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SUMMARY

Effective inhibitory synaptic transmission requires
efficient stabilization of GABAA receptors (GABAARs)
at synapses, which is essential for maintaining the
correct excitatory-inhibitory balance in the brain.
However, the signalingmechanisms that locally regu-
late synaptic GABAAR membrane dynamics remain
poorly understood. Using a combination of molecu-
lar, imaging, and electrophysiological approaches,
we delineate a GIT1/bPIX/Rac1/PAK signaling path-
way thatmodulates F-actin and is important formain-
taining surface GABAAR levels, inhibitory synapse
integrity, and synapse strength. We show that GIT1
and bPIX are required for synaptic GABAAR surface
stability through the activity of the GTPase Rac1
and downstream effector PAK. Manipulating this
pathway using RNAi, dominant-negative and phar-
macological approaches leads to a disruption of
GABAAR clustering and decrease in the strength of
synaptic inhibition. Thus, the GIT1/bPIX/Rac1/PAK
pathway plays a crucial role in regulating GABAAR
synaptic stability and hence inhibitory synaptic trans-
mission with important implications for inhibitory
plasticity and information processing in the brain.

INTRODUCTION

GABAA receptors (GABAARs) are essential mediators of inhibi-

tory neurotransmission in the central nervous system and are

critical for maintaining the correct balance of excitation and inhi-

bition in the brain (Smith and Kittler, 2010). GABAergic synapses

undergo extensive synaptic plasticity that alters the strength and

efficacy of synaptic inhibition (Luscher et al., 2011a). Inhibitory

synapse strength can be rapidly controlled by changing the num-

ber of GABAARs in the postsynaptic domain, which is achieved

by receptor insertion into and removal from the plasma mem-

brane at extrasynaptic sites and by dynamic movements of

GABAARs to and from the synapse via lateral diffusion in the
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plasma membrane (Arancibia-Cárcamo et al., 2009; Bannai

et al., 2009; Muir et al., 2010; Smith et al., 2012; Twelvetrees

et al., 2010). However, themolecular mechanisms and regulatory

signaling pathways that locally control GABAAR surface levels

and synaptic stability remain unclear.

The stabilization of synaptic GABAARs opposite GABAergic

presynaptic terminals is crucial for efficient synaptic inhibition,

circuit excitability, and animal behavior (Blundell et al., 2009;

Crestani et al., 1999; Papadopoulos et al., 2007). GABAAR clus-

tering is mediated by a complex inhibitory postsynaptic density,

the major constituent of which is the hexameric scaffold, ge-

phyrin (Fritschy et al., 2008). However, in the absence of ge-

phyrin, subsets of inhibitory synapses remain (Essrich et al.,

1998; Kneussel et al., 1999), suggesting the existence of other

inhibitory synaptic scaffold molecules. The inhibitory postsyn-

aptic specialization also contains key adhesion molecules such

as neuroligin 2 and Slitrk3 (Takahashi et al., 2012; Varoqueaux

et al., 2004), in addition to cytoskeletal-associated proteins,

which together contribute to controlling the formation and stabi-

lization of GABAergic synapses. Interestingly, several filamen-

tous actin (F-actin) regulatory proteins have been associated

with the inhibitory postsynaptic density and gephyrin (Luscher

et al., 2011a), suggesting a potential role for the actin cytoskel-

eton at inhibitory synapses. However, little is known regarding

the regulatory signaling scaffolds that can act locally to coordi-

nate cytoskeletal dynamics to tune GABAAR synaptic stability

and synaptic inhibition.

The Rho family of small GTPases—Rho, Rac, and Cdc42—

and their regulators play essential roles in modulating actin dy-

namics and are increasingly implicated in synaptic pathology

and neurological dysfunction. The activation state of small

GTPases is determined by guanine nucleotide exchange factors

(GEFs) and GTPase activating proteins (GAPs), which together

control GTP-GDP exchange and thereby promote GTPase acti-

vation and inactivation, respectively (Nobes and Hall, 1999).

Local regulation of GTPase signaling can be further controlled

by subcellular compartmentalization of GEFs and GAPs deter-

mined by protein scaffolds (Kiraly et al., 2010). Currently the

key GTPases, regulatory GEFs and signaling scaffolds acting

to regulate GABAAR trafficking and inhibitory transmission are

poorly understood.
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In this study, we have identified a GIT1/bPIX/Rac1/PAK

signaling complex that is important for maintaining GABAAR

surface clusters and synaptic inhibition in neurons. Using a

combination of imaging, biochemical, and electrophysiological

approaches, we show that the signaling scaffold protein GIT1

(G protein-coupled receptor kinase-interacting protein 1), which

interacts with the Rac1 GEF bPIX, forms complexes with

GABAARs and is essential for normal GABAAR clustering.

Furthermore, we demonstrate that downstream Rac1 activity is

also crucial to maintain inhibitory synapse stability and works

in concert with the key Rac1 effector and actin-regulator, PAK.

We find that Rac1 activity stabilizes GABAARs at inhibitory syn-

apses while disrupting GIT1, Rac1 or PAK all lead to impaired

inhibitory transmission. Thus GIT1 and bPIX, in complex with

GABAARs, play a key role in locally coordinating Rac1 and down-

stream effector activity to regulate GABAAR surface stability and

inhibitory synapse strength.

RESULTS

The GIT1/bPIX Complex Is Localized at Inhibitory
Synapses and Forms Complexes with Synaptic
GABAARs
The signaling scaffolds that regulate postsynaptic GABAAR sta-

bility in neurons remain largely unknown. GIT1 is a signaling scaf-

fold that can recruit bPIX, a GEF for the small GTPase Rac1, to

locally control the activation of Rac1 (Zhang et al., 2005). GIT1

has been localized to synaptic sites in neurons but its potential

association with GABAARs and role in regulating signaling in the

inhibitory postsynaptic domain remains unstudied. We hypothe-

sized that GIT1 and bPIX might control Rac1 signaling at inhibi-

tory synapses and are important for GABAAR clustering and

inhibitory synaptic transmission. We initially determined if GIT1

and bPIX were localized at inhibitory synapses using immunocy-

tochemistry and confocal laser scanning microscopy (CLSM) of

hippocampal neurons. Neurons labeled with antibodies to GIT1,

VGAT (Vesicular GABA transporter) to label inhibitory presynaptic

terminals, and the g2 GABAAR subunit to label synaptic GABAAR

clusters showed GIT1 was distributed along dendrites and ex-

hibited colocalization with synaptic GABAAR clusters (Figure 1A;

Figure S1A). Approximately 55% of GIT1 localized at inhibitory

synapses, whereas �78% of synaptic GABAAR clusters colocal-

ized with GIT1. In addition, GIT1 is known to be at excitatory syn-

apses (Zhang et al., 2003), which we confirm by showing that the

excitatory synapsemarker, homer, demonstrates�60%colocal-

ization with GIT1 puncta (Figure 1B). GIT1 and bPIX are known to

form supramolecular signaling platforms and are consistently

found in a tight signaling complex in many cell types (Premont

et al., 2004; Schlenker and Rittinger, 2009). We therefore imaged

neurons labeled with GIT1, bPIX, and g2 GABAAR antibodies,

showing that �79% of inhibitory synapses colocalized with

bPIX and thereby verifying the localization of both GIT1 and

bPIX at inhibitory synapses (Figure 1C). Interestingly, GIT1 local-

izes with synaptic GABAARs (g2, b3, a2 subunits, Figures S1B

and S1C) but showed little overlap with extrasynaptic GABAARs

(d subunits, Figures S1D and S1E).

We also demonstrated that GABAAR b3 and g2 subunit anti-

bodies readily coimmunoprecipitate GIT1 or bPIX from rat brain
lysate as analyzed by western blotting (Figures 1D–1F), confirm-

ing that GIT1 and bPIX can form native complexes with synaptic

GABAARs in vivo. GIT1 did not interact in a complex with extra-

synaptic d subunits (Figure S1F). We also found exogenous

FLAG-GIT1 to interact with the intracellular domain of the

GABAAR-b3 subunit, by COS7 cell pull-down assays (Fig-

ure S1G), supportingGIT1’s interactionwithGABAARs. Coimmu-

noprecipitation of GIT1 with the inhibitory postsynaptic scaffold

gephyrin confirmed this postsynaptic localization (Figure 1G),

although our data suggest that this interaction is indirect, as

demonstrated by lack of coimmunoprecipitations in transfected

COS7 cells (Figure S1H). As an alternative approach for further

validating GABAAR and bPIX complexes in neuronal dendrites,

we performed proximity ligation assays (PLAs), which provide

valuable information about native protein interactions in situ

(Ko et al., 2012). Using PLAs, we demonstrate that bPIX com-

plexes with GABAARs in neuronal dendrites (Figures 1H and

1I). Furthermore, we show that GIT1 and gephyrin also interact

in situ via PLAs (Figures S1J and S1K), providing additional evi-

dence to support an inhibitory postsynaptic and close associa-

tion for these proteins in dendrites.

GIT1, bPIX, and F-Actin Regulation Are Important
for Maintaining Surface GABAAR Levels
To investigate the role of GIT1 at inhibitory synapses, we utilized

RNAi to knock down its protein expression in neurons. RNAi

caused a significant reduction of GIT1 expression levels in addi-

tion to causing a small reduction in dendrite length as previously

shown (Figures S2A–S2D; Menon et al., 2010). To determine the

consequences of GIT1 knockdown on inhibitory synapse and

surface GABAAR cluster area, we performed immunocytochem-

istry and CLSM of neurons expressing GIT1 or control RNAi

constructs, using an extracellular g2 subunit antibody to label

surface GABAARs and antibodies to VGAT to identify inhibitory

synapses. GIT1 knockdown neurons exhibited a significant

decrease in surface GABAAR and VGAT cluster area compared

to control (Figures 2A–2C), suggesting a possible role for GIT1

in maintaining the integrity of inhibitory pre- and postsynaptic

domains in neuronal dendrites. Importantly, this effect could be

rescued by coexpression of RNAi-resistant human GIT1

(hGIT1; Figures S2E and S2F). GIT1 knockdown also caused a

large decrease in gephyrin cluster area (Figures 2D and 2E), sug-

gesting that GIT1 is important for maintaining both GABAAR

clusters and the gephyrin scaffold in neurons. This was further

confirmed by surface biotinylation assays, which revealed that

surface GABAAR levels were reduced in GIT1 knockdown neu-

rons compared with control (Figures 2F and 2G).

Considering its role in other cell types, we hypothesized

that GIT1may be important for localizing F-actin regulatory path-

ways to inhibitory synapses. Therefore, we sought to determine

whether surface GABAARs were sensitive to short-term disrup-

tion of the actin cytoskeleton by treating neurons with latruncu-

lin-A, an inhibitor of actin polymerization (Renner et al., 2009).

We found that a 30 min application of 3 mM latrunculin-A to neu-

rons caused a significant decrease in surface GABAARs (Figures

2H and 2I), with no effect on extrasynaptic GABAAR populations

(Figures S2G and S2H), suggesting that actin polymerization

does indeed play an important role in the maintenance of
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Figure 1. GABAARs Form Complexes with GIT1 and bPIX in Neurons

(A–C) CLSMof neurons labeledwith antibodies to GABAAR-g2 (red) and (A) VGAT (blue) andGIT1 (green), (B) GIT1 (blue) and homer (green) or (C) bPIX (green) and

GIT1 (blue). Arrowheads, colocalization; scale bar represents 5 mm. Bar graphs summarize colocalization quantification (n = 5–10 cells). Example line scans

through clusters show localization of GIT1 to inhibitory synapses (A and C) and excitatory synapses (B). Values are mean ± SEM.

(D–G) Western blots of coimmunoprecipitation assays of GABAARs (b3 and g2 subunits) and gephyrin, with GIT1 and bPIX from rat brain homogenate (WB,

western blot; IP, immunoprecipitation).

(H and I) Proximity ligation assay of neurons with antibodies to GABAAR-b3 and bPIX in situ, (n = 3). Scale bar represents 20 mm. Values are mean ± SEM.

See also Figure S1.
inhibitory synapses. We then asked whether the inhibitory syn-

apse effects we observed upon knockdown of GIT1 were due

to altered F-actin regulation. We therefore treated control or

GIT1 RNAi-expressing neurons with the F-actin-stabilizing

drug, jasplakinolide (Hering et al., 2003), prior to surface bio-

tinylation and western blot analysis (Figure 2J). As predicted,

GIT1 RNAi caused a significant loss of surface GABAARs

compared to control, which was restored by treatment with jas-

plakinolide (Figures 2J and 2K). This suggests that the decrease

in surface GABAARs observed in GIT1-deficient neurons is

caused by impaired F-actin regulation, and points toward a

mechanism involving actin-regulatory proteins.

GIT1’s primary binding partner bPIX is one such actin-regula-

tory protein and is a strong candidate to collaborate with GIT1 in

mediating actin regulation at inhibitory synapses. To test this
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hypothesis, we utilized RNAi to bPIX, which caused a significant

reduction of bPIX expression levels (Figures S3A and S3B). bPIX

knockdown in neurons caused a similar effect to that of GIT1

RNAi, reducing both surface GABAARs and VGAT cluster area

(Figures 3A–3C). Surface biotinylation assays revealed the

same phenotype, with bPIX knockdown neurons exhibiting

reduced surface GABAAR levels compared with control cells

(Figures 3D and 3E). We found GIT1 or bPIX knockdown had

no effect on AMPA receptor clustering or extrasynaptic d- con-

taining GABAARs (Figures S3C–S3F), suggesting that this pro-

tein complex is important for synaptic GABAAR clustering

only. We then sought to determine whether GIT1 and bPIX are

important in controlling actin regulation at inhibitory synapses.

We treated control neurons with phalloidin to label F-actin

and found that �80% of inhibitory synapses were positive for



Figure 2. GIT1 Knockdown Alters GABAAR Surface Stability

(A) Confocal images of GIT1 or control RNAi-transfected neurons (green) labeled with antibodies to GABAAR-g2 (red) and to VGAT (blue). Arrowheads, GABAAR

clusters. Scale bar represents 5 mm.

(B and C) Bar graphs of GABAAR and VGAT cluster area showing a reduction to 39.3% ± 13.6% and 56.7% ± 13.3% of control (***p = 0.0008 and *p = 0.03, n = 3,

ten cells). Values are mean ± SEM.

(D) Confocal images of control and GIT1 RNAi-transfected neurons (green) immunostained with antibodies to gephyrin (red). Arrowheads, gephyrin clusters.

Scale bar represents 5 mm.

(E) Bar-graph of gephyrin cluster area showing a 67.0% ± 5.6% decrease compared with control (***p = 0.0003, n = 5, 20 cells). Values are mean ± SEM.

(F and G) Expression of GIT1 RNAi reduces surface expression of GABAARs to 55.9% ± 6.0% of control as assayed by surface biotinylation and western blotting

with anti-GABAAR-b3 (***p = 2.6 3 10�5, n = 5). Values are mean ± SEM.

(H) Surface biotinylations of neurons treated with 3 mM latrunculin-A for 30 min and analyzed by western blotting with anti-GABAAR-b3.

(I) Bar graph showing reduction in surface GABAARs on treatment with latrunculin-A (**p = 0.004, n = 3). Values are mean ± SEM.

(J) Surface biotinylations of control or GIT1 RNAi neurons treated with 2 mM jasplakinolide or vehicle and analyzed by western blotting with GABAAR-b3 anti-

bodies. Lysates were probed with GFP antibodies to show transfection (lower panel).

(K) Summary bar graphs showing a 57.2% ± 5.8% reduction in surface GABAARs in neurons transfected with GIT1 RNAi (***p = 0.0002, n = 5); however, treatment

with jasplakinolide prevented this reduction (*p = 0.047, n = 5). Values are mean ± SEM.

See also Figure S2.

Cell Reports 9, 298–310, October 9, 2014 ª2014 The Authors 301



Figure 3. The Rac1 Activator bPIX Is Essential for GABAAR Surface Stability

(A) Confocal images of control and bPIX RNAi-transfected neurons (green), labeledwith antibodies to GABAAR-g2 (red) and to VGAT (blue). Arrowheads, GABAAR

clusters. Scale bar represents 5 mm.

(B and C) Bar graphs of GABAAR and VGAT cluster area showing a reduction to 37.5% ± 5.9% and 49.2% ± 5.4% of control on knockdown of bPIX (***p = 0.0009

in B, ***p = 0.0006 in C, n = 5, 18 cells). Values are mean ± SEM.

(D and E) bPIX RNAi reduces surface expression of GABAARs to 65.3% ± 13.0% of control as assayed by surface biotinylation of neurons and western blotting

with anti-GABAAR-b3 (*p = 0.04, n = 4). Values are mean ± SEM.

(F and G) Neurons transfected with control, GIT1 and bPIX RNAi were labeled with antibodies to the GABAAR-g2 (red) and Alexa-647-conjugated Phalloidin to

label F-actin. Scale bar represents 5 mm. (G) The percentage of synaptic phalloidin-positive GABAAR clusters were reduced in GIT1 and bPIX knockdown neurons

compared with control (*p = 0.028, **p = 0.005, n = 3, seven to nine cells). Values are mean ± SEM.

(H and I) Coexpression of RNAi resistant bPIX (hbPIX) with bPIX RNAi rescues the effect of the bPIX knockdown surface GABAAR clusters (n = 4, 18–22 cells, one-

way ANOVA ***p = 0.0001). However, dominant-negative (hbPIXDN) or SH3 domain mutants (hbPIXSH3) are unable to rescue these effects. Values are mean ±

SEM. Scale bar represents 5 mm.

See also Figure S3.
F-actin. GIT1 and bPIX knockdown caused a significant

decrease in the percentage of inhibitory synapses containing

F-actin (Figures 3F and 3G), suggesting that GIT1 and bPIX

have an important role in controlling F-actin at inhibitory synap-

ses. The effect of bPIX knockdown on surface GABAAR clusters

was rescued by RNAi resistant human bPIX (hbPIX) showing the

specificity of the RNAi. In contrast, versions of hbPIX that no

longer have GEF activity for Rac1 (hbPIX-DN), or that contain
302 Cell Reports 9, 298–310, October 9, 2014 ª2014 The Authors
a mutation of the bPIX SH3 domain (which is critical for coupling

to a downstream effector, PAK [Hoelz et al., 2006]), were unable

to rescue bPIX knockdown induced GABAAR declustering (Fig-

ures 3H and 3I). This suggests that the ability of bPIX to activate

Rac1 and interact with PAK is essential for its role in maintaining

inhibitory synapses and supports the idea that there exists a

key actin regulatory mechanism controlling inhibitory synapse

maintenance.



Rac1 Activity Maintains Surface GABAAR Levels
GIT1 can anchor bPIX, which directly interacts with the small

GTPase Rac1 and mediates its activation (ten Klooster et al.,

2006). Because we could not rescue the effects of bPIX knock-

down with a version of bPIX with impaired GEF activity toward

Rac1, we hypothesized that Rac1 might be responsible for the

changes in GABAAR clustering in GIT1 or bPIX knockdown neu-

rons. We verified that Rac1 was localized to synaptic GABAAR

clusters in neurons using immunocytochemistry with antibodies

to Rac1, the g2 GABAAR subunit and VGAT, followed by CLSM

(Figure 4A). We found that �45% of Rac1 colocalized with syn-

aptic GABAAR clusters along the dendritic shaft (Figure 4B), sug-

gesting that Rac1-positive signaling complexes may influence

synaptic GABAAR trafficking or function.

To test whether Rac1 activity has a role inmaintaining synaptic

GABAAR clustering, we utilized a dominant-negative Rac1

mutant (Nobes and Hall, 1999) (Rac1-DN) to block Rac1 activa-

tion in neurons. Immunostaining and CLSM of hippocampal

neurons transfected with GFP or Rac1-DN revealed a decrease

in surface GABAAR cluster area and VGAT area in neurons

expressing Rac1-DN compared with control neurons (Figures

4C–4E). In addition, surface biotinylation assays revealed that

blocking Rac1 activation with the Rac1-DN caused a decrease

in GABAAR surface levels (Figures 4F and 4G).

As an alternative approach, we determined if acute short-term

inhibition of Rac1 would cause similar effects on GABAAR sur-

face levels. To achieve this, we incubated neurons for 1 hr with

the Rac1 inhibitor EHT 1864 (EHT; Shutes et al., 2007), followed

by immunocytochemistry and CLSM. Similar to the results with

Rac1-DN, analysis of these neurons showed that acute inhibition

of Rac1 activity reduced the area of GABAAR and gephyrin

clusters (Figures 4H–4J). Moreover, surface biotinylation assays

with neurons treated with EHT caused a decrease in surface

GABAARs (Figures 4K and 4L), indicating that Rac1 contributes

to GABAergic synapse stability in neurons.

PAK Activation Is Important for GABAAR
Surface Stability
We thenwanted to explore themechanismdownstreamof active

Rac1 leading to the stabilization of GABAAR clusters. PAK is a

major effector of Rac1 that modulates F-actin to stabilize essen-

tial cellular structures (Kreis and Barnier, 2009). We hypothe-

sized that Rac1 might mediate its action at inhibitory synapses

by activating PAK, which is supported by our observation that

an SH3-domain mutant of bPIX (which can no longer couple to

PAK) is unable to rescue the effects of bPIX RNAi on GABAAR

clusters (Figures 3H and 3I).

Active PAK is autophosphorylated; therefore, we tested

whether we could detect phospho-PAK at inhibitory synaptic

sites by performing immunocytochemistry and CLSMof neurons

labeledwith antibodies to GABAAR g2 subunit, the inhibitory pre-

synaptic marker GAD6 and phospho-PAK (Figure 5A). Active

PAK was found clustered along dendrites and colocalized with

both synaptic GABAAR clusters and GAD6, confirming its pres-

ence at inhibitory synapses. To determine whether PAK activity

is important for maintaining GABAAR and gephyrin cluster stabil-

ity, we incubated hippocampal neurons with IPA (Deacon et al.,

2008), a specific PAK inhibitor and assessed GABAAR g2, ge-
phyrin and VGAT cluster area. Treatment with IPA caused a sub-

stantial decrease in GABAAR and gephyrin cluster area, with

little effect on VGAT cluster area (Figures 5B–5E). Surface bio-

tinylation assays showed a decrease in surface GABAAR expres-

sion in neurons treated with IPA compared with vehicle-treated

neurons (Figures 5F and 5G), showing that PAK activity is

required for maintaining surface GABAARs in neurons. To further

verify a role for PAK in controlling GABAAR surface stability, we

utilized the autoinhibitory domain (AID) of PAK fused to GFP,

which has widely been used to inhibit PAK activity in culture by

blocking its autophosphorylation (Kreis and Barnier, 2009). Sur-

face biotinylation of neurons transfected with GFP or GFP-PAK-

AID revealed that GFP-PAK-AID expression caused reduced

surface GABAAR expression compared with control (Figures

5H and 5I). To confirm that PAK acts downstream of GIT1 and

bPIX at inhibitory synapses, we performed rescue experiments

with neurons cotransfected with GIT1 or bPIX RNAi and a

constitutively active (CA) mutant of PAK. Cotransfection with

PAK-CA effectively prevented the depletion of GABAAR clusters

observed with GIT1 or bPIX RNAi alone (Figures 5J and 5K), sug-

gesting that PAK acts downstream of GIT1 and bPIX to control

inhibitory synapse maintenance in neurons. Together, these

data suggest that a GIT1/bPIX/Rac1/PAK signaling pathway

plays an important role in stabilizing GABAAR and gephyrin clus-

ters and the maintenance of inhibitory synapses.

Inhibitory Synaptic Transmission Is Dependent on
the Activity of GIT1/bPIX, Rac1, and PAK
Our results suggest that components of a signaling pathway

involving GIT1, bPIX, Rac1, and PAK are critical for stabilizing

surface and synaptic GABAARs andmaintaining GABAergic syn-

apse integrity in neurons. We then asked whether this pathway

directly affects GABAergic transmission in neurons. Whole-cell

patch-clamp recordings were performed to measure inhibitory

synaptic transmission in neurons expressing the GIT1 RNAi,

bPIX RNAi or GFP-PAK AID constructs. Analysis of spontaneous

IPSC (sIPSC) traces from these cells revealed that GIT1 or bPIX

knockdown, or inhibition of PAK all caused a considerable

decrease in sIPSC amplitude compared to control neurons (Fig-

ures S4A–S4E). These reduced amplitudes can be seen in repre-

sentative sIPSC traces (Figure S4A) and the leftward shift to

smaller amplitudes in cumulative probability plots (Figures S4B

and S4D). Analysis of these data showed there was no significant

change in the sIPSC frequency (Figures S4C and S4E).

To further explore the impact of inhibiting the GIT1 signaling

pathway, wemeasured the impact onminiature IPSCs (mIPSCs).

We recorded mIPSCs from neurons transfected with control

or GIT1 RNAi (Figures 6A–6E). Analysis of traces from these neu-

rons showed that knockdown of GIT1 caused a significant

decrease in both mIPSC amplitude and frequency, which could

be rescued with RNAi resistant hGIT1, again showing the spec-

ificity of the RNAi knockdown. We also recorded mIPSCs from

neurons transfected with bPIX RNAi and PAK-AID, analysis of

which demonstrated a similar reduction in mIPSC amplitude

and frequency as that of GIT1 RNAi-expressing neurons (Figures

6A, and 6C–6E). The effects of the bPIX RNAi were successfully

rescued by coexpression with hbPIX, and also by PAK-CA,

suggesting that PAK indeed mediates the effects of bPIX on
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Figure 4. Rac1 Is Localized at Inhibitory Synapses and Maintains Surface GABAAR Stability

(A) Neurons were labeled with antibodies to Rac1 (blue), GABAAR-g2 (red), and VGAT (green). Scale bar represents 10 mm. Rac1 colocalizes (white) with synaptic

GABAAR clusters and VGAT in neurons (arrowheads).

(B) Bar graph of colocalization analysis of GABAAR-g2 and Rac1 in neurons. Values are mean ± SEM.

(C) Confocal images of GFP or Rac1 dominant-negative (DN) -expressing neurons (green) immunostained with antibodies to the GABAAR-g2 (red) and VGAT

(blue). Scale bar represents 5 mm.

(D and E) Summary bar graphs showing expression of Rac1 DN causes a decrease in surface GABAAR and VGAT cluster area to 20.92% ± 12.2% and 27.28% ±

13.5% of control (*p = 0.02 in D, *p = 0.03 in E, n = 3, eight cells). Values are mean ± SEM.

(F and G) Neurons expressing GFP or Rac1 DNwere surface biotinylated and analyzed by western blotting with anti-GABAAR-b3, revealing a significant decrease

in surface GABAARs to 43.8% ± 9.0% of control (**p = 0.005, n = 4). Values are mean ± SEM.

(H) Confocal images of neurons were treated with EHT and labeled with antibodies to GABAAR-g2 (red) and VGAT (green) and gephyrin (blue). Scale bar

represents 5 mm.

(legend continued on next page)
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Figure 5. PAK Activation Is Important for GABAAR Surface Stability

(A) Neurons labeled with antibodies to phospho-PAK (PAK-P; green), GABAAR-g2 (red) and the inhibitory presynaptic marker, GAD6 (blue). Scale bar represents

5 mm. Arrowheads, colocalization.

(B) Neurons labeled with antibodies to the GABAAR-g2 (red), gephyrin (blue), and VGAT (green) treated with IPA or vehicle. Scale bar represents 5 mm.

(C–E) Summary bar graphs showing that inhibition of PAK with IPA causes a 60.8% ± 7.2% decrease in GABAAR cluster area, a 65.0% ± 9.3% decrease in

gephyrin cluster area (***p = 0.0009, **p = 0.003, n = 3, 10–12 cells), and no change in VGAT cluster area. Values are mean ± SEM.

(F andG) Surface biotinylation of neurons treated with IPA or vehicle, followed bywestern blotting with anti-GABAAR-b3, demonstrates a 41.0% ± 8.0%decrease

in surface GABAARs (***p = 0.0003, n = 7). Values are mean ± SEM.

(H and I) Surface biotinylation of neurons expressing GFP or GFP-PAK-AID reveals a 28.8% ± 12.0% decrease in surface GABAARs (*p = 0.03, n = 6). Values are

mean ± SEM.

(J) Expression of constitutively active PAK (PAK-CA) rescues the effects of GIT1/bPIX knockdown on surface GABAARs. Representative images of transfected

neurons (green) labeled with antibodies to the GABAAR-g2 (red). Scale bar represents 5 mm.

(K) Summary bar graphs of average GABAAR cluster area showing significant decreases in surface GABAARs in GIT1 and bPIX knockdown neurons, but not

knockdown neurons cotransfected with PAK-CA (***p = 0.0003, n = 3, 9–15 cells). Values are mean ± SEM.
GABAergic synaptic transmission. Importantly, there was no sig-

nificant difference between the decay time constants of the

events recorded from neurons expressing GIT1 RNAi, bPIX

RNAi, or PAK-AID compared with control neurons, indicating

that the receptor properties are unaltered (Figure S4F). In addi-

tion, bPIX RNAi expression had no significant effect on miniature
(I and J) Analysis of cluster area reveals decreased GABAAR (to 49.9% ± 8.2% of

**p = 0.001, n = 4, 17 cells) cluster area. Values are mean ± SEM.

(K and L) Surface biotinylation of neurons treated with 100 mM EHT or vehicle fo

62.1% ± 6.7% decrease in surface GABAARs (***p = 9.0 3 10�5, n = 7). Values a
excitatory postsynaptic currents (Figures S4G–S4I), suggesting

that inhibition of this pathway under these conditions has spe-

cific effects on inhibitory synaptic transmission.

To determine the impact of inhibiting this pathway on

GABAergic transmission in an intact network, we also performed

patch-clamp recordings from pyramidal neurons in cortical
control, **p = 0.006, n = 4, 17 cells) and gephyrin (to 39.7% ± 7.7% of control,

r 1 hr and analyzed by western blotting with anti-GABAAR-b3 demonstrates a

re mean ± SEM.

Cell Reports 9, 298–310, October 9, 2014 ª2014 The Authors 305



Figure 6. A GIT1/bPIX/Rac1/PAK Signaling

Pathway Is Crucial for GABAergic Synaptic

Transmission

(A) Representative traces of mIPSCs recorded

from transfected neurons.

(B) Cumulative distribution plots of mIPSC shows

that neurons transfected with GIT1 RNAi have

smaller event amplitudes and larger interevent in-

tervals in comparison to control and GIT1 RNAi +

hGIT1-transfected neurons.

(C) Cumulative distribution plots of mIPSC of event

amplitude and mIPSC interval for neurons ex-

pressing bPIX RNAi, PAK1-DN, bPIX RNAi + hbPIX

or bPIX RNAi + PAK-CA.

(D and E) Summary bar graphs of average ampli-

tude and frequency (*p < 0.05, **p < 0.01, ***p <

0.001, GFP control, n = 27 cells; GIT1 RNAi, n = 12

cells; GIT1 RNAi + hGIT1, n = 16 cells; bPIX

RNAi, n = 17 cells; GFP-PAK-AID, n = 19 cells;

bPIX RNAi + PAK-CA, n = 15 cells). Values are

mean ± SEM.

(F) Representative traces of eIPSCs in brain slices

with or without treatment with either EHT or IPA to

inhibit Rac1 or PAK, respectively.

(G) Input-output curves of GABAAR-IPSCs evoked

by a series of stimulus intensities in slices incu-

bated with EHT or IPA (control, n = 15 cells; EHT,

n = 9; IPA, n = 8 cells). Values are mean ± SEM.

See also Figure S4.
slices. Slices were incubated with either IPA or EHT to inhibit

PAK or Rac1, respectively (Figure 6F). Analysis of the strength

of inhibition with input/output curves of evoked IPSCs (eIPSCs)

generated by a series of stimulus intensities showed that inhibi-

tion of the Rac1-PAK pathway in brain slices caused a substan-

tial depression of the input/output eIPSC curves (40%–50%

reduction for IPA and 30%–50% reduction for EHT; Figures 6F

and 6G). This indicates that Rac1 and PAK are indeed critical

to maintain GABAergic synaptic transmission in the brain.

Together, these electrophysiological experiments reveal that in-

hibiting the GIT1/bPIX/Rac1/PAK pathway in neurons not only

reduces surface GABAAR cluster and gephyrin cluster area,

but also leads to reduced inhibitory synaptic transmission.
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DISCUSSION

Clustering of GABAARs at inhibitory syn-

apses is imperative for correct synaptic

inhibition in the brain and is tightly con-

trolled by components of the inhibitory

postsynaptic density. Reduced GABAAR

synaptic clustering equates to reduced in-

hibition in neuronal circuits and subse-

quent disruption of excitatory/inhibitory

(E/I) balance, producing defects in infor-

mation processing at the network level.

Our results describe a signaling complex

localized to the inhibitory postsynaptic

domain that is crucial for correct inhibitory

neurotransmission and the maintenance

of GABAergic synaptic transmission. We
show surface GABAAR clusters are maintained by a GIT1/bPIX/

Rac1/PAK signaling complex that modulates F-actin, thereby

stabilizing the inhibitory postsynaptic density and synaptic

GABAARs (Figure S4J).

We demonstrate that GIT1 interacts with synaptic GABAAR

subunits and is localized at inhibitory postsynaptic sites, sug-

gesting that it is intimately involved with the inhibitory postsy-

napse and its function. Indeed, the interaction between GIT1

and GABAARs places it in the exact location to scaffold bPIX at

the inhibitory synapse where it could locally activate Rac1

signaling (Zhang et al., 2003). Consistent with this, we also

show that bPIX is located at inhibitory synapses and interacts

in a complex with GABAARs. GEFs such as bPIX are essential



signaling coordinators that localize and regulate small GTPase

signaling at specific sites within the cell (Kiraly et al., 2010).

Therefore, our data showing the presence of bPIX and Rac1 at

the inhibitory synaptic site, combined with the effects of bPIX

knockdown and Rac1 inhibition on GABAAR clustering and

inhibitory synaptic transmission, strongly suggest that a Rac1

signaling pathway is important for maintaining synaptic inhibi-

tion. Our results also point to a scaffolding role for GIT1 at the

inhibitory synapse, potentially as an additional scaffolding pro-

tein to increase the stability of gephyrin and GABAAR surface

clusters. GIT1 and bPIX are also shown to be important for excit-

atory synapse function, acting via a Rac1/PAK/actin pathway

(Zhang et al., 2005), in an activity-dependent manner (Saneyoshi

et al., 2008). Our findings are supportive of similar scaffolding

mechanisms at inhibitory synapses, and suggest that the GIT1/

bPIX signaling pathway may represent a key coordinator of actin

pathways at synapses. Indeed, this is in agreement with the role

of this GIT1/bPIX signaling module at regions of cell-cell contact

in multiple cell types (Hoefen and Berk, 2006). Further study will

now be required to define how the GIT1/bPIX complex may co-

ordinate potential crosstalk between excitatory and inhibitory

synapses.

The number of GABAARs at the neuronal surface and synaptic

sites directly correlates with the strength of inhibitory synaptic

transmission; therefore, the modulation of GABAAR synaptic ac-

cumulation is a key mechanism for plasticity of inhibitory syn-

apses. Here, we show that GIT1 or bPIX knockdown causes

reduced GABAAR clustering and a decrease in the number of

GABAARs at the neuronal surface, and this effect is mimicked

by inhibition of Rac1 or PAK in neurons. Indeed, disruption of

GABAAR clustering by bPIX knockdown cannot be rescued by

bPIX mutants lacking GEF activity for Rac1 or the ability to

couple to PAK, implicating PAK as a downstream effector.

Importantly, the effects of RNAi mediated knockdown of either

GIT1 or bPIX on GABAAR clustering is rescued by active PAK.

These biochemical and imaging data are supported by electro-

physiological data, which show that knockdown of GIT1 or

bPIX, or inhibition of Rac1 or PAK, causes reduced GABAergic

currents in neurons, suggesting the reduction in GABAAR clus-

ters does indeed correlate with reduced inhibition. In addition

to these postsynaptic effects, we also observe reductions in

VGAT clustering and mIPSC frequency, suggestive of additional

presynaptic effects of GIT1/bPIX knockdown. In our imaging and

electrophysiological experiments, we analyze GIT1/bPIX knock-

down in the postsynaptic neuron, suggesting the presynaptic ef-

fects we observe are due to destabilization of the presynaptic

GABAergic synaptic bouton concurrent with the loss of postsyn-

aptic receptors, scaffolds, and adhesion molecules. Previously,

disruption of gephyrin has been shown to reduce GABAAR clus-

ters postsynaptically, accompanied by a loss of presynaptic

GABAergic innervation (Marchionni et al., 2009; Yu et al.,

2007). Similarly, loss of the g2 subunit (as we demonstrate

here occurs upon disruption of GIT1/bPIX) causes loss of both

postsynaptic clustering and presynaptic innervation (Li et al.,

2005). It is becoming clear that crosstalk between the pre- and

postsynaptic sites of inhibitory synapses is essential for their

plasticity, demonstrated by the observation that inhibitory pre-

and postsynaptic structures are highly mobile and can move
as a single entity (Dobie and Craig, 2011). Because our RNAi ex-

periments are targeting the postsynaptic cell, our results are

consistent with alteration of the GIT1/bPIX complex disrupting

inhibitory postsynaptic domains, which also causes subsequent

disruption of presynaptic innervation.

The GIT1/bPIX/Rac1/PAK pathway we have presented here

documents a signaling pathway that links GABAAR stability to

the actin cytoskeleton via a GTPase signaling cascade. By treat-

ing neurons with latrunculin-A for 30 min, we show that an intact

actin cytoskeleton is important for GABAAR stability. This is in

contrast with earlier findings showing no effect of latrunculin-A

on GABAAR clustering (Allison et al., 2000); however, this study

differed in both age of neurons and length of treatment (24 hr).

We conclude that, although actin is not structurally required at

inhibitory synapses as in dendritic spine heads, it is emerging

that actin is required for the integrity of the inhibitory postsyn-

aptic site (Charrier et al., 2006) and for postsynaptic scaffold

mobility in general (Kerr andBlanpied, 2012). Gephyrin also inter-

acts with collybistin (Kins et al., 2000), a GEF for the small

GTPase Cdc42. The role of collybistin in region-specific inhibi-

tory synapse formation has been investigated (Papadopoulos

and Soykan, 2011), although it is still unclear whether Cdc42

activity is required for gephyrin clustering with several studies

suggesting that collybistin functions independently of its GEF ac-

tivity (Reddy-Alla et al., 2010). Thus, other Rho GTPase signaling

and scaffolding mechanisms are likely to be present at inhibitory

synapses. In agreement with this, we show that bPIX and Rac1

activity is required for inhibitory synapse function, bymaintaining

GABAAR surface levels at synapses, gephyrin clustering, and

GABAergic currents.

GIT1 knockout (KO)mice have been investigated in the context

of neuronal function in two independent reports. Reduced den-

dritic spine density and dendrite length in the hippocampal

CA1 region have been reported in oneGIT1KOmodel, in addition

to impaired performance in learning tasks (Menon et al., 2010).

In a second study, investigators also observed memory and

learning impairments, with increased hyperactivity and reduced

inhibitory presynaptic input in CA1 (Won et al., 2011). Here, we

demonstrate the effects of acute GIT1 knockdown and the

short-term effects of inhibiting the GIT/bPIX/Rac1/PAK pathway

on GABAAR clustering and synaptic inhibition and find reduced

clustering of essential inhibitory synapse components including

gephyrin. We therefore attribute the differences in our findings

and those of Won et al., to the use of global KO strategies, which

cause GIT1 knockdown in all cell types throughout development,

which is in contrast to the short-termRNAi targeting and pharma-

cological treatment that we employ here.

Reduced inhibition due to depletion of GABAARs from the

neuronal cell surface can alter the E/I balance of neuronal cir-

cuits, causing disrupted information processing, which may

lead to altered animal behavior (Blundell et al., 2009; Crestani

et al., 1999; Papadopoulos et al., 2007; Tretter et al., 2009; Yizhar

et al., 2011). Deficits in GABAergic neurotransmission leading to

an altered E/I balance have also been implicated in multiple

neuropsychiatric disorders including depression (Luscher

et al., 2011b), bipolar disorder (Craddock et al., 2010), schizo-

phrenia (Charych et al., 2009), and attention deficit hyperactivity

disorder (ADHD; Won et al., 2011). Therefore, identifying the
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molecular mechanisms that are essential for maintaining inhibi-

tory synaptic transmission in the brain is also critical to under-

standing the development of these neuropsychiatric disorders,

where it may become necessary to readdress pathological alter-

ations in E/I balance. Our findings showing that a Rac1 signaling

pathway is important for regulating inhibitory synaptic transmis-

sion may shed light on the molecular mechanisms underlying

mental illness. Indeed, many of the proteins involved in the

GTPase signaling pathway we describe here have been directly

linked to mental disorders (Allen et al., 1998; Boda et al., 2004;

Govek et al., 2004; Won et al., 2011). Altered PAK signaling

due to mutations in the PAK3 gene has been linked to patients

with mental retardation, and PAK signaling is additionally im-

plicated in models of fragile-X syndrome and schizophrenia

(Chen et al., 2010; Hayashi et al., 2007; Hayashi-Takagi et al.,

2014), making it an important molecule in the synaptic pathology

of psychiatric disorders. In addition, GIT1 was recently shown to

harbor a single nucleotide polymorphism causing reduced GIT1

expression that is strongly linked to ADHD in humans (Won et al.,

2011). Our results suggest how a postsynaptic GIT1 signaling

complex plays a key role in controlling synaptic inhibition, by sta-

bilizing GABAARs at the inhibitory synaptic site, and may be an

important locus for altered animal behavior and psychiatric and

cognitive deficits.

We have characterized a GIT1/bPIX/Rac1/PAK signaling path-

way that controls GABAAR clustering from amolecular and phys-

iological viewpoint. We found that GIT1, bPIX, Rac1, and PAK

are all essential to maintain surface GABAAR clusters and inhib-

itory currents in neurons, thereforemaking this signaling pathway

an important regulator of inhibitory signaling in the brain.

EXPERIMENTAL PROCEDURES

Details regarding antibodies, immunocytochemistry and analysis, coimmuno-

precipitations, biotinylations, and cDNA cloning are included in the Supple-

mental Experimental Procedures.

Neuronal Cell Culture

All experimental procedures were carried out in accordance with institutional

animal welfare guidelines and the UK Animals (Scientific Procedures) Act

1986. Cultures of cortical and hippocampal neurons were prepared from E18

Sprague-Dawley rat embryos as described previously (Pathania et al., 2014;

Twelvetrees et al., 2010); see also the Supplemental Experimental Procedures.

Electrophysiology

Standard voltage-clamp techniques were used for whole-cell recordings

of spontaneous IPSC in cultured neurons (Twelvetrees et al., 2010). Electrodes

were filled with the following internal solution (in mM): 100 CsCl, 30 N-methyl-

D-glucamine, 10 HEPES, 1 MgCl2, 5 EGTA, 2 QX314, 12 phosphocreatine, 5

MgATP, 0.5 Na2GTP, 0.2 leupeptin (pH 7.2–7.3), and 270–280 mOsm. The

external solution consisted of the following (in mM): 130 NaCl, 26 NaHCO3,

3 KCl, 5 MgCl2, 1.25 NaH2PO4, 1 CaCl2, and 10 glucose (pH 7.4), 300

mOsm. Neurons were held at �70 mV. CNQX (20 mM) and APV (50 mM) were

added to block AMPA and NMDA receptors. Mini IPSC recordings were per-

formed in the presence of 0.01 mM TTX. Data were analyzed with Kaleida-

graph (Albeck Software) and Mini Analysis program (Synaptosoft).

To measure GABAergic transmission in cortical slices, we used standard

whole-cell recording techniques (Yuen et al., 2011). Pyramidal neurons at layer

V of prefrontal cortex were used for recordings. Slices were incubated at room

temperature (20�C –22�C) in artificial CSF (ACSF) bubbled with 95% O2, 5%

CO2, and then slices were treated with various agents for 1 hr before

recordings.
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Proximity Ligation Assay

The in situ proximity ligation assay (PLA) was used according to the manufac-

turer’s instructions (Olink Bioscience). Neurons were fixed in 4%PFA/30% su-

crose, blocked (10% horse serum, 0.5% BSA, and 0.2% Triton X-100, 10 min

at room temperature), and incubated with primary antibodies. For control PLA,

a single antibody was applied. Cells were washed in 1 3 PBS and then incu-

bated with secondary antibodies conjugated to oligonucleotides. Ligation

and amplification reactions were conducted at 37�C, before mounting and

visualization with CLSM.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and four figures and can be found with this article online at http://dx.doi.org/

10.1016/j.celrep.2014.08.061.
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