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Chronic benzodiazepine treatment triggers gephyrin scaffold destabilization and GABAAR subsynaptic reorganization
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Benzodiazepines (BZDs) are important clinical drugs with anxiolytic, anticonvulsant, and sedative effects mediated by potentiation of inhibitory GABA type A receptors (GABAARs). Tolerance limits the clinical utility of BZDs, yet the mechanisms underlying tolerance after chronic exposure have not been thoroughly investigated. Here, we assessed the impact of chronic (7-day) treatment with the BZD diazepam (DZP) on the dynamic plasticity and subsynaptic organization of the gephyrin scaffold and γ2 subunit-containing GABAARs in primary neurons. After functional confirmation of diminished BZD sensitivity, we provide the first super-resolution analysis of inhibitory nanoscale plasticity induced by chronic BZD exposure: gephyrin subsynaptic domains were smaller and the inhibitory postsynaptic area was overall diminished by DZP treatment, resulting in a condensation of synaptic γ2-GABAARs into smaller synaptic areas. Using a novel fluorescence-based in situ proximity ligation assay and biochemical fractionation analysis, the mechanism for gephyrin downregulation was revealed to be dependent on phosphorylation and protease cleavage. Accordingly, DZP treatment impaired gephyrin synaptic stability, demonstrated by live-imaging photobleaching experiments. Despite the loss of BZD sensitivity and stable synaptic gephyrin, 7-day DZP treatment did not reduce the surface or total protein levels of BZD-sensitive γ2-GABAARs, as shown in prior short-term BZD treatment studies. Instead, chronic DZP treatment induced an accumulation of γ2-GABAARs in the extrasynaptic membrane. Surprisingly, γ2-GABAAR interactions with gephyrin were also enriched extrasynaptically. An identified rise in extrasynaptically-localized gephyrin cleavage fragments may function to confine receptors away from the synapse, as supported by a decrease in extrasynaptic γ2-GABAAR mobility. Altogether, we find that chronic BZD treatment triggers several subtle converging plasticity events at inhibitory synapses which effectively restrict the synaptic renewal of BZD-sensitive GABAARs via mechanisms distinct from those observed with short-term treatment.
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1 Introduction

In the central nervous system, fast inhibitory neurotransmission is primarily mediated by GABA type A receptors (GABAARs), heteropentameric chloride channels which play an important role in the maintenance and control of neuronal excitability. As neurological disorders are often characterized by an imbalance in neuronal activity, GABAARs are a key pharmacological target for widely used clinical drugs, including anesthetics, neurosteroids, barbiturates, and benzodiazepines. Benzodiazepines (BZDs) are central nervous system depressants which have persisted for decades as some of the most prescribed drugs worldwide (Kurko et al., 2015; Bachhuber et al., 2016; Maust et al., 2019). These high-efficacy, low-toxicity drugs produce anxiolytic, anticonvulsant, myorelaxant, and sedative effects through positive allosteric modulation of GABAARs and potentiation of inhibitory neurotransmission. Administration of BZDs for longer than 2–4 weeks results in tolerance to most of the behavioral effects, severely limiting clinical utility. Much of our current understanding of BZD tolerance is limited to acute or short-term BZD applications, which promote various signaling cascades that alter GABAAR trafficking, decrease synaptic expression, and reduce inhibitory function (Jacob et al., 2012; Nicholson et al., 2018; Lorenz-Guertin et al., 2019; González Gómez et al., 2023). Few studies have performed detailed mechanistic analysis of GABAergic signaling after long-term BZD treatment, and it remains unclear whether prolonged BZD exposure induces similar neuroplasticity. Given the persistently high patient population with long-term BZD use (Kurko et al., 2015; Olfson et al., 2015; Kaufmann et al., 2018; Tanguay Bernard et al., 2018) and high rates of patient relapse (Morin et al., 2005; Gerlach et al., 2019; Chapoutot et al., 2021), there is an urgent need to understand the impact of extended BZD treatment on inhibitory synapse plasticity and regulation.

The strength of synaptic inhibition is principally determined by GABAAR abundance at postsynaptic sites and receptor subunit composition, with the predominant synaptic receptor subtype consisting of two α, two β, and one γ2 subunit (Olsen and Sieghart, 2008, 2009). Dynamic trafficking mechanisms, posttranslational modifications, and regulatory protein-protein interactions further permit fine-tuning of synaptic strength (Jacob et al., 2008; Petrini and Barberis, 2014; Mele et al., 2016). GABAARs exhibit a high rate of surface lateral mobility in the plasma membrane (Choquet and Triller, 2013) but are trapped at postsynaptic sites through transient interactions with the inhibitory scaffold gephyrin, which directly binds to GABAAR α(1-3,5) and β(2,3) subunits via a receptor intracellular domain motif (Tretter et al., 2008, 2011; Mukherjee et al., 2011; Kowalczyk et al., 2013; Brady and Jacob, 2015; Renner et al., 2012). BZDs allosterically bind to γ2 subunit-containing GABAARs at the extracellular interface of γ2 and an α(1,2,3, or 5) subunit (Pritchett et al., 1989; Malherbe et al., 1990; Günther et al., 1995). Interestingly, acute BZD application stabilizes synaptic GABAARs in a manner dependent on gephyrin (Gouzer et al., 2014; Lévi et al., 2015), implying a conformational link between the gephyrin and BZD binding domains on GABAARs. Gephyrin is a core structural component of the inhibitory postsynaptic density critical for proper synaptic assembly and maintenance (Essrich et al., 1998; Kneussel et al., 1999; Carricaburu et al., 2024) and is basally regulated by posttranslational modification (reviewed in Zacchi et al., 2014). Disruptions to gephyrin expression or synaptic stability consequently impair GABAAR synaptic clustering, increase GABAAR lateral diffusion, and impair inhibition (Jacob et al., 2005; van Zundert et al., 2005; Yu et al., 2007; Olah et al., 2023). Thus, the gephyrin-GABAAR interaction is essential to the regulation of inhibitory synaptic strength and, importantly, is subject to activity-dependent regulation (Petrini et al., 2014; Petrini and Barberis, 2014; Barberis, 2020; Pizzarelli et al., 2020).

Despite this central importance of gephyrin in the maintenance and plasticity of synaptic GABAARs, the impact of long-term BZD treatment on gephyrin has been severely understudied. While we and others have shown that short-term (< 24 h) BZD exposure reduces gephyrin membrane and total expression and accelerates synaptic gephyrin dynamics (Vlachos et al., 2013; Lorenz-Guertin et al., 2019), it is unknown whether these perturbations persist under conditions of more prolonged BZD treatments. In contrast to short-term treatments, we have reported similar gephyrin synaptic and total protein expression in mice after 7-day BZD treatment while extrasynaptic gephyrin levels were elevated (Lorenz-Guertin et al., 2023). Conversely, a separate investigation found decreased gephyrin mRNA levels after 7-day BZD treatment in mice, though protein expression was not assessed (Wright et al., 2014). No further studies have performed detailed analysis of chronic BZD-induced alterations to gephyrin dynamics and regulation, leaving much to be understood. Similarly, available evidence suggests distinct mechanisms by which GABAARs are altered after long-term vs. short-term BZD applications. In particular, short-term BZD treatment downregulates γ2-GABAARs and reduces miniature inhibitory postsynaptic currents (Jacob et al., 2012; Nicholson et al., 2018; Lorenz-Guertin et al., 2019), while inhibition is functionally preserved upon longer BZD exposure both in vitro (Hu and Ticku, 1994; Gao and Greenfield, 2005) and in vivo (Lorenz-Guertin et al., 2023). These findings therefore suggest that the initial adaptations occurring immediately in response to BZD application are not maintained throughout continued, long-term BZD exposure.

Here, we examined the impact of chronic (7-day) treatment with the BZD diazepam (DZP) on gephyrin and GABAAR nanoscale organization, regulatory processing, protein interactions, and trafficking dynamics in primary rodent neurons. After first confirming the development of tolerance functionally, we utilized DNA Points Accumulation in Nanoscale Topography (DNA-PAINT), a localization-based super-resolution microscopy method providing tens of nanometer spatial resolution (Jungmann et al., 2010), to provide the first analysis of the inhibitory synaptic nanostructure following chronic BZD exposure. This revealed a subsynaptic and total synapse shrinkage of gephyrin induced by chronic DZP treatment, while γ2-GABAARs were condensed into a smaller postsynaptic area. The loss of synaptic gephyrin, paralleled by a decrease in total protein expression, was associated with increased phosphorylation, protease-mediated cleavage, and reduced stability of gephyrin at synapses. This occurred alongside an enrichment of γ2-GABAARs extrasynaptically without changes to surface levels or total receptor expression. Surprisingly, these extrasynaptic γ2-GABAARs exhibited reduced mobility after chronic DZP treatment, which we show may be mediated by enhanced extrasynaptic gephyrin-GABAAR interactions. Altogether, we uncover multiple complementary mechanisms triggered by chronic DZP treatment that sufficiently disrupt the synaptic prevalence and renewal of BZD-sensitive GABAARs to diminish BZD potentiation of inhibition.



2 Materials and methods


2.1 Materials, antibodies, and DNA constructs

See Table 1 for information on antibodies and materials used in this study.

TABLE 1  Materials, antibodies, and reagents.


	Antibody
	Host species
	Company
	Identifiers
	Dilution
	Experiment
	Figure





	Primary antibodies



	GABAAR γ2
	Rabbit
	Synaptic Systems
	Cat# 224 003 RRID:AB_2263066
	1/1,000
	IF
	5


 
	1/1,000
	Western blot
	5


 
	1/1,000
	DNA-PAINT
	2


 
	1/2,000
	PLA
	6



	Gephyrin 3B11
	Mouse
	Synaptic Systems
	Cat# 147 111 RRID:AB_887719
	1/500
	DNA-PAINT
	2


 
	1/1,000
	Western blot
	4


 
	1/750
	PLA
	3, 6



	Gephyrin mAb7a
	Rabbit
	Synaptic Systems
	Cat# 147 018 RRID:AB_2651176
	1/1,000
	PLA
	3



	GAD65
	Guinea pig
	Synaptic Systems
	Cat# 198 104 RRID:AB_10557995
	1/500
	IF
	5



	VGAT
	Guinea pig
	Synaptic Systems
	Cat# 131 004 RRID:AB_887873
	1/1,000
	DNA-PAINT
	2


 
	1/1,000
	PLA
	3, 6



	GAPDH
	Rabbit
	Cell Signaling Technology
	Cat# 2118 RRID:AB_561053
	1/5,000
	Western blot
	4,5



	VGAT CypHer5E-labeled
	Rabbit
	Synaptic Systems
	Cat# 131 103CpH RRID:AB_2189809
	1/200
	FRAP
	7



	MAP2
	Chicken
	Aves Labs
	Cat# MAP RRID:AB_2313549
	1/1,000
	PLA
	3, 6



	Antibody/reagent
	Host species
	Company
	Identifiers
	Dilution
	Experiment
	Figure



	Secondary antibodies and reagents



	EZ-Link Sulfo-NHS-SS-Biotin
	
	Thermo Fisher
	Cat# 21331
	0.5 mg/mL
	Surface biotinylation
	5



	NeutrAvidin UltraLink Resin
	
	Thermo Fisher
	Cat# 53150
	50% Slurry
	Surface biotinylation
	5



	Guinea pig Alexa Fluor 488
	Goat
	Invitrogen
	Cat# A-11073 RRID:AB_2534117
	1/1,000
	IF
	5


 
	1/1,000
	DNA-PAINT
	2



	Guinea pig Alexa Fluor 568
	Donkey
	Invitrogen
	Cat# A-11075 RRID:AB_141954
	1/1,000
	PLA
	3, 6



	Rabbit Alexa Fluor 647
	Donkey
	Thermo Fisher
	Cat# A32795 RRID:AB_2762835
	1/1,000
	IF
	5



	chicken IgY Alexa Fluor 488
	Goat
	Invitrogen
	Cat# A-11039 RRID:AB_142924
	1/1,000
	PLA
	3, 6



	Rabbit IgG
	Donkey
	Massive Photonics
	Massive-sdAB Custom F2
	2.5-fold molar excess of primary (stock: 5 μM)
	DNA-PAINT
	2



	Mouse IgG
	Donkey
	Massive Photonics
	Massive-sdAB Custom F4
	2.5-fold molar excess of primary (stock: 5 μM)
	DNA-PAINT
	2



	Imager Strand, Cy3B
	Rabbit
	Massive Photonics
	Custom Sequence F2, Cy3B
	1/1,000
	DNA-PAINT
	2



	Imager Strand, Atto643
	Mouse
	Massive Photonics
	Custom Sequence F4, Atto643
	1/500
	DNA-PAINT
	2



	Anti-mouse Navenibody
	Donkey
	Navinci
	NC.MR.100 Atto647N (kit)
	1/40
	PLA
	3, 6



	Anti-rabbit Navenibody
	Donkey
	Navinci
	NC.MR.100 Atto647N (kit)
	1/40
	PLA
	3, 6



	Detection fluorophore Atto647N
	
	Navinci
	NC.MR.100 Atto647N (kit)
	1/40
	PLA
	3, 6



	Anti-mouse IgG (H+L), HRP-linked
	Goat
	Thermo Fisher
	Cat# 32430 RRID:AB_1185566
	1/1,250
	Western Blot
	4



	Anti-rabbit HRP-linked whole Ab
	Donkey
	Cytiva
	Cat# NA934 RRID:AB_772206
	1/20,000
	Western Blot
	4






2.1.1 DNA constructs

The γ2pHFAP construct was generated and fully characterized in Lorenz-Guertin et al. (2017). AAV-EF1A-mScarlet-Gephyrin.FingR-IL2RGTC (mScarlet-gephyrin.FingR) was a gift from Xue Han (Addgene plasmid # 125695; http://n2t.net/addgene:125695; RRID:Addgene_125695).




2.2 Primary neuron culture and drug treatments

All procedures were approved by the University of Pittsburgh Institutional Animal Care and Use Committee. Cortical or hippocampal neuronal cultures were prepared using procedures similar to those previously described (Jacob et al., 2005; Sahu et al., 2019). Briefly, cortical or hippocampal tissue was dissected from embryonic day 18 Sprague Dawley rats and dissociated with papain and trypsin inhibitor before resuspension in Neurobasal Media supplemented with B27 (Gibco). For FRAP experiments, neurons were nucleofected (Lonza) at plating with mScarlet-gephyrin.FingR (Gross et al., 2013; Bensussen et al., 2020) and γ2pHFAP (Lorenz-Guertin et al., 2017). Neurons were then cultured undisturbed until DIV 13–15, at which point they were treated with vehicle (0.1% DMSO) or 1 μM DZP (Sigma D0899) for 7 days and collected for experiments at DIV 20–22.



2.3 Electrophysiology

Whole-cell patch-clamp recordings were performed on cortical neuron cultures at DIV 20–22 following 7-day treatment with vehicle or 1 μM DZP. Pyramidal neurons were visualized by IR-DIC video microscopy and identified by their apical dendrites and large triangular soma. Patch electrodes (5–10 MΩ open-tip resistance) were filled with an intracellular solution containing (in mM): 140 CsCl, 2 MgCl2, 0.1 CaCl2, 10 HEPES, 10 phosphocreatine, 4 ATP-Mg, 0.3 GTP, and 1.1 EGTA; pH 7.25. Extracellular Ringer solution of the following composition was used (in mM): 126 NaCl, 24 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 1 MgSO4, 2 CaCl2, 10–20 glucose; bubbled with a 95% O2/5% CO2 gas mixture; pH ~7.3. Current recordings were performed with a Multi-Clamp 700A amplifier (Axon Instruments, Union City, CA, USA). Signals were filtered at 2 kHz and acquired at a sampling rate of 10 kHz using Clampex 10.2 software (Molecular Devices Corporation, Sunnyvale, CA, USA). Access resistance was 10–20 MΩ and remained relatively stable during experiments (≤ 30% increase). Recordings were corrected for the liquid junction potential. All currents were recorded at a holding potential of −70 mV. Miniature inhibitory postsynaptic currents (mIPSCs) were recorded in the presence of NBQX (20 μM), D-APV (50 μM), and TTX (1 μM) to inhibit AMPAR, NMDAR, and voltage-gated sodium channels, respectively. Miniature events were analyzed using the MiniAnalysis Program (Synaptosoft, Decatur, GA, USA) as previously described (Povysheva and Johnson, 2016). The averaged data per cell was used for analysis to compare 7-day vehicle and DZP-treated neurons. To assess the ability of BZDs to potentiate mIPSCs, neurons which had been 7-day treated with vehicle or DZP were acutely applied 1 μM diazepam during recording. The corresponding increase to mIPSC amplitude and tau of decay (τdecay) was then measured each for 7-day vehicle and DZP-treated neurons. The percent DZP potentiation of mIPSC amplitude and τdecay was then determined by the percent change from baseline upon acute application of 1 μM diazepam.



2.4 DNA-PAINT immunostaining, imaging, and analysis

Super-resolution imaging was carried out using DNA-PAINT. In this method, primary antibodies against the target protein of interest are recognized by secondary nanobodies coupled to short single strands of DNA (docking strand). The complementary DNA single strands are coupled to a fluorescent dye (imager strand), which is added to the sample during imaging. Transient binding of the docking and imager strands produces fluorescent blinking events (protein localizations), many of which are captured over an extended imaging period and compiled (Schnitzbauer et al., 2017). This method effectively achieves protein localization with high spatial resolution. Here, DIV 20–22 neurons were collected at the end of the 7-day drug treatment, rapidly washed with DPBS, and fixed for 10 min in PBS containing 4% paraformaldehyde (PFA) and 4% sucrose. Primary antibodies against the γ2-GABAAR subunit and gephyrin were each separately pre-incubated for 20 min with custom-made single-domain secondary nanobodies coupled to oligonucleotides (Massive Photonics) such that the nanobodies were in 2.5 molar excess of the respective primary antibody (Sograte-Idrissi et al., 2020). After blocking in blocking solution [DPBS containing 10% horse serum and 0.5% bovine serum albumin (BSA)], neurons were incubated overnight with the γ2 subunit antibody/nanobody pre-mix to identify surface γ2-GABAARs. The next day, neurons were permeabilized for 10 min with blocking solution containing 0.2% Triton X-100 then incubated overnight with the gephyrin antibody/nanobody pre-mix and a primary antibody against the vesicular GABA transporter VGAT, which was used to confirm synaptic localizations. The corresponding secondary antibody for the VGAT primary antibody was added for 1 h at room temperature the next day followed by a 10-min post-fix. Dishes were stored in PBS at 4°C for up to 2 weeks prior to image collection.

Single molecule localization imaging was performed on an Olympus inverted microscope using a 100 × TIRF oil-immersion objective (1.5 NA). The microscope was equipped with a super-resolution Abbelight 360 SAFe dual-camera (Hamamatsu Fusion) system. The incident angle was manually adjusted for Highly Inclined and Laminated Optical (HILO) illumination to achieve brightest blinking signals. Built-in TrueFocus Red Z drift was used to maintain stability in the z-focal plane throughout image collection. Imager strands diluted to their final concentration (~1–2 nM) in PBS supplemented with 500 mM NaCl were added to prepared neuron dishes. Prior to imaging, a snapshot was taken with the 488 nm laser to identify VGAT clusters. 30,000 frames were then collected at 100 ms exposure with excitation using the 561 and 640 nm lasers. On the same day, separate dishes coated with TetraSpeck beads (Invitrogen) were imaged for 100 frames at 100 ms exposure to facilitate channel alignment during analysis.

Single molecule processing and analysis was performed using procedures similar to those previously described (Schnitzbauer et al., 2017; Chen et al., 2020). Image files were converted from .tif to .raw format in FIJI using the plugin raw-yaml exporter (https://github.com/jungmannlab/imagej-raw-yaml-export) to allow further processing in Picasso (https://github.com/jungmannlab/picasso). Picasso: Localize and Picasso: Filter were used to identify and refine localizations for each channel. Drift correction was then performed in Picasso: Render, where localizations persisting for more than one frame were linked. For each neuron, exported localizations from the two channels were then combined in Excel to facilitate import into MATLAB. Synapses were manually selected based on colocalization with VGAT, significant overlap of γ2-GABAAR and gephyrin, high local protein density, and a size of ~100–800 nm. Selected synapses were filtered using the MATLAB function DBSCAN according to the following parameters to remove background localizations outside of the synapse boundary: γ2-GABAAR epsilon = 40 nm, minimum points = 5; gephyrin epsilon = 30 nm, minimum points = 5. Areas of high local protein density (subsynaptic domains, SSDs) were then analyzed in MATLAB as previously described (Chen et al., 2020; Anderson et al., 2023). Briefly, identification of SSDs was based on having a local protein density greater than a specified threshold determined by comparison to a randomized cluster with bounding areas created using the alphaShape function (alpha radius: 150 nm). Enrichment index was defined as the average local density of protein a within a 60 nm range from an SSD peak of protein b, as previously described (Chen et al., 2020; Dharmasri et al., 2024).



2.5 Fixed immunofluorescence (IF)

Following 7-day treatment with vehicle or 1 μM DZP, DIV 20–22 neurons were rapidly washed with DPBS then immediately fixed for 10 min in PBS containing 4% PFA and 4% sucrose. For surface staining of γ2-GABAARs, neurons were blocked for 30 min then incubated under non-permeabilized conditions with primary antibodies overnight at 4°C. Permeabilization was performed after washing the next day by 10-min incubation with blocking solution containing 0.2% Triton X-100. This was followed by overnight intracellular staining for GAD65 at 4°C. Neuron coverslips were washed the next day, then incubated with secondary antibodies for 1 h at room temperature before mounting.



2.6 Proximity ligation assay (PLA)

PLA is a highly sensitive technique for detecting protein-protein interactions or protein modifications. Proximity ligation (PL) signals are produced when two oligonucleotide-coupled secondary antibodies (PL probes) are within close proximity (< 40 nm), resulting in oligonucleotide hybridization that is then amplified and visualized by confocal microscopy as discrete, quantifiable dots (Weibrecht et al., 2010). For in situ PLA experiments, 7-day vehicle- or DZP-treated neurons were collected at DIV 21 by rapid washing in DPBS followed by immediate fixation in PBS containing 4% PFA and 4% sucrose for 10 min. Neurons were then permeabilized for 10 min in 0.2% Triton X-100. PLA was performed according to the manufacturer's protocol using the NaveniFlex Cell MR Atto647N kit (Navinci Diagnostics, Sweden). In brief, coverslips were blocked in kit-supplied blocking solution for 1 h in a humidity chamber at 37°C then incubated with primary antibodies overnight at 4°C. Oligonucleotide-conjugated secondary antibodies (Navenibodies) were added the next day for 1 h in a humidity chamber at 37°C, followed by washing and incubation in a ligase solution to permit hybridization of proximal Navenibodies. Subsequent addition of a polymerase solution containing fluorescently-labeled oligonucleotides promoted rolling circle amplification. Next, overnight counterstaining was performed with primary antibodies against microtubule-associated protein 2 (MAP2), to facilitate visualization of neuronal dendrites, and the inhibitory presynaptic marker VGAT, to identify synaptic signals. This was followed by secondary antibody incubation and DAPI nuclear staining.



2.7 IF and PLA imaging and analysis

Fixed images were acquired using a Nikon A1 Confocal microscope equipped with a 60 × oil-immersion objective (NA 1.49) at a zoom of 2 × with sequential laser scanning. Image acquisition and laser settings were kept consistent within each culture and between treatment groups with the researcher blinded to the experimental conditions before data collection and throughout data analysis. Data were analyzed using NIS Elements AR 5.30.05 Software (Nikon, NY) with binary thresholding. For IF experiments, synaptic and extrasynaptic receptor quantification was performed as previously described (Nuwer et al., 2023). Briefly, synaptic γ2-GABAAR signal was determined by binary intersection of the surface γ2-GABAAR and GAD65 thresholds, while extrasynaptic γ2-GABAARs were defined by subtraction of the synaptic γ2-GABAAR threshold from the surface receptor threshold. Prior to subtraction, the synaptic receptor binary threshold was dilated once. For each neuron, three 10 μm dendritic regions of interest (ROIs) were collected to analyze each binary threshold, with measurements of the number of clusters, binary area, mean intensity, and sum intensity exported for further analysis. The values of the three ROIs per cell were averaged prior to compiling. For PLA analysis, bright circular proximity ligation (PL) signals having a typical diameter of 0.50 μm, in agreement with the manufacturer-defined size of typical PL signals, were identified using Bright Spot Detection. Manual exclusion was used sparingly to remove non-specific signals that were not localized to any visible cell processes. Synaptic PL signals were defined using the binary operation “Having,” which isolated PL spot signals containing any pixels overlapping with the VGAT threshold. Whole field and synaptic measurements were exported for further analysis. The number of extrasynaptic PL signals was computed manually in Excel by subtraction of the number of synaptic PL signals from the total (whole-field) number of PL signals. Fluorescence intensity values for IF experiments, or PL signal measurements for PLA experiments, were normalized to the vehicle average for each independent culture.



2.8 Surface biotinylation and western blotting

Surface biotinylation experiments were performed as previously described (Nuwer et al., 2021). Briefly, 7-day vehicle- or DZP-treated neurons were rapidly washed twice with DPBS supplemented with 1 mM CaCl2 and 0.5 mM MgCl2. Dishes were then incubated with 0.5 mg/mL of cell-impermeant EZ-Link Sulfo-NHS-SS-Biotin (Thermo Fisher) for 15 min at 4°C. Excess biotin was quenched by three washes with 100 mM glycine followed by one wash in DPBS. Neurons were then lysed in RIPA containing 50 mM Tris-HCl at pH 8.0, 150 mM NaCl, 1% Igepal, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 2 mM sodium orthovanadate, 10 mM NaF, and protease inhibitor cocktail (Sigma P8340). Lysates were sonicated, solubilized for 15 min at 4°C, then centrifuged (13,000 rpm, 15 min, 4°C) to remove cell debris. After quantifying protein concentrations by BCA Protein Assay (Thermo Fisher), equal amounts of protein were incubated with NeutrAvidin UltraLink Resin (Thermo Fisher) for 90 min at 4°C with rotation. This was followed by three washes with RIPA supplemented with 500 mM NaCl and elution of isolated biotinylated surface proteins with SDS loading buffer and heating (55°C, 10 min). Surface and total protein fractions were resolved by SDS-PAGE, with biological replicates per culture loaded into separate lanes. Proteins were then transferred overnight to supported nitrocellulose membrane (Bio-Rad). Membranes were incubated with primary antibodies overnight at 4°C. After washing with TBS supplemented with 1% Tween 20 (TBST) the next day, HRP-coupled secondary antibodies were added for 1 h at room temperature followed by chemiluminescent visualization. Analysis was performed in Image Lab 6.0 (Bio-Rad) using the volume tool to quantify immunoreactivities with global background subtraction. Within each independent culture, biological replicates were normalized to the vehicle-treated average. The absence of GAPDH signal in the surface fraction was used to confirm surface-specific labeling.



2.9 Subcellular fractionation and western blotting

Fractionation experiments were performed as previously described (Goebel-Goody et al., 2009; Lorenz-Guertin et al., 2023). Neurons were treated with vehicle or DZP for 7 days (~DIV 14–21) then lysed in sucrose buffer containing (in mM): 320 sucrose, 10 Tris-HCl, 1 EDTA, 2 Na3VO4, 10 NaF, and protease inhibitor cocktail (Sigma P8340). An initial slow-speed centrifugation (1,000 × g, 10 min) was performed to remove nuclear debris, and a small amount of supernatant (S1) representing the total fraction was set aside for downstream analysis. Subsequent centrifugation of S1 (15,000 × g, 30 min) generated a cytosolic fraction (supernatant S2) and crude membrane fraction (pellet P1). P1 was resuspended in 496 μL of H2O containing phosphatase and protease inhibitors and incubated on ice for 15 min followed by addition of 3.75 μL of 1 M HEPES solution and another 15 min incubation. Samples were then spun at high speed (25,000 rpm, 20 min; Beckman Coulter Optima Max-E Ultracentrifuge), and the supernatant was discarded. The pellet (P2) was resuspended in sucrose buffer containing Triton X-100 (final concentration, 0.5%) and spun for 60 min at 53,000 rpm. The resulting Triton-insoluble pellet (P3), defined as the synaptic fraction, was resuspended in sucrose buffer and sonicated. SDS was then added (final concentration, 1%) to facilitate protein solubilization. The Triton-soluble supernatant (S3), defined as the extrasynaptic fraction, was concentrated by overnight incubation with 4 × volumes of acetone at −20°C. The resulting precipitate was isolated by centrifugation (15,000 × g, 10 min), resuspended in sucrose buffer, sonicated, and SDS added to a final concentration of 1% to solubilize proteins. Fractions were frozen at −80°C until downstream analysis. All steps were performed on ice, and all centrifugations were at 4°C. Pellets were rinsed twice between centrifugation steps with sucrose buffer containing inhibitors to minimize potential contamination between fractions. Protein concentrations for each fraction were determined by BCA Protein Assay (Thermo Fisher). Equal amounts of protein were resolved by SDS-PAGE and transferred overnight to supported nitrocellulose membrane (Bio-Rad). Membranes were then processed and analyzed as in section 2.8.



2.10 Fluorescence recovery after photobleaching (FRAP) imaging and analysis

Neurons expressing γ2pHFAP and mScarlet-Gephyrin.FingR were treated with vehicle or 1 μM DZP for 7 days then subjected to live-cell FRAP studies. Hippocampal neurons were used due to their improved longevity over cortical neurons following transfection. mScarlet-gephyrin.FingR is a transcriptionally controlled fibronectin intrabody generated with mRNA display (FingR) that selectively binds endogenous gephyrin without impacting protein levels or synaptic architecture (Gross et al., 2013; Bensussen et al., 2020). The γ2pHFAP subunit construct has an extracellular pH-sensitive pHluorin tag, allowing surface-specific fluorescence, and a fluorogen-activating peptide (FAP) tag that binds malachite green (MG) dyes with high specificity. γ2pHFAP assembles with endogenous subunits into receptors that show normal GABA response, DZP potentiation, and trafficking (Lorenz-Guertin et al., 2017, 2019). For live imaging, neurons were rapidly washed with, then transferred to, Hepes-buffered saline (HBS) imaging solution containing (in mM): 135 NaCl, 4.7 KCl, 10 Hepes, 11 glucose, 1.2 MgCl2, and 2.5 CaCl2 (adjusted to pH 7.4 with 1 N NaOH). To confirm synaptic localization of mScarlet-gephyrin.FingR clusters, live neurons were first incubated with CypHer5E-labeled VGAT for 1–2 h to allow uptake into recycling vesicles. Experiments were performed using a Nikon A1 Confocal microscope with a 60 × oil-immersion objective (NA 1.49) at 2 × zoom. Stage and objective heaters were set to 37°C throughout the imaging period. Following an initial acquisition phase, 4–6 synaptic regions and 1 extrasynaptic region per neuron were subjected to photobleaching for 1 min using the 488 and 561 lasers at 25% power. 10 nM MG-βTau was added to the dish immediately after photobleaching to re-identify surface γ2pHFAP clusters as previously described (Lorenz-Guertin et al., 2019). Images were then taken every 2 min for the next 30 min to monitor fluorescence recovery. γ2pHFAP signal was considered synaptic by colocalization with bright clusters of mScarlet-Gephyrin.FingR. Time series alignment was performed before analysis to correct for drift during image collection. Fluorescence recovery was calculated as previously described (Jacob et al., 2005) according to the following equation: (Ft – F0)/(Fi – F0), where F0 is the fluorescence intensity within each ROI immediately after photobleaching, Fi is the average fluorescence intensity prior to photobleaching, and Ft is the measured fluorescence at each time point following bleaching.



2.11 Statistical analysis

Statistical analysis and graphical representation of data were performed using GraphPad Prism 10.3.1. Data were assessed for normality using D'Agostino & Pearson, Anderson-Darling, Shapiro-Wilk, and Kolmogorov-Smirnov tests. For data that passed the normality tests, two-tailed unpaired t-tests were performed to compare vehicle- vs. DZP-treated groups; otherwise, two-tailed Mann-Whitney tests were conducted. Outliers were identified using Grubbs' (α = 0.05) or ROUT (Q = 1%) and removed as appropriate. All data are presented as mean ± standard error of the mean (SEM) unless otherwise stated. Additional information on specific statistical analyses can be found in the respective figure legends or Supplementary Table S1.




3 Results


3.1 Primary cortical neurons are resistant to benzodiazepine potentiation after chronic 7-day DZP treatment

We first established a cultured neuron model of tolerance to evaluate the impact of chronic BZD treatment on basal inhibition and BZD potentiation. BZD binding in the presence of GABA stabilizes the pre-activation receptor conformation and increases the frequency of channel opening (Gielen et al., 2012; Mozrzymas et al., 2007), thus enhancing current amplitude and prolonging inhibitory currents (higher tau of decay, τdecay). Following a 7-day treatment with either vehicle (0.1% DMSO) or 1 μM DZP, whole-cell recordings were performed in primary cortical neurons to measure miniature inhibitory postsynaptic currents (mIPSCs). In agreement with our prior report (Lorenz-Guertin et al., 2023), mIPSC parameters were unaltered after long-term BZD treatment (Figures 1Ai, B), indicating preservation of inhibitory synapse function. To next assess BZD potentiation, we acutely applied 1 μM diazepam to 7-day vehicle- and DZP-treated neurons (Figures 1Aii, C) and quantified the corresponding potentiation of mIPSC amplitude (Figures 1D, E) and τdecay (Figures 1F, G). As expected, acute diazepam application to 7-day vehicle-treated neurons produced a 50% increase in mIPSC amplitude from baseline (Figures 1C–E) and a 75% percent increase in τdecay (Figures 1C, F, G). In contrast, acute diazepam potentiation of mIPSCs was substantially diminished in 7-day DZP-treated neurons (Figures 1C–G). DZP potentiation of mIPSC amplitude was nearly completely lost, reduced to only ~7% (Figures 1D, E), and potentiation of τdecay was reduced to ~25% (Figures 1F, G). Thus, these results validate our model of primary neuron culture 7-day treated with DZP as a suitable system for the investigation of neuronal plasticity associated with BZD tolerance.


[image: Figure 1]
FIGURE 1
 GABAAR potentiation by BZDs is impaired after chronic DZP treatment in primary neurons. Miniature inhibitory postsynaptic currents (mIPSCs) were measured by whole-cell electrophysiology to assess baseline inhibitory function and sensitivity to BZDs in neurons treated with vehicle (Veh) or 1 μM DZP for seven days. (A) Representative mIPSC traces from 7-day Veh- or DZP-treated cortical neurons (i) before and (ii) after acute application of 1 μM diazepam. (B) Baseline mIPSC amplitude (Veh = 31.1 ± 9.47 pA, DZP = 57.2 ± 12.7 pA; p = 0.1379), frequency (Veh = 1.8 ± 0.57 Hz, DZP = 2.3 ± 0.64 Hz; p = 0.5615), and τdecay (Veh = 50.0 ± 2.87 ms, DZP = 43.7 ± 2.92 ms; p = 0.1618) are unchanged by 7-day DZP treatment. (C) Representative mIPSC averaged traces before and after acute diazepam application. (D–G) BZD sensitivity in cultured neurons is severely diminished by 7-day DZP treatment. (D) mIPSC amplitude measured before and after application of acute diazepam (Veh-treated: before acute diazepam = 31.1 ± 9.47 pA, +diazepam = 48.9 ± 15.3 pA, p = 0.0480; DZP-treated: before acute diazepam = 57.2 ± 12.7 pA, +diazepam = 61.6 ± 14.2 pA, p = 0.0849). (E) The percent potentiation of mIPSC amplitude by application of acute diazepam is lost in chronic DZP-treated neurons (Veh = 55.9 ± 16.2%, DZP = 6.79 ± 2.96%; p = 0.0176). (F) mIPSC τdecay in 7-day Veh vs. DZP neurons before and after acute application of diazepam (Veh-treated: before acute diazepam = 50.0 ± 2.87 ms, +diazepam = 86.2 ± 6.97 ms, p = 0.0042; DZP-treated: before acute diazepam = 43.7 ± 2.92 ms, +diazepam = 54.3 ± 3.00 ms, p = 0.0197). (G) The percent potentiation of mIPSC τdecay by acute diazepam is significantly diminished in chronic DZP-treated neurons (Veh = 72.5 ± 12.9%, DZP = 25.6 ± 7.48%; p = 0.0125). n = 5 cells per treatment, N = 3 independent cultures; mean ± SEM. (B, E, G) unpaired t-test; (D, F) paired t-test; *p ≤ 0.05, **p ≤ 0.01.




3.2 Subsynaptic reorganization of gephyrin and γ2-GABAARs induced by chronic DZP treatment

Modern super-resolution microscopy has revealed synaptic proteins to be heterogeneously distributed into high-density protein clusters called subsynaptic domains (SSDs; MacGillavry et al., 2013; Nair et al., 2013; Specht et al., 2013; Crosby et al., 2019). SSDs facilitate efficient synaptic transmission and are subject to activity-dependent plasticity in response to altered neuronal activity or excitation/inhibition dysfunction (Dani et al., 2010; Specht et al., 2013; Tang et al., 2016; Pennacchietti et al., 2017; Werner et al., 2021; Yang and Annaert, 2021; Garcia et al., 2021). We hypothesized that chronic BZD treatment would disrupt the inhibitory synaptic nanoscale architecture and alter gephyrin and GABAAR subsynaptic organization. To this end, we employed DNA Points Accumulation for Imaging in Nanoscale Topography (DNA-PAINT), a localization-based super-resolution microscopy technique that allows visualization of endogenous proteins with high spatial resolution (Figure 2A; Schnitzbauer et al., 2017). Using antibodies against gephyrin and an extracellular epitope of the γ2-GABAAR subunit, we observed that gephyrin localizations were organized into highly concentrated clusters that aligned with vesicular GABA transporter (VGAT) puncta (identifying inhibitory presynaptic terminals) and largely overlapped with γ2-GABAAR localizations, while smaller clusters of both gephyrin and γ2-GABAAR were observed extrasynaptically (Figure 2B). Assuming roughly circular SSDs and synapses, the average diameters for γ2-GABAAR and gephyrin synapses and SSDs (γ2-GABAAR, SSD: 36–40 nm, synapse: ~210–250 nm; gephyrin, SSD: 73–82 nm, synapse: ~360–410 nm) were within previously reported ranges (Yang and Specht, 2019; Anderson et al., 2023), confirming the validity of our technique.
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FIGURE 2
 Altered subsynaptic organization of gephyrin and γ2-GABAARs by chronic DZP treatment. The subsynaptic organization of gephyrin and γ2-GABAAR was analyzed by DNA-PAINT super-resolution localization microscopy. (A) DNA-PAINT Schematic. Primary antibodies recognizing surface γ2-GABAAR or intracellular gephyrin are targeted by DNA-coupled secondary nanobodies (docking strands), while imager strands containing the fluorophore-bound complementary oligonucleotide remain freely available. Transient binding between the imager and docking strands produces a bright localization event. (B) Example snapshot of a VGAT-stained neuron used in DNA-PAINT microscopy. The zoomed region is overlayed with localizations (locs) of gephyrin (red) and γ2-GABAAR (blue); scale bar: 1 μm. Colocalization with VGAT confirmed high-density localization clusters as synaptic. (C) Representative synapses from a 7-day Veh- or DZP-treated neuron captured by DNA-PAINT; each point represents a localization of either surface γ2-GABAAR (blue squares) or gephyrin (red circles). (D, E) Localization analysis of γ2-GABAAR and gephyrin total synapse area (D) and localization density (E). (D) Chronic DZP treatment reduced the total synapse area of both γ2-GABAAR (Veh = 50.1 ± 2.4 × 103 nm2, DZP = 35.4 ± 1.8 × 103 nm2, p = 0.0005) and gephyrin (Veh = 130.1 ± 3.7 × 103 nm2, DZP = 98.9 ± 3.9 × 103 nm2; p < 0.0001). (E) γ2-GABAAR synapse localization density was increased in DZP-treated neurons (Veh = 4.3 ± 0.13 × 10−3 locs/nm2, DZP = 6.5 ± 0.56 × 10−3 locs/nm2; p = 0.0019). Gephyrin synapse localization density was unchanged by DZP treatment. (F) Representative synapses from (C) with SSD localizations highlighted. (G–J) Analysis of γ2-GABAAR and gephyrin SSD numbers per synapse (G), SSD area (H), localization density within SSDs (I), and SSD/Synapse Area (J). Gephyrin SSD area was reduced after chronic DZP treatment (Veh = 5.2 ± 0.26 × 103 nm2, DZP = 4.2 ± 0.25 × 103 nm2; p = 0.0265); SSDs were otherwise similar between vehicle- and DZP-treated neurons. n = 7–9 cells, N = 2 independent cultures; mean ± SEM. (D, E, G–I) Mann-Whitney test, (J) Mann-Whitney test (γ2-GABAAR) or unpaired t-test (gephyrin). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.


Chronic DZP treatment resulted in shrinkage of the inhibitory postsynaptic area, reducing the total synapse area of γ2-GABAAR from ~50 × 103 nm2 to ~35 × 103 nm2 and gephyrin from ~130 × 103 nm2 to ~99 × 103 nm2 (Figures 2C, D). γ2-GABAARs reorganized at higher density within this smaller area without overall loss of receptors, as indicated by a significant increase in γ2-GABAAR synaptic localization density (Figure 2E). Conversely, gephyrin localization density was unchanged, suggesting that chronic DZP treatment reduced total synaptic gephyrin levels (Figure 2E). Consistent with this, gephyrin SSD area was also reduced by DZP treatment (Figures 2F, H). However, 7-day DZP treatment did not alter the number of SSDs per synapse for either gephyrin or γ2-GABAAR (Figures 2F, G), and γ2-GABAAR SSD area was also unchanged (Figures 2F, H). These data indicate that chronic DZP treatment triggers a nanoscale redistribution of gephyrin and γ2-GABAARs without severely disrupting the inhibitory synaptic architecture. This is further supported by similar SSD localization density (Figure 2I) and SSD/total synapse area ratios (Figure 2J) between vehicle- and DZP-treated neurons for both gephyrin and γ2-GABAAR. Finally, to determine whether the apparent loss of synaptic gephyrin altered its alignment with GABAARs, we calculated the enrichment index for γ2-GABAAR and gephyrin, which is greater than one when the positioning of two proteins is closely correlated (Chen et al., 2020; Dharmasri et al., 2024). We found that chronic DZP treatment did not substantially alter the enrichment indices (Supplementary Figure S1), consistent with intact gephyrin-GABAAR synaptic associations.



3.3 Chronic DZP treatment promotes gephyrin phosphorylation and proteolytic cleavage

To investigate potential mechanisms by which chronic DZP treatment reduces synaptic gephyrin, we examined gephyrin phosphorylation at Ser270, which regulates gephyrin cluster size (Tyagarajan et al., 2011, 2013) and is increased after short-term (24 h) DZP treatment (Lorenz-Guertin et al., 2019). Gephyrin phosphorylation was assessed using in situ proximity ligation (PL) assay (PLA), a novel fluorescence-based technique which detects protein modifications with improved sensitivity and reduced non-specific signals over traditional phospho-antibody immunofluorescence (IF). Here, we performed PLA using an anti-gephyrin mAb7a antibody, specific for phospho-Ser270, paired with a total anti-gephyrin (3B11) antibody (Figure 3A). MAP2 and VGAT counterstaining were used to identify neuronal dendrites and inhibitory synapses, respectively (Figure 3B). As a control, we confirmed that minimal PL signal was observed under conditions of either primary antibody alone or with no primary antibodies (Supplementary Figure S2). In 7-day DZP-treated neurons, we observed trends consistent with an increase in the number of whole-field PL signals (Figure 3C; p = 0.0757), the number of synaptic PL signals (Figure 3D; p = 0.0751), and whole-field PL signal intensity (Figure 3E; p = 0.0877), while synaptic PL signal intensity was significantly increased by ~60% after chronic DZP treatment (Figure 3F). These data indicate that a higher proportion of the existing synaptic gephyrin is phosphorylated at Ser270 in neurons following 7-day DZP treatment.
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FIGURE 3
 Chronic DZP treatment increases gephyrin Ser270 phosphorylation at synapses. Phosphorylation of gephyrin at Ser270 was assessed by proximity ligation (PL) assay (PLA) in 7-day Veh- vs. DZP-treated neurons. (A) PLA Schematic; fluorescent PL signal (yellow) is only observed when the phospho-Ser270-specific mAb7a antibody is within 40 nm of the total gephyrin antibody, indicating Ser270 phosphorylation. (B) Representative images of Veh- or chronic DZP-treated neurons with PLA signals (yellow); MAP2 (green) and VGAT (pink) counterstaining were used to label neuronal dendrites and inhibitory synapses, respectively. (C–F) Quantification of the number (C, D) or intensity (E, F) of mAb7a–gephyrin PL signals in the whole field or at synaptic sites. Chronic DZP treatment significantly increased synaptic PL signal intensity, indicating increased gephyrin Ser270 phosphorylation (Veh = 100.0 ± 11.6%, DZP = 157.8 ± 20.0%; p = 0.0263). n = 36–37 cells, N = 3 independent cultures; median (solid line) and quartiles (dashed lines) are shown. (C–F) Mann-Whitney test; *p ≤ 0.05. Scale bars are 20 μm for neurons and 2 μm for dendrite zoom images.


Ser270 phosphorylation increases gephyrin susceptibility to calpain-mediated cleavage and proteolysis (Tyagarajan et al., 2011). Therefore, we next assessed chronic DZP-induced alterations to full-length and cleaved gephyrin expression using a biochemical fractionation technique followed by downstream western blotting (Figure 4A). Integrity of the isolated synaptic membrane, extrasynaptic membrane, and total protein fractions was validated by immunoblotting with several synaptic and extrasynaptic markers (Supplementary Figure S3). Chronic DZP treatment reduced full-length gephyrin expression in the total fraction to only ~80% that of vehicle-treated neurons (Figure 4B). Consistent with our DNA-PAINT analysis (Figure 2), this occurred with a near-significant decrease in synaptic full-length gephyrin (Figure 4B; Veh = 100.0 ± 7.01%, DZP = 75.16 ± 9.64%; p = 0.0559). In contrast, extrasynaptic full-length gephyrin was unchanged (Figure 4B). In line with enhanced Ser270 phosphorylation, we observed three-fold higher levels of cleaved gephyrin in 7-day DZP-treated neurons (Figure 4C). Surprisingly, however, this was restricted to the extrasynaptic membrane fraction (Figure 4C), despite an increase in the cleaved/full-length gephyrin ratio in both the synaptic and extrasynaptic membrane fractions (Figure 4D). Overall, these data are consistent with a reduction in full-length gephyrin mediated by increased proteolytic cleavage after chronic DZP treatment.
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FIGURE 4
 Enhanced proteolytic gephyrin cleavage decreases full-length gephyrin expression in 7-day DZP-treated neurons. Full-length or cleaved gephyrin protein expression was assessed by subcellular fractionation and western blotting. (A) Representative western blots. Each lane represents a biological replicate. (B–D) Quantifications of full-length gephyrin (B), cleaved gephyrin (C), and the ratio of cleaved/full-length gephyrin (D) in the synaptic, extrasynaptic, and total protein fractions from 7-day Veh- or DZP-treated neurons. Immunoreactivities were normalized to GAPDH. (B) Full-length gephyrin was near-significantly reduced in the synaptic fraction (Veh = 100.0 ± 7.01%, DZP = 75.16 ± 9.64%; p = 0.0559) and significantly reduced in the total fraction (Veh = 100.0 ± 3.14%, DZP = 82.02 ± 5.26%; p = 0.0109), while extrasynaptic full-length gephyrin was unchanged. (C) Chronic DZP treatment increased cleaved gephyrin levels only at extrasynaptic sites (100.9 ± 6.04%, DZP = 295.0 ± 65.19%, p = 0.0003). (D) The proportion of cleaved/full-length gephyrin was elevated by chronic DZP treatment in the synaptic and extrasynaptic fractions (synaptic: Veh = 1.31 ± 0.099, DZP = 1.90 ± 0.20, p = 0.0220; extrasynaptic: Veh = 0.89 ± 0.19, DZP = 2.74 ± 1.87, p = 0.0003). n = 2 replicates per treatment from N = 4 independent cultures; mean ± SEM. B-D: unpaired t-test or Mann-Whitney test; *p ≤ 0.05, ***p ≤ 0.001.




3.4 DZP-induced membrane redistribution of γ2-GABAARs without loss of surface or total protein expression

As loss of synaptic gephyrin can impair GABAAR synaptic clustering (Jacob et al., 2005; van Zundert et al., 2005; Yu et al., 2007; Carricaburu et al., 2024), we next used IF to examine γ2-GABAAR surface expression and subcellular localization after chronic DZP treatment. Following 7-day vehicle or DZP treatment, neurons were fixed and surface stained for γ2-GABAARs, then permeabilized and stained for the presynaptic GABA-producing enzyme, GAD65 (Figure 5A). γ2-GABAARs were considered synaptic when colocalized with GAD65; otherwise, the signal was considered extrasynaptic. Chronic DZP treatment reduced the dendritic clustering density of synaptic γ2-GABAARs (Figure 5B) without loss of GAD65 clusters (Figure 5E), indicating a reduced proportion of inhibitory synapses expressing BZD-sensitive GABAARs. DZP treatment also decreased the γ2-GABAAR area per synapse without altering signal intensity (Figure 5B). This is consistent with similar γ2-GABAAR numbers contained within a smaller postsynaptic area per synapse, in agreement with our DNA-PAINT results (Figure 2). Concurrent with the loss of synaptic clusters, γ2-GABAARs were enriched extrasynaptically to 163% that of vehicle after chronic DZP treatment (Figure 5C). This occurred without change to surface γ2-GABAAR expression (Figure 5D), which was confirmed by complementary surface biotinylation analysis (Figures 5F, G). These findings therefore suggest that DZP treatment induces a redistribution of synaptic γ2-GABAARs to extrasynaptic sites without altering surface expression. In contrast to short-term BZD treatments which promote γ2-GABAAR internalization and degradation (Nicholson et al., 2018; Lorenz-Guertin et al., 2019), biochemical analysis here additionally revealed similar total protein levels of γ2-GABAAR subunits in 7-day vehicle- and DZP-treated neurons (Figures 5F, G). Thus, these data are overall consistent with a model of individual synapse-specific losses of BZD-sensitive γ2-GABAARs induced by chronic DZP treatment. Given that BZD-insensitive α4-GABAARs are elevated in some neurodevelopmental disorders and are associated with BZD-resistant seizures (Talos et al., 2012; Sharma et al., 2021), we also assessed α4-GABAAR synaptic and total subunit expression in neurons after chronic DZP treatment. However, α4-GABAAR synaptic levels were similar between vehicle- and DZP-treated neurons, though total protein expression trended upward (Supplementary Figure S4; Veh = 100 ± 10%, DZP = 144 ± 18%, p = 0.0623).
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FIGURE 5
 BZD-sensitive γ2-GABAARs are redistributed from synaptic to extrasynaptic sites after chronic DZP treatment without loss of surface expression. Surface expression and synaptic or extrasynaptic localization of γ2-GABAARs was assessed in 7-day Veh- or DZP-treated neurons. (A) Representative immunofluorescence (IF) images. Cells were first surface stained for endogenous γ2-GABAAR then subsequently permeabilized and stained for GAD65 to mark presynaptic inhibitory terminals. (B–E) Quantification of IF results, including cluster density, signal area (μm2), and signal intensity (% Veh) of synaptic γ2-GABAARs (B), extrasynaptic γ2-GABAARs (C), total surface γ2-GABAARs (D), or GAD65 (E). Synaptic γ2-GABAAR signal was defined by binary intersection with GAD65. (B) Chronic DZP treatment reduced γ2-GABAAR clustering density (Veh = 3.33 ± 0.192, DZP = 2.74 ± 0.155; p = 0.0196) and synaptic area (Veh = 1.74 ± 0.126 μm2, DZP = 1.40 ± 0.109 μm2; p = 0.0411) without altering signal intensity. (C) Chronic DZP treatment enriched the extrasynaptic accumulation of γ2-GABAARs (binary area: Veh = 0.391 ± 0.041 μm2, DZP = 0.536 ± 0.064 μm2, p = 0.0657; sum intensity: Veh = 100.0 ± 9.66%, DZP = 163.1 ± 20.4%, p = 0.0091). (D, E) Total surface γ2-GABAAR and GAD65 staining were unchanged by DZP treatment. (F, G) Surface biotinylation experiments confirm that chronic DZP treatment does not alter surface or total protein expression of γ2-GABAAR subunits. (F) Representative western blots of the surface and total fractions collected by surface biotinylation. Each lane represents a biological replicate. The lack of GAPDH signal in the surface fraction confirms isolation of surface proteins. (G) Quantification of γ2-GABAAR subunit surface and total protein expression. (B–E) n = 42–47 cells, N = 3 independent cultures; (G) n = 15–22 replicates, N = 6–9 independent cultures; mean ± SEM. (B–E, G) unpaired t-test; *p ≤ 0.05, **p ≤ 0.01. Scale bars are 20 μm for neuron images and 2 μm for dendrite zoom images.




3.5 Gephyrin and γ2-GABAAR interactions and trafficking dynamics are altered by chronic DZP treatment

To determine whether GABAAR accumulation in the extrasynaptic membrane and reduced synaptic clustering is mediated by impaired gephyrin-GABAAR interactions, we again employed PLA and paired a γ2-GABAAR antibody with a total gephyrin (3B11) antibody (Figure 6A). PLA was performed under permeabilized conditions and thus included gephyrin-GABAAR interactions both at the cell surface and intracellularly. As before, MAP2 and VGAT counterstaining was used to identify neuronal dendrites and inhibitory synapses, respectively (Figure 6B). Unexpectedly, chronic DZP treatment produced a near-significant increase in the total number of whole-field gephyrin-GABAAR PL signals (Figure 6C; p = 0.0561), consistent with enhanced receptor-scaffold associations. Stratifying the PL signals into synaptic or extrasynaptic by colocalization with VGAT revealed similar numbers of synaptic PL signals between vehicle- and DZP-treated neurons (Figure 6D). Surprisingly, however, chronic DZP treatment produced higher numbers of extrasynaptic gephyrin-GABAAR PL signals (Figure 6E). Therefore, these findings suggest that interactions of gephyrin with BZD-sensitive GABAARs are elevated specifically at extrasynaptic sites following chronic DZP treatment.
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FIGURE 6
 Gephyrin associations with γ2-GABAARs are enhanced by chronic DZP treatment in the extrasynaptic membrane. Gephyrin associations with γ2-GABAARs were assessed by PLA in neurons treated with Veh or 1 μM DZP for 7 days. (A) PLA Schematic; fluorescent PL signal is only observed when γ2-GABAAR and gephyrin are within 40 nm, indicating association; experiments were performed under permeabilized conditions. (B) Representative neuron images; MAP2 and VGAT counterstaining was included to label neuronal dendrites and inhibitory synapses, respectively; PLA signals are shown in yellow. (C–E) Quantification of the number of whole-field (C), synaptic (D), or extrasynaptic (E) gephyrin-GABAAR PL signals. Chronic DZP treatment resulted in a near-significant increase in the number of whole-field PL signals (C; Veh = 100.0 ± 6.015%, DZP = 121.1 ± 9.219%; p = 0.0561) and significantly higher numbers of extrasynaptic PL signals (E; Veh = 100.0 ± 5.328%, DZP = 125.0 ± 9.508%; p = 0.0270), while synaptic PL signals were similar between vehicle- and DZP-treated neurons. n = 38–47 cells, N = 3 independent cultures; median (solid line) and quartiles (dashed lines) are shown. (C–E) Mann-Whitney test; *p ≤ 0.05. Scale bars are 20 μm for neurons and 2 μm for dendrite zoom images.


The preservation of synaptic gephyrin-GABAAR associations (Figure 6; Supplementary Figure S1) may suggest that synaptic stability is intact even during chronic DZP treatment, which is conversely impaired after 12–24 h DZP exposure (Vlachos et al., 2013; Lorenz-Guertin et al., 2019). On the other hand, extrasynaptic gephyrin interactions with glycine receptors can slow their membrane diffusion (Ehrensperger et al., 2007). Thus, we hypothesized that the increase in extrasynaptic gephyrin-GABAAR interactions (Figure 6) may similarly slow extrasynaptic γ2-GABAARs, potentially facilitating their extrasynaptic accumulation (Figure 5). To assess trafficking dynamics, we performed live-cell FRAP (fluorescence recovery after photobleaching) experiments in hippocampal neurons co-transfected with mScarlet-gephyrin.FingR and γ2pHFAP constructs.

We first confirmed that the majority of mScarlet-gephyrin.FingR clusters were synaptic by live labeling of inhibitory presynaptic terminals with a fluorescently tagged antibody to VGAT (VGAT CypHer5E; Supplementary Figure S5A), which was added to the neuron dish for 1–2 h to allow uptake into synaptic vesicles. In agreement with previously reported values of ~DIV 21 neurons (Danglot et al., 2003), ~90% of analyzed gephyrin clusters were colocalized with VGAT (Supplementary Figure S5B). Synaptic γ2pHFAP signals were thus subsequently defined by colocalization with bright clusters of mScarlet-gephyrin.FingR.

Following an initial pre-bleach acquisition phase to establish baseline fluorescence, we photobleached synaptic (Figure 7A) and extrasynaptic (Figure 7C) regions of neurons expressing γ2pHFAP and mScarlet-gephyrin.FingR. Fluorescence recovery within these regions was monitored every 2 min for the next 30 min. MG-βTau, a cell-impermeable MG dye that is non-fluorescent until FAP binding (Yan et al., 2015), was added immediately after photobleaching to confirm surface expression of the γ2pHFAP GABAAR clusters (Supplementary Figures S5C, D). Chronic DZP treatment resulted in higher fluorescence recovery of synaptic mScarlet-gephyrin.FingR (Figures 7A, B) compared to vehicle-treated neurons. This is consistent with a reduction in the population of stable, immobilized gephyrin at synapses and is potentially due to faster gephyrin diffusion and/or increased gephyrin forward trafficking. Despite this destabilization of gephyrin, the synaptic dynamics of γ2-GABAAR were unchanged by chronic DZP treatment (Figure 7B). Additionally, trafficking of extrasynaptic mScarlet-gephyrin.FingR was unchanged (Figures 7C, D). However, in agreement with our hypothesis, the fluorescence recovery of γ2pHFAP was significantly lower in extrasynaptic regions of DZP-treated neurons (Figures 7C, D). Because GABAARs are primarily exocytosed extrasynaptically (Bogdanov et al., 2006), yet surface γ2-GABAAR expression was unchanged by DZP treatment (Figure 5), these data are consistent with reduced lateral receptor movements within the extrasynaptic membrane rather than decreased forward trafficking or altered diffusion from synaptic to extrasynaptic sites.
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FIGURE 7
 Chronic DZP treatment destabilizes synaptic gephyrin and impairs the mobility of extrasynaptic γ2-GABAARs. Fluorescence Recovery After Photobleaching (FRAP) experiments were performed in hippocampal neurons co-transfected with γ2pHFAP and mScarlet-Gephyrin.FingR and treated with Veh or 1 μM DZP for 7 days. (A) Representative images of synaptic γ2pHFAP and mScarlet-Gephyrin.FingR (geph.FingR, gephyrin.FingR) before bleaching (pre-bleach), immediately after bleaching (t = 0 min), and 30 min post-bleach (t = 30 min). White boxes indicate regions of photobleaching. (B) Analysis of fluorescence recovery after photobleaching for synaptic mScarlet-gephyrin.FingR and γ2pHFAP. mScarlet-gephyrin.FingR fluorescence recovery was elevated by chronic DZP treatment, while synaptic γ2pHFAP recovery was unchanged by DZP treatment. (C) Representative images of extrasynaptic regions of γ2pHFAP and mScarlet-Gephyrin.FingR before bleaching (pre-bleach), immediately after bleaching (t = 0 min), and 30 min post-bleach (t = 30 min). White boxes indicate regions of photobleaching. (D) Analysis of fluorescence recovery after photobleaching of extrasynaptic regions. Chronic DZP treatment did not affect extrasynaptic trafficking of mScarlet-gephyrin.FingR, while γ2pHFAP extrasynaptic mobility was reduced. (B, D) n = 16–17 cells, N = 3 independent cultures; mean ± SEM. Analyses by multiple unpaired t-tests; *p ≤ 0.05, **p ≤ 0.01. Scale bars: 2 μm.





4 Discussion

BZD clinical use is severely limited by the rapid development of tolerance to the therapeutic effects. This can drive a need for dose escalation that increases risk of patient abuse, addiction, and dependence associated with a withdrawal syndrome that occurs upon drug discontinuation marked by sleep disturbance, anxiety, panic attacks, and other neurological hallmarks of impaired inhibition (Pétursson, 1994; Janhsen et al., 2015). While many studies have described initial neuronal adaptations after acute or short-term BZD exposure, there has been a lack of research focused on long-term neuroplasticity mechanisms underlying BZD tolerance. With as many as 25% of all BZD users continuing use for several months to years at a time (Olfson et al., 2015; Kurko et al., 2015; Kaufmann et al., 2018; Tanguay Bernard et al., 2018) and the 50% rates of relapse following BZD discontinuation (Morin et al., 2005; Gerlach et al., 2019; Chapoutot et al., 2021), there is an urgent need to understand the impact of long-term BZD treatments on GABAAR regulation and inhibitory synapse plasticity.

In this study, we describe key alterations to the inhibitory postsynaptic scaffold gephyrin and BZD-sensitive γ2-GABAARs in primary neurons chronically treated with DZP. Following functional confirmation of diminished BZD sensitivity (Figure 1), we provide the first analysis of BZD-induced changes to inhibitory subsynaptic organization using super-resolution DNA-PAINT localization microscopy. For gephyrin, DNA-PAINT analysis found a DZP-induced decrease in total and subsynaptic domain area (Figure 2). A loss of synaptic and total gephyrin protein expression was then confirmed by biochemical fractionation analysis (Figure 4) and was associated with increased gephyrin Ser270 phosphorylation (Figure 3) and protease-mediated gephyrin cleavage (Figure 4). Furthermore, synaptic gephyrin stability was impaired (Figure 7), indicative of faster gephyrin diffusion dynamics. Alternatively, gephyrin forward trafficking and/or local translation may be increased; combined with higher cleavage levels, this would suggest elevated gephyrin protein turnover. Collectively, these results demonstrate that chronic DZP treatment activates signaling pathways which promote the deconstruction of this critical inhibitory scaffold. As gephyrin regulates GABAAR clustering, we also assessed DZP-induced changes to GABAARs. Super-resolution analysis revealed increased γ2-GABAAR localization density per synapse (Figure 2). Corroborated by immunofluorescence (Figure 5), this is consistent with γ2-GABAARs clustering within a smaller postsynaptic area without loss of receptors per synapse. However, there were overall fewer inhibitory synapses expressing γ2-GABAARs, though presynaptic GAD65 clustering was unchanged (Figure 5). This indicates that chronic DZP treatment reduced the proportion of synapses expressing BZD-sensitive GABAARs without widespread downregulation of inhibitory synapses. This is supported by the preservation of basal mIPSC parameters (Figure 1), which further suggests that the remaining synaptic γ2-GABAARs remain functional. Interestingly, rather than being removed from the cell surface following synaptic removal, surface γ2-GABAARs were enriched extrasynaptically in chronic DZP-treated neurons (Figure 5). This was accompanied by a restriction in the lateral mobility of these extrasynaptic receptors (Figure 7), which we demonstrated by PLA to correlate with higher levels of gephyrin-GABAAR associations away from the synapse (Figure 6). In summary, these findings uncover important plasticity mechanisms of gephyrin and γ2-GABAARs during extended BZD treatment. We propose that these processes together limit the synaptic prevalence and renewal of BZD-sensitive GABAARs to chronically diminish synaptic sensitivity to BZDs without substantially impairing inhibitory neurotransmission.

Postsynaptic receptors and scaffolds at synapses form small (< 100 nm diameter), high-density subsynaptic clusters that trans-synaptically align with active zone machinery in the presynaptic terminal, facilitating efficient neurotransmission (Tang et al., 2016; Crosby et al., 2019; Gookin et al., 2022; Olah et al., 2023). Recent work with super-resolution microscopy, particularly localization-based, has established the importance of SSDs in postsynaptic organization and plasticity (Chen et al., 2018; reviewed in Yang and Specht, 2019). However, the impact of chronic BZD treatment on the inhibitory subsynaptic organization has not been previously described. Here, DNA-PAINT studies revealed an overall shrinkage of the gephyrin and γ2-GABAAR synapse areas, a redistribution of synaptic γ2-GABAARs within this smaller area, and smaller gephyrin SSDs (Figure 2). However, the relative timing and potential interdependence of the respective gephyrin and γ2-GABAAR nanoscale rearrangements remain undetermined. While some studies have suggested a largely cooperative relationship between GABAARs and gephyrin (Essrich et al., 1998; Schweizer, 2003; Alldred et al., 2005; Crosby et al., 2019), others have described entirely independent mechanisms of receptor and scaffold plasticity (Niwa et al., 2012; Garcia et al., 2021; Merlaud et al., 2022). A highly coordinated subsynaptic relationship was demonstrated by expression of a dominant-negative gephyrin construct that disrupted both γ2-GABAAR and gephyrin SSD size and positioning (Crosby et al., 2019). Use of antisense oligonucleotides to block gephyrin expression has also been shown to promote a switch in the synaptic GABAAR population to receptors that were highly sensitive to zinc (non-γ2-GABAAR) and insensitive to BZDs (van Zundert et al., 2005), further suggesting a specific role for gephyrin in the insertion and stabilization of BZD-sensitive γ2-GABAAR clusters. On the other hand, GABAAR lateral diffusion from synapses in response to acute increases in neuronal activity temporally preceded that of gephyrin (Niwa et al., 2012). Similarly, during acute excitotoxic insult, calcineurin dephosphorylation of the γ2 subunit first reduced γ2-GABAAR SSDs, which was then followed by gephyrin cleavage and SSD disassembly (Garcia et al., 2021). Taking our FRAP data into account, the shrinkage in gephyrin SSDs is accompanied by reduced synaptic stability in DZP-treated neurons (Figures 2, 7). Conversely, γ2-GABAAR SSDs are unchanged by DZP treatment, and synaptic stability is also maintained (Figures 2, 7). These distinct alterations in SSD and synaptic dynamics for the scaffold and receptor may indicate that synaptic stabilization of γ2-GABAARs is independent of gephyrin stability under conditions of chronic DZP treatment. This would likely be due to additional interactions of γ2-GABAAR with other postsynaptic proteins, including neuroligin-2 and GARLH4 (Davenport et al., 2017; Yamasaki et al., 2017; Martenson et al., 2017). To fully understand the gephyrin-GABAAR relationship, future studies should perform time-course analysis of SSDs throughout the chronic BZD treatment. Additionally, experiments utilizing inhibitors to the protease calpain could determine if gephyrin disassembly is required for γ2-GABAARs subsynaptic redistribution and whether blockade of cleavage and/or receptor redistribution still results in functional tolerance.

Chronic BZD treatment has been shown to produce distinct molecular responses dependent upon the brain region (Impagnatiello et al., 1996; Longone et al., 1996; Pesold et al., 1997; Wu et al., 1994; Li et al., 2000; Wright et al., 2014; Furukawa et al., 2017), method (Fernandes and File, 1999; Arnot et al., 2001; Allison and Pratt, 2006) and length (Wu et al., 1994; Holt et al., 1996; Ferreri et al., 2015) of dosing, and behavioral effect analyzed (Fernandes and File, 1999; Bateson, 2002; Vinkers and Olivier, 2012). Consequently, comparisons of prior studies of BZD tolerance are challenging due to discrepancies in treatment paradigm, BZD ligand used, and brain regions assessed. Though lacking the complexity and connectivity of an in vivo system, primary neuronal culture is a simplified model that readily permits high-resolution analysis of precise molecular mechanisms of plasticity, including changes to synaptic protein trafficking dynamics, intermolecular interactions, and subsynaptic organization. We previously used this system to describe the initial neuroplasticity mechanisms triggered by short-term (24 h) DZP exposure (Lorenz-Guertin et al., 2019). Here, we used the same primary neuronal culture system, BZD ligand, and BZD concentration while extending the length of drug treatment to discern the differential neuroplasticity induced by sustained, chronic BZD exposure. For gephyrin, we found that chronic DZP treatment resulted in a disruption of the gephyrin scaffold via altered posttranslational processing heavily reminiscent of the 24 h phenotype (Lorenz-Guertin et al., 2019). Thus, DZP treatment produces a moderate yet persistent downregulation of synaptic gephyrin expression and stability. This long-lasting destabilization may be expected to disrupt gephyrin's critical role in the clustering of GABAARs, but gephyrin-GABAAR interactions have not before been analyzed during chronic exposure to DZP. This is particularly important given that the gephyrin binding domain within the GABAAR appears conformationally linked to that of the BZD binding domain (Gouzer et al., 2014; Lévi et al., 2015). In this study, we provide the first analysis of the gephyrin-GABAAR association after chronic DZP treatment using PLA and surprisingly found that gephyrin interactions with γ2-GABAARs at the synapse were not reduced (Figure 6). It is possible that the PLA analysis lacks sufficient resolution to discern subtle changes in association, particularly within the postsynaptic density which contains high concentrations of these proteins. Additionally, this assay does not provide more detailed information as to whether the strength or nature of the interaction is altered; thus, detailed characterization of this interaction and the consequential impact on BZD binding may be an important avenue of future research.

In contrast to gephyrin, γ2-GABAARs exhibit several neuroplasticity alterations after chronic DZP treatment that are distinct from short-term exposure. We previously showed that 24 h DZP treatment impairs synaptic γ2-GABAAR stability and reduces γ2-GABAAR subunit expression via increased lysosomal-mediated degradation (Lorenz-Guertin et al., 2019). Similarly, other groups have also reported reduced expression of BZD-sensitive GABAARs (Jacob et al., 2012; Nicholson et al., 2018; Foitzick et al., 2020; González Gómez et al., 2023) and reduced mIPSCs (Jacob et al., 2012; Nicholson et al., 2018) after short-term (< 72 h) BZD treatment. Conversely, our findings reveal that these initial adaptations in γ2-GABAARs do not persist with chronic DZP treatment, as γ2-GABAAR total protein and surface expression were maintained (Figure 5) and mIPSCs were preserved (Figure 1). Instead, γ2-GABAARs were redistributed throughout the surface membrane: there were fewer inhibitory postsynaptic sites which expressed γ2-GABAARs (Figure 5), and for those that did, these receptors were condensed within a smaller area (Figures 2, 5), which is potentially due to the reduced overall postsynaptic and subsynaptic gephyrin area (Figure 2). The trafficking dynamics of γ2-GABAARs were also distinctly impacted by chronic vs. short-term DZP treatment. While 24 h DZP treatment accelerated γ2-GABAAR synaptic exchange without impacting extrasynaptic dynamics (Lorenz-Guertin et al., 2019), we instead found that 7-day DZP treatment did not affect the synaptic exchange of γ2-GABAARs despite the destabilization in gephyrin (Figure 7). Currently, however, it remains unclear whether the loss of BZD sensitivity induced by chronic treatment is entirely dependent upon the observed reductions to inhibitory postsynaptic components. γ2-GABAARs represent the major synaptic GABAAR population (Olsen and Sieghart, 2008, 2009), and the γ2 subunit is required for maintenance of postsynaptic receptor clustering (Essrich et al., 1998; Martenson et al., 2017) and organism viability (Schweizer, 2003). Hence, downregulation of this critical receptor subtype is evidently minimized in the long-term; indeed, the preservation of synaptic inhibition (Figure 1) supports intact function of the remaining synaptic γ2-GABAARs. Posttranslational modifications of these γ2-GABAARs may further reduce BZD sensitivity without impairment of normal channel function. In particular, phosphorylation of γ2-GABAAR subunit at Ser327 is associated with reduced synaptic clustering (Muir et al., 2010) and BZD potentiation (Qi et al., 2007); interestingly, Ser327 phosphorylation was increased after 7- and 14-day DZP treatment in rats (Ferreri et al., 2015). Another potential contributing factor to diminished BZD sensitivity could be increased synaptic expression of novel BZD-insensitive GABAAR subtypes, which may also compensate for the reduction in synaptic γ2-GABAARs. Although α4-GABAAR subunit levels were not increased (Supplementary Figure S4), future work should evaluate the expression of other non-γ2-containing GABAAR subtypes, which could be accomplished pharmacologically.

While synaptic γ2-GABAAR trafficking was maintained, extrasynaptic lateral mobility was reduced in chronic DZP-treated neurons (Figure 7), which correlated with enhanced gephyrin-GABAAR interactions extrasynaptically (Figure 6). This suggests that an extrasynaptic pool of gephyrin is restricting the diffusion of γ2-GABAARs extrasynaptically, which has been demonstrated for glycine receptors (Ehrensperger et al., 2007). This may effectively reduce the speed with which BZD-sensitive GABAARs are re-incorporated into the synapse. However, it is also possible that these gephyrin-GABAAR extrasynaptic interactions are mediated by a temporary continued association of receptors with cleaved gephyrin fragments. The C-terminal gephyrin cleavage fragment, potentially including an intact receptor binding site, is relatively long-lived (Kawasaki et al., 1997). Under physiological conditions, calcium-dependent calpain proteolysis regulates gephyrin clustering and contributes to neurite outgrowth and synapse remodeling (Kawasaki et al., 1997). In contrast, calcium overload leads to excessive, pathological calpain activity (Bevers and Neumar, 2008; Vosler et al., 2008), promoting gephyrin degradation, disassembly, and a loss of synaptic γ2-GABAARs (Costa et al., 2016). The subcellular localization of cleaved gephyrin fragments has not previously been described, and the order in which gephyrin is cleaved and removed from the synapse is unclear. The disparate distributions of cleaved and full-length gephyrin between the synaptic and extrasynaptic membrane fractions may indicate (1) a prerequisite relocation of full-length gephyrin from synaptic to extrasynaptic sites to facilitate cleavage, or (2) gephyrin cleaved at the synapse is subsequently trafficked laterally along the membrane in association with receptors. Previously, increased gephyrin cleavage has been observed within ~9 min of oxygen-glucose deprivation (OGD) in neuron culture, but gephyrin SSD volume was not reduced until ~15 min (Garcia et al., 2021). Given our observation of cleaved gephyrin fragments enriched specifically in the extrasynaptic membrane (Figure 4), this suggests that gephyrin is first cleaved at the synapse and subsequently diffuses to extrasynaptic sites. This is likely in preparation for receptor and scaffold internalization and degradation. Interestingly, when GABAARs are in an active or desensitized conformational state, they are removed with gephyrin from the synapse, where they then localize together in extrasynaptic endocytic zones (Merlaud et al., 2022). As the PLA (Figure 6) was performed under permeabilized conditions, both surface and internal gephyrin-GABAAR associations were included. Thus, activated γ2-GABAARs may diffuse from the synapse together with cleaved gephyrin fragments during chronic BZD treatment for subsequent internalization extrasynaptically.

Gephyrin susceptibility to calpain-mediated cleavage and proteolysis is enhanced when phosphorylated by the kinase GSK3β at Ser270, resulting in reduced gephyrin clustering (Tyagarajan et al., 2011). In accord, we found that the elevated levels of cleaved gephyrin (Figure 4) correlated with increased gephyrin Ser270 phosphorylation (Figure 3). Gephyrin forms a planar submembrane hexagonal lattice at synapses through trimerization and dimerization of its N-terminal G- and C-terminal E-domains, respectively. The largely disordered central linker C-domain is the main target for posttranslational modifications (PTMs), which provide control of scaffold size, stability, and packing density (Zacchi et al., 2014; Choii and Ko, 2015; Kasaragod and Schindelin, 2018; Groeneweg et al., 2018) by modifying the degree to which the C-domain is folded or extended, consequently altering the compaction of the entire scaffold lattice (Sander et al., 2013; Groeneweg et al., 2018). Alanine mutation of the Ser270 residue to block phosphorylation was revealed by localization microscopy to reduce gephyrin packing density (Battaglia et al., 2018). Thus, the reduction in gephyrin synaptic and SSD areas triggered by chronic DZP treatment (Figure 2) may not only be mediated by the loss in protein expression (Figure 4) but also by enhanced Ser270 phosphorylation (Figure 3) and altered scaffold packing density. However, evidence of crosstalk between gephyrin PTMs complicates the current understanding of scaffold regulation (Tyagarajan et al., 2013). For example, Ser270 cooperates with the ERK1/2 Ser268 site to dynamically control gephyrin clustering and proteolysis (Tyagarajan et al., 2013). Other kinases regulating gephyrin include PKA and CaMKII, which modulate gephyrin plasticity responses (Flores et al., 2015). Gephyrin is also modified by acetylation (Tyagarajan et al., 2013; Ghosh et al., 2016); S-nitrosylation (Dejanovic and Schwarz, 2014; Yang et al., 2024); palmitoylation (Dejanovic et al., 2014; Shen et al., 2019); and SUMOylation (Ghosh et al., 2016). The majority of gephyrin PTMs have not been thoroughly characterized; given the extent to which gephyrin is posttranslationally modified and the complexity of these interactions, comprehensive proteomics and PTM site mutation studies are needed to fully understand their role in BZD tolerance.

BZDs have remained important clinical drugs for decades due to their ability to mediate anxiolytic, anticonvulsant, and sedative effects with high efficacy and low toxicity. However, they are limited by the rapid development of tolerance and dependence, the mechanisms of which have remained unresolved. Here, we describe key features of inhibitory synaptic plasticity occurring in primary neurons chronically treated with DZP, including: (1) reduced synaptic expression and altered subsynaptic organization of gephyrin and γ2-GABAARs; (2) increased gephyrin Ser270 phosphorylation, proteolysis, and synaptic destabilization; (3) extrasynaptic accumulation and reduced mobility of γ2-GABAARs; and (4) increased extrasynaptic associations between γ2-GABAARs and gephyrin. Collectively, these disruptions may both impair the conformational relationship between the gephyrin and BZD receptor binding sites and constrict the ability of BZD-sensitive γ2-GABAARs to return to synapses following extrasynaptic dispersal. At least on a 7-day treatment timeline in vitro, these changes occurred without loss of baseline mIPSC parameters, presynaptic GAD65 expression, or surface and total γ2-GABAAR subunit protein levels. Similarly, chronic DZP treatment in vivo at 10 mg/kg daily dosing did not impact baseline synaptic inhibition (Lorenz-Guertin et al., 2023). However, longer treatments may result in further impairment of inhibition, and future studies in vivo at and beyond the 2–4 week FDA treatment guidelines are needed. Important changes to inhibitory synapses described here with long-term DZP treatment are often distinct from those observed with short-term BZD treatment (Jacob et al., 2012; Nicholson et al., 2018; Lorenz-Guertin et al., 2019), further underpinning a need for more detailed mechanistic insight during longer BZD treatments. This is especially true given the high prevalence of prolonged BZD use in patient populations (Kurko et al., 2015; Olfson et al., 2015; Kaufmann et al., 2018; Tanguay Bernard et al., 2018). Future in vitro and in vivo studies are also needed to define upstream mechanisms responsible for the described changes in γ2-GABAAR and gephyrin regulation with 7-day and longer DZP treatments, including: (1) examining excitatory glutamatergic receptors as sources of calcium influx and crosstalk signaling; (2) gephyrin and γ2-GABAAR localization to endocytic zones and internalization processes; and (3) proteomic analysis to comprehensively assess gephyrin PTMs and identify potential additional therapeutic targets. This knowledge will facilitate the design of procedures to moderate BZD tolerance and improve future GABAAR-targeted drug development.


4.1 Limitations of the study

There were several limitations in this study. Firstly, the findings could be strengthened by the addition of experiments in which co-treatment with the BZD-site antagonist flumazenil is used to confirm BZD-specific effects. Secondly, while the literature supports a high level of correlation between gephyrin Ser270 phosphorylation and calpain-mediated cleavage, we do not demonstrate a causal link between these observations. Calpain 1 and 2 (family of 15 calpain protease genes) are highly expressed in the nervous system, share many substrates that regulate synaptic plasticity, but often exhibit opposite functions and have differing levels of calcium requirement (reviewed in Baudry et al., 2023). Calpains also do not recognize a specific sequence or posttranslational modification, and the governing rules of recognition are still unclear (reviewed in García-Trevijano et al., 2023). Thus, multiple areas of future research are needed to define the calpain-dependent gephyrin cleavage mechanism, investigate the role for posttranslational gephyrin modifications (via gephyrin mutants), and study these events in the context of BZD tolerance. Thirdly, DNA-PAINT experiments would be improved by three-dimensional imaging to simultaneously visualize presynaptic active-zone proteins such as RIM, as the current data do not provide insight into trans-synaptic alignment of SSDs after chronic BZD treatment. Finally, while neuronal culture was used here to examine molecular mechanisms with high resolution, future studies will be needed to determine the relevance of these findings in vivo and assess potential sex-specific differences. This is particularly true given that our prior studies of 7-day DZP treatment in mice showed increased γ2-GABAAR synaptic expression and increased extrasynaptic gephyrin expression without loss of synaptic or total scaffold (Lorenz-Guertin et al., 2023). Differential timelines of neuroadaptations in vitro vs. in vivo are a potential contributing factor, which could be elucidated in future research through the analysis of additional time points of BZD treatment in both systems.
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