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Abstract

Cofilactin rods (CARs), which are 1:1 aggregates of cofilin-1 and actin, lead to neurite
loss in ischemic stroke and other disorders. The biochemical pathways driving CAR
formation are well-established, but how these pathways are engaged under ischemic
conditions is less clear. Brain ischemia produces both ATP depletion and glutamate
excitotoxicity, both of which have been shown to drive CAR formation in other set-
tings. Here, we show that CARs are formed in cultured neurons exposed to ischemia-
like conditions: oxygen-glucose deprivation (OGD), glutamate, or oxidative stress. Of
these conditions, only OGD produced significant ATP depletion, showing that ATP
depletion is not required for CAR formation. Moreover, the OGD-induced CAR for-
mation was blocked by the glutamate receptor antagonists MK-801 and kynurenic
acid; the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase inhibitors
GSK2795039 and apocynin; as well as an ROS scavenger. The findings identify a bio-
chemical pathway leading from OGD to CAR formation in which the glutamate release

induced by energy failure leads to activation of neuronal glutamate receptors, which
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1 | INTRODUCTION

Cofilactin rods (CARs) are intracellular aggregates of cofilin-1 and actin
(Minamide et al., 2023; Yahara et al., 1996). CAR formation in neurons
is increasingly recognized as a pathogenic event that leads to degener-
ation of neurites (axons and dendrites) in disorders ranging from stroke
to Alzheimer's disease (Alhadidi et al., 2016; Alsegiani & Shah, 2020;
Bahader et al., 2023; Bamburg et al., 2010; Bamburg & Bernstein, 2016;
Shu et al., 2019; Won et al., 2018). CARs are formed by a biochem-
ical pathway that involves dephosphorylation/activation of cofilin-1
and subsequent formation of disulfide linkages between neighboring

in turn activates NADPH oxidase to generate oxidative stress and CARs.

cofilactin rods, glutamate signaling, NADPH oxidase, neurite injury, oxidative stress, oxygen-

cofilin-1 molecules. The upstream triggers for CAR formation include
oxidative stress and ATP depletion (Ashworth et al., 2003; Huang
et al., 2008; Shu et al., 2019), but it remains uncertain which of these
triggers drives CAR formation under conditions of brain ischemia.
Cofilin-1 is a member of the actin depolymerizing factor-cofilin
family. Its role in cellular homeostasis involves regulating dynamic
actin turnover by destabilizing actin filaments to generate new
monomers for polymerization and by severing actin filaments to
create free barbed ends used for actin polymerization (Carlier
et al.,, 1997; Ichetovkin et al., 2002). Cofilin-1 also binds coopera-
tively along F-actin to generate stable cofilactin filaments, which

Abbreviations: 2-DG, 2-deoxyglucose; CAR, cofilactin rod; DAPI, 4',6-diamidino-2-phenylindole; DIV, day in vitro; DHE, dihydroethidium; IACUC, Institutional Animal Care and Use
Committees; MAP 2, microtubule-associated protein 2; NAC, N-acetyl cysteine; NADPH, nicotinamide adenine dinucleotide phosphate oxidase; NMDA, N-methyl-p-aspartate; OGD,

oxygen-glucose deprivation; ROS, reactive oxygen species; RFP, red fluorescent protein.
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serve cytoskeletal functions such as forming filopodia and facilitat-
ing cell migration (Bamburg et al., 2021; Hylton et al., 2022; Oser &
Condeelis, 2009).

CAR formation requires initial activation of cofilin-1 by dephos-
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phorylation of its serine-3 residue, 1:1 binding of cofilin-1 to actin, and
subsequent formation of cofilin-1 oligomers through intermolecular
disulfide bonds (Bernstein et al., 2012; Bernstein & Bamburg, 2010;
Kanellos & Frame, 2016). CARs can be imaged using antibodies
against cofilin-1, as rod formation condenses the normally dispersed
cofilin-1 into readily observable puncta and short rod-like segments.
The rods form most readily in distal processes, especially dendrites,
but can also form in cell bodies (Bamburg & Bernstein, 2016). CARs
are biochemically distinct from the actin stress fibers that form in
endothelial cells and muscle (Shi et al., 2016).

Experimentally, CAR formation can be induced in neurons by
overexpression of cofilin-1 (Jang et al., 2005). In disease states such
as brain ischemia, reactive oxygen species (ROS) produced through
excitotoxic and reperfusion mechanisms can promote CAR forma-
tion in two ways: by releasing slingshot protein phosphatase-1L
from its binding protein to allow dephosphorylation of the cofilin
serine-3 residue (Kim et al., 2009), and by promoting intermolecular
disulfide bonds between cofilin-1 cysteines 39 and 147 (Bamburg &
Bernstein, 2016; Bernstein et al., 2012; Bernstein & Bamburg, 2010).
In addition, ATP depletion can promote CAR formation by increasing
ADP-actin levels and by activating a different cofilin phosphatase,
chronophin (Huang et al., 2008). Our goal here was to determine
whether ATP depletion specifically drives CAR formation and neu-
rite injury, or whether these effects are instead mediated by other
factors such as glutamate excitotoxity and oxidative stress.

Oxygen-glucose deprivation (OGD) is a widely used cell culture
model of brain ischemia as it produces ATP depletion and, in mature
neurons, also leads to glutamate excitotoxicity (Buisson & Choi, 1995;
Fujimoto et al., 2004; Won et al., 2018). A prior study using this model
suggested that ATP depletion was a trigger for CAR formation under
OGD conditions, but given the young age of the neurons used in that
study (Minamide et al., 2000), the role of the excitotoxic/oxidative
stress pathway may have been underestimated. Other investigators
have found that neurons are more sensitive to glutamatergic signaling
after day in vitro (DIV) 13 (Choi et al., 1987), and here we evaluated
CAR formation in 14- to 17-day-old cortical neuron cultures. Our re-
sults show that the CAR formation induced by OGD in these cultures
can be blocked by glutamate receptor antagonists, nicotinamide ade-
nine dinucleotide phosphate oxidase (NADPH) oxidase inhibitors, and
an ROS scavenger, thereby establishing a biochemical pathway lead-

ing from energy failure to CAR formation in neurons.

2 | MATERIALS AND METHODS
2.1 | Animals

Studies were approved by the Institutional Animal Care and Use
Committees (IACUC) at the San Francisco Veterans Affairs Medical

Center and were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. Work was performed in accordance with a protocol ap-
proved by the San Francisco Veterans Affairs Health System IACUC
(#20-009). Wild-type C57BI/6 mice (Jackson Laboratory, Bar
Harbor, ME) were used for the procurement of embryonic cortical
neurons. Mice were paired for timed pregnancies, and a total of 16
dams were euthanized when embryos reached gestational age E16-
18. Dams were euthanized by cervical dislocation under isoflurane
anesthesia. Embryos were retrieved, placed on ice, and immediately
decapitated for neuron isolation. Five embryos were harvested from
each dam (80 embryos total).

2.2 | Neuron culture and oxidative
stress exposures

Cortical neurons were dissociated from E16-18 mouse embryos and
cultured in Neurobasal-A medium (Gibco #10888022, Grand Island,
NY) containing 5mM glucose (Gibco #A2494001), 230uM pyruvate
(Gibco #11360070), 0.5 mM GlutaMAX (Gibco #35050061), and B-27
supplements (Gibco #17504044). Neurons were plated on poly-p-
lysine-coated 8-well chamber slides at 15000 cells/well for live cell
imaging, on glass coverslips in 24-well plates at 150000 cells/well for
drug treatment experiments, or in 96-well plates at 30000 cells/well
for ATP assays. Cells were maintained at 37°Cin 5% CO, and balance
air and underwent half media changes every 3 to 4days. Neurons for
live cell imaging were used at DIV 3, prior to extensive branching,
to allow better visualization of individual neurites. For drug experi-
ments, neurons were used at DIV 14-17 to allow for the expression
of N-methyl-p-aspartate (NMDA) and other glutamate receptors and
for the formation of robust synaptic contacts (Suh et al., 2008). These
culture conditions have been previously shown by our lab to yield
>99% neurons (Suh et al., 2008). No randomization was performed
to allocate culture wells in the study. Prior to each experiment, wells
were visually confirmed to be of equal confluence.

Chemical OGD was initiated with three media exchanges using
glucose-free Neurobasal-A medium, followed by addition of 0.5 mM
2-deoxyglucose (2-DG) and 5mM sodium azide (NaN,). Initial proof-
of-concept experiments were conducted with 2h of OGD. As we
later found that 20min of OGD was sufficient in causing ATP de-
pletion as well as rod formation, later experiments were conducted
with 20min of OGD. OGD experiments were terminated without
reintroduction of normal culture medium. Thirty-minute exposures
to glutamate or hydrogen peroxide (H,0,) were performed after

washing with Neurobasal-A containing 5mM glucose.

2.3 | Inhibition of CAR formation

One hour prior to OGD, neurons were pre-treated with a phospho-
cofilin-1 (pSer3) synthetic peptide (5pg/mL; ECM Biosciences
#CX1155, Versailles, KY) which targets cofilin-1 dephosphorylation
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For evaluation of CAR formation, cells were fixed in a 4% = - -
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buffer, and then permeabilized with 100% methanol for 15 min.
Coverslips were stained using rabbit anti-cofilin-1 antibody,
mouse anti-microtubule-associated protein 2 (MAP2) antibody,
and DAPI. MAP2 was used as a marker of neuronal processes
(Dawson & Hallenbeck, 1996), and DAPI was used to identify cell
nuclei (Kapuscinski, 1995). For each well, high-magnification im-
ages were taken from three arbitrary regions of comparable cell
density. Images were analyzed using ImageJ and thresholded using
the “Triangle” function for cofilin-1 and “Make Binary” function
for MAP2 and DAPI. CAR formation was quantified as a cofilin-
1-positive area normalized either to cell number or (where MAP2
was also analyzed) total neurite area. Total neurite area was de-
fined as the combined cofilin-1-positive area and MAP2-positive
area, as MAP2 immunoreactivity is attenuated in neurite regions
that are cofilin-1-positive (Won et al., 2018). For neurite analyses,
the MAP2 area was normalized to cell number. The experimenters
taking images and analyzing the immunostaining were blinded to

the treatment conditions.

2.7 | Statistical analyses

No sample size calculations were performed. In figures, the “n”
for each study was defined as the number of independent ex-
periments (cell preparations) or, where only a single experiment
is presented, the number of technical replicates per experiment.
Experiments involving quantification of CARs or neurite injury
were repeated with three independent cell preparations, and
CAR formation was the primary endpoint. Numerical data are
expressed as means+standard error of the mean and analyzed
using one-way ANOVA followed by Dunnett's test where multiple
groups were compared against a common experimental group (ei-
ther glutamate or OGD). Where only two groups were compared,
two-tailed t-tests were used. There were no normality tests or
tests for outliers used. Statistical analyses were performed using
Prism version 9.5.1 (Graphpad, La Jolla, CA). p values less than

0.05 were considered significant.

3 | RESULTS

3.1 | CAR formation can be induced by oxidative
stressors and precedes neuron degeneration

We first confirmed that OGD induced CAR accumulation in neu-
ronal cultures. The cofilin-1 aggregates formed rod-like structures,
as previously reported (Won et al., 2018). Stress-induced cofilin-1-
positive aggregates in neurons have previously been demonstrated
to be CARs by biochemical approaches (Minamide et al., 2010),
and here we additionally confirmed that the cofilin-1 aggregates

were CARs by showing that their formation could be suppressed
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FIGURE 1 Cofilactin rods (CARs) are produced by oxidative
stress and lead to neurite degeneration. (a) Primary neuronal
cultures were immunostained with cofilin-1 (red), with nuclei
labeled with DAPI (blue). Exposure to oxygen-glucose deprivation
(OGD) for 2h induced formation or CARs, appearing as rod-like
aggregates of cofilin-1, compared to normoxic control (CTL).
CAR formation was attenuated in cultures pre-incubated with
the phosphoserine-3 n-terminal cofilin-1 peptide (pSer3). Scale
bar=>50pum. (b) Quantification of CAR formation defined as
cofilin-1 area normalized to cell number. N=3 independent

cell preparations; * p < 0.05. Statistics: one-way ANOVA with
Dunnett's multiple comparisons test. F(2, 6)=16.75, p=0.0035;
p=0.0026 (CTL vs. OGD); p=0.0100 (OGD vs. OGD +pSer3). (c)
Live cell imaging experimental timeline. (d) Live cell imaging of a
neuron showing CAR formation induced by overexpression of a
cofilin-1-RFP construct (red). The neuron is labeled with calcein
green to identify cell integrity. CARs are evident within intact
(green) neurites at the 21-h time point. At the 27-h time point,
the neurites have degenerated, but the cell body remains. Scale
bar=5pum. Images are representative of three experiments with
similar results.

with a cofilin-1 phospho-serine-3 peptide (Figure 1a,b). An effect
of CAR formation on neurite integrity was also confirmed here by
artificially inducing CAR formation with cofilin-1 overexpression
(Figure 1c,d; Jang et al., 2005). The overexpressed cofilin-1 con-

struct included RFP fluorophores to permit real-time evaluation
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of CAR formation, and the cultures were additionally incubated
with calcein green AM before imaging. This approach also showed
rod-like inclusion formation within neurites and further showed
that these occur prior to neurite rupture and loss of calcein green
signal.

3.2 | ATP depletion is sufficient but not necessary
for CAR formation

OGD in culture, like ischemia in vivo, produces ATP depletion with
glutamate release and oxidative stress as downstream events. Here,
we evaluated the mechanisms of OGD, glutamate, and H,0, on
CAR formation using conditions previously established to generate
roughly equivalent CAR densities (Figure 2a-f). Longer duration of
OGD resulted in qualitatively greater CAR formation (Figure 1a de-
picting CARs after 2-h OGD). However, we found evidence of CARs
after as little as 20min of OGD (Figure 2a,b). We also found that
OGD produced a rapid and near-complete ATP depletion (Figure 3a),

whereas glutamate and H,0, exposures did not (Figure 3b,c), thus

Neurochemistry

confirming that ATP depletion is not necessary for neuronal CAR

formation.

3.3 | Glutamate and OGD induce intracellular
oxidative stress

We next sought to determine whether CAR formation in the setting
of OGD was instead caused by OGD-induced oxidative stress. OGD
leads to glutamate release, which in turn leads to oxidative stress by
stimulating the NMDA receptor/NADPH oxidase pathways (Brennan
et al., 2009; Brennan-Minnella et al., 2013). Here, we confirmed that
OGD induced intracellular oxidative stress using the dihydroethid-
ium method with H,O, exposure as a positive control. These studies
also confirmed that the oxidative stress induced by either glutamate
(Figure 4a,c) or OGD (Figure 4b,c) could be blocked by the glutamate
receptor antagonists kynurenic acid or MK-801 (Song et al., 2018;
Zhen et al., 2022); by the NADPH oxidase inhibitors GSK2795039
(Hirano et al., 2015) and apocynin (Brennan et al., 2009); and by the
ROS scavenger NAC (Zafarullah et al., 2003).

*
(b) 0.020;
o 0.015]
o
<€
= 0.010]
<C
© 0.005
0.000
CTL OGD
0.08;
(d) *
o 0.06
o
<
= 0.04
<€
© 0.0
0.00!
CTL GLU
® 0.08; * %
o 0.06 b
o
<
= 0.04]
<
O 0.02
0.00!
CTL H,0,

FIGURE 2 Cofilactin rod (CAR) formation is induced by exposure to oxygen-glucose deprivation (OGD), glutamate (GLU), or hydrogen
peroxide versus control (CTL). Graphs and representative images depict the total area of CARs formed compared to total neurite area
(MAP2 + cofilin-1) after 20min of OGD (a, b), exposure to 30 min of glutamate 10uM (c, d), or exposure to 30min of H,0, 10uM (e, f).
Images show neurites (MAP2, green) and aggregated cofilin-1 (CARs, red) in neuronal cultures. Scale bar=10pum. N=3 independent cell
preparations; * p < 0.05, ** p < 0.01. Statistics: two-tailed t-test. CTL vs. OGD: t(4)=3.752, p=0.0199. CTL vs. GLU: t(4)=3.297, p=0.0300.

CTLvs. H,0,: t(4)=7.788, p=0.0015.
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FIGURE 3 Effects of oxygen-glucose deprivation (OGD), glutamate (GLU), or hydrogen peroxide on neuronal ATP levels. (a) ATP is
depleted after 20 min of chemical OGD. (b) Exposure to glutamate did not cause a reduction in ATP production after 30 min. (c) There was
also no effect of H,0O, on ATP production after 30 min. Results are representative of two independent cell preparations with similar results.
N =3 wells per group; *** p < 0.001. Statistics: one-way ANOVA with Dunnett's multiple comparisons test. OGD: F(3, 8)=31.43, p<0.0001;
p <0.0001 (0 vs. 20min); p=0.0008 (0 vs. 40min); p<0.0001 (0 vs. 60min). GLU: F(3, 8)=1.516, p=0.2831. H,0,: F(3, 8)=0.4676,
p=0.7130.
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FIGURE 4 Effects of oxygen-glucose deprivation (OGD), glutamate (GLU), and drug pre-treatment on superoxide production. Exposure
to either glutamate (a) or chemical OGD (b) causes the production of superoxide measured by dihydroethidium (DHE) fluorescence
normalized to cell number. This is suppressed by MK-801 (100 uM), kynurenic acid (KYN, 500 uM), GSK2795039 (GSK, 200 uM), apocynin
(APO, 100uM), or N-acetyl cysteine (NAC, 2mM). H,0, 100 1M treatment serves as a positive control. (c) Representative images of control
(CTL), glutamate-exposed (GLU), and OGD-exposed neurons. N=1 independent cell preparation with three-four wells per experimental
group; * p < 0.05, *** p < 0.001. Images show DHE-positive neurons (red) and cell nuclei (Hoechst, blue). Scale bar=100um. Statistics:
one-way ANOVA with Dunnett's multiple comparisons test. Glutamate: F(6, 17)=7.411, p=0.0005; p=0.0001 (GLU vs. CTL); p=0.0156
(GLU vs. GLU +MK-801); p=0.0007 (GLU vs. GLU+KYN); p=0.0012 (GLU vs. GLU + GSK); p=0.0028 (GLU vs. GLU+APO); p=0.0006
(GLU vs. GLU+NAC). OGD: F(6, 17)=10.13, p<0.0001; p=0.0010 (OGD vs. CTL); p<0.0001 (OGD vs. OGD + MK-801); p<0.0001 (OGD
vs. OGD +KYN); p=0.0002 (OGD vs. OGD + GSK); p=0.0003 (OGD vs. OGD +APQ); p <0.0001 (OGD vs. OGD +NAC). (d) Proposed
mechanism linking OGD to CAR formation.

85UB017 SUOLILLIOD BAIFER1D 3|qedlidde auy Aq pausenob ke sSpp1e VO ‘s 0 S3IN1 10} Afeiq 1 8UIIUO 8|1 UO (SUORIPLIOD-PUR-SBY /WD A3 1M A1 1 pUI|UO//STNY) SUORIPUOD PUe SWis L 8L} 39S *[7202/20/T0] Uo Ariqiauliuo A8|IM BILI04IED JO AISBAIN AQ S909T QUTTTT OT/I0P/ W00 A3 | 1M Afelq 1 pUI|UO//SONY W04 PAPEO|UMOQ ‘0 ‘6STHTLYT



MAI ET AL.

Journal of

FIGURE 5 Glutamate-induced

cofilactin rod (CAR) formation and (@)
neurite injury are prevented by glutamate
receptor blockade, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase
inhibition, and ROS scavenging. (a)

Experimental timeline. (b) Images show
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neurites (MAP2, green) and aggregated
cofilin-1 (CARs, red) in neuronal cultures,
with nuclei labeled with DAPI (blue). (b)
Glutamate (GLU, 10 uM) induces CAR
formation, neuritic beading (example
within white square), and loss of MAP2-
positive neurites after 30 min. These
changes are attenuated by glutamate
receptor blockers MK-801 (100 M) and
kynurenic acid (KYN, 500 uM), by NADPH
oxidase inhibitors apocynin (APO, 100 uM)
and GSK2795039 (GSK, 200 uM), and

by the ROS scavenger N-acetyl cysteine
(NAC, 2mM). Scale bars=10pum. (c)
Quantified effects on CAR formation.
N=3 independent cell preparations; ** p

< 0.01, *** p < 0.001. Statistics: one-

way ANOVA with Dunnett's multiple
comparisons test. F(6, 14)=24.34,
p<0.0001; p<0.0001 for GLU vs. all
groups. (d) Quantified effect on the MAP2
area normalized to cell number. F(6,
14)=7.161,p=0.0012; p=0.0010 (GLU
vs. CTL); p=0.0013 (GLU vs. GLU +MK-
801); p=0.0007 (GLU vs. GLU+KYN);
p=0.0006 (GLU vs. GLU + GSK);
p=0.0012 (GLU vs. GLU+APO);
p=0.0034 (GLU vs. GLU +NAC).
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3.4 | Excitotoxicity and ATP depletion induce CAR
formation and neurite injury by a common pathway

We then evaluated the effects of these agents on CAR formation
induced by glutamate, which did not cause ATP depletion, and
OGD, which did. Glutamate incubations produced CAR formation,
loss of MAP2 immunoreactivity, and beading of MAP2-positive
neurites (Figure 5a-d). These changes were prevented by the
glutamate receptor antagonists, as expected, by the NADPH in-
hibitors, and by NAC. OGD likewise caused CAR formation, loss of
MAP2 immunoreactivity, and beading of MAP2-positive neurites
(Figure 6a-d). Also as observed with glutamate-treated cultures,
these changes were attenuated by the glutamate receptor inhibi-
tors, NADPH oxidase inhibitors, and NAC, thus indicating a com-
mon pathway.

GLU

4 | DISCUSSION

These results show that cortical neurons in culture form CARs when
subjected to ischemia-like conditions: OGD, elevated extracellular
glutamate, or oxidative stress. Of these conditions, only OGD pro-
duced significant ATP depletion, thus demonstrating that ATP deple-
tion is not essential for CAR formation. Moreover, the OGD-induced
CAR formation was blocked by both glutamate receptor antagonists
and NADPH oxidase inhibitors. The findings thereby identify a bio-
chemical pathway leading from OGD to CAR formation in which the
glutamate release induced by energy failure leads to activation of
neuronal glutamate receptors, which in turn activates NADPH oxi-
dase to generate oxidative stress and CAR formation (Figure 4d).
There has been uncertainty regarding the stimuli for CAR forma-

tion and their teleological role in neurons. Under some conditions,
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FIGURE 6 Oxygen-glucose deprivation (OGD)-induced cofilactin rod (CAR) formation and neurite injury are prevented by glutamate
receptor blockade, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase inhibition, and ROS scavenging. (a) Experimental timeline.
(b) Images show neurites (MAP2, green) and aggregated cofilin-1 (CARs, red) in neuronal cultures, with nuclei labeled with DAPI (blue). OGD
induces CAR formation, neuritic beading (example within white square), and loss of MAP2-positive neurites after 20 min. These changes

are attenuated by glutamate receptor blockers MK-801 (100 uM) and kynurenic acid (KYN, 500 uM), by NADPH oxidase inhibitors apocynin
(APO, 100 M) and GSK2795039 (GSK, 200 uM), and by the ROS scavenger N-acetyl cysteine (NAC, 2mM). Scale bars=10pum. (c) Quantified
effects on CAR formation. N=3 independent cell preparations; ** p < 0.01, *** p < 0.001. Statistics: one-way ANOVA with Dunnett's
multiple comparisons test. F(6, 14)=10.99, p=0.0001; p=0.0001 (OGD vs. CTL); p=0.0001 (OGD vs. OGD +MK-801); p<0.0001 (OGD vs.
OGD +KYN); p=0.0001 (OGD vs. OGD + GSK); p=0.0002 (OGD vs. OGD +APO); p=0.0006 (OGD vs. OGD + NAC). (d) Quantified effect
on the MAP2 area normalized to cell number. F(6, 14)=4.651, p<0.0084; p=0.0031 (OGD vs. CTL); p=0.0218 (OGD vs. OGD + MK-801);
p=0.0426 (OGD vs. OGD +KYN); p=0.0184 (OGD vs. OGD + GSK); p=0.0071 (OGD vs. OGD +APO); p=0.0025 (OGD vs. OGD + NAC).

ATP depletion has been shown to be sufficient for CAR induction
(Ashworth et al., 2003; Huang et al., 2008; Minamide et al., 2000). This
led to the proposal that CAR formation may generally function to spare
ATP, as CAR formation interrupts all local actin-dependent processes,
and these represent a large fraction of energy demand in neurites
(Bernstein et al., 2006; DeWane et al., 2021). The present findings do

not necessarily refute this proposal but identify a more indirect route
by which energy failure leads to CAR formation in neurons.

Our results also confirm prior reports that NADPH oxidase
is a primary source of oxidative stress under ischemic condi-
tions. NADPH oxidase is a membrane-bound enzyme that utilizes
NADPH to generate superoxide from molecular oxygen (Sorce &
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Krause, 2009). Neurons, like most other cell types, express NADPH
oxidase 2 at their plasma membranes (Keeney et al., 2022; Sorce
& Krause, 2009; Tejada-Simon et al., 2005). Neuronal NADPH
oxidase 2 is activated by NMDA-type glutamate receptor activa-
tion through a PKC¢-mediated pathway to release superoxide in
the extracellular space (Brennan et al., 2009; Brennan-Minnella
et al., 2013). Of note, neuronal NADPH oxidase can also be stim-
ulated by prion protein binding and other factors, some of which
have also been shown to also induce CAR formation (Adams
et al., 1989; Dugan et al.,, 2009; Schneider et al., 2003; Walsh
et al., 2014).

The present studies focused specifically on the biochemical
events driving neuronal CAR formation under ischemic conditions,
and we did not quantify long-term effects on neurite or neuronal
survival in these studies. Prior studies have shown that CAR forma-
tion leads to subsequent neurite loss (Alhadidi et al., 2016; Bahader
etal.,, 2023; Bamburg et al., 2010; Shu et al., 2019; Won et al., 2018),
and the live-cell imaging study presented here in which CARs were
induced by cofilin-1 overexpression further supports this conten-
tion. CAR formation has been observed after both transient and
permanent focal brain ischemia (Won et al., 2018), and suppression
of CAR formation has previously been shown to reduce neurite loss
after brain ischemia (Shu et al., 2019).

Neurites have specialized metabolic and anatomical features
arising from their need to transport signals, organelles, RNA, and
proteins over long distances. These features impart unique vul-
nerabilities and responses to ischemic insults, such that axons and
dendrites may continue to degenerate even despite survival of the
parent neurons (Brown et al., 2007, 2008; Brown & Murphy, 2008).
In focal ischemia, this occurs primarily in the peri-lesional tissue,
where neurite loss can disrupt connections between both local and
distant cells. Dendrites can regenerate, but there is variability as to
the extent that regeneration recapitulates preinjury connectivity
(Brown et al., 2008; Zhen et al., 2022). The mechanism by which CAR
formation leads to neurite demise has not been established, but CAR
formation has been shown to impair axonal and dendritic transport,
drive mitochondrial fission, and induce mitochondrial depolarization
(Bamburg et al., 2010; Bernstein et al., 2006; Cichon et al., 2012; Shu
et al., 2019; Whiteman et al., 2009).

The energy failure/glutamate release/oxidative stress pathway
shown here to induce CAR formation and neurite degeneration
has previously been shown to cause neuronal death. The present
findings suggest that that this same pathway underlies neurite
degeneration in ischemic brain. Given that ischemic injury can
cause neurite degeneration under conditions in which the parent
neurons survive, this pathway might also be targeted to prevent
ischemic neurite loss.
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