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Abstract

Fast synaptic inhibition in the adult brain is largely mediated by GABAA receptors (GABAAR).

GABAAR are anchored to synaptic sites by gephyrin, a scaffolding protein that appears to be

assembled as a hexagonal lattice beneath the plasma membrane. Brain derived neurotrophic factor

(BDNF) alters the clustering and synaptic distribution of GABAAR but mechanisms behind this

regulation are just starting to emerge. The current study was aimed to examine if BDNF alters the

protein levels and/or clustering of gephyrin and to investigate whether the modulation of gephyrin

is accompanied by changes in the distribution and/or clustering of GABAAR. Exogenous

application of BDNF to immature neuronal cultures from rat hippocampus increased the protein

levels and clustering of gephyrin. BDNF also augmented the association of gephyrin with

GABAAR and promoted the formation of GABAAR clusters. Together, these observations

indicate that BDNF might regulate the assembly of GABAergic synapses by promoting the

association of GABAAR with gephyrin.
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1. INTRODUCTION

GABAAR are heteropentameric chloride ion channels assembled from a combination of at

least 19 homologous subunits: α(1–6), β(1–3), γ(1–3), δ, ε, θ, π and ρ(1–3) (Jacob et al.,

2008; Luscher et al., 2011). GABAAR located at synaptic sites mostly contain γ subunits

and mediate phasic inhibition whereas the majority of those located at perisynaptic or

extrasynaptic sites contain δ subunits and mediate tonic inhibition (Fritschy, 2008; Belelli et
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al., 2009; Luscher et al., 2011). Targeting of GABAAR to synaptic or extrasynaptic sites is

governed by channel composition and protein-protein interactions with scaffolding proteins

(Luscher and Keller, 2004; Chen and Olsen, 2007; Jacob et al., 2008; Leidenheimer, 2008).

Gephyrin, a 93-kDa polypeptide that forms a hexagonal lattice beneath the plasma

membrane, is the main scaffold protein involved in the synaptic anchoring of GABAAR

(Jacob et al., 2005; Fritschy et al., 2008; Tretter et al., 2008; Papadopoulos and Soykan,

2011). Removal of gephyrin by gene targeting or siRNA strongly affects GABAAR

clustering and results in the loss of inhibitory postsynaptic currents (Essrich et al., 1998;

Kneussel et al., 1999; Yu et al., 2007).

The levels of BDNF, a growth factor belonging to the neurotrophin family, increase rapidly

during postnatal development (Maisonpierre et al., 1990; Katoh-Semba et al., 1997; Huang

et al., 1999). In rodents, the highest levels of BDNF are found in hippocampus where its

concentration increases ~20 times during the first weeks of life to reach maximum levels in

young adulthood (Maisonpierre et al., 1990; Katoh-Semba et al., 1997). In hippocampal

granule cells, a physiological increase in BDNF levels is correlated with increased dendritic

spine density (Stranahan, 2011). In vivo overexpression of BNDF during development

showed that increased levels of BDNF accelerate GABAergic maturation (Huang et al.,

1999) while ablation of BDNF during development showed that a continuous supply of

BDNF is essential for the maintenance of dendritic spines in adulthood (Vigers et al., 2012;

Zagrebelsky and Korte, 2014).

In vitro studies indicate that BDNF plays a critical role in neuronal growth, maturation,

differentiation and formation of synaptic connections (Seil and Drake-Baumann, 2000;

Gottmann et al., 2009; Greenberg et al., 2009; Yoshii and Constantine-Paton, 2010).

Incubation of immature neurons with BDNF modulates dendritic growth while incubation of

mature neurons regulates dendritic spine density and morphology (Zagrebelsky and Korte,

2014). Prolonged exposure of immature cultured hippocampal neurons to exogenous BDNF

promotes differentiation, dendritic development and maturation of GABAergic synapses

(Rutherford et al., 1997; Vicario-Abejon et al., 1998; Marty et al., 2000; Yamada et al.,

2002; Cohen-Cory et al., 2010). Some of the molecular changes associated with GABAergic

maturation include increased levels of glutamic acid decarboxylase and accumulation of

GABAAR at synaptic sites that result in the enhancement of presynaptic neurotransmission

and mIPSC (Rutherford et al., 1997; Vicario-Abejon et al., 1998; Yamada et al., 2002;

Palizvan et al., 2004; Swanwick et al., 2006a; Gottmann et al., 2009; Greenberg et al.,

2009)”.

Recent studies have demonstrated that the tropomyosin-related kinase B (TrkB) receptor

controls assembly and maintenance of GABAergic synapses (Chen et al., 2011; Wuchter et

al., 2012). Loss of TrkB function leads to a reduction in gephyrin clustering and

mislocalization of GABAAR containing γ 2 subunits (Chen et al., 2011; Wuchter et al.,

2012). Since TrkB receptors mediate most of the synaptic effects of BDNF (Nagappan and

Lu, 2005), these observations strongly suggest that BDNF-dependent signaling might

regulate the number and synaptic localization of GABAAR clusters (Elmariah et al., 2004;

Wuchter et al., 2012), however, the mechanisms behind this regulation are not fully

understood. Here, I decided to analyze if prolonged incubation of immature neuronal
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cultures (at 7–8 days in vitro) with exogenously added BDNF regulates the protein levels

and/or clustering of gephyrin and whether gephyrin regulation is accompanied by changes in

cell surface distribution or clustering of GABAAR. The results obtained suggest that BDNF

increased the protein levels and clustering of gephyrin with a concomitant increase in the

formation of GABAAR-gephyrin complexes. These observations support the hypothesis that

formation of GABAAR-gephyrin complexes is a potential mechanism to explain the BDNF-

dependent increase in the formation of GABAAR clusters as previously described both in

vivo and in vitro.

2. MATERIALS AND METHODS

2.1. Materials

Cell culture reagents were purchased from Life Technologies (Grand Island, NY).

Recombinant human BDNF was purchased from Cell Signaling Technology (Danvers, MA).

Recombinant Human TrkB-Fc Chimera was purchased from R&D Systems (Minneapolis,

MN). Sulfosuccinimidyl-6-[biotin-amido]hexanoate (Sulfo-NHS-LC-biotin), Ultralink®

immobilized monomeric avidin beads, and the bicinchoninic acid (BCA) protein assay

reagent kit were purchased from Pierce (Rockford, IL).

2.2. Neuronal cultures

Time pregnant female Sprague-Dawley rats were obtained from Charles River Laboratories

(Wilmington, MA, USA). Animal procedures were performed in accordance with

Institutional Animal Care and Use Committee regulations and approved protocols by the

University of Colorado Anschutz Medical Campus. Neurons were cultured from

hippocampal tissue obtained from postnatal day 0–2 (P0–P2) pups as previously described

(Gomez et al., 2002; Robertson et al., 2009), with slight modifications. After dissection,

hippocampal tissue was dissociated in a papain solution by continuous agitation and

mechanical trituration. Cell suspension was plated in MEM media supplemented with 10%

fetal bovine serum and the next day switched to Neurobasal media supplemented with B27

and mitotic inhibitors (5-fluorodeoxyuridine and uridine at 10 μM each) to inhibit glial

proliferation. Cultures were maintained at 37°C and 5% CO2 in a cell culture incubator. For

biochemical experiments, 4 ml of cell suspension (350,000 cells/ml) were plated in 6 cm

plates coated with poly-D-lysine/laminin. For imaging studies, 2 ml of cell suspension

(65,000 cell/ml) were seeded in 6 well plates containing glass coverslips coated with poly-

D-lysine/laminin. Cultures were fed every 3–4 days by exchanging half of the culturing

media. BDNF (50 ng/ml) was added daily starting at 7–8 days in vitro (DIV) for a period of

1 or 2 days. TrkB-Fc (100 ng/ml) was added to the culture media along with BDNF in order

to sequester BDNF from the extracellular media to compete the interaction of BDNF with

endogenous TrkB receptors.

2.3. Preparation of Whole Cell Lysates

Cultured neurons were washed with ice-cold PBS and scraped in 0.5 ml of RIPA buffer

containing protease and phosphatase inhibitors. Following brief sonication cell lysates were

centrifuged at 15,000 x g for 20 min at 4°C to remove cell debris. Cell lysates were stored as

aliquots at −20°C until analysis. An aliquot of lysate was mixed with an equal volume of 4X
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Laemmli buffer prior to gel loading. Protein concentration was determined using a BCA

protein assay kit.

2.4. Cell Surface Biotinylation

Cell surface levels of GABAAR subunits was measured as previously described (González

et al., 2007). All steps were carried out at 4°C. Briefly, neuronal cultures (grown in 6-cm

dishes) were rinsed with ice-cold PBS-Ca2+/Mg2+ and incubated in 4 ml of biotin solution

(1 mg/ml of sulfo-NH-LC-biotin in PBS Ca2+/Mg2+) for 30 min. Un-reacted biotin was

quenched by incubating the cells in PBS Ca2+/Mg2+ containing 100 mM glycine for 30 min.

To prepare whole cell lysates, cells were scraped and lysed in RIPA buffer containing

protease and phosphatase inhibitors. Lysates were cleared of cell debris by centrifugation at

15,000 x g for 20 min. One aliquot of whole cell lysate (200 μl) was mixed with 200 μl of

4X Laemmli buffer and stored for future analysis. A second aliquot of cell lysate (200 μl)

was mixed with an equal volume of Ultralink avidin conjugated beads (200 μl) and stirred

overnight. Beads containing biotinylated proteins were washed once with RIPA buffer,

twice with a high salt buffer (50 mM Tris, 5 mM EDTA, 500 mM NaCl, 0.1% Triton X-100,

pH 7.5) and once with a no-salt buffer (50 mM Tris, pH 7.5). ‘Biotinylated proteins’ were

released in 2X Laemmli buffer (400 μl) by incubating the beads at 37°C for 30 min and then

recovered and saved. Protein concentration in the whole cell lysate was determined using a

BCA protein assay kit. Samples were stored at −20°C until analysis.

2.5. Immunoprecipitation

Neurons were washed with ice-cold PBS and scraped in 0.75 ml of RIPA buffer (modified

to contain 0.5% sodium deoxycholate and no SDS). Cell lysates were agitated for 90 min at

4°C and centrifuged at 15,000 x g to remove cell debris. Lysates were pre-cleared for 60 min

at 4°C with 40 μl of protein-A agarose beads. Approximately 500 μg of lysate were

incubated with 5 μg of α1-subunit antibody (Millipore, Billerica, MA) or control IgG (Santa

Cruz Biotechnology, Dallas, TX) for 2 hours at 4°C. Immune complexes were recovered

after incubation for 2 h at 4°C with 25 μl of protein-A beads and three washes with RIPA

buffer. Immunoisolated proteins were released in 25 μl of 2X Laemmli buffer by boiling at

90–95°C for 3 min.

2.6. Western Blot

15 to 30 μg of protein were used for analysis of whole cell lysates and 30 μg were used for

analysis of biotinylation experiments. Samples were separated by SDS-PAGE and

transferred to nitrocellulose membranes. Membranes were blocked by incubation in Tris-

buffer (50 mM, pH 7.4) containing 5% non-fat milk and 0.1% Tween-20. Blots were

incubated with the primary and secondary antibodies in 1% non-fat milk and 0.1%

Tween-20. Primary antibodies used included mouse anti-gephyrin and anti-N-

ethylmaleimide-sensitive factor (NSF, BD Biosciences, San Jose, CA) and rabbit anti-actin

(Sigma-Aldrich, St. Louis, MO). Proteins were visualized using chemiluminescence. Single

bands were detected and the size of the bands detected correlated well with the expected

molecular weight: 93 kDa for gephyrin, 76 kDa for NSF and 42 kDa for actin.

Immunoreactivity was quantified using ImageJ after scanning the films. For the analysis of
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total protein expression, gephyrin and NSF immunoreactivty were normalized to actin

immunoreactivity detected in the corresponding sample. Ratios obtained at 24 and 48 hours

were compared to the ratio obtained in the control sample and expressed as a percentage of

control. For the biotinylation experiments actin immunoreactivity in the lysate was used to

normalize the signal in the biotinylated fraction as previously described (González et al.,

2007).

2.7. Immunofluorescence

Cells were fixed with 4% PFA in 0.1 M phosphate buffer (pH 7.4) for 15 min at room

temperature. Cells were blocked for at least one hour in PBS containing 5% normal goat

serum and 0.3% Triton X-100. Coverslips were incubated overnight in PBS containing 5%

goat serum and 0.2% Triton X-100 and a mix of primary antibodies including a purified

mouse monoclonal (3B11) antibody (1:500, Synaptic Systems, Goettingen, Germany) and

guinea pig polyclonal anti-vesicular GABA transporter (VGAT, 1:300, Synaptic Systems) or

rabbit polyclonal anti-α1 subunit (1:75, Millipore). The next day, coverslips were washed

and incubated with the appropriate highly cross-adsorbed goat secondary antibodies: Alexa

Fluor 488 anti-mouse and Alexa Fluor 568 anti-guinea pig or Alexa Fluor 568 anti-rabbit

(1:750, Invitrogen, Grand Island, NY). After washing, coverslips were mounted on slides

using Vectashield (Vector Laboratories, Burlingame, CA). Cells from the same culture but

different treatment were processed and stained in parallel. Control stainings omitting the

primary antibodies were run to confirm that the staining was dependent on the primary

antibody. Single plane images were obtained using a Zeiss LSM 510 META confocal

microscope: pinhole of 2; ~1.5 μm. Raw images were analyzed using ImageJ. For puncta

analysis, raw images were converted to binary images and watershed, puncta were identified

as groups of pixels corresponding to 0.1–10.0 μm2 for gephyrin and 0.25–10.0 μm2 for α1-

containing GABAAR. Masks generated for puncta quantitation were overlapped and

colocalized puncta were determined manually. Puncta measurements were carried out using

linearized segments of dendrites (~100 μm for gephyrin and VGAT and ~50 μm for

gephyrin or VGAT and α1). Data was obtained from three independent cultures, 4–5 cells

per experiment.

2.8. Statistics

Statistical analyses were performed using GraphPad InStat. When comparing two

conditions, a two-tailed unpaired Student’s t-test was used. When more than two variables

were involved, significance was determined using one-way ANOVA followed by

Bonferroni post hoc test.

3. RESULTS

3.1. Long-Term Incubation with BDNF Increased the Protein Levels of Gephyrin

The role of BDNF has been extensively analyzed in vitro upon application of exogenous

BDNF to cultured cells (Brunig et al., 2001; Elmariah et al., 2004; Gottmann et al., 2009;

Mou et al., 2013). Here, starting at 7–8 DIV, hippocampal neurons were incubated with

BDNF (50 ng/ml, added daily) for 1 or 2 days to determine if addition of exogenous BDNF

influenced the protein levels of gephyrin. Western blot analysis using an antibody directed
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towards the E-domain of gephyrin (termed 3B11 antibody) showed a significant increase in

gephyrin immunoreactivity in cell lysates obtained from neurons cultured in the presence of

BDNF for 2 days (Figure 1A and 1B). No significant change was observed on the levels of

the N-ethylmaleimide-sensitive factor (NSF), a protein known to be involved in the

regulation of GABAAR (Chou et al., 2010). Since the synaptic effects of BDNF are mainly

mediated by TrkB receptors (Nagappan and Lu, 2005), TrkB-Fc (2 μg/ml) was added to the

culture media to sequester BDNF and compete the interaction of BDNF with endogenous

TrkB receptors (Elmariah et al., 2004; Swanwick et al., 2006a). BDNF scavenging with

TrkB-Fc, prevented the increase in gephyrin immunoreactivity (Figure 1C and 1D),

strengthening the notion that addition of exogenous BDNF enhances the protein expression

of gephyrin. The effects of BDNF on protein levels do not appear to be generalized since

analysis of NSF in the same samples showed no change (Figure 1D).

3.2. BDNF-Dependent Increase in Gephyrin Clustering

To determine if the increase in gephyrin protein expression measured by western blot

correlates with changes in gephyrin clustering at synaptic sites, neuronal cultures were

immunostained with antibodies directed to gephyrin and the vesicular GABA transporter

(VGAT) (Figure 2). Images obtained by confocal microscopy following staining of neurons

with 3B11 antibodies showed a significant increase in the number of gephyrin clusters

following a 2 day incubation with BDNF (Figure 2C); no increase in the size of gephyrin

puncta was detected (Figure 2D). Co-staining with an antibody that recognizes the luminal

portion of VGAT did not show an increase on the number or size of VGAT clusters after the

prolonged treatment with BDNF (Figure 2C and 2D). VGAT staining was used as a

reference to analyze the synaptic localization of gephyrin by counting the number of

gephyrin punctae that colocalized with VGAT clusters. The number of gephyrin clusters co-

localizing with VGAT was boosted by about 40% after a prolonged incubation with BDNF

(Figure 2E).

3.3. BDNF Promotes the Association of GABAAR with Gephyrin

Recently, immunoprecipitation experiments using lysates obtained from cultured neurons

provided biochemical evidence that gephyrin and GABAAR are intimately associated and

might interact physically (Mukherjee et al., 2011). To evaluate if increased protein

expression might promote an increase in the association of GABAAR and gephyrin,

GABAAR were immunoisolated with an antibody directed against the α1 subunit of

GABAAR and the amount of gephyrin present in the immunoprecipitated receptors was

assessed by western blot (Figure 3A). Prolonged incubation of neuronal cultures with BDNF

increased the levels of gephyrin that can be detected in α1 immunoprecipitates (Figure 3B),

suggesting that BDNF promotes the formation of GABAAR-gephyrin interactions.

Complexes isolated from cells co-incubated with TrkB-Fc and BDNF did not contain

increased levels of gephyrin, providing evidence that addition of exogenous BDNF might

promote the association of GABAAR and gephyrin via activation of TrkB receptors.

3.4. No increase in GABAAR Cell Surface Expression After BDNF Treatment

Increased association of GABAAR with gephyrin could result in an increase in the levels of

GABAAR present at the plasma membrane. To evaluate this possibility, a cell-surface
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biotinylation assay was carried out to analyze the plasma membrane levels of GABAAR in

control and BDNF-treated cultures (Figure 4). This analysis revealed that BDNF did not

increase the plasma membrane levels of GABAAR subunits α1, α4, β2/3 or γ2. This

biotinylation assay also showed that most immunoreactivity for the GABAAR subunits

analyzed was present in the biotinylated fraction with little to no signal detected in the

intracellular fraction (Figure 4A), suggesting that in control cells most GABAAR are already

located at the plasma membrane. To evaluate if the biotinylation reagent labeled intracellular

proteins, samples were probed to detect actin, an intracellular protein. Actin was not

detected in the biotinylated fraction, most actin immunoreactivity was present in the

intracellular fraction (Figure 4A), in agreement with the notion that actin was not exposed to

the biotinylation reagent. These observations indicate that despite an increase in the

formation of GABAAR-gephyrin complexes there is no increase in the accumulation of

GABAAR at the plasma membrane.

3.5. BDNF Promotes Redistribution of GABAAR to Synaptic Sites

Another possible aftereffect of augmented gephyrin protein expression and clustering is the

redistribution of GABAAR toward synapses where gephyrin clustering was increased. To

investigate this possibility, neurons were co-stained with antibodies to detect gephyrin and

GABAAR containing α1 subunits (Figure 5). In control cells, α1 immunofluorescence was

diffusely distributed along the neuronal processes and some sparse GABAAR clustering can

be detected within the cell body (Figure 5A). In BDNF-treated cells the diffuse α1 staining

was reduced and appeared to redistribute into clusters (Figure 5B). Compared to control, the

number of α1 clusters was increased in BDNF-treated cells (Figure 5C). Also, the number of

GABAAR puncta that colocalized with gephyrin doubled after BDNF incubation (Figure

5E) suggesting that BDNF might coordinately promote the assembly of synaptic sites by

increasing the presence of gephyrin at synaptic sites that in turn boosts the incorporation of

GABAAR. To determine if GABAAR were redistributed toward synaptic sites, neurons were

co-stained with antibodies to detect GABAAR containing α1 subunits and VGAT (Figure 6).

The number of GABAAR puncta that colocalized with VGAT doubled in BDNF-treated

cells (Figure 6E) suggesting that BDNF might promote the incorporation of GABAAR into

synaptic locations.

4. DISCUSSION

BDNF/TrkB signaling controls the assembly, maintenance and maturation of GABAergic

synapses (Seil and Drake-Baumann, 2000; Yamada et al., 2002; Kuczewski et al., 2010).

Exogenous application of BDNF promotes the redistribution and stabilization of GABAAR

(Tanaka et al., 1997; Brunig et al., 2001; Elmariah et al., 2004) and loss of BDNF/TrkB

receptor signaling results in a reduction in the number of gephyrin and GABAAR clusters

(Chen et al., 2011; Wuchter et al., 2012). Despite these advances, the molecular mechanisms

underlying the regulation of different components of GABAergic synapses and the role that

scaffolding proteins might play in the BDNF-dependent modulation of inhibitory synapses is

not fully understood. The current study provides evidence that long-term incubation of

immature neuronal cultures with BDNF results in (1) increased protein expression and
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clustering of gephyrin; (2) increased interaction between gephyrin and α1-containing

GABAAR; and (3) increased colocalization of gephyrin and GABAAR at synaptic sites.

During neuronal maturation GABAAR are trapped at synaptic sites by gephyrin and

facilitate the formation of postsynaptic structures (Danglot et al., 2003). In vitro,

approximately one-third of GABAAR clusters are synaptic by the end of the first week and

two thirds are synaptic by the end of the second week (Elmariah et al., 2004; Swanwick et

al., 2006b). GABAAR clusters become larger along with the development of presynaptic

terminals, bigger cluster size appears to result from increased synaptic GABAAR

localization as if extrasynaptic receptors are recruited into synapses (Christie et al., 2002;

Danglot et al., 2003; Swanwick et al., 2006b). During development, an escalation in receptor

clustering matches the raise in gephyrin concentration at synaptic sites, implying the

existence of a developmental pattern that coordinately assembles scaffolding proteins and

synaptic receptors.

Gephyrin oligomers are the bases for the formation of a lattice beneath the plasma

membrane that anchors receptors to synapses and serves as a hub to facilitate the recruitment

of proteins to inhibitory synapses (Papadopoulos and Soykan, 2011; Fritschy et al., 2012;

Tretter et al., 2012). This apparently inert structure that helps to stabilize GABAAR is plastic

and constantly modified. Phosphorylation and protein-protein interactions directly impact

gephyrin clustering and indirectly impacts the function of GABAergic synapses by altering

synapse formation and recruitment of GABAAR to synaptic sites (Poulopoulos et al., 2009;

Chiou et al., 2011; Tyagarajan et al., 2011; Fritschy et al., 2012; Herweg and Schwarz,

2012; Kuhse et al., 2012). Although much is known about the molecular details involved in

the formation of GABAergic synapses less is known about the different factors that might

modulate their formation. Long-term exposure of neuronal cultures to BDNF promotes the

development and maturation of presynaptic and postsynaptic inhibitory synapses (Vicario-

Abejon et al., 1998; Marty et al., 2000; Yamada et al., 2002; Palizvan et al., 2004). BDNF

facilitates relocation of GABAAR to postsynaptic structures and formation of receptor

clusters that correlate with increases in receptor conductance and elevated mIPSC frequency

and amplitude (Rutherford et al., 1997; Li et al., 1998; Bolton et al., 2000; Marty et al.,

2000; Elmariah et al., 2004), but the molecular mechanisms involved in the recruitment of

GABAAR to synaptic sites are poorly understood.

This study provides an initial insight into a possible mechanism underlying the effects of

BDNF on the maturation of GABAergic synapses. Prolonged incubation of immature

neuronal cultures with exogenously added BDNF increased the protein expression and

clustering of gephyrin and boosted the formation of GABAAR-gephyrin interactions.

Stimulation of neurons by addition of exogenous BDNF also promoted the augmentation of

receptor clustering at synaptic sites. These observations indicate that BDNF might stimulate

synapse maturation by coordinately upregulating the recruitment of gephyrin and GABAAR

to newly formed synaptic sites. These results are in agreement with a previous report

describing that escalation of GABAAR clustering requires 36–48 hours to develop (Elmariah

et al., 2004). In addition, they suggest that a response to BDNF application is delayed

because a time lag is necessary to increase the protein expression and assembly of gephyrin

into newly formed clusters. Studies in organotypic hippocampal slices further support this
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hypothesis since during normal development the escalation of inhibitory synaptic strength is

accompanied by a concomitant increase in gephyrin clustering and stability at synaptic sites

(Vlachos et al., 2013).

BDNF-dependent induced changes in GABAergic neurotransmission may differ across brain

regions, cell types and culture age (Brunig et al., 2001; Jovanovic et al., 2004; Mou et al.,

2011). In particular, the maturation stage of the cell culture might provide an explanation for

the differential effects observed after BDNF treatment. BDNF application to cells cultured

for 14–21 days induced a rapid internalization of GABAAR containing α1 subunits (Mou et

al., 2011) along with a decrease in mIPSC currents (Brunig et al., 2001). In neurons isolated

from postnatal amygdala, BDNF treatment triggers a rapid reduction in gephyrin protein

expression that leads to a decrease in cell surface GABAAR (Mou et al., 2013). In this case,

while the total protein expression of gephyrin is reduced, a greater proportion of gephyrin

forms complexes with GABAAR, as if compensatory mechanisms were activated to recruit

receptors back to the plasma membrane (Mou et al., 2013). The factors involved in the

maturational effects of BDNF on neurons in culture are unknown but recent evidence

demonstrates that younger cultures display more dynamic responses to exogenous BDNF

than mature cultures (Zhou et al., 2011).

The status of gephyrin phosphorylation directly impacts synaptic GABAergic function by

allowing formation of synapses and recruitment of GABAAR to synapses (Tyagarajan et al.,

2011; Kuhse et al., 2012; Tyagarajan et al., 2013). Analysis of the effects of gephyrin

phosphorylation on the function of GABAergic neurotransmission using phosphorylation

deficient mutants or pharmacological inhibition of protein kinases has provided evidence for

the role of gephyrin phosphorylation on gephyrin clustering (Tyagarajan et al., 2011; Kuhse

et al., 2012; Tyagarajan et al., 2013). Pharmacological inhibition of kinases resulted in a

reduction on phosphorylated gephyrin whereas the levels of total gephyrin were not

significantly different, suggesting the possible dissociation between the formation of

gephyrin clusters and the levels of gephyrin phosphorylation (Kuhse et al., 2012). The

impact of BDNF-mediated signaling on gephyrin phosphorylation and its impact on the

formation of synapses during development remains to be investigated.

Several lines of evidence suggest that BDNF accelerates the rate of GABAergic maturation,

promotes GABAAR expression and enhances postsynaptic currents in immature neurons

(Mizoguchi et al., 2003; Palizvan et al., 2004). The current study provides the key

observation that gephyrin regulation (and possibly regulation of other scaffolding proteins)

might underlie the molecular mechanisms behind the formation of new synapses triggered

by exogenous application of BDNF. The impact of gephyrin regulation onto the localization

and distribution GABAAR represents another level of complexity that needs to be explored

in order to get a better understanding of the mechanisms involved in the formation and

maturation of GABAergic synapses.
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Highlights

• In immature neuronal cultures, long-term incubation with BDNF increased the

protein expression and clustering of gephyrin,

• BDNF treatment promoted the interaction of GABAAR with gephyrin,

• GABAAR clustering at synaptic sites increased after long-term incubation with

BDNF.
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Figure 1. BDNF-Dependent Increase in Gephyrin Protein Expression
Starting at 7–8 DIV, primary cultured hippocampal neurons were incubated with BDNF (50

ng/ml) for 1 or 2 days to analyze gephyrin protein expression. (A) Representative western

blots of gephyrin, NSF, or actin are shown. (B) Densitometry analysis of gephyrin or NSF

immunoreactivity is presented as the mean ± S.E.M. of 5 independent experiments.

Gephyrin or NSF immunoreactivity was normalized to the corresponding actin signal.

BDNF application increased the protein expression of gephyrin (*p<0.05 compared to

control by ANOVA) but not that of NSF. (C) To test if the change in gephyrin protein

expression was mediated by BDNF, TrkB-Fc was added to sequester BDNF from the

extracellular media. Neurons were incubated with BDNF (50 ng/ml) and/or TrkB-Fc (2

μg/ml) for 2 days and gephyrin protein expression was analyzed. Representative blots for

gephyrin, NSF, or actin are shown. (D) Gephyrin or NSF immunoreactivity was normalized

to actin immunoreactivity and it is presented as the mean ± S.E.M. of 4–7 independent

experiments. TrkB-Fc prevented the BDNF-dependent increase in gephyrin protein

expression (*p<0.05 or **p<0.01 compared to BDNF treated cultures by ANOVA).
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Figure 2. BDNF-Dependent Increase in Gephyrin Clustering
(A) Control or (B) BDNF-treated cultures were co-stained with gephyrin (3B11 antibody,

detecting the E-domain, green) and VGAT (red) antibodies. (C) BDNF-treated cultures (50

ng/ml for 2 days starting at 8 DIV) showed an increase in the number of gephyrin clusters.

(D) Gephyrin and VGAT puncta size. (E) The number of gephyrin clusters colocalizing with

VGAT augmented after BDNF treatment. Data are presented as the mean ± S.E.M. of 15

cells from 3 independent cultures. Green bars represent gephyrin, red bars represent VGAT

and yellow bars represent gephyrin clusters that colocalize with VGAT (per 10 μm). BDNF

triggers a significant increase in the number and synaptic localization of gephyrin clusters

(*p<0.05 or **p<0.01 compared to control cultures by Student’s t-test). Scale bar in A

represents 20 μm and the areas within the white boxes are shown at a higher magnification

and represent 30 μm.
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Figure 3. BDNF Promotes the Formation of GABAAR-Gephyrin Associations
Incubation with BDNF and/or TrkB-Fc was carried out for 2 days. Cell lysates were

immunoprecipitated using 5 μg of an antibody directed against the α1 subunit of GABAAR

or 5 μg of control IgG. (A) Gephyrin immunoreactivity associated to GABAAR was detected

by western blot. (B) Quantitation of 6 independent experiments it is presented as the mean ±

S.E.M. BDNF triggers a significant increase in the amount of gephyrin immunoreactivity

associated with GABAAR and this effect appears to be dependent on the addition of

exogenous BDNF (**p<0.01 compared to BDNF-treated cells by ANOVA).
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Figure 4. BDNF Does Not Increase GABAAR Cell Surface Expression
Analysis of the cell surface expression of GABAAR subunits was carried out using a cell-

surface biotinylation assay. The levels of biotinylated α1, α4, β2/3 or γ2 subunits were

determined by western blot. (A) Representative blots of α1, α4, β2/3, γ2 or actin

immunoreactivity in total cell lysate, and cell surface or intracellular fractions. (B)

GABAAR immunoreactivity was normalized to the actin signal detected in the

corresponding lysate fraction and expressed as percentage of control. Bars represent the

normalized values for BDNF treated cells. Control values are 100%. No increase in levels of

GABAAR subunits was observed, suggesting that BDNF does not increase the cell surface

levels of GABAAR.
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Figure 5. BDNF Promotes the Colocalization of GABAAR and Gephyrin
(A) Control or (B) BDNF-treated cells were co-stained with a gephyrin antibody (3B11,

green) in combination with an antibody for the α1 subunit (red). BDNF treatment (50 ng/ml

for 2 days) resulted in redistribution of α1 immunoreactivity. (C) The number of GABAAR

clusters increased after BDNF incubation. (D) Cluster size for α1-containing GABAAR and

gephyrin. (E) The number of α1 clusters colocalizing with gephyrin was increased after

BDNF treatment. Data presented are the mean ± S.E.M. of 14 cells from 3 independent

cultures. Red bars represent α1, green bars represent gephyrin and yellow bars represent

GABAAR clusters that colocalize with gephyrin (per 10 μm). BDNF triggers a significant

increase in the number of α1 and gephyrin clusters and also increases the colocalization of

GABAAR with gephyrin (*p<0.05 or **p<0.01 compared to control cultures using by

Student’s t-test). Scale bar in A represents 20 μm and the areas within the white boxes are

shown at a higher magnification and represent 30 μm.
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Figure 6. BDNF Promotes the Colocalization of GABAAR and VGAT
(A) Control or (B) BDNF-treated cells were co-stained with a VGAT antibody (red) in

combination with an α1 subunit antibody (green). (C) BDNF treatment (50 ng/ml for 2 days)

resulted in a significant increase in the number of GABAAR clusters. (D) Cluster size for

α1-containing GABAAR and VGAT. (E) The number of α1 clusters that colocalized with

VGAT was increased after BDNF treatment. Data presented are the mean ± S.E.M. of 15

cells from 3 independent cultures. Green bars represent values for the α1 subunit, red bars

represent VGAT values and yellow bars represent GABAAR clusters that colocalize with

VGAT (per 10 μm). BDNF triggers a significant increase in the number of α1 clusters and

also increases the colocalization of GABAAR and VGAT (**p<0.01 compared to control

cultures by Student’s t-test). Scale bar represents 20 μm and the areas within the white boxes

are shown at a higher magnification and represent 30 μm.
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