin (Lorenz-Guertin and Jacob, 2018; Tyagarajan and
Fritschy, 2014; Mukherjee et al.,, 2011) and GARLH-family proteins (Yamasaki et al., 2017)
resulting in longer residences for synaptic receptors at inhibitory synapses. Nevertheless, the
relative extent of synaptic and extrasynaptic receptor access to the inhibitory synapse, and the
mechanisms that selectively prevent accumulation of extrasynaptic receptors at the synapse,
are unknown. Presently, we know that a5 subunit-containing receptors interact with the
extrasynaptic anchoring protein radixin (Hausrat et al., 2015) and this can retain these receptors
at perisynaptic/ extrasynaptic locations. However, what restricts other GABAAR subtypes to

extrasynaptic membrane domains is unknown.

To address this issue, we incorporated an a-bungarotoxin binding site (BBS) mimotope in the N-
terminal extracellular domain of prominent hippocampal synaptic (a1 and a2) and extrasynaptic
(a4, a5, and ®) subunits. This tag systematically allows the lateral diffusion of GABAARs in
proximity to gephyrin-containing inhibitory synapses to be resolved using single particle tracking
with a uniform labelling strategy that is not dependent upon N-terminal receptor subunit-specific
antibodies. Our results provide evidence that GABAAR subunit composition, as well as specific
subunit intracellular motifs play critical roles in determining the localization of GABAARs on

neuronal surface membranes.



2. Materials and methods

2.1 cDNA and constructs

Wild-type a1, a2, a4, a5, o, y2L, B2 and B3 in pRK5 vector and eGFP in pEGFP-N1 vector,
along with myc-tagged a5 and BBS-tagged a1 have been described previously (Hannan et al.,
2015; Hannan and Smart, 2018; Loebrich et al., 2006). Gephyrin-GFP cDNA was provided by J.
Kittler (UCL, UK). 13 amino acids encoding for the BBS site were cloned into the N-terminus of
a2, a4, a5™c and & GABAAR subunits using PCR (Table 1) followed by ligation and

transformation into competent bacteria and screening. A chimera of & subunit where the

intracellular loop 2 was exchanged with the equivalent loop of y2L subunit (88BS+2loor) was

created using restriction free cloning (Van Den Ent and Léwe, 2006). Briefly, a megaprimer of

the y2L loop was created by amplification using PCR (Table 1) followed by a second PCR with

the megaprimer using 888 as template. The fidelity of all cDNA constructs was validated using

DNA sequencing.

Table 1 — Oligonucleotide sequences used for cloning BBS (5'-3’)

Construct Forward Primer Reverse Primer
28BS GTTTAGAACCATATCCAGATGAGGC | TACTTTCATAATATCTCCAATCTTCTT
TAAAAATAACATCACCATCTTT GGATGTTAGCCAGCACCAAC
a4BBs GTTTAGAACCATATCCAGATGAGAA | TACTTTCATAATATCTCCAGTCCTTTG
ATTGTGCCCGGAAAATTTTACC AGTTCTGTCCTGGGGATTC
a5BBs GTTTAGAACCATATCCAGATATCTTT | TACTTTCATAATATCTCCATAGGTCCT
TCGCAAATGCCAACTAGTT CTTCGCTTATTAGCTTTTGTTCATCGT
OBBS GTTTAGAACCATATCCAGATGACTA | TACTTTCATAATATCTCCACCCAATGT
CGTGGGCTCCAACCTGGAGA CATTCATTGCTCTGGCGCCATG
OBBS-y2loop | CCCTGGTGGAGTATGCATTTGCCCA | CCGGGAAGACGGCGCGGGCATAGG

TTATTTTGTCAGCAACCGGAA

AGTCCATTTTGGCAATGCGAAT




2.2 Cell culture and transfection

HEK-293 cells were grown at 37°C and 95% air /5% CO, in Dulbecco's modified Eagle's
medium containing 10% (v/v) fetal calf serum (FCS), penicillin-G/ streptomycin (100 U/ ml and
100 pg/ ml) and 2 mM L-glutamine. For imaging and electrophysiology, cells were seeded onto
22 mm glass coverslips (VWR), coated with poly-L-lysine (Sigma). All media reagents were

acquired from ThermoFisher unless otherwise stated.

For electrophysiology, HEK-293 cells were transfected with equimolar cDNAs of a, 32 or 3 and
0 or y2L GABAR subunits along with eGFP using a calcium phosphate method (Hannan et al.,
2011) 1-2 hr after plating. For imaging experiments equimolar cDNAs of wild-type or BBS-
tagged cDNAs and eGFP were transfected.

Primary rat hippocampal cultures were prepared from E18 Sprague-Dawley embryos as
described previously (Hannan et al., 2011). Dissected hippocampi were dissociated into single
cells and seeded onto poly-D-lysine (Sigma) coated glass coverslips in a plating medium
consisting of minimum essential media supplemented with 5% v/v heat-inactivated FCS, 5% v/v
heat-inactivated horse serum, penicillin-G/ streptomycin (100 U/ 100 pg/ml), 2 mM L-glutamine,
and 20 mM glucose (Sigma). Neurons were grown at 37°C and 95% air /5% CO,. 2 hr after
seeding the plating media was replaced with serum free maintenance media: Neurobasal-A
supplemented with 1% v/v B-27, penicillin-G/ streptomycin (100 U /100 pg/ml), 0.5% v/v

Glutamax and 35 mM glucose.

Neurons were transfected at 7 days in vitro (DIV) using a calcium phosphate based method
(Hannan et al., 2013) using equimolar cDNAs of wild-type or BBS-tagged cDNAs and eGFP or
gephyrin-GFP.

All tissue collection for neuronal cultures was undertaken in accordance with the Animals
(Scientific Procedures) Act, 1986.

2.3 Antibody labelling and confocal imaging

Approximately 36 — 48 hr after transfection, HEK-293 cells expressing wild-type or BBS-tagged
cDNAs were washed with phosphate buffered saline (PBS), fixed in 4% paraformaldehyde for
10 min at room temperature (RT) followed by permeabilisation in 0.1% Triton X-100 for 10 min
and incubation in 400 nM a-BgTx-Alexa Fluor 555 (AF555) for 10 min. Cells were imaged



immediately after fluorescence labelling using a Zeiss LSM 510 confocal microscope equipped
with an Achroplan x40 (NA 0.8) water objective as described previously (Hannan et al., 2013).
Optimal z-sections of identified cells were imaged as a mean of 2 scans in 16 bit using a 543
nm Helium-Neon laser and a 560 nm long-pass filter for a-BgTx-AF555 and a 488 Argon laser
with 505-530 nm band-pass filter for eGFP.

2.4 Whole cell patch clamp electrophysiology

GABA-activated whole cell currents were recorded 36 — 48 hr after transfection from HEK-293
cells expressing wild-type or BBS-tagged heteromers. Cells were superfused with a Krebs
saline solution containing (mM): 140 NacCl, 4.7 KCI, 2.52 CaCl,, 1.2 MgCl,, 11 glucose, and 5
HEPES; pH 7.4. Borosilicate glass patch electrodes (3-5 MQ) were filled with an internal
solution containing (mM): 120 CsCl, 30 KOH, 11 EGTA, 10 HEPES, 2 K,ATP, 1 CaCl,, and 1
MgCl,; pH 7.2. Membrane currents were filtered at 5 kHz (-3 dB, 6" pole Bessel, 36 dB/ octave)
and cells were voltage clamped at a holding potential of -20 to -40 mV with optimised series

resistance (Rs, <10 MQ) and whole-cell membrane capacitance compensation.

Concentration-response curves were generated by measuring the current (/) for each GABA
concentration and normalising the current to the maximal GABA response (/,.x). Data were

fitted using the Hill equation:
I/ Imax = (11 (1 + (ECso/ [A]))

where A is the concentration of GABA, ECs is the concentration of GABA giving 50% of the

maximum response and n is the Hill slope.

2.5 Imaging quantum dot-tagged GABA,Rs

Hippocampal neurons were labelled with quantum dots (QDs) at 12-14 DIV by incubating with
200-400 nM biotinylated a-BgTx (BgTx-B) for 2 min at 37 °C followed by washes in Krebs
solution (3x) and incubation in 50 pM QD 655 conjugated to streptavidin in QD binding buffer
(containing 2% w/v bovine serum albumin, 1 mM sodium azide, 215 mM sucrose) for 1 min at
37°C, as described previously (Hannan et al., 2016). After thorough washes, the coverslips
were loaded in a temperature controlled (37°C) chamber (Solent Scientific) and imaged live

within 5 min of mounting.



An Olympus IX71 wide-field inverted microscope with a 60X objective (NA — 1.35; Olympus), a
halogen light source (PhotoFluor-Il Metal Halide illumination system) and a back-illuminated
iXon3 885 (Andor Technology) cooled electron-multiplying charge coupled device (EMCCD)
camera was used to image GABA,R-QD complexes for single particle tracking. A band-pass
excitation filter (Semrock, 457 — 487 nm), a long-pass emission filter (496 nm), and dichroic
mirror (495 nm) were used to image eGFP, and for imaging QD655, a 415 - 455 nm band-pass
excitation filter, a 647.5 - 662.5 nm band-pass emission filter, and a 510 nm dichroic mirror were

utilised.

For imaging QD specificity, single images with optimal exposure (30 - 150 ms) were captured in
16 bits using CairnMetamorph Meta Imaging software (Molecular Devices; version 7.7.10).
Real-time movement of GABAAR-QD complexes was captured by first selecting a region-of-
interest (ROI) and taking an image of eGFP expression with typical exposure of ~30 - 150 ms,
after which the filters were changed to image QDs in the same ROI and plane of view at 33 Hz

for 300 frames.

2.6 Single patrticle tracking

Particle tracking of single GABAAR-QDs (identified by their characteristic fluorescent ‘blinking’)
was carried out as described previously (Hannan et al., 2016; Bannai et al., 2006). A custom
Matlab (MathWorks) plugin, SPTrack (Ver5), was used to compile trajectories of QD movement.
The centre of each QD was determined by a 2-D Gaussian fit with a spatial resolution of ~10 —
20 nm for every image taken consecutively in frame sequence. For a single QD, the centre of
the Gaussian peak identified in successive image frames were track-connected, based on
estimated diffusion coefficients and the likelihood of the two Gaussian peaks in consecutive
frames belonging to the same QD track. QDs trajectories that contained less than 15

consecutive frames were discarded.
The mean square displacement (MSD) of each QD was calculated using the following equation:
MSD (ndt) = (N =n) " . 2o N (X ien=X) 2+ (Y ien—Y i)

where x; and y; are the spatial co-ordinates of a single QD identified in a single image frame i. N
is the total number of points in the QD trajectory, dt is the time interval between two successive

frames (33 ms), and ndt is the time interval over which the mean square displacement is



averaged. From the MSD plot, the diffusion coefficient, D, for a QD was calculated by fitting the

first two to five points of the MSD plot against time with the following expression:
MSD (t) =4D, 5t + 40x2

where oy is the QD localization accuracy in one dimension. D was determined from the slope of
the relationship. Given the inherent noise in CCD imaging systems, and the errors in accurately
locating single QDs as a result, those trajectories with D < 10* uym? s were considered

immobile and excluded from calculations of the median D.

Synaptic terminals, identified by gephyrin-GFP puncta, were thresholded using ImageJ, and co-
localised QD trajectories were defined as synaptic. QD data were subsequently analysed using
Origin ver 6, Matlab, Graphpad Instat 3, and SPSS ver 25.



3. Results
3.1 Inserting the a-bungarotoxin binding site into GABA4R isoforms

The membrane diffusion of synaptic and extrasynaptic GABAAR subtypes was studied using a
uniform labelling strategy that involved incorporating a mimotope for the a-bungarotoxin (o-
BgTx) binding site (BBS) into the N-terminus of a1 (Hannan and Smart, 2018), a2, a4, a5 and &
GABA-R subunits (Fig. 1A). Since a-BgTx is a low affinity, low efficacy antagonist of GABA,Rs
(Hannan et al., 2015), we applied low (sub-inhibitory) concentrations of 400 nM and tested the
specificity of our labelling strategy in heterologous expression systems. a-BgTx coupled to
Alexa Fluor 555 (0-BgTx-AF555) bound to cells expressing BBS-tagged receptors in
permeabilised HEK-293 cells without labelling either wild-type subunits or just eGFP expressing
controls (Fig. 1B) suggesting that recombinant N-terminal located BBS sites can be used to
label specific GABAAR subunits.

To verify that the insertion of the BBS tag did not affect signalling via epitope-tagged GABA.Rs
composed of either afy or afd subunits, we constructed concentration response curves to
GABA. Similar to previous results using a188S receptors (Hannan and Smart, 2018), the potency

of GABA showed only minor changes (2-3-fold) due to the presence of the BBS tags (Fig 1C-D).

Together these results suggest that the BBS can be used for specific labelling of GABAAR

subunits acting as a functionally-silent site for imaging receptor trafficking.

3.2 Specificity of Quantum Dot labelling in neurons via the a-bungarotoxin binding site

Given the low affinity of a-BgTx binding to GABAAR heteromers previously reported to occur at
the GABA orthosteric binding site interface (Hannan et al., 2015), we deduced that application
of low concentrations a-BgTx will bind readily to the higher affinity (Harel et al., 2001; Hannan et
al., 2011) BBS epitope avoiding significant inhibition caused by occupancy of the endogenous
interfacial subunit site. Recombinant GABAARs were labelled with quantum dots (QDs) after
expression in cultured hippocampal neurons using low 200 — 400 nM concentrations of a-BgTx-
biotin (BgTx-B) and 50 pM QD655 streptavidin. Neurons were transfected with single GABAAR
subunit constructs along with eGFP at 7 days in vitro (DIV) and imaged at 12-14 DIV. Under
these conditions, specific labelling with QDs was observed when BBS-tagged GABAAR subunits

were expressed. Labelling with QDs was negligible when untagged GABAAR subunits or just



eGFP were expressed (Fig 2A). Moreover, no labelling was observed when BBS-tagged
receptors were incubated in unlabelled a-BgTx along with QD655 further validating the

specificity of our labelling (Fig 2A).

Finally, to validate the sensitivity of our labelling strategy for tagging GABAARs with QDs, we
performed proof-of-principle experiments by studying the lateral diffusion of a1-subunit
containing GABAARs (a1-GABAARS) in response to the microtubule destabilizer nocadazole (10
MM for 1 hr at 37°C). Nocodazole treatment will de-cluster GABAARs (Petrini et al., 2004) and it
increases the lateral mobility of other Cys-loop receptors, e.g., nicotinic acetylcholine receptors
(Fernandes et al., 2010; Burli et al., 2010). The lateral diffusion of synaptic and extrasynaptic
a1-GABAARs was studied in hippocampal neurons using single particle tracking of QDs after
expression of single BBS-tagged subunits together with the inhibitory postsynaptic density
marker, gephyrin-GFP (Muir et al., 2010). In accord with previous reports (Gouzer et al., 2014;
Gerrow and Triller, 2014), a-BgTx labelling revealed that a1-GABAAsRs were recruited to
inhibitory synapses following lateral diffusion (Fig 2B), and that synaptic receptors diffuse more
slowly compared to their extrasynaptic counterparts (Fig 2C-D, P<0.05, Mann-Whitney U
(MWU) test). As predicted, nocadazole increased the diffusion coefficients (D) for synaptic
(median Dcontror - 0.05 pm?s', n = 87 receptors; Dyocagazoe - 0.06 pm2s', n = 132, n = receptors,
P<0.01, MWU test; Fig 2C-D) as well as for extrasynaptic receptors (Dcontro) - 0.07 pm?3s', n =
1741; D,ocadazole - 0.08 ym2s', n = 1852 receptors, P<0.05, MWU test; Fig 2C-D), indicative of

increased lateral diffusion of a1-GABA,Rs due to untethered movement.

These results suggest that the BBS site allows specific labelling of single GABAARSs in
hippocampal neurons and can be applied to study lateral diffusion of different GABAAR

subunits.

3.3 GABA,4R subunits exhibit differential lateral mobility at inhibitory synapses

Having validated the BBS tagging approach for studying GABAAR lateral diffusion, we next
compared the diffusion profiles of subunits considered to form key components of phasic (a2)
and tonic (a4, a5 and d) inhibition. As noted previously (Gouzer et al., 2014), a2-tagged
GABAARs were clearly segregated into three distinct populations defined as: synaptic,
extrasynaptic and exchanging (Fig 3A). In comparison, a4, a5 and &-containing receptors that
typically mediate tonic inhibition, and are thus considered to reside in the extrasynaptic

membrane, also accessed the synaptic membrane by lateral diffusion (Fig 3A). This profile has



been reported for a5 receptors (Gerrow and Triller, 2014; Renner et al., 2012), but not for a4 or
O receptors. The median diffusion coefficients for a2 at inhibitory synapses were lower
compared to a4 and & subunits (synaptic Dy, — 0.02 uym?s-!, n = 221 receptors; Dy, — 0.028
um2s', n = 294 receptors; Dys — 0.023 um?3s-', n = 248 receptors; D5 — 0.025 ym3s-', n = 1002
receptors; Fig 3B-D, P<0.001 (d), P<0.01 (04), MWU test). This suggests that while resident, if
only briefly, at inhibitory synapses GABAAR lateral diffusion is dependent on subunit

composition.

Moreover, with regard to confinement at inhibitory synapses, 6-GABAsRs were least confined
compared to a2, a4 and a5 receptors (median synaptic confinement area, CAs — 0.25 uym?, CA,
— 0.18 ym?, P<0.001, MWU test; CAu — 0.23 ym?, P<0.01, MWU test; CAyss — 0.18 pm?,
P<0.001, MWU test Fig 3E-F). Interestingly, a4 receptors were also less confined compared to
a2, and a5 receptors (P<0.05 and P<0.01 MWU test). This would accord with the classical

extrasynaptic receptor subunits being retained less compared to their synaptic counterparts.

The dwell time for BBS-tagged GABAARSs at inhibitory synapses also varied with the subunits.
Synaptic dwell times were notably higher for a2- and a4- compared to a5- and 6-GABAARs
(mean dwell time (DT), DT, — 3.9 +£0.2 s, n = 257 receptors; DTy — 4.1+ 0.2 s, n =297
receptors; DT,s — 3.2+ 0.2 s, n = 329 receptors; DTs — 3.3 £ 0.1 s, n = 841 receptors; Fig 3G,
P<0.05, P<0.01, P<0.001, One-way ANOVA). Consistent with this, the ratio of exchanging
receptors (between postsynaptic and extrasynaptic domains) to total synaptic receptors (Renner
et al., 2009) was higher for a5- (1.89, n =478) and 6- (1.89, n =1657) compared to a2- (1.17, n
= 320) and a4-GABAsRs (1.12, n = 461) reflecting reduced residence of a5- and 6- GABAARs at

synapses.

These results indicate that GABAARs associated with phasic and tonic inhibition are both able to
access inhibitory synaptic membranes by lateral diffusion, although subunits forming two major
classes of extrasynaptic GABAARs (a5 and d) are not retained at inhibitory synapses to the
same extent as a2- and a4-GABA,Rs. The trend towards slower diffusion, coupled to a smaller
confined area occupied by a5-GABAsRs compared to ©&-counterparts, may reflect the
accumulation of a5-containing receptors at perisynaptic, radixin-containing domains where a5-
GABAR activity will slow the kinetics of IPSCs (Zarnowska et al., 2009; Hausrat et al., 2015).



3.4 GABA4R subunits exhibit differential lateral mobility in the extrasynaptic membrane

Analysis of the membrane diffusion profiles for extrasynaptic GABAARs revealed that &-
GABAARs were the slowest to traverse the membrane, surprisingly a5-GABA,Rs were fastest,
and a2- and a4-GABAARs were ranked intermediate (extrasynaptic Dy, — 0.043 pm?s, n = 8435
receptors; Dy - 0.045 ym2s-', n = 6623 receptors; Dys — 0.058 uym2s-', n = 7917 receptors; D5 —
0.037 um?s', n = 30132 receptors; Fig 4A-C, P<0.05 and P<0.001, MWU test). The lower
diffusion coefficients noted for extrasynaptic 8-GABAARs suggested that their mobility must be
limited by diffusional constraints. In extrasynaptic membrane areas, a2 receptors were most
confined followed by &, a4 and a5 (median extrasynaptic confinement area, CA,, — 0.25 um?,
CAq —0.29 ym?, CAgs — 0.30 um?, CAs — 0.28 um?, Fig 4D-E, P<0.05 and P<0.001, MWU test)

These results suggest that while a5 receptors diffuse more freely in the extrasynaptic
membrane domains, & and a2 receptors have, by contrast, restrained diffusion, which may
reflect associations with receptor-associated molecules. Such results are in accord with &-
GABAARs being retained at extrasynaptic locations, though unexpectedly, this could also apply
to a2-GABARs, which could contribute to tonic inhibition by their extrasynaptic location (Durkin
et al., 2018).

3.6 Dependence of extrasynaptic GABA4R lateral mobility on subunit structural domains

Given the reduced basal lateral diffusion of 5-GABAARSs in the extrasynaptic domain reflected by
a smaller membrane confinement area and lower diffusion coefficient compared to other
prominent extrasynaptic receptor subtypes (a4 and a5, Fig. 4), we investigated whether specific
motifs played a role in confining 5-GABAARs outside inhibitory synapses. The M4 domain of y2
subunits play a critical role in clustering GABAARSs at synapses (Alldred et al., 2005), however,
given the significant sequence homology (~78%) between the M4 domains for y2 and &
subunits, we studied the large intracellular loop 2 (ICL2) where the sequence conservation falls
to ~45% between y2L and & subunits. To do so, we created a & subunit chimera in which ICL2
of this subunit was replaced with the equivalent ICL2 from y2L subunits (d¥2°%; Fig 5A). The
lateral diffusion of the chimeric receptor was then assessed. For wild-type 6-GABAARs
expressed in neurons, the cumulative probability distributions for extrasynaptic &-receptor

diffusion intersected the equivalent distribution for the d-synaptic receptors at ~0.02 um?3s-'. This



suggested that a large fraction (~30%) of 8-GABAxRSs in the extrasynaptic domain move more
slowly than synaptic receptors (Fig 5B). Interestingly, for the &Y2°°p chimera this intercept in the
cumulative probability distributions was not observed between synaptic and extrasynaptic

receptors as synaptic 8Y2°°¢ receptors were consistently slower (Fig 5B).

Incorporating the y2L ICL2 into & subunits increased diffusion for synaptic (D5 — 0.029 pm?2s-, n
= 226 receptors; Ds.y200p — 0.034 pm?2s', n = 252 receptors; P<0.001, MWU test), as well as
extrasynaptic 8-y2 loop receptors (Ds — 0.038 ym?2s™, n = 11868 receptors; Ds yoi00p — 0.046
um2s, n = 7457 receptors Fig 5B-C; P<0.05 MWU test).

In accord with increased diffusion, both synaptic and extrasynaptic membrane confinement
areas for the chimeric dv2°°p receptor were increased compared to that for 5-GABAARs (median
synaptic CAs— 0.25 pm?; CAs.y2100p — 0.27 pm?; median extrasynaptic CAs— 0.28 ym?; CAs.,2i00p —
0.30 uym?; Fig 5D-F; P<0.001; KS test; P<0.05 and P<0.001, MWU test). The importance of the
y2L loop for regulating the mobility profile of 5-GABAsRs was evident from the synaptic trapping
of these receptors. Inserting the y2L loop into 8-GABAsRSs increased the synaptic dwell times
over their d-subunit counterparts by ~24 % (DTs - 3.3 + 0.2, n = 259; DTsp200p — 4.1 £ 0.2, n =
297; Fig 5G; P<0.05, two-tailed unpaired t-test).

These results indicate that the ICL2 of y2L subunits increased the trapping of GABAARs at
inhibitory synapses. Moreover, the movement of & subunits are controlled by diffusional
constraints in the extrasynaptic membrane domain compared to other GABA,R subunits that
have been studied in this investigation, and previously (Renner et al., 2012). The ICL2 of the &
subunit is important for reducing their lateral mobility and causing confinement to smaller areas

of the extrasynaptic membrane.

3.6 Agonist-induced lateral mobility characteristics of GABA,Rs

Although subunit identity clearly can affect GABAAR diffusion and mobility it is less clear
whether the activation state of the receptor also influences mobility. Prolonged activation of
neurotransmitter receptors can lead to excessive signalling and desensitisation. Previous
reports indicate that chronically-activated receptors are often removed from synapses and the
entry of new receptors restricted (Borgdorff and Choquet, 2002; Groc et al., 2004; Mikasova et
al., 2008).



To determine if the state of receptor activation also modulates receptor diffusion, we
investigated the effect of the potent GABA agonist muscimol on the lateral mobility of synaptic
(a2) and extrasynaptic receptor (a4) subtypes. Acute application of 100 uM muscimol did not
alter the lateral diffusion of either a2- or a4-GABAARSs at inhibitory synapses (Dgz-control — 0.02
um3s-', n = 188 receptors; Dus-muscimol — 0.014 um2s-!, n = 131 receptors; Dys-control — 0.022 pm?2s-1,
n = 214 receptors; Dys-muscimol — 0.024 um?s-', n = 178 receptors; Fig 6A-C, P>0.05, MWU test).
Furthermore, the synaptic confinement area for each receptor subtype at gephyrin-positive
inhibitory synapses was also unaffected (median CAg-control — 0.16 Wm?2; CAgz.muscimol — 0.15 um?;
CAuscontror — 0.2 um?; CAgs-muscimol — 0.2 um?; Fig 6D-E, P>0.05, MWU test). Similarly, the

synaptic dwell times of a2 and a4 receptors (data not shown) were unaffected by muscimol.

By contrast, in extrasynaptic areas, both a2- and a4-GABA,Rs showed differential mobilities.
While lateral diffusion for a2-GABAARs was reduced (Dgo.conror — 0.04 pm2s', n = 7599
receptors; Dgo.muscimol — 0.03 um?s', n = 4396 receptors; Fig 6F-H, P<0.001, MWU test), that for
0a4-GABA,Rs was increased (Dg4-control — 0.037 um?2s-1, n=4583 receptors; Dgys-muscimol — 0.043 pm?
s1, n = 3355 receptors; Fig 6F-H, P<0.01, MWU test) following receptor activation by muscimol.
In parallel, the confinement area for a2-GABAsRs was reduced (median CAgz-control — 0.24 um?;
CAuz-muscimol — 0.22 um?; Fig 61-J, P<0.001, MWU test) whereas for a4-GABAARs the membrane
area increased (CAus-control — 0.27 IM?; CAgs-muscimol — 0.29 um?; Fig 61-J, P<0.001, MWU test).

These results suggest that muscimol activation of GABAAR subtypes can differentially modulate

the kinetics of lateral diffusion for extrasynaptic receptors.



4. Discussion

The activation of neurotransmitter receptors at synapses is an important determinant of synaptic
strength. Equally important are the mechanisms that govern the differential localisation and
clustering of receptors since these will determine the cell surface numbers that can be activated
by neurotransmitters. For GABAARS, it has become increasingly clear that receptor mobility and
the accessibility of anchoring molecules can impact on, and help to tune, GABAergic inhibition
(Renner et al., 2012; Gouzer et al.,, 2014; Bannai et al., 2009; Mukherjee et al., 2011).
Furthermore, desensitised GABAARs can traverse between adjacent synapses by lateral
diffusion (de Luca et al., 2017) thereby conferring from one inhibitory synapse to another, a
receptor activation status that influences GABAergic inhibition. This diffusion is limited by
glutamatergic activity and will therefore play a role in synaptic plasticity. In the present study, we
have extended our a-BgTx labelling strategy, using minimalist tags as previously deployed for
the study of GABAg receptors (Hannan et al., 2016), to explore the lateral diffusion of GABAAR

subunits, which are closely associated with synaptic and tonic inhibition.

The method we use reveals clear labelling of BBS-containing GABAsRs, but not of wild-type
receptors lacking the inserted BBS. This indicates that the presence of the high-affinity BBS
mimotope (Harel et al., 2001; Hannan et al., 2013) is required for labelling of GABAARs by o-
BgTx. Furthermore, at the concentrations of a-BgTx that were applied, we did not observe
labelling of the inhibitory interfacial a-BgTx site we previously reported on wild-type receptors
(Hannan et al., 2015), nor was there any inhibition of GABA currents evident, from using a-BgTx
at 200 - 400 nM, which is below the inhibitory threshold of 5 — 10 yM. This suggests our
labelling strategy was quite specific for the introduced BBS that had been inserted near the start

of the extracellular domain, leaving GABA,Rs functionally unaffected.

Moreover, QD labelling of GABAsRs was only evident in transfected hippocampal neurons when
BBS-tagged subunits were expressed. Neurons expressing native subunits remained
unlabelled, validating the use of low concentrations of a-BgTx that avoids affecting receptor
function via the apparent low-affinity endogenous binding site on GABAARs (Hannan et al.,
2015). It is also unlikely that the expression of receptor subunits in neurons will affect the
equilibrium of cell surface receptors (e.g. by over-expression) since the BBS-tagged GABAAR
a2, a4, a5 and d subunits will require co-assembly with endogenous subunits to form receptor

pentamers. Thus, collectively, the smaller size of the a-BgTx molecule compared to an antibody



(Hannan et al., 2013) coupled to the functional neutrality of the inserted BBS makes this

receptor tagging method an attractive tool for probing the lateral diffusion of GABAARS.

Our results demonstrate that GABAARs dynamically diffuse along neuronal membranes
including inhibitory postsynaptic membranes, and also extrasynaptic membrane domains, with
receptors transferring between the two compartments by lateral diffusion. The a2, o4, a5 and &
receptors tagged in this study accessed all membrane domains, an observation which did not
initially appear to be in accord with their presumed roles in synaptic and tonic inhibition. Imaging
studies suggest that in the dentate gyrus of the hippocampus, synaptic GABA,Rs are most
likely composed of a1 or a2By receptors (Nusser et al., 1996) with a4 and &-containing
receptors forming the predominant extrasynaptic receptor populations (Sun et al., 2004;
Chandra et al., 2006); by contrast a5y GABA,Rs predominate as extrasynaptic receptors in
CA1 pyramidal cells (Caraiscos et al., 2004; Glykys et al., 2008).

Given the ability of a2, a4, a5 and d to traverse all membrane areas, it seems probable that
there is no clear membrane demarcation area between GABAARS containing specific subunits
supporting phasic and tonic inhibition. It is notable that whilst GABAARs underpinning both
phasic and tonic inhibition travel to and from the inhibitory synapse, what prevents typically
extrasynaptic receptors (e.g., & subunit-containing) from mediating phasic inhibition while they
are at the synapse is unclear. This traditional view needs to be reinterpreted given our evidence
here and that from using a picrotoxin-insensitive reporter mutation in & subunits (Sun et al.,
2018). It is clear that pharmacologically-tagged & subunits can contribute to the inhibitory
postsynaptic current (IPSC; Sun et al., 2018). By comparison, it is quite plausible for classical
synaptic GABAsRs, when present in the extrasynaptic domain (Bogdanov et al., 2006; Thomas
et al., 2005), to support tonic inhibition, even though some receptors will have different
sensitivities to GABA with y2 subunit-containing receptors being less sensitive compared to

subunit-containing counterparts.

The presence of y2-GABAARSs in the extrasynaptic domain reflects the mechanisms involved in
replenishing surface receptors following internalisation and delivery of de novo synthesized or
recycled phasic receptor subunits via endo-/ exocytosis at extrasynaptic membranes (Bogdanov
et al., 2006; Thomas et al., 2005; Moss and Smart, 2001; Lorenz-Guertin and Jacob, 2018;
Luscher et al., 2011) membranes. From these sites, close to inhibitory synapses, they can
diffuse into inhibitory synapses (Bogdanov et al., 2006; Thomas et al., 2005). The concept of

receptors being subject to confinement in a membrane subdomain (Choquet and Triller, 2013)



could explain why extrasynaptic receptors, have limited entry into synapses because of
membrane diffusion restraints and/or interactions with extrasynaptic anchoring molecules, e.g.
radixin (Hausrat et al., 2015).

By studying the diffusion coefficients for subunits at inhibitory synapses, it was noticeable that
the mobility of a2 were relatively reduced compared to a4- and 5-GABAARs. This disparity
suggests that most a2 subunits at synapses are likely to be devoid of & subunits and possibly
associate with y subunits compared to a4- and d-subunits that can co-assemble (Olsen and
Sieghart, 2009). In addition, a5 subunits mediate a key component of tonic inhibition in the
hippocampus and these receptors can be perisynaptically localised to gephyrin synapses
(Hausrat et al., 2015; Brady and Jacob, 2015; Serwanski et al., 2006). Indeed y-containing a2
and a5 receptors are important for generating fast and slow IPSCs, respectively, in hippocampal
pyramidal neurons (Essrich et al., 1998; Zarnowska et al., 2009). The differences in synaptic
membrane confinement areas for a2/ a5 and & also support the concept that a2 and a5 co-
assemble with y2 subunits, since the former are more confined at synapses compared to 6

subunits.

Interestingly, the diffusion coefficients for a4 and & receptors were similar at synapses although
a decrease in membrane confinement area and longer synaptic dwell times for a4 subunits
compared to & may suggest that at least some a4 subunits will not contain & subunits, which
likely reflects assembly with y2 subunits. Consistent with their previously ascribed roles in
mediating tonic inhibition, synaptic dwell times for & subunits are lower compared to a2 and a4
subunits but similar to a5. Further comparison reveals that a5-GABAARs also have a tendency
towards smaller confinement areas at synapses compared to 6 and a4 but similar to a2,
suggesting their movement may be restricted around inhibitory synapses, potentially reflecting
interactions with other proteins (e.g. radixin). Interestingly a4 receptors had higher dwell times
than for & subunits at synapses suggesting the existence of non d-containing a4 heteromers
which may reside in or near inhibitory synapses. Indeed, a4 receptors have been previously
proposed (Sieghart and Sperk, 2002) but whether they participate in synaptic inhibition is
unclear. Moreover, heteromeric receptors in which two different a subunits can exist in the same
pentamer may also explain mixed cell surface mobility profiles and behaviour (McKernan et al.,
1991).



For the extrasynaptic receptors that contain a5 subunits interactions with radixin (Hausrat et al.,
2015) retain such GABA,Rs outside inhibitory synapses. However, no interacting partners able
to secure exclusion from the synaptic membrane have thus far been discovered for other
extrasynaptic receptors such as 6. Our analyses suggest that &- and a2-receptors likely
experience similar diffusional constraints in the extrasynaptic membrane, since their diffusion
coefficients were both lower compared to those for a4 and a5-receptors. This could reflect co-
assembly of a2 with & subunits to form a2B3d receptors. Notably, the membrane area in which
02 subunits are confined is also smaller compared to those for a4 and o5-receptors. By
comparison with a2, a4 and & subunits, a5-GABAARs in the extrasynaptic domain showed the
highest diffusion coefficient implying increased mobility of a5-receptors possibly released from

radixin binding and prior to clustering at perisynaptic sites outside inhibitory synapses.

Another interesting observation from studying extrasynaptic receptors is that a2-GABAsRs
diffuse slower and in a more confined area than a4 and a5 receptors. These a2 subunits could
feasibly be populating inhibitory synapses that are not always co-habited by gephyrin. For
example, recently identified markers of inhibitory synapses such as LHFPL4/ GARLH
(Davenport et al., 2017; Yamasaki et al., 2017) and InSyn1/2 (Uezu et al., 2016) suggest other
inhibitory synaptic markers are likely to be important particularly as ablating gephyrin in neurons

only reveals a small reduction in IPSC amplitudes but not frequency (Levi, 2004).

To understand further why 8-GABAARs underpin tonic inhibition and apparently stay in the
extrasynaptic domain, we generated chimeric constructs switching the intracellular loop 2 region
of & for the y2L equivalent. The underlying hypothesis on which this was based assumed that
extrasynaptic & receptors were subject to high diffusion constraints because they were
anchored outside inhibitory synapses via unique motifs on this subunit. Interestingly, the
intracellular loop 2 of & subunits is important in this regard, since its replacement by the
equivalent loop of y2L largely relieved the diffusional constraints, increasing receptor diffusion
and its membrane area of confinement in the extrasynaptic domain. Furthermore, the
dominance of the y2L loop 2 in the & subunit also resulted in increased synaptic dwell times,
presumably because the receptor behaves more akin to an apy isoform than af3d. Overall, these
results strongly suggest that &-receptors are diffusion restricted because of subunit interactions

with unknown partners via the large intracellular loop 2 region.

Aside from structural motifs and subunit identity influencing the lateral mobility of cell surface

GABARSs, the state of receptor activation is also important (Gouzer et al., 2014). Our brief



exposure of a2- and a4-receptors to the potent, selective GABAAR agonist, muscimol, revealed
no effect on the lateral diffusion of these receptors at inhibitory synapses. This is contrary to a
previous report (Gouzer et al., 2014) in which increased diffusion of synaptic a2-receptors was
observed with muscimol. However, the concentration-time profiles between the studies are quite
different ranging from high concentration, brief exposure (100 uM, 5 min) to low concentration,
prolonged exposure (10 uM, 30 min). Such differences may reflect differential entry and
sojourns into one or more desensitised states that could affect receptor mobility or differences
between labelling strategies (antibody vs a-BgTx labelling) and reaffirm the view that activation
state is an important determinant of receptor mobility. Neither study reported any change in
receptor dwell times upon activation at inhibitory synapses and therefore no change of a2-
receptor trapping at the synapse. However, for extrasynaptic a2- and a4-GABAARs, agonist
activation reduced the mobility of a2- and increased that for a4-receptors with concomitant
reduction (a2-) and increase (a4-GABAAR) in the membrane areas of confinement. At the
concentration of muscimol used (100 uM), all GABAARs will be desensitised (Mortensen et al.,
2010) and presumably increased confinement to extrasynaptic domains with reduced diffusion
will limit the replenishment of synaptic GABAARs. Under similar conditions, increased
extrasynaptic diffusion for a4-receptors may form part of the process that facilitates agonist-
induced internalisation (Connolly et al., 1999; Kittler et al., 2000). Thus for both a2- and a4-
receptors signalling will be restricted not just functionally but also numerically under
desensitising conditions. What happens in the presence of GABA,R antagonists is also
informative as in this regard as these receptors are constantly activated at postsynaptic
densities due to presynaptic GABA release and some isoforms show spontaneous activity even
at extrasynaptic locations (Wlodarczyk et al., 2013). Increases of synaptic dwell times in the
presence of receptor antagonists (Gouzer et al., 2014) suggest the reverse interplay whereby

the availability of synaptic receptors are increased under closed/ antagonised states.

Together our results suggest that GABAsRs are under variable diffusional constraints at
synaptic and extrasynaptic areas and subunit identity and subunit domains will significantly

determine their lateral diffusion properties.
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Figure legends

Fig 1. Cloning a-bungarotoxin binding sites on GABA,Rs

A, Schematic and primary amino acid sequences showing sites of insertion of a-bungarotoxin
(a-BgTx) binding sites (BBS) in a1, a2, a4, a5 and & subunits. B, Confocal images showing
labelling of GABAARSs in permeabilised HEK-293 cells with a-BgTx Alexa Fluor 555 (AF555).
Note only subunits with the BBS tag were bound to a-BgTx AF555. Scale bar = 10 ym. C,
GABA-activated currents from wild-type and BBS-tagged GABA,Rs. D, GABA-activated
concentration response curves for wild-type and BBS-tagged GABAsRs. ECsos: a182y2L — 6.7 +
0.1 uM, n =7; a188SB2y2L — 18.7 + 0.5 uM, n = 10; a2B2y2L — 17.5 + 2.2 uM, n = 7; a2BBSE2y2L
—-59.4 +48 uM, n = 10; 04B2y2L — 5.3 £ 0.2 uM, n = 7; a4BB®SB2y2L — 4.8 £ 0.5 uM, n = 7,
a5B2y2L — 5.7 + 0.25 uM, n = 7; a588SB2y2L — 3.6 + 0.1 uM, n = 6; a4B3d -2.03 £ 0.3 uM, n =
6; a4B3088S - 1.1 +0.02uM, n = 6. Points are mean + SEM.

Fig 2. Validation of GABAAR QD labelling

A, Images of QD labelling specificity of BBS-tagged a1, a2, a4, a5 and & subunits. Note that
labelling was only present for neurons expressing a188S, a2B8S q4B88S q5BBS or §BBS subunits.
No labelling occurs for neurons expressing wild-type a1, a2, a4, a5 and & subunits or when cells
expressing BBS-tagged a4-GABARs were incubated in biotin-linked BgTx (BgTx-B), QDs or
with unlabelled a-BgTx and QD (uBTX+QD). Scale bar = 5 ym. B, Example trajectories of
synaptic, extrasynaptic and exchanging QD-tagged a1-GABAsRs around gephyrin-eGFP
expressing inhibitory synapses. The white signals represent QDs. Scale bar = 1 ym. C,
Cumulative probability distributions of diffusion coefficients for synaptic and extrasynaptic a1-
GABA,Rs in control and +10 uM nocodazole (Noc). Inset, mean square displacement of
synaptic and extrasynaptic a1-GABAsRs in control and +nocodazole. D, 25-75% interquartile
range (IQR) and median diffusion coefficient of synaptic (Syn) and extrasynaptic (ESyn) a1-
GABARs in control (C) and nocodazole (N). *P<0.05, **P<0.01, KS test, n = 87 — 1852.

Fig 3. Diffusion of synaptic GABAARs

A, Example trajectories of synaptic, extrasynaptic and exchanging QD-tagged a2, a4, a5 and &
GABAARs around gephyrin-eGFP expressing inhibitory synapses. The white signals represent
QDs. Scale bar = 1 ym. B, Cumulative probability distributions of diffusion coefficients (D) for
synaptic GABAsRs. C, Mean square displacement of synaptic GABAARs. D, 25-75%

interquartile range (IQR) and median diffusion coefficient of synaptic GABAARs. E, Cumulative



probability distributions of confinement area for synaptic GABAARs. F, 25-75% interquartile
range (IQR) of median confinement area for synaptic GABAARs. G, Synaptic dwell times for a2,
a4, a5 and & GABAARs. *P<0.05, **P<0.01, ***P<0.01; KS test for (D) and (F), One-way
ANOVA for (G). n =221 — 1002.

Fig 4. Diffusion of extrasynaptic GABAARs

A, Cumulative probability distributions of diffusion coefficients for extrasynaptic GABAARSs. B,
Mean square displacement of extrasynaptic GABAsRs. C, 25-75% interquartile range (IQR) and
median diffusion coefficient for extrasynaptic GABAsRs. D, Cumulative probability distributions
of confinement area of extrasynaptic GABAARs. E, 25-75% interquartile range (IQR) and
median confinement area for extrasynaptic GABAARs. **P<0.01, ***P<0.001, KS test, n = 6623
—-30132.

Fig 5. Extrasynaptic diffusion restraint on & subunits relieved by y2 intracellular domain

A, Schematic of a & subunit chimera in which intracellular loop 2 is exchanged for its equivalent
in y2L (red). B, Cumulative probability distributions of synaptic and extrasynaptic diffusion
coefficients of & subunits and &/y2 loop chimera (d¥2°°). Arrow shows cross-over point of
synaptic and extrasynaptic cumulative probability distributions. C, 25-75% interquartile range
(IQR) and median diffusion coefficients of synaptic (Syn) and extrasynaptic (ESyn) & subunits
and 8/y2 loop chimera (8¥2). D, Mean square displacement of synaptic and extrasynaptic
subunits and 6/y2 loop chimera (8¥?). E, Cumulative probability distributions of confinement
areas of synaptic and extrasynaptic ® subunits and &/y2 loop chimera. F, 25-75% interquartile
range (IQR) and median confinement area of synaptic and extrasynaptic & subunits and &/y2
loop chimera. G, Mean synaptic dwell times of & subunits and &/y2 loop chimera. NS — not
significant,*P<0.05, ***P<0.001. n = 226 — 11868. Box plots — KS test, Bar chart - two-tailed

unpaired t-test.

Fig 6. Agonist-induced lateral diffusion of GABAARs

A, Cumulative probability distributions of diffusion coefficients of synaptic a2 and a4 GABAARs
in control and +100 uM muscimol. B, Mean square displacement of synaptic a2 and a4
GABA4Rs. C, 25-75% interquartile range (IQR) and median diffusion coefficient of synaptic a2
and a4 GABA4Rs in control (C) and muscimol (M). D, Cumulative probability distributions of
confinement areas of synaptic a2 and a4 GABAARs. E, 25-75% interquartile range (IQR) and

median confinement area of synaptic a2 and a4 GABAaRs. F, Cumulative probability



distributions of diffusion coefficients of extrasynaptic a2 and a4 GABAARs in control and +100
uM muscimol. G, Mean square displacement of extrasynaptic a2 and a4 GABAARs. H, 25-75%
interquartile range (IQR) and median diffusion coefficient of extrasynaptic a2 and a4 GABARs
in control and muscimol. /, Cumulative probability distributions of confinement areas of
extrasynaptic a2 and o4 GABAsRs. J, 25-75% interquartile range (IQR) and median
confinement area of extrasynaptic a2 and a4 GABAsRs. NS — not significant, ***P<0.001, KS
test, n =131 — 7599.
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