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Neurobiology of Disease

TRPM2 and CaMKII Signaling Drives Excessive GABAergic
Synaptic Inhibition Following Ischemia
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Excitotoxicity and the concurrent loss of inhibition are well-defined mechanisms driving acute elevation in excitatory/inhibitory
(E/T) balance and neuronal cell death following an ischemic insult to the brain. Despite the high prevalence of long-term disability
in survivors of global cerebral ischemia (GCI) as a consequence of cardiac arrest, it remains unclear whether E/I imbalance persists
beyond the acute phase and negatively affects functional recovery. We previously demonstrated sustained impairment of long-term
potentiation (LTP) in hippocampal CA1 neurons correlating with deficits in learning and memory tasks in a murine model of cardiac
arrest/cardiopulmonary resuscitation (CA/CPR). Here, we use CA/CPR and an in vitro ischemia model to elucidate mechanisms
by which E/I imbalance contributes to ongoing hippocampal dysfunction in male mice. We reveal increased postsynaptic GABA,
receptor (GABA4R) clustering and function in the CA1 region of the hippocampus that reduces the E/I ratio. Importantly, reduced
GABA R clustering observed in the first 24 h rebounds to an elevation of GABAergic clustering by 3 d postischemia. This increase in
GABAergic inhibition required activation of the Ca**-permeable ion channel transient receptor potential melastatin-2 (TRPM2),
previously implicated in persistent LTP and memory deficits following CA/CPR. Furthermore, we find Ca>*-signaling, likely down-
stream of TRPM2 activation, upregulates Ca**/calmodulin-dependent protein kinase II (CaMKII) activity, thereby driving the
elevation of postsynaptic inhibitory function. Thus, we propose a novel mechanism by which inhibitory synaptic strength is
upregulated in the context of ischemia and identify TRPM2 and CaMKII as potential pharmacological targets to restore perturbed
synaptic plasticity and ameliorate cognitive function.
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Significance Statement

Excitatory/inhibitory (E/I) imbalance drives long-term disability in numerous central nervous system disorders, including
cerebral ischemia. Previous studies indicated ischemia-induced hippocampal synaptic plasticity deficits contribute to long-term
cognitive impairment, yet the mechanisms underlying hippocampal dysfunction are poorly defined. Here, we combine in vivo and
in vitro approaches to demonstrate elevated GABA, receptor clustering and function contribute to a reduction in hippocampal E/
I balance and deficits in long-term potentiation at delayed timepoints following ischemia. We further identify ongoing activation
of the TRPM2 ion channel and Ca2+-dependent kinase, CaMKII, are required for the ischemia-induced enhancement of
GABAergic synaptic inhibition, highlighting promising new targets to improve postischemic long-term functional recovery. )

-

Introduction

Hippocampal dysfunction occurs as a consequence of brain
injury, leading to impairments in learning and memory.
Notably, cerebral ischemia has profound effects on hippocampal
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function due to the high metabolic requirements of the hippo-
campus (Petito et al., 1987; Schmidt-Kastner and Freund, 1991;
Neumann et al.,, 2013). Ischemic insults trigger numerous path-
ways including excitotoxicity, which drives neuronal demise via
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excessive glutamate release and resultant activation of AMPA-
and NMDA-type glutamate receptors. Thus, considerable
research efforts have concentrated on mitigating excitotoxic
effects through NMDA and/or AMPA receptor blockade
(Turski et al., 1998; Walters et al., 2005; Kostandy, 2012; Wu
and Tymianski, 2018). While this neuroprotective approach
effectively reduces neuronal cell death in animal models, clinical
trials have shown limited improvement in long-term functional
recovery in patients likely due to the narrow therapeutic window
required for these therapies (Cheng et al., 2004; Wahlgren and
Ahmed, 2004; Katz et al., 2022).

Neurorestoration is an alternative strategy that aims to restore
neural circuits perturbed by neuronal injury, by enhancing
synaptic function and plasticity in surviving neurons, allowing
for treatment within a broader therapeutic timeframe (Azad
et al., 2016; Escobar et al,, 2019). Indeed, this strategy can be
reliably tested in a murine model of global cerebral ischemia
(GCI) and cardiac arrest/cardiopulmonary resuscitation
(CA/CPR). Despite the completion of cell death processes within
days of the initial insult, we observed sustained impairments of
long-term potentiation (LTP) in surviving hippocampal neurons,
correlating with learning and memory deficits post-CA/CPR
(Orfila et al., 2014; Dietz et al., 2020). Further, we demonstrated
that delayed inhibition of the Ca®*-permeable, transient receptor
potential melastatin-2 (TRPM2) ion channel reverses impair-
ments in hippocampal LTP and hippocampal-dependent beha-
vioral tasks (Dietz et al., 2020, 2021), implicating TRPM2 as a
potential target for neurorestorative therapy. However, the pre-
cise molecular mechanisms underlying hippocampal dysfunction
and the contribution of ongoing TRPM2 activity to LTP impair-
ment remain elusive.

Extensive studies have emphasized the importance of main-
taining a balance between excitatory and inhibitory (E/I) signal-
ing for optimal neuronal function and induction of LTP
mechanisms (Smith and Kittler, 2010; Vogels et al, 2011).
Specifically, GABAergic synaptic inhibition plays a critical role
in E/I balance by regulating circuit and neuronal excitability
(Chiu et al, 2019). Further, prior work indicates that
GABAergic inhibitory signaling directly impacts excitatory LTP
(Steele and Mauk, 1999; Leao et al, 2012; Williams and
Holtmaat, 2019; Udakis et al., 2020). In the context of cerebral
ischemia, excitotoxic insult promotes rapid declustering of
synaptic GABAzRs, subsequent elimination of inhibitory syn-
apses, and neuronal cell death (Smith et al., 2012; Mele et al.,
2014; Costa et al., 2016). Conversely, at delayed timepoints fol-
lowing the completion of cell death processes, there is accumulat-
ing evidence of excessive GABAergic function through
overactivation of synaptic (phasic; Hiu et al., 2016) and extrasy-
naptic (tonic) GABA,Rs (Clarkson et al., 2010; Carmichael,
2012; Orfila et al., 2019). However, the precise upstream mecha-
nisms driving this enhancement and whether these pathways
contribute to sustained synaptic plasticity and cognitive deficits
remain poorly defined. In light of the established role of
GABAergic inhibition in modulating excitatory synaptic plasticity,
we tested the effect of ischemia on synaptic GABAergic inhibition
and whether TRPM2 reverses LTP impairments via modulation of
GABAA receptor (GABA4R) function.

Here, we present data demonstrating a shift in the balance of
E/1 signaling in the hippocampus after CA/CPR. At acute time-
points, we found a decrease in GABA,R clustering. However,
in the postacute phase following the completion of cell death
processes, we observed a sustained increase in postsynaptic inhi-
bition, leading to a reduction in E/I balance. Using a combination
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of in vitro and in vivo approaches, we rigorously identified the
TRPM2 ion channel as a mediator of augmented inhibitory func-
tion. We also provide compelling evidence that TRPM2 and Ca®
"/calmodulin-dependent protein kinase II (CaMKII) activations
are necessary for the sustained enhancement of postsynaptic
GABAergic inhibition, highlighting potential therapeutic targets
to improve functional recovery following brain ischemia.

Materials and Methods

Key resources
For details of key resources/reagents used in the study, see Table 1.

Experimental model and subject details

Animals. All studies conformed to the requirements of the National
Institutes of Health Guide for the Care and Use of Laboratory Animals
and were approved by the Institutional Animal Care and Use subcom-
mittee of the University of Colorado, Denver AMC. C57BL/6 mice
were bred in house in the Animal Resource Center at the University of
Colorado Anschutz Medical Campus and monitored regularly for health.
Mice were weaned between postnatal days 21 and 28 (P21 and P28) and
housed in microisolator cages on a 14:10 light/dark cycle with water and
chow available ad libitum.

Cardiac arrest/cardiopulmonary resuscitation. Male mice that were
approximately 8-12 weeks old were subjected to either cardiac arrest
and cardiopulmonary resuscitation (CA/CPR) or sham procedures as
described previously (Deng et al, 2017; Dietz et al, 2020). Briefly,
mice were anesthetized with 3% isoflurane. Mice were intubated and
connected to a mouse ventilator set to 160 breaths per minute. Cardiac
function was monitored via electrocardiography, and pericranial temper-
ature was maintained at 37.5°C + 0.2°C using a water-filled coil. Asystolic
cardiac arrest was induced by KCl injection via a jugular catheter. CPR
began 6 min after induction of cardiac arrest, by slow injection of
0.5-1.0 ml of epinephrine (16 ug epinephrine/ml, 0.9% saline), chest
compressions at a rate of ~300 min~", and ventilation with 100% oxygen.
If the return of spontaneous circulation could not be achieved within
3 min of CPR, resuscitation was terminated and the mouse was excluded
from the study. After surgical procedures, mice were housed individually
in microisolator cages on heating pads. Postsurgical care included daily
saline injections (1 ml) and moist chow for 72 h. Investigators performed
all experiments blind to the surgical procedure of the animal, with a sepa-
rate investigator generating the code.

Dissociated hippocampal cultures. Primary hippocampal cultures
were prepared as described previously (Crosby et al, 2019; Rajgor
et al,, 2020; Garcia et al., 2021). Briefly, the hippocampi from neonatal
rat pups (P0-P1) were dissected and dissociated in papain. The isolated
neurons were then seeded in MEM supplemented with 10% FBS and
penicillin/streptomycin. Cells were plated at a density of 150,000-
200,000 cells per 18 mm, #1.5 glass coverslip coated with poly-p-lysine.
The MEM was replaced with Neurobasal (NB) media (GIBCO) supple-
mented with B27 (GIBCO) and 2 mM GlutaMAX 24 h after plating. The
media was refreshed every 5 d before removing half of the existing media
and replacing it with fresh NB media. To restrict the growth of actively
dividing cells, mitotic inhibitors (uridine fluoro deoxyuridine) were
introduced on Day 5. The cultures were maintained at 37°C with 5%
CO, for a period of 13-14 d before conducting OGD experiments.

Method details

Hippocampal slice preparation. Hippocampal slices were prepared
during 7 d postsurgical procedures. Mice were anesthetized with 3%
isoflurane in an oxygen-enriched chamber and then transcardially per-
fused with oxygenated ice-cold artificial cerebral spinal fluid (aCSF) con-
taining the following (in mM): 126 NaCl, 25 NaHCOs3, 12 glucose,
2.5 KCl, 2.4 CaCl,, 1.3 NaHPO,, and 1.2 MgCl,. Horizontal slices
(300uM) were cut in aCSF supplemented with 9 mM MgSO, and contin-
uous oxygenation using a Vibratome 1200 (Leica) and transferred to a
holding chamber containing aCSF warmed to 33°C. After 30 min, slices
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Reagent or resource Source

Identifier

Antibodies
GABAR-y2 (imaging)
Gephyrin (3B11; imaging)
VGAT (rabbit; imaging)
MAP2 (mouse; imaging)
Anti-guinea pig Alexa Fluor 568
Anti-mouse Alexa Fluor 488
Anti-rabbit Alexa Fluor 647
Gephyrin (WB)
PhosphoCaMKII T286
CaMKIl
Vinculin
HRP-conjugated goat anti-mouse
HRP-conjugated goat anti-rabbit

Primers
GABRG2 Thermo Fisher Scientific
GABRAT Thermo Fisher Scientific
GABRB3 Thermo Fisher Scientific
Chemicals, reagents, and kits
Picrotoxin Tocris Bioscience
0x314 Tocris Bioscience
DNOX Tocris Bioscience
(lotrimazole Sigma-Aldrich

Experimental models: organisms/strains
Rat, Sprague Dawley Charles River Laboratories
Mice, (57BL/6

Software
Prism 9 GraphPad
Image) NIH

Synaptic Systems
Synaptic Systems
Synaptic Systems
Synaptic Systems

Life Technologies

Life Technologies

Life Technologies
Synaptic Systems
PhosphoSolutions

BD Transduction Laboratories
Cell Signaling Technology
Jackson ImmunoResearch
Thermo Fisher Scientific

Charles River Laboratories
Charles River Laboratories

(atalog #224 004; AB_10594245
(atalog #147 111; AB_2619837
(atalog #131 003; AB_887869
(atalog #188 011; AB_2661868
(atalog #11075; AB_141954
(atalog #21202; AB_141607
(atalog #31573; AB_2536183
(atalog #147 111; AB_2619837
(atalog #p1005-286; AB_2492051
(atalog #611293; AB_398819
(atalog #13901

(atalog #115-035-174; AB_2338512
(atalog #31460; AB_228341

Mm00433489_m1
MmO00439046_m1
Mm00433473_m1

(atalog #1128
(atalog #1014
(atalog #0189
(atalog #6019

RRID: RGD_734476

https:/www.graphpad.com/scientific-software/prism/
https:/imagej.nih.gov/ij/

recovered for an additional 30 min at room temperature (RT), prior to
electrophysiology recordings.

Whole-cell patch-clamp electrophysiology. CAl pyramidal neurons
were visualized using infrared digital interference contrast optics under
63x magnification and patch-clamped in whole-cell configuration.
Borosilicate glass recording electrodes were pulled with either a
Narishige or Sutter P-97 Flaming/Brown electrode puller (Sutter
Instrument) with a resistance of 2.5-4.0 MQ. The recording solution
was exchanged at a flow rate of approximately 2 ml per minute at RT.
Responses were amplified and filtered at 5kHz (MultiClamp 700B)
and digitized at 20 kHz (Digidata 1440A and Clampex 10.7). No series
resistance compensation nor junction potential corrections were per-
formed. Access resistance was monitored by delivering a —5 mV voltage
step, and any experiments in which access resistance was above 30 MQ
or changed >20% between the onset and completion of the experiment
were not used for experimental analyses.

Excitatory/inhibitory balance experiments were conducted by
recording excitatory postsynaptic currents (EPSCs) at —70 mV and
inhibitory postsynaptic currents (IPSCs) at 0 mV from the same cell
with an internal solution containing the following (in mM): 135
CsMeSO,, 10 HEPES, 10 BAPTA, 5 Qx314, 4 Na,ATP, 4 MgCl,, and
0.3 NaGTP, at pH 7.25 with 1 M CsOH. Responses were evoked using
a monopolar electrode in the stratum radiatum to stimulate Schaffer
collateral-commissural (SCC) apical dendrites using a constant cur-
rent source (Digitimer). The episodic mode was used to record
EPSCs and IPSCs responses evoked every 20 s for a minimum of
2 min each. Spontaneous inhibitory postsynaptic currents (sIPSCs)
were recorded at —60 mV in gap-free mode, with an internal solution
containing the following (in mM): 140 CsCl, 10 NaCl, 10 HEPES, 5
EGTA, 0.5 CaCl,, 2 MgATP, and 5 Qx314 in aSCF containing
10 uM DNQX to block AMPA currents (Banks et al.,, 1998). The
EGTA and CaCl, in the internal solution were replaced with 10 mM
BAPTA to examine the role of Ca®* signaling in postsynaptic neuron

sIPSCs following CA/CPR. To determine the role of CaMKII activity in
postsynaptic neurons sIPSCs following CA/CPR, the internal solution
was supplemented with 5 uM tatCN190 (Barcomb et al., 2015; a gift
from KU Bayer). To assess the role of TRPM2 activation in inhibitory
function, 2 uM tatM2NX (Cruz-Torres et al., 2020; Dietz et al., 2020)
was bath applied for at least 20 min prior to and during recording. For
clotrimazole (CTZ) experiments, the baseline was recorded for 3 min,
and clotrimazole (20 pM; Verma et al., 2012) was perfused onto the
slice for 12 min. Access resistance was monitored every 3 min.
Recordings that exhibited >20% drift in access resistance were
discarded. The final 3 min of clotrimazole recordings were used for
statistical comparison to baseline.

Field electrophysiology. Hippocampal slices were placed in a
heat-controlled interface chamber perfused with aCSF at a rate of
1.5 ml/min at 32°C. Responses were evoked using an insulated tung-
sten bipolar stimulating electrode placed in stratum radiatum to
stimulate Schaffer collateral-commissural (SCC) and recorded with a
glass electrode containing 150 mM NaCl placed in the distal dendrites
of CAl pyramidal cell layer. Analog field excitatory postsynaptic
potentials (fEPSPs) were amplified (1,000x) and filtered through a pre-
amplifier (Grass Model P511) 0.03 Hz to 1.0 kHz, digitized at 10 kHz
and stored on a computer for later offline analysis (Datawave
Technologies). The derivative (dV/dT) of the initial fEPSP slope was
measured. The fEPSPs were adjusted to 50% of the maximum slope
and test pulses were evoked every 20 s. Paired-pulse responses were
recorded using a 50 ms interpulse interval (20 Hz) and expressed as
a ratio of the slopes of the second pulse over the first pulse.
Picrotoxin (5 mM; Costa and Grybko, 2005) was applied for at least
20 min during the acquisition of a stable fEPSP baseline. Following
the baseline recording, picrotoxin was washed out with normal
aCSF, and theta burst stimulation (TBS) was delivered, which included
a train of four pulses delivered at 100 Hz in 30 ms bursts repeated
10 times with 200 ms interburst intervals. Following TBS, the fEPSP
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was recorded for 60 min. The averaged 10 min slope from 50 to 60 min
after TBS was divided by the average of the 10 min baseline (set to
100%) prior to TBS to determine the amount of potentiation. For
time course graphs, normalized fEPSP slope values were averaged
and plotted as the percent change from baseline.

Immunohistochemistry. Mice were anesthetized and transcardially
perfused with ice-cold PBS followed by 4% paraformaldehyde (PFA).
Whole brains were removed and postfixed in 4% PFA at 4°C overnight.
After 24 h, brains were transferred to a glycerol and Sorenson’s buffer
cryoprotection solution for long-term storage. Frozen coronal sections
were made using a sliding microtome, and slices were placed in a
cryostorage solution containing phosphate buffer, ethylene glycol,
polyvinylpyrrolidone, and sucrose and stored at 4°C until staining
was performed. Free-floating sections were washed for 15 min (three
times) in PBS at RT then blocked and permeabilized (5% BSA, 5%
NGS, 0.5% Triton X-100, and 1x PBS) at RT for 5-6 h on a rocker.
Slices were incubated with gephyrin (1:500 Synaptic Systems, mouse,
147011) and VGAT (1:1,000 Synaptic Systems, rabbit, 131003) anti-
bodies in permeabilization solution overnight at 4°C on a rocker.
Slices are washed for 20 min in PBS (four times) and incubated with
appropriate secondary antibodies (1:1,000 Thermo Fisher Scientific,
Alexa Fluor 488 and 568) for 2 h in a blocking solution. Prior to
mounting with ProLong Gold, slices were washed for 20 min in PBS
(four times).

Immunocytochemistry. Coverslips containing neuronal cultures
were fixed in a 4% PFA solution consisting of 4% sucrose, 1x PBS, and
50 mM HEPES (pH 7.4) for 5 min at RT. After fixation, the cells were
blocked in a solution containing 5% BSA, 2% normal goat serum
(NGS), and 1x PBS at RT for 30 min. Staining for surface GABA,R-y2
subunit (1:500, Synaptic Systems, guinea pig, 224004) was performed
under nonpermeabilized conditions in the blocking solution for 1 h at
RT. Following the primary antibody incubation, coverslips were washed
three times for 5 min each with 1x PBS. Subsequently, permeabilization
was carried out using 0.5% NP-40 for 2 min, followed by blocking at RT
for 30 min. Staining for gephyrin (1:600, Synaptic Systems, mouse, 3B11
clone, 147111) and VGAT (1:1,000, Synaptic Systems, rabbit, 131003) or
MAP2 (1:1,000, Synaptic Systems, mouse, 188011) was performed in the
blocking solution for 1 h, following by three 5 min washes with PBS. The
coverslips were then incubated with appropriate secondary antibodies
(1:1,000, Thermo Fisher Scientific, Alexa Fluor 488, 568, and 547).
Coverslips were washed three times for 5 min and were then mounted
on microscope slides using ProLong Gold mounting media (Thermo
Fisher Scientific). For experiments requiring nonpermeabilizing condi-
tions, the 0.5% NP-40 step was omitted.

Oxygen glucose deprivation (OGD) in neuronal culture. OGD was
induced in DIV13-15 hippocampal neuronal cultures using a
HEPES-buffered solution. The OGD-HEPES solution contained the fol-
lowing (in mM): 25 HEPES (pH 7.4), 140 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,,
and 10 sucrose (or supplemented with 10 mM glucose for control condi-
tions). Prior to OGD treatment, the OGD-HEPES solution was placed in
an anaerobic workstation at 37°C with a controlled atmosphere of 95%
N, and 5% CO, (Bugbox Plus, Baker Co) for 24 h to allow for deoxygena-
tion. Neuronal cultures were washed twice and incubated with
OGD-HEPES  solution in the anoxic chamber for 20 min.
Reoxygenation was then initiated by replacing the OGD-HEPES solution
with glucose-containing conditioned media and returning coverslips to
an aerobic incubator. After 96 h in aerobic conditions, coverslips were
fixed for immunocytochemistry. For the treatment conditions, coverslips
were treated with various inhibitors for 1 h prior to fixation. The follow-
ing inhibitors and concentrations were used (in uM): 20 CTZ, 2
tatM2NX, 2 tatScr, 5 tatCN190, and 5 KN93. Control neurons were incu-
bated at 37°C, 5% CO, with control-HEPES solution for 20 min and
returned to conditioned media before fixation at the 96 h timepoint.

Protein fractionation and Western immunoblotting. Mice were anes-
thetized, followed by rapid decapitation and brain removal. The whole
hippocampus was dissected and flash frozen and stored at —80°C until
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membrane fractionation was performed. Membrane fraction prepara-
tion was performed as described previously (Deng et al., 2017). The
whole hippocampus was homogenized in ice-cold homogenization
buffer containing the following (in mM) 10 Tris (pH7.4), 320 sucrose,
1 uM EDTA, and 1 uM EGTA, with phosphatase and protease inhibi-
tors (Thermo Fisher Scientific) using glass homogenizers and a drill
fitted with a pestle. Homogenates were then transferred to 1.5 ml
Eppendorf tubes and centrifuged for 10 min at 1,000 x g at 4°C. The
supernatant was collected and placed in a clean Eppendorf tube and
centrifuged at 10,000 x g at 4°C. The supernatant was then removed,
and the resulting pellet (P2) containing the membrane fraction was
resuspended in 60 ul Neuronal Protein Extraction Reagent (Thermo
Fisher Scientific). Protein concentrations were quantified using
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) before dilut-
ing each sample in 5x SDS loading buffer to equal concentrations and
heating to 95°C for 5 min. Protein separation was achieved by
SDS-PAGE. Western immunoblotting was performed as described pre-
viously (Cruz-Torres et al., 2020). Proteins were transferred to PVDF
membranes and using the following primary antibodies: CaMKII
(1:1,000; CaMKII antibody, BD Transduction Laboratories, catalog
#611293), phosphoCaMKII T286 (1:1,000; PhosphoSolutions,
catalog #p1005-286), vinculin (1:1,000; Cell Signaling Technology,
catalog #13901), and species appropriate secondaries (anti-mouse
1:5,000, Jackson ImmunoResearch; anti-rabbit, 1:5,000; Thermo
Fisher Scientific).

Quantitative real-time PCR. For measurement of GABA R subunit
transcripts, CAl isolates were harvested 7d following sham and
CA/CPR surgeries. RNA isolations and PCR were performed as previ-
ously described (Dietz et al., 2020). Briefly, per the manufacturer’s
instructions, RNA was isolated using the RNAqueous-4 PCR kit
(Ambion). Approximately 0.5 mg of tissue was lysed in lysis buffer and
total RNA was isolated and eluted from a column with 50 ul
RNase-free elution buffer and further treated with Turbo DNase
(Ambion). RNA (500 ng) was reverse transcribed to single-stranded
cDNA using the iScript cDNA Synthesis Kit (Bio-Rad). Real-time PCR
reactions using ssoFast PCR mastermix (Bio-Rad) were performed on
the Bio-Rad CFX connect detection system and performed in triplicate
using 50 ng of ¢cDNA. Tagman (Thermo Fisher Scientific) primers
were used to detect GABRG2, GABRB3, GABRA1, and 18 s transcripts.
Cycle parameters used were 95°C for 10 min followed by 40 cycles of
95°C for 15 s and 60°C for 30 s. Relative expression levels were calculated
using AACT as the ratio of the target gene to the housekeeping gene 18 s.

Image acquisition and data analysis

Confocal microscopy. Confocal images were acquired on a Zeiss Axio
Observer Z1 upright microscope equipped with a Yokogawa CSU-X1
spinning disk unit; a 63x oil immersion objective using 2x digital
zoom (Plan Apo/l14 NA); an Evolve 512 EM-CCD camera
(PhotoMetrics) with 16-bit range; and SlideBook 6.0. Alternatively, neu-
rons were imaged using an Olympus FV1000 laser scanning confocal
microscope, 60x oil immersion objective with 2x digital zoom, and
Fluoview software (Olympus FluoView, FV10-ASW). Images on both
microscopes were attained at 0.3 um intervals (4 um Z-stack projection).
Cluster analysis was performed using ImageJ (NIH) by selecting regions
of interest (ROIs) to differentiate between dendritic and somatic com-
partments. A user-based threshold was determined by sampling several
images per condition across all conditions, and clusters were defined with
a minimum size of 0.05 um?. For IHC experiments, the CA1 hippocam-
pus was identified by VGAT staining of the pyramidal cell layer (PCL).
ROIs captured both the PCL and stratum radiatum in the same frame,
and different user-based thresholds were used for the cell bodies and den-
drites. Density was calculated by dividing the number of clusters by the
ROI area (per um?). A minimum of five animals per condition were uti-
lized, with two slices per animal analyzed. Analysis was performed blind
to surgical condition. For the in vitro experiments, ROIs were delineated
by tracing along dendrites. The density of clusters was calculated by mea-
suring the number of clusters divided by the length of the delineated den-
drites (per 10 um). A total of 30-36 neurons were analyzed per condition
from three independent hippocampal preparations.
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Experimental design and statistical analysis. All analyses were con-
ducted blind to condition. The experimenter was additionally blind to
condition when performing in vivo studies. A number of animals and
cells are indicated in the figure legend. All data in the figures are pre-
sented as mean+SEM. Statistical significance was determined using
appropriate tests indicated in the figure legends. Statistical details for
every dataset are provided in tables throughout the Results section. A
p-value <0.05 was used to declare significance. All statistical analyses
were performed on GraphPad Prism v9.4.

Results

E/I balance is disrupted following CA/CPR

To assess the effect of GCI on E/I balance, we employed patch-
clamp electrophysiology to record evoked GABA (0 mV) and
AMPA (-70 mV) responses from CA1l pyramidal neurons 7 d
following CA/CPR or sham surgery (Fig. 1A), a postacute time-
point at which cell death processes have subsided and perturba-
tions in synaptic function are reflective of the surviving network.
The ratio of IPSC (GABA) to EPSC (AMPA) amplitude was
greater in CA/CPR compared with sham, indicating increased
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synaptic inhibitory function relative to excitatory function
(Fig. 1B; Table 2). This increase in inhibitory function following
CA/CPR was observed with no difference in release probability in
the CA/CPR group compared with sham as measured by the
paired-pulse ratio of IPSCs (Table 3). No differences in EPSC
release probability were also observed (Table 3). This suggests
a potential enhancement of postsynaptic inhibitory function
without a presynaptic effect, leading to an overall reduction in
the E/I ratio. To determine the effect of increased inhibition on
LTP deficits following CA/CPR, we performed extracellular
field recordings in the CAl-Schaffer collateral pathway and
recorded fEPSPs (Fig. 1C). We then treated hippocampal sections
from CA/CPR mice with picrotoxin (5 mM; Costa and Grybko,
2005), a GABAAR pore blocker, to test the effect of GABAergic
inhibition on LTP. Following theta burst stimulation (TBS),
CA/CPR slices without treatment exhibited impaired LTP, con-
sistent with previous reports (Fig. 1D; Table 2; Orfila et al.,
2014, 2018; Dietz et al., 2020). However, treatment with picro-
toxin restored LTP to sham levels (Fig. 1D,E; Table 2). No differ-
ences in the input-output curve (Table 4) and paired-pulse ratio
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Figure 1.

Excitatory/inhibitory balance is disrupted following CA/CPR. A, Shown are representative traces for evoked EPSCs (solid) and IPSCs (dotted) recorded from the same CA1 hippocampal

neurons of CA/CPR (blue) and sham (gray/black) mice. The AMPA eEPSCs are recorded with the neuron held at —70 mV, and GABA elPSCs are recorded at 0 mV. B, Quantification of the absolute
value of the ratio of GABA elPSC amplitude to the AMPA eEPSC amplitudes; n = 1115 cells/3—5 animals per condition; unpaired t test. €, Representative fEPSP traces from the stratum radiatum
region of the CA1 hippocampus in CA/CPR slices without treatment (black) and CA/CPR slices (blue) treated with 5 pM picrotoxin during baseline. D, LTP data presented as a percentage of the
baseline, where the baseline is set at 100%. E, Normalized slope of fEPSPs after theta burst stimulus; n = 4—6 slices/4—5 animals per condition; one-way ANOVA, Tukey’s post hoc test. Values

represent mean =+ SEM. *p < 0.05, **p < 0.01.

Table 2. Statistical details for Figure 1

Statistical test Test statistic, degrees of freedom Post hoc test Comparisons p-value Mean difference 95% confidence interval
Figure 1B—evoked E/I
Unpaired ¢ test t=3.069, df=23 - Sham vs CA/CPR 0.0054 1.118 0.3643 to 1.872
Figure 1D—LTP
One-way ANOVA  F3.13=5.566 Tukey’s multiple comparisons ~ CA/CPR vs sham 0.0208 —59.69 —1103 to —9.121
CA/CPR + picro vs sham 0.9082 8.983 —47.56 to 65.52
CA/CPR vs CA/CPR +picro  0.0176 —68.67 —1252 t0 —12.14
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Table 3. Summary of passive membrane properties and paired-pulse ratio for whole-cell evoked E/I experiments, related to Figures 1, A and B, and 2, G and H

Whole-cell evoked E/I experiments—Figure 1, A and B

p-value (one-way ANOVA,  Mean 95% confidence
Cell parameter/measurement Condition Mean + SEM Comparisons Tukey's post hoc) difference interval
elPSC paired-pulse ratio (100 ms Sham 0.7793 £ 0.05221 Sham vs CA/CPR 0.1023 —0.2550 —0.5506 to 0.04058
interpulse interval) CA/CPR 1.034+0.08513  CA/CPR vs CA/CPR + (TZ 0.9291 0.04374 —0.2484 t0 0.3358
CA/CPR + (T2 0.7355 £ 0.07451 Sham vs CA/CPR + (TZ 0.0170 0.2988 0.04679 to 0.5507
eEPSC paired-pulse ratio (50 ms Sham 1.215+0.07285  Sham vs CA/CPR 0.8570 —0.08471 —0.4747 t0 0.3053
interpulse interval) CA/CPR 1300 +0.1327 CA/CPR vs CA/CPR + (TZ 0.4959 —0.1800 —0.5654 to 0.2054
CA/CPR + (T2 1.395 £ 0.07161 Sham vs CA/CPR + (TZ 0.7651 —0.09527 —0.4277 t0 0.2371
Membrane resistance Sham 98.63 MQ +13.24 MQ  Sham vs CA/CPR 0.4340 17.81 —16.91 to 52.53
CA/CPR 80.82 MQ = 4.084 MQ  CA/CPR vs CA/CPR + (TZ 0.1858 —26.24 —61.85 to0 9.378
CA/CPR + (TZ 1249 MQ £ 1218 MQ  Sham vs CA/CPR + (TZ 0.0060 —44.05 —76.82 to —11.27
Membrane capacitance Sham 134.0 pF+£7.480 pF Sham vs CA/CPR 0.1406 —29.29 —65.99 to 7.403
CA/CPR 1633 pF+12.34 pF  CA/CPR vs CA/CPR + (TZ 0.6710 13.27 —24.37 10 50.92
CA/CPR + (TZ 120.7 pF £ 9.284 pF  Sham vs CA/CPR + (TZ 0.0127 42.56 7.925 to 77.20

Table 4. Summary of fEPSP input—output slope and paired-pulse ratio for field electrophysiology experiments, related to Figure 1, (-E

Field LTP experiments—TFigure 1, (—£

p-value (slope, simple linear regression; ~ Mean

Measurement Condition Mean + SEM Comparisons PPR, one-way ANOVA, Tukey's post hoc)  difference 95% confidence interval

Input—output slope Sham 1.778 £0.1784  Between all groups—are ~ 0.3090 N/A 1.413 to0 2.142
CA/CPR 2.021£0.1058 the slopes equal? 1.805 to 2.236
CA/CPR + picro 2.030 £ 0.06590 1.893 to 2.167

fEPSP —aired-pulse ratio Sham 1.431+0.04936  Sham vs CA/CPR 0.6839 0.05320 —0.1134 to 0.2198

(50 ms interpulse interval)  CA/CPR 1.377£0.04536  CA/CPR vs CA/CPR + picro  0.3466 0.1021 —0.08413 to 0.2884

CA/CPR + picro 1.275+£0.04131  Sham vs CA/CPR + picro ~ 0.1082 0.1553 —0.03094 to 0.3416

(Table 4) were observed in the field recordings, suggesting
enhanced postsynaptic GABA,R function contributes to LTP
deficits at postacute timepoints following CA/CPR.

GABA sIPSC amplitude is increased following CA/CPR:
inhibition of the TRPM2 ion channel rapidly restores sIPSC
amplitude and E/I balance post-CA/CPR

To determine whether the increase in inhibitory function is pre-
or postsynaptic, we recorded spontaneous IPSCs (sIPSCs) from
CA1 neurons in CA/CPR and sham-operated mice and assessed
amplitude, frequency, and decay kinetics (Fig. 2A; Table 5). The
cumulative frequency of sSIPSCs amplitude was shifted rightward
in CA/CPR mice compared with sham-operated mice, indicating
an overall increase in amplitude (Fig. 2B). Consistent with this,
CA/CPR mice exhibited increased mean sIPSC amplitude com-
pared with sham (Fig. 2C;; Table 6). No differences in mean fre-
quency (Fig. 2C,; Table 6) or tau decay (Fig. 2C;; Table 6) were
detected, suggesting the increase in inhibitory function is primar-
ily postsynaptic.

Given the potential link between elevated GABAergic inhibi-
tion and LTP impairments in our experiments, we next asked
whether TRPM2 inhibition, previously shown to restore LTP
after CA/CPR (Dietz et al.,, 2020, 2021), potentially acts through
postsynaptic GABAergic changes. To test this, we measured
sIPSCs from CA1l neurons and bath applied tatM2NX (2 mM),
a potent and specific TRPM2 inhibitor (Cruz-Torres et al.,
2020), for at least 20 min prior to recording. CA/CPR slices
treated with tatM2NX showed a reduction in sIPSC amplitude
compared with CA/CPR slices without treatment, shifting the
cumulative frequency of sIPSCs amplitude leftward (Fig. 2B).
The mean amplitude was also reduced in tatM2NX-treated
CA/CPR slices compared with slices without treatment

(Fig. 2Cy; Table 6). No differences in mean frequency (Fig. 2Cy;
Table 6) or tau decay (Fig. 2C5; Table 6) were detected across
all conditions.

We then wanted to determine whether TRPM2 inhibition can
rapidly reverse the CA/CPR-induced increase in amplitude
within the same cell. We patched CA1 neurons from sham and
CA/CPR mice and measured sIPSC amplitude, frequency, and
tau decay before and after bath application of clotrimazole
(CTZ, 20 mM), a fast-acting TRPM2 pore blocker (Table 5;
Hill et al., 2004). CA/CPR slices treated with CTZ shifted the
cumulative frequency of sIPSC amplitude leftward (Fig. 2E),
indicating CTZ treatment restored sIPSC amplitude to sham
levels. TRPM2 inhibition by CTZ rapidly reduced the
CA/CPR-induced increase in sIPSC mean amplitude (Fig. 2Fy;
Table 6). Surprisingly, we observed a reduction in mean fre-
quency in CA/CPR slices following bath application of CTZ
(Fig. 2F,; Table 6). This was likely an off-target effect as the
more specific TRPM2 inhibitor, tatM2NX, had no effect on fre-
quency (Fig. 2C,; Table 6). However, consistent with the
tatM2NX data, no differences were detected in tau decay across
all conditions (Fig. 2F;; Table 6). These data suggest the increase
in GABAergic function observed following CA/CPR is primarily
postsynaptic and can be rapidly reversed following TRPM2 ion
channel inhibition.

We next tested whether TRPM2 blockade would also reverse
the CA/CPR-induced increase in the GABA:AMPA ratio shown
in Figure 1B. To assess this, we again recorded evoked GABA
(0 mV) and AMPA (—70 mV) responses from CAl pyramidal
neurons 7 d following CA/CPR and bath applied CTZ (20 mM;
Fig. 2G). As predicted, CTZ treatment restored the GABA:
AMPA ratio to sham levels (Fig. 2H; Table 6). Taken together,
these findings indicate ongoing TRPM2 activity increases
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GABA sIPSC amplitude is increased following CA/CPR. TRPM2 ion channel inhibition rapidly restores sIPSC amplitude and E/I balance post-CA/CPR. A, Representative traces from

sham (top, left), sham with 2 uM tatM2NX bath applied (bottom, left), CA/CPR (top, right), CA/CPR with bath applied tatM2NX (bottom right) of whole-cell voltage-clamp recordings of sIPSC
events recorded from CA1 pyramidal neurons in acute hippocampal slices using (sCl based internal solution holding at —60 mV. B, Cumulative frequency distribution of sIPSC amplitude from
sham cells (black, solid), sham + tatM2NX (black, dotted), CA/CPR (pink, solid), CA/CPR + tatM2NX (pink, dotted). C, Mean amplitude (1), frequency (2), and tau decay (3) kinetics were measured
from sIPSC events in different cells from sham and CA/CPR operated mice with and without bath application of tatM2NX; n = 18—24 cells/8—10 animals per condition; one-way ANOVA, Tukey's
post hoc test. D, Representative traces from sham (top, left), sham after clotrimazole (CTZ) from the same cell (bottom, left), CA/CPR (top, right), CA/CPR after CTZ from the same cell (bottom,
right). E, Cumulative frequency distribution of sIPSC amplitude from CA/CPR (black, dotted) following treatment with CTZ (20 mM) in the same cell (green, dotted). F, Mean amplitude (1),
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Table 5. Summary of amplitude, frequency, tau decay of sIPSCs for all conditions tested, related to Figures 2 and 8

Internal solution Condition Mean amplitude = SEM (pA) Mean frequency + SEM (Hz) Mean decay + SEM (ms) N (mice) n (cells)
Population studies (different cells patched for drug conditions)
Ga Sham 50.55+3.021 9.864 + 0.6820 1434 +1.328 8 24
Sham + tatM2NX 48.63 £3.252 9.519+1.109 13.36 = 1.528 12 19
CA/CPR 70.75 £ 8.107 10.60 + 0.9341 17.70 +1.955 n 17
CA/CPR + tatM2NX 45.608 + 2.207 8553+ 1.154 13.55 = 1.550 10 18
Paired studies (same cell before and after drug application)
Gsal Sham 57.48 +4.498 8.389 £0.9211 16.66 £ 1.681 9 22
Sham + (TZ 54.87 +4.923 8.298 + 0.9358 17.73 £ 1.098
CA/CPR 91.24 +8.188 9.504 + 0.701 19.34+1.073 n 21
CA/CPR+ (TZ 66.25 +6.011 8.061+0.5825 2074+ 1.79%4
BAPTA Sham 78.98£10.29 7.507 +0.8206 18.96 +1.931 4 10
Sham + (T2 66.16 + 7.021 6.677 +0.6352 15.46 + 0.5528
CA/CPR 66.45 £ 6.998 8.898 +0.8444 19.09 £ 1.387 7 10
CA/CPR + (TZ 57.87 +7.862 8.131+0.6292 18.94 + 1.146
tatCN190 Sham 67.29+11.14 7.327+£1.021 22.88 + 2.668 5 9
Sham + (1Z 76.05+11.2 8.143 £ 1.187 17.22£1.909
CA/CPR 65.56 + 8.538 7.664 +0.8301 18.8 +1.838 4 9
CA/CPR + (T2 78.18 £19.51 7.73+0.8476 18.45+2.192

postsynaptic GABAergic function, resulting in disrupted E/I bal-
ance after CA/CPR.

CA/CPR induces a persistent increase in the clustering and
density of gephyrin

We next investigated the mechanisms underlying the increase in
inhibitory synaptic function driven by TRPM2 following
CA/CPR. The increase in sIPSC amplitude suggests more post-
synaptic receptor clustering at the synapse and a larger postsyn-
aptic domain. To test this, we performed immunohistochemistry
7 d following sham and CA/CPR procedures and stained for the
postsynaptic inhibitory scaffold protein, gephyrin, and the pre-
synaptic inhibitory synapse marker, vesicular GABA transporter
(VGAT; Fig. 3A,B). There was no difference in VGAT cluster
area nor density between CA/CPR and sham in either the stra-
tum radiatum (Fig. 3C; Table 7) or the stratum pyramidale
(Fig. 3D; Table 7). In contrast, we observed an increase in
gephyrin cluster density in the stratum radiatum (Fig. 3G;
Table 7). In the stratum pyramidale, both gephyrin cluster area
and density were increased in CA/CPR mice compared with
sham (Fig. 3D; Table 7). These changes in postsynaptic
GABAergic components were not due to altered gephyrin pro-
tein expression (Fig. 4A,B; Table 8) or altered transcription of
various GABA4R subunits (Fig. 4C,E; Table 8). These findings
align well with our electrophysiology data, suggesting CA/CPR
enhances postsynaptic GABAergic function through increased
receptor density, which can be rapidly reversed without affecting
presynaptic inhibitory function.

OGD induces a persistent increase in the clustering and
density of postsynaptic GABAergic proteins

To directly visualize GABA 4Rs and interrogate the mechanisms
contributing to the enhancement of synaptic GABAAR cluster-
ing, we extended our studies to a well-established in vitro model

<«

of GCI (Arancibia-Carcamo et al., 2009; Smith et al., 2017; Garcia
et al., 2021). We exposed dissociated hippocampal neurons to
20 min oxygen-glucose deprivation (OGD) followed by reoxy-
genation and fixed the neurons at varying timepoints to mimic
the delayed 7 d timepoint we analyzed post-CA/CPR (Fig. 5A).
To assess inhibitory synaptic size and postsynaptic receptor clus-
tering, we immunostained for gephyrin, surface GABAARs (y2
subunit), and VGAT and evaluated cluster area and density of
these markers in dendrites of pyramidal neurons using confocal
microscopy (Fig. 5B). We observed a decrease in cluster area and
density of all synaptic GABAergic components 24 h post-OGD,
consistent with prior work showing an acute loss of
GABAergic synapses (Garcia et al.,, 2021). However, by 48 h,
these measurements were no different from control levels. By
72 and 96 h, both the cluster area (Fig. 5C,E; Table 9) and density
(Fig. 5F,H; Table 9) increased for all synaptic GABAergic compo-
nents. The increase in the presynaptic marker, VGAT, was unex-
pected given the in vivo CA/CPR data showed no changes in
VGAT clustering (Fig. 5C,D; Table 7) or a presynaptic functional
effect (Table 6). Despite this discrepancy, both postsynaptic
markers exhibited an acute reduction in clustering followed by
an increase in the chronic phase, consistent with the in vivo
results shown prior (Fig. 3). To ensure the nonpermeabilization
protocol used for these experiments reliably labeled the surface
GABA4Rs, we stained for all three GABAergic markers under
nonpermeabilizing (Fig. 6A) and permeabilizing conditions
(Fig. 6B). As expected, we observed robust GABA4R staining
under nonpermeabilizing conditions, while immunostaining
for gephyrin and VGAT is notably absent due to lack of antibody
access to cytoplasmic epitopes without permeabilization
(Fig. 6A). Staining for all three GABAergic markers is present
under permeabilizing conditions (Fig. 6B), suggesting the non-
permeabilization protocol used here for surface GABA 4R stain-
ing is reliable. Finally, to ensure cell membrane integrity was not

frequency (2), and tau decay (3) kinetics were measured from sIPSC events in the same cell before and after bath application of CTZ from sham and CA/CPR operated mice; n = 21-22 cells/9-11
animals per condition; two-way ANOVA with repeated measures, Sidak’s post hoc test. G, Shown are representative traces for evoked EPSCs (solid) and IPSCs (dotted) recorded from the same CA1
hippocampal neurons of CA/CPR (blue) and CA/CPR with CTZ treatment (gray) mice. The AMPA eEPSCs are recorded with the neuron held at —70 mV, and GABA elPSCs are recorded at 0 mV.
H, Quantification of the absolute value of the ratio of GABA elPSC amplitude to the AMPA eEPSC amplitudes; n = 11-15 cells/3—5 animals per condition; unpaired ¢ test. Sham and CA/CPR data
from Figure 18 was used to compare the CA/CPR + CTZ group. Values represent mean & SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Table 6. Statistical details for Figure 2
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Test statistic, degrees of freedom, p-value Mean 95% confidence
Statistical test ~ (of interaction if two-way) Post hoc test Comparisons p-value  difference interval
Figure 2C;—amplitude tatM2NX
One-way Fi3.74 = 6.002 Tukey's multiple Sham vs Sham -+ tatM2NX 0.9884 1.924 —13.78 t0 17.63
ANOVA comparisons Sham vs CA/CPR 0.0086 —20.20 —36.42 to —3.988
Sham vs CA/CPR + tatM2NX 0.8533 4.866 —11.08 to 20.81
Sham + tatM2NX vs CA/CPR 0.0058 —22.13 —39.20 to —5.050
Sham + tatM2NX vs CA/CPR + tatM2NX 0.9675 2942 —13.88 to 19.77
CA/CPR vs CA/CPR + tatM2NX 0.0016 25.07 7.770 to 42.37
Figure 2(,—frequency tatM2NX
One-way Fi3.72y=0.7159 Tukey’s multiple Sham vs Sham + tatM2NX 0.9934 0.3449 —3.066 to 3.756
ANOVA comparisons Sham vs CA/CPR 0.9468  —0.7345 —4.256 1o 2.787
Sham vs CA/CPR + tatM2NX 0.7528 131 —2.153 to 4.775
Sham + tatM2NX vs CA/CPR 08699  —1.079 —4.788 to 2.629
Sham + tatM2NX vs CA/CPR + tatM2NX 0.8987 0.9661 —2.688 10 4.620
CA/CPR vs CA/CPR + tatM2NX 0.4843 2.045 —1.712 to 5.802
Figure 2G;—tau decay tatM2NX
One-way Fi3749=0.2243 Tukey's multiple Sham vs Sham + tatM2NX 0.9674 0.9779 —4.609 to 6.564
ANOVA comparisons Sham vs CA/CPR 04237  —3.362 —9.129 to 2.405
Sham vs CA/CPR + tatM2NX 0.9828 0.7944 —4.878 to 6.467
Sham + tatM2NX vs CA/CPR 0.2463  —4340 —10.41 to 1.734
Sham + tatM2NX vs CA/CPR + tatM2NX 09998  —0.1835 —6.167 to 5.800
CA/CPR vs CA/CPR + tatM2NX 0.2932 4156 —1.99 to 10.31
Figure 2F,—amplitude (TZ
Two-way Fa,10=7.204, p=0.0147 Sidak’s multiple Sham — CA/CPR 0.0003 —33.76 —53.16 to —14.37
ANOVA comparisons Baseline
Sham — CA/CPR 03355 —11.39 —30.78 to 8.011
Post-CTZ
Baseline — post-(TZ 0.8133 2.608 —7.906 to 13.12
Sham
Baseline — post-CTZ <0.0001 24.99 14.23 to 35.75
CA/CPR
Figure 2F,—frequency (TZ
Two-way Fa,10)=3.646, p=0.0714 Sidak’s multiple Sham — CA/CPR 05523 1115 —3.713 to 1.482
ANOVA comparisons Baseline
Sham — CA/CPR 0.9730 0.2374 —2.360 to0 2.835
Post-CTZ
Baseline — post-CTZ 0.9588 0.09066 —0.7225 to 0.9038
Sham
Baseline — post-CTZ 0.0005 1.443 0.6111 to 2.276
CA/CPR
Figure 2F;—tau decay (TZ
Two-way F1,10)=0.1366, p=0.7158 Sidak’s multiple Sham — CA/CPR 03522 —2676 —7.344 10 1.991
ANOVA comparisons Baseline
Sham — CA/CPR 0269  —3.012 —7.680 to 1.655
Post-CTZ
Baseline — post-(TZ 0.6582  —1.072 —4.095 to 1.952
Sham
Baseline — post-CTZ 0.5062  —1.408 —4.502 to 1.687
CA/CPR
Figure 2H—evoked E/I
One-way F2.39=7.050 Tukey’s multiple Sham vs CA/CPR 00242 —1.055 —1.991 to —0.1185
ANOVA comparisons Sham vs CA/CPR + (TZ 0.9416 0.1270 —0.8091 to 1.063
CA/CPR vs CA/CPR +(TZ 0.0033 1.182 03607 to 2.003
compromised by the OGD stimulus, we stained for the somato-  the 96h timepoint, investigate the mechanism of

dendritic marker, MAP2, and found no evidence of membrane
instability after 20 min OGD compared with the control condi-
tion (Fig. 6C). The GABAergic synaptic markers used for our
study were also sufficient to delineate dendrites as we observed
a similar increase in GABA,R cluster area and density using
MAP2 as a guide for dendritic analysis (Fig. 6D; Table 10).
Thus, we utilized this optimized in vitro protocol, specifically

TRPM2-mediated postsynaptic GABAergic enhancement.

The TRPM2 ion channel mediates the OGD-induced increase
in clustering of postsynaptic GABAergic components

We next investigated whether TRPM2 activation affects the
density of postsynaptic GABAergic proteins following OGD.

We

subjected hippocampal

neurons

to 20min OGD
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Figure 3.

@ VGAT

CA/CPR induces a persistent increase in gephyrin clustering and density. A, B, Shown are representative images of the CA1 region of the hippocampus from (4) sham-operated and

(B) CA/CPR mice. Gephyrin staining is shown in green and VGAT is shown in magenta. €, Quantification of the cluster area and density of both gephyrin and VGAT in the stratum radiatum; n = 6
animals per group; unpaired ¢ test. D, Quantification of the cluster area and density of both gephyrin and VGAT in the stratum pyramidale; n =6 animals per group; unpaired t test. Values

represent mean = SEM. *p < 0.05; **p < 0.01.

Table 7. Statistical details for Figure 3

Statistical test Test statistic, degrees of freedom Post hoc test Comparisons p-value Mean difference 95% confidence interval
Figure 3C —stratum radiatum cluster
Unpaired t test t=1.623, df=10 - Area geph: sham vs CA/CPR 0.1356 0.03517 —0.01310 to 0.08344
Unpaired ¢ test t=0.2434, df=10 - Area VGAT: sham vs CA/CPR 0.8126 —0.004681 —0.04681 to 0.03759
Unpaired ¢ test t=3.194, df=10 - Density geph: sham vs CA/CPR 0.0096 0.7696 0.2327 to 1.307
Unpaired ¢ test t=0.1013, df=10 - Density VGAT: sham vs CA/CPR 0.9214 0.02252 —0.4731 to 0.5182
Figure 30 —stratum pyramidale cluster
Unpaired ¢ test t=2.249, df=10 - Area geph: sham vs CA/CPR 0.0483 0.3945 0.0003631 to 0.07854
Unpaired ¢ test t=03077, df=10 - Area VGAT: sham vs CA/CPR 0.7646 —0.01002 —0.08257 to 0.06253
Unpaired £ test t=2681, df=10 - Density geph: sham vs CA/CPR 0.0230 0.6363 0.1075 to 1.165
Unpaired ¢ test t=10.8069, df=10 - Density VGAT: sham vs CA/CPR 0.4385 0.1430 —0.2519 to 0.5379

reoxygenation and treated with either tatM2NX or CTZ 1h
prior to fixation (Fig. 7A). We again immunostained for
gephyrin, surface GABA ,R-y2, and VGAT and imaged dendri-
tic segments of pyramidal neurons (Fig. 7B). Treatment with
tatM2NX, a potent and specific TRPM2 inhibitor, reduced
the OGD-induced increase in gephyrin (Fig. 7C; Table 11)
and surface GABAAR-y2 subunit cluster area and density
(Fig. 7D; Table 11) as well as the presynaptic marker, VGAT
(Fig. 7E; Table 11). We then performed similar experiments
using the noncompetitive TRPM2 blocker, CTZ. We found

CTZ treatment also significantly reduces the OGD effect on
gephyrin (Fig. 7F; Table 11) and surface GABA,R-y2
(Fig. 7G; Table 11) cluster area and density, with a reduction
in the OGD-induced increase in VGAT cluster density
(Fig. 7H; Table 11). Using two pharmacological inhibitors of
TRPM2, our data strongly support that the persistent
OGD-induced increase in postsynaptic GABAAR density is
TRPM2-dependent, consistent with the in vivo functional
data which implicates TRPM2 activity in the increase in
GABAergic sIPSC amplitude post-CA/CPR (Fig. 2).
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Figure 4.  Protein and mRNA expression of postsynaptic GABAergic components are unaltered 7 d following CA/CPR. A, Western immunoblot measuring total levels of gephyrin normalized to
vinculin loading control in the P2 fraction from whole hippocampi. B, Quantification of gephyrin levels normalized to mean sham; n =4 animals per condition; unpaired ¢ test. (-, Levels of
mRNA transcript in CA1 hippocampal isolates as measured by quantitative gPCR for genes encoding the GABAsR-y2 (C), GABAAR-b3 (D), GABA4R-a1 (E) subunits; n= 8 animals per condition;

unpaired ¢ test. Values represent mean + SEM.

Table 8. Statistical details for Figure 4

Statistical test Test statistic, degrees of freedom Comparisons p-value Mean difference 95% confidence interval
Figure 48—qephyrin Western

Unpaired ¢ test t=05292, df=6 Sham vs CA/CPR p=106157 0.1905 —0.6905 to 1.072
Figure 4C—GABRG2

Unpaired ¢ test t=2032, df=13 Sham vs CA/CPR p=0.0631 —0.4409 —0.9095 to 0.02777
Figure 4)—GABRB3

Unpaired ¢ test t=1904, df=13 Sham vs CA/CPR p=10.0793 —0.4104 —0.8761 to 0.05522
Figure 4F—GABRAT

Unpaired ¢ test t=1243, df=13 Sham vs CA/CPR p=0.2340 —0.4276 —1.171 to 0.3156

Ca’®" signaling and CaMKII activity contribute to
CA/CPR-induced increase in GABA sIPSC amplitude

While these data implicate TRPM2 in the ischemia-induced
enhancement of postsynaptic inhibitory function, the down-
stream signaling required to regulate GABA,R density remains
yet to be determined. We hypothesized that TRPM2-mediated
Ca”* influx may modulate postsynaptic GABA AR function. To
examine this, we performed patch-clamp recordings with a
high concentration of BAPTA (10 mM), a selective Ca*" buffer,
in the patch pipette and recorded GABA sIPSCs from the same
cell before and after CTZ treatment (Fig. 8A). Our results showed
Ca®* chelation in the postsynaptic neuron occluded the
CA/CPR-induced enhancement of sIPSC mean amplitude, as
there was no longer a difference between CA/CPR and sham con-
ditions (Fig. 8B;; Table 12). Further, we did not observe a change
in amplitude following CTZ treatment in cells recorded with
BAPTA in the patch pipette (Fig. 8B;; Table 12). We also found
no differences between the CA/CPR and sham conditions and
the CTZ treatment in the frequency (Fig. 8B,; Table 12) or the
tau decay (Fig. 8B;; Table 12) of sIPSCs when BAPTA was

present. Given the lack of additive effect of BAPTA and CTZ
on sIPSC amplitude, this suggests that postsynaptic Ca*" signal-
ing mediates the observed TRPM2-dependent increase in
inhibition.

CaMKII is a Ca**-dependent kinase that has been previously
shown to be required for activity-dependent postsynaptic
GABAR potentiation and clustering (Petrini et al., 2014;
Chiu et al., 2018; Cook et al., 2021, 2022). We therefore hypoth-
esized that TRPM2-mediated Ca®" signaling might activate
CaMKII to enhance postsynaptic GABAergic function. To
test this, we used western immunoblotting to detect total pro-
tein levels of CaMKII in the membrane fractions of the whole
hippocampus from CA/CPR and sham mice 7 d following the
surgeries. Our data show that CaMKII levels are significantly
reduced in the membrane fraction of whole hippocampi
(Fig. 8C; Table 12). Interestingly, we observed relatively higher
T286 phosphorylation of CaMKII in the synaptic membrane frac-
tion obtained from CA/CPR mice compared with sham (Fig. 8D;
Table 12), indicating a sustained increased synaptic CaMKII activ-
ity following GCIL
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Figure 5.  0GD induces a persistent increase in the clustering and density of postsynaptic GABAergic proteins. A, Cartoon illustrating timeline for in vitro 0GD experiments. Dissociated
hippocampal neurons were reoxygenated following 20 min 0GD exposure. Neurons were fixed 24, 48, 72, and 96 h following reoxygenation. B, Representative confocal images of dendritic
segments from pyramidal neurons stained for gephyrin (green), GABA,R-y2 subunit (cyan), and VGAT (magenta). (~E, Quantification of cluster area for (C) gephyrin, (D) surface GABA4R-y2, and
(E) VGAT; n = 30-36 neurons per condition; one-way ANOVA, Dunnett’s post hoc. F-H, Quantification of cluster density for (F) gephyrin, (G) surface GABA,R-y2, and (H) VGAT; n=30-36
neurons per condition; one-way ANOVA, Dunnett’s post hoc. Values represent mean + SEM. *p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001.

To further examine the role of elevated CaMKII activity on  pipette (Fig. 8E). Our results show that inhibition of postsynaptic
postsynaptic GABAergic function following CA/CPR, we used ~ CaMKII activity occluded the CA/CPR-induced increase in
patch-clamp electrophysiology to record sIPSCs while inhibiting ~ sIPSC amplitude, as indicated by equivalent sIPSC amplitudes
postsynaptic CaMKII using tatCN19o (5 mM) in the patch  observed in tatCN19o treated cells and sham conditions
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Test statistic,

Statistical test degrees of freedom Post hoc test Comparisons p-value Mean difference 95% confidence interval
Figure 5C—gephyrin cluster area
One-way ANOVA Fa1a1y=44.76 Dunnett’s multiple-comparisons test CTRL-96 h vs 24 h <0.0001 0.07153 0.04724 to 0.09581
CTRL-96 h vs 48 h 0.9999 —0.001033 —0.02532 to 0.02325
CTRL-96 h vs 72 h 0.0053 —0.03189 —0.05618 to —0.007609
CTRL-96 h vs 96 h <0.0001 —0.05309 —0.07452 to —0.03166
Figure 50—GABA,R-Y2 surface cluster area
One-way ANOVA Fapan) =27.68 Dunnett’s multiple-comparisons test CTRL-96 h vs 24 h <0.0001 0.03973 0.01888 to 0.06058
CTRL-96 h vs 48 h 0.3002 —0.01389 —0.03474 to 0.006960
CTRL-96 h vs 72 h 0.0169 —0.02418 —0.04503 to —0.003329
CTRL-96 h vs 96 h <0.0001 —0.04414 —0.06254 to —0.02573
Figure SE—VGAT cluster area
One-way ANOVA Fiaan=15.80 Dunnett’s multiple-comparisons test CTRL-96 h vs 24 h 0.0029 0.1079 0.03010 to 0.1857
CTRL-96 h vs 48 h 0.6135 —0.03656 —0.1144 10 0.04124
(TRL-96 h vs 72 h 0.0534 —0.07698 —0.1548 to 0.0008164
CTRL-96 h vs 96 h 0.0029 —0.1261 —0.1948 to —0.05748
Figure 5F —gephyrin cluster density
One-way ANOVA Fa1a1y=48.24 Dunnett’s multiple-comparisons test CTRL-96 h vs 24 h <0.0001 1.134 0.7799 to 1.488
CTRL-96 h vs 48 h 0.8184 0.1230 —0.2311 to 0.4772
CTRL-96 h vs 72 h 0.0041 —0.4760 —0.8301 to —0.1218
CTRL-96 h vs 96 h <0.0001 —-0.7311 —1.044 to —0.4186
Figure 56—GABA4R-y2 surface cluster density
One-way ANOVA Fiaan=125.89 Dunnett’s multiple-comparisons test CTRL-96 h vs 24 h <0.0001 1.083 0.6321 to 1.535
CTRL-96 h vs 48 h 0.8400 —0.1500 —0.6013 to 0.3013
CTRL-96 h vs 72 h 0.0109 —0.5505 —1.002 to —0.09922
CTRL-96 h vs 96 h 0.0007 —0.6198 —1.018 to —0.2215
Figure 5H—VGAT dluster density
One-way ANOVA Fiapany=37.32 Dunnett’s multiple-comparisons test CTRL-96 h vs 24 h <0.0001 0.9371 0.6080 to 1.266
CTRL-96 h vs 48 h 0.0216 0.3704 0.04134 to 0.6995
CTRL-96 h vs 72 h 0.8663 0.1029 —0.2261 to 0.4320
CTRL-96 h vs 96 h <0.0001 —0.6044 —0.8949 to —0.3140
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Figure 6. Validation of immunostaining in oxygen—glucose deprivation experiments. A, Representative low magnification image of CA1 pyramidal neuron (left) and high magnification
images of dendritic segments (right) following gephyrin (green), GABA,R-y2 subunit (cyan), and VGAT (magenta) staining under nonpermeabilizing conditions 96 h following 0GD. B,
Representative low magnification image of CAT pyramidal neuron (left) and high magnification images of dendritic segments (right) following gephyrin (green), GABA,R-y2 subunit
(cyan), and VGAT (magenta) staining under permeabilizing conditions 96 h following 0GD. C, Low magpnification representative images of CAT pyramidal neurons immunostained for
MAP2 (blue), GABA,R-y2 subunit (cyan), and VGAT (magenta) following control (top) and 96 h-0GD (bottom) treatment. D, Subset analysis of cluster area (left) and cluster density (right)
GABA4R-Y2 subunit are increased 96 h following 0GD using MAP2 as a guide for ROI analysis; n = 9-12 neurons per condition, unpaired t test. Values represent mean = SEM. *p < 0.05;

**%p <0.001.
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Table 10. Statistical details for Figure 6
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Statistical test

Test statistic, degrees of freedom Comparisons p-value Mean difference 95% confidence interval
Figure 60 —cluster area
Unpaired ¢ test t=2.163, df=19 Control vs 0GD p=10.0435 0.07949 0.002566-0.1564
Figure 60 —cluster density
Unpaired t test t=4.483, df=19 Control vs 0GD p=10.0003 2418 1.289-3.547
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Figure 7.

The TRPM2 ion channel mediates the 0GD-induced increase in the clustering of postsynaptic GABAergic proteins. A, Cartoon illustrating experimental timeline for neurons subjected

to 0GD reoxygenation and treated with tatM2NX (2 mM) or CTZ (20 mM) 1 h prior to fixation. B, Representative confocal images of dendritic segments from pyramidal neurons immunostained
for gephyrin (green), GABA,R-y2 subunit (cyan), and VGAT (magenta). (—E, Quantification of cluster area (left) and cluster density (right) following treatment with tatM2NX for (€) gephyrin, (D)
surface GABA4R-y2, and (E) VGAT; n = 30—36 neurons per condition; one-way ANOVA, Tukey’s post hoc. F-H, Quantification of cluster area (left) and cluster density (right) following treatment
with CTZ for (F) gephyrin, (G) surface GABAsR-y2, and (H) VGAT, n = 30-36 neurons per condition; one-way ANOVA, Tukey's post hoc. Values represent mean + SEM. *p < 0.05; **p < 0.01,

w5 < 0,001, ##%%p < 0,0001.

(Fig. 8Fy; Table 12). Additionally, CTZ no longer impacted the
mean amplitude of sIPSCs in the CA/CPR mice recorded with
tatCN190 (Fig. 8F;; Table 12). Similar to the effects observed
with Ca®" chelation, we did not observe a change between the
CA/CPR and sham conditions and the CTZ treatment in the

frequency (Fig. 8F,; Table 12) and tau decay (Fig. 8F;;
Table 12) of sIPSCs when the CaMKII inhibitor was present.
These results indicate that CaMKII-dependent increases in post-
synaptic inhibitory function could be downstream of Ca** entry
via TRPM2 channel activity.
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Test statistic, degrees

Statistical test of freedom Post hoc test Comparisons p-value Mean difference 95% confidence interval
Figure 7C —gephyrin cluster area tatM2NX
One-way ANOVA F10=53.15 Tukey's multiple-comparisons test CTRL vs tatScr <0.0001 —0.05139 —0.07079 to —0.03199
CTRL vs tatM2NX 0.0006 0.03135 0.01195 to 0.05075
tatScr vs tatM2NX <0.0001 0.08274 0.06348 to 0.1020
Figure 7C —gephyrin cluster density tatM2NX
One-way ANOVA Fio105=27.36 Tukey's multiple-comparisons test CTRL vs tatScr 0.0007 —0.5814 —0.9437 to —0.2191
CTRL vs tatM2NX 0.0015 0.5456 0.1833 to 0.9079
tatScr vs tatM2NX <0.0001 1.127 0.7647 to 1.489
Figure 7D—surface GABA4R-y2 cluster area tatM2NX
One-way ANOVA F,100 = 44.98 Tukey's multiple-comparisons test CTRL vs tatScr <0.0001 —0.04776 —0.06656 to —0.02896
CTRL vs tatM2NX 0.0036 0.02621 0.007408 to 0.04501
tatSer vs tatM2NX <0.0001 0.07397 0.05517 to 0.09276
Figure 7D—surface GABA,R-y2 cluster density tatM2NX
One-way ANOVA Fia105 = 33.02 Tukey's multiple-comparisons test CTRL vs tatScr <0.0001 —1.065 —1.468 to —0.6621
CTRL vs tatM2NX 0.3884 0.2233 —0.1794 to 0.6260
tatScr vs tatM2NX <0.0001 1.288 0.8853 to 1.691
Figure 7E—VGAT cluster area tatM2NX
One-way ANOVA Fi,105=31.10 Tukey's multiple-comparisons test CTRL vs tatScr 0.0139 —0.03322 —0.06080 to —0.005640
CTRL vs tatM2NX <0.0001 0.05722 0.02964 to 0.08480
tatScr vs tatM2NX <0.0001 0.09044 0.06286 to 0.1180
Figure 7E—VGAT dluster density tatM2NX
One-way ANOVA Fa,105 = 46.17 Tukey’s multiple-comparisons test CTRL vs tatScr <0.0001 —0.6126 —0.9120 to —0.3132
CTRL vs tatM2NX <0.0001 0.5976 0.2982 to 0.8970
tatSer vs tatM2NX <0.0001 1.210 0.9108 to 1.510
Figure 7F—gephyrin cluster area (TZ
One-way ANOVA Fo82=17.9%4 Tukey's multiple-comparisons test CTRL vs Veh 0.0107 —0.03851 —0.06944 to —0.007576
CTRL vs (TZ 0.8445 0.007133 —0.02358 to 0.03784
Veh vs (T2 0.0009 0.04564 0.01671 to 0.07457
Figure 7F—gephyrin cluster density (TZ
One-way ANOVA Fio82=9.922 Tukey’s multiple-comparisons test CTRL vs Veh 0.0109 —0.8179 —1.476 to —0.1597
CTRL vs CTZ 0.5200 0.2997 —0.3538 to 0.9532
Veh vs (T2 0.0001 1.118 0.5021 to 1.733
Figure 7G—surface GABA,R-y2 cluster area (TZ
One-way ANOVA Fogy=11.17 Tukey’s multiple-comparisons test CTRL vs Veh 0.0034 —0.03717 —0.06362 to —0.01071
CTRL vs (TZ 0.6531 0.009704 —0.01656 to 0.03596
Veh vs (T2 <0.0001 0.04687 0.02213 to 0.07161
Figure 76—surface GABA,R-y2 cluster density (TZ
One-way ANOVA Fos)= Tukey's multiple-comparisons test CTRL vs Veh 0.0025 —0.8037 —1.359 to —0.2482
CTRL vs CTZ 0.9916 0.02858 —0.5230 to 0.5801
Veh vs (TZ 0.0007 0.8323 0.3128 to 1.352
Figure 7H—VGAT dluster area (TZ
One-way ANOVA Fiog2 = 1455 Tukey's multiple-comparisons test CTRL vs Veh 0.7481 —0.01898 —0.08130 to 0.04334
CTRL vs (T2 0.2163 —0.04339 —0.1048 to 0.01802
Veh vs (T2 0.5799 —0.02440 —0.08275 to 0.0339%4
Figure 7H—VGAT dluster density (TZ
One-way ANOVA Fos)= Tukey’s multiple-comparisons test CTRL vs Veh 0.0015 —0.8347 —1.388 to —0.2818
CTRL vs (TZ 0.4455 —0.2803 —0.8292 to 0.2686
Veh vs (TZ 0.0327 0.5544 0.03734 to 1.071

Ca®*-dependent CaMKII activity contributes to increased
clustering of postsynaptic GABAergic components via a
TRPM2-dependent pathway

We next investigated whether TRPM2- and CaMKII-mediated
enhancement of postsynaptic sIPSC amplitude was due to an
increase in the density of postsynaptic GABA,Rs. To assess this,
we used the 96 h timepoint following OGD reoxygenation in dis-
sociated rat hippocampal neurons and treated cells with vehicle
(control), tatCN19o0 alone, or combined tatCN190 and tatM2NX
l1h prior to fixation (Fig. 9A) and immunostained for
GABAergic synaptic markers (Fig. 9B). We found that treatment
with tatCN19o reduced the cluster area and density of the
GABA,R-y2 (Fig. 9D; Table 13) and gephyrin (Fig. 9C;

Table 13) following OGD compared with the OGD vehicle control.
Additionally, we observed a significant decrease in the cluster area
and density of the postsynaptic components in the combined
tatM2NX and tatCN19o condition compared with the control
(veh) condition following OGD; however, there was no additional
reduction in the cluster area and density of the postsynaptic inhib-
itory synaptic proteins in the combined treatment condition com-
pared with the tatCN190 alone (Fig. 9C,D; Table 13). We found no
differences across all conditions when measuring the VGAT clus-
ter area, but we did observe a decrease in VGAT cluster density in
the combined condition (Fig. 9E; Table 13). These results suggest
that TRPM2 and CaMKII likely converge on the same pathway to
regulate postsynaptic GABA 4R density.
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Figure 8. (a”* signaling and CaMKIl activity contribute to CA/CPR-induced increase in the amplitude of GABA sIPSCs. A, Representative traces from sham (far left), sham after CTZ from the
same cell (center left), CA/CPR (center right), and CA/CPR after CTZ from the same cell (far right). BAPTA (10 mM) was included in the patch pipette across all conditions. B, Mean amplitude (1),
frequency (2), and tau decay (3) kinetics were measured from sIPSC events in the same cell before and after bath application of CTZ from sham and CA/CPR operated mice with 10 mM BAPTA
included in patch pipette; n =10 cells/4—7 animals per condition; two-way ANOVA with repeated measures, Sidak's post hoc test. €, Western immunoblot measuring total levels of CaMKII
normalized to vinculin loading control in the membrane fraction of whole hippocampi from sham and CA/CPR operated mice; n=>5 animals per condition; unpaired ¢ test. D, Western immu-
noblot measuring levels of T286 phosphorylation of CaMKIl normalized to total CaMKIl in the membrane fraction of whole hippocampi from sham and CA/CPR operated mice; n = 4 animals per
condition; unpaired t test. E, Representative traces from sham (far left), sham after CTZ from the same cell (center left), CA/CPR (center right), and CA/CPR after (TZ from the same cell (far right).
TatCN190 (5 mM) was included in the patch pipette across all conditions. F, Mean amplitude (1), frequency (2), and tau decay (3) kinetics were measured from sIPSC events in the same cell
before and after bath application of CTZ from sham and CA/CPR operated mice with 5 mM tatCN19o included in patch pipette; n=9 cells/45 animals per condition; two-way ANOVA with
repeated measures, Sidak’s post hoc test. Values represent mean + SEM. *p < 0.05.
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Table 12. Statistical details for Figure 8
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Test statistic, degrees of freedom,

Statistical test p-value (of interaction if two-way)  Post hoc test Comparisons p-value  Mean difference  95% confidence interval
Figure 88;—BAPTA amplitude
Two-way ANOVA  F(y 15 = 0.08304, p =0.7765 Sidak’s multiple comparisons ~ Sham — CA/CPR 0.4878 12.53 —14.37 t0 39.44
Baseline
Sham — CA/CPR 0.7264 8.286 —18.62 to 35.19
Post-CTZ
Baseline — post-(TZ 0.4134 12.82 —12.58 to0 38.22
Sham
Baseline — post-CTZ 0.6646 8.579 —16.82 to 33.98
CA/CPR
Figure 88,—BAPTA frequency
Two-way ANOVA  Fiq 15 = 0.004294, p = 0.9485 Sidak’s multiple comparisons ~ Sham — CA/CPR 0.3469 —1.391 —3.830 to 1.049
Baseline
Sham — CA/CPR 03155 —1.454 —3.894 to 0.9850
Post-CTZ
Baseline — post-CTZ 0.4283 0.8306 —0.8507 to 2.512
Sham
Baseline — post-CTZ 0.4826 0.7667 —0.9146 to 2.448
CA/CPR
Figure 88;—BAPTA tau decay
Two-way ANOVA  F(1 15 =2.824, p=0.1101 Sidak’s multiple comparisons ~ Sham — CA/CPR 0.9969 —0.1335 —4.583 t0 4316
Baseline
Sham — CA/CPR 0.1470 —3.479 —7.929 to 0.9713
Post-CTZ
Baseline — post-CTZ 0.0459 3.492 0.05949 to 6.925
Sham
Baseline — post-CTZ 0.9933 0.1472 —3.286 to 3.580
CA/CPR
Figure 8C(—CaMKIl Western
Unpaired ¢ test ~ t=2.459, df=6 - Sham vs CA/CPR 0.0116 0.7037 0.2227 to 1.185
Figure 80—T286 PhosphoCaMKIl Western
Unpaired ¢ test ~ t=3.580, df=6 - Sham vs CA/CPR 0.0492 —0.5095 —1.017 to —0.002418
Figure 8F;—tatCN190 amplitude
Two-way ANOVA  F; 16 = 0.08021, p = 0.7806 Sidak’s multiple comparisons ~ Sham — CA/CPR 0.9947 1.730 —42.25 to 45.71
Baseline
Sham — CA/CPR 0.9920 —2.125 —46.11 to 41.86
Post-CTZ
Baseline — post-CTZ 0.6109 —8.762 —32.51 to 14.98
Sham
Baseline — post-(TZ 03734 —12.62 —36.36 to 11.13
CA/CPR
Figure 8F,—tatCN19o frequency
Two-way ANOVA  Fiy16=2.247, p=10.1533 Sidak’s multiple comparisons ~ Sham — CA/CPR 0.9638 —0.3370 —3.595 to 2.921
Baseline
Sham — CA/CPR 0.9462 0.4130 —2.845 to0 3.671
Post-CTZ
Baseline — post-(TZ 0.0681 —0.8167 —1.689 to 0.05588
Sham
Baseline — post-CTZ 0.9784 —0.06667 —0.9392 to 0.8059
CA/CPR
Figure 8F;—tatCN19o tau ecay
Two-way ANOVA  Fiy46=2.973 Sidak’s multiple comparisons ~ Sham — CA/CPR 0.0381 5.661 0.2960 to 11.03
Baseline
Sham — CA/CPR 0.9836 0.3568 —5.009 to 5.722
Post-CTZ
Baseline — post-CTZ 0.3510 4.080 —3.141 10 11.30
Sham
Baseline — post-(TZ 0.9059 —1.225 —8.446 t0 5.996
CA/CPR

The tatCN19o peptide was shown to block both the
Ca’*-independent autonomous and Ca®*-stimulated CaMKII
activity (Vest et al., 2010). Based on our functional data showing
that Ca®" signaling was required for the increase in sSIPSC ampli-
tude and is reversible with Ca** chelation (Fig. 9), we

hypothesized that the Ca**-stimulated CaMKII activity contrib-
utes to elevated GABA 4R clustering. To test this, we treated neu-
rons 96 h following OGD reoxygenation with KN93 (5 mM), a
small molecule CaMKII inhibitor known to preferentially block
Ca’"-stimulated CaMKII activity (Fig. 94; Vest et al,, 2010).
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Figure 9.  Ca’"-dependent CaMKIl activity contributes to the increased clustering of postsynaptic GABAergic proteins via a TRPM2-dependent pathway. A, Cartoon illustrating experimental
timeline for neurons subjected to 0GD reoxygenation and treated with tatCN190 (5 mM), KN93 (5 mM), or combined treatment with tatM2NX (2 mM) 1 h prior to fixation. B, Representative
confocal images of dendritic segments from pyramidal neurons stained for gephyrin (green), GABAR-y2 subunit (cyan), and VGAT (magenta). C~E, Quantification of cluster area (left) and density
(right) following treatment with tatCN190 or tatCN190 + tatM2NX for (€) gephyrin, (D) surface GABA4R-y2, and (E) VGAT; n = 30—36 neurons per condition; one-way ANOVA, Tukey’s post hoc.
F-H, Quantification of cluster area (left) and density (right) following treatment with KN93 or KN93 -+ tatM2NX for (E) gephyrin, (F) surface GABA,R-y2, and (G) VGAT; n = 30-36 neurons per
condition; one-way ANOVA, Tukey's post hoc. Values represent mean £ SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

We found that KN93 significantly reduced the cluster area and
density of both postsynaptic GABAergic proteins following
OGD compared with the OGD vehicle control condition
(Fig. 9F,G; Table 13). This reduction in cluster area of postsynap-
tic components persisted in the combined KN93 and tatM2NX
condition, showing no differences compared with KN93 treat-
ment alone following OGD (Fig. 9F,G; Table 13). While there
was a significant increase in the presynaptic marker, VGAT,
cluster area, and density in the vehicle OGD condition compared
with the control no OGD group, neither KN93 nor the combined
KN93 and tatM2NX treatment reduced the VGAT cluster size
and density (Fig. 9H; Table 13). Altogether, these data suggest
that the TRPM2 channel and Ca**-stimulated CaMKII activity

converge on the same molecular pathway to regulate postsynap-
tic GABA, receptor density at delayed timepoints following
OGD.

Discussion

Here, we combine in vitro and in vivo approaches to elucidate the
enhancement of postsynaptic GABAergic function in the hippo-
campus, accounting for the reduction in the E/I ratio and driving
the LTP deficits following CA/CPR. Using an in vitro model that
emulates the direct ischemic insult to the hippocampus observed
in GCI, we found a shift from an acute reduction in GABAergic
signaling to a sustained elevation in the clustering of GABAergic
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Table 13. Statistical details for Figure 9
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Statistical test Test statistic, degrees of freedom  Post hoc test Comparisons p-value  Mean difference  95% confidence interval
Figure 9C—gephyrin cluster area tatCtN19
One-way ANOVA  fi3137=4.425 Tukey's multiple comparisons  CTRL vs Veh 0.0045  —0.02070 —0.03642 to —0.004981
CTRL vs tatCN190 0.8733  —0.004612 —0.02044 to 0.01122
CTRL vs tatCN190 + tatM2NX 0.7700  —0.005870 —0.02170 to 0.009963
Veh vs tatCtN19% 0.0427 0.01609 0.0003688 to 0.03181
Veh vs tatCN19o + tatM2NX 0.0720 0.01483 —0.0008887 to 0.03056
tatCN190 vs tatCN19o + tatM2NX 0.9969  —0.001258 —0.01709 to 0.01457
Figure 9C—gephyrin cluster density tatCN190
One-way ANOVA  Fi3135=12.51 Tukey's multiple comparisons ~ CTRL vs Veh <0.0001  —1.090 —1.577 to —0.6033
CTRL vs tatCN190 0.5600  —0.2464 —0.7367 to 0.2439
CTRL vs tatCN190 + tatM2NX 0.0462 —0.4926 —0.9795 to —0.005706
Veh vs tatCtN19o <0.0001 0.8438 0.3569 to 1.331
Veh vs tatCN190 + tatM2NX 0.0087 0.5976 0.1142 to 1.081
tatCN190 vs tatCN19o + tatM2NX 0.5551  —0.2462 —0.7331 to 0.2407
Figure 9D—GABA,R-y2 cluster area tatCN19o
One-way ANOVA  fi3135=7.338 Tukey's multiple comparisons  CTRL vs Veh 0.0097 —0.01712 —0.03112 to —0.003130
CTRL vs tatCN19o 0.8717 0.004222 —0.01020 to 0.01865
CTRL vs tatCN190 + tatM2NX 0.7643 0.005279 —0.008816 to 0.01937
Veh vs tatCN19o 0.0010 0.02135 0.006921 to 0.03577
Veh vs tatCN190 + tatM2NX 0.0004 0.02240 0.008309 to 0.03650
tatCtN19o vs tatCN190 + tatM2NX 0.9976 0.001057 —0.01347 to 0.01558
Figure 9D—GABA,R-y2 cluster density tatCN190
One-way ANOVA  fi3139=14.16 Tukey's multiple comparisons ~ CTRL vs Veh 0.0006 —1.100 —1.817 to —0.3837
CTRL vs tatCN190 0.2435 0.5204 —0.2013 to 1.242
CTRL vs tatCN190 + tatM2NX 0.4977 0.3875 —0.3291 to 1.104
Veh vs tatCtN19% <0.0001 1.621 0.8990 to 2.342
Veh vs tatCN19o + tatM2NX <0.0001 1.488 0.7712 to 2.204
tatCN190 vs tatCN19o + tatM2NX 09636 —0.1329 —0.8546 to 0.5888
Figure 9E—VGAT cluster area tatCN19
One-way ANOVA  Fi3134=4.230 Tukey's multiple comparisons ~ CTRL vs Veh 01843  —0.02478 —0.05663 to 0.007069
CTRL vs tatCN190 0.0870  —0.02928 —0.06136 to 0.002800
CTRL vs tatCN190 + tatM2NX 0.9998  —0.001075 —0.03419 to 0.03204
Veh vs tatCtN19o 0.9834  —0.00449%6 —0.03657 to 0.02758
Veh vs tatCN190 + tatM2NX 0.2491 0.02371 —0.009404 to 0.05682
tatCN190 vs tatCN19o + tatM2NX 0.1281 0.02820 —0.005126 to 0.06153
Figure 9F—VGAT cluster density tatCN190
One-way ANOVA  f3134= Tukey's multiple comparisons ~ CTRL vs Veh 02171 —0.6884 —1.612 to 0.2354
CTRL vs tatCN190 0.0211  —1.045 —1.975 to —0.1143
CTRL vs tatCN190 + tatM2NX 0.3497 0.5892 —0.3346 to 1.513
Veh vs tatCN19o 07521  —0.3563 —1.287 to 0.5742
Veh vs tatCN190-+ tatM2NX 0.0025 1.278 0.3538 to 2.201
tatCtN19o vs tatCN190 + tatM2NX ~ <0.0001 1.634 0.7035 to 2.564
Figure 9F—gephyrin cluster area KN93
One-way ANOVA  fi3136=26.50 Tukey’s multiple comparisons ~ CTRL vs Veh <0.0001  —0.07101 —0.1028 to —0.03922
CTRL vs KN93 0.0383 0.03327 0.001257 to 0.06529
CTRL vs tatM2NX + KN93 0.9059 0.008451 —0.02405 to 0.04096
Veh vs KN93 <0.0001 0.1043 0.07227 to 0.1363
Veh vs tatM2NX + KN93 <0.0001 0.07946 0.04696 to 0.1120
KN93 vs tatM2NX + KN93 0.2034  —0.02482 —0.05755 to 0.007904
Figure 9F—ephyrin dluster density KN93
One-way ANOVA  Fi3135=22.68 Tukey's multiple comparisons ~ CTRL vs Veh <0.0001  —0.9251 —1.427 to —0.4234
CTRL vs KN93 0.2113 0.3792 —0.1260 to 0.8845
CTRL vs tatM2NX + KN93 0.0314 0.5521 0.03498 to 1.069
Veh vs KN93 <0.0001 1.304 0.7991 to 1.810
Veh vs tatM2NX + KN93 <0.0001 1471 0.9601 to 1.994
KN93 vs tatM2NX + KN93 0.8235 0.1728 —0.3477 t0 0.6934
Figure 9G—GABA,R-y2 cluster area KN93
One-way ANOVA  fi3135=16.77 Tukey's multiple comparisons ~ CTRL vs Veh <0.0001  —0.06180 —0.09046 to —0.03315
CTRL vs KN93 0.9997 0.001011 —0.02785 to 0.02987
CTRL vs tatM2NX + KN93 0.9679 0.005088 —0.02377 to 0.03395
Veh vs KN93 <0.0001 0.06281 0.03395 to 0.09168
Veh vs tatM2NX + KN93 <0.0001 0.06689 0.03803 to 0.09575
KN93 vs tatM2NX + KN93 0.9833 0.004077 —0.02499 to 0.03314

(Table continues.)
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Table 13. Continued
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Statistical test Test statistic, degrees of freedom  Post hoc test Comparisons p-value  Mean difference  95% confidence interval
Figure 9G—GABA4R-y2 cluster density KN93
One-way ANOVA  Fi3.135=20.31 Tukey’s multiple comparisons ~ CTRL vs Veh 0.0008  —0.7207 —1.199 to —0.2421
CTRL vs KN93 0.0089 0.5945 0.1125 to 1.076
CTRL vs tatM2NX + KN93 0.0856 0.4413 —0.04072 t0 0.9233
Veh vs KN93 <0.0001 1.315 0.8332 to 1.797
Veh vs tatM2NX + KN93 <0.0001 1.162 0.6800 to 1.644
KN93 vs tatM2NX + KN93 0.8446  —0.1532 —0.6386 to 0.3322
Figure 9H—VGAT cluster area KN93
One-way ANOVA  F3139 = 5.169 Tukey's multiple comparisons ~ CTRL vs Veh 0.0033  —0.06090 —0.1060 to —0.01583
CTRL vs KN93 0.0068  —0.05708 —0.1021 to —0.01202
CTRL vs tatM2NX + KN93 0.0936  —0.04088 —0.08627 to 0.004508
Veh vs KN93 0.9962 0.003816 —0.04125 to 0.04888
Veh vs tatM2NX + KN93 0.6611 0.02002 —0.02537 to 0.06541
KN93 vs tatM2NX + KN93 0.7897 0.01620 —0.02918 to 0.06159
Figure 9H—VGAT dluster density KN93
One-way ANOVA  Fi3139=13.43 Tukey's multiple comparisons  CTRL vs Veh 0.0128 —0.7708 —1.420 to —0.1218
CTRL vs KN93 <0.0001 —1.462 —2.111 to —0.8125
CTRL vs tatM2NX + KN93 <0.0001  —1.247 —1.901 to —0.5937
Veh vs KN93 00322 —0.6907 —1.340 to —0.04171
Veh vs tatM2NX + KN93 0.2346  —0.4765 —1.130 to 0.1771
KN93 vs tatM2NX + KN93 0.8293 0.2142 —0.4394 to 0.8678

proteins at synaptic sites following OGD reoxygenation. To our
knowledge, this is the first study to employ the OGD in vitro sys-
tem to examine synaptic alterations days after ischemic insult fol-
lowing the completion of cell death processes. Using this novel in
vitro paradigm and a murine model of GCI, we identified the
TRPM2 ion channel as a potential mediator of E/I imbalance
and GABAergic synaptic enhancement. TRPM2 inhibition effec-
tively blocked the CA/CPR-induced increase in GABA:AMPA
ratio and sIPSC amplitude and the OGD-induced effect on clus-
ter area of postsynaptic GABAergic components. Furthermore,
our data revealed that TRPM2 and Ca**-CaMKII are both
required for the elevated postsynaptic GABAergic function.
Chelation of Ca** and CaMKII blockade both alleviated the
CA/CPR effect on sIPSC amplitude and reversed the
OGD-induced increase in cluster area of synaptic GABAergic
proteins. Additionally, blockade of the TRPM2 channel showed
no additive effect on the reduction in sIPSC amplitude or
GABA4R clustering following CaMKII inhibition, suggesting
that TRPM2 and CaMKII reside in the same pathway to regulate
inhibitory synaptic function after ischemia.

The elevation of excitatory signaling with concurrent loss of
GABAergic inhibitory synapses in the acute period is well-
defined (Alicke and Schwartz-Bloom, 1995; Schwartz-Bloom
and Sah, 2001; Mele et al., 2014). E/I balance and the role of
GABAergic signaling beyond acute cell death has received rela-
tively less attention; however, emerging work provides evidence
of reduced E/I balance in the surviving network, primarily driven
by enhanced inhibition through extrasynaptic (tonic) GABA zRs
(Carmichael, 2012; Joy and Carmichael, 2021). Excessive tonic
inhibition has been demonstrated to hinder cortical and hippo-
campal recovery in animal models of focal ischemia (Clarkson
et al., 2010; Lake et al.,, 2015; Orfila et al., 2019). Additionally,
one study has shown phasic inhibition, achieved through rapid
activation of synaptic GABA4Rs, is enhanced in the peri-infarct
cortex following stroke, correlating with motor deficits (Hiu
et al.,, 2016). In line with these findings, our study contributes
to the existing literature by describing elevated postsynaptic
phasic inhibition in the hippocampus following global insult
and its potential role in impairing excitatory LTP. The question

of whether excessive tonic inhibition also contributes to hippo-
campal synaptic plasticity deficits following GCI warrants further
investigation. Altogether, our observation of elevated postsynap-
tic (phasic) GABAergic signaling, which can be pharmacologi-
cally interrupted/targeted without the unfavorable adverse
effects of directly blocking GABA,R, offers a promising
approach for therapeutic development.

In our study, we identify the TRPM2 ion channel as a novel
mediator of inhibitory function and E/I balance following ische-
mia. Although TRPM2 has been extensively studied in the con-
text of neuronal cell death, with acute inhibition of the channel
conferring neuroprotection (Jia et al., 2011; Nakayama et al,,
2013; Shimizu et al., 2013), recent evidence has highlighted its
involvement in the postacute phase, indicating a role for the
channel in mechanisms in the expression of synaptic plasticity
and its promise as a neurorestorative therapeutic target (Xie
et al,, 2011; Dietz et al.,, 2020, 2021). Our prior study revealed
that sustained TRPM2 activity following GCI has been found
to contribute to ischemia-induced LTP impairment via a
calcineurin-GSK3b-dependent pathway within glutamatergic
synapses (Dietz et al., 2020). In contrast, our data obtained
here is the first to suggest an additional role for TRPM2 in the
regulation of inhibitory synaptic strength and reveal Ca** and
CaMKII as the most plausible downstream mediators.
Consistent with this, other work supports TRPM2 as the Ca>"
source for CaMKII activity in the context of cell cycle regulation
(Wangetal.,, 2017; Cai et al., 2023), suggesting this may be a com-
mon mechanism across multiple cellular functions. Moreover,
our BAPTA data indicate that continuous Ca** stimulus is
required for enhanced sIPSC amplitude, a mechanism likely
mediated by ongoing CaMKII activation downstream of
TRPM2-Ca*" influx (Fig. 8A,B). Notably, a prominent property
of the TRPM2 channel is its ability to conduct substantial Ca**
current due to its high Ca®" permeability and prolonged open
time of several hundred milliseconds (Perraud et al., 2001;
Sano et al., 2001; Kraft et al., 2004). Nonetheless, more work
directly linking TRPM2-Ca** influx upstream of CaMKII activa-
tion should be a priority for future investigation but remains
technically challenging due to the lack of reliable antibodies
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directed at the channel (Dietz et al., 2020) and the poorly under-
stood mechanism by which the channel is activated within the
postsynaptic microdomain.

The Ca*"-activated signaling cascade downstream of TRPM2
ion channel activation is important to elucidate both for
increased understanding of the mechanism of ischemia-induced
alterations in E/I balance as well as future therapeutic develop-
ment. Using two distinct pharmacological inhibitors of
CaMKII, our data show that Ca**-stimulated CaMKII activity
is required for the elevation in postsynaptic GABAergic inhibi-
tion following GCI. Specifically, treatment with KN93, an inhib-
itor known to preferentially block Ca®'-dependent CaMKII
(Vest et al., 2010), occluded the OGD effect on clustering
(Fig. 9F,G). Consistent with this, we find that the tatCN190 pep-
tide, which blocks both stimulated and autonomous CaMKII
activity (Vest et al, 2010), also reduced the OGD effect on
postsynaptic GABAergic clustering (Fig. 9C,D) and the
CA/CPR-induced increase in sIPSC amplitude (Fig. 8F;). Thus,
we cannot exclude the involvement of autonomous CaMKII in
this mechanism. These data agree with the literature implicating
CaMKII in inhibitory synaptic potentiation. Autonomous
CaMKII (T286phosphorylated) constitutively localizes to inhib-
itory synapses (Marsden et al., 2010; Cook et al., 2022), and intra-
cellular application of CaMKII was shown to enhance GABA
IPSCs (Wang et al., 1995; Wei et al., 2004). Following its move-
ment to inhibitory synapses, CaMKII was shown to phosphory-
late b2 or b3 subunits of GABA4Rs, resulting in GABA,R
synaptic aggregation and inhibitory potentiation (Petrini et al.,
2014; Chiu et al,, 2018). Exploring whether CaMKII moves to
inhibitory synapses and directly phosphorylates GABAergic pro-
teins to alter E/I balance after ischemia is an important avenue
for future investigation. One caveat to targeting CaMKII to
restore ischemia-induced E/I imbalance is its well-established
role in mediating AMPA receptor currents (Kristensen et al.,
2011). Thus, both excitatory and inhibitory signaling would
likely be affected by CaMKII inhibition. To mitigate the effect
of CaMKII activation on excitatory transmission, future work
should consider precise targeting of its impact on inhibitory syn-
apses, potentially through blockade of its potential GABAergic
phosphorylation sites.

Accumulating evidence suggests inhibitory LTP and homeo-
static scaling up share downstream signaling pathways to regulate
synaptic strength (Vitureira and Goda, 2013; Galanis and Vlachos,
2020). Exocytosis and subsequent lateral diffusion of GABARs
from the extrasynaptic membrane is a well-documented mecha-
nism for rapidly fine-tuning inhibitory synaptic strength
(Luscher et al., 2011). Multiple findings here support the notion
that GABA4R clustering is increased through lateral diffusion.
First, our data demonstrate that sIPSC amplitude and GABAsR
clustering can be restored rapidly (within minutes to 1 h).
Second, we observe unaltered mRNA expression of GABA4R tran-
scripts and protein levels of gephyrin post-CA/CPR, indicating
no changes in the transcription and translation of GABAergic
components at this timepoint. Lastly, our findings raise the intrigu-
ing possibility that increased inhibitory synaptic function repre-
sents a maladaptive homeostatic response to the acute loss of
inhibition following excitotoxic insult. The OGD reoxygenation
data hints at this possibility, revealing an initial acute reduction
in the clustering of GABAergic components, followed by a steadily
increasing and sustained increase in GABAergic synapses at
later timepoints.

In summary, this study uncovers a novel mechanism whereby
enhanced GABAergic inhibition impairs excitatory synaptic
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plasticity in the context of cerebral ischemia, revealing TRPM2
and CaMKII as targets for pharmacological intervention. This
is particularly significant given the clinical challenges associated
with direct GABA 4R modulation. GABA 4R antagonism induces
epileptic seizures (Sperk et al., 2004), while GABAAR agonists
largely failed in clinical trials as a treatment for acute ischemic
stroke due to lack of efficacy and patients reporting numerous
problematic side effects (Wahlgren et al., 2000; Lyden et al.,
2002; Liu et al., 2018). Furthermore, our data shed light on the
temporal changes in inhibitory synaptic function in response
to ischemic insult. This observation may have a profound impact
on the therapeutic window of some interventions, particularly
GABA agonists, which have been shown to confer neuroprotec-
tion in animal models acutely (Liu et al., 2010, 2018) but, in light
of this data, may be detrimental to functional recovery if admin-
istered at more chronic timepoints. Beyond ischemic injury, the
pathway described here likely has broader implications consider-
ing that disruptions in synaptic accumulation of GABAARs are
linked to numerous central nervous system disorders (Jacob
et al., 2008; Mele et al., 2019). Further research into the precise
molecular and cellular mechanisms underlying the influence of
enhanced postsynaptic GABAergic function on excitatory LTP
will be pivotal in developing targeted interventions to mitigate
the long-term cognitive deficits associated with cerebral ischemia
and various neurological diseases.
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