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Abstract

Transient receptor potential melastatin 7 (TRPM7), a calcium-permeable, ubiquitously expressed ion channel, is critical for
axonal development, and mediates hypoxic and ischemic neuronal cell death in vitro and in vivo. However, the downstream
mechanisms underlying the TRPM7-mediated processes in physiology and pathophysiology remain unclear. In this study, we
employed a mouse model of hypoxic-ischemic brain cell death which mimics the pathophysiology of hypoxic-ischemic enceph-
alopathy (HIE). HIE is a major public health issue and an important cause of neonatal deaths worldwide; however, the available
treatments for HIE remain limited. Its survivors face life-long neurological challenges including mental retardation, cerebral
palsy, epilepsy and seizure disorders, motor impairments, and visual and auditory impairments. Through a proteomic analysis, we
identified calcium/calmodulin-dependent protein kinase II (CaMKII) and phosphatase calcineurin as potential mediators of cell
death downstream from TRPM?7 activation. Further analysis revealed that TRPM7 mediates cell death through CaMKII, cal-
modulin, calcineurin, p38, and cofilin cascade. In vivo, we found a significant reduction of brain injury and improvement of
short- and long-term functional outcomes after HI after administration of specific TRPM7 blocker waixenicin A. Our data
demonstrate a molecular mechanism of TRPM7-mediated cell death and identifies TRPM?7 as a promising therapeutic and drug
development target for HIE.
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Introduction

Transient receptor potential melastatin 7 (TRPM?7) is a non-
selective Ca®*-permeable divalent cation channel [1, 2, 3] that
has been implicated in a variety of neurodegenerative condi-
tions including ischemic stroke [4], familial Alzheimer’s dis-
ease [5], and neuronal cell death due to hydrogen peroxide and
superoxide accumulation [6]. TRPM?7 has been previously
identified as a potential non-glutamate target for hypoxic-
ischemic neuronal injury. In vitro suppression of TRPM7
using siRNA reduced anoxic neuronal cell death in culture
[7], and in vivo suppression of TRPM7 via virally mediated
siRNA in adult rats improved hippocampal neuron survival
and neurobehavioral outcomes following global cerebral is-
chemia [4]. However, despite the recent progress in the field,
the role of TRPM?7 in neurons has remained largely phenom-
enal due to the lack of specific pharmacological modulators.

Calcium/calmodulin-dependent protein kinase II
(CaMKII) is a well-known regulator of synaptogenesis, syn-
aptic plasticity, learning, and memory. CaMKII activity has
also been shown to be essential to neuronal survival and func-
tion. Under excitotoxic conditions, such as ischemic stroke,
CaMKII has been shown to rapidly inactivate [8, 9]. In fact,
the extent of brain damage after hypoxic-ischemic insult has
been shown to closely overlap with the regions of CaMKII
inactivation [8], while CaMKII o subunit knockout mice
showed significantly greater infarct volumes following ische-
mia compared with their wild-type counterparts [10]. Several
other studies showed that genetic and pharmacological inhibi-
tion of CaMKII may be associated with calcium homeostasis
dysregulation, hyperexcitability due to disruption of gluta-
mate signaling, and neuronal death [11, 12].

On the other hand, activation of calcium/calmodulin-
dependent phosphatase calcineurin has been shown to be det-
rimental to neurons under conditions of oxidative stress
[13—15]. Calcineurin inhibitors, FK506 and SDZ ASM 981,
were shown to be neuroprotective in the rat model of transient
middle cerebral artery occlusion [16].

Hypoxic-ischemic encephalopathy (HIE) due to perinatal
asphyxia (impaired respiratory gas exchange accompanied by
acidosis) is a major cause of neurological disability in term
neonates with the incidence of 1-8 per 1000 live births in
developed countries and as high as 26 per 1000 live births in
underdeveloped countries [17], causing as many as a million
annual deaths worldwide [18]. Neonatal HIE has heteroge-
neous causes, and antepartum factors such as pre-eclampsia,
maternal thyroid disease, and intrauterine growth retardation,
as well as acute intrapartum obstetrical events, have been as-
sociated with this condition [19]. The implications of neonatal
HIE include mental retardation, cerebral palsy, epilepsy and
seizure disorders, motor impairments, and visual and auditory
impairments [20, 21]. Despite the recent advances in clinical
and basic experimental research, the clinical prognosis for
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HIE remains poor suggesting that there is a need for novel
therapies [19].

Using a mouse neonatal model of HIE, we demonstrated in
the present study the involvement of TRPM?7 in cell death via
p38 and actin modulation through upstream calcium-
dependent calcineurin. Here, we employed a combination of
pharmacological, proteomic, and biochemistry approaches.
To identify the involvement of TRPM7, we used a potent
and selective TRPM7 antagonist, waixenicin A, which is a
secondary metabolite of the Hawaiian soft coral Sarcothelia
edmondsoni [22]. A goal of this study was to test the hypoth-
esis that waixenicin A provides neuroprotection in neonatal
hypoxic-ischemic model in mice. Additionally, this study
aimed to identify some of the key downstream proteins in-
volved in TRPM7 signaling under ischemic conditions in
the brain and to validate a pharmacological tool for potential
drug development. Using a variety of histological and neuro-
behavioral assessments in a mouse model of neonatal HIE, we
showed that waixenicin A treatment before and up to 1 h after
the induction of hypoxia-ischemia reduces brain injury and
improves short-term and long-term functional recovery.

Materials and Methods
Experimental Design and Statistical Analysis

The assessment of the neuroprotective effects of the com-
pound was performed on CD1 postnatal day 7-35 mouse pups
with histology, immunohistochemistry, and neurobehavioral
testing. Experimenters were blinded during drug administra-
tions, neurobehavioral assessments, and histological assess-
ments. Mouse pups were randomly assigned to different treat-
ments and both male and female pups were used in all of the
experiments. The effects of the compounds of TRPM?7-like
current and Ca** dynamics were performed on CD1 embry-
onic day 16 neuronal cultures and TRPM7 overexpressed
HEK-293 cell line. Sample size (V) for each experiment is
indicated in the figure legends corresponding to the experi-
ment. Power analysis was used to determine the number of the
animal uses. In brief, using the SigmaPlot software version 11
(Jandel Scientific), based on pilot studies, approximately n = 8
per group provided a power of 0.95 to discern a 95% differ-
ence between controls and drug-treated animals at alpha=
0.05 [23]. Considering around 80-90% successful rate for
the HI in the P7 mouse pups, the final sample size for
assessing brain damage in the HI will be at least ~ 10 pups
per testing group (8/0.8 = 10, by adding 20% more pups in the
final estimate). All data are presented as mean + SEM.
Statistical differences were analyzed using one-way ANOVA
with Bonferroni post hoc for multiple groups or a Student ¢ test
for two-group comparisons. p < 0.05 was taken as statistically
significant.
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Animals

All procedures were performed in accordance with animal welfare
guidelines at the University of Toronto and were approved by the
institutional animal care and use committee. Timed pregnant CD1
mice were obtained from Charles River laboratories (Sherbrooke,
Quebec, Canada) and housed at an ambient temperature of 20 =
1 °C and a 12-h light/dark cycle with food and water fed ad
libitum. Postnatal day 7 (P7) pups were used in all experiments.
All procedures and protocols were carried out in accordance with
Canadian Council on Animal Care guidelines and approved by
University of Toronto Animal Care Committee.

Drug Administration

Waixenicin A was extracted and isolated from freeze-dried
Sarcothelia edmondsoni as previously described [22],
aliquoted in single use quantities, and stored at -20°C under
desiccant. Prior to use, the compound wasdissolved in meth-
anol and diluted in saline. P7 pups of either sex were randomly
assigned to either vehicle or waixenicin A groups. The com-
pound was administered by intraperitoneal injection as a sin-
gle dose of 37 ng/g body weight in 100 pul of saline solution
with 0.0037% methanol. For vehicle controls, an equal vol-
ume of vehicle solution (saline with 0.0037% methanol) was
administered in an identical manner. The treatment timelines
are illustrated in Fig. 1 a, as well as explained below:

Pre-treatment or pre-ischemia: waixenicin A or vehicle so-
lution was administered 30 min prior to surgical occlusion of
common carotid artery.

Post-treatment 1 or post-ischemia: waixenicin A or vehicle
solution was administered 30 min prior to onset of hypoxia.

Post-treatment 2 or immediately post-hypoxia: waixenicin
A or vehicle solution was administered immediately after hyp-
oxic treatment.

Post-treatment 3 or 1 h post-hypoxia: waixenicin A or ve-
hicle solution was administered 1 h after hypoxic treatment.

Naltriben mesylate (Tocris, no. 0892) was administered be-
fore ischemia by intraperitoneal injection as a single dose of
42 ng/g of body weight in 100 pl of saline solution (0.004%
DMSO). For vehicle controls, an equal volume of saline (0.004%
DMSO) was administered in an identical manner.

Neonatal Hypoxic-Ischemic Brain Injury Model

A modified method of Rice-Vannucci procedure [24] of neo-
natal hypoxic-ischemic (HI) brain injury was carried out as
described previously [25, 26]. Briefly, P7 pups of either sex
weighting 5-5.5 g were anesthetized with isoflurane (3.0% for
induction and 1.5% for maintenance). Body temperature of
the pups was monitored and maintained in the heat pad (~
37 °C) throughout all the procedures. The right common ca-
rotid artery (CCA) was exposed and ligated using bipolar

electrical coagulation (Vetroson). The incision was closed
with tissue adhesive (3M Vetbond). Mice were then returned
to their dam with heat pad (~ 37 °C) and allowed to recover for
90 min. Subsequently, pups were placed in an airtight, trans-
parent chamber (A-Chamber A-15274 with ProOx 110
Oxygen Controller/E-720 Sensor, Biospherix, NY, USA) per-
fused with humidified gas mixture containing 7.5% oxygen
balanced with 92.5% nitrogen at 37 °C for 60 min. After the
hypoxia procedure, the pups were placed on a heat pad (~
37 °C) and monitored for 15-20 min until fully awake then
returned to the dam afterwards. Chamber temperature was
monitored using a homoeothermic blanket control unit
(K-017484 Harvard Apparatus, MA, USA). Sham controls
were subjected to anesthesia and the common carotid artery
was exposed without ligation and subsequent exposure to
hypoxia.

Infarct Volume and Histological Assessments

Twenty-four hours after HI injury, whole brains were removed
from P8 pups and sectioned coronally into approximately 1-
mm slices. Slices were stained with 1% 2,3,5-triphenyl-2H-
tetrazolium chloride (TTC) in saline and placed in a dark
incubator maintained at 37 °C for 20 min. The corrected in-
farct volumes were calculated as follows: corrected infarct
volume (%) = ((contralateral hemisphere volume — ipsilateral
hemisphere + infarct volume)/contralateral hemisphere vol-
ume) x 100%, as described previously [25, 26]. Seven days
after HI injury, whole brains were removed, fixed, imaged,
sectioned coronally into approximately 100-pum slices, and
stained with Nissl (0.1% cresyl violet), as described previous-
ly [25, 26]. Thirty-two days after HI injury, whole brains were
removed, fixed, and imaged, and hemispheric liquefaction
volumes were calculated. The hemispheric liquefaction vol-
umes and infarct volumes were measured using the ImageJ
software (National institute of Health, Bethesda, MD, USA),
as described previously [25, 26].

Neurobehavioral Assessments

Pups in all treatment groups were subjected to the following
highly reproducible strain- and gender-independent neurobe-
havioral assessments 1, 3, and 7 days after HI, as described
previously [25, 26]. To evaluate the effects of waixenicin A on
functional recovery after HI injury, all behavior tests were
carried out following HI focus on brain damage—associated
sensorimotor dysfunctions in different developmental stages
to assess vestibular, proprioceptive, and motor functions as
well as strength and fatigability of muscles [27, 28]. All
short- and long-term behavioral tests exhibited are not sex
and strain specific [25]. Those behavioral tests include the
following: (1) righting reflex, where animals were placed in
supine position and the time needed to get to prone position is
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recorded; (2) cliff avoidance reflex, where animals were
placed with forepaws over the edge and the time required to
turn at least 90° was recorded; (3) geotaxis reflex, where ani-
mals were placed on an inclined board (45°) facing
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downwards and the time required to turn around is recorded,;
(4) grip strength test, where animals were allowed to hang on
a horizontal wire by forelimbs and the time to release the wire
was recorded.
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<« Fig. 1 Effects of waixenicin A and naltriben on TRPM7-like currents in
TRPM7-overexpressing tetracycline-inducible HEK293 cells and disso-
ciated hippocampal neurons. (a) Representative current-voltage (IV) trace
of TRPM7 current (1 = bath; 2 = waixenicin A and TRPM7 outward cur-
rent in non-induced HEK293 cells (p > 0.05; n =4). (b) Representative [V
trace of TRPM?7 current (1 =bath; 2 = waixenicin A) and TRPM7 out-
ward current in TRPM7-overexpressed HEK293 cells (p < 0.001; n=8).
(¢) Representative IV trace of TRPM7 current (1 =bath; 2 = naltriben)
and TRPM7 outward current in non-induced HEK293 cells (p>0.05;
n=>5). (d) Representative IV trace of TRPM7 current (1 =bath; 2=
naltriben; 3 = waixenicin A + naltriben) and outward current in TRPM7-
overexpressed HEK293 cells (**p <0.01; ***p < 0.001; ##HHp < 0.0001
(n=17)). (e) Representative IV trace of TRPM7 current (1 =bath; 2=
naltriben; 3 = waixenicin A + naltriben) and TRPM7 outward (left) and
inward (right) currents in primary hippocampal neurons (**p <0.01;
[ < 0.001; #%p <0.0001 (n=6)). (f) Representative 340/380
fura-2 ratio trace recorded from DIV4 hippocampal neurons and
TRPM?7 calcium influx under basal conditions (in mM: 140 NaCl, 10
HEPES, 4 KCl, 2 CaCl,, 1 MgCl,, 10 glucose) (*p <0.05, n=34). (g)
Representative 340/380 fura-2 ratio trace recorded from DIV4 hippocam-
pal neurons and TRPM?7 calcium influx under low-calcium and
magnesium-free conditions (in mM: 140 NaCl, 10 HEPES, 4 KCl, 0.5
CaCl,, 0 MgCl,, 10 glucose) (*p <0.05, n=19). All data presented as
mean + SEM. Statistical analysis was done by Student ¢ test or one-way
ANOVA with Bonferroni post hoc (*p <0.05)

Accelerated Rotarod Test

Four weeks after the HI procedure, mice in all three groups
underwent the accelerated rotarod test (LE8205, Panlab,
Harvard Apparatus, Barcelona, Spain) to test for balance and
motor function. The speed rotation of the drum accelerated
from 4 to 40 rpm within 120 s, and the latency and velocity
at which each mouse fell off the drum were recorded. The test
was repeated for three consecutive trials and the results were
averaged.

Passive Avoidance Test

Four weeks after the HI procedure, mice in all three groups
underwent the passive avoidance test to test for the ability to
inhibit innate preference for a dark confined space after a
single association with an aversive stimulus [29], as described
previously [30]. The training protocol consisted of three ses-
sions performed on separate days: habituation, acquisition,
and retention. The apparatus consisted of a large (250 (W) x
250 (D) % 240 (H) mm), illuminated compartment and a small
(195 (W) x 108 (D) x 120 (H) mm), dark compartment with an
electrified grid floor separated by a guillotine gate (LE872,
Panlab, Harvard Apparatus, Barcelona, Spain). During habit-
uation session, the mouse was placed into the illuminated
compartment and allowed to explore for 1 min. After 1 min,
the door to the dark compartment was opened, latency to enter
the dark room was recorded (step-through maximal latency:
300 s), and the door was closed for 30 s before the mouse was
returned to its home cage. During acquisition session, the

protocol was the same as habituation session, but the mouse
received an inescapable foot shock (0.4 mA, 2 s) upon enter-
ing the dark compartment. The retention session took place
48 h after acquisition session. The mouse was placed into the
illuminated compartment, the door to the dark compartment
was opened after 5 s, and latency to enter the dark compart-
ment was recorded (step-through maximal latency: 300 s).
The latency to enter the dark compartment during the retention
session was taken as an index of memory performance.

Novel Object Recognition

Four weeks after HI procedure, the mice in all three groups
underwent novel object recognition test to evaluate spontane-
ous exploratory behavior triggered by novelty [31], as de-
scribed previously [32]. The objects used for this test were
similar in size and odor, but different in shape and texture.
The test was carried out in two sessions separated by an inter-
session interval of 4 h [33]. During familiarization session, the
mouse was placed in an open-field arena (25 cm % 25 cm x
24 cm) facing away from two identical objects placed 5 cm
apart, and was allowed to explore both objects freely for 3 min
of session duration [32]. During the test session, one of the
familiar objects was replaced by an identical copy to avoid
olfactory cues [32], and another familiar object was replaced
by a novel object. The mouse was placed in an open-field
arena facing away from the objects and allowed to explore
the objects freely for 3 min of session duration. The explora-
tion time of each object was recorded and preference for novel
object was calculated as a percentage of total exploration time.

Immunohistochemistry and Confocal Imaging

Brains were collected from pups in all treatment groups 3 days
after HI at P10 and fixed in 4% paraformaldehyde/30% su-
crose in PBS solution at 4 °C overnight. Brains were embed-
ded into cryomatrix embedding resin (no. 6769006, Thermo
Fisher Scientific, Ottawa, ON, Canada), sectioned coronally
into 80-pum slices with Leica CM3050 S cryostat (Leica,
Concord, ON, Canada). Slices were then washed with 1x
PBS for 15 min and probed with mouse anti-NeuN antibody
(MAB377, 1:200, Chemicon, CA, USA), rat anti-GFAP
(ab7260, 1:1000, Abcam, USA), rabbit anti-caspase-3 (no.
9661, 1:500, Cell Signaling Technology, MA, USA), and
mouse anti-TRPM7 (ab85016, 1:500, Abcam, USA) at 4 °C
overnight. Subsequently, slices were washed in 1x PBS and
probed with secondary goat anti-mouse IgG Alexa Fluor 488
conjugate (A11001, Thermo Fisher Scientific, Ottawa, ON,
Canada), goat anti-rat IgG Alexa Fluor 568 conjugate
(A11077, Thermo Fisher Scientific, Ottawa, ON, Canada),
or goat anti-rabbit IgG Alexa Fluor 405 conjugate (A31556,
Thermo Fisher Scientific, Ottawa, ON, Canada) for 1 h at
room temperature, washed with 1x PBS and mounted on glass

@ Springer



Transl. Stroke Res.

coverslips with ProLong Gold antifade reagent (P36930,
Thermo Fisher Scientific, Ottawa, ON, Canada). Slices were
imaged with a Zeiss LSM 700 confocal laser scanning micro-
scope (Zeiss, Germany). Three coronal slices per brain and 3—
6 brains per treatment group were used. Quantitative analysis
was performed by counting cells in 5-7 random fields with x
20 objective in the ipsilateral (penumbra) and contralateral
hemispheres, as previously described [25, 34].

Cell Culture

TRPM7-overexpressing tetracycline-inducible HEK-293
cells were cultured as described previously [35]. Briefly,
HEK-293 cells with stable expression of Flag-murine
TRPM7/pCDNA4 were cultured with MEM supplement-
ed with 10% FBS, blasticidin (5 pg/ml, Sigma-Aldrich,
USA), Glutamax-1 (2 mM, Invitrogen, USA), and zeocin
(0.4 mg/ml, Invitrogen, USA). TRPM7 expression was
induced by adding 1 pg/ml tetracycline (Sigma-Aldrich,
USA) to the culture.

Embryonic primary hippocampal neurons were cul-
tured from E16 CD1 mice as described previously [36].
Briefly, dissected hippocampi were digested with 0.025%
trypsin/EDTA at 37 °C for 15 min. Cell density was de-
termined using an improved Neubauer hemocytometer,
and 1.0 x 10* cells were plated on poly-D-lysine—coated
glass coverslips (Sigma) (12 mm no. 1 German Glass,
Bellco cat. no. 1943-10012). The cells were kept in 5%
CO, at 37 °C in a serum-free culture medium (neurobasal
medium supplemented with 1.8% B-27, 0.25% Glutamax,
and 1% antibiotic-antimycotic).

Electrophysiological Recordings

Whole-cell TRPM7-like currents were recorded from DIV3 to
DIV7 cultured mouse hippocampal neurons and non-induced
and induced HEK-293 cells as described previously [36],
using an Axopatch 700B (Axon Instruments, Inc.). Currents
were recorded using a 400-ms voltage ramp protocol (— 100 to
+ 100 mV) with an interval of 5 s at 2 kHz and digitized at
5 kHz. pClamp 9.2 software was used for data acquisition and
Clampfit 9.2 was used for data analysis. All experiments were
carried out at room temperature. Patch pipette resistance was
between 5 and 9 M2 after filling with pipette solution con-
taining (in mM): 145 cesium methanesulfonate, 8 NaCl, 10
EGTA, and 10 HEPES, pH adjusted to 7.2 with CsOH. The
bath solution contained (in mM) 140 NaCl, 5 KClI, 2 CaCl,,
20 HEPES, and 10 glucose (pH adjusted to 7.4 with NaOH).
The cells were perfused with 500 nM waixenicin A (Hawaii
Pacific University) or 50 uM naltriben mesylate (Tocris, cat
no. 0892).
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Fura-2 Ratiometric Ca*>* Imaging

Intracellular Ca®*concentration was measured using a Fura-2
ratiometric Ca”* imaging system as described previously [36].
Neurons were pre-loaded with Fura-2 AM (2 uM) in the dark
for 30 min at room temperature, which was then washed with
normal physiological solution. Fura-2 Ca®* signal (510-nm
emission) was acquired at alternate excitation wavelengths
of 340 and 380 nm by a Deltaram V single monochromator
controlled by EasyRatioPro (PTI), while neurons were per-
fused with basal solution containing (mM) 129 NacCl, 2
CaCl,, 1 MgCl,, 25 HEPES, 30 glucose, and 5 KCI (with
pH of 7.3-7.4 and osmolality ranging from 320 to
330 mOsm), or low Mg?*/Ca** solution (0 MgCl,, 0.5
CaCl,) with or without 500 nM waixenicin A, 50 uM
naltriben, or both. To avoid phototoxicity and bleaching, ex-
posure of cells to UV light was limited to under 10 s, and the
intensity of the excitation light is bypassed through a neutral
density filter. Signals were digitized by an intensified charged-
coupled device (ICCD) camera (PTI), and fluorescence inten-
sity (Poenie-Tsien) ratios of images were calculated by using
EasyRatioPro.

Proteomic Analysis

Proteomic analysis was performed by Proteomics, Analytics,
Robotics & Chemical Biology Centre at The Hospital for Sick
Children.

TMT Q-Exactive Sample Preparation and Analysis

Samples were reduced, alkylated, digested, and TMT la-
beled according to manufacturer’s directions (Thermo
Fisher TMT 10 Plex, Product 90110). Labeled peptides
from all samples were combined and lyophilized.
Peptides were then fractionated into 3 fractions using the
Pierce High pH Reversed-Phase Peptide Fractionation Kit
(Pierce Cat 84868) as per manufacturer’s directions (frac-
tions 3, 5, X). Samples were analyzed on a Orbitrap ana-
lyzer (Q-Exactive, Thermo Fisher, San Jose, CA) outfitted
with a nanospray source and EASY-nLC nano-LC system
(Thermo Fisher, San Jose, CA). Lyophilized peptide mix-
tures were dissolved in 0.1% formic acid and loaded onto
a 75 um x50 cm PepMax RSLC EASY-Spray column
filled with 2 uM C18 beads (Thermo Fisher, San Jose,
CA) at a pressure of 800 bar and a temperature of
60 °C. Peptides were eluted over 180 min at a rate of
250 nl/min using a gradient setup as 0-40% gradient of
buffer A (0.1% formic acid; and buffer B, 0.1% formic
acid in 80% acetonitrile). Peptides were introduced by
nano-electrospray into the Q-Exactive mass spectrometer
(Thermo Fisher). The instrument method consisted of one
MS full scan (525-1800 m/z) in the Orbitrap mass
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analyzer with an automatic gain control (AGC) target of
5e5, maximum ion injection time of 100 ms, and a reso-
lution of 35,000 followed by 15 data-dependent MS/MS
scans with a resolution of 35,000, an AGC target of 5e5,
maximum ion time of 100 ms, and one microscan. The
intensity threshold to trigger a MS/MS scan was set to an
underfill ratio of 1.0%. Fragmentation occurred in the
HCD trap with normalized collision energy set to 28.
The dynamic exclusion was applied using a setting of
35 s.

Database Searching

Tandem mass spectra were extracted, and charge state
deconvoluted and deisotoped by Xcalibur version 2.2. All
MS/MS samples were analyzed using Sequest (Thermo
Fisher Scientific, San Jose, CA, USA; version 1.4.1.14) and
X! Tandem (The GPM, thegpm.org; version CYCLONE
(2010.12.01.1)). Both search engines were set up to search
Uniprot-Mus Musculus-Oct-172016_reviewed.fasta
(Download Oct 172016, 16818 entries) assuming the diges-
tion enzyme trypsin. Sequest and X! Tandem were searched
with a fragment ion mass tolerance of 0.020 Da and a parent
ion tolerance of 20 PPM. Carbamidomethyl of cysteine and
TMT6plex of lysine and the n-terminus were specified in
Sequest and X! Tandem as fixed modifications. Deamidation
of asparagine and glutamine and oxidation of methionine were
specified in Sequest as variable modifications. Glu->pyro-Glu
of'the n-terminus, ammonia-loss of the n-terminus, gln->pyro-
Glu of the n-terminus, deamidation of asparagine and gluta-
mine, and oxidation of methionine were specified in X!
Tandem as variable modifications.

Criteria for Protein Identification

Scaffold (version Scaffold 4.8.4, Proteome Software Inc.,
Portland, OR) was used to validate MS/MS-based peptide
and protein identifications. Peptide identifications were ac-
cepted if they could be established at greater than 95.0% prob-
ability by the Scaffold Local FDR algorithm. Protein identifi-
cations were accepted if they could be established at greater
than 95.0% probability and contained at least 2 identified pep-
tides. Protein probabilities were assigned by the Protein
Prophet algorithm [37]. Proteins that contained similar pep-
tides and could not be differentiated based on MS/MS analysis
alone were grouped to satisfy the principles of parsimony.
Proteins were annotated with GO terms from GOA mouse.gaf
(downloaded Nov 11, 2016) [38].

Quantitative Data Analysis

Scaffold Q+ (version Scaffold 4.8.4, Proteome Software Inc.,
Portland, OR) was used to quantitate label-based quantitation

(iITRAQ, TMT, SILAC, etc.) and peptide and protein identifi-
cations. Peptide identifications were accepted if they could be
established at greater than 95.0% probability by the Scaffold
Local FDR algorithm. Protein identifications were accepted if
they could be established at greater than 95.0% probability
and contained at least 2 identified peptides. Protein probabil-
ities were assigned by the Protein Prophet algorithm [37].
Proteins that contained similar peptides and could not be dif-
ferentiated based on MS/MS analysis alone were grouped to
satisfy the principles of parsimony. Normalization was per-
formed iteratively (across samples and spectra) on intensities,
as described in “Statistical Analysis of Relative Labeled Mass
Spectrometry Data from Complex Samples Using ANOVA”
[39]. Means were used for averaging. Spectral data were log-
transformed, pruned of those matched to multiple proteins and
those missing a reference value, and weighted by an adaptive
intensity weighting algorithm. Of 207,066 spectra in the ex-
periment at the given thresholds, 189,703 (92%) were includ-
ed in quantitation.

Protein network analysis was performed using STRING
10.5 (https://string-db.org/). Heatmap of the proteins was
created using the heatmap3 package in RStudio.

Western Blotting

Western blotting was performed as described previously [4,
25, 34]. Pups were sacrificed and brain samples were collected
on dry ice 24 h after HI. Proteins of the ipsilateral hemisphere
were extracted in RIPA buffer (Santa Cruz Biotechnology, sc-
24948) with protease inhibitor mixture (Santa Cruz
Biotechnology, sc-29131). Protein concentrations were deter-
mined using the bicinchoninic acid (BCA) method (Pierce).
The protein samples (20 pg/well) were separated on a 10%
SDS-PAGE gel and proteins were then transferred to a nitro-
cellulose membrane (200 mA per gel, 60 min). Membranes
were incubated with specific primary antibodies against o
actinin-1 (1:2000; ab18061), CaMKII (1:1000; sc-5306), p-
CaMKII (1:3000; sc-12886), calcineurin B (1:3000;
ab154650), calmodulin (1:2000; ab107977), p38 (1:1000;
9212S), p-p38 (1:2000; 45118), cleaved caspase 3 (1:1000;
Cell Signaling 9664), cleaved caspase 9 (1:1000; Cell
Signaling 9504S), Bax (1:1000; Cell Signaling 2772), Bcl-2
(1:1000; Cell Signaling 2870), p-cofilin (1:2000; ab12866),
cofilin (1:3000; ab134963), B-actin (1:3000; Sigma), and
GAPDH (1:10,000, 2118S) at 4 °C overnight. Horseradish
peroxidase—conjugated anti-mouse (1:7500; Chemicon
AP130P), anti-rabbit (1:7500; Chemicon AP132S), and anti-
goat (1:7500; Chemicon AP180P) IgG antibodies were used
as secondary antibodies and were detected with the ECL sys-
tem (Perkin Elmer, Inc., USA). Images were analyzed using
an image-analysis system (NIH Image] 1.47v). Protein ex-
pression was normalized to that of 3-actin and expressed as
part of control.
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Fig.2 Proteomic changes 6 h following hypoxic-ischemic brain injury in
a pre-treatment paradigm. (a) Heatmap showing relative changes (log,
values of fold change) in expression of 95 proteins between sham, vehi-
cle, and waixenicin A groups, and an interaction network of these proteins
generated by STRING 10.5. (b) Interaction network and a list of proteins
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with molecular function of calcium binding. (¢) Changes in CaMKII (p =
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calmodulin (p = 0.0138, n=4) levels, as detected by LC-MS/MS 6 h after
HI. All data presented as mean + SEM. Statistical analysis: one-way
ANOVA with Bonferroni post hoc, *p <0.05
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Fig. 2 continued.

Results

Waixenicin A and Naltriben Modulate TRPM7
and TRPM7-Like Currents in TRPM7-Overexpressing
HEK-293 Cells and Cultured Hippocampal Neurons

To confirm the inhibitory effect of waixenicin A on
TRPM7 current, we first carried out whole-cell patch-
clamp recording on HEK293 cells overexpressing recom-
binant TRPM7 channels. Tetracycline was used to induce
TRPM7 overexpression in HEK293 cells. Figure 1 b shows
that the TRPM7 currents in HEK293 cells treated with tet-
racycline were large and outwardly rectifying. The TRPM7
inhibitor, waixenicin A (500 nM), significantly reduced
TRPM?7 current density at + 100 mV by ~60% (from 30
+4 pA/pF to 13 +3 pA/pF) in the HEK293 cells induced
with tetracycline (Fig. 1b). On the contrary, the TRPM7
agonist, naltriben (10 uM), potentiated the TRPM?7 current
density by ~70% (from 31 +4 pA/pF to 51 =7 pA/pF; Fig.
1d), and was also sensitive to block by waixenicin A (the
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naltriben-potentiated current was reduced to 19 +2 pA/pF;
Fig. 1d). In HEK293 cells without induction by tetracy-
cline, neither waixenicin A (Fig. 1a) nor naltriben (Fig.
Ic) had any effect on the endogenous current.

We next tested whether naltriben can activate TRPM7-like
currents in DIV4-7 primary mouse hippocampal neurons, and
if so, whether waixenicin A can reduce this current. As shown
in Fig. 1 e (middle), the current density of the basal outwardly
rectifying current al + 100 mV was 11 =2 pA/pF. Perfusion of
naltriben potentiated TRPM?7-like currents by threefold, and
the current density became 34 +2 pA/pF. Subsequent
waixenicin A perfusion significantly reduced the naltriben-
potentiated current by ~50% to 17+ 1 pA/pF. Additionally,
naltriben also potentiated the inward current at — 100 mV by ~
65% (from — 1.1 +0.3 pA/pF to — 1.9 + 0.4 pA/pF), and sub-
sequently reversed by waixenicin A (to —1.2+0.3; p < 0.001,
Fig. le (right)).

Our results suggest that TRPM?7 channels are functional in
primary mouse hippocampal neurons and channel activity is
sensitive to inhibition by waixenicin A.
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<« Fig. 3 Biochemical assessment of signaling pathways affected by
hypoxic-ischemic insult on neonatal brain in a pre-treatment paradigm.
(a) Changes in downstream signaling of CaMKII and calcineurin as de-
tected by Western blot 6 h after HI. Significant changes were detected in
CaMKII (p = 0.0366), calmodulin (p = 0.014), calcineurin B (p = 0.01), p-
CaMKII/CaMKII ratio (p =0.0062), and p-p38/p38 ratio (p =0.0015).
Alpha-actinin-1 levels showed an increasing trend (p = 0.7456), while p-
cofilin/cofilin ratio showed a decreasing trend (p =0.1889); control
group: n=4; vehicle group: n=4; waixenicin A group: n=4. (b)
Changes in downstream signaling of CaMKII and calcineurin as detected
by Western blot 24 h after HI. Significant changes were detected in
CaMKII (p =0.0378), calcineurin B (p <0.001), p-CaMKII/CaMKII
(p =0.0361), p-p38/p38 ratio (p <0.0001), alpha-actinin-1 levels (p =
0.001), and p-cofilin/cofilin ratio (p = 0.033); control group: n =4; vehi-
cle group: n = 4; waixenicin A group: n = 4. Calmodulin levels showed an
increasing trend. (¢) Proposed TRPM7-mediated signaling cascade fol-
lowing HI. The blots were cropped to show representative bands. All data
presented as mean + SEM. Statistical analysis: one-way ANOVA with
Bonferroni post hoc, *p < 0.05

Waixenicin A and Naltriben Modulate TRPM7 Ca**
Dynamics in Primary Hippocampal Neurons

To determine the effect of waixenicin A and naltriben on
TRPM7 Ca** dynamics, we performed fura-2 ratiometric
Ca** imaging on DIV4-5 mouse hippocampal neurons. In
the basal solution, the perfusion of neurons with 50 uM
naltriben resulted in increase of the ratio of emission signal
at 510 nm following excitation at 340 nm/380 nm (340/380
ratio) by 0.4+0.02 (Fig. 1f) from the baseline level while
subsequent perfusion of naltriben together with 500 nM
waixenicin A increased the ratio by a lesser degree of 0.1 +
0.02 (Fig. 1f) from the baseline level, a 63% reduction in
naltriben-induced calcium signal. A representative 340/380
ratio trace for this experiment is shown in Fig. 1 f (left).

Lowering extracellular divalent cation concentrations mimics
the “Ca®* paradox™ conditions that lead to delayed neuronal
death after ischemia [40] and cause an increase in TRPM7
Ca®* influx [4, 36]. Thus, we investigated next the effect of
naltriben and waixenicin A on Mg”**-free TRPM7 current in
mouse hippocampal neurons. We found that perfusing neurons
with Mg**-free solution increased the net Ca”* signal by 0.2+
0.02 from the basal level (Fig. 1g). Perfusion of 50 uM naltriben
in Mg?**-free solution resulted in the net increase in Ca>* signal
by 0.4+0.02 (Fig. 1g), a 72% increase from Mg**-free calcium
influx. Perfusion of 50 uM naltriben together with 500 nM
waixenicin A under Mg**-free conditions resulted in a smaller
increase in Ca”* signal by 0.14 +0.01 (Fig. 1g), a 58% reduction
in naltriben-induced Ca** signal and a 28% reduction in Mg**-
free Ca®* influx. These waixenicin A findings were consistent
with our previously published data [36]. A representative 340/
380 ratio trace for this experiment is shown in Fig. 1 g (left).

These data confirm that naltriben and waixenicin A modu-
late TRPM7-mediated Ca”* signal in hippocampal neurons
under basal and Mg>*-free conditions.

Waixenicin A Attenuates Proteomic Changes Caused
by HI 6 h After Injury

Samples from sham, vehicle-treated, and waixenicin A-treated
groups were collected 6 h after HI and subjected to liquid
chromatography tandem-mass spectrometry (LC-MS/MS)
using Orbitrap analyzer. We found 95 proteins that were dif-
ferentially expressed, displaying more than 1.5-fold change,
between sham and vehicle groups and were also identified in
waixenicin A group (Fig. 2a, left). The full list of the proteins
with Uniprot ID and fold change can be found in
Supplementary Table 1. The proteins were uploaded into the
STRING 10.5 database [41] to identify protein interactions
based on co-expression, information from curated databases,
experimentally determined interactions, and text mining (Fig.
2a, right). Since TRPM7 is a calcium-conducting ion channel,
we focused on the proteins with molecular function of calcium
binding (Fig. 2b). We found that protein levels of Ca**/cal-
modulin-dependent protein kinase I (CaMKII) (Uniprot ID
P11798), calcineurin (regulatory subunit B) (Uniprot 1D
Q63810), and calmodulin (Uniprot ID PODP2) were signifi-
cantly different between the treatment groups (Fig. 2c, fold
change normalized to sham group expression: CaMKII,
vehicle-treated group: 0.66+0.07 (n=4), waixenicin A-
treated group: 1.00 £0.03 (n =4), p = 0.0004; calcineurin reg-
ulatory subunit B, vehicle-treated group: 1.5+£0.3 (n=4),
waixenicin A-treated group: 0.99+0.15 (n=4), p=0.0083;
calmodulin, vehicle-treated group: 2.06+0.34 (n=4),
waixenicin A-treated group: 1.03+£0.2 (n=4), p=0.0138).

These data indicate that waixenicin A attenuates HI brain
injury potentially through calcium-dependent signaling
cascade.

Waixenicin A May Reduce HI Brain Damage
Through CamKIl, Calmodulin, Calcineurin,
and Downstream p38, Cofilin, and a-Actinin-1
Signaling

Next, we examined the changes in CaMKII, calmodulin, and
calcineurin levels as well as downstream proteins in sham, vehi-
cle-treated, and waixenicin A-treated groups 6 and 24 h after HL.
We found that HI injury significantly reduced CaMKII protein
levels and CaMKII and p38 phosphorylation levels, and in-
creased calcineurin B protein levels in the ipsilateral hemisphere,
and waixenicin A pre-treatment restored the protein levels of
these proteins 6 (Fig. 3a) and 24 h (Fig. 3b) after HI (Fig. 3a:
P-p38/p38 normalized to sham group expression: vehicle-treated:
0.62+0.03 (n=4), waixenicin A-treated: 0.86+0.08 (n=4),
p=0.0015; CaMKII/3-actin normalized to sham group expres-
sion: vehicle-treated: 0.69+0.07 (n=4), waixenicin A-treated:
0.92+0.06 (n=4), p=0.0366; p-CaMKII/CaMKII normalized
to sham group expression: vehicle-treated: 0.75+0.04 (n=4);
waixenicin A-treated: 0.94 £0.06 (n =4), p = 0.0062; calcineurin
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B normalized to sham group expression: vehicle-treated: 1.26 +
0.05 (n=4); waixenicin A-treated: 1.05+0.06 (n=4), p=0.01;
Fig. 3b: p-p38/p38 normalized to sham group expression: vehi-
cle-treated: 0.5+0.07 (n=4); waixenicin A-treated: 0.7 +0.06
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(n=4), p<0.0001; CaMKII/{3-actin normalized to sham group
expression: vehicle-treated: 0.53 +0.11 (n=4), waixenicin A-
treated: 0.95+0.23 (n=4), p=0.0378; p-CaMKII/CaMKII nor-
malized to sham group expression: vehicle-treated: 0.7 +0.13
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<« Fig. 4 Morphological assessment of brain injury 24 h after hypoxic-
ischemic insult on neonatal brain. (a) Schematic of experimental design
detailing the time course of treatment administration and morphological,
histological, and behavioral assessments. (b) Representative TTC stain-
ing and corrected infarct volume of vehicle (48+7, n=11) and
waixenicin A (20 + 6, n=10) groups treated according to pre-treatment
paradigm, p =0.0077. (¢) Representative TTC staining and corrected in-
farct volume of vehicle (46 +4, n=11) and waixenicin A (23 +4,n=15)
groups treated according to post-treatment 1 paradigm, p =0.0028. (d)
Representative TTC staining and corrected infarct volume of vehicle (63
+12, n=11) and waixenicin A (33 =7, n=14) groups treated according
to post-treatment 2 paradigm, p = 0.034. (e) Representative TTC staining
and corrected infarct volume of vehicle (55 +5, n=17) and waixenicin A
(34+5, n=10) groups treated according to post-treatment 3 paradigm,
p=0.0101. (f) Representative TTC staining and corrected infarct volume
of vehicle (40+3, n=22) and naltriben (64+6, n=15) groups treated
according to pre-treatment paradigm, p =0.0009. All data presented as
mean + SEM. Statistical analysis was done by Student ¢ test (*p < 0.05)

(n=4); waixenicin A-treated: 0.9 £0.14 (n=4), p=0.0361; cal-
cineurin B normalized to sham group expression: vehicle-treated:
1.24+£0.04 (n=4); waixenicin A-treated: 1.11+£0.02 (n=4),
p<0.001). Calmodulin protein levels were significantly upregu-
lated in the ipsilateral hemisphere in HI group 6 h after injury
(Fig. 3a), but not 24 h after injury (Fig. 3b) (Fig. 3a: calmodulin
normalized to sham group expression: vehicle-treated: 1.32 +
0.08 (n=4); waixenicin A-treated: 1.08 £0.06 (n=4), p=
0.014).

Modification of actin has also been linked to cell death
under hypoxic conditions [42—45]. Therefore, we evaluated
the effect of HI injury and waixenicin A treatment on the
expression levels of two actin-modulating proteins: o-
actinin-1 and cofilin. We found that HI injury significantly
upregulated o-actinin-1 expression levels and significantly
reduced cofilin phosphorylation levels, and waixenicin A
pre-treatment restored the levels of these proteins 24 h after
HI (Fig. 3b), while there was a similar trend in changes in
these proteins 6 h after HI (Fig. 3a) (Fig. 3a: oc-actinin-1/[3-
actin normalized to sham group expression: vehicle-treated:
1.08 £0.08 (n =4), waixenicin A-treated: 1.05+0.09 (n=4),
p =0.7456; p-cofilin/cofilin normalized to sham group ex-
pression: vehicle-treated: 0.84 +0.07 (n=4), waixenicin A-
treated: 0.96+0.07 (n=4), p=0.1889; Fig. 3b: o-actinin-1/
[3-actin normalized to sham group expression: vehicle-treated:
1.8+0.24 (n=4), waixenicin A-treated: 1.4+0.13 (n=4),
p=0.001; p-cofilin/cofilin normalized to sham group expres-
sion: vehicle-treated: 0.6 =0.07 (n =4), waixenicin A-treated:
0.9+0.07 (n=4), p=0.033).

These data indicate that waixenicin A acts through several
signaling cascades to attenuate the HI brain injury to the neo-
natal brain (Fig. 3c).

We also assessed the effects of waixenicin A on apoptotic
signaling, neuronal survival, and TRPM?7 expression by
performing biochemical analysis of sham, vehicle-treated,

and waixenicin A-treated brains 24 h after HI injury. We found
that HI injury upregulated cleaved caspase-3 and caspase-9
levels and significantly reduced Bcl-2/Bax protein ratio, and
waixenicin A pre-treatment restored the levels of these pro-
teins (Supplementary Fig. 1A: caspase-9/3-actin normalized
to sham group expression: vehicle-treated: 3.6 +0.6 (n=4);
waixenicin A-treated: 1.2+0.4 (n=4), p<0.0001; caspase-
3/f3-actin normalized to sham group expression: vehicle-treat-
ed: 17+1.2 (n=4); waixenicin A-treated: 8.9+0.8 (n=4),
p<0.001; Bcl-2/Bax normalized to sham group expression:
vehicle-treated: 0.6 £0.02 (n=4); waixenicin A-treated: 1+
0.02 (n=4), p=0.0279).

We also performed immunohistochemical staining and
analysis of the penumbra area of the brain slices in sham and
vehicle- and waixenicin A-treated groups 3 days after HI in-
jury. Representative confocal images are shown in
Supplementary Fig. 1B. As seen in Supplementary Fig. 1C,
waixenicin A pre-treatment significantly reduced the loss of
NeuN-positive cells when compared with the vehicle-treated
group (as a part of contralateral hemisphere: sham: 1 +0.04;
vehicle: 0.5 +£0.04; waixenicin A: 0.7 +0.03). Moreover, we
also observed an upregulation of GFAP expression in astro-
cytes which represents astroglial activation and reactive
gliosis during trauma or neurodegeneration in vehicle-treated
group which was significantly attenuated in waixenicin A-
treated group. These data are shown in Supplementary
Fig. 1D and represent GFAP-positive cells per x 20 field
(sham: 13 + 6; vehicle: 245 +61; waixenicin A: 41+ 18). We
also found a significant upregulation of cleaved caspase-3 and
TRPM?7 protein levels in vehicle-treated groups with attenua-
tion of both proteins in the waixenicin A-treated group. This is
shown in Supplementary Fig. 1E as the number of cleaved
caspase-3-positive cells per x 20 field (sham: 7+ 1; vehicle:
100 £ 11; waixenicin A: 38 =9) and Supplementary Fig. 1F as
relative TRPM?7 levels compared with contralateral hemi-
sphere (sham 1+0.06; vehicle 2 +£0.2; waixenicin A 1.3+
0.2 of contralateral hemisphere).

These data demonstrate that waixenicin A pre-treatment
reduces apoptotic and delayed neuronal cell death and atten-
uates glial cell activation in ischemic penumbra.

Waixenicin A Reduces Brain Damage When Applied
as a Pre-Treatment and up to 1 h After the Onset
of the HI Brain Injury

Waixenicin A (37 ng/g) or vehicle (saline with 0.0037% metha-
nol) was administered as a single intraperitoneal injection to post-
natal P7 pups according to the timeline in Fig. 4 a. The “pre-
treatment” group was injected 30 min before induction of HI.
The brains were harvested and stained with triphenyl tetrazolium
chloride (TTC) 24 h after injury. We found that compared with the
vehicle-treated group, the waixenicin A-treated group had signif-
icantly reduced corrected infarct volumes of the ipsilateral
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hemispheres (vehicle: 48 +7% (n = 11); waixenicin A: 20 £+ 6%,
n=10, p =0.0077), as illustrated in Fig. 4 b (right). Figure 4 b
(left) shows representative TTC-stained images of vehicle- and
waixenicin A-treated brains 24 h following the injury.

The “post-treatment 17 group received an injection of ve-
hicle or waixenicin A 30 min before the onset of hypoxia. This
is to (1) determine if timing of TRPM?7 inhibition has any
effects, and (2) evaluate whether waixenicin A can confer
benefits as a preventative therapeutic strategy to mitigate fur-
ther hypoxic damage. When compared with the vehicle-
treated group, the waixenicin A-treated group also had signif-
icantly smaller infarct volumes 24 h following the injury in
this treatment paradigm (vehicle: 46 +4%, n = 11; waixenicin
A:23+£4%, n=15, p =0.0028). Figure 4 c (left) shows rep-
resentative TTC stainings, while Fig. 4 ¢ (right) shows
corrected infarct volumes of the ipsilateral hemisphere.

The “post-treatment 2” group received an injection of ve-
hicle or waixenicin A immediately following hypoxia expo-
sure. Figure 4 d (left) shows representative TTC staining,
while Fig. 4 d (right) shows a significant reduction in
corrected infarct volumes in the waixenicin A-treated group,
compared with the vehicle-treated group (vehicle: 63 +12%,
n=11; waixenicin A: 33+7%, n= 14, p =0.034).

The “post-treatment 3” group received an injection of ve-
hicle or waixenicin A 1 h after the hypoxia event.
Representative TTC stainings of brains treated with vehicle
and waixenicin A are shown in Fig. 4 e (left), while Fig. 4 e
(right) shows a significant reduction in corrected infarct vol-
umes in the waixenicin A-treated group compared with the
vehicle-treated group (vehicle: 55+ 5%, n=17; waixenicin
A:34+5%,n=10, p=0.0101) 24 h following the injury.

These data show that application of waixenicin A reduces
HI-induced brain damage when administered both before and
after HI injury.

Naltriben Exacerbates Brain Damage When Applied
as a Pre-Treatment

Next, we examined the effect of TRPM?7 activator naltriben
[46] on the extent of brain injury following HI induction.
Naltriben was injected intraperitoneally as a single dose of
42 pg/g of body weight as a pre-treatment (30 min before
the onset of ischemia). The brains were harvested and stained
with TTC 24 h following the injury. We found that naltriben
application significantly increased the corrected infarct vol-
umes as shown in Fig. 4 f (vehicle (0.001% DMSO): 40 +
3%, n=22; naltriben: 64 +6%, n=15, p =0.0009). These
data demonstrate that application of the TRPM?7 activator
naltriben exacerbates brain damage after neonatal HI.

The purpose of using naltriben in vitro was to demonstrate
that waixenicin A is capable of inhibiting enhanced activation
of TRPM7, which is important since HI cultivates conditions
that promote TRPM7 activity [7]. As described above, we
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observed in both our patch clamp electrophysiology and
Fura-2 Ca®* imaging that waixenicin A treatment (TRPM7
inhibition) overrode naltriben treatment (TRPM7 potentia-
tion). That is, naltriben alone potentiated TRPM7 current
and caused a larger Ca®* signal. However, waixenicin A
inhibited the TRPM7 current and caused a smaller Ca** sig-
nal, with or without naltriben. From this, we hypothesize that
waixenicin A and naltriben are acting on different regions of
TRPM7 or working under different mechanisms of action.
Regardless, naltriben-mediated effects on TRPM7 are
outcompeted by those of waixenicin A. Based on this, we do
not speculate that naltriben can rescue neurotoxicity in the
presence of waixenicin A treatment in vivo. Further studies
can examine these hypotheses.

Waixenicin A Preserves Overall Brain Morphology
7 Days After HI Injury

To determine the effects of waixenicin A treatment on preserv-
ing brain morphology following HI injury, we evaluated
corrected ipsilateral liquefaction volumes and brain weight
in different treatment groups 7 days after HI injury. The over-
all brain morphology was preserved as shown in Fig. 5 aand b
(pre-treatment) and Fig. 5 e and f (post-treatment 2).
Waixenicin A-treated groups showed significantly reduced
corrected ipsilateral liquefaction volumes as shown in Fig. 5
d (sham: 0, n = 3; vehicle: 46 £ 3%, n = 13; waixenicin A: 27
+3%,n=12,p<0.0001) and Fig. 5 h (sham: 0, n = 5; vehicle:
55+ 6%, n=12; waixenicin A: 34+5%, n=11, p <0.0001)
for pre-treatment and post-treatment, respectively. Brain
weights were also significantly greater in both waixenicin A
pre-treatment and post-treatment groups, as seen in Fig. 5 ¢
(vehicle: 0.28 £0.03 g, n = 14; waixenicin A: 0.35+0.01 g,
n=18,p=0.0146) and Fig. 5 g (vehicle: 0.32+0.01 g, n=12;
waixenicin A: 0.38+0.01 g, n=11, p =0.0077), respectively.

These data show that waixenicin A prevents brain mass loss
and preserves brain morphology in the short term after HI injury.

Waixenicin A Improves Short-Term Functional
Recovery Following HI Injury

To determine the effects of waixenicin A on functional recovery
after HI injury, we subjected the pups to multiple tests 1, 3, and
7 days following HI to assess vestibular, proprioceptive, and
motor functions as well as strength and fatigability of muscles.
We found that both pre-treatment (before ischemia) and post-
treatment (immediately after hypoxia) administration of
waixenicin A significantly improved outcomes of righting reflex,
geotaxis reflex, cliff avoidance reflex, and grip strength test.
Righting reflex was significantly improved in waixenicin A-
treated group compared with vehicle-treated group 1 day after
HI for both paradigms (pre-treatment (Fig. 6a, left) sham: 0.8 +
0.09 s, n=_8; vehicle: 2.7+0.6 s, n=13; waixenicin A: 1.5+
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Fig. 5 Morphological assessment
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0.3 s, n=12 (p =0.0432) (post-treatment (Fig. 6a, right) sham:
0.8+0.07 s, n=14; vehicle: 1.4+0.01 s, n=23; waixenicin A:
1.1£0.06 s, n =25, p =0.001). Geotaxis reflex performance was
also significantly improved in waixenicin A-treated group com-
pared with that in the vehicle-treated group on day 1 (sham: 4.4
+04 s, n=28; vehicle: 83 £1.3 s, n=13; waixenicin A: 5.3+
0.4 s, n=12, p =0.0461) and day 3 (sham: 2.9+0.3 s, n=38;
vehicle: 5.7+£0.7 s,n=13; waixenicin A: 3.1£0.3s,n=12,p=
0.012) post-HI in a pre-treatment paradigm (Fig. 6b, left), and on
day 7 (sham: 2.4+0.2 s, n=5; vehicle: 4.1+£0.7 s, n=7;
waixenicin A: 3.5+£0.3 s, n=8, p <0.0001) in the post-
treatment paradigm (Fig. 6b, right). Cliff avoidance reflex
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showed significant improvement in waixenicin A-treated group
compared with that in the vehicle-treated group on day 1 (sham:
22+0.2s, n=28; vehicle: 6.7+ 1.5 s, n=13; waixenicin A: 3.2
+04 s, n=12, p =0.04) and day 3 (sham: 1.7+0.1 s, n=8§;
vehicle: 4.5+0.7 s, n=13; waixenicin A: 29+0.3 s, n=12,
p =0.021) post-HI in the pre-treatment paradigm (Fig. 6c, left),
and on day 7 (sham: 1.9£0.2 s, n=5; vehicle: 4.0+ 0.5s,n=7,
waixenicin A: 2.7+0.4 s, n =8, p =0.0132) post-HI in the post-
treatment paradigm (Fig. 6¢, right). Grip strength was significant-
ly improved with waixenicin A treatment on day 7 post-HI in
both treatment paradigms (pre-treatment (Fig. 6d, left): sham: 22
+2.6, n=38; vehicle: 9.4+ 1 s, n=13; waixenicin A: 20+4.3 s,
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<« Fig. 6 Short (pre-treatment and post-treatment) and long-term (pre-
treatment) behavioral assessment of functional recovery following
hypoxic-ischemic injury. There was significant improvement in the fol-
lowing short-term neurobehavioral outcomes: (a) Righting reflex 1 day
following HI injury in both paradigms (pre-treatment (control: n =8, ve-
hicle group: n =13, waixenicin A group: n = 12) on the left (p = 0.0432),
post-treatment 2 (control: n =14, vehicle group: n =23, waixenicin A
group: n=25) on the right (p =0.001)); (b) geotaxis reflex 1 (p =
0.0461) and 3 days (p =0.012) following HI injury in pre-treatment
(control: n =38, vehicle group: n =13, waixenicin A group: n = 12) para-
digm (left) and 7 days following HI injury in post-treatment 2 paradigm
(control: n=15, vehicle group: n="7, waixenicin A group: n = 8) (right,
p <0.0001); (c) cliff avoidance reflex 1 day (p =0.04) and 3 days (p =
0.021) following HI injury in pre-treatment (control: n = 8, vehicle group:
n =13, waixenicin A group: n = 12) paradigm (left) and 7 days following
HI injury in post-treatment 2 (control: n =5, vehicle group: n=7,
waixenicin A group: n=8) paradigm (right, p =0.0132); (d) grip test
7 days following HI injury in both paradigms (pre-treatment (control:
n =S8, vehicle group: n =13, waixenicin A group: n=12) on the left
(p <0.0001), post-treatment 2 (control: n=35, vehicle group: n=7,
waixenicin A group: n=8) on the right (»p =0.002)); (e) body weight,
as an indicator of recovery after HI, was found to be significantly higher
in sham and waixenicin A-treated groups 7 days following HI injury in
the post-treatment 2 paradigm (control: n=35, vehicle group: n=7,
waixenicin A group: n = 8) (p =0.046); (f) in the accelerated rotarod test,
mice in waixenicin A-treated groups had a significantly improved motor
and balance function as was evident by longer latency (p <0.0001) and
higher speed (p < 0.0001) at which waixenicin A-treated mice fell off the
drum (control: n = 12, vehicle group: n = 8, waixenicin A group: n = 14);
(g) in the novel object recognition test, mice in waixenicin A-treated
groups had a significantly greater novel object preference (control: n=
12, vehicle group: n =8, waixenicin A group: n = 14) (p = 0.0002); (h) in
the passive avoidance test, waixenicin A-treated mice showed better
memory function as was evident from significantly longer latency to enter
the dark room 48 h after the foot shock (control: n =12, vehicle group:
n =38, waixenicin A group: n=14) (p =0.0009); (i) overall brain mor-
phology is preserved in waixenicin A-treated group, and liquefaction
brain volume of waixenicin A-treated mice was significantly smaller
32 days after HI (control: n=12, vehicle group: n =38, waixenicin A
group: n=14) (p <0.0001). Waixenicin A-treated mice had significantly
greater (j) brain (control: n=18, vehicle group: n =8, waixenicin A
group: n=14) (p <0.0001); (k) body weights (control: n=12, vehicle
group: n =8, waixenicin A group: n=14) (p =0.001), indicating an en-
hanced general recovery in the long term. Note that (j) to (k) represented
studies in the pre-treatment paradigm. All data presented as mean = SEM.
Statistical analysis: one-way ANOVA with Bonferroni post hoc, *p < 0.05

n=12, p <0.0001; post-treatment (Fig. 6d, right): sham: 14+
1.7 s, n=75; vehicle: 9.0 £1.0 s, n="7; waixenicin A: 14+2.1 s,
n=28, p =0.002). Body weight of pups in the post-treatment
paradigm was also measured as an indicator of recovery after
HI. We found that 7 days after HI, the body weight of animals
in sham and waixenicin A-treated groups was significantly
higher than that of animals in vehicle-treated group (Fig. 6¢)
(sham: 9.1£0.2 g, n=15; vehicle: 6.9+0.5 g, n="7; waixenicin
A:8.1+0.5 g, n=_8, p=0.046).

These data demonstrate that waixenicin A treatment before
and after the onset of hypoxia significantly improves function-
al recovery, as evident by improved performance on a battery
of neurobehavioral tests.

Waixenicin A Improves Long-Term General
and Functional Recovery and Preserves Overall Brain
Morphology Following HI Injury

To determine whether waixenicin A treatment would also im-
prove functional recovery in the long term, we subjected mice
in the pre-treatment paradigm to accelerated rotarod test
4 weeks after HI injury. We found that mice in waixenicin
A-treated groups had a significantly improved motor function,
compared with vehicle-treated mice as was evident by longer
latency (Fig. 6f, left: sham: 61+3 s, n=12; vehicle: 27+3 s,
n=38; waixenicin A: 514 s, n=14, p <0.0001) and higher
speed (Fig. 6f, right: sham: 22 £ 1 rpm, n = 12; vehicle: 13 +
1 rpm, n = 8; waixenicin A: 19+ 1 rpm, n =14, p <0.0001) at
which waixenicin A-treated mice fell off the drum.

To determine whether waixenicin A treatment attenuates
memory impairment after HI [47, 48], we subjected mice in
pre-treatment paradigm to passive avoidance test and novel
object recognition test 4 weeks after HI injury. We found that
mice in waixenicin A-treated groups had a significantly great-
er novel object preference, compared with vehicle-treated
mice (Fig. 6g: % of time spent exploring both objects: sham:
65+2%, n=12; vehicle: 48 +3%, n = 8; waixenicin A: 64 +
2%, n=14, p =0.0002). Waixenicin A-treated mice also
showed better memory function compared with vehicle-
treated mice, as was evident from significantly longer latency
to enter the dark room 48 h after the foot shock (Fig. 6h: sham:
116 £31s,n=12; vehicle: 25 +9 s, n = 8; waixenicin A: 87 +
17 s, n=14, p =0.0009).

Liquefaction brain volume of waixenicin A-treated mice
was significantly smaller than that of vehicle-treated mice
(Fig. 6i, right, % of ipsilateral hemisphere: sham: 0, n=12;
vehicle: 47 = 10%, n = 8; waixenicin A: 19+ 6%, n=14, p <
0.0001). Representative images of brains extracted 32 days
after HI procedure are shown in Fig. 6i, left. Waixenicin A-
treated mice also had significantly greater brain weight (Fig.
6j: sham: 0.5+0.01 g, n=18; vehicle: 0.37+£0.02 g, n=38;
waixenicin A: 0.44+0.01 g, n=14, p <0.0001) and body
weight (Fig. 6k: sham: 26 £1 g, n=12; vehicle: 18+0.9 g,
n=8; waixenicin A: 23+ 1 g, n=14, p =0.001), indicating an
enhanced general recovery in the long term.

Overall, our data show that neurobehavioral deficits of
neonatal HI injury persist in the long term and that
waixenicin A treatment helps alleviate these motor and
cognitive deficits.

Discussion

Here, we provide evidence that TRPM?7 regulates cell death
via calcium-dependent activation of calcineurin and CaMKII,
and downstream signaling through p38, cofilin, and «-actinin
in a mouse neonatal model of HIE. We used a novel, potent,
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and specific pharmacological inhibitor of TRPM7 waixenicin
A. We also evaluated waixenicin A as a potential treatment in
a neonatal hypoxic-ischemic brain injury mouse model.

We have investigated proteomic changes in the brain fol-
lowing HI injury in vehicle-treated and waixenicin A-treated
groups. Proteomic analyses following HI injury have been
previously performed in several rodent models, and our find-
ings were generally in agreement with published literature
[49-52]. Since TRPM7 is a calcium-conducting channel, we
focused on the proteins with molecular function of calcium
binding. Among 18 identified proteins, Ca**/calmodulin-de-
pendent protein kinase II (CaMKII), calmodulin and calcine-
urin were selected for further analysis due to their documented
contribution to neuronal injury under pathological conditions
[8—12, 53]. Moreover, upregulation of calcineurin expression
following HI in our model has been consistent with a proteo-
mic study on Wistar rat pups [49].

Further analysis of the downstream signaling of these pro-
teins revealed that TRPM7 acts potentially through down-
stream signaling by p38, cofilin, and x-actinin-1. CaMKII,
one of the most abundant protein kinases in the nervous sys-
tem, plays a key role in synaptogenesis during development
[54]. Our findings show a drastic depletion of CaMKII fol-
lowing HI, and a restoration of its expression following
waixenicin A treatment, as supported by a previous report
[55]. Ca** influx via N-methyl-D-aspartate (NMDA)-type glu-
tamate receptors has long been considered a hallmark of
excitotoxic neuronal injury during ischemic insults [56].
Binding of «-actinin, a protein that was upregulated in our
model, to NMDA was shown to enhance activity of the recep-
tor, while CAMKII binding attenuated the activity [57].
Moreover, actinin has been shown to play a role in transport
of «-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
(AMPA) receptors, well-known contributors to neuronal inju-
ry during stroke [58], to dendritic spines [59]. Additionally,
CaMKII was shown to inhibit TRPM7 currents in hepatocytes
[60]; however, this mechanism is yet to be confirmed in neu-
rons. Together, these findings suggest that upregulation of
actinin and downregulation of CaMKII, as seen in our study,
may contribute to neuronal death and potential increase in
TRPM?7 activity and leave neurons vulnerable to further inju-
rious stimuli. Waixenicin A treatment reduced actinin upreg-
ulation and restored CaMKII levels, thus conferring
neuroprotection.

Calcineurin, Ca®*/calmodulin-regulated phosphatase, has
also been implicated in neuronal cell death under oxidative
stress conditions [13—15]. In our study, we observed upregu-
lation of calcineurin B (regulatory subunit) and calmodulin,
suggesting an increase in calcineurin activity following HI.
Waixenicin A treatment restored the levels of both proteins
to sham levels. Similarly, activation of cofilin or actin
depolymerizing factor (ADF) via dephosphorylation [61] has
been linked to neuronal death under oxidative stress
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conditions, as well as blood-brain barrier disruption [62,
63]. It has been previously shown that CaMKII and calcine-
urin control cofilin activity via phosphorylation and dephos-
phorylation, respectively, through Ca®*-dependent regulation
of LIM-kinaseland phosphatase Slingshot-1L [64]. In our
study, we observed a significant decrease in p-cofilin follow-
ing HI injury, suggesting its upstream activation by calcine-
urin, while waixenicin A restored p-cofilin levels, potentially
through restoring CaMKII expression and activity.

The role of p38 mitogen-activated protein kinase (p38
MAPK) in stroke has been controversial. While it has been
reported that inhibition of p38 MAPK is neuroprotective
against HI injury [65], another report suggested that activation
of p38 MAPK reduced apoptotic cell death under HI condi-
tions [66]. While it is possible that conflicting reports are due
to differences in animal models and experimental conditions,
in our model of neonatal HI, we observed a drastic decrease in
p38 MAPK activation following HI, which was restored by
waixenicin A treatment. Moreover, p38 activation was previ-
ously implicated in downstream reorganization of actin in en-
dothelial cells [67] and neurons [68], and CaMKII was shown
to be a potential activator of p38 [67]. A proposed signaling
cascade of TRPM7-mediated neuronal cell death in neonatal
HI is illustrated in Fig. 3 ¢ [36, 42—44]. Together, our findings
show that waixenicin A reduces brain injury through upstream
regulation of actin stability, potentially affecting both neuronal
and non-neuronal cells.

Nevertheless, although there may be consistency across
cell types, it is important to note that the evidence supporting
the sequential order of this cascade is demonstrated in differ-
ent models. Here, we showed an involvement of TRPM?7,
CamKIlI, calcineurin, P38, and actinin in HI injury.
However, future studies are necessary to verify the order of
this signaling pathway in our current neonatal HI brain injury
model. One approach is to inhibit the proposed proteins down-
stream of TRPM7 (e.g., pharmacologically with antagonists
of CaMKII, calcineurin, p38 MAPK, and actinin).

Additionally, it remains elusive whether waixenicin A
changes the expression levels of TRPM7 and the investigated
downstream proteins in sham animals. Due to the relatively
low TRPM?7 activity in neurons under physiological condi-
tions [4], it has been challenging to elucidate conclusively
the effects of waixenicin A on TRPM7 and downstream pro-
tein markers using Western immunoblot. In our previous study
[36], we showed that inhibiting TRPM7 in developing neu-
rons with waixenicin A potentiated axonal outgrowth and
branching in vitro. We speculate that this enhanced growth
in cell cultures follows a similar mechanism of action as the
one underlying the neuroprotective effects observed in the
present study. That is, waixenicin A can potentially impact,
in sham animals, the expression of TRPM7 and other investi-
gated downstream proteins. In future studies, we aim to fur-
ther elucidate this mechanism.
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It has been previously demonstrated that growing axonal
pathways are highly vulnerable to pathogenic factors such as
HI. White matter injury is observed on MRI in 50% of pre-
mature infants [69, 70], while term infants with HIE predom-
inantly exhibit watershed pattern of injury which includes
white matter in the vascular boundary zones and extends into
the cortical gray matter [71, 72]. In both cases, the myelination
failure [ 73] and axonal damage [74] leave lasting neurological
deficits and vulnerability to recurrent insults. While the direct
link between TRPM7 activation and axonal degeneration is
yet to be established, our previous study demonstrates that
inhibition of TRPM?7 activity using waixenicin A enhances
axonal outgrowth and branching in developing neurons [36].
Oxidative stress, reactive oxygen species, and acidosis during
HI create ideal conditions for TRPM?7 activation [7] which
could potentially disrupt the crucial patterns of axonal growth,
thus exacerbating the extent of brain injury.

It is also important to note that TRPM7 expression has been
confirmed in both neuronal and non-neuronal cells; therefore,
the molecular pathway described above may not be limited to
neurons only. TRPM?7 expression has been shown in mouse
cortical astrocytes. Silencing and pharmacological inhibition
of TRPM7 in these cells impaired their proliferation and mi-
gration through via ERK and c-Jun N-terminal kinase (JNK)
signaling, but not through p38 MAPK or Akt [66].
Additionally, TRPM7 currents have been demonstrated in
anti-inflammatory microglia [75] and macrophages [76],
where inhibition of TRPM?7 activity reduced proliferation
and migration of these cells.

Overall, inhibition of TRPM?7 activity with waixenicin A in
our model was beneficial and resulted in reduced infarct vol-
ume, preservation of neuronal numbers, reduction in apoptotic
cell death, and preservation of short and long-term function.
To further assess TRPM7 as a potential drug target to attenuate
neonatal HI brain injury, future directions can evaluate other
approaches of TRPM7 inhibition. Previously, we showed
pharmacologically that the classical TRPM?7 inhibitor carva-
crol also had neuroprotective effects following neonatal HI
injury [35]. However, the main concern when using carvacrol
is its low specificity for TRPM7, which results in off-target
effects [35]. The inhibitor employed in the present study,
waixenicin A, is reported to be selective for TRPM7 in vitro
[22]. Gene manipulation via knockdown of TRPM7 is also
highly selective, which makes this approach a possible next
step for future studies.

On a final note, in the current study, we focused on hippo-
campal neurons when conducting our in vitro assessments.
Nonetheless, since HI affects the cortex as well as the hippo-
campus, future investigations should consider cortical neurons
when examining effects of waixenicin A on cell death and
TRPM?7 activity. An in-depth understanding of the effects of
TRPM7 inhibition on different cell types and their contribu-
tion to evolution of hypoxic-ischemic brain injury in vivo is

required for complete evaluation of waixenicin A as a thera-
peutic tool.
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