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SUMMARY

The lateral mobility of neurotransmitter receptors
has been shown to tune synaptic signals. Here we
report that GABAA receptors (GABAARs) can
diffuse between adjacent dendritic GABAergic syn-
apses in long-living desensitized states, thus laterally
spreading “activation memories” between inhibitory
synapses. Glutamatergic activity limits this inter-syn-
aptic diffusion by trapping GABAARs at excitatory
synapses. This novel form of activity-dependent
hetero-synaptic interplay is likely to modulate den-
dritic synaptic signaling.

INTRODUCTION

The lateral diffusion of surface neurotransmitter receptor and its
transient trapping at synapses is regulated by neuronal activity
and plays a key role in adjusting receptor number at synapses
during synaptic plasticity (Choquet and Triller, 2013). Moreover,
the fast exchange between desensitized synaptic AMPA recep-
tors and naive extrasynaptic receptors modulates the ampli-
tude of glutamatergic synaptic currents (Constals et al., 2015;
Heine et al., 2008). Receptor lateral mobility can therefore
be an important determinant of synaptic transmission. To
date, receptor diffusion has been examined only at the level
of individual synapses, limiting our understanding of how diffu-
sion shapes synaptic currents. It has never been investigated
whether receptor lateral diffusion may transfer information be-
tween two or more adjacent synapses. We hypothesized that
synaptic receptors in a given activation state at one synapse
may diffuse and contact a neighboring synapse in the same
conformational state, thus transmitting its activation history. In
the present study, we tested this idea at inhibitory synapses,
as the persistence of GABAA receptors (GABAARS) in long-
living desensitized states (Overstreet et al., 2000; Petrini et al.,
2011) may favor potential synaptic crosstalk mediated by the in-
ter-synaptic diffusion of GABAARs. We report that following
sustained stimulation of an individual GABAergic synapse, de-
sensitized GABAARs laterally diffuse at neighboring dendritic
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GABAergic synapses, where they reduce the amplitude of
inhibitory synaptic currents.

RESULTS

GABAA Receptors Diffuse between Synapses

To test whether GABAARSs diffuse between two dendritic inhib-
itory synapses, we performed single particle tracking experi-
ments (SPT) on endogenous GABAARSs in cultured hippocampal
neurons. The profile of the dendrites was identified by EGFP
transfection and the position of inhibitory synapses by live
immunostaining of vGAT (Figure 1A). During 1-min-long SPT
experiments, we observed several a1-containing GABAARs
contacting two adjacent inhibitory synapses (Figure 1B). Such
inter-synaptic diffusion occurred in ~15% of synaptic GABAAR
trajectories (n = 179, in 26 neurons from 8 cultures). The time
required for GABAARSs to contact two adjacent inhibitory synap-
ses (typically 2-4 um apart) ranged from a few hundred millisec-
onds to a few seconds (Figure 1C). Interestingly, the inter-syn-
aptic displacement times were comparable to the kinetics of
slow desensitized state(s) of GABAAR subtypes expressed at
GABAergic synapses (Overstreet et al., 2000; Petrini et al.,
2011). This result supports the hypothesis that receptors can
swap between synapses in the desensitized state(s), thus medi-
ating synaptic crosstalk. As reported in Figure 1D, the median
diffusion coefficient (see STAR Methods) of GABAARs swap-
ping among neighbor synapses was 0.07 um?s~" (interquartile
range [IQR] =0.04 = 0.13 um?®s ™", n = 146). However, according
to the free-boundary Brownian diffusion equation, such diffu-
sion coefficient values accounted only for the slower inter-syn-
aptic transition times, whereas the fastest events could not be
fully predicted. Interestingly, we found that taking into account
the narrow and elongated shape of dendrites, the diffusion co-
efficients in the longitudinal axis (see STAR Methods) were
significantly higher than the transversal one (Figures S1A and
S1B) and could explain inter-synaptic displacements even in
the sub-second time range (Figure S1C). Model simulations
based on the values of longitudinal diffusion coefficients (that
are important for the inter-synaptic receptor diffusion) match
the experimental distribution of inter-synaptic transition times
(Figures S1D and S1E).
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Figure 1. GABAARs Laterally Diffuse be-
tween Two Adjacent Inhibitory Synapses
(A) Representative live-stained inhibitory synapses
(VGAT, red) in an EGFP-transfected neuron
(green). Scale bar, 1 um. Inset: magnification of the
framed area. Scale bar, 500 nm.

(B) Reconstructed trajectory of a1-containing
endogenous GABAAR diffusing at synaptic (red)
and inter-synaptic (blue) compartments. Inhibitory
synapses are in gray. Scale bar, 500 nm.

(C) Histogram and cumulative distribution (inset)
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of the inter-synaptic displacement time of endogenous GABAAR (n = 179, in 26 neurons from 8 cultures).
D) Diffusion coefficient of inter-synaptic GABAARs. Median = 0.066 um?s~", IQR = 0.039 ~+ 0.132 um?s~", n = 146, in 26 neurons from 8 cultures).

Intracellular Calcium Modulates GABAA Receptor
Inter-synaptic Diffusion

Since the mobility of GABAARs depends on the intracellular
calcium concentration (Bannai et al., 2009, 2015), we next stu-
died how their inter-synaptic diffusion responds to the activa-
tion of the light-gated Ca®*-permeable ionotropic glutamate
receptor (LiGIuK2) (Volgraf et al., 2006). LiGIuK2 is an optoge-
netic tool to precisely control calcium influx at high spatial
and temporal resolution (see STAR Methods, Figure S2A).
Recombinant GIluK2 receptors accumulate at glutamatergic
synapses similarly to native ones (Martin et al., 2008), and so
LiGIuK2 activation is expected to mimic excitatory synaptic
activity. In LiGIuK2-GFP-transfected neurons, we used SPT to
track the HA-tagged o1 subunit of GABAAR (HA-GABAAR),
which is incorporated into GABAARs without affecting their sur-
face expression, synaptic accumulation (Figure S2B), lateral
mobility (Figure S2C), or inter-synaptic transitions (compare
Figures 1C and 1D to Figures 2B and 2C). During LiGluK2
activation, HA-GABAARs were significantly less mobile in the
inter-synaptic space (Figure 2A), as demonstrated by a lower
inter-synaptic diffusion coefficient, rightward-shifted inter-syn-
aptic transition time histogram and cumulative distribution, and
increased time for inter-synaptic displacement (Figures 2B and
2C). Calcium entry therefore decreases the inter-synaptic
mobility of HA-GABAARSs.

To corroborate that GABAAR inter-synaptic diffusion de-
pends on calcium, we exploited an altered form of LiGIuK2, in
which the substitution of glutamine 621 for an arginine in the
pore lining M2 segment (Q/R editing) abolishes the GIuK2 recep-
tor’s calcium permeability (Burnashev et al., 1995). As expected,
LiGluK2(Q621R) displayed negligible calcium conductance (Fig-
ure S2A). In SPT experiments, the activation of LiGIuK2(Q621R)
did not significantly reduce the inter-synaptic diffusion coeffi-
cient of HA-tagged GABAAR (Figures 2D and 2E). However,
LiGluK2(Q621R) activation did still cause a significant increase
in GABAAR inter-synaptic displacement time (Figure 2F). A
possible explanation for this partial effect might be that the de-
polarization induced by LiGIluK2(Q621R) integrated over 1 min
elicits a calcium increase through voltage-gated calcium chan-
nels (VGCCs). This hypothesis was tested by calcium imaging.
Despite the Ca®*-impermeability of LiGIUK2(Q621R), its 1-min
activation caused a mild intracellular calcium increase (30% of
that mediated by wild-type [WT] LiGIuK2) (Figure S2D). Impor-
tantly, such “residual” Ca®* entry was completely prevented
by the application of w-conotoxin MVIIC (2 um) and nifedipine
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(10 um) (Figure S2D bottom). As a third method of testing
calcium dependence, we next activated LiGIuK2 receptors in
the absence of extracellular calcium. Compared to control
conditions, LiGIuK2 activation in the absence of extracellular
calcium did not significantly change either the inter-synaptic
diffusion coefficient or the transition times of HA-a1 subunits
(Figures 2G-2l). To further clarify the sources of Ca2* respon-
sible for the modulation of GABAAR inter-synaptic mobility,
we next examined the role of VGCCs during LiGIuK2 activation.
The application of w-conotoxin and nifedipine reduced the Ca%*
entry elicited by WT LiGIuK2 by ~40%, as quantified in calcium
imaging experiments (Figure S2D top), but left unchanged the
LiGluK2-dependent effects on GABAAR inter-synaptic lateral
mobility (Figures S2E and S2F). This indicates that upon LiGluK2
activation, direct Ca* entry through LiGIuK2 (which accounts
for ~60% of the total intracellular Ca* rise triggered by LiGIuK2
opening) is the major player in the decrease of GABAAR diffu-
sion between two adjacent synapses. Further control experi-
ments ruled out any effect of the UV illumination on GABAAR
lateral diffusion (Figure S2G) or on intracellular Ca®* concentra-
tion (Figure S2H).

Activated Glutamatergic Synapses Interfere with

GABAA Receptor Inter-synaptic Diffusion

As excitatory-like stimuli modulate inter-synaptic GABAAR
diffusion, we considered a potential role for excitatory synapses
in this phenomenon. We used the same experimental set-up
to track inter-synaptic trajectories of HA-tagged GABAAR,
but also analyzed glutamatergic synapses, identified by
Homer1C-DsRed expression (Figure 3A). Interestingly, at gluta-
matergic synapses, LiGIuK2 stimulation caused GABAARs to
be markedly immobilized and confined (Figure 3B), indicated
by the reduced synaptic diffusion coefficient, increased synap-
tic dwell time, and lower steady state of the mean square
displacement (MSD) versus time curve (Figure 3C). These
data reveal that the hetero-synaptic trapping of GABAARs
at glutamatergic synapses plays a key role in the stimulus-
dependent reduction of GABAAR inter-synaptic diffusion. In
additional experiments, we found that at inhibitory synapses,
LiGIuK2 activation increases the mobilization of synaptic
GABAARs, shown by their increased diffusion coefficient and
decreased confinement (Figure S3). Taken together, our data
show that light-controlled activation of glutamate receptors
increases synaptic diffusion at inhibitory synapses and de-
creases inter-synaptic diffusion of GABAAR.
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(I) Left: Histogram and cumulative distribution of inter-synaptic transition time in the control (black) and during LiGIuK2 activation (gray) in Ca®*-free solution.
Right: HA-GABAAR inter-synaptic transition time. Ctr: median = 1.98 s, IQR = 0.73-6.21 s, n = 40; LiGIuK2 activation in Ca?*-free solution (stim): median=1.5s,
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GABAA Receptor Inter-synaptic Diffusion Shapes
Inhibitory Synaptic Current

Finally, we investigated the functional impact of inter-synaptic
HA-tagged GABAAR diffusion on inhibitory synaptic transmis-
sion. We hypothesized that the spreading of GABAAR in long-
living desensitized states could tune the availability of naive
synaptic receptors at adjacent GABAergic synapses. To test
this, we uncaged GABA (DPNI-GABA) at individual GABAergic
synapses by UV-laser photolysis at diffraction limited spots
(see STAR Methods and Figure S4A). With this approach,
we compared the uncaging inhibitory postsynaptic currents
(uIPSCs) recorded at a given GABAergic synapse (synapse A)
before and after the induction of GABAAR desensitization by a
ulPSC train delivered at a neighboring GABAergic synapse (syn-
apse B) (Figure 4A). We observed that ulPSC trains (4 s, 16 Hz)
transiently reduced ulPSC amplitude at synapses located
2-4 um from the stimulated synapse (Figures 4B and 4C, black).
When LiGIuK2 receptors were activated (i.e., when GABAAR
inter-synaptic diffusion was reduced), the extent of desensitiza-

tion at neighboring synapses was significantly lower than in con-
trols (Figures 4B and 4C, green). To further test the effect of
receptor mobility on desensitization, we used the cross-link pro-
tocol (X-link) (Gerrow and Triller, 2014; Heine et al., 2008) to
immobilize GABAARSs (Figure 4D). Notably, when GABAAR was
immobilized, ulPSC trains induced minimal desensitization at
neighboring synapses (Figures 4B and 4C, red). These results
were recapitulated when ulPSCs were mediated by endogenous
GABAAR, ruling out possible artifacts due to a1-HA overexpres-
sion (Figure S4B). It may be posited that the steric hindrance of
the X-link protocol interferes with neurotransmitter diffusion,
which could account for the reduced GABAAR desensitization.
To exclude this possibility, we X-linked neuroligin3 (NL3), a trans-
membrane synaptic protein distinct from GABAAR. In these con-
ditions, there was no significant reduction of synaptic desensiti-
zation (Figure S4C), demonstrating that the X-link protocol does
not affect the diffusion of uncaged neurotransmitter. In order to
demonstrate that the 4-s ulPSC train at 16 Hz effectively induced
GABAAR desensitization, the amplitude of ulPSCs before and
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HA-GABAARS at excitatory synapses (steady state: ctr = 0.056 = 0.005 um?, n = 79; stim = 0.039 + 0.005 um?, n = 90, p < 0.01, Student’s t test); 15
neurons from 3 cultures. Unless otherwise stated, data are represented as mean + SEM. Boxplots indicate the median and IQR.

after the ulPSC train was tested at the same synapse at which
the train was delivered. We found that 660 ms after the ulPSC
train, ulPSC amplitude was depressed by ~60%, thus indicating
massive desensitization (Figure S4D). In X-link conditions, the
extent of desensitization was further increased, with ulPSC
amplitude 660 ms after the train reduced by ~73% (Figure S4D).
These results show that the exchange of synaptic receptors with
naive ones by lateral diffusion reduces the amount of synaptic
desensitization, in line with what is observed for AMPA receptors
at glutamatergic synapses (Heine et al., 2008). Interestingly, the
X-link increased the desensitization “at the same synapses” due
to the trapping of desensitized receptors, while it reduced the
desensitization at “neighboring synapses,” due to the inability
of desensitized receptors to spread from the desensitized syn-
apse. We next assessed whether receptors in the desensitized
state are able to diffuse between two synapses. To this end,
we studied the inter-synaptic displacements of HA-GABAAR
through SPT experiments during the bath application of
100 uM GABA to induce massive GABAAR desensitization.
The HA-GABAAR diffusion coefficient and inter-synaptic transi-
tion times were comparable in control conditions and in 100 uM
GABA (Figures S4E and S4F), thus confirming that desensitized
GABAARs are able to diffuse inter-synaptically. Since receptor
saturation at the stimulated synapse would maximize the num-
ber of desensitized receptors leaving for neighboring synapses,
we also examined synaptic GABAAR saturation by quantifying
ulPSC variability. The coefficient of variation (CV) of ulPSCs eli-
cited by laser pulses delivered at the same synapse every 10 s
to uncage 1 mM and 2 mM GABA were similar, indicating that
saturation was achieved. Hence, individual pulses were suffi-
cient to saturate postsynaptic receptors (Figure S4G). Moreover,
the comparable CV of ulPSCs mediated by native, HA-tagged,
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and X-linked GABAARs (Figure S4G) suggests that GABA un-
caging pulses are saturating in all of the conditions tested in
the present study. Taken together, these experiments indicate
that the diffusion of desensitized GABAARs between adjacent
dendritic GABAergic synapses shapes inhibitory synaptic cur-
rents (Figure 4E).

DISCUSSION

The present study provides evidence for a novel mechanism
of synaptic crosstalk based on the diffusion of desensitized
GABAARSs between inhibitory synapses (Figure 4E). We demon-
strate that a given inhibitory synapse may transfer the “memory”
of its recent activation to neighboring inhibitory synapses.
Receptor lateral mobility is a fundamental determinant of synap-
tic function at glutamatergic synapses, where AMPA receptor
diffusion between synaptic and extrasynaptic areas modulates
the amplitude of synaptic excitatory currents (Constals et al.,
2015; Heine et al., 2008). The present study shows for the first
time that surface receptor diffusion can functionally connect
two distinct synapses. At inhibitory synapses, this new form of
inter-synaptic crosstalk relies on the fine temporal relationship
between GABAAR gating kinetics and the time needed for
GABAAR to undergo inter-synaptic displacements. Following
prolonged activation, GABAARs are absorbed into long-living
desensitized states lasting up to tens of seconds (Overstreet
et al., 2000; Petrini et al., 2011). This timing is a distinctive
GABAAR gating feature that represents a key requisite for effi-
cient inter-synaptic communication. In this context, it should
be noted that the time course of current amplitude reduction at
neighboring synapses, here shown to depend on inter-synaptic
receptor swap, is also influenced by the rate of GABAAR exit
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Upon sustained inhibitory synaptic activity, the
amplitude of synaptic responses at individual

from desensitization, which in turn depends on the duration/con-
centration of GABA pulses (Petrini et al., 2011).

Another important determinant for the efficiency of inter-
synaptic crosstalk is the level of synaptic receptor saturation
during synaptic activity. Indeed, in a saturation regime, when
all the postsynaptic receptors are activated, any decrease in
the number of “activatable” receptors would result in a
sizable reduction of synaptic current amplitude. In our exper-
iments, a single GABA uncaging pulse saturates postsynaptic
receptors in all conditions tested (Figure S4G), while a num-
ber of studies have shown that at central synapses, uniquan-
tal neurotransmitter release may either be saturating or sub-
saturating (Auger and Marty, 1997; Poncer et al., 1996).
Nevertheless, saturation of postsynaptic receptor clusters
can be still attained by (1) repetitive synaptic activations
and/or (2) multi-vesicular release (Rudolph et al., 2015).
Thus, the mechanisms proposed here may also occur during
sustained synaptic activity and/or specific releasing patterns
at synapses that would not be saturated by a single neuro-
transmitter vesicle.

In the present study, we investigated the role of calcium in
the GABAAR inter-synaptic mobility by exploiting LiGIuK2, an
optogenetic tool that allows the control of Ca®* inflow with high
temporal precision. We observed that intracellular Ca®* rise
mediated by LiGIuK2 activation reduces GABAAR mobility,

synapses is reduced by intruder desensitized
GABAARs from neighboring synapses. Impeding
GABAAR lateral diffusion prevents such modulation
of inhibitory synaptic transmission.

thus limiting inter-synaptic crosstalk. In contrast, a previous
study found that sustained network stimulation promoted
GABAAR mobilization (Bannai et al., 2009). The reason for this
discrepancy is most likely due to the different type of stimulation
used. While Bannai et al. (2009) induced massive Ca®* entry by
enhancing excitation or by blocking inhibition, in our experiments
we elicited a mild and controlled Ca?* rise, likely mimicking glu-
tamatergic synaptic activity. Consistent with this explanation, it
has been recently demonstrated that sustained Ca®* entry
increases GABAAR mobility, whereas moderate Ca?* elevation
induces GABAAR immobilization (Bannai et al., 2015). In this
scenario, glutamatergic synapses tightly intercalated with den-
dritic GABAergic synapses (i.e., the typical synapse distribution
at proximal dendrites of pyramidal neurons; Megias et al., 2001)
are optimally located to tune GABAAR inter-synaptic diffusion
through mild and localized dendritic Ca%* inflow. However,
such modulation of GABAAR diffusion by Ca®* may be signifi-
cantly different in specific neuronal sub-compartments, such
as the somata of pyramidal neurons that exclusively receive
inhibitory inputs (Klausberger and Somogyi, 2008), or the distal
dendrites of pyramidal neurons, which mainly have gluta-
matergic synapses (Megias et al., 2001). In addition, the impact
of Ca®* dynamics on GABAAR diffusion in micro- and nano-do-
mains is still to be elucidated and is expected to add further
complexity to the lateral-diffusion-mediated synaptic crosstalk.
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An important finding of this study is that in response to
glutamatergic stimulation (mimicked by LiGIuK2 activation),
GABAARs are trapped at glutamatergic synapses, which
significantly limits GABAAR inter-synaptic diffusion. Although
the presence of GABAARs at excitatory synapses has already
been described (Nusser et al., 1996; Renner et al., 2012), this
is the first evidence that a hetero-synaptic interaction is modu-
lated by activity. It has been argued previously that in steady-
state conditions, local molecular crowding at the glutamatergic
postsynaptic density (PSD) may reduce the GABAAR diffusion
coefficient without any increase in either receptor accumula-
tion or dwell time at excitatory synapses (Renner et al.,
2012). According to this hypothesis, the increased GABAAR
dwell time at glutamatergic synapses reported here would
suggest molecular interactions between GABAAR and the
glutamatergic synaptic scaffold. Nevertheless, Renner et al.
(2012) also reported that the molecular crowding can induce
transient accumulation of GABAARs at glutamatergic synap-
ses. In this alternative scenario, Ca®*-dependent rearrange-
ments of the excitatory PSD (Opazo et al., 2010) may tempo-
rarily trap GABAARs at excitatory synapses, thus explaining
our observation without invoking the binding of GABAAR at
the glutamatergic PSD.

It might be suggested that uncaged GABA could directly
activate and desensitize GABAARs at nearby synapses due
to synapse-to-synapse spillover. This possibility can be ruled
out by the negligible desensitization observed at neighboring
synapses following ulPSC trains when GABAARs are immobi-
lized by X-link (Figure 4 and Figure S4B), a procedure that
does not prevent GABA spillover (Figure S4C). However, it is
likely that uncaged GABA diffusing outside the synapse rea-
ches and desensitizes peri-and extra-synaptic GABAARs, re-
sulting in their contribution to the inter-synaptic crosstalk.
Indeed, neurotransmitter diffusion in the extrasynaptic space
is a feature of synaptic transmission, especially under repetitive
synaptic activation (Rudolph et al., 2015). Hence, during sus-
tained activity at a given synapse that elicits sizable agonist
spillover in the extrasynaptic space, a larger population of
desensitized GABAARs (including peri- and extrasynaptic re-
ceptors) would modulate the efficacy of neighboring synapses
by lateral diffusion. Therefore, it can be speculated that the
inclusion of desensitized peri- or extrasynaptic GABAARs at
neighboring synapses during sustained inhibitory synaptic
activity would be an extended feature of synaptic crosstalk
through GABAAR lateral diffusion.

Conventional synaptic transmission assumes that synapses
work independently, a condition that maximizes information
storage in the brain (Barbour, 2001). However, several lines of
evidence challenge this view, favoring the idea that under spe-
cific conditions, the activation of a given synapse may influence
the function of surrounding synapses by diffusion-driven events
such as neurotransmitter spillover (Rudolph et al., 2015) or local
changes of the ionic driving force (Doyon et al., 2011). The pre-
sent study identifies a novel additional mechanism of inter-syn-
aptic information transfer, finding that glutamatergic synaptic
activity may switch the behavior of inhibitory synapses from
“crosstalking” to “working independently,” with important impli-
cations for dendritic synaptic signaling.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-GABAARa1 Alomone AGA-001, RRID: AB_2039862
Rabbit polyclonal anti-GABAARy2 Alomone AGA-005; RRID: AB_2039870

Rat monoclonal anti-HA Roche 1186742300, RRID: AB_10094468
Anti vGAT-oyster 550 SynapticSystems 131103C3, RRID: AB_887867
Anti vGAT-oyster 650 SynapticSystems 131103C5, RRID: AB_2254821
Mouse anti-vGAT SynapticSystems 131011, RRID: AB_887872

QDot 655 goat F(ab’)2 anti mouse IgG
QDot 625 goat F(ab’)2 anti mouse IgG
QDot 655 goat F(ab’)2 anti rabbit IgG

Thermo Fisher
Thermo Fisher
Thermo Fisher

Q11022MP, RRID: Q11022MP
A10195, RRID: AB_2534020
Q11422MP, RRID: AB_10375438

Chemicals, Peptides, and Recombinant Proteins

GABA Sigma A2129
w-conotoxin MVIIC Tocris Bioscience 1084/100U
nifedipine Sigma N-7634
Rhod-2 Thermo Fisher R 14220
DAKO fluorescent mounting medium DAKO S302380-2
DPNI-GABA Tocris Bioscience 2991-10
MAG Gift from Trauner N/A

D. and Gorostiza P.
Casein Vector lab SP 5020
Critical Commercial Assays
Effectene QIAGEN 301427
QuickChange Il Site-Directed Mutagenesis Kit Agilent Technologies 200524
Experimental Models: Organisms/Strains
Mouse: Wild-type (C57BL/6J) Harlan C57BL/6JRccHsd
Recombinant DNA
pEGFP-N1 Clontech Cat# 632162
pCDM8-a1-HA This paper N/A
pcDNAS.1 HA-NIgn3 (NL3) Budreck and Scheiffele, 2007 N/A
pTR-hSyn Grik2-L439C (LiGluK2)-GFP Volgraf et al., 2006 N/A
LiGluK2-GFP-Q621R This paper N/A
Homer1c-DsRed Opazo et al., 2010 N/A

Software and Algorithms

Metamorph 7.8

Clampex 10.2

Clampfit 10

MATLAB
GraphPad Prism 5

el Neuron 95, 63-69.e1-e5, July 5, 2017

Molecular Devices;
RRID:SCR_002368

Molecular Devices

Molecular Devices

Mathworks
GraphPad

https://www.moleculardevices.com/systems/
metamorphresearch-imaging/metamorph-microscopy-
automationand-image-analysis-software;

RRID: SCR_002368

https://www.moleculardevices.com/systems/
conventional-patch-clamp/pclamp-10-software;

RRID: BDSC_14352
https://www.moleculardevices.com/systems/
conventional-patch-clamp/pclamp-10-software;

RRID: BDSC_14352

http://www.mathworks.com; RRID: SCR_001622
https://www.graphpad.com/scientific-software/prism/;
RRID: SCR_002798

(Continued on next page)


https://www.moleculardevices.com/systems/metamorphresearch-imaging/metamorph-microscopy-automationand-image-analysis-software
https://www.moleculardevices.com/systems/metamorphresearch-imaging/metamorph-microscopy-automationand-image-analysis-software
https://www.moleculardevices.com/systems/metamorphresearch-imaging/metamorph-microscopy-automationand-image-analysis-software
https://www.moleculardevices.com/systems/conventional-patch-clamp/pclamp-10-software
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https://www.moleculardevices.com/systems/conventional-patch-clamp/pclamp-10-software
http://www.mathworks.com
https://www.graphpad.com/scientific-software/prism/

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

KyPlot 5.0 KyensLab http://kyenslab-inc.software.informer.com/
Python Language Reference 2. 7 Python Software Foundation https://www.python.org; RRID: SCR_008394
Custom program written for MATLAB to Petrini et al., 2014; from N/A

reconnect QD trajectories D Choquet and L Cognet

Custom program for SPT quantifications, based Petrini et al., 2014; from N/A

on MSD fit D Choquet and A Serge

Custom Python script to quantify diffusion This paper N/A

coefficients based on the Gaussian fit

Custom Python script to simulate inter-synaptic This paper N/A

transitions

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Andrea
Barberis (andrea.barberis@iit.it).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary neuronal cultures

All the experiments were carried out in accordance with the guidelines established by the European Community Council and were
approved by the Italian Ministry of Health. Primary cultures of hippocampal neurons were prepared from P0-P1 C57BL/6J mice of
either sex. Neurons were plated at a density of 60 x 10 cells/fcm? on poly-D-lysine pre-coated glass coverslips and kept in
serum-free Neurobasal-A medium (Thermo Fisher, Italy) supplemented with Glutamax (Invitrogen, Italy) 1%, B-27 (Invitrogen, Italy)
2% and Gentamycin 5 mg/ml at 37°C in 5% CO2. All the experiments were performed at 12-16 Days in Vitro (DIV).

METHOD DETAILS

Plasmid constructs

EGFP was encoded by the pEGFP-N1 plasmid (Clontech, ltaly). Hemagglutinin (HA)-tagged «1 GABAA receptor protein was
obtained by introducing an oligonucleotide encoding for HA between the IV and V aminoacid of the mature protein in the
pCDM8-a.1subunit GABAAR plasmid, taking advantage of the Agilent mutagenesis kit. HA-tagged NL3 plasmid (kindly provided
by P. Scheiffele) contains the HA sequence at the 5’ of the mature NL3 protein (Budreck and Scheiffele, 2007). The Homer-DsRed
plasmid (kindly provided by D. Choquet) encodes for DsRed at the N terminus of Homer-1C (Opazo et al., 2010). LiGIuK2-GFP
was kindly provided by E. Isacoff (Volgraf et al., 2006). LiGIuK2(Q621R) was generated by site directed mutagenesis. All constructs
were verified by DNA sequencing.

Transfection and synapse identification

Neurons were transfected at DIV 6-7 using the Effectene kit (QIAGEN, Germany) following the protocol proposed by the company.
Hippocampal neurons for single particle tracking (SPT) experiments in basal conditions were co-transfected with pEGFP-N1 to delin-
eate the profile of the dendrites along with the plasmid encoding for the HA-tagged o1 subunit of GABAAR. GABAergic synapses were
identified by live immunostaining of v-GAT, by incubating neurons for 30 min at 37°C with either the anti-vGAT-Oyster550 or the anti-
VGAT-Oyster650 antibodies (Synaptic Systems, Germany) diluted in Neurobasal-A medium. In the SPT and electrophysiology exper-
iments involving the activation of light-gated glutamate receptors (LiGIuK2), hippocampal neurons were co-transfected with plasmids
encoding for LiGIuK2-GFP or LiGluK2(Q621R)-GFP along with the plasmid encoding for the HA-tagged .1 subunit of GABAAR. Syn-
apses were identified as detailed above with the anti-vGAT-Oyster550 antibody. For the experiments focusing on GABAAR diffusion at
glutamatergic synapses before and after LiGIuK2 activation, hippocampal neurons were triple transfected with plasmid encoding for
LiGIuK2-GFP, HA-tagged a1 subunit of GABAAR and Homer1c-DsRed (to identify glutamatergic synapses); inhibitory synapses were
live labeled with anti-vGAT-Oyster650 antibodies. In the NL3 X-link experiments (Figure S4C) hippocampal neurons coexpressed
LiGluK2-GFP and NL3-HA plasmids. Inhibitory synapses were identified with the anti-vGAT-Oyster550 antibody.

Single particle tracking

Imaging

Quantum Dot (QD) staining of surface GABAAR (or NLG3) was performed as previously described (Petrini et al., 2014). Briefly,
rabbit anti-a1 (Alomone, Israel) or mouse anti-HA antibody (Roche, Italy) were premixed with anti-rabbit QD 655, anti-mouse
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QD 655 or anti-mouse 625 (Invitrogen, Italy) for 30 min in the presence of casein (Vector lab, Italy) to prevent non-specific binding.
Neurons were then incubated with the diluted antibody-QD premix for 3 min at room temperature. SPT experiments were per-
formed using an inverted microscope (Eclipse Ti, Nikon, Japan) equipped with a 100X oil, 1.4 NA immersion objective and a
back-illuminated EMCCD camera Photometric Quantem 512S (pixel size, 160 nm). Samples were illuminated by exploiting a
diode-based illumination device (Lumencor, SpectraX Light Engine, Optoprim, ltaly). QD fluorescence was monitored over time
by acquiring 1200 consecutive frames at 20 Hz using the Metamorph software (ver. 7.8, Molecular Devices, USA). Inhibitory syn-
apses were identified as detailed above by immunolabeling vVGAT-Oyster 550 or 650 antibodies (depending on the experiment).
During the experiments, neurons were kept at 32°C (TC-324B Warner Instrument Corporation, CT, USA) in an open chamber
and continuously superfused with the recording solution (see below) at the rate of 12 mL/hr. In the experiments aimed at probing
the lateral diffusion of desensitized receptors (Figures S4E and S4F), SPT recordings in control and in the presence of GABA were
performed on the same neuron before and after replacing the control recording solution with that supplemented with GABA
100 uM, in order to ensure rapid and controlled solution exchange. The SPT experiments involving LiGIuK2 activation were
performed as follows: i) ctr (LiGIuK2 closed): 1200 consecutive frames at 20 Hz, with 490 nm light illumination; ii) stim (LiGIuK2
open): 1200 consecutive frames at 20 Hz illuminating with the UV light at 380 nm. Taking advantage of their wide excitation
spectrum, QD could be imaged at both excitation wavelengths. When VGCC blockers were used, neurons were incubated with
w-conotoxin MVIIC (2 uM) and nifedipine (10 uM) for 8 min before SPT recordings, a period sufficient to achieve the complete block
of P/Q-, N- and L-type VGCCs (Figure S2E).

Analysis

Single QDs, recognized by their diffraction-limited fluorescence spot shape and characteristic blinking were tracked with 50 ms time
resolution. QD spatial coordinates were identified in each frame as sets of > 4 connected pixels using two dimensional object
wavelet-based localization at sub-diffraction limited resolution (~40 nm) with MIA software based on simulated annealing algorithm
(Racine et al., 2006). Continuous tracking between blinks was performed with an implemented version of custom made software
originally written in MATLAB (Mathworks, Italy) in Dr Choquet’s lab. This method is based on a QD maximal allowable displacement
(4 pixels) during a maximal allowable duration of the dark period (25 frames, corresponding to 1.25 s acquisition). This stringent
reconnection of trajectories across QD blinking combined with the highly diluted QD labeling have been set to avoid erroneous re-
connection of neighboring QD in the same trajectory and to provide unambiguous observations of individual receptor QD complex
trajectories. Please note that the trajectories in the Figures have been reconnected throughout QD blinking events. Receptor trajec-
tories were defined as “synaptic” (or “extrasynaptic”) when their spatial coordinates coincided (or not) with those of the localization
of the postsynaptic compartment. Since inhibitory synapses were identified by presynaptic vGAT labeling, postsynaptic compart-
ments were defined as a 2-pixel enlargement of vGAT staining. Although the definition of the compartments was diffraction limited,
the sub-wavelength resolution of the single particle detection (~40 nm) allowed accurate description of receptor mobility within such
small regions. Instantaneous diffusion coefficients, D, were calculated from linear fits of the n = 1-4 values of the MSD versus time
plot, according to the equation:

i=1

(N—n)
(P)=| > Koen =X+ (Yien = ¥0)° /(N - n)] at (Equation 1)

The diffusive properties of the mobile receptor population were described as their median + interquartile range (IQR), defined as the
interval between the 25" and 75" percentiles. The analysis was blindly performed.
Analysis and model simulations in a bounded diffusion space
In order to obtain independent estimates of the diffusion coefficient with respect to the standard procedure of fitting the first points of
the MSD versus time curve, we designed an alternative approach and generated a new custom code. The new script was imple-
mented in Python to quantify diffusion coefficients based on the Gaussian fit.

In a standard Brownian motion the 2D x, y coordinates of a receptor can be computed as:

{xt =/Dydt p+p, dt (Equation 2)

yi=+/D, dt ¢ +u, dt

where x; and y; are the coordinates at time t, D, ,, the diffusion coefficients, p, , the drift coefficients, ¢ a Gaussian noise (mean 0,
standard deviation 1) and dt the integration time step. Since the motion of the receptors in the 2D plan is constrained by the elongated
topology of dendrites (thin and long structures), receptor trajectories were decomposed along a longitudinal (the main extension
of the dendrite) and a transversal direction (Figure S1A, bottom). In the custom script the x axis and y axis in (2) were the longitudinal
and transversal directions, respectively. The new code estimates the diffusion coefficient (D) and the drift coefficient (1) of the
longitudinal and transversal directions from the variance (5% and the mean (m) of the fitted Gaussian curves (Figure S1A) with the
formulas: p=m/dtand D = 6/ dt, where dt is the integration time step, m and o can either refer to the x (longitudinal) or the y (trans-
versal) directions. Out of 25 randomly chosen experiments, this analysis was performed those in which QD were exploring fairly linear
dendrites (n = 19).

Another new custom Python program was generated to simulate inter-synaptic transitions. The Brownian motion was simulated
according to the formula (2), with a dt = 50 ms (same as the experimental sampling interval) and no significant differences were
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observed adopting a smaller time step (e.g., dt =1 ms). The fastest first time passage (f-FTP) was defined as the mean value of the first
percentile of the cumulative distribution (Figure S1C). The chance time was defined as the available time before the end of the
recording, for the receptor to reach the target synapse after leaving a first synapse.

In order to relate the experimental first time passages to the theoretical predictions, we simulated a 1D longitudinal diffusion pro-
cess (5000 simulations) with the same diffusion coefficient, chance time and inter-synaptic distance of the experiment. The intercept
of the experimental first time passage on the cumulative first time passage curve of the simulated events (Figure S1D) was then re-
ported for each experiment (Figure S1E).

Calcium imaging and pharmacology

The cell-impermeant form of Rhod-2 (50 uM) (Thermo Fisher) was added to the intracellular recording solution and allowed 15 min
after reaching the whole cell configuration to diffuse into the neuron. Neurons were illuminated with 556/20nm light provided a LED
source (SpectraX Lumencor, NW, USA). Rhod-2 fluorescence signal was observed with a 593/40 nm emission filter (Semrock, Italy)
controlled by filter wheels mounted onto an inverted microscope (Eclipse Ti, Nikon, Japan) equipped with a 60x 0il-1.4 numerical
aperture (NA) immersion objective. Images were acquired every 50 ms. Changes in intracellular Ca?* were elicited with brief
(100 ms) or prolonged (60 s) illuminations with UV light (380nm) aimed at activating LiGluK2 or LiGIuK2(Q621R), or with 300 ms
depolarizations to 0 mV as indicated. Rhod-2 fluorescence over time was quantified with Metamorph software (ver. 7.8, Molecular
Devices, USA) as changes in fluorescence intensity with respect to baseline (AF/Fg). Calcium signals were corrected by photo-
bleaching subtraction. In order to prevent the activation of VGCCs, w-conotoxin MVIIC (2 uM, from Tocris, Italy) and nifedipine
(10 um, from Sigma, Italy) were added to the extracellular recording solution to block P/Q-, N- and L-type VGCCs, respectively.
The efficacy of VGCC blockade was monitored by Ca®* imaging after 5 and 8 min with respect to control values (before the appli-
cation of the drugs). As reported in Figure S2E, 8 min were sufficient to achieve a complete block of P/Q-, N- and L-type VGCCs.

Immunocytochemistry

Since synaptic receptors contain different o and 8 subunits and obligatorily require the y2 subunit, we immunolabelled the y2 subunit
to comprehensively target the heterogeneous populations of synaptic receptors. This approach was used to compare the expression
of native and HA-GABAARs. Neurons were live labeled for 10 min at room temperature with anti-y2 (Alomone, Israel) in the recording
solution (see below) supplemented with BSA (1%) and sucrose (250mM) to prevent receptor endocytosis. After fixing with 4%
paraformaldehyde (PFA) for 10 min, and blocking with BSA (1%, 10 min), neurons were incubated with fluorescence-conjugated
anti rabbit secondary antibody for 45 min at room temperature. Next, neurons were permeabilized (0.2% Triton X-100 for 10 min)
and sequentially incubated with the anti-vGAT antibody and fluorescence-conjugated anti mouse secondary antibody. Control
experiments without the primary antibody were performed to test fluorescence signal arising from nonspecific binding of the secon-
dary antibody. Coverslips, mounted in DAKO fluorescent mounting medium, were observed using an inverted microscope (Eclipse Ti,
Nikon, Japan) equipped with a 60X oil, 1.4 NA immersion objective and a back-illuminated EMCCD camera Photometric Quantem
512S (pixel size, 160 nm). Samples were illuminated by exploiting a diode-based illumination device (Lumencor, SpectraX Light En-
gine, Optoprim, Italy). Images were acquired with Metamorph software (ver. 7.8, Molecular Devices, USA). The total GABAA receptor
average fluorescence intensity of surface GABAA receptors in a given neuron was defined as the integrated fluorescence intensity
detected in the neuron divided by the neuron pixel area and therefore expressed as au/pixel. Surface GABAARs clusters were defined
as synaptic when they exhibited a juxtaposed vVGAT puncta within a 2-pixel enlargement. Synaptic cluster density represents the
number of synaptic clusters normalized over the neuron area, hence expressed as um”2. The analysis was blindly performed.

Electrophysiology and GABA uncaging

Uncaging inhibitory postsynaptic currents (ulPSCs) were recorded in the whole-cell configuration of the patch-clamp technique.
External recording solution contained (in mM): 145 NaCl, 2 KCl, 2 CaCl,, 2 MgCl,, 10 glucose and 10 HEPES, pH 7.4. Patch pipettes,
pulled from borosilicate glass capillaries (Hilgenberg, Malsfeld, Germany), had a 4-5 MQ resistance when filled with intracellular
recording solution containing (in mM): 125 KCI, 10 KGluconate, 1 EGTA, 10 HEPES and 4 MgATP, 5 sucrose (300 mOsm and pH
7.2 with KOH). Currents were recorded using Clampex 10.2 software (Molecular Devices, Sunnyvale, CA). Uncaging experiments
were performed by exploiting DPNI-GABA (Tocris Bioscience), a nitroindoline-based caged compound showing high stability and
uncaging efficiency, while minimizing the pharmacological block of GABAA receptors prior photolysis (Trigo et al., 2009). DPNI-
GABA (1 mM) was dissolved in the extracellular solution and locally perfused through a patch pipette (2-4 um tip diameter) by means
of a pressure-based application system (10-20 psi) (Picospritzer, Parker, USA) and placed at 10 and 20 um (x- and z axis, respec-
tively) from the region of interest. A 378 nm diode laser (Cube 378, 16 mW, Coherent Italia, Italy) was directly coupled to the micro-
scope objective (Olympus UPlanSApo 100X oil-1.40 NA). In order to obtain the smallest laser spot size on the sample we backfilled
the objective by using a beam expander placed in the optical pathway between the laser source and the objective. The measured
point spread function (PSF) of the 378 nm illumination had lateral dimension of 487 + 55 nm (FWHM, n = 6). The laser beam was
steered in the field of view by means of a galvanometric mirrors-based pointing system allowing the illumination of specific regions
of interest tailored around GABAergic synapses (UGA32, Rapp OptoElectronics, Hamburg, Germany). Synchronization of optical
stimulations and electrophysiological recordings was controlled with the UGA32 software interfaced with the Clampex 10.2 software
(Molecular Devices, Sunnyvale, CA, USA). Currents were elicited by 500 ps light pulses at power intensity of 80-100 pW at the exit of
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the objective. The laser power and the pulse duration were adjusted to minimize photo-damage and to match the IPSCs kinetics. The
precision of our uncaging system was estimated by the reduction of the ulPSCs amplitude following progressive displacement of
the laser spot from the center of a GABAAR synaptic cluster (FMHM = 2.34 + 0.24 um, n = 2, Figure S4A). Currents were obtained
by the average of at least 10 traces for each condition. The stability of the patch was checked by repetitively monitoring the input
and series resistance during the experiments. Cells exhibiting 10%-15% changes were excluded from the analysis. In our electro-
physiology recordings, the noise was o~1.5 pA. Currents were sampled at 20 kHz and digitally filtered at 3 kHz using the 700B
Axopatch amplifier (Molecular Devices). Blind analysis of uncaging currents was performed with Clampfit 10.0 software (Molecular
Devices, Sunnyvale, CA, USA). The analysis was blindly performed.

Cross-link (X-link) protocol

The X-link protocol restricts protein diffusion through their interaction with a primary antibody and subsequent incubation with an
appropriate secondary antibody. The X-linking of HA-tagged recombinant proteins (GABAAR HA-o1 subunit and HA-NLG3) or
endogenous GABAA receptors was achieved by first incubating hippocampal neurons for 10 min with an excess the anti HA primary
antibody or anti GABAA receptor y2 subunit (Alomone, Israel) and subsequently with an appropriate specie-specific secondary anti-
body for 10 min (Gerrow and Triller, 2014; Heine et al., 2008). After washing, neurons were used to study either GABAAR mobility
or GABA uncaging synaptic currents (ulPSCs). The X-link of the y2 subunit allowed to comprehensively target the heterogeneous
populations of synaptic receptors.

Light-Activated glutamate receptors (LiGluK2)

Light-Gated Glutamate receptors (LiGIuK2) have been developed by the Isacoff Lab (Volgraf et al., 2006) and consist of an engineered
kainate receptor able to bind the photoswitchable tethered ligand (PTLs) maleimide-azobenzene-glutamate (MAG). In particular, the
ligand glutamate is linked to azobenzene that can be reversibly photoisomerized between a trans and cis configurations in response
to illumination with light at different wavelengths (380 nm and > 460 nm, respectively) (Volgraf et al., 2006). Azobenzene, in turn, is
anchored to a mutated cysteine introduced into the ligand-binding domain (LBD) of GIuK2 receptor through the cysteine-reactive
group maleimide. Photoswitching is operated by the reversible binding of the glutamate moiety of MAG, which is presented to the
ligand-binding site in the cis configuration and withdrawn in trans. The MAG molecule was kindly provided by Dr D. Trauner (The
Ludwig Maximilians University of Munich) and Pau Gorostiza (Institute of Bioengineering of Catalonia, Barcelona). After dilution in
DMSO, MAG was diluted in the extracellular solution to 10-50 uM (from a 10mM stock solution) and illuminated with 380 nm light
to promote its accumulation of the cis-form, thus favoring the binding between the GluK2 glutamate binding site and the engineered
cysteine in the ligand-binding domain (LBD). Hippocampal neurons were then incubated with MAG (in cis configuration) at 37°C for
30 min, washed, and used for recordings.

QUANTIFICATION AND STATISTICAL ANALYSIS

For each experiment quantifications and statistical details (statistical significance and test used) can be always found in the figure
legends and in some instances in the main text. Unless otherwise stated, normally distributed data are presented as mean + SEM
(standard error of the mean), whereas non-normally distributed data are given as medians + IQR (inter quartile range). For SPT ex-
periments, n indicates the number of receptor trajectories, followed by the number of neurons observed. The number of independent
neuronal cultures analyzed is also specified in each figure legend. Statistical significance was tested using Prism 5.0 Software (Graph
Pad, USA). Normally distributed datasets were compared using the unpaired or paired two-tailed Student’s t test (as indicated),
whereas non-Gaussian datasets were tested by two-tailed unpaired non-parametric Mann-Whitney U-test or the paired Wilcoxon
test. The MSD versus time curves were compared at steady state with the Student’s t test. Cumulative distributions were compared
with the Kolmogorov-Smirvov test using the KyPlot 5.0 software. Indications of significance corresponding to p values < 0.05 (*),
p < 0.01 (*), p < 0.001 (***) and non-significant (ns) are reported in the figures and in the text.

DATA AND SOFTWARE AVAILABILITY

The custom Python scripts for quantifying diffusion coefficients based on the Gaussian fit and for simulating inter-synaptic transitions
will be provided upon request to the Lead Contact.
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