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SUMMARY
The inductionof synapticplasticity at an individualdendritic glutamatergicspinecanaffect neighboringspines.
This local modulation generates dendritic plasticity microdomains believed to expand the neuronal computa-
tional capacity. Here,we investigatewhether localmodulation of plasticity canalso occur betweenglutamater-
gic synapses and adjacent GABAergic synapses. We find that the induction of long-term potentiation at an
individual glutamatergic spine causes the depression of nearby GABAergic inhibitory synapses (within
3 mm), whereas more distant ones are potentiated. Notably, L-type calcium channels and calpain are required
for this plasticity spreading. Overall, our data support a model whereby input-specific glutamatergic postsyn-
aptic potentiation induces a spatially regulated rearrangement of inhibitory synaptic strength in the surround-
ing area through short-range heterosynaptic interactions. Such local coordination of excitatory and inhibitory
synaptic plasticity is expected to influence dendritic information processing and integration.
INTRODUCTION

Similarly to glutamatergic synapses, GABAergic synapses un-

dergo many forms of short- and long-term plasticity expressed

at both the pre- and postsynaptic levels (Castillo et al., 2011;

Chiu et al., 2019; Barberis, 2019). This raises the important

question of how excitatory and inhibitory synaptic plasticity

are orchestrated during neuronal activity. Several studies

show that the chronic modification of overall neuronal spiking

activity can modulate both glutamatergic and GABAergic syn-

apses within the same neuron, thus indicating the presence of

cellular mechanisms coordinating activity-dependent changes

in synaptic excitatory and inhibitory strength (Ibata et al.,

2008; Rannals and Kapur, 2011; Turrigiano, 1999, 2011). How-

ever, the precise relationship between neuronal activity and

the concomitant modifications of both glutamatergic and

GABAergic synapses is poorly understood. This is mainly

because the effects of diverse acute plasticity-inducing proto-

cols have been mostly studied independently at either excit-

atory or inhibitory synapses.

Nevertheless, the induction and expression of glutamatergic

and GABAergic plasticity show several common features. At

postsynaptic level, the activation of NMDA receptors and CaM-

KII, one of the best characterized signaling pathways in excit-

atory glutamatergic long-term potentiation (LTP) (Nicoll and

Roche, 2013), is also crucial for the expression of inhibitory

long-term potentiation (iLTP) (Chiu et al., 2018; Flores et al.,

2015; He et al., 2015; Kano et al., 1996; Marsden et al., 2007;
This is an open access article under the CC BY-N
Petrini et al., 2014). Moreover, GABAergic postsynaptic depres-

sion relies on the activity of calcineurin (Bannai et al., 2009,

2015; Muir et al., 2010), a phosphatase that is also implicated

in glutamatergic LTD (Mulkey et al., 1994; Zeng et al., 2001).

In addition the proteolytic action of calpains has been reported

to affect both glutamatergic and GABAergic synaptic plasticity

(Andres et al., 2013; Briz and Baudry, 2017; Costa et al.,

2016; Tyagarajan et al., 2013). Along the same lines, postsyn-

aptic glutamatergic and GABAergic plasticity involve the modu-

lation of synaptic receptor number and lateral diffusion and their

interaction with scaffold molecules (Bannai et al., 2009; Kuro-

tani et al., 2008; Muir et al., 2010; Nusser et al., 1998; Petrini

et al., 2014; Diering and Huganir, 2018; Carta et al., 2013; Cho-

quet and Triller, 2013).

Importantly, inhibitory synapses, at least in specific dendritic

sub-regions, can be located only few micrometers away from

glutamatergic synapses (Megı́as et al., 2001; Iascone et al.,

2020) or even impinge on spines (Nusser et al., 1996; Tamás

et al., 2003; Villa et al., 2016). Thus, the analogous mechanisms

of postsynaptic plasticity and the spatial contiguity of GABAergic

and glutamatergic synapses suggest the hypothesis of local

interplay in dendrites during synaptic plasticity between neigh-

boring excitatory and inhibitory synapses.

In the present study, we investigated the spatial determinants

involved in the interaction between hippocampal dendritic excit-

atory and inhibitory synapses. By exploiting different experi-

mental approaches we show a high degree of coordination

between plasticity at glutamatergic and GABAergic synapses
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Figure 1. LFS induces iLTP at GABAergic

synapses

(A) Top: Experimental configuration of paired-

patch recordings including an electrically stimu-

lated presynaptic parvalbumin-tdTomato positive

(PV+) interneuron (red) and a postsynaptic excit-

atory hippocampal neuron (gray) receiving the low-

frequency protocol (LFS, 2-Hz APs train for 40 s).

Bottom: Representative averaged inhibitory post-

synaptic currents (IPSCs)—driven by the PV+

interneuron activation—elicited before and 30 min

after the LFS, as schematized above.

(B) Potentiation of IPSC amplitude (iLTP) after LFS

(arrow; n = 33 neurons, F38,875 = 5.9, p < 0.001,

one-way ANOVA followed by Tukey’s multiple

comparison test).

(C) Top: Experimental configuration including an

excitatory hippocampal neuron (gray) receiving the

LFS. The ‘‘target’’ symbol indicates an individual

GABAergic synapse where DPNI-GABA was unc-

aged (see STAR Methods). Inset: Representative

dendritic portion of a neuron expressing EGFP

(green), with GABAergic synapses identified by live

labeling of vGAT (red, see STAR Methods). Scale

bar, 1 mm. Bottom: Representative averaged

traces of uIPSCs before (baseline) and 30 min after

LFS (iLTP) as schematized above.

(D) uIPSCs are potentiated after LFS (n = 30 synapses from nine neurons; F4,120 = 6.3, p < 0.001; one-way ANOVA followed by Tukey’s multiple comparison test).

(E) CaMKII is required for LFS-induced iLTP. uIPSC amplitude normalized to baseline values in the presence of KN-93 (white; n = 19 synapses from five neurons;

F4,64 = 1.6, p > 0.05, one-way ANOVA followed by Tukey’s post-test) and the inactive analog KN-92 (pink; n = 26 synapses from seven neurons; F4,92 = 6.5, p <

0.001; one-way ANOVA followed by Tukey’s post-test).

(F) Influence of voltage-gated calcium channels (VGCCs) on iLTP expression. Relative (after/before) uIPSC amplitude upon LFS in control conditions (black; n = 46

synapses from 14 neurons; F4,144 = 10.2, p < 0.001), or in the presence of the following VGCCs blockers: u-conotoxin MVIIC for P/Q and N-type (blue; n = 16

synapses from four neurons; F4,64 = 9.1, p < 0.001), or nifedipine for L-type (green; n = 35 synapses from nine neurons; F4,120 = 5.8, p < 0.001) oru-conotoxin GVIA

for N-type (purple; n = 69 synapses from 16 neurons; F4, 205 = 11.5, p < 0.001) or nifedipine and u-conotoxin MVIIC (orange; n = 24 synapses from six neurons;

F4,80 = 0.3, p > 0.05) or nifedipine and u-conotoxin GVIA (yellow; n = 17 synapses from six neurons; F4,52 = 1.9, p > 0.05). All statistical comparisons were

performed with one-way ANOVA followed by Tukey’s multiple comparison test. Values are expressed as mean ± SEM. **p < 0.01, ***p < 0.001, ns = not sig-

nificant. See also Figure S1.
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and reveal that this functional interplay is restricted to dendritic

microdomains.

RESULTS

Electrophysiological induction of inhibitory long-term
potentiation
We first sought to identify an electrical stimulation protocol to

postsynaptically induce iLTP on cultured hippocampal neurons.

To this end, we tested different non-Hebbian depolarization pro-

tocols delivered through the patch pipette on a putative excit-

atory hippocampal neuron and recorded inhibitory post-synaptic

currents (IPSCs) elicited by the activation of a connected presyn-

aptic parvalbumin-positive interneuron (PV+) (presynaptic

neuron) (Figure 1A). In this paired-patch configuration, the deliv-

ery of a 40-s action potential (AP) train at 2 Hz (low-frequency

stimulation, LFS) to the excitatory neuron induced a robust in-

crease of IPSCs amplitude (1.34 ± 0.01 fold increase, p <

0.001; Figure 1A bottom and 1B). We next investigated whether

this form of iLTP was expressed on the pre- or post-synaptic

side. First, the amplitude ratio between two consecutive IPSCs

elicited at a 50-ms interval (paired-pulse ratio) was unchanged

by the LFS protocol (Figure S1A), suggesting a postsynaptic
2 Cell Reports 38, 110347, February 8, 2022
expression mechanism. Moreover, the nitric oxide synthase

blocker L-NAME was unable to prevent the LFS-induced iLTP

(Figure S1B), thus making a presynaptic mechanism based on

nitric oxide-induced increase of GABA release (Guevara-Guz-

man et al., 2002; Lourenço et al., 2014; Saransaari and Oja,

2006; Xue et al., 2011) unlikely.

We also found that the inclusion of the calcium chelator

BAPTA in the patch pipette prevented the IPSC amplitude in-

crease (Figure S1C), indicating that this iLTP depends on the

elevation of intracellular calcium following delivery of the post-

synaptic LFS. However, blocking NMDA receptors or L-type

voltage-gated calcium channels (VGCCs) by APV or nifedipine

did not prevent the LFS-dependent increase in GABAergic

currents (Figures S1D–S1E). Likewise, co-application of APV

and nifedipine failed to inhibit iLTP (Figure S1F). Worth noting,

additional potential sources of calcium influx mediated by N-,

P/Q-, and R-type VGCC (also expressed presynaptically) were

not investigated in these paired-patch configuration experi-

ments, since their blockade could affect GABA release and

the amplitude of IPSCs, thus masking their role in iLTP

induction.

We corroborated the postsynaptic expression of this LFS-

induced iLTP by UV laser uncaging of DPNI-GABA at dendritic
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Figure 2. iLTP-inducing protocol promotes LTD at excitatory syn-

apses

(A) Top: Experimental configuration of paired-patch recordings of two con-

nected excitatory hippocampal neurons. LFS was delivered to the post-

synaptic neuron. Bottom: Representative averaged traces of excitatory

postsynaptic response (EPSCs) before and 30 min after the LFS, as depicted

above.

(B) Depression of EPSC amplitude (LTD) after LFS (arrow) (n = 5 neurons,

F38,726 = 4.2, p < 0.001, one-way ANOVA followed by Tukey’s test).

(C) Top: Experimental configuration of an excitatory neuron receiving the LFS.

The target symbol indicates MNI-glutamate uncaging at an individual spine

identified by Homer1c-GFP (inset; scale bar, 1 mm). Bottom: Representative

averaged traces of uncaging EPSCs (uEPSCs) before (baseline) and 30 min

after LFS (LTD), as indicated above.

(D) Persistent reduction of uEPSC amplitude after LFS (n = 16 synapses from

11 neurons, F4,68 = 4.7, p < 0.01; one-way ANOVA followed by Tukey’s test).

Values are expressed as mean ± SEM. **p < 0.01, ***p < 0.001.
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proximal GABAergic synapses on the stimulated excitatory

neuron (see STAR Methods) (Figure 1C, top). Consistently with

the paired-patch recordings, after the application of the LFS pro-

tocol, the amplitude of uIPSCs elicited by DPNI-GABA uncaging

was significantly increased (at 27 min: 1.26 ± 0.05 fold increase

of baseline, p < 0.001; Figure 1C bottom and 1D).

We then investigated whether the activation of CaMKII could

be involved in the expression of this form of iLTP. We found

that the LFS-induced iLTP was prevented by the application of

the CaMKII inhibitor KN-93 (normalized uIPSC amplitude at

27min: 0.93 ± 0.03, p > 0.05), whereas KN-92, an inactive analog

of KN-93, left iLTP expression unchanged (normalized uIPSC

amplitude at 27 min: 1.17 ± 0.04, p < 0.001, Figure 1E). We

further investigated whether this iLTP depends on dendritic cal-

cium elevation mediated by the postsynaptic N-, P/Q-, and R-

type VGCCs by taking advantage of the uncaging technique,

which induces synaptic-like currents without engaging the

presynaptic release machinery. In presence of nifedipine (to

block the L-type VGCCs), or u-conotoxin MVIIC (to block the
P/Q- and N-type VGCCs), or u-conotoxin GVIA (to block only

N-type VGCCs), we observed iLTP similarly to control conditions

without drugs (fold increase of uIPSCs amplitude at 27min: ctrl =

1.25 ± 0.07, p < 0.001; nifedipine = 1.15 ± 0.06, p < 0.001;

MVIIC = 1.22 ± 0.04, p < 0.001; GVIA = 1.21 ± 0.06, p < 0.001;

Figure 1F). On the contrary, the co-application of nifedipine

and u-conotoxin MVIIC to block L-along with P/Q- and N-type

VGCCs abolished the potentiation (0.97 ± 0.04 fold increase,

p > 0.05; Figure 1F). To further dissect the calcium sources

responsible for iLTP induction, we co-applied nifedipine with

u-conotoxin GVIA. The evidence that this condition prevented

iLTP upon the delivery of LFS (normalized uIPSC amplitude at

27 min: 0.95 ± 0.04 fold increase, p > 0.05; Figure 1F) indicated

the concomitant involvement of L- and N-type VGCC, with a

negligible role for P/Q-type VGCC. Overall, these results suggest

that the LFS protocol promotes the increase of IPSC amplitude

via the postsynaptic increase of intracellular calcium concentra-

tion through the L- and N-type VGCC and the activation of

CaMKII.

LFS induces long-term depression at glutamatergic
synapses
Next, we studied the effects of the aforementioned postsyn-

aptic LFS protocol on the plasticity of glutamatergic synapses.

To this end, in a paired-patch configuration between two con-

nected excitatory hippocampal neurons, we elicited a single

AP in the presynaptic neuron and recorded the consequent

excitatory postsynaptic current (EPSC) in the postsynaptic

neuron (Figure 2A). The delivery of the LFS protocol (2 Hz for

40 s) to the postsynaptic neuron was responsible for a persis-

tent and significant reduction of EPSC amplitude (0.72 ± 0.02

fold of baseline, p < 0.001, Figure 2B), thus indicating the

expression of glutamatergic LTD. To assess whether this LTD

was expressed at the postsynaptic level, we photo-released

MNI-glutamate at individual glutamatergic synapses identified

by overexpressed Homer1c-GFP (Figure 2C). After the LFS,

the amplitude of uncaging EPSCs (uEPSCs) was significantly

reduced (at 27 min: 0.82 ± 0.04 fold of baseline, p < 0.01; Fig-

ures 2C and 2D), thus indicating a postsynaptic mechanism.

This observation is in line with previous studies demonstrating

that LFS (in the range of 0.5–5 Hz) are responsible for glutama-

tergic LTD (Dudek and Bear, 1992; Malenka and Bear, 2004).

Overall, we found that the delivery of non-Hebbian LFS proto-

cols leads to an opposite regulation of the plasticity of excit-

atory and inhibitory synapses.

Increase of gephyrin clusters is associated with iLTP
expression
We also investigated whether the expression of the aforemen-

tioned electrically induced iLTP involves the rearrangement of

synaptic gephyrin (Petrini et al., 2014). To this end, wemonitored

EGFP-gephyrin fluorescence over time at individual clusters

before and after the application of the iLTP induction protocol

(Figures 3A and 3B). After the LFS, the fluorescence intensity

of individual EGFP-gephyrin clusters significantly increased

with respect to the baseline values (1.17 ± 0.03 fold increase,

p < 0.001; Figures 3B and 3C), reflecting a promoted accumula-

tion of synaptic gephyrin during iLTP.
Cell Reports 38, 110347, February 8, 2022 3
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Figure 3. Enhanced gephyrin clustering during iLTP

(A) Representative epifluorescence image of a patched neuron expressing

EGFP-gephyrin. Scale bar, 10 mm. The LFS protocol (40-s AP trains at 2 Hz)

was delivered by patching the neuron. Please note that the fluorescence scale

has been enhanced to visualize small clusters.

(B) Top: Pseudocolor magnification of the dendritic portion framed in (A). Scale

bar, 2 mm. Bottom: Timelapse of the gephyrin cluster framed above. The arrow

indicates LFS. Scale bar, 1 mm.

(C) EGFP-gephyrin fluorescence increases upon iLTP induction with LFS

(arrow) (n = 13, F4,48 = 21.5, p < 0.001, RM one-way ANOVA followed by

Tukey’s post-test). Values are expressed as mean ± SEM. ***p < 0.001.
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Interaction between plasticity at excitatory and
inhibitory synapses
We next included this LFS into a Hebbian protocol, to achieve

‘‘single-spine LTP.’’ We paired the 40-s AP train at 2 Hz delivered

to a postsynaptic neuron (LFS) with repetitive uncaging of MNI-

glutamate at 4 Hz an individual glutamatergic spine on the

same neuron (Figure 4A, STAR Methods). As such, we could

achieve a Hebbian stimulation where the postsynaptic depolari-

zation (obtained with the LFS) is concomitant with the presynap-

tic glutamate release at a specific input (mimicked by glutamate

uncaging) (Harvey and Svoboda, 2007; Matsuzaki et al., 2004).

In a typical experimental layout, we considered two glutamater-

gic and three GABAergic synapses chosen at different relative

distances on the samedendrite (Figure 4A).We found that the de-

livery of the single-spine LTP protocol (Figure 4A, top) selectively

increased the amplitude of uEPSCs elicited at the photo-stimu-

lated spine (Figures 4A and 4B, red).

We next studied GABAergic synapse function upon the induc-

tion of single-spine LTP. GABAergic synapses located at dis-

tance >3 mm from the photo-stimulated spine were potentiated

(iLTP) (Figures 4A, 4C and S2B, normalized uIPSC amplitude:

1.20 ± 0.06 of baseline, p < 0.001). Intriguingly, GABAergic syn-

apses located in the close vicinity of the potentiated spine

(<3 mm) were depressed (iLTD) (Figures 4C, 4D, and S2B,

normalized uIPSC amplitude: 0.85 ± 0.04 of baseline, p <

0.001). This suggests that the sign of inhibitory synaptic plasticity
4 Cell Reports 38, 110347, February 8, 2022
depends on the distance of the GABAergic synapse from the

potentiated spine (Figure 4D, green, p < 0.001) and that the

LTP of an individual glutamatergic spine generates a region of

reduced inhibition in the spatial range of ± 3mm. Of note, upon

the induction of single-spine LTP, other nearby non-photo-stim-

ulated spines remained unaffected, whereas those located more

distantly were depressed (Figures 4B and S2A). This plasticity

pattern (i.e., iLTP and concomitant LTD) in dendritic regions far

from the stimulated spine matches that obtained at GABAergic

and glutamatergic synapses by the non-Hebbian delivery of

LFS shown in Figures 1 and 2.

In another set of experiments,weobserved that theblockade of

L-typeVGCCprevented localGABAergic iLTDat distances<3mm

fromthepotentiatedspineand reverted it to iLTP,while leaving the

iLTPatdistance>3mmunaffected (Figure 4D,purple, FigureS2D).

Asacontrol,weassessed that nifedipinedidnotaffect theexpres-

sion of single-spine LTP (Figure S2C).

Overall, we demonstrate that, while the application of LFS

elicits diffuse iLTP, the pairing of LFSwithMNI-glutamate uncag-

ing at individual spines induces single-spine LTP and determines

a local iLTD restricted to a range of 3 mm from the potentiated

glutamatergic spine. Notably, this local iLTD as well as the

depression of glutamatergic synapses depend on calcium entry

through L-type VGCC.

Calciumdynamics during the induction of excitatory and
inhibitory plasticity
Subsequently, we addressed the spatial and temporal profile of

dendritic calcium transients induced by either postsynaptic LFS

protocol (non-Hebbian stimulation) or LFSpairedwithMNI-gluta-

mate uncaging to induce single-spine LTP (Hebbian stimulation)

by filling Homer1c-GFP-positive neurons with the synthetic cal-

cium indicator Rhod-2 through the patch pipette (Figure 5A). In

response to 10 s of the LFS protocol, calcium rapidly increased

and reached a plateau after approximately 3–5 s (Figure 5B

black). Similarly, during the 4-Hz train of MNI-glutamate uncag-

ing, dendritic calcium increased at individual glutamatergic

spines (Figure 5B, pink). However, the pairing of the LFS with

MNI-glutamate uncaging induced an overall calcium increase

that was considerably higher than that obtained by either proto-

col, reaching a plateau after�5 s (Figure 5Bblue). Next, we found

that, while LFS alone induced a calcium increase uniformly along

the dendrite (Figures 5Cand 5D), the delivery of LFS +MNI-gluta-

mate uncaging elicited a further calcium increase that peaked at

the photo-stimulated spine (Figures 5C and 5D) and declined

back to the calcium levels induced by LFS within a fewmicrome-

ters (relative fluorescence intensity below the spine = 1.55± 0.15,

p < 0.01, Figure 5E). Importantly, such a range of confined den-

dritic calcium increase was on par with the spread of the local

iLTD (±3 mm, Figure 4D) upon the induction of single-spine LTP.

This finding supports the hypothesis that the spatially limited cal-

cium increase in the vicinity of a potentiated glutamatergic spine

induced by the Hebbian paired stimulation might lead to the

confined expression of iLTD. In this regard, the evidence that

such local iLTD is prevented by nifedipine (Figure 4D) suggests

the contribution of the L-type VGCC to the calcium increase

nearby the potentiated spine. To test this possibility, we studied

the effects of nifedipine on dendritic calcium dynamics (Figures
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Figure 4. Plasticity interplay between poten-

tiated spine and neighboring GABAergic

synapses

(A) Top: Schematic representation of the single-

spine LTP protocol (yellow arrowhead), showing a

40-s diffraction-limited MNI-glutamate uncaging

(glu) with 378-nm light at 4 Hz at an individual spine

paired with 40-s APs train at 2 Hz (LFS) delivered to

thewhole neuron through the patch pipette. Bottom:

Representative experiment showing the imaging

(left) and the double uncaging electrophysiology

(right) performed on the same neuron. Left: Epi-

fluorescence imageof a dendritic portion of a neuron

expressing Homer1c-DsRed (red) and EGFP-ge-

phyrin (green). Circles indicate individual excitatory

(red) and inhibitory (green) synapses probed by un-

caging MNI-glutamate and DPNI-GABA, respec-

tively, at different distances from the potentiated

spine (yellow arrowhead). Scale bar, 1 mm. Right:

Representative averaged traces of uEPSCs and

uIPSCs recorded from the circled glutamatergic

and GABAergic synapses on the left before and

30 min after the delivery of the single-spine LTP

protocol.

(B) Left: Spines at different distances (D) from the

stimulated one (arrowhead) are indicated with a, b,

and c letters. Right: Representative averaged

traces of uEPSCs recorded from glutamatergic

synapses as indicated on the left, before and

30 min after the induction of single-spine LTP.

(C) Example traces of uIPSCs recorded before and

30 min after the single-spine LTP protocol. The

distance of each GABAergic synapse from the

potentiated spine is noted below each trace.

(D) Spatial distribution of GABAergic plasticity of inhibitory synapses located at different distances from the potentiated spine (green, each data point represents

at least 22 synapses (max 40) from 21 neurons, F6,232 = 32.6, p < 0.001, one-way ANOVA followed by Tukey’s post-test). In the presence of nifedipine or the

calpain inhibitor MDL28170, the same protocol (LFS + MNI-glutamate uncaging) fails to elicit iLTD at synapses within 3 mm from the stimulated spine. Nifedipine

(purple): each data point represents at least n = 7 (max 16) synapses from seven neurons, F6,68 = 6.6, p < 0.001, one-way ANOVA followed by Tukey’s post-test.

MDL28170 (orange): each data point represents at least n = 9 (max 67) synapses from 24 neurons, F6,223 = 13.0, p < 0.001, one-way ANOVA followed by Tukey’s

post-test). Values are expressed as mean ± SEM.*p < 0.05, **p < 0.01, ***p < 0.001, ns = not significant. See also Figure S2.
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S3A and S3B). We found that, in the presence of nifedipine, the

pairing of LFS with MNI-glutamate uncaging still elicited an in-

crease of calciumwith respect to that induced by LFS alone (Fig-

uresS3CandS3D). However, nifedipinemarkedly attenuated the

calcium increase nearby thephoto-stimulated spine (FiguresS3E

and S3F), thus indicating that, following Hebbian stimulations,

local calcium increasemediatedbyL-typeVGCCactivity contrib-

utes to the expression of the iLTD observed in the proximity of the

potentiated spine.

We next explored the possibility that calpains, a family of cal-

cium-dependent proteases, could be involved in local iLTD. To

test this possibility, we interfered with calpain activity by treating

neurons with the calpain inhibitor MDL 28170 before the induc-

tion of single-spine LTP and studied the synaptic plasticity of

inhibitory synapses while considering their distance from the

potentiated spine (Figure 4D, orange). For GABAergic synapses

close to the potentiated spine (d < 3 mm), not only did they lack

the local iLTD observed in control conditions (Figure 4D,

compare orange and green), but they in fact exhibited iLTP (at

27 min: uIPSC amplitude = 1.19 ± 0.05 of baseline, p < 0.001;

Figure S2F). Interestingly, upon calpain blockade, the iLTP

expression at inhibitory synapses located at d < 3 mm and at
d > 3 mm from the potentiated spine were comparable (Figure 4C

orange) (d > 3mm at 27 min: uIPSC amplitude = 1.24 ± 0.04 of

baseline, p < 0.001; Figure S2F), appearing similar to neurons

only exposed to LFS (compare with Figure 1). This suggests

that calpain blockade interferes with the confined effects of

MNI-glutamate uncaging on inhibitory synaptic plasticity.

Gephyrin dynamics during the expression of single-
spine LTP
Considering that the expression of LFS-induced iLTP involves

the promoted clustering of gephyrin at inhibitory synapses (Fig-

ure 3), we next investigated whether the converse was true, that

is, if the iLTD observed near a potentiated glutamatergic spine

is associated with the loss of synaptic gephyrin. We identified

gephyrin clusters by means of FingRs (fibronectin intrabodies

generated with mRNA display) intrabodies (Gross et al., 2013)

fused with GFP to label endogenous gephyrin. While still using

GFP signal as a proxy for gephyrin, the intrabodies-based stain-

ing procedure significantly reduced gephyrin background fluo-

rescence compared to EGFP-gephyrin overexpression, leading

to a higher signal-to-noise ratio that proved essential to

satisfactorily detect the mild gephyrin fluorescence reductions
Cell Reports 38, 110347, February 8, 2022 5
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Figure 5. Spatial dynamics of dendritic cal-

cium during iLTP and LTD

(A) Representative epifluorescence image of a

Homer1c-GFP expressing neuron (left) loaded with

Rhod-2 through the patch pipette (gold, right).

Scale bar, 5 mm.

(B) Relative Rhod-2 fluorescence intensity quanti-

fied during different protocols: LFS (black), LFS

paired with glutamate uncaging (blue), and gluta-

mate uncaging alone (pink), in two 4-mm-long

dendritic portions of the same neuron. The arrow

indicates the beginning of the protocol.

(C) Left: Magnifications of the dendritic portions

framed in A, stimulated with LFS (top) or LFS +

glutamate uncaging (bottom). The yellow arrow-

head indicates the stimulated spine. Scale bar,

1 mm. Right: Gold pseudocolor representation of

Rhod-2 fluorescence intensity changes at plateau

(5 s) of the stimulating protocols (i.e., LFS, top, and

LFS paired with glutamate uncaging, bottom) with

respect to baseline values (F5s–Fbaseline).

(D) Fluorescence line scans along the lines in C,

normalized to the average fluorescence detected

along the line scan in LFS.

(E) Changes in the relative dendritic Rhod-2 fluorescence intensity (as measured in Figure 5D) as a function of the distance from a reference or stimulated spine

(see STAR Methods). The gray area indicates the range of ± 3mm from the potentiated spine (LFS: n = 23 neurons, LFS + glu uncaging: n = 22 neurons, F1,265 =

22.1, p < 0.001, two-way ANOVA followed by Bonferroni’s multiple comparison test). Statistical significance for each data point is shown. Values are expressed as

mean ± SEM. *p < 0.05, **p < 0.01, ns = not significant. See also Figure S3.
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associated with iLTD. Similarly to the experiments shown in

Figure 4, we induced single-spine LTP by pairing the LFS pro-

tocol with repetitive MNI-uncaging at an individual spine and

quantified EGFP fluorescence over time at gephyrin clusters

either close (d < 3 mm) or far (d > 3 mm) from the potentiated

spine (Figure 6A). We found that after the delivery of the sin-

gle-spine LTP protocol, gephyrin clusters at d < 3 mm from

the potentiated spine were significantly reduced (gephyrin

normalized fluorescence intensity = 0.90 ± 0.04 of baseline,

p < 0.01; Figure 6B left), whereas at further distances they

were increased (gephyrin normalized fluorescence intensity =

1.08 ± 0.04 of baseline, p < 0.05; Figure 6B right). This indicates

that the regulation of local gephyrin clustering could underlie the

spatial dependence of GABAergic synaptic plasticity, corrobo-

rating the match between electrophysiological, calcium imag-

ing, and gephyrin imaging data.

While neuronal cultures represent an ideal model to study the

basic features of synapses, it remained to be established

whether the paradigm of GABAergic plasticity documented

here in cultured hippocampal neurons is conserved in more in-

tegrated preparations. To this end, we studied acute hippocam-

pal slices from transduced brains of juvenile mice after injection

of AAV-expressing teal fluorescent protein fused to gephyrin

(Teal-gephyrin) previously shown to efficiently incorporate at

functional inhibitory postsynaptic densities (Chen et al., 2012;

Villa et al., 2016) (see STAR Methods). We focused on the den-

drites of granule cells (GCs) in the dentate gyrus (DG) that

mainly receive excitatory inputs from entorhinal cortex and

mossy cells as well as inhibitory inputs from different sub-

classes of interneurons (Hainmueller and Bartos, 2020). In the

GCs proximal apical dendrites (at � 30 mm from the soma),

we visualized spines by filling neurons with Alexa 647 through
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the patch pipette and GABAergic synapses by the fluorescence

of Teal-gephyrin clusters (Figure 6C). We found that the density

of dendritic Teal-gephyrin puncta (2.39 ± 0.14 per 10 mm)

closely matched that observed in previous works exploiting

fluorescent proteins fused to gephyrin (either in transgenic

mice or overexpressed) to identify GABAergic synapses in

in vivo and ex vivo studies (Chen et al., 2012; Iascone et al.,

2020; Villa et al., 2016; Vlachos et al., 2013). To investigate

the differential GABAergic synaptic plasticity in relation to the

distance from the potentiated spine in slices analogous to our

experiments in primary neuronal cultures, we delivered an

LFS protocol paired with two-photon MNI-glutamate uncaging

at an individual spine to induce single-spine LTP, and subse-

quently we studied the changes of Teal-gephyrin puncta in

the nearby dendritic regions. Of note, the stimulation protocol

previously used in hippocampal cultures (LFS + MNI-glutamate

uncaging at 4 Hz) was only partially effective in inducing single-

spine LTP in hippocampal slices. Therefore, we adjusted the

single-spine LTP protocol by increasing the frequency of MNI-

glutamate uncaging from 4 to 50 Hz. As such, by pairing LFS

with MNI-glutamate uncaging at 50 Hz, we successfully elicited

single-spine LTP in GCs, thus identifying a reliable single-spine

LTP protocol in hippocampal slices with effects similar to those

observed in cultured neurons (Figure 6D). Interestingly, upon

the induction of single-spine LTP in acute slices, gephyrin clus-

ters were spatially regulated as indicated by the differential

changes in their fluorescence intensity at increasing distances

from the stimulated spine (Figure 6E). More specifically, after

this single-spine LTP protocol, the fluorescence intensity of

Teal-gephyrin clusters located within 4 mm from the potentiated

spine decreased (see STAR Methods) (0.85 ± 0.05 fold

decrease, n = 6, p < 0.01, Figures 6F and 6G left), whereas
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Figure 6. Gephyrin dynamics after single-spine LTP protocol

(A) Representative timelapse of pseudocolored FingR-gephyrin-GFP clusters in a dendritic portion of a Homer1c-DsRed+ cultured neuron (white outline). Yellow

arrowhead: stimulated spine (LFS + uncaging). White arrowhead: a potentiated cluster at d > 3 mm from the stimulated spine. White arrow: depressed cluster at

d < 3 mm. Scale bar, 1 mm.

(B) Gephyrin fluorescence intensity is depressed in clusters at d < 3mm from the stimulated spine (n = 13, F4,48 = 4.8, p < 0.01, RM one-way ANOVA followed by

Tukey’s post-test) (left panel) and potentiated in clusters at d > 3mm (n = 13; F4,48 = 2.7, p < 0.05, RM one-way ANOVA followed by Tukey’s post-test) (right panel).

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01.

(C) Left: Representative confocal image (z stack projection) of an acute slice of a patched Teal-gephyrin+ (green) neuron filled with Alexa Fluor 647 (A647, red).

Scale bar, 20mm. Right: magnification of the two dendritic portions framed on the left, showing gephyrin clusters, spines (arrowhead), and the merge of the two

channels. Scale bar, 1mm.

(D) Top. Schematics of the single-spine LTP protocol in acute slices. Bottom.Multiple representative averaged traces of uEPSCs recorded from stimulated spines

before and 30 min after the protocol.

(E) Differential changes in the fluorescence intensity of gephyrin clusters, depending on the distance from the stimulated spine. Each data point represents at least

three synapses (max 5) from six neurons in six slices, F5,17 = 6.7, p < 0.01, one-way ANOVA followed by Tukey’s post-test).

(F) Representative confocal image of a dendritic portion of a Teal-gephyrin+ neuron (white outline) in acute slice, showing pseudocolored Teal-gephyrin clusters at

different time points before (baseline) and after the delivery of the single-spine protocol (yellow arrowhead).White arrowhead: potentiated cluster at d > 4 mm from

the stimulated spine. White arrow: depressed clusters at d < 4 mm. Scale bar, 1 mm.

(G) Gephyrin fluorescence intensity is depressed in clusters at d < 4 mm from the stimulated spine (n = 6, F3,15 = 5.5, p < 0.01, RM one-way ANOVA followed by

Tukey’s post-test) and potentiated at d > 4 mm (n = 6; F3,15 = 6.5, p < 0.01, RM one-way ANOVA followed by Tukey’s post-test). Data are presented as mean ±

SEM. **p < 0.01.
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that of clusters located at > 4 mm from the potentiated spine

increased (1.23 ± 0.07 fold increase, n = 6, p < 0.01, Figures

6F and 6G right). Overall, these data indicate that, following

the induction of LTP at an individual spine, the clustering of ge-
phyrin is oppositely regulated by the distance from the potenti-

ated spine. In addition, such distance-dependent changes

occur both in cultured hippocampal neurons and acute hippo-

campal brain slices.
Cell Reports 38, 110347, February 8, 2022 7
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Figure 7. GABAA receptor lateral diffusion

after single-spine LTP protocol

(A) Representative synaptic (yellow) and extra-

synaptic (blue) trajectories of individual GABAARs

diffusing on an EGFP-gephyrin+ and Homer1c-

DsRed+ neuron, before (left) and after (right) the

delivery of the single-spine LTP protocol at the

indicatedspine (yellowarrowhead). Scalebar, 1mm.

(B–D). Effect of LFS + glu uncaging on the surface

mobility of GABAA receptors at synapses located

at d > 3 or d < 3 mm from the potentiated spine.

(B) Paired diffusion coefficient values of synaptic

GABAARs (d > 3 mm: n = 45 trajectories from 16

neurons, p < 0.001, Wilcoxon matched-pairs test;

d < 3 mm: n = 13 trajectories from nine neurons, p <

0.001, Wilcoxon matched-pairs test). Comparison

‘‘before stim’’ d > 3 mm versus d < 3 mm: p = 0.21,

Mann-Whitney test.

(C) Immobile fraction of synaptic GABAARs (d >

3 mm: n = 45 from 16 neurons, p < 0.001, Wilcoxon

matched-pairs test; d < 3 mm: n = 13 from nine

neurons, p < 0.01, Wilcoxon matched-pairs test).

Comparison before d > 3 mm vs d < 3 mm: p > 0.05,

Mann-Whitney test.

(D) Percentage of time spent at synapses of syn-

aptic GABAARs (d > 3 mm: n = 45 from 16 neurons,

p < 0.001, Wilcoxon matched-pairs test; d < 3 mm:

n = 13 from nine neurons, p < 0.05, Wilcoxon

matched-pairs test. Comparison ‘‘before stim’’ d >

3 mmversus d < 3 mm: p > 0.05,Mann-Whitney test.

(E) Variation in the number of GABAARs at

GABAergic synapses close (d < 3 mm) to the

potentiated spine (red; n = 31 from 24 neurons, p <

0.001, Wilcoxon test) or to a spine receiving the

same protocol in the absence of MNI-glutamate

(orange; n = 48 from 17 neurons, p > 0.05, Wil-

coxon test).

(F) MSD versus time values of matched observations of individual GABAARs localized at d > 3mm (left) and d < 3mm (right) from the potentiated spine, before and

after LFS + glu uncaging (d > 3 mm: n = 27 from 12 neurons, F1,52 = 8.7, p < 0.01; d < 3 mm: n = 12 from nine neurons, F1,22 = 9.1, p < 0.001; RM two-way ANOVA

followed by Bonferroni’s multiple comparison test). Unless otherwise stated, values are expressed as mean ± SEM.*p < 0.05, **p < 0.01, ***p < 0.001, ns = not

significant. See also Figure S4.
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Surface dynamics of GABA receptors after induction of
single-spine LTP
We next aimed to understand whether the opposing gephyrin

modifications at increasingdistances fromasingle spineexpress-

ing LTP are accompanied by differential surface dynamics of GA-

BAA receptors (GABAARs). For this purposewe performed quan-

tum dot (QD)-based single-particle tracking (SPT) (see STAR

Methods) and studied the mobility of synaptic GABAAR at inhibi-

tory synapses located either at a distance of ±3 mm from an indi-

vidual potentiated glutamatergic spine or further away, before

and after the expression of single-spine LTP (Figure 7A). Interest-

ingly, at inhibitory synapses located >3 mm from the potentiated

spine—that is, those exhibiting iLTP (Figures 4B and S2B)—GA-

BAARs were less mobile after the stimulating protocol, indicated

by a reduced paired diffusion coefficient (before = 0.013 mm2s�1

and interquartile range (IQR) 0.004–0.029; after = 0.006 mm2s�1

and IQR: 0.001–0.010; p < 0.001; Figure 7B), an increased immo-

bile fraction (before = 0.35 ± 0.06; after = 0.61 ± 0.06; p < 0.001;

Figure 7C), and prolonged time spent at synapses (before =

37% ± 4%; after = 60% ± 5%; p < 0.001; Figure 7D). We next

considered GABAARs diffusing at synapses within a 3-mm range
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from thepotentiatedspine (d<3mm).Before theprotocol, theyex-

hibiteddiffusiveproperties comparable tomoredistantGABAARs

(p > 0.05; Figures 7B–7D). After the stimulation, those GABAARs

close to the potentiated spine (d < 3 mm) (i.e., exhibiting iLTD in

response to the single-spine LTP protocol, see Figures 4B and

S2B) displayed markedly increased mobility (Figure 7A) as quan-

tified in the diffusion coefficient (before = 0.011 mm2s�1 and IQR:

0.007–0.017; after = 0.022 mm2s�1 and IQR: 0.013–0.026; p <

0.001; Figure 7B), immobile fraction (before = 0.31 ± 0.10; after =

0.12 ± 0.07, p < 0.01; Figure 7C) and reduced time at synapse

(before = 0.46± 0.06; after = 0.32 ± 0.06; p < 0.05; Figure 7D) after

the stimulation. As expected, in these conditions of increased

mobility, GABAARs escaped more frequently from the synaptic

area, thus depleting inhibitory synapses of GABAARs during local

iLTD (�63% ± 9%; p < 0.001; Figure 7E). As a control, we quanti-

fied the fraction of residual GABAARs at synapses within 3 mm of

non-photo-stimulated spines at theendof eachexperiment (�7%

± 3%, n = 17; p > 0.05; Figure 7E). The negligible variation in syn-

aptic GABAAR number in this control suggests that GABAARs

selectively disperse from inhibitory synapses during local iLTD.

Moreover, the few GABAARs that remained at synapses during
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iLTD spent less time in that compartment after single-spine LTP

induction (before = 46% ± 6%; after = 32% ± 6%; p < 0.05; Fig-

ure 7D). In linewith thesedata, following the single-spine LTPpro-

tocol, the steady state of the mean-square displacement versus

time curve (MSD) for GABAARs at synapses far from the potenti-

ated spine (d > 3mm)was reduced, thus indicating higher receptor

confinement (p < 0.01; Figure 7F, left). In contrast, after the deliv-

eryof the sameplasticity inductionprotocol,GABAARs in theden-

dritic range of ±3 mm from the potentiated spine were less

confined, as indicated by an increased MSD steady state (p <

0.01; Figure 7F, right).

It is worth noting that the single-spine LTP protocol did not

change the lateral diffusion properties of extrasynaptic receptors

at distances >3 mm (Figures S3A and S3B). Likewise, matched

observations of individual extrasynaptic GABAARs in the range

of 3 mm (d < 3 mm) from the potentiated spine showed unchanged

diffusion coefficients and immobile fractions before and after the

single-spine LTP protocol (Figures S3C and S3D), while the per-

centage of time spent at the extrasynaptic domain increased

(Figure S3C right). Control experiments in which the same proto-

col was performed without puffing MNI-glutamate (i.e., LFS

paired with UV illumination) ruled out that the effect of the sin-

gle-spine LTP protocol on GABAAR diffusion depended on UV

laser illumination, but instead required MNI-glutamate uncaging

(Figure S4). Overall, these results show that following the induc-

tion of single-spine LTP, the spatial dependence of dendritic

lateral diffusion of GABAAR faithfully corresponds with modula-

tion of IPSC amplitude and gephyrin synaptic clustering.

DISCUSSION

In the present study, we reveal that the expression of LTP at in-

dividual glutamatergic spines induced by a Hebbian plasticity

induction protocol (postsynaptic LFS paired with repetitive

MNI-glutamate uncaging) reduces the strength of neighboring

GABAergic synapses (local iLTD). In contrast, the delivery of

a non-Hebbian protocol (postsynaptic LFS alone) determines

the expression of LTD at excitatory synapses and the non-

spatially restricted potentiation of inhibitory synapses (iLTP).

Postsynaptic LFSalone, responsible for non-spatially restricted

iLTP, elicits a homogeneous dendritic calcium increase that is

likely sustainedby back-propagating APs. Pairing LFSwith repet-

itive MNI-glutamate uncaging, responsible for the local iLTD, in-

duces a further dendritic calcium increase within 3–4 mm of the

stimulated spine. The heavy filtering of synaptic potentials by

the spine neck (Yuste, 2013) and the rapid calciumextrusion/buff-

ering at the spine (Sabatini et al., 2002) are expected to largely

compartmentalize calcium at spines. However, in line with previ-

ous study, our data indicate that the repetitive spine activation

(at 4 or 50 Hz) used in the single-spine LTP protocol is sufficient

to induce a calcium increase in the parent dendrite (Magee

et al., 1995).

Previous works at GABAergic synapses show that sustained

calcium influx leads to synaptic depression (Bannai et al., 2009,

2015; Muir et al., 2010), while mild calcium entry determines

potentiation (Chiu et al., 2018; Marsden et al., 2007, 2010; Petrini

et al., 2014). This indicates that GABAergic plasticity might follow

anopposite calcium rule to that of glutamatergic synapses,where
high and low intracellular calcium rises have been linked to

expression of LTP and LTD, respectively (Coultrap et al., 2014;

Lisman, 2001). Thus, a possible explanation for the paradigm of

GABAergic plasticity expression shown here is that LFS alone

(responsible for mild calcium entry and LTD) can induce iLTP,

while the summation of calcium increases due to the pairing of

LFS with single-spine MNI-glutamate uncaging would locally

induce high calcium concentrations, sufficient to reach the

threshold for iLTD (and concomitant LTP). Along the same line,

the immobilization or the increased diffusion of synaptic GA-

BAARs correlated with iLTP or iLTD, respectively, consistently

with previousworkdemonstrating that sustainedcalciumentry in-

creasesGABAARmobility, whilemoderate calciumentry reduces

it (Bannai et al., 2015; Petrini et al., 2014; Petrini and Barberis,

2014; Muir et al., 2010).

We show that the expression of iLTP or iLTD is associated with

reduced or enhanced gephyrin clustering, in line with the notion

that gephyrin accumulation at the iPSD is a proxy for GABAergic

plasticity (Bannai et al., 2009; Battaglia et al., 2018; Flores et al.,

2015; Tyagarajan et al., 2011; Villa et al., 2016). However, it must

be stressed that given the rich diversity of GABAergic synaptic

proteins, both the involvement of gephyrin and the mechanisms

of plasticity observed here could vary at specific GABAergic syn-

apse subtypes (Chiu et al., 2019; Fritschy et al., 2012; Barberis,

2019; Chiu et al., 2019; Panzanelli et al., 2011; Tyagarajan and

Fritschy, 2014).

The main finding of our study—that excitatory plasticity at an

individual spine can affect neighboring GABAergic synapses—

closely resembles the paradigms of glutamatergic heterosynap-

tic plasticity, where the induction of plasticity at spines can

modulate the synaptic strength of unstimulated neighboring

spines (Chater and Goda, 2021). We propose that sustained

local calcium concentration at individual spinesmay activate cal-

pain in the spine and/or the parent dendrite. In turn, calpain could

promote the expression of local iLTD through the proteolysis of

gephyrin and the consequent destabilization of the iPSD (Costa

et al., 2016; Tyagarajan et al., 2013).

Such a short-range crosstalkmechanism involving biochemical

signaling is analogous to what is observed in several forms of het-

erosynapticglutamatergicplasticity. For instance, thepotentiation

of an individual spine can facilitate LTP induction at neighboring

spines through the diffusion of h-Ras, RhoA, and Rac1 (Harvey

et al., 2008; Hedrick et al., 2016; Murakoshi et al., 2011), while a

Ras-ERK pathway is responsible for the increase in AMPA recep-

tor exocytosis near a potentiated spine (Patterson et al., 2010).

Similarly, the Hebbian potentiation of a spine in visual cortex (V1)

neurons in vivo achieved by pairing visual stimuli with optogenetic

activation leads to thedepressionofneighboringspines,mediated

byArcexpression (El-Boustani etal., 2018). Inaddition, calcineurin

mediates the shrinkage of unstimulated spines located near mul-

tiple potentiated spines (Oh et al., 2015). Interestingly,many forms

of heterosynaptic plasticity occur within 3–10 mm (Harvey and

Svoboda, 2007; Hedrick et al., 2016; Murakoshi et al., 2011; Oh

et al., 2015; Patterson et al., 2010), a distance comparable to

that in our synaptic crosstalk, where the local iLTD occurs at

GABAergic synapses within 3–4 mm of the potentiated spine.

The coordinated plasticity of excitatory and inhibitory synap-

ses has been tackled previously by investigating populations of
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both glutamatergic and GABAergic synapses. In visual cortex

pyramidal neurons in vivo following monocular deprivation,

analyzing the dynamics of spines and GABAergic synapses

over a timescale of days has shown that plastic changes are

clustered in dendritic sub-regions of �10 mm (Chen et al.,

2012). More recently, Field et al. (2020) applied spike time-

dependent plasticity protocols to induce homosynaptic plas-

ticity at multiple synaptic inputs and analyzed the synaptic

plasticity changes at unstimulated inputs. Interestingly, hetero-

synaptic plasticity, mediated by calcium-induced calcium

release, efficiently normalized the excitation-to-inhibition (E/I)

balance on a timescale of minutes through the coordinated

plasticity of glutamatergic and GABAergic synaptic inputs.

Our study reveals the spatial rules of heterosynaptic inhibitory

plasticity, thus providing essential knowledge for an over-

arching mechanistic framework for the fine-scale topology of

dendritic GABAergic synaptic remodeling in response to the

expression of glutamatergic homosynaptic plasticity.

We show that non-Hebbian and Hebbian stimulations oppo-

sitely regulate synaptic excitation and inhibition. This result could

appear to contrast with a previous study showing that in principle

neurons in layer 2/3 of the visual cortex, glutamatergic and

GABAergic inputs from PV+ interneurons are remarkably

balanced (Xue et al., 2014). However, in ourmodel, local synaptic

E/I imbalance could still be equalized if considering larger por-

tions of dendrites or the whole neuron, where equilibrium among

the aforementioned opposite plasticity domains could be

reached. It also has to be underscored that we studied a subset

of glutamatergic and GABAergic synapses located in proximal

dendritic regions of cultured hippocampal neuron and DG GCs

in hippocampal slices. It is likely that GABAergic inputs located

in different regions of the axodendritic axis could show different

heterosynaptic plasticity. This might be due to the different rela-

tive distancesbetweenglutamatergic andGABAergic inputs (Ias-

coneet al., 2020;Megı́as et al., 2001) or to the intrinsic plasticity of

GABAergic synapses formed by specific sub-types of interneu-

rons (Chiu et al., 2018;Heet al., 2015;Udakis et al., 2020). In addi-

tion, in the present study, we characterize glutamatergic and

GABAergic plasticity only in response to postsynaptic LFS com-

bined with glutamate uncaging. For instance, differently from our

paradigm, theta burst stimulations (TBS) increase both glutama-

tergic andGABAergic synapses (Bourne andHarris, 2011; Flores

et al., 2015). Recently, an elegant study exploiting optical control

of a5-containing GABAARs demonstrated that in hippocampus

Schaffer collaterals, the induction of glutamatergic LTP by TBS

protocols determined the inclusion of a5-containing GABAARs

in the GABAergic PSD, thereby potentiating inhibitory responses

(Davenport et al., 2021). These data indicate that diverse stimula-

tion paradigms express specific types of coordinated glutama-

tergic and GABAergic plasticity.

The heterosynaptic crosstalk characterized here occurs within

minutes after the induction of homosynaptic plasticity, and thus

likely involves protein redistribution upon biochemical signaling.

However, at longer timescales relative to synaptic crosstalk, the

synaptic tag and capture theory posits that the inclusion of newly

synthesized plasticity-related proteins at tagged synapses stabi-

lizes local synaptic plasticity (Frey andMorris, 1997; Hedrick and

Yasuda, 2017; Redondo and Morris, 2011). Thus, the early stage
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plasticity modifications we observe in our paradigm could sub-

sequently allow the capture of plasticity-related proteins at

both excitatory and inhibitory synapses. In this scenario, it would

be interesting to clarify whether the local iLTD results from the

competition between glutamatergic and GABAergic synapses

for the same set of newly synthesized plasticity-related proteins

or whether two different sets of proteins selectively stabilize LTP

and local iLTD. In vivo studies in visual cortex have shown that

over several days, GABAergic dendritic synapses can be

frequently formed and eliminated in the same location, leading

to a new definition of inhibitory synaptic plasticity that relies on

substantial, dynamic rearrangements of GABAergic synapses

(Chen et al., 2012; Villa et al., 2016). In light of this perspective,

it will be important to establish how the synaptic interplay shown

heremodulates the rate of insertion or elimination of both the glu-

tamatergic andGABAergic spines involved in local plasticity over

the long term.

At glutamatergic synapses, the aforementioned mechanisms

of synaptic crosstalk promote the convergence of clustered in-

puts onto specific dendritic sub-regions (Kleindienst et al.,

2011; Losonczy et al., 2008;Makino andMalinow, 2011; Takaha-

shi et al., 2012; Zhang et al., 2015), a configuration that is impor-

tant for the non-linear integration of synaptic signals and the gen-

eration of dendritic spikes (Grienberger et al., 2015; Häusser and

Mel, 2003; Poirazi andMel, 2001; Polsky et al., 2004). Such com-

plex dendritic excitability enhances neuronal computational po-

wer and information storage (Govindarajan et al., 2011; Lavzin

et al., 2012; Wilson et al., 2016; Xu et al., 2012). In addition to glu-

tamatergic signaling, GABAergic synapses play an important

role in dendritic computation (Cazé et al., 2014; Tran-Van-Minh

et al., 2015). Since the local activation of dendritic GABAA has

been shown to downregulate neighboring spines (Hayama

et al., 2013), active GABAergic synapses might prevent the for-

mation of clusters of potentiated spines. Thus, the reduction of

inhibition of nearby potentiated spines that we show in the pre-

sent study could represent a key event that reshapes the synap-

tic ensemble to meet new computation needs.

The synaptic E/I balance has been shown to be altered in

neurological disorders (Antoine et al., 2019; Lewis et al., 2012;

Rubenstein and Merzenich, 2003). Our study converges toward

the hypothesis that E/I could be selectively disrupted in specific

dendritic microdomains, even where the overall E/I balance is

preserved at the level of the whole neuron. An alteration of heter-

osynaptic plasticity of glutamatergic andGABAergic synapses in

microscale compartmentswould bewell-poised to produce sub-

tle disruptionsof dendritic integration andnetwork function. Such

mechanisms are expected to be particularly effective in view of

the high degree of compartmentalization of both excitatory and

inhibitory synaptic inputs in dendritic sub-regions of pyramidal

neurons (Klausberger and Somogyi, 2008; Spruston, 2008).

Limitations of the study
In SPT experiments, individual surface GABAA receptors were

tethered to a QD through the binding to a specific primary anti-

body. Since at the neuronal surface the extrasynaptic receptors

markedly outnumber the synaptic ones, it might be objected that

the aforementioned procedure would lead to the preferential la-

beling of extrasynaptic receptors rather than synaptic ones.
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However, since receptors constantly diffuse between synaptic

and extrasynaptic compartments, receptors initially labeled in

the extrasynaptic area will eventually become synaptic. In this

regard, we cannot exclude that such receptors might represent

a specific sub-population of synaptic receptors.

Another possible limitation of the SPT technique is that the

QD-antibody complex could affect the receptor trajectories

due to steric hindrance in specific neuronal compartments ex-

hibiting spatial constrains such as, e.g., the synaptic cleft (but

see Groc et al., 2007).

We show that the plasticity of excitatory synapses can affect

neighboring dendritic inhibitory synapses. However, we did not

take into consideration the diversity of GABAergic synapses.

Indeed, GABAergic synapses formed by the several sub-classes

of inhibitory interneurons might show substantially different

interplay rules.
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Häusser, M., and Mel, B. (2003). Dendrites: bug or feature? Curr. Opin. Neuro-

biol. 13, 372–383.

Hayama, T., Noguchi, J., Watanabe, S., Takahashi, N., Hayashi-Takagi, A., El-

lis-Davies, G.C.R., Matsuzaki, M., and Kasai, H. (2013). GABA promotes the

competitive selection of dendritic spines by controlling local Ca2+ signaling.

Nat. Neurosci. 16, 1409–1416.

He, Q., Duguid, I., Clark, B., Panzanelli, P., Patel, B., Thomas, P., Fritschy,

J.M., and Smart, T.G. (2015). Interneuron- and GABAA receptor-specific inhib-

itory synaptic plasticity in cerebellar Purkinje cells. Nat. Commun. 6, 1–13.

Hedrick, N.G., and Yasuda, R. (2017). Regulation of Rho GTPase proteins dur-

ing spine structural plasticity for the control of local dendritic plasticity. Curr.

Opin. Neurobiol. 45, 193–201.

Hedrick, N.G., Harward, S.C., Hall, C.E., Murakoshi, H., McNamara, J.O., and

Yasuda, R. (2016). Rho GTPase complementation underlies BDNF-dependent

homo- and heterosynaptic plasticity. Nature 538, 104–108.

Iascone, D.M., Li, Y., S€umb€ul, U., Doron, M., Chen, H., Andreu, V., Goudy, F.,

Blockus, H., Abbott, L.F., Segev, I., et al. (2020). Whole-neuron synaptic map-

ping reveals spatially precise excitatory/inhibitory balance limiting dendritic

and somatic spiking. Neuron 106, 566–578.

Ibata, K., Sun, Q., and Turrigiano, G.G. (2008). Rapid synaptic scaling induced

by changes in postsynaptic firing. Neuron 57, 819–826.

Kaiser, K.M.M., L€ubke, J., Zilberter, Y., and Sakmann, B. (2004). Postsynaptic

calcium influx at single synaptic contacts between pyramidal neurons and bi-

tufted interneurons in Layer 2/3 of Rat neocortex is enhanced by backpropa-

gating action potentials. J. Neurosci. 24, 1319–1329.

Kano, M., Kano, M., Fukunaga, K., and Konnerth, A. (1996). Ca2+-induced

rebound potentiation of g-aminobutyric acid-mediated currents requires acti-

vation of Ca2+/calmodulin-dependent kinase II. Proc. Natl. Acad. Sci. U. S. A.

93, 13351–13356.

Klausberger, T., and Somogyi, P. (2008). Neuronal diversity and temporal dy-

namics: the unity of hippocampal circuit operations. Science 321, 53–57.

Kleindienst, T., Winnubst, J., Roth-Alpermann, C., Bonhoeffer, T., and Loh-

mann, C. (2011). Activity-dependent clustering of functional synaptic inputs

on developing hippocampal dendrites. Neuron 72, 1012–1024.

Kurotani, T., Yamada, K., Yoshimura, Y., Crair, M.C., and Komatsu, Y. (2008).

State-dependent bidirectional modification of somatic inhibition in neocortical

pyramidal cells. Neuron 57, 905–916.

Lavzin, M., Rapoport, S., Polsky, A., Garion, L., and Schiller, J. (2012).

Nonlinear dendritic processing determines angular tuning of barrel cortex neu-

rons in vivo. Nature 490, 397–401.

Lewis, D.A., Curley, A.A., Glausier, J.R., and Volk, D.W. (2012). Cortical parval-

bumin interneurons and cognitive dysfunction in schizophrenia. Trends Neuro-

sci. 35, 57–67.

Lisman, J.E. (2001). Three Ca2+ levels affect plasticity differently: the LTP

zone, the LTD zone and no man’s land. J. Physiol. 532, 285.

Losonczy, A., Makara, J.K., and Magee, J.C. (2008). Compartmentalized den-

dritic plasticity and input feature storage in neurons. Nature 452, 436–441.

Lourenço, J., Pacioni, S., Rebola, N., van Woerden, G.M., Marinelli, S., DiGre-

gorio, D., and Bacci, A. (2014). Non-associative potentiation of perisomatic in-

hibition alters the temporal coding of neocortical layer 5 pyramidal neurons.

PLoS Biol 12, 1–19.

de Luca, E., Ravasenga, T., Petrini, E.M., Polenghi, A., Nieus, T., Guazzi, S.,

and Barberis, A. (2017). Inter-synaptic lateral diffusion of GABAA receptors

shapes inhibitory synaptic currents. Neuron 95, 63–69.

http://refhub.elsevier.com/S2211-1247(22)00063-8/sref14
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref14
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref14
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref15
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref15
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref15
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref16
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref16
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref16
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref17
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref18
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref18
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref18
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref19
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref19
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref19
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref19
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref20
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref20
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref20
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref20
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref21
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref21
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref21
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref21
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref22
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref22
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref23
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref23
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref23
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref24
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref24
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref24
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref25
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref25
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref25
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref26
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref26
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref26
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref27
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref27
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref28
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref28
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref28
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref29
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref29
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref29
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref30
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref30
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref31
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref31
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref31
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref31
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref32
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref32
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref32
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref32
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref33
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref33
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref33
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref34
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref34
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref34
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref35
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref35
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref36
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref36
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref36
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref37
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref37
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref38
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref38
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref38
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref38
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref39
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref39
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref39
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref39
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref40
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref40
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref40
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref41
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref41
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref41
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref42
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref42
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref42
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref42
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref42
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref42
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref43
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref43
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref44
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref44
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref44
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref44
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref44
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref45
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref45
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref45
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref45
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref46
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref46
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref47
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref47
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref47
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref48
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref48
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref48
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref49
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref49
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref49
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref50
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref50
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref50
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref51
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref51
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref52
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref52
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref53
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref53
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref53
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref53
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref54
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref54
http://refhub.elsevier.com/S2211-1247(22)00063-8/sref54


Article
ll

OPEN ACCESS
Magee, J.C., Christofi, G., Miyakawa, H., Christie, B., Lasser-Ross, N., and

Johnston, D. (1995). Subthreshold synaptic activation of voltage-gated Ca2+

channels mediates a localized Ca2+ influx into the dendrites of hippocampal

pyramidal neurons. J. Neurophysiol. 74, 1335–1342.

Makino, H., and Malinow, R. (2011). Compartmentalized versus global synap-

tic plasticity on dendrites controlled by experience. Neuron 72, 1001–1011.

Malenka, R.C., and Bear, M.F. (2004). LTP and LTD: an embarrassment of

riches. Neuron 44, 5–21.

Marsden, K.C., Beattie, J.B., Friedenthal, J., and Carroll, R.C. (2007). NMDA

receptor activation potentiates inhibitory transmission through GABA recep-

tor-associated protein-dependent exocytosis of GABAA receptors.

J. Neurosci. 27, 14326–14337.

Marsden, K.C., Shemesh, A., Bayer, K.U., and Carroll, R.C. (2010). Selective

translocation of Ca2+/calmodulin protein kinase II (CaMKII ) to inhibitory syn-

apses. Proc. Natl. Acad. Sci. 107, 20559–20564.

Matsuzaki, M., Honkura, N., Ellis-Davies, G.C.R., and Kasai, H. (2004). Struc-

tural basis of long-term potentiation in single dendritic spines. Nature 429,

761–766.

McClure, C., Cole, K.L.H., Wulff, P., Klugmann, M., and Murray, A.J. (2011).

Production and titering of recombinant adeno-associated viral vectors.

J. Vis. Exp. 57, e3348.

Megı́as, M., Emri, Z., Freund, T.F., and Gulyás, A.I. (2001). Total number and

distribution of inhibitory and excitatory synapses on hippocampal CA1 pyrami-

dal cells. Neuroscience 102, 527–540.

Minta, A., Kao, J.P.Y., and Tsien, R.Y. (1989). Fluorescent indicators for cyto-

solic calcium based on rhodamine and fluorescein chromophores. J. Biol.

Chem. 264, 8171–8178.

Muir, J., Arancibia-Carcamo, I.L., MacAskill, A.F., Smith, K.R., Griffin, L.D., and

Kittler, J.T. (2010). NMDA receptors regulate GABAA receptor lateral mobility

and clustering at inhibitory synapses through serine 327 on the 2 subunit. Proc.

Natl. Acad. Sci. 107, 16679–16684.

Mulkey, R.M., Endo, S., Shenolikar, S., and Malenka, R.C. (1994). Involvement

of a calcineurin/inhibitor-1 phosphatase cascade in hippocampal long-term

depression. Nature 369, 486–488.

Murakoshi, H., Wang, H., and Yasuda, R. (2011). Local, persistent activation of

RhoGTPases during plasticity of single dendritic spines. Nature 472, 100–104.

Nicoll, R.A., and Roche, K.W. (2013). Long-term potentiation: peeling the on-

ion. Neuropharmacology 74, 18–22.

Nusser, Z., Sieghart,W., Benke, D., Fritschy, J.M., and Somogyi, P. (1996). Dif-

ferential synaptic localization of twomajor g-aminobutyric acid type A receptor

a subunits on hippocampal pyramidal cells. Proc. Natl. Acad. Sci. U. S. A. 93,

11939–11944.

Nusser, Z., Hájos, N., Somogyi, P., and Mody, I. (1998). Increased number of

synaptic GABAA receptors underlies potentiation at hippocampal inhibitory

synapses. Nature 395, 172–177.

Oh,W.C., Parajuli, L.K., and Zito, K. (2015). Heterosynaptic structural plasticity

on local dendritic segments of hippocampal CA1 neurons. Cell Rep 10,

162–169.

Panzanelli, P., Gunn, B.G., Schlatter, M.C., Benke, D., Tyagarajan, S.K.,

Scheiffele, P., Belelli, D., Lambert, J.J., Rudolph, U., and Fritschy, J.M.

(2011). Distinct mechanisms regulate GABA A receptor and gephyrin clus-

tering at perisomatic and axo-axonic synapses on CA1 pyramidal cells.

J. Physiol. 589, 4959–4980.

Patterson, M.A., Szatmari, E.M., and Yasuda, R. (2010). AMPA receptors are

exocytosed in stimulated spines and adjacent dendrites in a Ras-ERK-depen-

dent manner during long-term potentiation. Proc. Natl. Acad. Sci. 107, 15951–

15956.

Pennacchietti, F., Vascon, S., Nieus, T., Rosillo, C., Das, S., Tyagarajan, S.K.,

Diaspro, A., Del Bue, A., Petrini, E.M., Barberis, A., et al. (2017). Nanoscalemo-

lecular reorganization of the inhibitory postsynaptic density is a determinant of

GABAergic synaptic potentiation. J. Neurosci. 37, 1747–1756.

Petrini, E.M., and Barberis, A. (2014). Diffusion dynamics of synaptic mole-

cules during inhibitory postsynaptic plasticity. Front. Cell. Neurosci. 8, 300.
Petrini, E.M., Lu, J., Cognet, L., Lounis, B., Ehlers, M.D., and Choquet, D.

(2009). Endocytic trafficking and recycling maintain a pool of mobile surface

AMPA receptors required for synaptic potentiation. Neuron 63, 92–105.

Petrini, E.M., Nieus, T., Ravasenga, T., Succol, F., Guazzi, S., Benfenati, F.,

and Barberis, A. (2011). Influence of GABAAR monoliganded states on

GABAergic responses. J. Neurosci. 31, 1752–1761.

Petrini, E.M., Ravasenga, T., Hausrat, T.J., Iurilli, G., Olcese, U., Racine, V., Si-

barita, J.B., Jacob, T.C., Moss, S.J., Benfenati, F., et al. (2014). Synaptic

recruitment of gephyrin regulates surface GABA A receptor dynamics for the

expression of inhibitory LTP. Nat. Commun. 5, 3921.

Poirazi, P., and Mel, B.W. (2001). Impact of active dendrites and structural

plasticity on the memory capacity of neural tissue. Neuron 29, 779–796.

Polsky, A., Mel, B.W., and Schiller, J. (2004). Computational subunits in thin

dendrites of pyramidal cells. Nat. Neurosci. 7, 621–627.

Rannals, M.D., and Kapur, J. (2011). Homeostatic strengthening of inhibitory

synapses is mediated by the accumulation of GABA A receptors.

J. Neurosci. 31, 17701–17712.

Redondo, R.L., andMorris, R.G.M. (2011). Making memories last: the synaptic

tagging and capture hypothesis. Nat. Rev. Neurosci. 12, 17–30.

Rubenstein, J.L.R., and Merzenich, M.M. (2003). Model of autism: increased

ratio of excitation/inhibition in key neural systems. Genes, Brain Behav. 2,

255–267.

Sabatini, B.L., Oertner, T.G., and Svoboda, K. (2002). The life cycle of Ca2+

ions in dendritic spines. Neuron 33, 439–452.

Saransaari, P., and Oja, S.S. (2006). Modulation of GABA release by second

messenger substances and NO in mouse brain stem slices under normal

and ischemic conditions. Neurochem. Res. 31, 1317–1325.

Spruston, N. (2008). Pyramidal neurons: dendritic structure and synaptic inte-

gration. Nat. Rev. Neurosci. 9, 206–221.

Takahashi, N., Kitamura, K., Matsuo, N., Mayford, M., Kano, M., Matsuki, N.,

and Ikegaya, Y. (2012). Locally synchronized synaptic inputs. Science 335,

353–356.

Tamás, G., Lörincz, A., Simon, A., and Szabadics, J. (2003). Identified sources

and targets of slow inhibition in the neocortex. Science 299, 1902–1905.
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pcDNA3 Homer1c::GFP Petrini et al., 2009 N/A
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Barberis (andrea.barberis@iit.it).

Materials availability
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Data and code availability

d Microscopy, electrophysiology and SPT data will be shared by the lead contact upon request.

d This paper does not report original code

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
All the experiments were carried out in accordance with the laws of Italian Ministry of Health and the guidelines established by the Eu-

ropeanCommunities Council (Directive 2010/63/EU, 2010). Parvalbumin-tdTomato (PV-tdTomato) micewere obtained at the IIT animal

facility by breeding Ai9 micewith PVCREmice. Ai9 (B6.Cg-Gt(ROSA)26Sortm9(CAGtdTomato) Hze/J - Jackson Laboratory, USA) mice

carrying a loxP-flanked STOP cassette, that prevents the transcription of a CAG promoter-driven red fluorescent protein variant

(tdTomato) were used as a Cre reporter strain. PVCRE (B6; 129P2-Pvalbtm1(cre)Arbr/J - Jackson Laboratory, USA) mice express the

Cre recombinase in Parvalbumin-expressing interneurons without disrupting the endogenous Parvalbumin locus (Pvalb) expression.

The resulting offspring PV-td tomato has the STOP cassette removed in Parvalbumin-potitive interneurons and the consequent expres-

sion of tdTomato. Mice of either sex were used at P1-P3 for preparing primary neuronal cultures and at P21-P28 to obtain acute slices.

Primary neuronal cultures
Cultures of hippocampal neurons were prepared from P1-P3 Parvalbumin-tdTomato mice of either sex using a previously published

protocol (de Luca et al., 2017) modified from (Baudouin et al., 2012). Briefly, hippocampi were dissected, quickly sliced and digested

with trypsin in the presence of DNAase,mechanically triturated, centrifuged at 80g and re-suspended. Neuronswere plated at a density

of 903 103 cells/mL on poly-D-lysine (0.1 mg/mL) pre-coated coverslips. Cultures were kept in serum-free Neurobasal-A medium (In-

vitrogen, Italy) supplemented with Glutamax (Invitrogen, Italy) 1%, B-27 (Invitrogen, Italy) 2% and Gentamycin 5 mg/mL at 37�C in 5%

CO2 up to 30 days in vitro (DIV). During this period, half of themediumwas changedweekly. Experiments were conducted at DIV 15-27.

Acute slices preparation
Horizontal hippocampal slices (300 mm thick) were prepared from P21-P28 mice of either sex, anesthetized using isoflurane and

sacrificed by decapitation. Brains were extracted and submerged in ice-cold cutting solution containing: 26 mM NaHCO3, 2 mM
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KCl, 1.3 mMNaH2PO4, 20mMglucose, 200mM sucrose, 0.4 mMCaCl2, and 8mMMgCl2 (equilibrated with 95%O2 and 5%CO2).

Slices were cut from either hemisphere in ice-cold cutting solution using a vibratome (VT1000S, Leica Microsystems), incubated in a

maintenance chamber at �35�C for 20-30 min in the cutting solution, and subsequently stored at room temperature in artificial ce-

rebrospinal fluid (ACSF). The ACSF solution contained: 125 mM NaCl, 25 mM NaHCO3, 2.5 mM KCl, 1.25 mM NaH2PO4, glucose

25 mM, 2 mM CaCl2, and 1 mM MgCl2, equilibrated at 95% O2 and 5% CO2 for at least 40 minutes.

METHOD DETAILS

Plasmid constructs
Enhanced GFP (eGFP) was expressed from the pEGFP-N1 (Clontech). Homer1c-DsRed and Homer1c-GFP plasmids encoding for

Homer1c fused with DsRed and GFP at the N terminus, respectively were kindly provided by Dr. D. Choquet (Petrini et al., 2009).

EGFP-gephyrin was used previously (Pennacchietti et al., 2017). FingR-gephyrin-GFP (received from Dr C. Duarte) was expressed

from pCAG_GPHN.FingR-eGFP-CCR5TC, a plasmid encoding for FingRs (Fibronectin intrabodies generated with mRNA display),

that bind endogenous gephyrin with high affinity and allow the visualization of gephyrin clusters using GFP as a reporter (Gross

et al., 2013). GABAA receptor a1 subunit carrying the Hemagglutinin (HA) tag between the IV and V amino acid of the mature protein

has been described previously (de Luca et al., 2017). The pAAV1/2-hSyn-Teal-gephyrin-WPRE plasmid has been generated by sub-

cloning the DNA sequence encoding the Teal-gephyrin fusion protein from the FU-dio Teal-gephyrin–W plasmid (Addgene #73918)

into the AAV-hSyn-IRES-EGFP between NheI e EcoRV sites, thus eliminating both IRES and GFP. The construct was verified by DNA

sequencing.

Transfection and synapse visualization
Neurons were transfected with either using Effectene (Qiagen, Germany) at 6-7 days in vitro (DIV) or Lipofectamine 2000 (Thermo-

fisher) 24/72 hours before the experiments, following the companies’ protocols. All experiments were performed from 14 DIV to

21 DIV. In most experiments, excitatory and inhibitory synapses were visualized by transfecting Homer1c-DsRed and gephyrin-

EGFP, respectively. GABAergic synapses were also identified by live immunolabelling of the presynaptic marker vGAT using the

anti-vGAT-Oyster550 antibody (Synaptic Systems, Germany) which is directed against the luminal part of the protein, diluted in cul-

ture medium and incubated for 30 min at 37�C.

Viral preparation
Recombinant Adeno-Associated Virus, Serotypes 1,2 (rAAV1/2) expressing the fusion protein Teal-Gephyrin (AAV1/2-hSyn-Teal-Ge-

phyrin-WPRE)used in this studywereproducedasdescribedpreviously (McClureet al., 2011).Briefly, adherentHEK293Tcellsgrown in

15cmplateswere transfectedbyCalcium-Phosphatemeanswith fourplasmidscontaining theadenovirushelperproteins, theAAVRep

and Cap genes 1 and 2, and the ITR-flanked transgene expression cassette. Three days after transfection, cells were harvested, lysed

by two freezing-thawing cycles, and treatedwith benzonase (Merck-Millipore). Viral particles were then purified using heparin columns

(Ge HealthCare Life Science). Full capsids were collected. The final product was formulated in sterile phosphate buffered saline and

stored at �80�C. Titers of the AAV vector stocks were determined by direct qPCR amplification.

Viral injection
Bilateral intracerebroventricular injections of AAV1/2-hSyn-Teal-Gephyrin-WPRE were performed on pups of either sex at postnatal

day 1. Pups were cryoanesthetized for five minutes before injecting 3 mL of AAV and 0.15 mL of the tracer Fast Green FCF (Sigma-

Aldrich) in each hemisphere with a Hamilton syringe equippedwith a 33 ga needle. The tracer was used to visualize the injection in the

ventriculum. The site of injection was just posterior to bregma, 2 mm lateral to the midline at 3 mm depth. During a following recovery

period, pups were placed in a box under a heat lamp for at least 15 minutes before being relocated in their cages and kept with the

mother until weaned.

Antibodies and drugs
Anti-vGAT-Oyster 550antibodywaspurchased fromSynapticSystem (Goettingen,Germany). Anti-HAantibodywas fromRoche (Milan,

Italy). BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N0,N0-tetraacetic acid), L-NAME (L-NG-Nitroarginine methyl ester), Nifedipine (1,4-

Dihydro-2,6-dimethyl-4-(2-nitrophenyl)-3,5-pyridinedicarboxylic acid dimethylester), and Bicuculline were purchased from Sigma

(Milan, Italy). KN-93andKN-92wereacquired fromMilliporeMerck (Darmstadt,Germany). APV (D-(�)-2-Amino-5-phosphonopentanoic

acid),CNQX(6-Cyano-7-nitroquinoxaline-2,3-dione),u-conotoxinMVIIC,u-conotoxinGVIA,DPNI-caged-GABA(1-(4-Aminobutanoyl)-

4-[1,3-bis(dihydroxyphosphoryloxy)propan-2-yloxy]-7-nitroindoline) and MNI-caged-L-glutamate ((S)-a-amino-2,3-dihydro-4-me-

thoxy-7-nitro-d-oxo-1H-indole-1-pentanoic acid) were purchased from Tocris (Bristol, UK). Rhod-2 tripotassium salt was purchased

from AAT Bioquest (Sunnyvale, CA, USA).

Electrophysiological recordings in primary neuronal cultures
Inhibitory and excitatory postsynaptic currents (IPSCs and EPSCs, respectively) were recorded at room temperature in thewhole-cell

configuration of the patch-clamp technique using the 700B Axopatch amplifier (Molecular Devices, Sunnyvale, CA) and a Nikon
Cell Reports 38, 110347, February 8, 2022 e3
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Eclipse Ti microscope. External recording solution contained (in mM): 145 NaCl, 2 KCl, 2 CaCl2, 2 MgCl2, 10 glucose, and 10 HEPES,

pH 7.4. Patch pipettes, pulled from borosilicate glass capillaries (Warner Instruments, LLC, Hamden, USA) had a 4 to 5MU resistance

when filled with intracellular solution. In all experiments with the exception of paired-patch electrophysiological recordings, the intra-

cellular solution contained (in mM): 10 KGluconate, 125 KCl, 1 EGTA, 10 HEPES, 5 Sucrose, 4 MgATP (300mOsm and pH 7.2 with

KOH). Paired-patch recordings were performed with an intracellular solution containing (in mM): 130 KGluconate, 20 KCl, 1 EGTA, 10

HEPES, 5 Sucrose, 4 MgATP (300mOsm and pH 7.2 with KOH). In a subset of paired-patch recordings 20 KCl was replaced with 5

KCl. Since the use of these two intracellular solutions gave comparable results, data were merged. In the paired-patch experiments

using BAPTA, 1mM EGTA was replaced with 11mM BAPTA in the presence of 120 mM KGluconate. Currents were recorded using

Clampex 10.6 software (Molecular Devices, Sunnyvale, CA). The stability of the patch was checked by monitoring the input resis-

tance during the experiments to exclude cells exhibiting more than 15% changes from the analysis. Currents were sampled at 20

KHz and digitally filtered at 3 KHz using the 700B Axopatch amplifier (Molecular Devices, Sunnyvale, CA). IPSCs and EPSCs

were analyzed with Clampfit 10.0 (Molecular Devices, Sunnyvale, CA).

Paired-patch experiments performed with the same electrophysiology rig. A small current was injected into presynaptic neurons in

the current clamp mode to keep their membrane potential close to �65 mV. Action potentials, evoked in the presynaptic neuron by

injecting depolarizing current pulses (0.8-1 nA for 5-7 ms) at a frequency of 0.1 Hz, elicited IPSCs or EPSCs that were recorded from

the postsynaptic neuron voltage-clamped at�65mV.When the paired-patch involved a presynaptic PV + interneuron and a putative

excitatory hippocampal neuron, GABAergic IPSCs were pharmacologically isolated by the continuous perfusion of CNQX (10 mM) to

prevent glutamatergic synaptic transmission. When the presynaptic and postsynaptic neurons were two putative excitatory hippo-

campal neurons, EPSCs were isolated by the continuous perfusion of Bicuculline (10 mM) to prevent GABAergic transmission. IPSCs

or EPSCs were continuously acquired from 5 min before to 30 min after the delivery of the electrical plasticity-inducing protocol (see

below). IPSCs and EPSCs data were binned in 1 min intervals and normalized to the mean of the baseline amplitude. Data are ex-

pressed as normalized values after/before. In the text, we report stimulation-induced average changes in current amplitude between

25 and 30 min after the protocol and expressed as fold-change of the baseline.

Electrophysiological recordings in acute hippocampal slices
Electrophysiological experiments in acute hippocampal slices were performed using a 700B Axopatch amplifier (Molecular Devices,

Sunnyvale, CA) connected to a confocal Leica SP5microscope equipped with a Photonics VX55 video camera. The same setup also

allowed two-photon MNI-glutamate uncaging to elicit uEPSCs and live confocal imaging of Teal-gephyrin. Dentate gyrus granule

cells (GCs) were patched with borosilicate glass capillaries (Warner Instruments, LLC, Hamden, USA) filled with intracellular solution

containing: 135 mM K-Gluconate, 5 mM KCl, 2 mM NaCl, 10 Na2P-creatine, 0.1 mM EGTA, 10 mM HEPES, 5 mMMg-ATP, 0.4 mM

Na-GTP. Pipettes filled with the intracellular solution showed a resistance of 3-4.5 MU. Experiments were performed at room tem-

perature. During the experiment, slices were placed in the recording chamber and superfused with ACSF (see acute slice prepara-

tion). Uncaging currents (see also Neurotransmitter uncaging and Plasticity induction) were recorded before and after the induction of

plasticity using Clampex 10.6 software (Molecular Devices, Sunnyvale, CA). The stability of the patch was checked bymonitoring the

input resistance during the experiments to exclude cells exhibitingmore than 15%changes from the analysis. Currents were sampled

at 20 KHz and digitally filtered at 3 KHz using the 700B Axopatch amplifier (Molecular Devices, Sunnyvale, CA). The amplitude of

uEPSCs was analyzed with Clampfit 10.0 (Molecular Devices, Sunnyvale, CA).

Neurotransmitter uncaging
Neurotransmitter uncaging allows to exogenously elicit uncaging IPSCs (uIPSCs) or EPSCs (uEPSCs) with single-synapse specificity

and to keep constant the trial-to-trial amount of neurotransmitter delivered to the postsynaptic element. Inhibitory and excitatory syn-

apses were identified as described above (synapse visualization). In uncaging experiments in neuronal cultures, GABA and Gluta-

mate were photoreleased from DPNI-GABA and MNI-glutamate after illumination by a 378 nm diode laser (Cube 378, 16 mW,

Coherent Italia, Italy). MNI-glutamate (5 mM) or DPNI-GABA (1 mM) were dissolved in extracellular recording solution and locally

applied near the synapses through a pulled glass capillary (2-4 mm tip diameter) placed at 10-30 mm in the x axis and at 5-10 mm

in the z-axis from the region of interest (ROI), using a pressure-based perfusion system (5/10 psi) (Picospritzer, Parker, USA).

Such distancewas constant in all the experiments to ensure reasonably uniform caged compound concentration across experiments

andminimize concentration drop. The laser beamwas focused on the sample bymeans of an Olympus Apo-plan 100X oil-immersion

objective (1.4 NA). A beam expander was placed in the optical path between the laser source and the objective in order to achieve a

complete filling of the objective pupil, a conditions that maximizes the focusing capability of the objective, thus minimizing the spot

size on the sample. The measured point spread function (PSF) had a lateral dimension of 487 ± 55 nm (FWHM, n = 6). The laser beam

was steered in the field of view by using a galvanometric mirrors-based pointing system able to illuminate specific regions of interest

outlined around glutamatergic and GABAergic synapses defined by Homer1c-DsRed and EGFP-gephyrin (UGA32, Rapp OptoElec-

tronics, Hamburg, Germany). Synchronization of optical uncaging and electrophysiological recordings was controlled with the

UGA32 software interfaced with the Clampex 10.0 software (Molecular Devices, Sunnyvale, CA, USA). Both MNI-glutamate and

DPNI-GABA uncaging currents (uEPSCs and uIPSCs, respectively) were elicited by 500-1000 ms laser pulses with a power intensity

of 80-100 mWat the exit of the objective. In double-uncaging experiments, the same uncaging settings were applied, with MNI-gluta-

mate and DPNI-GABA loaded in two glass capillaries independently positioned in the ROIs and independently controlled by the
e4 Cell Reports 38, 110347, February 8, 2022
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aforementioned pressure-based perfusion system. In SPT experiments, when neurotransmitter uncaging was induced, QD-receptor

mobility was nevermonitored, implying that QD illumination never interfered with compounds’ uncaging. The time course of uncaging

current amplitude changes upon plasticity induction was probed at 10 min intervals and quantified by normalizing the values to the

mean of the amplitude at baseline time points. In the text, we report the values of stimulation-induced average changes in current

amplitude at 27 min after the protocol expressed as fold-change of the baseline.

In uncaging experiments in acute slices, MNI-glutamate was locally pressure-applied with Picospritzer (Parker Instrumentation) at

5-10 psi. MNI-glutamate (Tocris) at 5 mM concentration was dissolved in ACSF solution and filtered with 0.22 mm syringe filters

(Merck Millipore) before being loaded into a glass pipette. The pipette was positioned �10-30 mm from the spine identified by Alexa

647 fluorescence. In slice experiments a two-photon laser source (720 nm, Chameleon, Coherent) was used for focal photolysis of

glutamate (16-20mW, 10ms). The laser illumination for eliciting individual uncaging currents (uEPSCs) was controlled by the software

Leica Application Suite X, while the delivery of uncaging train pulses (50 Hz) (for the induction of plasticity) was synchronized with the

LFS through the Digidata DAC board controlled by Clampex 10.6 software (Molecular Devices, Sunnyvale, CA, USA).

Plasticity induction
In neuronal cultures, the non-Hebbian plasticity-inducing protocol consisted of action potential (AP) trains elicited in the postsynaptic

neuron at 2 Hz for 40 seconds (low frequency stimulation, LFS) in the current clamp configuration. AP was elicited by the injection of

depolarizing current pulses (0.8-1 nA for 5-7 ms) (0.8-1 nA for 5-7 ms). Single spine LTP (for a Hebbian stimulation) was induced by

pairing the aforementioned LFS with repetitive MNI- glutamate uncaging at 4 Hz at individual spines for 40 seconds (see Neurotrans-

mitter uncaging). Through the text, this protocol has been referred to also as ‘‘LFS +MNI-glutamate uncaging’’. Experiments aimed at

identifying the contribution of i) different calcium sources ii) CaMKII role or iii) nitric oxide (NO) role in inhibitory plasticity were

performed in the same conditions described above during the bath application of APV (50 mM), L-NAME (50 mM), KN-93 (5 mM),

KN-92 (5 mM), u-conotoxin MVIIC (2 mM), u-conotoxin GVIA (3 mM) or Nifedipine (10 mM) as described in the text. In the experiments

performed to study the involvement of the calpain, neurons were preincubated with the calpain inhibitor III MDL28170 (50 mM) for

30 minutes before the delivery of the single spine LTP protocol.

In acute hippocampal slices, single-spine LTP was induced in dentate gyrus granule cells (GCs) by pairing LFS action potential

trains (2 Hz for 40 s) with repetitive two-photon MNI-glutamate uncaging (720 nm illumination wavelength, 50 Hz, 16-20 mW,

10 ms). GCs were filled with the Alexa Fluor 647 dye (20mM) (Thermo Fisher Scientific) to identify spines. The amplitude of uEPSCs

evoked at the spines (see Neurotransmitter uncaging) was measured before and 30 minutes after the induction of the single-spine

LTP protocol by using the Clampfit 10.7 software (Molecular Devices, Sunnyvale, CA).

Live-cell imaging
Hippocampal primary cultures fromPV-tdTomatomicewere transfectedwith FingR-gephyrin-GFP or EGFP-gephyrin. Sampleswere

illuminated with a LED light source (Spectra X, Lumencor) through 475/34 nm and 543/22 filters (Semrock, Italy). GFP and tdTomato

fluorescence was detected using a 520/35 nm and 593/40 nm filters respectively (Semrock, Italy). Neurons positive for GFP were

identified, patched and stimulated with the both the non-Hebbian and Hebbian electrophysiological plasticity-inducing protocol.

Neurons positive for both GFP and PV-tdTomato were excluded. Images were acquired with the digital camera Hamamatsu, EM-

CCD C9100 mounted on a wide field inverted fluorescence microscope (Nikon Eclipse Ti) equipped with an oil-immersion 60X

(1.4 NA) or with the digital camera EM-CCDPhotometric QuantEM:512SCmounted on awide field inverted fluorescencemicroscope

(Olympus IX 70) equipped with an oil immersion 100X objective (1.4 NA), for the imaging of EGFP-gephyrin or FingR-gephyrin-GFP

clusters, respectively. Acquisition and quantification of gephyrin clusters fluorescence were performed by using the MetaMorph 7.8

software (Molecular Devices).

Images of FingR-gephyrin-GFP or EGFP-gephyrin clusters fluorescencewas acquired before and after (up to 30minutes) the appli-

cation of the LFS protocol (non-Hebbian stimulation) or the LFS + MNI-glutamate uncaging protocol at individual spines (Hebbian

stimulation). Focal plane was set by the operator and maintained fixed for the duration of the experiment. Gephyrin clusters that

changed their focal plane after the delivery of the stimulation, were discarded from the analysis. The same light exposure time

was used for the acquisition of all images andwas set to avoid signal saturation. After background correction, a user-defined intensity

threshold was applied to the maximal projection of each image-stack to create a binary mask for the identification of gephyrin clus-

ters. For the analysis of gephyrin clusters, regions were created around each cluster in the binary mask after 2 pixel enlargement. As

such, we aimed at avoiding the possibility of underestimating gephyrin fluorescence over time due to the changes in the cluster size/

position after the delivery of the protocol. The fluorescence intensity of gephyrin clusters over time was normalized to that quantified

before plasticity induction. Values were corrected for the photobleaching quantified in control experiments in which the stimulation

was omitted.

Teal-gephyrin live confocal imaging experiments in acute hippocampal slices were performed using an upright confocal micro-

scope (Leica SP5) equipped with a water-immersion 25X objective (0.95 NA) and a 4X magnifier. Dentate gyrus granule cells trans-

duced with AAV1/2-hSyn-Teal-Geohyrin-WPRE were illuminated with an Argon laser light source at 458 nm and 476 nm excitation

wavelength and detected by setting a photomultiplier (PMT) in the range 495-555 nm. Alexa Fluor 647 filled into Teal-gephyrin pos-

itive GC was illuminated with a HeNe laser source (633 nm) and detected by activating a second PMT set in the 645-700 nm range.

Images of a single confocal plane of Teal-gephyrin and Alexa 647 Fluor were acquired with the same settings (line average 8, 400 Hz)
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over time, before and at different time points after the induction of the single-spine LTP protocol. These excitation and acquisition

parameters were set to avoid signal saturation andwere used for the acquisition of all the images over time. After background correc-

tion, a user-defined intensity threshold was applied to each image to create a binary mask for the identification of gephyrin clusters

and the creation of regions of interest (ROI). The fluorescence of gephyrin clusters was quantified as Teal-gephyrin fluorescence in-

tensity measured in each ROI after background correction. The fluorescence intensity of gephyrin clusters over time was normalized

to that quantified before plasticity induction. Values were corrected for the photobleaching quantified in control experiments in which

the stimulation was omitted.

Calcium imaging
Calcium imaging experiments were performed by using Rhod-2 (Minta et al., 1989). The rationale for the choice of this red shifted

rhodamine-based calcium indicator with respect to the more commonly used green-emitting indicators was to maximize the sepa-

ration between the wavelength of the laser used for neurotransmitter uncaging (378 nm) and the indicator absorption spectrum, thus

minimizing the possible photobleach of the indicator. Previous studies have shown that the positive net charge of the Rhod-2

molecule favors intracellular Rhod-2 accumulation in mitochondria (Collins et al., 2001). However, this particular Rhod-2 partitioning

between cytosol and mitochondria has been mainly observed with the cell permeant form of Rhod-2 (Rhod-2 AM). In contrast, the

cell-impermeant form has been used to record bona fide cytosolic calcium in electrophysiological studies (Kaiser et al., 2004; Yasuda

et al., 1998). In our calcium experiments with Rhod-2, we observed that, while it efficiently dialyzed in dendrites, it showed limited

diffusion into spines. However, since our goal was to study calcium dynamics in the dendritic shaft, we reasoned that such

Rhod-2 feature could contribute to maintain unperturbed the spine calcium dynamics, while recording the dendritic one.

Neurons were loaded with Rhod-2 (80 mM) through the patch pipette for at least 5 minutes after reaching the whole-cell configu-

ration to allow the diffusion of Rhod-2 in proximal dendrites. Rhod-2 fluorescence was acquired with the digital EM-CCD Quan-

tEM:512SC camera (Photometrics) mounted on a wide field inverted fluorescence microscope (Olympus IX 70) equipped with an

oil-immersion 100X objective (1.4 NA) and the MetaMorph 7.8 software (Molecular Devices). The LFS paired with MNI-glutamate un-

caging was delivered at individual spines (Hebbian stimulation). During this protocol, we recorded calcium dynamics in a dendritic

region centered below the photostimulated spine. Concomitantly, calcium dynamics was also recorded in another region on a

different dendritic branch of the same neuron (at a similar distance from the soma) centered below a reference, non-photo-stimulated

spine. Since the latter region was distant from the potentiated spine, it was receiving only the LFS, so hereafter it will be referred to as

‘‘LFS’’ conditions. The onset of calcium responses recorded in the two regions reached plateau in a few seconds after stimulation.

Thus, the stimulation protocol duration was reduced to 10 seconds (instead of the full-length stimulation of 40 seconds) in order to

minimize fluorescence photobleaching. Therefore, the total duration of the recording was 16 seconds (i.e., 160 frames acquired at

10 Hz) including 3 seconds before (baseline), 10 seconds during and 3 seconds after (recovery) the stimulation protocol.

For the data analysis, we considered dendritic portions of 14 mm centered below the stimulated or the reference spine - which was

typically chosen at approximately 10-30 mm from the soma. Every dendritic portion was sub-divided in 7 regions of interest (ROIs) of

2 mm length. The width of each region was adjusted to the thickness of the dendrite. In each region, changes in the Rhod-2 fluores-

cence intensities induced by the LFS or LFS +MNI-glutamate uncagingwere calculated asDF/F0, whereDF is the difference between

the average fluorescence intensities at plateau and that before the delivery of the protocol. F0 is the average fluorescence intensity

measured before the stimulation. In order to quantify calcium variations induced by the pairing of MNI-glutamate uncaging with

respect to LFS alone, the DF/F0 recorded upon LFS + MNI-glutamate uncaging was normalized to that observed upon LFS (i.e., Fig-

ures 5D and 5E). When considering the spatial spread of calcium variations induced by the stimulating protocols (Figure 5E), the

aforementioned normalization was computed for each ROI.

Quantum dot labelling and imaging
In the experiments aimed at monitoring the modulation of GABAA receptor lateral mobility during spatially-regulated synaptic plas-

ticity, we combined SPT experiments with electrophysiology and plasticity induction (see sections above). Non-Hebbian or Hebbian

stimulation protocols were delivered to neurons expressing the HA-tagged a1 subunit of GABAA receptor along with Homer1c-

DsRed and EGFP-gephyrin. The surface labelling of the HA tag with QDs allowed to selectively probe the mobility of GABAARs

belonging to the neuron that received the plasticity protocol.

Before the experiment, QDs 655 (Invitrogen) were diluted in PBS and pre-exposed to casein 1X (Vectorlab, Italy) for 15 min to pre-

vent QD non-specific binding. Then, living neurons were incubated with the anti-HA antibody (Roche) 1 mg/mL in the electrophysi-

ology external recording solution for 4 minutes and subsequently with the diluted QDs solution for 3 minutes. The final concentration

of QD was 0.1 nM. Control experiments omitting the anti-HA antibody were performed to validate the antibody-specific labelling of

HA-tagged GABAARs.

SPT experiments were acquired by live-cell imaging on a wide field inverted fluorescence microscope (Olympus IX 70) equipped

with a diode-based illumination device (Lumencor, SpectraX Light Engine, Optoprim, Italy), an EM-CCD camera (QuantEM:512SC,

Photometrics, pixel size 16 mm) and an Apo-plan oil-immersion 100X objective 1.4 NA (Olympus). For each neuron, we chose a den-

dritic portion where we first localized glutamatergic and GABAergic synapses by Homer1c-DsRed and EGFP-gephyrin fluorescence

acquired with appropriate excitation and emission filter sets (ex: 543/22, 472/30, em: 593/40, 520/35, respectively) to achieve a 2D

map of the relative localization of excitatory and inhibitory synapses. QD fluorescence acquired with specific filters (ex: 435/40 and
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em: 655/15 filters, Semrock, Italy) was monitored over time by recording movies of 600 consecutive frames at 20 Hz using the Meta-

morph 7.8 software (Molecular Devices, USA). Please note that QD imaging was never performed during neurotransmitter uncaging,

so the 435 nm light was never shed in the presence of caged compounds. Themobility of GABAAR-QD complexes was probed in the

same field of view before and 30 minutes after the induction of synaptic plasticity, either with the LFS or with LFS paired with MNI-

glutamate uncaging. During the experiments, neurons were kept at 28�C (TC-324B Warner Instrument Corporation, CT, USA) in an

open chamber and continuously superfused with the recording solution at 12 mL/h.

Single particle tracking
Tracking of QD-labelled GABAAR was performed as previously described (de Luca et al., 2017; Petrini et al., 2009). The spatial co-

ordinates of single QDs 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) using the MIA software which is based on simulated annealing algorithm.

Continuous tracking between blinks was performed with an implemented version of custom software originally written in MATLAB

(TheMathworks Inc., Italy) in Dr Choquet’s lab, based on a QDmaximal allowable displacement (4 pixels) during amaximal allowable

duration of the dark period. This stringent reconnection of trajectories across QD blinking combined with the highly diluted QD label-

ling have been set to avoid erroneous reconnection of neighbouring QDs in the same trajectory and to provide unambiguous obser-

vations of individual receptor-QD complex trajectories. When, occasionally, two QDs were too close to be unambiguously identified,

they both were discarded from the analysis. Receptor trajectories were defined as synaptic (or extrasynaptic) when their spatial co-

ordinates matched (or not) those of clustered EGFP-gephyrin fluorescence. Although the definition of the synaptic compartments

was diffraction limited, the sub-wavelength resolution of the single particle detection (�40 nm) allowed accurate description of re-

ceptor mobility within such small regions. For each receptor-QD complex, the instantaneous diffusion coefficient, D, was calculated

from the linear fits of the n = 1–4 values of the MSD versus time plot, using a custom-made software developed by Dr Choquet

(Bordeaux, France). For two-dimensional free diffusion, MSD is represented by the equation: MSD (t)=<r2>=4Dt .

MSD (t) was calculated according to the formula:

<r2> =

"XN�n

i= 1
ðXi+ n � XiÞ2 + ðYi+ n � YiÞ2

.
ðN� nÞ

#
dt

Only reconstructed trajectories with >80 frames were retained for the analysis. The diffusion coefficients are presented as median

and IQR (i.e. the interquartile range) defined as the interval between 25–75%percentiles. The immobile fraction is defined as the rela-

tive duration of the residency of a receptor-QD complex in a given compartment with coefficient <0.0075 mm2 s�1. This threshold

represents the local minimum of the bimodal distribution of synaptic GABAAR diffusion coefficients. To achieve a more complete

characterization of GABAA receptor diffusion, we also measured the percentage of time spent by each receptor-QD in a given

compartment (synaptic or extrasynaptic). In the case of local iLTD, when GABAAR disperse from inhibitory synapses, leaving few

receptor-QD complexes for quantification, we also calculated the percentage of receptor number found at synapses after plasticity

induction as compared to before the protocol.

QUANTIFICATION AND STATISTICAL ANALYSIS

For each experiment quantifications and statistical details (statistical significance and test used) can be found in the main text and

figure legends. Data are presented as mean ± SEM (standard error of the mean) or as median ± IQR (inter quartile range). For elec-

trophysiological experiments in the paired-patch configuration as well as for gephyrin live-cell imaging (in neuronal cultures and in

acute slices) and intracellular calcium imaging experiments n represents the number of neurons observed. In uncaging experiments,

the number of synapses (n) is reported along with the number of neurons considered. For SPT experiments, n indicates the number of

receptor trajectories, followed by the number of neurons observed. Each experiment was repeated on neurons obtained from at least

three different cultures. All acute slices were obtained from different mice. The sample size used in each experiment was based on

previous electrophysiological, live-cell imaging and SPT experiments (de Luca et al., 2017; Petrini et al., 2014). Data and statistical

analysis was performed using Prism 5.0 and 6.0 Software (GraphPad Prism, USA). Non–normally distributed datasets were tested by

two-tailed non-parametricMann-Whitney U-test, or in the case of paired data byWilcoxonmatched-pairs signed rank test. Statistical

differences in time course data within a group was quantified by one-way ANOVA variance test followed by Tukey’s multiple

comparison test. When possible, RM ANOVA was used, as indicated. Two-way ANOVA variance test was followed by Bonferroni’s

multiple comparisons test. Indications of significance correspond to p-values as follows: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and

non-significant (ns), i.e. p > 0.05.
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SUPPLEMENTARY FIGURES 

Figure S1 

 

 

Figure S1 (related to Figure 1): Postsynaptic mechanism and Ca2+ dependence of LFS-induced iLTP  

A. Left: Representative IPSC paired pulses traces recorded before (baseline) and after (iLTP) the delivery of 

the LFS. Right: Quantification of the paired pulse ratio (PPR) (before LFS= 0.96 ± 0.02; after LFS= 0.94 ± 

0.02; n = 25; p > 0.05, Wilcoxon matched-pairs test). B. The nitric oxide synthase blocker L-NAME does not 

prevent LFS-induced iLTP (at 25-30 min: normalized IPSCs amplitude = 1.40 ± 0.02 of baseline, n = 5, 

F33,136 = 1.6, p < 0.05; one-way ANOVA followed by Tukey’s multiple comparison test). C-E. Time course 

of relative IPSC amplitude changes after the delivery of the LFS protocol (arrow) with respect to baseline, in 

the presence of the fast Ca2+ chelator BAPTA (C: 0.97 ± 0.04 fold of baseline, n = 4, F25,69 = 0.4, p > 0.05), 

APV (D: 1.16 ± 0.01 fold of baseline, n = 11, F33,241 = 2.2, p < 0.001), nifedipine (E; 1.16 ± 0.01 fold of 

baseline, n = 21, F33,640 = 3.6, p < 0.001), and APV + nifedipine (F: 1.13 ± 0.03 fold of baseline, n = 6, F33,162 

= 2.1, p < 0.01). One-way ANOVA followed by Tukey’s multiple comparison test. Values are expressed as 

mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.001, ns = not significant. 



Figure S2 

 

 

Figure S2 (related to Figure 4): Spatial coordination of the plasticity of excitatory and inhibitory 

synapses upon single spine LTP  

A. After the single-spine LTP protocol (“LFS+glu uncaging”), the stimulated spine (red circles) is selectively 

potentiated (each datapoint represents at least n = 9 (max 20) synapses from 22 neurons). Normalized uEPSC 

amplitude at 27 min = 1.20 ± 0.03 fold, F4,74=10.6, p< 0.001). Non-photostimulated spines (“unstim”) located 

more distant than 5m from the stimulated spine are depressed (red triangles, each datapoint represents at 

least n = 6 (max 15) synapses from 17 neurons); normalized uEPSC amplitude at 27 min= 0.89 ± 0.03 of 

baseline, F4,53 = 5.4, p < 0.001). Spines located within 5m from the stimulated spine are not affected by the 

paired Hebbian protocol (red diamonds, each datapoint represents at least n = 3 (max 5) from 5 neurons); 

normalized uEPSC amplitude= 0.996 ± 0.002 of baseline, F4,14 = 1.2, p > 0.05. B. After the “LFS+glu 

uncaging protocol”, GABAergic synapses located at d > 3 µm from the stimulated spine are potentiated 

(diamond, for each datapoint at least n = 7 (max 42) synapses from 21 neurons); normalized uIPSC 



amplitude= 1.20 ± 0.06 of baseline, F4,138 = 8.2, p< 0.001. GABAergic synapses located at d < 3 µm from the 

stimulated spine are depressed (square, at least n = 13 (max 34) synapses from 21 neurons); normalized 

uIPSC amplitude= 0.85 ± 0.04 of baseline, F4,125= 5.7, p < 0.001. C. Same as in A in presence of nifedipine. 

Stimulated spine (red circles): each datapoint represents at least n = 4 (max 7) synapses from 7 neurons. 

uEPSC amplitude at 27 min: 1.32 ± 0.08 fold increase, F4,26 = 3.9, p =0.001. Unstim spine (red triangles): 

each datapoint represents at least n = 3 (max 6) synapses from 7 neurons.  F4,20 = 0.8, p > 0.05. D. Same as in 

B, in presence of nifedipine. d < 3 µm (squares): each data point represents at least n = 3 (max 9) synapses 

from 7 neurons. uEPSC amplitude at 27 min = 1.22 ± 0.03 of baseline,  F4,27 = 4.0, p < 0.05; d > 3 µm 

(triangles): each data point represents at least n = 4 (max 13) synapses from 7 neurons; uEPSC amplitude at 

27 min = 1.16 ± 0.04 of baseline, F4,45 = 6.1, p < 0.001. E. Same as in A in presence of MDL28170. 

Stimulated spine, at least n = 3 (max 23) synapses from 24 neurons, F4,78 = 11.9, p < 0.001; unstim spine, at 

least n = 3 (max 19) synapses from 24 neurons, F4,69 = 1.2, p > 0.05. F. Same as in B, in presence of 

MDL28170. d < 3 µm, at least n = 5 (max 20) synapses from 24 neurons, F4,71 = 7.1, p < 0.001; d > 3, at least 

n = 6 (max 43) synapses from 24 neurons, F4,162 = 16.7, p < 0.001. Values are expressed as mean ± SEM. All 

the statistical comparison shown here are performed with one-way ANOVA followed Tukey’s post-test. *p < 

0.05, ***p < 0.001, ns = not significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S3 

 

 

Figure S3 (related to Figure 5): Spatial dynamics of dendritic calcium in the presence of nifedipine 

during iLTP and LTD  

A. Representative epifluorescence image of a Homer1c-GFP expressing neuron (left) loaded with Rhod-2 

through the patch pipette (gold, right). Scale bar, 5 µm. B. Relative Rhod-2 fluorescence intensity quantified 

during the LFS protocol (black) and the LFS paired with glutamate uncaging protocol (red), in the presence 

of nifedipine. Two 4 µm-long portions of dendrites in the same neuron were considered, one centered below 

a reference spine and one below the stimulated spine. The arrow indicates the beginning of the protocol. C. 

Left: Magnifications of the dendritic portions framed in A, stimulated with LFS (top) or LFS paired with 

MNI-glutamate uncaging (bottom). The yellow arrowhead indicates the stimulated spine. Scale bar, 1 µm. 

Right: Gold pseudocolor representation of Rhod-2 fluorescence intensity changes at plateau (5 s) of the 

stimulating protocols (i.e., LFS, top and LFS paired with glutamate uncaging, bottom) with respect to 

baseline values (F5s-Fbaseline). The lines indicate the position of the linescans quantified in D. D. Relative 

fluorescence variation induced by “LFS + glu uncaging” protocol with respect to LFS alone, in the presence 

of nifedipine. The fluorescence intensities quantified along the two linescans in C are normalized to the 

average fluorescence detected along the linescan in LFS. E. Changes in the relative dendritic Rhod-2 

fluorescence intensity (as measured in Figure 5D) as a function of the distance from a reference or stimulated 

spine during the delivery of LFS (black) or the LFS + glu uncaging (red) with nifedipine, respectively. The 

grey area indicates the range of ± 3µm from the potentiated spine where significant changes in Rhod-2 

fluorescence are quantified as compared to the LFS protocol (LFS: n = 13 neurons, LFS+ glu uncaging: n = 

13 neurons, F1,168 = 5.3, p < 0.05, two-way ANOVA followed by Bonferroni’s multiple comparison test). 

Statistical significance for each data point is shown. F. Difference of relative fluorescence intensity variation 



after the delivery of LFS paired and LFS alone, in the presence of nifedipine (red) or in control (black). Each 

dendritic region taken in consideration is located within 3 µm from a reference or stimulated spine (control: 

n = 66, nife: n = 39, p < 0.01, Mann Whitney’s test). Values are expressed as mean ± SEM. *p < 0.05, **p < 

0.01, ns = not significant, i.e p >0.05.  

 

  



Figure S4 

 

 

Figure S4 (related to Figure 7): Supplementary data on the modulation of GABAAR lateral mobility 

upon single spine LTP 

A-B. Characterization of the lateral mobility of extrasynaptic GABAARs located at d > 3 m from the 

potentiated spine, before (black) and after (grey) the single spine LTP protocol. A. Left: Median diffusion 

coefficient and interquartile range (IQR) (n = 605-739 trajectories from 28 neurons; p > 0.05, Mann-Whitney 

test). Middle: Immobile fraction (n = 592-795 trajectories from 28 neurons; p > 0.05, Mann-Whitney test). 

Right: Percentage of time spent by GABAA receptors in the extrasynaptic compartment (n = 611-761 

trajectories; p > 0.05, Mann-Whitney test). B. MSD versus time plot (n= 614-845 from 28 neurons; F1,28531 = 

0.9, p > 0.05, ordinary two-way ANOVA followed by Bonferroni’s post hoc test). C-D. Characterization of 

the lateral mobility of extrasynaptic GABAARs located at d < 3 m from the stimulated spine, before (black) 

and after (green) the single spine LTP protocol. C. Left: Paired median diffusion coefficient (n = 29 



trajectories from 18 neurons; p > 0.05, paired Wilcoxon test). Middle: Paired IF (n = 29 trajectories from 18 

neurons; p > 0.05, paired Wilcoxon test). Right: Paired values of percentage time spent by GABAA receptors 

in the extrasynaptic compartments at d < 3 m from the stimulated spine (n = 29 trajectories from 18 

neurons; p < 0.05, paired Wilcoxon test). D. MSD versus time plot of paired extrasynaptic GABAA 

receptors close to the potentiated spine (d < 3 m), (n = 22 from 18 neurons, F1,42 = 0.02, p > 0.05, RM two-

way ANOVA followed by Bonferroni’s post hoc test). E-F. Same as in C-D, except for the uncaging. Please 

note that in this set of experiments the stimulating protocol was LFS + 4Hz UV-light pulses train on a spine 

(ctrl spine) in absence of MNI-glutamate. Only synaptic GABAAR trajectories localized in the range of 3m 

from the ctrl spine were considered. E. Left: Paired median diffusion coefficient (before = 0.017 μm2s-1; 

IQR: 0.006 – 0.025; after = 0.005 μm2s-1; IQR: 0.004 - 0.09; n = 7 from 4 neurons; p < 0.05, paired 

Wilcoxon test). Middle: Paired IF (before = 0.22 ± 0.13; after = 0.62 ± 0.16; n = 7 from 4 neurons; p < 0.05, 

paired Wilcoxon test). Right: Paired values of percentage of time spent by GABAA receptors at synapses 

close to the control spine (n = 7 from 4 neurons; p < 0.05, paired Wilcoxon test). F. Paired MSD values of 

synaptic GABAA receptors close to the control spine (d < 3 m; n = 4 from 4 neurons, F1,60 = 140, p < 0.001, 

RM two-way ANOVA). Unless stated otherwise, values are expressed as mean ± SEM. *p < 0.05, **p < 

0.01, ns = not significant. 
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