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Abstract

Canonical transient receptor potential (TRPC) non-selective cation channels, particularly those assembled with TRPC3,
TRPC6, and TRPC7 subunits, are coupled to G,,-type G protein-coupled receptors for the major classes of excitatory
neurotransmitters. Sustained activation of this TRPC channel-based pathophysiological signaling hub in neurons and glia
likely contributes to prodigious excitotoxicity-driven secondary brain injury expansion. This was investigated in mouse
models with selective Trpc gene knockout (KO). In adult cerebellar brain slices, application of glutamate and the class I
metabotropic glutamate receptor agonist (S)-3,5-dihydroxyphenylglycine to Purkinje neurons expressing the GCaMP5g Ca**
reporter demonstrated that the majority of the Ca>* loading in the molecular layer dendritic arbors was attributable to the
TRPC3 effector channels (Trpc3%C compared with wildtype (WT)). This Ca>* dysregulation was associated with glutamate
excitotoxicity causing progressive disruption of the Purkinje cell dendrites (significantly abated in a GAD67-GFP-Trpc3X°
reporter brain slice model). Contribution of the G,,-coupled TRPC channels to secondary brain injury was evaluated in a
dual photothrombotic focal ischemic injury model targeting cerebellar and cerebral cortex regions, comparing day 4 post-
injury in WT mice, Trpc3X©, and Trpcl/3/6/7 quadruple knockout (7rpc?%?), with immediate 2-h (primary) brain injury.
Neuroprotection to secondary brain injury was afforded in both brain regions by Trpc3X° and Trpc?k° models, with the
Trpc2k0 showing greatest neuroprotection. These findings demonstrate the contribution of the Gyq-coupled TRPC effector
mechanism to excitotoxicity-based secondary brain injury expansion, which is a primary driver for mortality and morbidity
in stroke, traumatic brain injury, and epilepsy.
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Introduction

Pathophysiological dysregulation of extracellular gluta-
mate and other excitatory neurochemicals drives second-
ary expansion of brain injury in ischemic stroke, traumatic
04 Gary D. Housley brain injury (TBI), and epileptiform excitotoxicity. Collec-

g-housley @unsw.edu.au tively, these neuropathological conditions lacking effective
treatment options represent a major unmet clinical need as

Translational Neuroscience Facility and Department

of Physiology, School of Biomedical Sciences, UNSW leading causes of death and profound morbidity. Following
Sydney, Sydney, NSW 2052, Australia initial brain injury, the on-going pathophysiological sequelae
2 Institute of Biomedical Research (BIOMED), Pontifical of neurotransmitter dysregulation, oxygen-glucose depriva-
Catholic University of Argentina, Av. A Moreau de Justo tion, innate immunoreactive activation, and run-down of cell
1300, C1107AFF Buenos Aires CABA, Argentina metabolism and ion transporters, notably Nat/K*-ATPase,
3 Laboratory of Signal Transduction, National Institute plasma membrane Caz+-ATPase, and Nat/Ca** exchanger,

of Environmental Health Sciences, Research Triangle Park,

! are tied to sustained membrane depolarization and Ca**
North Carolina 27709, USA

Published online: 18 July 2023 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12975-023-01173-1&domain=pdf
https://orcid.org/0000-0002-0285-8698
https://orcid.org/0000-0002-7423-3355
https://orcid.org/0000-0003-4385-5271
https://orcid.org/0000-0002-7197-4369
https://orcid.org/0000-0002-0775-8661
https://orcid.org/0000-0003-0574-612X
https://orcid.org/0000-0001-7957-2498
https://orcid.org/0000-0002-2478-8416
https://orcid.org/0000-0002-8413-588X

Translational Stroke Research

dysregulation. This drives irreversible Ca>*-dependent
enzyme activation triggering necrosis, apoptosis, and
autophagy in neurons and glia [1-3]. Targeting these mecha-
nisms to achieve neuroprotection has been a fraught transla-
tional focus [3—5]. While Ca®* entry via canonical transient
receptor potential (TRPC) ion channels has been implicated
in secondary brain injury [6-8], the degree to which recruit-
ment of these channels through excitatory neurotransmitter
coupling serves to drive Ca>* overload underlying secondary
brain injury expansion has not been established, but likely
reflects a confluence point of pathophysiological signaling
in the hours and days following the acute insult.

TRPC ion channels are non-selective cation channels
assembled as tetramers of subunits (TRPC1-7) in homo-
and/or heteromeric configurations with differing conduct-
ance properties and polymodal activation mechanisms,
reflecting diversity in signal transduction throughout the
body [9-11]. Expression is prominent in the CNS, where
the TRPC1 subunit can co-assemble with TRPC4 and
TRPC5 subunits [12], as well as with the TRPC3, TRPC6,
and TRPC?7 subunits to confer sensitivity to the G,-type G
protein-coupled receptor (GPCR) signal transduction path-
way [11, 13]. Activation of G,-GPCRs triggers phospholi-
pase Cg (PLC)-mediated conversion of phosphatidylinositol
4,5-bisphosphate (PIP,) into inositol trisphosphate (IP;) and
diacyglycerol (DAG), with DAG readily activating chan-
nels incorporating TRPC3, TRPC6, and TRPC7 subunits
(Fig. S1). TRPC channels are co-expressed with class I
(Gyq-coupled) metabotropic glutamate receptors (mGluR)
in neurons, astrocytes, microglia, oligodendroctyes, and
endothelial cells of the microvasculature [14—17] and are
associated with homeostasis of the neurovascular unit, glia-
neuron communication, innate immune status, and regula-
tion of the blood brain barrier. This diverse functionality
broadly ties TRPC channels into the pathophysiology of
brain injury [6, 8, 16, 18, 19].

The extensive distribution of 7rpc subunit gene expres-
sion in the CNS has largely been determined by in situ
hybridization localization of mRNA complemented by
single cell transcriptomic profiling in mouse, non-human
primate, and human brain tissue [20]. The latter database
indicates that across species Trpc channel expression is
evident in all grey matter regions. In cortex and hippocam-
pus, single-neuron mRNA transcript expression is ranked
as Trpcl1>Trpc5>Trpc6>Trpc4>Trpc3>Trpe7 (Trpc2 is a
pseudogene in humans and has minimal representation in
the mouse CNS), co-incident with group I mGluR (Grml
and Grm) expression). The TRPC4/5 subclass of channels
has recently been shown to contribute to ischemic brain
injury, where use of knockout (KO) mouse models, par-
ticularly Trpc4%9, showed neuroprotection in the medial
cerebral artery occlusion (MCAO) stroke model [8]. Study
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of hippocampal excitotoxicity in a mouse epilepsy model
indicated significant contributions from Trpci/4/5 [21,
22]. Regional and neuron-specific differences in Trpc gene
expression are particularly notable with regard to GPCR-
Gg/11-coupled TRPC effectors, for instance, Trpc3 expres-
sion is maximal in cerebellar Purkinje neurons, and in the
hippocampus region, the dentate gyrus and pyramidal cells
[23]. In comparison, Trpc6 mRNA transcript levels are
highest in the dentate gyrus of the hippocampus and cor-
tex, and moderate in the cerebellar granule cell region [2],
reflecting functional differentiation.

In mouse cerebellar Purkinje neurons, homomeric
TRPC3 channels are the sole effector of the class I metabo-
tropic glutamate receptor (mGluR1) and generate the slow
excitatory post-synaptic currents (SEPSC) [24], which are
absent in Trpc3 knockout mice (7rpc3X©). Analysis of the
Trpc3 mRNA transcript isoforms from the cerebellum in
mouse, rat, guinea pig, and human indicates consistent
regulation of alternative splicing to favor production of the
Trpc3c isoform which lacks exon 9, encoding the proxi-
mal part of the cytosolic calmodulin-IP;R binding (CIRB)
domain coding region [6, 25]. A consequence of this splic-
ing is that Purkinje neurons express a TRPC3 homomeric
channel with an enhanced Ca®* conductance lacking Ca*
feedback inhibition, coupled to the mGluR1 GPCR [6].
Despite having a primary mode of activation linked to neu-
rotransmitter release, and with a Ca®>* conductance com-
parable to those of the NMDA-type ionotropic glutamate
receptor, relatively little attention has been paid to the
potential of these channels to contribute to brain injury.

A study of the Trpc3/6/7 triple KO mice in the MCAO
ischemic reperfusion stroke model indicated significant
reduction in infarct volume [26] and implicated astrocytic
apoptosis in the Trpc-mediated brain injury process. This
was supported by an in vitro study of reactive astroglio-
sis in culture which showed that astrocytes lacking Trpcl
expression but retaining Trpc3 expression had heightened
Ca®* entry [14]. With regard to ischemic brain injury,
while NMDA ionotropic glutamate receptor-mediated
Ca®* dysregulation with sustained glutamate release is
considered the principal driver of excitotoxicity [3, 5, 27,
28], the group I mGluR (mGluR1/5) is strongly implicated
in ischemic brain injury [29, 30].

Here we evaluate the contribution of the mGluR-cou-
pled TRPC effector channels to this pathophysiological
process, utilizing Trpc3 (Trpc3X©), Trpc1/3/6/7 (Trpc?k9),
and GAD67-GFP-Trpc3%° mouse models to determine
TRPC channel-mediated Ca?* dysregulation and gluta-
matergic excitotoxicity in cerebellar Purkinje neurons, and
how mGIluR-TRPC channel coupling contributes broadly
to progressive secondary brain injury in cerebellar and
cerebral focal ischemic stroke.
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Materials and Methods
Animals

All animal procedures were conducted in accordance with
the Australian Code of Practice for the Care and Use of Ani-
mals for Scientific Purposes (National Health and Medical
Research Council) and were approved by the UNSW Syd-
ney Animal Care and Ethics Committee. Transgenic mouse
lines used in this study were Trpc3XC, Trpcl, 3,6,7 quadruple
KO (TRPC?%%), GAD67-GFP knockin (GAD67-GFP"), and
GADG7-GFP*-Trpc3%0. These mouse lines were on a mixed
C57B1/6J/129-SvEv background. The breeding and hous-
ing were undertaken at the Australian BioResources Facility
(Moss Vale, Sydney), from founding Trpc transgenic mouse
lines provided by L.B. via National Institute of Environmen-
tal Health Sciences, Research Triangle Park, NC, USA., and
a GAD67-GFP* mouse line was provided by Prof. Yuchio
Yanagawa, Gunma University, Japan [31]. All experiments
utilized gender- and age-matched WT (C57BL/6J/129-SvEv)
mice. The mice were of both genders and maintained on a
12-h light/dark cycle and fed ad libitum.

AAV Delivery of Genetically Encoded Ca?* Reporter
into the Neonatal Mouse Brain

A recombinant adeno-associated virus (AAVrh20) driving
GCaMP5g expression under the control of the 1.1-kb CMV
enhancer/chicken beta-actin promotor (CAG) custom pro-
duced in the UNSW Translational Neuroscience Facility was
injected into the cerebellae of WT and TRPC3X° mouse pups
(postnatal day 3). Pups were cryo-anesthetized for 5 min
on ice followed by free-hand injection of the AAV (2 mm
posterior to the mid-auricle line) in the cerebellum (2 pl of
2 x 10'? vg/ml titer). Following the injection, the pups were
kept on a heat pad (37 °C) to rewarm and then returned to
the dam and monitored every hour for the first 3, and then
twice every day for 4 weeks.

Acute Cerebellar Brain Slice Preparation for Ca%*
Imaging

AAV-injected mice at 6—8 weeks of age were euthanized
with pentobarbital (Virbac, Sydney, Australia; intraperito-
neal (i.p.) administration). The mice were decapitated, and
whole brains dissected and immersed in ice-cold, modified
high-sucrose artificial cerebrospinal fluid (aCSF) consist-
ing of (in mM): 246 sucrose, 26 NaHCO;, 10 glucose, 4
KCl, 5 MgCl,, and 1 CaCl,. The cerebellum was separated
from the rest of the brain, and its lateral side affixed to the
vibratome (VT 1200, Leica, Germany) cutting platform

with cyanoacrylate adhesive. The cutting platform was
placed in the holding chamber of the vibratome which
contained the high sucrose, modified aCSF solution with
constant carbogen (95% O, and 5% CO,) aeration. Par-
asagittal slices (400 pm) were obtained and transferred to
a slice holding chamber containing standard aCSF solution
(in mM): 119 NaCl, 26.2 NaHCO;, 11 glucose, 2.5 KCI, 1
NaH,PO,, 2.5 CaCl,, and 1.3 MgCl,, continuously aerated
with carbogen. Slices were incubated for a minimum of 1
h in standard aCSF at room temperature prior to imaging.

Confocal Imaging of Acute Brain Slices Using
the GCaMP5g Ca?* Reporter

All imaging was performed at room temperature using
the Zeiss confocal laser scanning microscope system
(710NLO LSM) with 488-nm excitation wavelength to
excite the GCaMP5g Ca** reporter protein, and the emis-
sion capture was kept constant at 493-598 nm. Slices
were transferred to a bath setup on the confocal micro-
scope stage and held in place by a nylon mesh to restrict
movement. The slices were continuously superfused with
carbogen-bubbled aCSF at a flow rate of 2 ml/min, and all
drugs were bath applied in aCSF. TPC-channel-mediated
Ca?* entry was activated by bath superfusion with glu-
tamate (4 mM), or the class I mGluR selective agonist
(S)-3,5-Dihydroxyphenylglycine (DHPG; 100 pM). The
laser power and detector gain were adjusted for each slice
to achieve a good contrast and sensitivity. WT slices were
excited with 3-33% laser power, master gain for the PMT
detector was 720905, and digital gain was 1-1.5. Trpc3%©
slices were excited with 11-50% laser power, master gain
800-875, and digital gain 1-2. The pixel dwell time was
3.15 ps for all experiments. Images were captured every
10 s in 8-bit resolution.

Image analysis was performed using Image J software
(NIH). A region of interest (ROI) was first drawn around
the entire image to obtain mean intensity for the whole field.
To analyze fluorescence responses from a single Purkinje
neuron, an ROI was drawn around the Purkinje neuron soma
using specific criteria. If somata from two Purkinje neurons
overlapped, the neurons were not included in the analysis.
Furthermore, if the neurons did not recover and showed sus-
tained elevation of the GCaMP5g fluorescence signal dur-
ing the drug washout period, they were considered damaged
and excluded from the dataset. Slices from the same animal
were treated as separate samples. Responses from individual
Purkinje neurons within a slice were averaged to represent
one data point. All data were reported as AF/F,, where F
is the average of three baseline fluorescence values imme-
diately following the addition of the drug, and AF is the
difference between a fluorescence value and F,,.
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Acute Cerebellar Brain Slice Preparation
for Assessing Dendritic Damage

Acute brain slice preparations of the cerebellum (parasag-
ittal orientation, 400-pm thickness) were performed as
described above from GAD67-GFP* and GAD67-GFP*-
Trpc3%0 mice (males and females, aged 6-8 weeks; blinded
to genotype) and incubated for 1 h in standard aCSF at 31 °C
to allow for recovery. One slice from both GAD67-GFP* and
GADG67-GFP*-Trpc3X° mice was fixed immediately after
the end of 1-h recovery period as control slice (¢ = 0) while
another slice was incubated with 1-mM glutamate in aCSF
for 1 h and then fixed. Fixation was performed overnight
in 4% paraformaldehyde (PFA) (Sigma-Aldrich, Germany)
in aCSF, at 4 °C, then stored in 0.01 M phosphate buffered
saline (PBS) (Sigma-Aldrich, USA) at 4 °C until imaging.

Imaging of the GAD67-GFP* Cerebellar Brain Slices

Three-dimensional (3D) multiphoton imaging reconstruc-
tions of four randomly selected ROIs within cerebellar
brain slices were generated by compiling a series of z-stack
images. Stacks were captured using 20X objective (1.2
NA)/1.5X zoom at 2-pm z-intervals using a Ti: sapphire Mai
Tai DeepSee pulsed infrared laser (Spectra-Physics, Califor-
nia, USA; excitation 875 nm, emission 500-545 nm). The
thickness of the composite imaged slices ranged from 50 to
150 pm, set using the appearance of first and last Purkinje
neuron soma. Images were analyzed using the ImagelJ soft-
ware (NIH) to measure the length of the Purkinje neuron
primary dendrites in the molecular layer (ML). The primary
dendrite projection was calculated as a percentage of the ML
width at that point in the slice. Data from 3 to 4 Purkinje
neurons per ROI from four randomly selected ROIs in each
slice was averaged to represent one data point. The Purkinje
neuron soma surface area was determined using a semi-auto-
mated algorithm using the “autoNeuron” module of the Neu-
rolucida software (11.03, MBF Bioscience - MicroBright-
Field, Inc., USA). A ROI was demarcated manually, and the
program traced the somas three-dimensionally by tracing the
outline of each soma through all relevant z-stacks.

Induction of Dual Photothrombotic Brain Lesions

To assess the impact of Trpc gene deletion on secondary
brain injury expansion arising from focal ischemia in the
cerebrum and cerebellum, photothrombotic lesions [32, 33]
were delivered in both these regions simultaneously in age-
matched WT, Trpe3X©, and Trpc?XC mice (male and female
mice aged 7-14 weeks; blinded for genotype; Table S1 for
gender and age distribution). Anesthesia was induced with
3% isoflurane (balanced with O,), mice were fixed onto a
stereotaxic frame (Kopf Instruments, US), and the anesthesia
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was maintained at 1.5% isoflurane for the duration of the
procedure. Body temperature was maintained at 37 + 0.5
°C, and the heart rate and O, saturation were constantly
measured throughout surgery (PhysioSuite®, Kent Scien-
tific, US). An ophthalmological gel (Alcon Laboratories Ltd,
New Zealand) was applied to the eyes for corneal protection.
Temgesic (Buprenorphine; 0.15 mg/kg; 0.32 mg/ml) was
administered intramuscularly (i.m.), using a 27G needle.

The head was shaved, and local anesthetic lignocaine
was injected subcutaneously (27 needle; 20 mg/ml) over
the skull. A midline incision was made through the skin
to expose the cranium and the periosteum removed, fol-
lowed by application of the ophthalmic gel (Alcon Labo-
ratories Ltd, New Zealand) onto the surface of the skull
to improve translucency. Two optical fiber-coupled green
LEDs (1-mm diameter aperture, 0.5 NA (M59L01), 530-
nm LED (M530F2); 1| mW—calibrated using a digital fiber
power meter (PM20A), Thorlabs Inc.) were mounted on a
stereotaxic frame to target the cortex (2 mm anterior; 3 mm
left from the lambda point) and cerebellum (2 mm posterior
from the lambda point, at a 30 ° angle), and advanced to
make contact with the surface of the skull.

Once the two optical fibers were correctly positioned, the
animals were injected with the photosensitizing rose Ben-
gal dye (50 mg/kg; 1 ml/kg, Sigma) via the tail vein (29G
needle), following which the green LED illumination was
applied for 5 min to trigger localized thrombus formation.
The skin was sutured, and the isoflurane anesthesia removed.
Mice were hydrated with normal saline (i.p., 250 pl) during
the recovery phase and maintained on the rectal probe feed-
back-controlled heating pad in a recovery cage until ambula-
tory and then placed back in their home cage with adequate
food and water. Brain tissue collection was performed at
2-h post-injury (hpi) from WT mice to calculate primary
injury size (reference), and at 4-day post-injury (dpi) from
WT, Trpc3%9, and Trpc?k© mice, to assess secondary injury
expansion. No mortality was observed during the procedure,
and one animal in the WT group died within 12 h. Necropsy
showed significant clotting in the brainstem.

Infarct Quantification Using Brain Surface Infarct
Perimeter Mapping and Cryosection Darkfield
Imaging

Mice were euthanized with pentobarbital (i.p.; Virbac,
Sydney, Australia;) following which they were transcardi-
ally perfused with 4% paraformaldehyde (PFA). The brains
were dissected and post-fixed overnight in 4% PFA at 4
°C. The brains were then cryoprotected in 10% and 30%
sucrose in 0.01 M PBS solutions overnight. Images of the
surface infarcts were obtained for perimeter mapping of
infarct extent using a stereomicroscope (M80, Leica; 0.8x
objective, 1.25% internal zoom; attached camera, ICS8OHD,
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Leica). The brains were serially cryosectioned (coronal; 50
pm thick) using a cryostat (Leica) and collected in 0.01 M
PBS. Unstained, free floating cryosections (in PBS) were
imaged using a stereomicroscope (Leica M80, 0.8 objec-
tive; 1.25% internal zoom; attached camera IC8OHD, Leica)
with auxiliary LED light guides (XL200, Leica) to achieve
differential darkfield illumination of the tissue. The darkfield
images were converted to greyscale in Photoshop software
(Adobe).

Image J software (NIH) was used to demarcate the cross-
sectional areas of infarcts. This included surface infarct
cross-sectional areas determined from images of the intact
brain, as well as measurements of cross-sectional areas of
serial sections under darkfield imaging. Infarct volumes
were quantified by summation of cross-sectional infarct
areas and integrated with the thickness of the sections (50
pm). The assessment of infarct was performed blinded to
the genotype. Following data collection, the genotypes were
revealed to perform data analysis.

Statistics

Data were tested for normality and analyzed using ANOVA
or ¢ test using the Sigmaplot software (Systat, USA). Multi-
ple pairwise comparisons were conducted using the Holm-
Sidak method, and data are represented as mean + standard
error of mean (SEM). If data were not normally distributed,
analysis was performed on ranked data.

Results

Ca?* Loading via the mGIuR1-TRPC3 Pathway
in Cerebellar Purkinje Neurons

The contribution of the mGluR1-TRPC3 ion channel Ca®*
entry pathway to glutamatergic receptor-mediated Ca** load-
ing with sustained activation (modelling excitotoxicity) was
assessed by recording GCaMP5g-based Ca** fluorescence in
WT and Trpc3%© adult mouse cerebellar brain slices using
confocal Ca** imaging. The brain slices were superfused
with aCSF, aCSF + glutamate (4 mM), or the mGluR1 ago-
nist DHPG (100 pM), with washout in aCSF; WT and Trp-
c3X9 slices were interspersed. These experiments selectively
resolved Ca®* signaling in Purkinje neurons, as granule cell
neurons did not express GCaMP5g (Fig. S2).

In WT brain slices, glutamate evoked a rapid Ca** load-
ing in the Purkinje neuron dendrites and somata (Fig. la—c,
g, h, k, I; Movie S1). Although glutamate superfusion was
maintained for 5 min, glutamate-induced Ca>* loading was
attenuated after ~ 2 min (Fig. 1g, h, I; Movie S1). This likely
reflects reduction in Ca®* influx over time and Ca" clear-
ance. The average area under the curve (AUC) for the Ca’t

response during the initial 2 min of glutamate superfusion was
significantly different between WT and Trpc3%° somata (p =
0.0012; unpaired ¢ test) (WT = 15.39 + 1.78 AF/F,s, n =
3 slices, 5—15 neurons per slice; 3 mice; Trpc3K0 =6.55 +
0.84 AF/F s, n = 6 slices, 3—10 neurons per slice; 5 mice)
(Fig. 1k). This differential is consistent with Ca>* entry via the
mGIuR 1-TRPC3 pathway contributing ~ 57% of the total Ca**
burden with sustained glutamate. The prominence of mGluR1-
Trpc3-mediated Ca>" entry was even greater in the dendrites
(~ 67%) (Fig. 1d—f, 1; Movie S2 shows minimal Ca®* loading
in Trpc3*© dendrites). Whole field ROIs integrating the gluta-
mate-induced Ca*>* dynamic showed that the TRPC3-mediated
Ca** loading in the molecular layer predominated. The average
AUC for the whole field Ca** response during the initial 2 min
of glutamate superfusion was significantly different between
WT and Trpe3%C whole field ROIs (p = 0.009; unpaired  test)
(WT =236 + 0.73 AF/F, s, n = 3 slices, 3 mice; Trpc350 =
0.78 + 0.59 AF/F s, n = 6 slices, 5 mice) (Fig. 11).

To assess more specifically the mGluR-TRPC3-medi-
ated Ca* loading in the WT brain slices, we superfused
the mGluR 1-selective agonist DHPG (Fig. 2a—c, g, h, k, 1;
Movie S3). As for glutamate application, DHPG elicited
peak Ca®" loading in the somata in the first 2 min, clearing
to a lower sustained plateau for the remainder of the DHPG
presentation (8 min, Fig. 2g, h). Dendritic Ca>" loading
was again dominant. Given that TRPC3 is the exclusive
ion channel effector of mouse Purkinje neuron mGluR1
[24], it would be expected that application of DHPG to the
Trpc3%0 cerebellar brain slices would result in a negligi-
ble Ca®* response outside of transient store release. This
was confirmed (Fig. 2d-f, i, j; Movie S4). The residual
Ca®* signal was confined largely to somata and likely arose
from IP;-gated Ca** stores (Fig. S1). The average AUC for
somata in WT slices over the 10-min DHPG superfusion
was 16.92 + 3.35 AF/F, s (n = 7 slices, 4-15 neurons
per slice; n = 6 mice), compared to Trpc3%%; 7.60 + 1.83
AF/Fys (n =T slices, 3—11 neurons per slice; n = 4 mice)
(p = 0.031, two-tailed ¢ test) (Fig. 2k). Similarly, whole
field ROI integration (predominantly molecular layer sig-
nal) also showed significant differences, reflecting the
prominent TRPC3-based Ca* entry in the WT Purkinje
neuron dendrites (Fig. 21). The average AUC for whole
field ROI WT slices over a 10-min DHPG application =
1.18 + 1.40 AF/Fys (n =17 slices; n = 6 mice), compared
to Trpc3%0 = —0.66 + 1.37 AF/F,s (n = 7 slices; n = 4
mice) (p = 0.030, unpaired ¢ test).

TRPC3 Channels in Purkinje Neurons Contribute
to Dendritic Excitotoxicity with Sustained
Glutamate Exposure

Given the prominence of mGluR1-7rpc3 channel-mediated
Ca’* entry to the cerebellar molecular layer established
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«Fig. 1 Ca®" loading in Purkinje neurons evoked by application of
glutamate from WT or Trpc3%C adult mouse cerebellar brain slices
following AAV-GCaMP5g—transfection at P3. a WT baseline indi-
cating the cerebellar Purkinje neuron layer (PL), the dendritic arbors
(molecular layer, ML), and granule cell layer (GL). b Peak Ca’* fluo-
rescence with 4-mM glutamate stimulation. ¢ Glutamate-mediated
Ca?* loading demonstrated by subtraction of the baseline image prior
to glutamate application (b—a). In comparison, Ca** loading in the
Trpc3%0 tissue (d—f) was largely confined to the PL, putatively rep-
resenting AMPA-type glutamate receptor-mediated Ca>* entry and
Ca®* store release. Furthermore, the lack of Ca®* loading in the ML
with glutamate application in Trpc3X© tissue indicates the dominance
of this Ca®* entry pathway in this region. d Baseline. e Peak Ca®*
with glutamate application. f Ca** loading subtracted image (e—d). g,
h WT individual and averaged Purkinje neuron soma Ca®* signals in
a representative brain slice. Adaptation occurs within the glutamate
superfusion period. i, j Trpc3% individual and average Purkinje neu-
ron soma responses from a representative brain slice. Adaptation to
baseline during glutamate superfusion is comparable to WT. k Com-
parison of the average area under the curve (AUC) for Purkinje neu-
ron somata responses for the initial 2 min of glutamate application,
across brain slices for WT (n = 3) and Trpc3K0 (n = 6). Box plots
reflect 25% and 75% quartiles, with data overlay. Dashed lines show
mean values; solid lines show the median. (p = 0.0012, unpaired ¢
test). 1 Comparison of glutamate-induced change in Ca* fluorescence
intensity for the whole field of view of WT and Trpc3%© brain slices
(reflecting both PN soma and dendritic Ca®* signal). The differen-
tial in peak responses reflects the significance of Ca’* entry via the
mGIuR1-TRPC3 pathway. Data shown as mean + SEM. Ca®* fluores-
cence following AAV-GCaMP5g PN transfection to these adult mice
at post-natal day 3

by the Ca’>" imaging studies, the contribution of this path-
way to glutamate-mediated excitotoxicity was assessed by
comparing the effects of sustained glutamate stimulation
in acute adult mouse parasagittal cerebellar brain slices
from GAD67-GFP* and GADG67-GFP*-Trpc3%° mice.
The GAD67-GFP reporter enabled high resolution imag-
ing of the GABAergic Purkinje neuron dendrites within the
molecular layer, enabling readout of necrosis. The cerebellar
slices (randomized and blinded to genotype) were incubated
in 1 mM glutamate in aCSF for 60 min at 31 °C to model
glutamate excitotoxicity. Morphological degradation of the
Purkinje neuron dendrites in the molecular layer was deter-
mined by measuring the retraction of the outer boundary of
the dendrites in the molecular layer. The average baseline
dendritic projections for GAD67-GFP* and GAD67-GFP*-
Trpc3%0 Purkinje neuron dendrites within the molecular
layer were 88.80% + 1.44% and 87.7% =+ 0.75% respectively
after 60 min of baseline incubation in aCSF (time 0) (p >
0.05; two-way ANOVA; n = 6 slices per time, average of 4
randomized regions/slice, for each genotype); imaged post-
fixation. In separate brain slices incubated in glutamate for
60 min, the average projection length of the GAD67-GFP*
Purkinje neuron dendrites was reduced to 65.9% + 2.15%
of the span of the molecular layer (p < 0.001 compared to
t = 0 GAD67-GFP", two-way ANOVA, Holm-Sidak post
hoc; n = 6 slices per time, average of 4 randomized regions/

slice) (Fig. 3). In comparison, the Purkinje neuron den-
drites in the GAD67-GFP*-Trpc3%? brain slices following
60 min of glutamate treatment spanned 73.6% + 1.55% of
the molecular layer (p < 0.001, compared to t = 0 GAD67-
GFP*-Trpc3X9; two-way ANOVA, Holm-Sidak post hoc;
n = 6 slices, 4 regions/slice). The ~12% less retraction of
the dendrites in the GAD67-GFP*-Trpc3X? brain slices
reflects significantly less damage post-excitotoxicity (p =
0.002, two-way ANOVA, Holm-Sidak post hoc). Associated
with this quantitative analysis, the GAD67-GFP*-Trpc3%0
brain slices had subjectively less swelling of the primary
dendrites and showed retention of fine spine structure (com-
pare Fig. 3b, d). These was no significant effect of glutamate
treatment on the surface area of the PN soma from WT or
Trpc3X° GAD67-GFP* mouse brain slices (Fig. S3). This
study indicates that block of the mGluR1-TRPC3 Ca”" entry
pathway confers neuroprotection from glutamate-mediated
Purkinje neuron cell death.

Trpc3 and Trpc1,3,6,7 Knockout Mice Exhibit
Neuroprotection Following Focal Ischemia

Given the significant reduction in Ca** burden and den-
dritic glutamatergic excitotoxicity observed in the Trpc3X©
Purkinje neurons in vitro, the contribution of expression of
Trpc3 and Trpcl, Trpc3, Trpc6, and Trpc7 genes in com-
bination (in a Trpcl/3/6/7 quadruple knockout (Trpc2k9y)
was assessed in vivo using the photothrombotic model of
focal ischemia. Infarcts were produced in both the cerebral
and cerebellar brain regions simultaneously using dual light
guides, across WT, TrpCSKO, and TrchKO mice, with the
investigator blinded to genotype.

The size of the primary infarct (irreversible photothrom-
botic microvascular blockage) was established on the intact
surface of the brain in a subgroup of WT mice at 2-h post-
injury (2 hpi; 6.80 + 0.44 mm?; n = 3). In separate groups,
the expansion of secondary brain injury was assessed at
4-day post-injury (4 dpi) across the genotypes. In the WT
cerebral cortex, this secondary brain injury expansion was
evident as a 46% increase in the area of infarct on the brain
surface (9.92 + 0.48 mm? at 4 dpi (n = 8); p = 0.002 com-
pared with 2 hpi, one-way ANOVA, Holm-Sidak post hoc).
In comparison, the average surface area of the infarct at 4 dpi
in Trpc3%0 was 8.45 + 0.32 mm? (n = 11) and for Trpc2Xk°
was 8.15 + 0.32 mm? (n = 10). This indicated a secondary
infarct expansion of ~ half that seen in the WT between 2 hpi
and 4 dpi: 24% for Trpc3%%; 20% for Trpc?kC. The overall
infarct size at 4 dpi in the Trpc3%© and Trpc?%© mice was not
significantly different from the primary infarct measured at
2 hpi in WT slices (p > 0.05, ANOVA). The 4 dpi compari-
sons indicated significant overall reduction in infarct surface
area compared with WT for both TRPC null genotypes (p =
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«Fig.2 Ca®" loading in Purkinje neurons evoked by application of the
class I mGluR-selective agonist DHPG from WT or Trpc3¥ adult
mouse cerebellar brain slices following AAV-GCaMP5g-transfection
at P3. a Baseline. b Peak fluorescence with DHPG. ¢ Ca®* loading
(subtraction of image b-a). This indicates that a significant propor-
tion of the Ca®" loading with glutamate is via this pathway. Applica-
tion of DHPG to the Trpc3K0 tissue (d—f) resolved the independent
Ca’" store activation via the mGluR1-IP;R pathway. This was con-
fined to the PL somata. d Baseline. e Peak intensity with DHPG. f
Subtracted Ca®* difference (e-d). There was no GCaMP5g signal in
the granule cell layer (GL) in either the WT or Trpc3%© slices. DHPG
mGluR agonist-induced Ca®** loading in Purkinje neurons (PN) in
adult mouse WT and Trpc3¥C cerebellar brain slices. Kinetics of Ca>*
loading in Purkinje neurons (PN) from adult mouse WT and Trpc3%©
cerebellar brain slices utilizing GCaMP5g reporter with bath appli-
cation of 100 pM DHPG. g, h WT individual and averaged Purkinje
neuron soma Ca’" signals in a representative brain slice. Adaptation
occurs within the DHPG superfusion. i, j Limited Trpc3%© individual
and average Purkinje neuron soma responses during the DHPG pres-
entation. k Comparison of the average area under the curve (AUC, 10
min) for PN somata responses across brain slices for WT (n = 3) and
Trpc3%0 (n = 6). Box plots reflect 25% and 75% quartiles, with data
overlay. Dashed lines show mean values; solid lines show the median.
(¢ test). 1 Average DHPG-induced Ca®* loading in WT and Trpc3%°
brain slices for whole field of view (reflecting PN dendritic Ca**
signals in the molecular layer). Residual signal in the Trpc3%© brain
slices likely reflects Ca®* store release. The difference reflects the sig-
nificance of Ca* entry via the mGluR1-TRPC3 pathway. Data shown
as mean + SEM. Ca’* fluorescence following AAV-GCaMP5g PN
transfection to these adult mice at post-natal day 3. These brain slices
correspond to those shown in Fig. 2 for initial glutamate treatment

0.031 Trpc3%0 vs WT; p = 0.011 Trpc?%© vs WT; one-way
ANOVA, Holm-Sidak post hoc; Fig. 4a—e).

In the WT cerebellum, the primary infarct area on the
brain surface (2 hpi) averaged 3.74 + 0.09 mm? (n = 3),
expanding by 109% to 7.82 + 0.27 mm? in the 4 dpi WT
group (n = 8) (p < 0.001; one-way ANOVA, Holm-Sidak
post hoc). In comparison with the WT 2 hpi primary infarct
reference, the secondary brain injury expansion at 4 dpi in
TrpcS‘KO mice was 70% (to 6.35 + 0.43 mm% n=09; p=
0.005), and in TrchKO mice, it was 61% (6.02 + 0.42 mm?;
n =7; p = 0.013). The 4-dpi brain surface infarct areas for
both the Trpc3XC and Trpc?kC were significantly less than the
4-dpi WT infarct area (p = 0.016 and p = 0.011 respectively)
(Fig. 4a—d, f). Overall, the neuroprotection from second-
ary injury conferred to the cerebellum by knockout TRPC
channels was ~40-50% (there was no significant difference
between infarct surface areas in Trpc35C vs Trpc2K©).

Following imaging of the brain surface infarcts, dark-
field imaging of the serial coronal cryosections was used to
delineate the infarct cross-sectional areas along the rostro-
caudal axis, for infarct volume reconstruction in both cer-
ebral and cerebellar brain regions (Fig. 5). Blinded darkfield
imaging of the brain sections was adopted, as the mapping
of the injury boundary delineated by the differential in opti-
cal diffraction was deemed superior to conventional histol-
ogy and minimized processing artifacts (Fig. S4). The serial

sectioning demonstrated a rostro-caudal expansion of the
cerebral cortex infarct in WT from ~ 4.25 mm at 2 hpito 5
mm at 4 dpi. In the cerebellum, the injury expanded from
a rostro-caudal average of 2.75 mm at 2 hpi to 3.55 mm at
4 dpi. The injury area within the cryosections within the
infarct zone increased significantly over the 4 days for WT
and the two Trpc KO groups, but there was significantly
less brain damage for the Trpc?%? genotype across both
cerebral and cerebellar infarcts. Average 4-dpi cerebral cor-
tex infarct volumes were WT 4 dpi = 19.53 + 0.83 mm?;
Trpc3%0 = 19.20 + 0.65 mm?; Trpc?k© = 17.36 + 0.61 mm’®
(p = 0.047; ¢ test comparison with WT 4 dpi). Cerebellar
4-dpi infarct volumes were WT 4 dpi = 11.25 + 0.67 mm?;
Trpc3%0 = 9.48 + 0.69 mm?; Trpc?%© = 7.16 + 0.76 mm>
(p = 0.002; ¢ test comparison with WT 4 dpi). Given a
primary injury volume (2 hpi) of 11.00 + 0.68 mm? for the
cerebrum, this represents a secondary expansion of ~76%
in the WT versus 58% for the Trpc2X?; for the cerebellum,
the secondary injury expansion was 184% in the WT against
88% for the Trpc?X? (relative to WT 2-hpi infarct volume
=3.96 + 0.24 mm?>).

Discussion

This study establishes a primary role for G,,,-coupled TRPC
ion channels in excitotoxicity driving secondary expansion
of brain injury. The cerebellar brain slice Ca>* imaging stud-
ies showed that sustained activation of the class I mGIuR by
both glutamate and the selective agonist DHPG produced
equivalent Ca** loading of the Purkinje neuron dendrites
in the molecular layer of WT mice brain slices, that was
largely suppressed in the Trpc3X© brain slices. Ca** load-
ing of the Purkinje neuron somata also exhibited a major
mGIluR1-Trpc3 component. These neurons were also pro-
tected from acute glutamatergic excitotoxicity in Trpc3X©
brain slices, while with focal ischemic brain injury in vivo,
the knockout of signaling involving additional G,-coupled
TRPC channel subunits was needed to limit the expansion of
the penumbra in the cerebral and cerebellar cortex regions.
These data indicate the G,,-coupled TRPC Ca** entry path-
way is a major contributor to the expansion of brain injury in
stroke, and likely contributes to related glutamate triggered
neuropathologies including TBI and epilepsy.

The exclusive coupling of mGluR1 signaling to TRPC3
channels was established in cerebellar Purkinje neurons
using the Trpc3%° mouse model [24]. The Purkinje neurons
in these Trpc3%C mice lack the slow EPSCs evident in WT
neurons following brief electrical stimulation of the paral-
lel fiber input. However, IP;R-gated Ca** store activation
was still detected in these Trpc3X© mice, reflecting mGIuR 1-
mediated PLC, activation of that parallel PiP, hydrolysis
product. That finding is consistent with dominance of Ca>*
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Fig.3 Glutamate exposure to
GADG7-GFP*-Trpc3*0 cerebel-
lar brain slices induced signifi-
cantly less retraction of Purkinje
neuron dendrites within the
molecular layer compared with
(control) GAD67-GFP* brain
slices. Representative images

of parasagittal brain slices incu-
bated with or without 1-mM
glutamate for 60 min. Dotted
overlay lines in a—d delineate
the edge of the ML (red) and
edge of the Purkinje neuron
dendritic projections (yellow).

a Control at 0 min. b Control at
60 min. ¢ Trpc3%C at 0 min. d
Trpc3%0 at 60 min. e Retraction
of Purkinje neuron dendritic
projection within the molecular
layer, calculated as the average
length of the furthest projecting
dendritic branch as a percentage
of the molecular layer thickness.
Box plots reflect 25% and 75%
quartiles, with data overlay.
Dashed lines show mean values;
solid lines show the median.
Each data point is the average of
16 measurements (4 dendrites
measured for each of 4 rand- e

omized regions) from one brain 100 -
slice per mouse per time point.
The Trpc3X© mice show signifi-
cantly less dendrite retraction
at 60-min glutamate exposure c 90 -
compared to the control. (two- c
way ANOVA, Holm-Sidak post % 5
hoc, n = 6 per genotype) ko) o
§' -
o g 80 -
=
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signaling from intracellular stores over extracellular Ca**
entry via TRPC3 channels during physiological stimulation.
However, the current study indicates that with dysregula-
tion of glutamate release in pathophysiological conditions,
Ca* entry via the parallel DAG-mediated activation of
the TRPC3 channels dominates. This may be particularly
prominent in Purkinje neurons; alternative splicing of the
Trpc3 mRNA transcript leads to TPC3 channels with very
high membrane Ca®* conductance; equivalent to that of the
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ionotropic NMDA receptors [6]. This alternative splicing
of Trpc3 mRNA is evident in multiple brain regions across
rodents and the human brain [25]. NMDA receptors are
considered to be the principal driver of glutamate excito-
toxicity across the brain, and have been a primary, albeit
unsuccessful target for stoke and TBI therapeutics [34].
However NMDA receptor expression is low at the paral-
lel fiber synapses on the Purkinje neuron dendrites [35],
where the GluR2 low-Ca** permeability AMPA receptor is
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d
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Fig.4 Gross area of injury on the surface of the cerebral cortex and
cerebellar cortex arising from dual photothrombotic lesions in WT,
Trpc3XC, and Trpc?X© mouse brains. Representative images of a WT
at 2-h post-injury (2 hpi). b WT 4-day post-injury (4 dpi). ¢ Trpc3¥°
4 dpi. d Trpc?%© 4 dpi. White circles demarcate the ischemic/infarct
region (blinded with respect to genotype). Blood clots can be seen
within the ischemic region. The surface infarcts at 4 dpi in the Trp-
¢3%0 and Trpc2%© mice were smaller than those of WT mice in both

the dominant ionotropic receptor [36], and mGluR1 is the
predominant Purkinje neuron glutamatergic GPCR receptor
assembled as a mGluR1a/1b dimer in the dendritic spines
[37]. The present data demonstrate mGluR1-TRPC3 to be
the dominant Ca®* entry pathway in these neurons, with
caveats around potential secondary activation of voltage-
gated Ca®* channels via TRPC3-mediated depolarization,
and Ca**-induced Ca®* release mechanisms, which are nev-
ertheless both tied to the primary class I mGluR-TRPC3
pathway [9]. Since in the Trpc3%C both glutamate (activating
ionotropic and metabotropic glutamate receptors) and DHPG
(activating class I mGluR) exhibited equivalent residual ~
30% Ca** loading of the somata, this most likely reflects
activation of the parallel PCL-IP;R Ca** store release path-
way. As such, this indicates that in the cerebellar Purkinje
neurons, virtually, all glutamate-mediated Ca** entry is via
the mGluR1-TRPC3 effector channel pathway. This has
clear implications for the vulnerability of these neurons to
excitotoxicity, which likely contributes to the accelerated
secondary brain injury in the cerebellar cortex compared
with the cerebral cortex [32] and the exacerbated pathology
associated with posterior circulation stroke [38—40]. Fol-
low-on studies utilizing this photothrombotic model of focal
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e cerebral cortex and f cerebellar cortex (one-way ANOVA, Holm-
Sidak post hoc; cerebrum n = 8, WT; n = 11, Trpc3%°, n = 10, Trpe-
OKO. for cerebellum n = 8, WT; n =9, Trpc3K0, andn =17, TrchKo).
The WT 2 hpi (n = 3) data reflects the irrecoverable primary photo-
thrombotic infarct caused by platelet aggregation in the microvascula-
ture; 4 dpi data reflects secondary expansion of the brain injury. Box
plots reflect 25% and 75% quartiles, with data overlay. Dashed lines
show mean values; solid lines show the median

ischemia could evaluate neuroprotection of motor function,
while controlling for a mild gait-related cerebellar ataxia
phenotype identified in the Trpc3X© likely attributable to
the Purkinje neurons [24]. The enhanced neuroprotection
achieved in the Trpc2X° mouse model is consistent with the
broad distribution of the related PLCg-activated TRPC6 and
TRPC7 subunits, alongside TRPC3 subunits throughout the
brain, including the cerebellum [41] (https://mouse.brain-
map.org/).

The TRPC channels most readily activated by the
Gaq—PCLﬁ-PIPZ-DAG pathway include TRPC3,6,7 subunits
[11] with broad expression across the brain [6, 24, 25, 42].
Their expression patterns show strong overlap with expres-
sion patterns of G,-type GPCRs, activated by both gluta-
matergic and non-glutamatergic signaling [20]. Activation
of G,4-type GPRCs with brain injury, and by implication
their couphng to TRPC Ca?*-entry channels, encompass
a range of additional neurotransmitters and neuromodu-
lators in neurons, astrocytes, microglia, microvascular
endothelial cells, and platelets. Prominent among these
Gyq-type GPCRs are muscarinic acetylcholine receptors
(M3 mAChR) [43]; P2Y, purinergic receptors activated by
ischemia-induced ATP release [44, 45]; protease-activated
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Cerebral Infarct

Trpck© 4dpi

Trpc®<© 4dpi

receptors (PAR1, PAR4) activated by thrombin [46—49];
and the endothelin receptor (ETg) [50, 51], all of which are
implicated in stoke pathology.

This broad capacity for loss of homeostatic regulation of
TRPC channels to drive brain injury pathophysiology across
neurons and glia is supported by in vitro and in vivo studies
that complement the current findings. Trpc3 expression is
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the prominent subtype in cortical astrocytes, and in a mouse
penetrating cortical stab wound model of TBI, Trpc3X° mice
had reduced astrogliosis based on GFAP-positive activated
astrocyte immunofluorescence in the injury zone [14].
Multi-gene deletion knockout mouse models have provided a
highly selective tool for evaluating the contribution of TRPC
channels in ischemic brain injury. Chen et al. [26] used a
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«Fig.5 Mice null for Trpcl,3,6,7 ion channel subunit(s) (Trpc2<©)
showed significant neuroprotection from secondary infarct volume
expansion over 4 days following photothrombotic lesion in both cer-
ebrum and cerebellum. Infarct volumes were calculated by serial
reconstruction from coronal sections imaged using darkfield micros-
copy (50-pm cryosections). Representative darkfield images of mid-
lesion sections from the cerebral and cerebellar regions respectively
of a, g WT mouse at 2-h post-injury (2 hpi). b, h WT at 4-day post-
injury (4 dpi). ¢, i Trpc3%° mouse at 4 dpi. d, j Trpc?%C mouse at
4 dpi. The infarcted brain tissue (demarcated by white dots) in all
these sections has an opaque appearance compared to the translucent
appearance of the healthy surrounding tissue. e Cerebral infarct cross-
sectional area of individual sections (every 5th section shown). f Cer-
ebral infarct volume (¢ test comparison between WT and TrchKO;
Kruskal-Wallis one-way ranked ANOVA, 2-h post-injury (2 hpi) vs
4-day post-injury (4 dpi) groups; n =3 WT 2 hpi; n = 8 WT 4 dpi; n
= 11 Trpc3X9 4 dpi; n = 10 Trpc?X© 4 dpi). k Cerebellar infarct cross-
sectional area 1 Cerebellar infarct volume (one-way ANOVA, Holm-
sidak post-hoc comparisons; n =3 WT 2 hpi; n =8 WT 4 dpi; n =9
Trpc3%0 4 dpi; n = 7 Trpc?XC 4 dpi). The boxplots show the 25% and
75% interquartile boundaries, SEM, median (solid line), and the mean
(dashed line) overlaid with the individual infarct volumes. WT 2 hpi
data reflect primary infarct volume arising from thrombotic occlusion
of the microvasculature

MCAO model with reperfusion after 90 min to compare
lesion volumes at 24-h post-infarct in 7rpc3,6,7 KO mice
versus wildtype mice. The absence of these TRPC chan-
nels reduced infarct volumes by 50%, improved neurological
deficit scores, and reduced molecular markers of apoptosis.
Recently, the Trpcl,4,5,6 quadruple KO mouse has also
been assessed in the MCAO-reperfusion stroke model, with
comparable (~50%) reduction in infarct volumes and again
improved neurological deficit scores [8]. These findings are
complemented by the present photothrombotic infarct study
with the Trpcl, 3,6, 72K0 mouse line, where secondary expan-
sion of focal ischemic brain injury over 4 days, from the
primary (irrecoverable) infarct determined at 2 h provided
24-52% neuroprotection from the secondary cerebral and
cerebellar cortex brain injuries respectively compared with
the wildtype (Fig. 5f, 1).

In the present Ca*" imaging experiments, Ca** loading
with sustained presentation of glutamate or DHPG in WT
brain slices showed a characteristic “peak and plateau” pro-
file, where peak Ca*" levels from individual Purkinje neu-
rons, or ROIs covering substantial regions of the cerebellar
molecular layer, were sustained for ~ 3 min before reducing
to a steady-state level to the end of the superfusion period
(5-10 min). This adaptation of TRPC channel-mediated
Ca** loading may in part represent caveolin-mediated inter-
nalization of the mGluR 1« [52]. It is also likely to reflect
the inhibition of TRPC channels with elevation of cyto-
solic Ca®*. As demonstrated with heterologous expression
of TRPC3b and TRPC3c isoforms in HEK293 cells, Ca®*
applied to inside-out patches inhibits channel gating [6].
This adaptation involves both the cytosolic CIRB (calmod-
ulin-IP;R binding) motif conserved across TRPC channels

[53], and non-CIRB mechanisms. The latter is evident from
the TRPC3c adaptation, where this splice variant lacks exon
9, that encodes part of the calmodulin binding element of
the CIRB domain [6, 25], and exhibits five times the mac-
roscopic conductance of the unspliced TRPC3 isoform. As
a corollary, in HEK293 cells, co-expression of mGluR1
drives similar TRPC3-mediated Ca®* entry via DHPG, as
carbachol-mediated endogenous M3 mAChR activation [6];
demonstrating the commonality of the GPCR-G,;-PLC,
activation pathway. Similar adaptation is evident in TRPC6
and TRPC7 homomeric channels [54, 55]. Such adaptation
may limit somewhat the Ca®* loading during pathological
sustained glutamate exposure, and loss of this adaptation
in cells expressing the TRPC3c variant (e.g., Purkinje neu-
rons) confers vulnerability to excitotoxic damage. However,
clearly multiple TRPC subunits can contribute to Ca>*
homeostasis in many cell types. Indeed, given the multi-
plicity of neurotransmitters and neuromodulators within the
same neural circuits, stroke-induced ischemia or trauma will
inevitably release a cocktail of G, type GPCR agonists,
with TRPC-mediated Ca’* entry as a common effector end-
point with possible activation across multiple receptors, even
in the same cell (as summarized in Fig. S1).

In the cerebellar brain slices from adult mice, expression
of the GCaMP5G protein was only observed in the molecular
and Purkinje neuron layers, with no expression in the gran-
ule cell layer. This could not have been promoter-related, as
gene delivery into the cerebellum with the CAG promotor
has previously shown transduction in the cerebellar granule
cells [56]. Only a small percentage of the vector genome
typically integrates into the host cell genome, whereas the
majority remains extrachromosomal (episomal expression).
Proliferating cells normally lose the unintegrated AAV vec-
tor [57, 58]. At P3, the age at which the AAV injections
were performed in this study, Purkinje neurons were the
only cerebellar cortical neurons in their post-mitotic stage,
whereas the granule, basket, and stellate cells were still in
the proliferating stage [59].

In conclusion, TRPC3 ion channels were found to medi-
ate the majority of glutamate-mediated Ca>* entry into cer-
ebellar Purkinje neurons with sustained activation of the
G,q-coupled mGluR1 receptor. More broadly, the diversity
of TRPC3,6,7 subunit assembly into non-selective cation
channels readily activated by G,,-PLCy3-DAG second mes-
senger signaling confers vulnerability to dysregulation of
excitatory neurotransmitters, as evident from the greater
neuroprotection against secondary injury expansion afforded
by the Trpcl,3,6,7 quadruple knockout mouse model over
the Trpc3KO. Overall, the demonstrated contribution of the
Gyq-type GPCR-TRPC channel effector pathway to second-
ary brain injury expansion in the hours and days follow-
ing primary injury is indicative of the dominance of Ca>*
burden mediated by TRPC channel signaling, and may be
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emblematic of a more systematic impact of this signal trans-
duction mechanism across a breadth of neuronal and glial
cell pathophysiology. These findings consolidate the case
for clinical evaluation of TRPC channel blockers for neuro-
protection from secondary brain injury in stroke, traumatic
brain injury, and epilepsy, areas of the highest unmet need
for therapeutics. The TRPC Ca* entry channels linked to
G,q-type GPCRs represent a drug target at arms-length from
the primary neurotransmitter receptors of the brain, where
adverse psychophysical reactions have long thwarted clinical
translation of neuroprotective drug candidates.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12975-023-01173-1.

Acknowledgements Prof. Yuchio Yanagawa, Gunma University, Japan
is thanked for providing the GAD67-GFP* knock-in reporter mouse
line, which was used to establish the GAD67—GFP+—Trpc3KO mouse
model.

Author Contribution JP was the primary contributor across the studies,
with Gv], AJC, IMP, and GDH contributing to the Ca%t dysregulation
studies; NG, BC, and AJC contributing to the Purkinje neuron excito-
toxicity visualization; and NG and AJC contributing to the in vivo pho-
tothrombotic lesion studies. LB provided the Trpc3X°, Trpc1/3/6/7%C
mouse lines. JP, NG, AJC, JCP, and GDH contributed to the develop-
ment of the GAD67—GFP—Trpc3K0 reporter mouse lines. GvJ, AJC,
JCP, and GDH developed the AAV-GCaMP5g genetically encoded
Ca’* reporter expression model. JP and GH produced the figure set and
supporting videos. All authors contributed to the design of the studies,
data evaluation, and manuscript production, coordinated by JP and GH.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions This study is supported by the UNSW “Gold
Star” funding scheme and supported in part by the Intramural Research
Program of the NIH project Z01 ES101684 to LB.

Declarations

Competing Interests Dr. Gary Housley is the chair of the Scientific
Advisory Board at Nyrada Inc and holds stock in the company. Dr.
Jasneet Parmar is a fulltime employee of Nyrada Inc. Nyrada Inc is
currently developing a small molecule inhibitor of TRPC ion chan-
nels. The experiments described here were conducted prior to their
respective roles with Nyrada and were not funded by the Company. The
TRPC channel target for brain injury neuroprotection has been declared
in public statements by Nyrada Inc, which acknowledges GDH and
UNSW. A patent filed on the block of TRPC3 channels for neuropro-
tection (AU2013286815B2; ceased) includes AJC, GDH, MK, AJM,
JMP as inventors and UNSW as the assignee (NewSouth Innovations
Pty Ltd).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will

@ Springer

need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Szydlowska K, Tymianski M. Calcium, ischemia and excitotoxic-
ity. Cell Calcium. 2010;47:122-9.

2. Shen Z, et al. Glutamate excitotoxicity: potential therapeutic target
for ischemic stroke. Biomed Pharmacother. 2022;151:113125.

3. Ghozy S, et al. Neuroprotection in acute ischemic stroke: a bat-
tle against the biology of nature. Front Neurol. 2022;13:870141.

4. Chen X, Wang K. The fate of medications evaluated for
ischemic stroke pharmacotherapy over the period 1995-2015.
Acta Pharm Sin B. 2016;6:522-30.

5. Rajah GB, Ding Y. Experimental neuroprotection in ischemic
stroke: a concise review. Neurosurg Focus. 2017;42:E2.

6. Kim Y, et al. Alternative splicing of the TRPC3 ion chan-
nel calmodulin/IP3 receptor-binding domain in the hindbrain
enhances cation flux. J Neurosci. 2012;32:11414-23.

7. HuHJ, Song M. Disrupted ionic homeostasis in ischemic stroke and new
therapeutic targets. J Stroke Cerebrovasc Dis. 2017;26:2706-19.

8. Jeon], et al. Contribution of TRPC channels in neuronal excito-
toxicity associated with neurodegenerative disease and ischemic
stroke. Front Cell Dev Biol. 2020;8:618663.

9. Birnbaumer L. The TRPC class of ion channels: a critical
review of their roles in slow, sustained increases in intracel-
lular Ca(2+) concentrations. Annu Rev Pharmacol Toxicol.
2009;49:395-426.

10. Formoso K, Susperreguy S, Freichel M, Birnbaumer L. RNA-seq
analysis reveals TRPC genes to impact an unexpected number of
metabolic and regulatory pathways. Sci Rep. 2020;10:7227.

11. Wang H, et al. TRPC channels: structure, function, regulation
and recent advances in small molecular probes. Pharmacol Ther.
2020;209:107497.

12. Goel M, Sinkins WG, Schilling WP. Selective association of
TRPC channel subunits in rat brain synaptosomes. J Biol Chem.
2002;277:48303-10.

13. Hofmann T, et al. Direct activation of human TRPC6 and TRPC3
channels by diacylglycerol. Nature. 1999;397:259-63.

14. Belkacemi T, et al. TRPC1- and TRPC3-dependent Ca(2+) signal-
ing in mouse cortical astrocytes affects injury-evoked astrogliosis
in vivo. Glia. 2017;65:1535-49.

15. Thei L, Imm J, Kaisis E, Dallas ML, Kerrigan TL. Microglia
in Alzheimer’s disease: a role for ion channels. Front Neurosci.
2018;12:676.

16. Hwang SM, Lee JY, Park CK, Kim YH. The role of TRP chan-
nels and PMCA in brain disorders: intracellular calcium and pH
homeostasis. Front Cell Dev Biol. 2021;9:584388.

17. Earley S, Brayden JE. Transient receptor potential channels in the
vasculature. Physiol Rev. 2015;95:645-90.

18. LiY, et al. Essential role of TRPC channels in the guidance of
nerve growth cones by brain-derived neurotrophic factor. Nature.
2005;434:894-8.

19. Huang J. In: Wang Y, editor. “TRPC Channels and Stroke” in
transient receptor potential canonical channels and brain diseases.
Netherlands, Dordrecht: (Springer; 2017. p. 61-71. https://doi.org/
10.1007/978-94-024-1088-4_6.

20. Allen Brain Map » Atlases and Data » Cell Types Database: RNA-
Seq Data Portal.brain-map.org (2021). https://portal.brain-map.
org/atlases-and-data/rnaseq.

21. Phelan KD, et al. Heteromeric canonical transient receptor poten-
tial 1 and 4 channels play a critical role in epileptiform burst


https://doi.org/10.1007/s12975-023-01173-1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/978-94-024-1088-4_6
https://doi.org/10.1007/978-94-024-1088-4_6
http://portal.brain-map.org
https://portal.brain-map.org/atlases-and-data/rnaseq
https://portal.brain-map.org/atlases-and-data/rnaseq

Translational Stroke Research

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

firing and seizure-induced neurodegeneration. Mol Pharmacol.
2012;81:384-92.

Phelan KD, et al. Canonical transient receptor channel 5 (TRPCS)
and TRPC1/4 contribute to seizure and excitotoxicity by distinct
cellular mechanisms. Mol Pharmacol. 2013;83:429-38.
Trpc3-in_situ_hybridization-Allen_Brain_Atlas (http://mouse.brain-
map.org/experiment/siv?id=74821603&imageld=74681367 &initl
mage=ish&coordSystem=pixel&x=7296.5&y=3736.5&z=1.
Hartmann J, et al. TRPC3 channels are required for synaptic trans-
mission and motor coordination. Neuron. 2008;59:392-8.
Cederholm JME, Kim Y, von Jonquieres G, Housley GD. Human
brain region-specific alternative splicing of TRPC3, the type 3
canonical transient receptor potential non-selective cation chan-
nel. Cerebellum. 2019;18:536—43.

Chen X, et al. TRPC3/6/7 Knockdown protects the brain from
cerebral ischemia injury via astrocyte apoptosis inhibition and
effects on NF-small ka CyrillicB Translocation. Mol Neurobiol.
2017;54:7555-66.

Choi DW. Glutamate neurotoxicity and diseases of the nervous
system. Neuron. 1988;1:623-34.

Arundine M, Tymianski M. Molecular mechanisms of glutamate-
dependent neurodegeneration in ischemia and traumatic brain
injury. Cell Mol Life Sci. 2004;61:657-68.

Li H, Zhang N, Sun G, Ding S. Inhibition of the group I mGluRs
reduces acute brain damage and improves long-term histological
outcomes after photothrombosis-induced ischaemia. ASN Neuro.
2013;5:195-207.

Flor PJ, Battaglia G, Nicoletti F, Gasparini F, Bruno V. Neuro-
protective activity of metabotropic glutamate receptor ligands.
In: 2000-2013. Landes Bioscience Madame Curie Bioscience
Database [Internet]. Austin (TX); 2013.

Tamamaki N, et al. Green fluorescent protein expression and colo-
calization with calretinin, parvalbumin, and somatostatin in the
GAD67-GFP knock-in mouse. J Comp Neurol. 2003;467:60-79.
Gorlamandala N, et al. Focal ischaemic infarcts expand faster in
cerebellar cortex than cerebral cortex in a mouse photothrombotic
stroke model. Transl Stroke Res. 2018;9:643-53.

Knezic A, Broughton BRS, Widdop RE, McCarthy CA. Opti-
mising the photothrombotic model of stroke in the C57BI/6 and
FVB/N strains of mouse. Sci Rep. 2022;12:7598.

Ikonomidou C, Turski L. Why did NMDA receptor antagonists
fail clinical trials for stroke and traumatic brain injury? Lancet
Neurol. 2002;1:383-6.

Galliano E, et al. Impact of NMDA receptor overexpression on
cerebellar Purkinje cell activity and motor learning. eNeuro.
2018;5

Bell JID, AiJ, Chen Y, Baker AJ. Mild in vitro trauma induces rapid
Glur2 endocytosis, robustly augments calcium permeability and
enhances susceptibility to secondary excitotoxic insult in cultured
Purkinje cells. Brain. 2007;130:2528-42.

Techlovska S, et al. Metabotropic glutamate receptor 1 splice
variants mGluR 1a and mGluR 1b combine in mGluR1a/b dimers
in vivo. Neuropharmacology. 2014;86:329-36.

Sato S, et al. Baseline NIH Stroke Scale Score predicting out-
come in anterior and posterior circulation strokes. Neurology.
2008;70:2371-7.

Sommer P, et al. Is functional outcome different in poste-
rior and anterior circulation stroke? Stroke; J Cereb Circ.
2018;49:2728-32.

Erekat NS. Programmed cell death in cerebellar Purkinje neurons.
J Integr Neurosci. 2022;21:30.
Trpc6-in_situ_hybridization-Allen_Brain_Atlas (https://mouse.
brain-map.org/experiment/siv?id=70562126&imageld=

42.

43.

44.

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

70469194 &initImage=ish&coordSystem=pixel&x=4473&y=
3457&z=3.

Riccio A, et al. mRNA distribution analysis of human TRPC
family in CNS and peripheral tissues. Brain Res Mol Brain Res.
2002;109:95-104.

Pannell M, et al. The subpopulation of microglia expressing func-
tional muscarinic acetylcholine receptors expands in stroke and
Alzheimer’s disease. Brain Struct Funct. 2016;221:1157-72.
Kuboyama K, et al. Astrocytic P2Y(1) receptor is involved in
the regulation of cytokine/chemokine transcription and cerebral
damage in a rat model of cerebral ischemia. J Cereb Blood Flow
Metab. 2011;31:1930-41.

Melani A, et al. ATP extracellular concentrations are increased
in the rat striatum during in vivo ischemia. Neurochem Int.
2005:;47:442-8.

Olson EE, Lyuboslavsky P, Traynelis SF, McKeon RJ. PAR-1 defi-
ciency protects against neuronal damage and neurologic deficits
after unilateral cerebral hypoxia/ischemia. J Cereb Blood Flow
Metab. 2004;24:964-71.

Henrich-Noack P, Riek-Burchardt M, Baldauf K, Reiser G, Rey-
mann KG. Focal ischemia induces expression of protease-acti-
vated receptorl (PAR1) and PAR3 on microglia and enhances
PARA4 labeling in the penumbra. Brain Res. 2006;1070:232-41.
Mao Y, Zhang M, Tuma RF, Kunapuli SP. Deficiency of PAR4
attenuates cerebral ischemia/reperfusion injury in mice. J Cereb
Blood Flow Metab. 2010;30:1044-52.

Wang J, Jin H, Hua Y, Keep RF, Xi G. Role of protease-activated
receptor-1 in brain injury after experimental global cerebral
ischemia. Stroke; J Cereb Circ. 2012;43:2476-82.

Stenman E, et al. Cerebral ischemia upregulates vascular endothe-
lin ET(B) receptors in rat. Stroke; J Cereb Circ. 2002;33:2311-6.
Ahnstedt H, et al. U0126 attenuates cerebral vasoconstriction and
improves long-term neurologic outcome after stroke in female
rats. J Cereb Blood Flow Metab. 2015;35:454-60.

Hong YH, et al. Agonist-induced internalization of mGluR 1alpha
is mediated by caveolin. J Neurochem. 2009;111:61-71.
Vazquez G, Wedel BJ, Aziz O, Trebak M, Putney JW Jr. The
mammalian TRPC cation channels. Biochim Biophys Acta.
2004;1742:21-36.

Estacion M, Sinkins WG, Jones SW, Applegate MA, Schilling
WP. Human TRPC6 expressed in HEK 293 cells forms non-selec-
tive cation channels with limited Ca2+ permeability. J Physiol.
2006;572:359-77.

Beck B, et al. TRPC7 is a receptor-operated DAG-activated chan-
nel in human keratinocytes. J Invest Dermatol. 2006;126:1982-93.
Kim Y, et al. Selective transgene expression in cerebellar Purkinje
cells and granule cells using adeno-associated viruses together
with specific promoters. Brain Res. 2015;1620:1-16.

Miao CH, et al. The kinetics of rAAV integration in the liver. Nat
Genet. 1998;19:13-5.

Nakai H, Iwaki Y, Kay MA, Couto LB. Isolation of recombinant
adeno-associated virus vector-cellular DNA junctions from mouse
liver. J Virol. 1999;73:5438-47.

Chizhikov V, Millen KJ. Development and malformations of the
cerebellum in mice. Mol Genet Metab. 2003;80:54—-65.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


http://mouse.brain-map.org/experiment/siv?id=74821603&imageId=74681367&initImage=ish&coordSystem=pixel&x=7296.5&y=3736.5&z=1
http://mouse.brain-map.org/experiment/siv?id=74821603&imageId=74681367&initImage=ish&coordSystem=pixel&x=7296.5&y=3736.5&z=1
http://mouse.brain-map.org/experiment/siv?id=74821603&imageId=74681367&initImage=ish&coordSystem=pixel&x=7296.5&y=3736.5&z=1
https://mouse.brain-map.org/experiment/siv?id=70562126&imageId=70469194&initImage=ish&coordSystem=pixel&x=4473&y=3457&z=3
https://mouse.brain-map.org/experiment/siv?id=70562126&imageId=70469194&initImage=ish&coordSystem=pixel&x=4473&y=3457&z=3
https://mouse.brain-map.org/experiment/siv?id=70562126&imageId=70469194&initImage=ish&coordSystem=pixel&x=4473&y=3457&z=3
https://mouse.brain-map.org/experiment/siv?id=70562126&imageId=70469194&initImage=ish&coordSystem=pixel&x=4473&y=3457&z=3

	TRPC Channels Activated by G Protein-Coupled Receptors Drive Ca2+ Dysregulation Leading to Secondary Brain Injury in the Mouse Model
	Abstract
	Introduction
	Materials and Methods
	Animals
	AAV Delivery of Genetically Encoded Ca2+ Reporter into the Neonatal Mouse Brain
	Acute Cerebellar Brain Slice Preparation for Ca2+ Imaging
	Confocal Imaging of Acute Brain Slices Using the GCaMP5g Ca2+ Reporter
	Acute Cerebellar Brain Slice Preparation for Assessing Dendritic Damage
	Imaging of the GAD67-GFP+ Cerebellar Brain Slices
	Induction of Dual Photothrombotic Brain Lesions
	Infarct Quantification Using Brain Surface Infarct Perimeter Mapping and Cryosection Darkfield Imaging
	Statistics

	Results
	Ca2+ Loading via the mGluR1-TRPC3 Pathway in Cerebellar Purkinje Neurons
	TRPC3 Channels in Purkinje Neurons Contribute to Dendritic Excitotoxicity with Sustained Glutamate Exposure
	Trpc3 and Trpc1,3,6,7 Knockout Mice Exhibit Neuroprotection Following Focal Ischemia

	Discussion
	Anchor 19
	Acknowledgements 
	References


