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Distinct mechanisms drive sequential
internalization and degradation of GABAARs
during global ischemia and reperfusion injury

Joshua D. Garcia,1 Sarah E.Wolfe,1 Amber R. Stewart,1 Erika Tiemeier,2 Sara E. Gookin,1 Mayra BuenoGuerrero,1

Nidia Quillinan,2 and Katharine R. Smith1,3,*

SUMMARY

Synaptic inhibition is critical for controlling neuronal excitability and function. During global cerebral
ischemia (GCI), inhibitory synapses are rapidly eliminated, causing hyper-excitability which contributes
to cell-death and the pathophysiology of disease. Sequential disassembly of inhibitory synapses be-
gins within minutes of ischemia onset: GABAARs are rapidly trafficked away from the synapse, the ge-
phyrin scaffold is removed, followed by loss of the presynaptic terminal. GABAARs are endocytosed
during GCI, but how this process accompanies synapse disassembly remains unclear. Here, we define
the precise trafficking itinerary of GABAARs during the initial stages of GCI, placing them in the
context of rapid synapse elimination. Ischemia-induced GABAAR internalization quickly follows their
initial dispersal from the synapse, and is controlled by PP1a signaling. During reperfusion injury,
GABAARs are then trafficked to lysosomes for degradation, leading to permanent removal of synaptic
GABAARs and contributing to the profound reduction in synaptic inhibition observed hours following
ischemia onset.

INTRODUCTION

GABAergic inhibitory synapses mediate synaptic inhibition in the central nervous system, with key roles controlling neuronal and ensemble

firing, excitatory/inhibitory (E/I) balance and synaptic plasticity.1,2 As such, disruptions to inhibitory synapse function and plasticity can lead to

impaired circuit function and is thought to contribute to the pathology of numerous neurological disorders including epilepsy, ischemia,

autism spectrumdisorders and schizophrenia.3–5 At the inhibitory post-synaptic site, g-aminobutyric acid (GABA) type A receptors (GABAARs)

are clustered opposite presynaptic terminals where they mediate phasic inhibition. This post-synaptic receptor clustering is primarily gov-

erned by the inhibitory scaffold, gephyrin, along with myriad other proteins that make up the inhibitory post-synaptic domain.6,7 The number

of GABAARs at the synaptic site is a robust determinant of synaptic strength,8 which is dynamically regulated during synaptic plasticity to

strengthen or reduce inhibition in response to stimulation.2,6,9 One way this is accomplished is through the trafficking of GABAARs to and

from the synapse, via lateral diffusion, endocytosis, recycling, and degradation pathways, thereby enabling the highly regulated tuning of

inhibitory synaptic strength.6

The disruption of E/I balance due to aberrant GABAAR trafficking is thought to contribute to the pathology of multiple diseases

including acute excitotoxic brain disorders such as global cerebral ischemia (GCI) and epilepsy.4,10 The oxygen and glucose deprivation

(OGD) produced by these excitotoxic insults, leads to the endocytosis of surface GABAARs and the persistent downregulation of

GABAergic synapses and synaptic inhibition.4,11,12 This drives cell and circuit hyper-excitability which contributes to delayed cell-death

and sustained functional deficits in surviving neurons.4,13–15 Although impairments in synaptic inhibition have been well-studied hours to

days following the excitotoxic insult, far less attention has been paid to understanding the immediate molecular processes that drive

inhibitory synaptic dysfunction during the onset of disease and immediate reperfusion phase (when oxygen and glucose are restored).

Our recent work showed that GCI initiates a sequence of precisely-timed molecular events that result in the elimination of entire inhib-

itory synaptic structures, both in vitro and in vivo.14 Immediately following OGD onset, activation of the phosphatase, calcineurin (CaN),

causes rapid dispersal of GABAARs from synapses. This is quickly followed by cleavage and removal of the gephyrin scaffold by the

protease calpain at �15 min (Figure 1A), and loss of the presynaptic terminal at later time-points.14 Thus, we have begun to provide

a temporal and mechanistic framework for inhibitory synapse disassembly during pathogenic excitotoxicity. However, the precise
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trafficking fate of GABAARs following their initial dispersal from the synapse, the temporal and mechanistic details of this process, and

the long-term fate of GABAARs during early reperfusion is not well laid out.

Here, we used in vitro and in vivoGCImodels to investigate the trafficking of GABAARs following their dispersal from synaptic sites, during

the initial phases of the ischemic insult and throughout the reperfusion phase that follows. We found that GABAARs are internalized

at �15 min following ischemia-induction, a process that is controlled by the phosphatase PP1a and the phosphorylation state of the
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Figure 1. The temporal dynamics of GABAAR internalization during OGD

(A) Schematic depicting the signaling events involved in GABAergic synapse disassembly following OGD onset. GABAARs are dispersed from synaptic sites

within 5 min, a process controlled by calcineurin (CaN). At 10 min, gephyrin is removed from synapses by calpain-dependent cleavage of the scaffold.

Temporal kinetics of GABAAR trafficking during OGD and subsequent reperfusion remain uncharacterized.

(B) Surface biotinylation of hippocampal neurons treated to an OGD time course at increasing 5 min intervals. Bar graphs show GABAAR-a1 surface levels

normalized to total levels (10% input), n = 6 independent experiments.

(C) Representative confocal images of dendritic segments from hippocampal neurons live-labeled for GABAAR-g2 and treated to an OGD time-course at

increasing 5 min intervals. Arrows indicate high GABAAR immunofluorescence peaks for surface (green) or internalized receptors (magenta). Filled

arrowheads = surface GABAAR clusters, open arrowheads = internalized GABAARs. Scale = 5 mm.

(D) Example line scans represent the mean fluorescence intensity for each condition across the dendritic length (from left to right) for surface (green) or

internalized (magenta) receptor pools. Grayed out line in merge image depicts path of line-scan. Scale = 5 mm.

(E) Quantification of the internalization index (ratio of the internalized immunofluorescence (IF)/(surface IF + internalized IF), n = 36 neurons. Values represent

mean G SEM. *p % 0.05, **p < 0.01,****p < 0.0001, one-way ANOVA, Bonferroni post hoc test (B, E).
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Figure 2. PP1a inhibition prevents OGD-induced GABAAR surface removal but not their declustering from the synapse

(A) Surface biotinylation of hippocampal neurons treated to control or OGD conditions for 30 min in the presence of OkA at low (50 nM; selectively inhibits PP2A)

or high (0.5 mM; inhibits PP2A and PP1a) concentrations. Quantification showsGABAAR-a1 surface levels normalized to total levels (10% input), n = 6 independent

experiments.

(B) Representative confocal images of dendritic segments from hippocampal neurons labeled for surfaceGABAAR-g2, gephyrin and VGAT. Neurons were treated

with control or OGD conditions for 30 min in the presence of OkA (at 50 nM or 0.5 mM). Arrowheads indicate VGAT positive synapses. Scale bar = 5 mm.

(C) Quantification of synapse cluster area (left) and density (right) from images in (B), n = 30–36 neurons.
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GABAAR-b3 subunit. The receptors are then targeted to lysosomes where they undergo degradation throughout early reperfusion, providing

a key mechanism for the sustained loss of GABAAR expression and synaptic inhibition observed during reperfusion injury. Together, these

results place the trafficking and loss of synaptic GABAARs within the context of rapid inhibitory synapse disassembly and elimination, and

provide a more complete picture of the mechanisms driving the profound loss of inhibition which underscores excitotoxic neuronal hyper-

excitability and delayed cell-death.

RESULTS

The temporal dynamics of GABAAR internalization during OGD

OGDdrivesGABAAR endocytosis and inhibitory synapsedisassembly within 30min of onset.14,15 However, the precise time-point at which the

receptors are internalized in the context of receptor declustering, gephyrin removal, and synapse disassembly is unknown (Figure 1A). To

establish a timeline of GABAAR removal from the plasma membrane during OGD, we first used surface biotinylation assays to monitor

changes in levels of surface GABAARs (containing a1 subunits) at increasing time-points during an in vitro OGD insult14,15 (Figure 1B).

GABAAR surface levels remained stable at 5 min-post induction and only started to decrease at the 10 min timepoint, followed by

an �65% reduction at 15 min (Figure 1B). To complement this experiment, we also performed antibody feeding assays to directly quantify

the proportion of surface GABAARs that are internalized during the OGD time-course (Figure 1C). Surface GABAARs were live labeled

with an N-terminal, extracellular antibody to the g2 subunit enabling them to be tracked through the endosomal system to quantify ‘inter-

nalized’ and ‘surface’ receptor populations (Figure 1C). Line scans along each representative dendrite indicated an increase in the internalized

pool of GABAARs over time (magenta lines), which is in line with their removal from the plasma membrane (Figure 1D). Furthermore, analysis

of surface and internalized receptor populations revealed significant increases in GABAAR internalization index (internalized GABAARs/

(surface + internalized GABAARs)) at 10 and 15 min post-OGD induction (Figures 1D and 1E), with minimal increase within the initial 5 min

of OGD. Together, these experiments show that OGD leads to delayed internalization of GABAARs starting at �10 min from OGD onset,

presumably following the initial declustering of the receptors from the synaptic site.

PP1a inhibition prevents OGD-induced GABAAR surface removal but not their declustering from the synapse

We previously showed that rapid OGD-mediated GABAAR declustering is controlled by CaN, and gephyrin disassembly is driven by calpain,

which act independently from each other.14 The phosphatases PP2A and PP1a have both been shown to regulate GABAAR endocytosis via

the dephosphorylation of the GABAAR-b3 subunit in a variety of contexts,11,16,17 although a precise role for PP2A and/or PP1a in OGD-medi-

ated GABAAR endocytosis following receptor declustering has not been investigated. To first determine whether PP1a and/or PP2A are

driving OGD-induced internalization, we exposed hippocampal neurons to OGD for 30 min in the presence of okadaic acid (OkA), which

selectively inhibits PP2A at low concentrations (50 nM) and both PP2A and PP1a at higher concentrations (0.5 mM;18). We then performed sur-

face biotinylation assays, to quantify surface GABAARs levels, as in Figure 1B. As previously shown, OGD induced a robust decrease in surface

GABAAR levels after 30 min, compared to control conditions (Figure 2A; 14,15,19). Surprisingly, this loss of surface GABAARs was not impacted

by the inclusion of 50 nMOkA during OGD, suggesting that PP2A does not have a significant role in GABAAR surface loss. However, in com-

parison, OGD-induced surface removal of GABAARs was fully prevented by the inclusion of 0.5 mMOkA (Figure 2A), indicating a role for PP1a

in controlling OGD-mediated GABAAR surface removal.

Having shown that PP1a activity was required for GABAAR removal from the plasmamembrane, we also asked whether its activity contrib-

uted to inhibitory synapse disassembly during OGD. We exposed cultured hippocampal neurons to a 30 min OGD insult, with low or high

concentrations of OkA, and performed immunocytochemistry for surface GABAARs, gephyrin and the inhibitory presynaptic marker, vesicular

GABA transporter (VGAT,14,20; ; Figure 2B). Neuronal dendrites were imaged by confocal microscopy and analyzed to determine changes in

both cluster area and density for each synaptic component (Figure 2C). As expected, following the OGD insult we observed a robust

shrinkage in cluster area and density of GABAARs and gephyrin, with no impact on the VGAT-positive presynaptic terminals (Figures 2B

and 2C). Again, inhibition of PP2A alone had little effect on the loss of GABAARs and gephyrin from the synapse, reflected by no significant

difference between OGD and OGD +50 nMOkA conditions (Figures 2B and 2C). In contrast, blockade of PP1a activity with 0.5 mMOkA sub-

stantially, but not completely, prevented GABAAR synaptic loss (Figures 2B and 2C). Gephyrin loss following OGD was also only partially

restored by PP1a inhibition (Figures 2B and 2C), which is in agreement with calpain cleavage of gephyrin being the primary mechanism

that drives gephyrin removal from synapses during OGD.14

PP1a-dependent restoration of GABAAR synaptic clustering during OGDwas incomplete, suggesting that PP1amay be primarily respon-

sible for the loss of receptors from the neuronal cell surface, but not necessarily their declustering fromGABAergic synaptic sites. To test this

idea, we performed proximity ligation assays (PLAs) which we have previously used to measure the direct interaction between GABAARs and

gephyrin, and assessed the extent of the GABAAR-gephyrin association following OGD and when PP2A or PP1a activity is inhibited. As

Figure 2. Continued

(D) Proximity ligation assay (PLA) for gephyrin and GABAAR-a1 in GFP expressing hippocampal neurons. Representative dendritic segments show PLA signal

(magenta) from neurons treated with control or OGD conditions for 30 min, in the presence of OkA (50 nM or 0.5 mM). Arrowheads indicate PLA-positive signal

(representing the GABAAR-gephyrin interaction). Scale = 5 mm.

(E) Quantification shows the density of the PLA signal, n = 25–32 neurons. Values representmeanG SEM. *p% 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-

way ANOVA, Bonferroni post hoc test (A, C, E).
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expected, the PLA signal (representing the GABAAR-gephyrin interaction) was reduced by �76% following 30 min of OGD, indicating

reduced interaction between GABAARs and gephyrin, presumably due to removal of both components from the synapse (Figures 2D and

2E). Our previous work showed that this effect was completely prevented by CaN inhibition by cyclosporin A (CsA), which is in agreement

with the role of CaN in directly controlling receptor declustering immediately following OGD onset.14 In comparison, blockade of PP1a ac-

tivity only partially prevented the OGD-induced reduction in PLA signal (Figures 2D and 2E), indicating that some GABAAR-gephyrin inter-

actions are maintained during PP1a inhibition, likely through residual retention of gephyrin at the synapse, thereby contributing to the partial

‘rescue’ of synapses by PP1a inhibition. In contrast, we observed no recovery in GABAAR-gephyrin interactions when PP2A alone is inhibited

with 50 nM OkA. Together with our imaging data, these results indicate that PP1a is likely the main driver of receptor internalization during

OGD, but its inhibition does not completely prevent synapse disassembly.

PP1a-dependent dephosphorylation of the GABAAR-b3 subunit during GCI

During OGD, GABAAR internalization is driven by interactions between a triple arginine motif ‘405RRR407’ within the GABAAR-b3 subunit

intracellular domain (ICD) and the clathrin adaptor protein, AP2.15,21 The GABAAR-b2 subunit also interacts with AP2,22 however GABAARs

containing the b3 subunit form a large proportion of GABAAR subtypes in the hippocampus,23,24 thus we focused our study onGABAAR-b3.

The GABAAR-b3 subunit interaction with AP2 is controlled by the phosphorylation state of two proximal, downstream serine residues at

408/409 (b3-S408/409; Figure 3A), and are targets of dephosphorylation by PP1a and PP2A.25,26 Reduced phosphorylation of this site pro-

motes the GABAAR-b3-AP2 interaction and receptor endocytosis, while increased phosphorylation prevents the interaction and inhibits

receptor endocytosis.21,22 To assess whether the GABAAR-b3-S408/409 site is impacted during the early stages of OGD, we first assessed

b3-S408/409 levels in lysates from hippocampal neurons exposed to OGD or control conditions for 30 min. Using a b3-S408/409 phospho-

specific antibody, we found that b3-S408/409 phosphorylation levels were significantly reduced following 30minOGD (Figure 3B). To verify

whether this reduction in b3-S408/409 also occurred in vivo following GCI, we analyzed hippocampal tissue frommice that had undergone

cardiac arrest and cardio-pulmonary resuscitation (CA/CPR) to induce GCI (see STARMethods for details;14,27). We used this model, as CA/

CPR produces direct ischemic injury and OGD to the hippocampus making it a good in vivo correlate for our in vitro OGD model.28,29

Hippocampi were harvested immediately following the CA/CPR and recovery process (�40 min in total) to enable as close a comparison

to our in vitro model as possible (Figure 3C; 14). Probing hippocampal lysates for phospho-b3-S408/409 from CA/CPR or sham mice re-

vealed a similar reduction in phosphorylation of this site as we observed in vitro (Figure 3C), indicating that this mechanism may also

be important in vivo. To verify whether OGD-driven dephosphorylation of the b3-S408/409 site was mediated by PP2A or PP1a during

OGD, we measured levels of phospho-b3-S408/409 in the presence of OkA at low and high concentrations. OGD-mediated reductions

in phospho-b3-S408/409 levels were completely restored in the presence of 0.5 mM OkA, compared with very little recovery with lower

OkA concentrations (Figure 3D). This result is consistent with a prominent role for PP1a in controlling OGD-driven GABAAR surface

removal, and hence dephosphorylation of this site. To determine the kinetics of b3-S408/409 dephosphorylation during OGD and whether

this coincided with the timeline of GABAAR internalization, we monitored b3-S408/409 levels throughout the OGD insult (Figure 3E). We

found that the OGD-induced reduction in phospho-b3-S408/409 started between 9 and 12 min of OGD, with the maximal reduction in

phosphorylation levels at 15 min of OGD (Figure 3E), which closely mirrored the time-course of receptor endocytosis (Figures 1B–1E).

CaN and calpain activity are crucial for the initial, rapid synaptic declustering of GABAARs and gephyrin, respectively.14 Thus, we asked

whether CaN and calpain might act directly upstream of GABAAR-b3-S408/409 dephosphorylation. Inclusion of the CaN inhibitor CsA,

or the calpain inhibitor, MDL-28170 (Calp-i), during the OGD insult revealed that neither calpain nor CaN inhibition could prevent the

dephosphorylation of the b3-S408/409 site (Figures S1A–S1D), indicating that dephosphorylation of the receptor at b3-S408/409 during

OGD is independent of these other calcium-mediated signaling pathways.

Having identified that OGD-induced GABAAR internalization happens �15 min into an OGD insult, and phospho-b3-S408/409 levels

reduce within the same time frame, we then wanted to directly test whether PP1a was controlling GABAAR internalization at this timepoint.

To do this, we performed internalization assays during a 15minOGD insult, with different concentrations of OkA. GABAARswere readily inter-

nalized by the end of the 15 min OGD insult, and this was selectively inhibited with 0.5 mM OkA and not 50 nM OkA (Figures 3F and 3G),

showing that PP1a controlsOGD-drivenGABAAR internalization at this timepoint duringOGD. Furthermore, inhibition of CaNalso prevented

receptor internalization, indicating that the CaN signaling that leads to OGD-induced GABAAR declustering lies upstream of receptor inter-

nalization (Figures 3F and 3G). Thus, we conclude from these data that PP1a activity drives b3-S408/409 dephosphorylation and receptor inter-

nalization at�15min followingOGD induction, and althoughGABAAR internalization requires upstreamCaN activity, the dephosphorylation

of the GABAAR itself is independent of CaN activity.

Reduced GABAAR expression during post-ischemic reperfusion

We were then interested in the fate of GABAARs following their internalization and the initial OGD insult during post-ischemia reperfusion.

OGD-induced inhibitory synapse loss is sustained for at least 2 h of reperfusion following the initial OGD insult, suggesting that GABAAR sur-

face removal and synapse elimination is likely permanent.14 However, the long-term fate of GABAARs following the initial OGD insult is un-

known. To investigate this, we assessedwhether a reduction inGABAAR protein levels followingOGDandglobal ischemia could contribute to

their permanent removal from the synapse. We first measured total GABAAR subunit expression immediately following a 30 min OGD insult

in vitro, and found that expression levels of g2 and b3 subunits showed little change compared with controls (Figure 4A). This finding was

recapitulated in vivo, indicating no change in GABAAR expression levels immediately following CA/CPR when compared with sham controls
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Figure 3. PP1a-dependent dephosphorylation of the GABAAR-b3 subunit during global ischemia

(A) Cartoon of GABAAR b3 subunit. The intracellular domain contains a triple arginine motif ‘RRR’ which mediates binding to AP2 and receptor endocytosis.

Adjacent serine phospho-sites at 408/409 act as negative regulators of receptor endocytosis when phosphorylated.

(B–C) Hippocampal neuronal lysates analyzed following control or OGD insults for 30 min (in vitro; B) and hippocampal crude membrane lysates from mice post

sham or CA/CPR procedure (in vivo; C). Phosphorylated b3-S408/409 levels were normalized to total GABAAR-b3 levels, n = 5 independent cultures/animals.

(D) Hippocampal neuronal lysates analyzed following a 30 min OGD insult in the presence of OkA (50 nM or 0.05 mM). Phosphorylated b3-S408/409 levels were

normalized to total GABAAR-b3 levels, n = 4 independent experiments.

(E) Hippocampal lysates analyzed following OGD at 3 min intervals up to a maximum of a 15 min. Phosphorylated b3-S408/409 levels were normalized to total

GABAAR-b3 levels, n = 5 independent experiments.

(F) Representative confocal images of dendritic segments from hippocampal neurons live-labeled for surface GABAAR-g2 and treated to control or OGD

conditions for 30 min in the presence OkA at either concentration (50 nM or 0.05 mM), or CsA. Scale bar = 5 mm.

(G) Quantification of the internalization index, n = 35–36 neurons. Values represent meanG SEM. Data in (B), (D), (E) & (F) were normalized to control conditions.

*p % 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Student’s t test (B, C) or one-way ANOVA, Bonferroni post hoc test (D, E, G). See also Figure S1.
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(Figure 4B). However,measurement of GABAAR levels following increasing time-points of reperfusion revealed reduced b3, g2 and a1 expres-

sion levels by�30% after 1 h reperfusion, followed by a continual reduction in expression up to 4 h post-insult (Figure 4C). This was in contrast

to the expression of GluA1-AMPARs, which remained stable throughout OGD and the subsequent reperfusion phase, indicating this was not

a blanket effect on all neurotransmitter receptors (Figure S2). To verify that GABAARs specifically expressed at the neuronal surface are being

downregulated throughout the reperfusion process, we performed internalization assays during the 30minOGD insult andmeasured surface

A B

C D

E

Figure 4. Reduced GABAAR expression during post-OGD reperfusion

(A) Hippocampal neuronal lysates harvested following 30 min control or OGD treatment. GABAAR-g2 or b3 levels were normalized to GAPDH levels, n = 5

independent experiments.

(B) Hippocampal crude membrane lysates from mice immediately following sham or CA/CPR surgeries. GABAAR-g2 or b3 levels were normalized to GAPDH

levels, n = 5 independent experiments.

(C) Hippocampal neuronal lysates analyzed following reperfusion up to 4 h after a 30 min OGD insult. Total GABAAR-g2, -b3 and -a1 levels were normalized to

GAPDH levels, n = 5–6 independent experiments. Colored stars compare statistical significance to control condition for each subunit.

(D) Representative confocal images of dendritic segments from hippocampal neurons live-labeled for surface GABAAR-g2 and treated to control or OGD

conditions at different time-points following reperfusion injury. Scale = 5mm. Quantification of total GABAAR intensity (internal + surface), n = 33–36 neurons.

(E) Hippocampal crudemembrane lysates were isolated from CA1 and CA3 subregions following 4 h of reperfusion after sham or CA/CPR surgeries. GABAAR-b3

and -a1 levels were normalized to GAPDH levels, n = 6 independent experiments. Values represent mean G SEM. *p % 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001, Student’s t test (A, B, E), one-way ANOVA, Bonferroni post hoc test (C, D). See also Figures S2 and S3.
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and internalized receptor populations throughout reperfusion. As expected, GABAAR internalization was elevated following the OGD insult

and remained elevated throughout the duration of reperfusion (Figure S3A). In comparison, we calculated the total mean fluorescence inten-

sity of receptors (surface + internal populations) at 30 min of OGD and found it was the same as controls, indicating that total protein levels

remained intact. However, the total intensity of all the GABAARs reduced with increasing lengths of reperfusion (Figure 4D), which is in agree-

ment with our western blotting data that indicate reductions in total receptor expression during reperfusion likely follows their initial inter-

nalization during the OGD insult. Lastly, we assessed whether GABAAR expression was also reduced following reperfusion in vivo, by

measuring GABAAR protein levels in hippocampal tissue �4 h following CA/CPR (Figure 4E). Given that the CA3 hippocampal region is

more resistant to ischemic insult than CA1, we micro-dissected each region and measured total GABAAR levels (Figure 4E). Corroborating

our in vitro data, GABAAR b3 and a1 subunit levels were significantly reduced in tissue from the CA1 subregion following reperfusion injury,

compared with tissue from sham mice (Figure 4E). In contrast, GABAAR levels remained similar to sham controls in the CA3 subregion (Fig-

ure 4E), suggesting that differential mechanisms underlie persistent synaptic loss in these two hippocampal subregions. Together, these re-

sults indicate that expression of themajor synaptic GABAAR subtypes is reduced during ischemic reperfusion injury, and this may be a specific

mechanism within the highly vulnerable CA1 region of hippocampus.

Internalized GABAARs are targeted to the lysosome for degradation during ischemic reperfusion injury

Following their internalization, GABAARs are trafficked through the endosomal network and either targeted for recycling back to the

neuronal surface or to the lysosome for degradation.30–32 Given the profound loss of internalized receptors throughout the reperfusion

phase following OGD, we speculated that GABAARs were likely being targeted for lysosomal degradation. To test this hypothesis, we

tracked internalized GABAARs using internalization assays and assessed their localization with the lysosomal marker, LAMP1, directly

following OGD or during reperfusion (Figure 5A). We found a significant increase in GABAAR-LAMP1 colocalization by the end of

the 30 min OGD insult, and the localization of GABAARs to LAMP1-positive lysosomes remained elevated throughout the reperfusion

phase (Figure 5A). This result suggests that GABAARs are targeted to the lysosome during the initial OGD insult, likely following their

internalization at the 15 min timepoint. To test this hypothesis directly, we inhibited lysosomal degradation with the lysosomal inhibitor,

leupeptin, for 2 h prior to, and throughout the OGD insult and reperfusion phases (33; Figures 5B–5D). Lysosomal blockade completely

restored the elevated GABAAR-LAMP1 colocalization we observed following OGD and reperfusion down to control levels (2 h; Fig-

ure 5B). Furthermore, reduced GABAAR expression levels following reperfusion (measured by both western blotting and immunofluo-

rescence) was completely alleviated with leupeptin application, confirming that GABAARs are degraded by the lysosome during reper-

fusion injury (Figures 5C and 5D). As reductions in GABAAR mRNA levels could also contribute sustained reductions in total protein

levels following OGD, we also analyzed GABAAR mRNA levels during reperfusion injury using RT-qPCR, and found that GABAAR g2

and b3 mRNA levels were indeed reduced by �25% following the 30 min OGD insult (Figure S3). This reduction was maintained for

several hours of reperfusion, suggesting that reduced transcription and/or translation may also contribute to sustained reductions in

GABAAR levels during OGD reperfusion injury. Taken together, our data suggest that trafficking of GABAARs to lysosomal compart-

ments for increased receptor degradation is a key mechanism for sustained receptor loss from synaptic sites, with likely contributions

from impaired GABAAR production.

DISCUSSION

Impaired synaptic inhibition is a hallmark of excitotoxic brain injury, leading to hyper-activity of neuronal networks, and contributing to de-

layed cell-death of highly vulnerable neuronal populations.4,10 In this study we investigated the timeline of GABAAR trafficking throughout an

ischemic insult and the subsequent reperfusion phase, and placed this process in the context of the rapid, stepwise inhibitory synapse disas-

sembly which is initiated within the first few minutes of the insult.14 We find that GABAAR internalization happens �15 min from OGD onset

and is regulated by PP1a activity and the GABAAR-b3-S408/409 phosphorylation site. Our results show that following internalization,

GABAARs are targeted to lysosomes (as early as 30 min post-OGD induction) and degraded, leading to a progressive reduction in total

GABAAR expression throughout cumulative hours of reperfusion, both in vitro and in vivo. This work both provides temporal details of the

trafficking itinerary of GABAARs once they have dispersed from the synapse (�5 min post-OGD induction), but also points to the mechanisms

that underlie them. In addition, our results show that GABAARs are not just transiently lost from synapses, but are permanently degraded,

accounting for the long-term loss of GABAergic synapses following ischemia and the persistent reduction of inhibition following

reperfusion.4,12,14,34

Our recent work showed that GABAergic synapses are disassembled and eliminated quickly following the onset of ischemia, presumably

initiating the profound loss of synaptic inhibition that is reported hours to days following the initial ischemic insult.4,12,14 GABAAR synaptic

declustering and gephyrin cleavage happens within the first 10 min of OGD onset, leading to elimination of �50% of synapses by 30 min

OGD.14 GABAARs have long been known to undergo OGD-induced endocytosis within this 30 min time frame, but there is little detail of

when precisely this happens.15,19 Here we find that GABAARs are in fact internalized early on duringOGD, beginning at the 10min timepoint,

with substantial internalization by 15 min. This timeline fits well in the broader context of synapse elimination, as it directly follows initial re-

ceptor declustering (�5 min), which would increase the availability of surface mobile receptors that could be captured by endocytic zones for

internalization.15 Notably, as the gephyrin scaffold is also being concurrently disassembled at�10 min post-OGD induction, the likelihood of

receptors being restabilized at the synapse is low, thereby promoting receptor mobility on the cell surface, and ultimately receptor

internalization.

ll
OPEN ACCESS

8 iScience 26, 108061, October 20, 2023

iScience
Article



GABAergic synapse disassembly following the onset of ischemia is controlled by CaN, which drives receptor dispersal from the synapse,

and calpain, which cleaves gephyrin, therefore shrinking and removing the gephyrin scaffold.14,35 We found that PP1a activity is required for

GABAAR internalization at 15min followingOGD induction, and likely dephosphorylates the b3-S408/409 site at this timepoint to enable bind-

ing to AP2 and recruitment to endocytic zones. CaN and calpain are likely activated by increasing concentrations of Ca2+ as the ischemic insult

progresses, whereby CaN is activated rapidly by low Ca2+ levels and calpain is activated several minutes later by higher concentrations. On

the other hand, PP1a can be activated over slower timescales by a variety of stimuli, including TNFa16 and by altered interactions with the

inhibitory scaffold, PRIP-1.26 In these situations, PKA-mediated phosphorylation of PRIP-1 following increased GPCR activity derepresses

A

B

C D

Figure 5. Internalized GABAARs are targeted to the lysosome for degradation during ischemic reperfusion injury

(A) Representative confocal images of dendritic segments from hippocampal neurons live-labeled for surface GABAAR-g2 and treated to control or OGD

conditions at different time-points following reperfusion injury. Neurons were labeled with antibodies to lysosomal marker LAMP1 and colocalization

between internalized GABAARs and LAMP1 was calculated by Pearson’s coefficient. Quantification shows normalized Pearson’s coefficient, n = 36 neurons

per condition. Scale = 5 mm.

(B) Representative confocal images of dendritic segments from hippocampal neurons live-labeled for surface GABAAR-g2 and underwent OGD + reperfusion

(2 h), with or without leupeptin. Neurons were labeled with antibodies to lysosomal marker LAMP1 and colocalization between internalized GABAARs and

LAMP1 was calculated by Pearson’s coefficient. Quantification shows normalized Pearson’s coefficient, n = 36 neurons per condition. Scale = 5 mm.

(C) Hippocampal neuronal lysates harvested following a 30 min control or OGD insult + reperfusion (2 h) in the presence of leupeptin. GABAAR-b3 levels were

normalized to GAPDH levels, n = 8 independent experiments.

(D) Representative confocal images of dendritic segments from hippocampal neurons live-labeled for surface GABAAR-g2 and treated to control or OGD

conditions + reperfusion in the presence of leupeptin. Scale = 5mm. Quantification of total GABAAR fluorescence (surface + internalized), n = 36 neurons.

Scale = 5 mm. Values represent mean G SEM. *p % 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, one-way ANOVA, Bonferroni post hoc test.
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PP1a, allowing it to act on downstream targets such as GABAAR-b3-S408/409.
26 Thus, b3-S408/9 dephosphorylation is probably not directly

influenceddirectly by Ca2+, but through upstream signaling cascades that requiremore time to act on downstream targets, which fits well with

the likely delayed activation of PP1a compared to CaN during the OGD process. The b3-S408/9 phospho-site is also a target of PP2A-medi-

ated dephosphorylation in multiple circumstances.17,36 However, we found that inhibition of PP2A with low concentrations of OkA had no

effect onOGD-inducedGABAAR internalization or synapse disassembly, so we conclude the primary regulator of GABAAR trafficking at these

early stages of OGD is likely PP1a.

Our imaging experiments show that OGD-induced GABAAR synaptic declustering and the GABAAR-gephyrin interaction is only partially

recovered when PP1a is inhibited. One explanation for this is that although endocytosis of GABAARs is blocked, they are still likely dispersed

from synapses due to upstreamCaNactivation. This could lead to increased ‘free’ surface receptors that are not captured by endocytic zones,

and these receptors could be stabilized back at the synapse by remaining gephyrin. Gephyrin clustering is also partially restored by inhibiting

PP1a-mediated endocytosis during OGD and this is also observed, to a greater extent, upon CaN inhibition to prevent OGD-induced recep-

tor declustering.14 This effect likely reflects the co-dependency of GABAARs and gephyrin on each other for their stability and the ability of the

gephyrin scaffold to be clustered by the receptors themselves, so that when GABAARs are reclustered at the synaptic site, some gephyrin is

also able to remain.37–39 Furthermore, this underscores the likely importance of other scaffolds and receptor stabilizing molecules, that in

addition to gephyrin, contribute to receptor clustering and synapse stability.40–42

We have previously shown that inhibitory synapse loss persists following an ischemic insult, suggesting that GABAAR removal from the

plasma membrane is likely permanent.14 However, the mechanisms that underlie this process are unclear. Our data show that GABAAR

levels decrease to �50% of control during reperfusion phase, both in vitro and in vivo, suggesting that reduced expression of

GABAARs leads to the prolonged synaptic loss observed. We evaluated GABAAR sorting through the endosomal pathway and observed

co-localization of internalized GABAARs with the lysosomal marker LAMP1 at 30 min post-OGD and throughout the reperfusion phase. This

was coupled with increased degradation of GABAARs (reflected by reduced total protein levels and surfaced labeled receptors) beginning

around 1 h post-reperfusion. Inhibiting the lysosome with leupeptin blocked GABAAR loss during reperfusion, suggesting that lysosomal-

dependent degradation is the main route for decreasing receptor expression following excitotoxicity. Intriguingly, in vivo, reduced

GABAAR protein expression was specific to the CA1 region of hippocampus, with no reduction in CA3, suggesting potentially region-spe-

cific mechanisms that alter GABAergic synaptic function during GCI. This is also in agreement with our recent finding that GABAergic syn-

apses are drastically downregulated in stratum radiatum and stratum pyramidale of CA1 following CA/CPR.14 Put together, these obser-

vations are consistent with CA1 being highly vulnerable to ischemic insult and exhibiting a high level of delayed cell-death,43,44 whereas

CA3 is more resilient to cell-death during excitotoxic injury.13,45 Future studies exploring the impact of GCI on GABAAR trafficking and

clustering within other hippocampal subregions, and across other brain regions will be crucial to assess how generalized the mechanisms

described here may be.

A possiblemechanismdrivingOGD-induced lysosomal targeting could be ubiquitination of the GABAAR itself, a process that is important

for regulation of normal GABAAR trafficking and inhibitory synaptic function.32,46,47 GABAAR-g2 subunits are readily ubiquitinated, which tar-

gets the receptor for degradation,32 and this process is likely controlled by the ubiquitin E3 ligase RNF34.47 An alternative or additional mech-

anism could involve the Arf-GEF protein, BIG3, which likely contributes to GABAAR degradation through its localization to lysosomes.48

GABAAR receptor recycling is reduced during OGD, which also contributes to GABAAR targeting for lysosomal degradation.49 GABAARs

are recycled under basal conditions, a process that is directed by key interaction protein, HAP1.30,31 HAP1 is degraded during OGD, leading

to reduced receptor recycling and enhanced receptor degradation.49 Therefore, we speculate that a combination of increasedGABAAR ubiq-

uitination, reduced HAP1 expression and contributions from other trafficking molecules likely underlie the progressive degradation of

GABAARs during ischemic reperfusion injury. Furthermore, we also observed a potential reduction in GABAAR production, reflected by a

reduced number of GABAAR transcripts, both throughout OGD and in the reperfusion phase, suggesting that transcription may be turned

off early on throughout the process. This is in agreementwith previous observations of reducedGABAARmRNA levels in hippocampal regions

hours to days following an ischemic insult,34 and is likely a complimentary mechanism to reduce expression levels of GABAARs long-term.

LIMITATIONS OF THE STUDY

We have shown that several aspects of the GABAAR trafficking mechanisms described during OGD in vitro are likely conserved in vivo.

However, we have not shown that the trafficking dynamics are the same in vivo, and we cannot differentiate between cell types in the hip-

pocampal lysates from the in vivo model. Further imaging in hippocampal slices from the CA/CPR model will enable investigation of this

more fully.
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GABAAR-g2 (imaging) Synaptic Systems Cat. #224 004; RRID: AB_10594245
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VGAT (rabbit; imaging) Synaptic Systems Cat. #131 003; RRID: AB_887869
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Anti-guinea pig Alexa Fluor - 568 Life Technologies Cat. #11075; RRID: AB_141954

Anti-guinea pig Alexa Fluor - 647 Abcam Cat. #150187; RRID: AB_2827756

Anti-mouse Alexa Fluor - 488 Life Technologies Cat. #21202; RRID: AB_141607

Anti-rabbit Alexa Fluor - 488 Life Technologies Cat. #21206; RRID: AB_2535792

Anti-rabbit Alexa Fluor - 647 Life Technologies Cat. #31573; RRID: AB_2536183

GABAAR-g2 (WB) NeuroMab Cat. #75-442; RRID: AB_2566822

GABAAR-a1 (WB) NeuroMab Cat. #75-136; RRID: AB_10697873

GABAAR-b3 (WB) NeuroMab Cat. #75-149; RRID: AB_10673389

GABAAR-b3 phospho-Ser408/409 Rockland Cat. #612-401-D51; RRID: AB_11183444

GAPDH GeneTex Cat. #GTX627408; RRID: AB_11174761

GluA1 (AMPAR) EMD Millipore Cat. #ABN241; RRID: AB_2721164

HRP-conjugated goat anti-mouse BioRad Cat. #170-6516; RRID: AB_11125547

HRP-conjugated goat anti-rabbit BioRad Cat. #170-6515; RRID: AB_11125142

Chemicals, peptides, and recombinant proteins

Cyclosporin A (CsA) Tocris Bioscience Cat. #1101

MDL-28170 (Calp-i) Tocris Bioscience Cat. #1146

Okadaic acid Tocris Bioscience Cat. #1136

Leupeptin Tocris Bioscience Cat. #1167

Pierce Sulfo-NHS-LC-Biotin ThermoFisher Cat. #PG82075

PLA mouse/rabbit kit Sigma Cat. #DUO92101

Pierce NeutrAvidin ThermoFisher Cat. #29201

QuantiTect Reverse Transcription Kit Qiagen Cat. #205311

QuantiTect SYBR Green PCR Kit Qiagen Cat. #204143

Experimental models: cell lines

Primary hippocampal cultures Smith Laboratory N/A

Experimental models: organisms/strains

Rat, Sprague Dawley Charles River Charles River RRID: RGD_734476

Mice, C57BL/6 Jackson Laboratory RRID: IMSR_ORNL:C57BL-6-A-A

Oligonucleotides

qGABRB3 F: GGGTGTCCTTCTGGATCAATTA Rajgor et al.20 N/A

qGABRB3 R: TCTCGAAGGTGAGTGTTGATG Rajgor et al.20 N/A

qGABRG2 F: ACTTTACCATCCAGACCTACATTC Rajgor et al.20 N/A

qGABRG2 R: GCAGGGACAGCATCCTTATT Rajgor et al.20 N/A

qGAPDH F: GATGCTGGTGCTGAGTATGT This paper N/A
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RESOURCE AVAILABILITY

Lead contact

Any additional information or enquiries about reagents and resources should be directed to the LeadContact, Katharine R. Smith (katharine.r.

smith@cuanschutz.edu)

Materials availability

The transfer of plasmids generated for this study will be made available upon request. A payment and/or a completed Materials Transfer

Agreement may be required.

Data and code availability

� Data: All data reported in this paper will be shared by the lead contact upon request.
� Code: This paper does not generate original code.
� Other items: Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All animal procedures are in accordance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals and

approved with the Institutional Animal Care and Use Committee at the University of Colorado, Denver Anschutz Medical Campus.

Dissociated hippocampal cultures

Primary neuronal cultures were prepared from dissected hippocampi of mixed sex neonatal rat pups (postnatal day 0-1) as previously

described.14,20,50 Hippocampal tissue was dissociated in papain and neurons were seeded in MEM containing 10% FBS and penicillin/strep-

tomycin, either onto 18mm #1.5 glass coverslips at a density of 150,000-200,000 cells or 6-cm dishes at 3,000,000 cells. MEMwas replaced 24h

following plating with Neurobasal (NB) media (GIBCO) supplemented with B27 (GIBCO) and 2 mM Glutamax. Feedings were performed

every 5 days by removing half the media and replacing with new NBmedia. Mitotic inhibitors were added at DIV5. Cultures were maintained

at 37�C, 5% CO2 for 15-18 DIV prior to experiments.

Cardiac arrest and cardiopulmonary resuscitation animal model

C57BL/6 mice (8-10 weeks old, both sexes) underwent cardiac arrest and cardiopulmonary resuscitation (CA/CPR) or sham surgeries as pre-

viously described (Deng et al., 2017). Mice were anesthetized (3% isoflurane), intubated and placed on a ventilator (160 breaths permin). Vitals

weremonitored by ECG and body temperature wasmaintained at 37.5�CG 0.2�C. KCl injection via the jugular catheter induced asystolic CA

for 6-7 min. CPR was induced by a slow injection of epinephrine (16mg epinephrine/ml, 0.9%saline), chest compression (�300/min) and venti-

lation of 100% O2. If spontaneous recirculation was not achieved by 3-min of CPR, the animal was omitted from the experiments. Vitals were

monitored up to 15 min following resuscitation, prior to harvesting samples.27,51 Samples were collected immediately, or for reperfusion

following CA/CPR, mice vitals were monitored following resuscitation before being removed from the ventilator. Mice recovered for 4 hours

following CA/CPR injury before harvesting samples. Coronal sections were generated on a vibratome to micro-dissect CA1 and CA3 subre-

gions of the hippocampus.

METHOD DETAILS

Oxygen glucose deprivation (OGD) treatments in vitro

DIV15-18 hippocampal neuronal cultures were exposed toOGDby applying a HEPES-buffered solution (25mMHEPES, pH 7.4, 140mMNaCl,

5mMKCl, 2mMCaCl2, 1mMMgCl2, and 10mM sucrose or supplementedwith 10mMglucose for control). OGD-HEPES solution was placed in

an anaerobic workstation at 37�C, 95% N2 and 5% CO2 (Bugbox Plus, Baker Co) 24-48 hours prior to treatments to allow deoxygenation.

Neuronal cultures were washed twice and incubated with OGD-HEPES solution in the anoxic chamber prior to being harvested or fixed at

specific timepoints as stated in each figure. Control neurons were incubated at 37�C, 5% CO2 with Control-HEPES solution and harvested

Continued
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Prism 9 GraphPad https://www.graphpad.com/scientific-software/prism/
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or fixed at similar timepoints as OGD conditions. For reperfusion experiments, HEPES solution was replaced with conditioned media and

placed in the aerobic incubator for specified time. Inhibitors were used at the following final concentration: Okadaic Acid – 0.5 mM or

50 nM; Cyclosporin A (CsA) – 5 mM; Calp-i – 100 mM; Leupeptin – 10 mM.

Immunocytochemistry (ICC)

Neuronal cultures on coverslips were fixed in 4% PFA solution (4% sucrose, 1X PBS and 50mMHEPES (pH 7.5)) for 5 min at RT and blocked in

5% BSA, 2% Normal Goat Serum (NGS) and 1X PBS at RT for 30 min. Surface GABAAR-g2 (1:500 Synaptic Systems Guinea Pig – 224004) stain-

ing was performed under nonpermeabilized conditions in blocking solution for 1 hour at RT. Coverslips were washed for 5 min (3X) in PBS

followed by permeabilization in 0.5% NP-40 for two min and blocked at RT for 30 min. Gephyrin 3B11 (1:600 Synaptic Systems Mouse –

147111) and VGAT (1:1000 Synaptic Systems Rabbit - 131003) staining was performed in blocking solution for 1 hour followed by 5min washes

(3X). Coverslips were incubated with appropriate secondary antibodies (1:1000 ThermoFisher Alexa –Fluor 488, 568 and 647) for 1 hr in block-

ing solution. Coverslips were washed for 5 min (3X) before being mounted on microscope slides with ProLong Gold mounting media

(Thermofisher).

Proximity Ligation Assay (PLA)

PLA was performed using the DuoLink in situ red PLA mouse/rabbit kit (Sigma) under permeabilized conditions. The GABAAR-a1 subunit

(1:500 Synaptic Systems Rabbit - 224203) and gephyrin (1:500 Synaptic Systems Mouse - 147011) antibodies were used at the same dilution

as with ICC. PLA positive puncta reactivity was imaged by confocal microscopy (see below) and measured as density per 10mm in ImageJ.

Antibody feeding assay

Hippocampal cultures were live-labeled in conditioned media against an epitope that recognizes the extracellular N-terminal domain of sur-

face GABAARs (g2) at a dilution of 1:150 for 25 minutes. Neurons were washed in prewarmed, sterile PBS (2X) before being replaced with

conditioned media. Neurons were subject to control or OGD treatments and fixed with 4% PFA at different timepoints, unless reperfusion

was performed. In the case of reperfusion, neurons were fixed at a specified time point after conditioned media was replaced. To saturate

primary antibody against GABAAR subunits still present at the surface, fixed neurons were incubated with a secondary antibody at a super-

saturating dilution of 1:150 overnight at 4�C.Neurons were then rinsed oncewith PBS and immediately fixed again with 4% PFA for 10minutes

followed by PBS washes (3X). Cells were permeabilized for 2-3 minutes with 0.5% NP40 and blocked with 5% BSA + 2% NGS for 25 minutes

before labeling internalized receptors with a secondary antibody conjugated to a different fluorophore at a dilution of 1:1000 for 1 hour at RT

(e.g., Surface: anti-guinea pig-Alexa568; Internalized: anti-guinea pig-Alexa647). If staining for other intracellular endogenous proteins such

as LAMP1 (1:500), a primary antibody step is undertaken as described in ICC section before the secondary against internal pools is applied.

Neurons were washed in PBS for 10 minutes (3X) before mounting with Prolong Gold on coverslips.

Image acquisition and analysis

Confocal images were acquired on a Zeiss AxioObserver.Z1 uprightmicroscope equippedwith a Yokogawa CSU-X1 spinning disk unit; a 63X

oil immersion objective (Plan-Apo/1.4 NA); an Evolve 512 EM-CCD camera (Photometrics) with 16-bit range; and SlideBook 6.0. Images were

attained at 0.3 mm intervals (4mm Z-stack projection). Cluster analysis was performed using ImageJ (NIH) by selecting dendritic regions of in-

terest (ROIs). A user-based threshold was determined by sampling several images per condition across all conditions and clusters were

defined as aminimum size of 0.05mm2. For in vitro experiments, ROIs were delineated by tracing along dendrites or around the soma. Density

was calculated by measuring the length of dendrites analyzed (per 10mm) or the area of the soma (per mm2). To calculate the Internalization

Index, we divided the mean florescence intensity of the internalized receptor pool by the total mean florescence (internalized florescence +

surface florescence). For colocalization experiments, a Pearson’s coefficient was calculated in ImageJ using the Coloc2 plug-in to compared

LAMP1 staining with internalized receptor florescence intensity (Threshold Regression: Costes, PSF: 3.0, Costes Randomization: 50). Three

independent experiments analyzed 10-12 neurons per condition for a total of 30-36 neurons. All confocal imaging analysis was performed

blind to experimental condition.

Surface biotinylation

As previously described,14,40 hippocampal cultures were placed on ice to block the endocytic machinery and treated with biotin (Pierce) at

0.5mg/mL (in PBS+1mM CaCl2+1mM MgCl2) for 15 min. Neurons were quenched with BSA (1mg/mL) in PBS+ CaCl2+ MgCl2 solution for

15 min; harvested in RIPA buffer (50mM Tris pH 7.5, 1mM EDTA, 2mM EGTA, 150mM NaCl, 1% NP-40, 0.5% DOC, 0.1% SDS, 50mM NaF,

1mM Na3VO4 and protease inhibitor (Complete Mini, EDTA-free, Roche)); and permeabilized for 1 hour. Debris was pelleted at 4�C at

15,000 rpm for 10 min. 10% of the supernatant was collected for the total protein input and the remainder was incubated with 25 ml Ultralink

Immobilized NeutrAvidin 50% slurry (Pierce) for 2 hours at 4�C. Beads were washed 3X with high salt RIPA (350mM NaCl) and analyzed by

western blotting. The surface levels were normalized to the 10% input of total protein.
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Western blotting

Cell lysates were harvested in RIPA buffer (see above) with protease inhibitor (Roche) and phosphatase inhibitor cocktail 3 (Sigma). Samples

were solubilized for 20 mins and centrifuged at max speed for 10 mins. Samples were denatured with a 4X sample buffer (62.5mMTris pH 6.8,

2% SDS, 25% glycerol, 0.01% Bromophenol Blue and 10% beta-2-mercaptoethanol) and heated at 95�C for 5 mins. Protein lysates were

resolved on a 10% SDS-PAGE gel and transferred to PVDF membrane in a wet apparatus. Blots were blocked in either 5% milk (TBS-T) or

5% BSA (TBS-T) for phospho-specific antibodies and probed with primary antibody overnight at 4�C with the following: GABAAR-b3

(1:5000 Neuromab 75149), GABAAR-g2 (1:1000 Neuromab 75442), GABAAR-a1 (1:2000 Neuromab 75136), GABAAR-b3 phospho-Ser408/

409 (1:1000 Rockland 612-401-D51) and GAPDH (1:40,000 GeneTex 627408). Blots were washed for 10-min (3X) followed by incubation

with secondary HRP-conjugated antibodies (1:10,000 Millipore) at room temperature for 1 hour. ECL western blotting substrates were

used to visualize protein bands and densitometry measurements were performed in ImageJ. Total protein was normalized to GAPDH

from the same gel. Phosphorylation levels were normalized to total protein levels from the same gel.

RNA isolation and RT-qPCR

RNA isolation was performed by harvesting hippocampal neuronal cultures in 200mL TRIZOL and precipitating RNA using standard tech-

niques.20 Once isolated, a cDNA library was generated through a reverse transcription reaction using a QuantiTect RT Kit (Qiagen). To quan-

tify total mRNA levels, qPCRs were performed with the QuantiTect SYBR Green PCR Kit (Qiagen) on a BioRad CFX384 real time qPCR system

by diluting the cDNA (1:10) into RNAase free water and using 1mL of mixture per reaction combined with a gene specific primer (see20 for

details). All qPCR readings were normalized to both GAPDH and 18S, which are broadly used housekeeping genes. qPCR cycling parameters

were as follows: 95�C 15min, 94�C 15sec 55�C 30sec, 72�C 30sec for 40 cycles.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical tests were performed in Prism7 (GraphPad) using t test or ANOVA, Bonferroni post hoc test. All experiments were performed at

least 3 times (3 independent cultures or animals). The exact number of repeats and statistical details of experiments can be found in the figure

legends. P values were considered significant if < 0.05. Bar graphs are displayed as mean G SEM.
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