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Reactive oxygen and nitrogen species (RONS) contribute to the
pathogenesis of neurodegeneration, but the inability to detect RONS
invivointhe central nervous system has confounded the interpretation of
results of clinical trials of antioxidants. Here we report the synthesis and
characterization of a positron emission tomography (PET) probe, [*F]
fluoroedaravone ([®*F]FEDV), for the in vivo quantification of oxidative
stress. Derived from the antioxidant edaravone, the probe can diffuse

through the blood-brain barrier and is stable in human plasma. In mice, PET
imaging with ["*F]FEDV allowed for the detection of RONS after intrastriatal
injection of sodium nitroprusside, in the middle cerebral artery after stroke

by photothrombosis, and in brains with tauopathy. When using dynamic
PET imaging coupled with parametric mapping, the sensitivity of [*F]
FEDV-PET to RONS allowed for the detection of increased oxidative stress.
[*FIFEDV-PET could be used to quantify RONS longitudinally in vivo and to
assess the results of clinical studies of antioxidants.

Reactive oxygenand nitrogen species (RONS) mediate redox signalling
and homeostatic cellular functions, but RONS imbalances also produce
oxidative damage and promote ageing, diabetes, acute brain injury
and neurodegenerative diseases, such as Alzheimer’s disease (AD)' .
Under normal physiological conditions, RONS are important chemi-
cal modulators that provide efficient, essential signal transduction
and an electron shuttle pathway for normal metabolism (oxidative
eustress). However, when endogenous regulating cellular antioxidant
pathways are overwhelmed or saturated (oxidative stress), the normally
short-lived, low-concentration RONS initiate a cascade of radical chain
reactions with the cellular environment (Fig.1a). DNA, RNA, lipids and

protein are liable to oxidative damage and cause cellular injury.
Specifically, oxidative stressis the major cause of DNA damage and RNA
polymerase stalling in the ageing process®. Lipids comprise the cellular
membrane and are most easily oxidized by excessive RONS*. Hydroxyl
radicals (OH¢) are short-lived intermediates that react with alipid or
other carbon source to oxidize fatty acids in the plasma membrane
and initiate a radical chain reaction in which a single peroxyl radical
can generate thousands of molecules of lipid peroxide molecules’.
The resultant cascade damages the plasma membrane, causing cell
death and potentially impairing the function of surrounding cells,
tissue and organ.
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Extensive evidence also supports theimportance of peroxyl radi-
cals and peroxynitrite in injury after cerebral ischaemia. Ischaemia
(and/or ischaemia followed by reperfusion) substantially increases
RONS through peroxyl radical or peroxynitrite chain reactions with
cellmembranes. Theresulting chain reactionleads toischaemicbrain
injury, manifested as oedema, infarction and neuronopathy®’. Consid-
erable evidence also supportsarolein oxidative stress in the pathology
and progression of AD®'°. Oxidative damage to proteins such as the
proteosome and key proteinsinglycolysis, TCA cycle and ATP synthase
has been observed in preclinical AD, amnestic mild cognitive impair-
mentand AD"". Increased levels of protein carbonyls are elevated in AD
brainregionsrichin Ap plaques’. Inaddition, increased lipid peroxida-
tion and 3-nitrotyrosine levels are observed in hippocampi of AD and
amnestic mild cognitive impairment™ . These observations suggest
that RONS are important pathological mediators to monitor in acute
braininjury and neurodegeneration and may be attractive targets for
antioxidant and radical scavenger drug developmentin these diseases.
However, measuring RONS in vivo is challenging, and past clinical trials
evaluating antioxidant efficacy lack evidence that putative treatment
reduces RONSin the brain, thereby confounding analyses of negative
results'®”. Consequently, the inability to elucidate the optimal thera-
peutic window(s) for RONS impedes our ability to objectively evaluate
treatment outcome, monitor disease progressionand predict symptom
onsetor resolution. Hence, imaging methods or laboratory biomarkers
that can quantify central nervous system (CNS)-derived RONS in vivo
will facilitate the assessment of disease progression and the design of
clinical trials of antioxidants.

Current assessments of RONSin living systems are largely limited
to ex vivo measurements of oxidative injury'®. Advances towards RONS
detection in vivo include positron emission tomography (PET), elec-
tron paramagnetic resonance and hyperpolarized [*C] magnetic reso-
nance imaging (MRI)'**°, Among these approaches, PET has superior
spatial resolution and is well suited for clinical application, evidenced
by many PET probes already used clinically to assess cerebral perfu-
sion, oxygen and glucose metabolism, neuroinflammation and the
accumulation of amyloid or tau proteins in the brains of patients with
AD. To this end, several radiopharmaceuticals have been developed
as potential PET-imaging probes for RONS but are limited by biologi-
cal instability, poor blood-brain barrier (BBB) permeability or a nar-
row spectrum of RONS reactivity” 2. For example, ['C]ascorbic acid
demonstrates limited BBB penetration’’. Meanwhile, ['*FJROStrace
and ["C]hydromethidine are effectively taken up by the brain,
but their reactivity is limited to the short-lived superoxide radical
(057, ty, =1-4 ps)***. Whether [**Cu]Cu-ATSM-PET detects hypoxia
or RONS also remains uncertain®. 4-[**F]Fluoro-1-naphthol ([**F]FN)
is a useful probe to image innate immune activation in vivo, since
it selectively binds proteins and cells when oxidized by reaction of
myeloperoxidase plus H,0,, but not H,0, alone*.

We hypothesized that an analogue of edaravone (3-methyl-1-
phenyl-2-pyrazolin-5-one) could serve as a radiopharmaceutical for
PET imaging of RONS?. Edaravone was developed as a scavenger of
peroxylradicals (ROO"), apotentinducer of oxidative injury, and it also

reacts with abroad spectrum of RONS, including hydroxyl (OH’), super-
oxide and peroxynitrite (ONOO") inthe lipid and aqueous phase, which
presents amajor advantage compared with other antioxidants whose
reactivity is limited by phase solubility (for example, a-tocopherol;
vitamin E) or impermeability to the BBB (such as disufenton sodium,
NXY-059)*~*°. Edaravone has an appropriate level of lipophilicity to
passively diffuse across the BBB and cell membrane?”. Intracellular
reactions between edaravone and peroxylradicals generate an unstable
intermediate, which rapidly converts to 2-oxo-3-(phenylhydrazono)
butanoic acid (OPB), which cannot freely pass through the cell mem-
brane®. Edaravone was approved for treating acute ischaemic stroke
inJapan in 2001 and for treating amyotrophic lateral sclerosis by the
US Food and Drug Administration in 2017°"*2, We hypothesized that,
like edaravone, [*F]fluoroedaravone ([**F]FEDV) may diffuse through
the BBB and cell membrane and produce PET signals indicative of
CNS-derived oxidative stress in vivo (Fig. 1b).

In this Article, we report the radiosynthesis of ['**F]FEDV and its
RONS-reactivity spectrum, stability and utility as a PET-imaging probe
of CNS oxidative stress in three mouse models: intrastriatal injection
of sodium nitroprusside (SNP), middle cerebral artery (MCA)-targeted
photothrombotic stroke and transgenic P301S (PS19) mice, a popular
model of AD*. We also investigated whether dynamic PET imaging
with parametric mapping can increase the sensitivity of ['*F]JFEDV to
RONS invivo.

Results

The probe ['F]FEDV was synthesized in a two-pot, three-step radi-
ochemical reaction (Fig. 1c). First, we synthesized the precursor
(1), boc-protected diazo trimethylammonium triflate salt, from
4-fluorophenylhydrazine in four straightforward, high-yielding steps**
(Extended Data Fig. 1). In the next step, we performed nucleophilic
aromatic substitution of (1) with [*®F]fluoride to produce (2), with a
nearly completereactionin 60 s. Thisreaction was briefly purified via
solid-phase extractionand then transferred (2) to anew reactor vial that
was previously charged with zinc dust by acetic acid elution. The final
product, ['®F]JFEDV, was generated by concurrent deprotection and
condensation after we added ethyl acetoacetate and hydrochloricacid
to the reactor vial and heated it for 20 min. The identity of [*FJFEDV
was verified by HPLC co-injection with afully characterized fluorine-19
standard. Overall, ['*F]FEDV was synthesized with 12% + 1% (n = 8) acti-
vity yield after HPLC purification and reformulation in 60 min. This
straightforward radiosynthesis method produced [*F]JFEDV with >99%
radiochemical purity.

In vitro characterization of ['SFIFEDV

Next, we examined the reactivity spectrum of ['*’FIFEDV with major
oxidants in vitro and tested whether [°FIFEDV would react with both
lipid-and water-soluble peroxyl radicals, similar toits parent chemical
edaravone”. We found that [°F]FEDV (50 pM) completely converted
to ["F]F-OPB within 5 min when incubated with hypochlorite (ClIO"),
peroxynitrite, hydroxide (OH’), nitroxyl (NO"), tert-butoxide (¢-BuQ°), or
lipid peroxylradicalsinaqueous [LOO"(ag)] orlipid [LOO'(lip)] solutions

Fig.1| Synthesis of ['*FIFEDV and in vitro characterization. a, Under
homeostasis, RONS production and elimination are tightly regulated (eustress).
Disruption of this balance, oxidative stress, results in high levels of RONS that
are damaging to biological systems. b, Scheme of a hypothesized mechanism
ofintracellular retention of ['F]F-OPB after ['FIFEDV reacts with RONS. We
propose that, like its parent chemical edaravone, ["*F]FEDV freely diffuses
through the plasma membrane, reacts with intracellular RONS at physiological
pHand produces unstable intermediates leading to ['*F]F-OPB. The ['*F]F-OPB
cannot pass through the plasma membrane and is retained within the cell,
thereby providing a PET signal. ¢, Scheme of the radiosynthesis of [*FIFEDV, a
radiopharmaceutical analogue of edaravone. d, Quantification of the [°F]FEDV-
to-['’F]F-OPB conversion after exposure to various oxidants for 5 min, 10 min,

15 min or 20 min. The tested oxidants, arranged in order of increasing reduction
potential, included hydrogen peroxide (H,0,), tert-butyl hydroperoxide
(t-BuUOOH), nitroxyl (NO"), hypochlorite (ClIO"), tert-butoxide (¢-BuO’), water-
soluble lipid peroxyl radicals [LOO"(aq)], and lipid-soluble lipid peroxyl radicals
[LOO'(lip)], peroxynitrite (ONOO~) and hydroxide (OH’). Shown are the mean of
three replicates. e, Quantification of cellular uptake (Bq per mg protein) of [*F]
FEDV in N2a cells after exposure to 3 mM TBHP or TBHP with co-incubation of
100 pM edaravone. Shown are the mean + s.e.m. of six replicates. f, Stability of
[®FIFEDV in the final product reformulation solvent (5% ethanol in saline) and in
human plasma. Shown are the mean + s.e.m.; *P=0.0386, **P=1.2 x 10~ two-way
ANOVA with Bonferroni post hoc test for significance.
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(Fig. 1d). By contrast, [’FIFEDV demonstrated very low reactivity to  including both lipid- and aqueous-phase peroxyl radicals across a

hydrogen peroxide (H,0,) and tert-butyl hydroperoxide (¢-BuOOH), wide range of reduction potentials.

whichisalso similar toits parent chemical, edaravone”. These results
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Fig.2 |Imaging SNP-induced oxidative stress in vivo. Adult male C57BL/6 intrastriatal injection of saline (left) or SNP (right). ¢, The TACs of ['FIFEDV in
mice were subjected to intrastriatal injections of saline or 20 nmol SNP the striatum of SNP- or saline-treated mice (n = 4 for each). d, Summation of
(Na,[Fe(CN);NO]), followed by [*FIFEDV-PET/CT imaging 1 hlater (n=4foreach).  [**FIFEDV, ["*FIFN and ["®FIFDG signals in the striatum 45-60 min post-injection
a, Scheme of SNP injection and activity. SNP not only functions as a nitric oxide to generate the maximal standardized uptake value (SUV,,,,) in each condition
donor but also induces peroxynitrite (ONOO) and causes lipid peroxidation®. (n=4foreach). Note that ‘SNP block’ refers to pre-treatment with 15 mg kg™
Also shown are fluorescence microscopy images of oxidized hydroethidine of edaravone 5 min before [*F]JFEDV injection. Shown are mean +s.e.m.;
(oxHET) in the striatum of mice that received either an SNP or saline injection. P=8.1x107 (SNP versus saline), P=3.8 x 10~ (SNP versus SNP block), one-way

b, Axial (top) and coronal (bottom) ['*F]FEDV-PET/CT images of mice that received ANOVA with Bonferroni post hoc test for significance.

Nature Biomedical Engineering | Volume 9 | May 2025 | 716-729 719


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-025-01362-3

induce lipid peroxidation and protein carbonylation®, as well as

doxorubicin-treated mouse mammary adenocarcinoma EMT6 cells,
a popular cell culture model of oxidative stress generally known to
produce nitrosative oxidative stress such as nitric oxide and peroxy-
nitrite®®. Indeed, when N2a and EMT6 cells were incubated with [**F]
FEDV and evaluated 0.5-3 hafter TBHP or doxorubicintreatment, the
cell-associated radioactivity (Bq per mg protein) increased rapidly up
to 2 hpost-treatment (Fig. 1e and Extended Data Fig. 2a). Notably, the
cellular uptake of ["*FIFEDV after TBHP and doxorubicin treatment
wasblocked in the presence of 0.1-10 mM non-radioactive edaravone,
supporting the RONS specificity of ['*F]FEDV-associated radioactivity
in cells (Extended Data Fig. 2a).

To test the suitability of ['*FIFEDV for imaging RONS in vivo,
we compared the stability of ['®F]FEDV in 5% ethanol/saline (refor-
mulation solution) and human plasma. In the reformulation solu-
tion, ['*®*FIFEDV showed remarkable stability, with >99% of [**FIFEDV
unchanged after 8 h. The probe also remained >90% intact after 3 h
in human plasma, suggesting high stability and minimal radiolysis
of ["®F]FEDV (Fig. 1f). Together, these results suggest that [**FJFEDV
hasabroadreactivity spectrum to RONS and favourable stability for
invivoimaging.

Imaging SNP-induced oxidative stress in vivo

To test the potential of ["*F]JFEDV as a PET-imaging probe for RONS
invivo, we first used intrastriatal injection of SNP, Na,[Fe(CN)sNO], to
induce oxidative stress®. Despite being a nitric oxide donor, SNP also
produces superoxide and other RONS, leading to the formation of per-
oxynitrite andlipid peroxidation®*. We injected the striata of mice with
saline or 20 nmol SNP and allowed them to recover for 60 min before
["®*FIFEDV-PET imaging. In pilot experiments using dihydroethidine
(DHE) as atracer of RONS, SNP-injected mice showed more intense oxi-
dized dihydroethidine (oxHET) labelling than did saline-injected mice
on postmortem fluorescence microscopy images (Fig. 2a). Similarly,
the SNP-injected mouse brain showed robust ipsilateral ['*FJFEDV-PET
signals (Fig. 2b). Striatum-focused time activity curves (TACs) revealed
significantly stronger mean ['®*F]JFEDV-PET signalsin SNP-injected mice
thanin saline-injected mice (Fig. 2c; P< 0.001, n =4 for each treatment).
Modelling clinical workflow for PET scans, we generated standard
uptake values (SUVs) in saline-treated versus SNP-treated mice at
45-60 min after the intravenous injection of ['*F]FEDV. Our analysis
showed significantly higher maximum SUV in SNP-injected mice than
insaline-injected mice (Fig. 2d; P< 0.001, n = 4 for each treatment). To
confirm the specificity of ['SFJFEDV for RONS in vivo, we performed
ablocking study in which SNP-injected mice were pre-treated with
15 mg kg ' edaravone intravenously 5 min before ['*FIFEDV injection
and these mice were imaged with PET/computed tomography (CT)
from 45 min to 60 min post-injection. Prophylactic edaravone treat-
ment markedly reduced the ['*F]JFEDV-PET signal in SNP mice, showing
no statistically significant differences (P = 0.62) inmice intrastriatally
injected with saline. These results further indicate that ['FJFEDV is
specificto RONS in vivo.

For comparison, we applied [*FIFN, the redox-tuned PET probe
for innate immune activation®, and found no evidence of increased
PET signal at 60 minin SNP mice. Likewise, SUV of ["*F]FN showed no sig-
nificant differences (Fig.2d; P= 0.921, n = 4 for each treatment) between
SNP-treated versus saline-injected mice at 45-60 min post-['*F]FNinjec-
tion. These results suggest that the SNP-induced [*F]FEDV-PET signal is
notdue toinnateimmune activation, rather edaravone-specific RONS.
We also tested whether ['*F]FDG could differentiate SNP-treated versus
saline-treated mouse brain. We observed robust PET signal in both
SNP-treated and saline-treated mice (Extended Data Fig. 3); however,
no significant differences in SUV were observed (Fig. 2d; P=0.168,
n=4 for each treatment) between saline-treated and SNP-treated
mice. These results indicated that ['*FIFEDV-PET imaging is sufficient
to detect SNP-induced oxidative stress in vivo.

Imaging post-stroke oxidative stress with [*FIFEDV-PET

Next, we induced unilateral photothrombosis (PT) stroke in mice to test
whether ['®F]JFEDV detects RONSinvivoinaclinically relevant model*°.
Mice were injected with rose bengal dye retro-orbitally, exposed to
543 nm laser beam illumination at the proximal branch of the MCA
and then imaged via ["*FIFEDV-PET 4 h or 24 h later. Mice in the sham
group also received MCA-focused laser illumination but without rose
bengal dyeinjection.

At 4 h post-PT, we detected no significant difference in the PET
signal between the sham-treated or stroke-injured mouse brains, but
at 24 h post-PT, the ['*F]JFEDV-PET signal was markedly increased in
theipsilateral cerebral cortex of the stroke-injured mice (Fig.3a;n=3
for each group). Focused ["*FIFEDV TACs at the ipsilateral cerebral
cortex showed a steadily increased and sustained ["*F]FEDV-derived
PET signal at 24 h post-PT but rapid wash-in/wash-out kinetics in
the sham-treated or 4 h post-PT brains (Fig. 3b). Focused TACs also
revealed no difference between the sham and contralateral cerebral
cortex of post-PT mice (Fig. 3b). Accordingly, static PET imaging at
45-60 min post-["®*F]FEDV injection showed a higher average SUV
at 24 h post-PT than at 4 h post-PT (Fig. 3¢; P<0.001). Notably, the
ipsilateral cerebral cortex of stroke-injured mice showed more malon-
dialdehyde (MDA), a marker of lipid peroxidation*, than did the con-
tralateral cortex at24 hbutnotat4 h post-PT (Fig. 3d; n =4 for each).
We also studied [**F]FN in the PT model; however, no differences
were observed in the PET signal or SUV in ipsilateral-contralateral
regions of interest (ROIs) drawn in the PT mouse brain, which was
also verified ex vivo with gamma counting of collected brain tissue
(Extended DataFig.4; P=0.913, n=3). Theseresults, corroborated by
SUV analysis and gamma counting of brain tissue ex vivo (Extended
Data Fig. 4b-d), suggest that induction of oxidative stress (positive
[8F]FEDV-PET signal) occurs without increased innate immune activa-
tion (negative ['*F]FN) 24 h post-PT.

Ischaemic stroke compromises the BBB*’; thus, we sought to
ensure that the observed increase in the ["*F]JFEDV-PET signal was not
merely due to BBB leakage at 24 h post-PT. We injected ['*FIFEDV or
[*Ga]EDTA, a non-specific radiopharmaceutical that accumulates in
the CNS when the BBB is compromised*?, in sham-treated and at 24 h
post-PT mice and compared the levels (n =3 for each group).

Again, the 24 h post-PT mouse brain showed a large increase of
the [*®F]FEDV signal in the ipsilateral cortex (red arrows, Fig. 3e) and
ahigher baseline in both hemispheres thanthose in the sham-treated
mouse brains. By contrast, 24 h post-PT mouse brains showed only a
very smallincrease of [®*Ga]EDTA-associated radioactivity in the ipsi-
lateral cortex, compared with contralateral cortex or sham-treated
brains (Fig. 3e). This finding was corroborated by total radioactivity
counts in the ipsilateral hemisphere of postmortem brains after PET
scan (Fig. 3f; P< 0.001, n =4 for each group). Together, these results
suggest that the increased ["*F]FEDV-PET signal at 24 h post-PT is not
caused by extravasation alone.

Dynamic [*FIFEDV-PET imaging of oxidative stress

The MDA assay is anindirect measure of RONS as it quantifies oxidative
damage (lipid peroxidation, although its specificity is suboptimal'®),
rather than a specific reaction with RONS®. Thus, we used the fluores-
cence of oxHET in postmortem brains to test the timing of oxidative
stressonset inthe PT stroke model. This experiment showed a signifi-
cant increase of oxHET signals in the ipsilateral cerebral cortex at4 h
and 24 h post-PT, suggesting rapid onset of oxidative stress (Fig. 4a;
P<0.001,n=4foreach condition).Similarly, ex vivo brain autoradio-
graphy after ['®FJFEDV-PET imaging also showed retention of radioac-
tivity intheipsilateral cortex atboth4 hand 24 h post-PT (red arrows,
Fig.4b). Theseresults suggest that static SUV analysis, although com-
mon in clinical workflow, may underestimate the uptake of ['*FJFEDV
insmallrodent brains, because it does not discern PET signal from the
blood pool versus that from tissue*>**,
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to BBB breakdown.
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Fig. 4 | Dynamic [*FIFEDV-PET imaging with parametric mapping markedly
enhances the probe’s sensitivity to RONS. Adult male C57BL/6 mice were
injured by MCA-targeted PT, followed by dynamic [**F]FEDV-PET imaging for
60 minat4 hor 24 h post-stroke (n = 4 for each time point). After PET imaging,
mice were immediately transferred and imaged by 9.4 T MRI to detect stroke
injury by T2-weighted images and differentiate VOIs. The PET/MRIimages were
then co-registered to calculate the rate of tracer uptake (Ki) in VOIs. a, Top:
representative confocal microscopic images of oxidized hydroethidine (oxHET,
red) and DAPI (blue) in sham-treated versus stroke-injured mouse brains at

4 h post-PT. Bottom: the fluorescence of oxHET" cells increased significantly
atboth4 hand 24 h post-PT (n =4 each, one-way ANOVA with Tukey post

hoc correction for significance; shown are mean + s.e.m.). b, Representative
autoradiography of ['*F]JFEDV-injected mouse brains collected after PET/MRI

imaging at 4 hor 24 hpost-PT. Note the increase of ['*F]FEDV signals (red arrows)
inex vivo autoradiography at both time points. ¢, Dynamic PET/MRIimaging
with parametric mapping shows enhanced uptake of ['*FIFEDV at the sites of
T2-indicated stroke injury (yellow arrows) at both 4 (left) and 24 h (right) post-PT.
d, Quantification of the Ki of ['*F][FEDV uptake at the ipsilateral side or cortical
infarction (blue), compared with that of the contralateral VOI (orange) or sham
(grey and yellow), at both 4 hand 24 h post-PT (n =4 for each group). Shown
aremean +s.e.m.***P=5.6 x107 (PT 4 hright stroke versus PT 4 h left stroke),
P =14 x107° (PT 4 hleft stroke versus PT 4 h left sham), ***P=9.9 x 107 (PT
24 hright stroke versus PT 24 hleft stroke), ***P=1.02 x 10~° (PT 24 hleft stroke
versus PT 24 h left sham), two-way ANOVA with Tukey post hoc correction

for significance.
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We tested whether dynamic [**F]JFEDV-PET imaging with para-
metric mapping would enhance the probe’s sensitivity to detect RONS
in the post-PT mouse brain***¢, Mice received [*F]JFEDV intravenously
and were dynamicallyimaged by PET at4 h or 24 hpost-PT for 60 min.
After completion of the PET scan, mice were immediately imaged by
T2 MRI to determine the ischaemic area from which we delineated
volumes of interest (VOIs) to quantify the rate of ['*F][FEDV uptake in
tissue (Ki) between ipsilateral and contralateral hemispheresin post-PT
or sham-treated animals (n = 4 for each group). This analysis showed
enhanced ["®F]FEDV uptake in the ipsilateral cortex at both 4 h and
24 h post-PT, co-localized with T2 MRI signal (yellow arrows, Fig. 4c).
Accordingly, parametric mapping showed significantly greater Ki
within VOIs at both 4 h and 24 h post-PT, compared with that in VOIs
inthe contralateral hemisphere or both hemispheres of sham-treated
mouse brains (Fig. 4d; P< 0.001, n=4 per group). These results sug-
gest that dynamic PET imaging with parametric mapping markedly
enhanced the sensitivity of ['**F]FEDV to detect RONS in vivo.

[*®*F]FEDV-PET imaging of PS19 tauopathy mice

Lastly, we used [**F]JFEDV-PET to compare the brains of heterozygous
PS19 and wild-type (WT) mice, because oxidative stress hasbeenimpli-
cated as a pathogenic mechanism of AD. PS19 mice express the human
P301S mutant tau with evident protein carbonyls in the cortical mito-
chondrial fraction from10 months of age, but so far, noin vivoimaging
studies quantifying RONS in PS19 mice have been reported®*’.

In our study, ["®*FIFEDV-PET/MRI imaging showed markedly
increased PET signal in 12-month-old male heterozygous PS19 mice,
when compared with age-matched male WT mice (Fig. 5a; n= 6 foreach
group).SUV analysis showed amarked increase of ['*F]JFEDV uptake in
most brain regions, including the hippocampus, striatum, thalamus,
hypothalamus, amygdala, midbrain, cerebellum and brainstem (Fig. 5b;
n=6;*P<0.05,*P<0.01,**P<0.001). We also studied whether [**F]
FDG reveals differences between PS19 and WT mouse brains, since
impaired glucose metabolismis a hallmark of advanced AD pathology™®.

Yet, no significant reduction in ['*FIFDG-PET SUV analysis was
observed in 12-month-old PS19 mice compared with age-matched
WT mice (Extended Data Fig. 5; n = 4 for each group), suggesting high
sensitivity of ['"*FJFEDV-PET compared with [*FIFDG-PET in detecting
AD-like abnormalities in PS19 mice.

Finally, we performed oxHET labelling after [**FJFEDV-PET/MRI
imaging to validate RONS-PET signal ex vivo. This analysis showed a
significant increase of oXHET" cells in the hippocampus of PS19 mice
compared with WT mice on postmortem fluorescence microscopy
(Fig.5¢; P<0.01, n=4 per group). Similarly, PS19 mice showed a higher
level of phosphorylated tau (AT8) staining in the hippocampus than
did WT mice (Fig. 5d; P< 0.05, n =4 per group). These results suggest
that ['8F]FEDV imaging via the clinical standard static PET is sufficient
to detect greater oxidative stress in the brains of 12-month-old PS19
tauopathy mice.

Discussion

The pathology underlying neurodegenerative diseases, including
amyotrophiclateral sclerosis, Huntington’s disease, AD and AD-related
dementia (ADRD), starts years before symptoms appear, and the rate
of progression varies individually. For example, the dementia stage of
AD is preceded by the preclinical stage (normal cognitive behaviour,
but biochemical evidence of change) and prodromal period (mild
cognitive impairment). Hence, molecular and imaging biomarkers
that can detect the onset of CNS-derived pathology would be of great
valueinevaluating disease progression and patient selection for early
intervention**~°. The current tools used to diagnose AD/ADRD include
measuring amyloid-3 peptides (AP), tau protein (total or AT8) and
protein panelsinthe blood or cerebrospinal fluid***’. Amyloid-PET and
tau-PET scans are the two most commonly used imaging biomarkers
for AD, since they directly assess the accretion and regional spreading

of amyloid plaque and tau fibrilsin the brain. MRIand FDG-PET are also
useful for detecting brain atrophy and impaired glucose metabolism,
respectively, inadvanced AD and frontotemporal dementia®2. However,
aglaring deficiencyin AD-related and neurodegenerative disease imag-
ing biomarkers is our inability to detect CNS oxidative stress in vivo.

Growing evidence indicates that excessive oxidative stress
(beyond eustress) contributes to both acute brain injury and chronic
neurodegeneration, such as AD and ADRD' . Oxidative stress in AD/
ADRD arise from dysfunctional mitochondrial oxidative phosphoryla-
tion, reduction of antioxidants, and amyloid-f3 or tau oligomer-induced
neurotoxicity or microglia-secreted RONS, which accelerate ageing
or provoke neurodegeneration**>. Consistent with this view, genetic
depletion of Nrf2,amaster regulator of cellular antioxidant responses,
exacerbates cognitive deficits and amyloid-p deposition in a mouse
model of AD*. As such, oxidative stress may be a promising thera-
peutic target in AD/ADRD, but several practical challenges limit the
ultimate objective to longitudinally quantify oxidative stress in a
clinical research setting.

First, direct measurement of RONS in vivo is challenging, owing
to their unstable nature and short half-life. Current approaches rely
onindirect measurements of oxidative damage in postmortem brains
or measuring surrogate biomarkers in blood or urine (for example,
8-OHdG, isoprostane 8 and 12-iso-iPF,,-1V)*’, which may or may not
represent the microenvironment of the brain in living patients. Sec-
ond, as there are no clinical-imaging tools to measure oxidative stress
in the brain in vivo, our ability to objectively evaluate the efficacy of
antioxidants is substantially limited. For example, a previous clinical
trial using vitamin E (a lipid phase-only antioxidant) showed negative
results in preventing patients with mild cognitive impairment to pro-
gress into dementia'. However, it remains uncertain whether RONS
areapoor therapeutic target for AD, whether vitamin Eis aninefficient
antioxidant limited to lipid-phase RONS reactivity, or the dose of vita-
min Eadministered is simply inadequate to reduce RONS in the brain.

In view of these unmet clinical needs, we developed an in vivo
PET-imaging probe to detect RONS levels in the CNS based on the
well-characterized, clinically used antioxidant edaravone”. We
showed that adding fluorine-18 to edaravone, a Food and Drug
Administration-approved antioxidant, retained abroad reaction spec-
trumto multiple RONS, including lipid- and water-soluble peroxyl radi-
cals and peroxynitrite. Importantly, ['*FIFEDV readily crossed the BBB
and plasmamembrane, a prerequisite for successful RONS-PET imag-
ing. The radiosynthesis of ['*F]FEDV was a straightforward nucleophilic
aromatic substitution reaction, followed by reduction, deprotection
and condensation. This robust synthesis afforded ["*FIFEDV in high radi-
ochemical yield, purity and molar activity (Extended Data Figs. 6-9).
Inaddition, ['"8FIFEDV has a high solution stability, despite ®F-labelled
radiopharmaceuticals often suffering from radiolytic decomposition
that hinders the development of PET-imaging probes®*°. Finally, we
quantified the biodistribution of ["!F]JFEDV in mouse organs ex vivo
and showed that ["*F]JFEDV distribution and clearance is in agreement
with previously characterized datafor edaravone in humans (Extended
DataFig.10). Thus, [*FIFEDV has the chemical reactivity and biological
compatibility that is essential to study a myriad of disorders in which
RONS contribute to disease pathology.

We assessed [®F]FEDV-PET imaging in three in vivo models of
acute and chronic neurodegeneration and compared correlative
biomarkers and quantification methods in this study. First, [*F]
FEDV demonstrated markedly increased PET signalsin theipsilateral
hemisphere after intrastriatal injection of SNP, a popular model for
chemical-induced CNS oxidative stress®. By contrast, neither ['*FIFDG
nor [®F]FN was able to differentiate sites of oxidative stress from the
contralateral hemisphere or saline-injected brains. As [*FJFDG meas-
ures glucose uptakein cells, high non-specific signal in the mammalian
brain often limits the biological specificity in which ['F]FDG can be
applied for disease interpretation. Indeed, intrastriatal injection
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Fig. 5| ["*FIFEDV-PET imaging detects increased RONS in the P301S (PS19)
mouse brain. ['*F]JFEDV-PET/MRI was used to compare male P301S (PS19) mice
and WT mice (both at 12 months of age, n = 6 for each group). Dynamic imaging
of the mice was performed with ["*F]JFEDV-PET for 60 min and then immediately
transferred and imaged by 9.4 T MRI for anatomical identification. a, Summed
[**F]FEDV-PET/MRISs (45-60 min) reveal widespread enhanced uptake in PS19
mice, compared with thatin age-matched WT mice. b, SUV analysis shows
significantly higher ['*FIFEDV-PET signal in nearly all ROIs in PS19 mice (red) than

inage-matched WT mice (grey). ROIs were generated using the Ma-Benveniste-
Mirrione atlas on MRI, and PET signal in ROIs was quantified (n = 6 for each

group; **P=0.00073 (midbrain PS19 versus midbrain WT), one-way ANOVA).

¢, Representative microscopy images of oxHET fluorescence and quantification of
oxXHET" cellsin the hippocampus of PS19 mice and age-matched WT mice (n =4 for
eachgroup, two-way ANOVA). d, Representative immunohistochemical staining
and quantification of phosphorylated tau (AT8) in the hippocampus of PS19 mice
and WT mice (n =4 for each group, two-way ANOVA). Shown are mean + s.e.m.
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of SNP elevated [**F]FDG signals without differentiating the injec-
tion site from the contralateral hemisphere. ['®F]FN is a redox-tuned
PET-imaging probe that selectively binds proteins and cells when
oxidized by products of myeloperoxidase and H,0,, making it ideal
and specific for detecting innate immune activation®. Consequently,
intrastriatal injection of SNP failed to show elevated ["*F]FN-PET sig-
nals, despite readily induced oxHET-labelling and ["*F]FEDV-PET sig-
nals. These findings underscore the differences and complementary
nature between [®F]FEDV and [**F]FN as radiopharmaceuticals: [**F]
FN-PET detects a context-specific process, while ['*FIFEDV may be
more suited for broad-spectrum RONS detection.

The differing properties of ['SFIFEDV and ['*F]FN were also evident
inour experimental stroke model. Many investigations have shown that
cerebralischaemiainduces RONS that contributes toinfarction and sec-
ondary thrombosis®”*%; edaravone has been used to treat patients with
acuteischaemicstrokeinJapan for over 20 years and was recently shown
to improve National Institutes of Health Stroke Scale scores after an
ischaemicstroke®. Although edaravone is approved for use within24 h
of stroke onset, it is most effective if administered within 3 h (ref. 59).
Accordingly, our stroke model (MCA-aimed PT) readily increased [F]
FEDV signals (Fig. 3), which correlated with biochemical evidence of
lipid peroxidation (as shown in the MDA assay), but failed to show
increased ['F]FN-PET signal (Extended Data Fig. 4). These results
again suggest that ['"*F]FEDV is more suitable for detecting a broad
spectrum of oxidative stress, when compared with ["*F]JFN. We
also compared the measurement of ['*F]JFEDV-PET signals using
semi-quantitative SUV and dynamicimaging**>°, Similar to Statistical
Parametric Mapping®, graph-based dynamicimaging uses a VOI-based
method to calculate the blood-to-tissue uptake (Ki) of aradiopharma-
ceutical and can improve the sensitivity of ['*FIFDG-PET in humans®.
Likewise, dynamic imaging greatly increased the sensitivity of ['F]
FEDV-PET imaging to RONS at 4 h post-stroke, which was more sensi-
tive than the biochemical MDA assay but similar to the sensitivity of
oxHET labelling and ex vivo autoradiography in postmortem brains.
Together, these results suggested that ['®*FJFEDV-PET, with or without
dynamicimaging, isa promising imaging biomarker for RONSin vivo.

We suggest that ['SFIFEDV may have greater impact as an imag-
ing biomarker in neurodegenerative disease (for example, AD/ADRD,
frontotemporal dementia, amyotrophic lateral sclerosis and chronic
traumatic encephalopathy) compared with acute braininjury such as
stroke, as the latter often presents anatomic alterations apparent on
MRIor otherimaging modalities. Thus, we used [*FJFEDV-PET imaging
totest the purported CNS oxidative stressin the PS19 mouse model of
AD?. A previous study reported increased protein carbonyls despite
normal MDA levels in the brains of PS19 mice, compared with that of
age-matched WT mice”. In addition, oxidative stress and mitochon-
drial dysfunction preceded abnormal tau accumulation and cognitive
deficits in PS19 mice. Here we showed that at 12 months, PS19 mice
manifested a pervasive increase of ['*F]JFEDV signals in the brain, corre-
lated with greater oxHET and phosphorylated tau labelling, compared
with age-matched WT mice. Region-focused SUV analysis revealed a
significant increase of ['!F]JFEDV uptake in multiple subcortical areas
thanthe cerebral cortex, consistent with the topographic progression
of neuropathology in AD (Braak staging)*®. ['*F]JFEDV can thus detect
aclear increase in CNS oxidative stress in PS19 mice based on SUV
analysis. While ['®F]FDG is reimbursable by the Centers for Medicare
and Medicaid Services for the differential diagnosis of frontotemporal
dementia®’ and AD and is the most routinely used PET radiopharma-
ceutical used in nuclear medicine, ['*FIFDG-PET imaging was unable
to demonstrate SUV difference in any brain area that we analysed
(Extended Data Fig. 5) in PS19 mice. A recent study of ['*FJROStrace
also detected CNS oxidative stress in the APP/PS1 mouse model of AD;
however, those results require validation with ex vivo autoradiogra-
phy and parametric mapping®. Future studies are also warranted to
compare the sensitivity of ['*FJFEDV and ['®F]ROStrace in the same

mouse model of AD. Longitudinal correlations of ['*FIFEDV-PET with
cognitive function in PS19 mice may also provide insights on the role
of RONS in pathogenesis and provide a basis for interventional studies
with antioxidants.

Insummary, we have developed a PET agent, ['*F]JFEDV, forimaging
oxidative stress in vivo. [*F]JFEDV demonstrated rapid reactivity to a
broad spectrum of RONS in vitro, BBB permeability and high solution
stability. ['*FIFEDV quantified oxidative stress resulting from SNP- or
stroke-induced injury and in the PS19 mouse model of AD. Dynamic
imaging further increased the sensitivity of ['"!F]JFEDV-PET to detect
oxidative stress in vivo. The availability of ['SFIFEDV should facilitate
researchintoimportant clinically focused research questions, such as
identifying therapeutic windows to attenuate oxidative stress, evalu-
ating target engagement of antioxidant therapies and identifying
patients who are most suited for antioxidant therapy. The availability of
[®FIFEDV will enhance our understanding of the relationship between
oxidative stress and other pathological processesin AD/ADRD, such as
amyloid and tau fibril accumulation, or differentiate normal ageing
from preclinical AD in the presence or absence of amyloid PET signalsin
thebrain. The ease of production, in vivo sensitivity and nearly identi-
calchemical structure to the Food and Drug Administration-approved
drug, edaravone, warrant further development of ['*F]JFEDV in clinical
studies to delineate disease aetiology rooted in oxidative stress.

Methods

All experiments were conducted following the relevant ethical and
safety guidelines. Allanimal protocols were approved by the University
of Virginia and St.Jude Children’s Research Hospital Animal Care and
Use Committee, Radiation Safety Committee and Biosafety Committee.
EMT6 (CRL-2755) and N2a (CCL-131) cells were commercially available
from ATCC. Cell lines were received with a certificate of analysis to
supportauthenticity. Allmice were acquired from the same source; all
husbandry wasidentical across cohorts; and each mouse was randomly
assigned to its respective study cohort (injured versus sham). Mice
were housed ina12 h (7 AM to 7 PM) dark/light cycle under ambient
temperature and humidity with unfettered access to food and water.
Construction of VOIs from PET/CT images and subsequent analyses of
these VOIs were performed by multiple individuals to maximize rigour.

Radiosynthesis of [*FIFEDV

Tosynthesize the [®F]fluorideion, aSiemens RDS 11 cyclotron (Siemens)
was used to complete the nuclear reaction of *0O(p,n)*®F in a target of
['*0]OH,. An anion-exchange resin (Myja Scientific) preconditioned
with12 mldeionized water was used to capture [*F]fluoride, which was
then eluted with a 1 ml solution of 9:1 acetonitrile-water containing
1 mg potassium carbonate and 6 mg Kryptofix 222 (Sigma-Aldrich).
Argon flow with reduced pressure and heating (90 °C) was performed
toremove the solvents. The residue was thendried via azeotropic distil-
lationthatincluded two aliquots (1 ml) of anhydrous acetonitrile under
argon flow, with reduced pressure and heating (90 °C). Next, 2.5 mg
4-((tert-butoxycarbonyl)diazenyl)-N,N,N-trimethylbenzenaminium
trifluoromethanesulfonate® was dissolved in 400 planhydrous acetoni-
trileand thenadded to thereactor vial. The vial was sealed and heated to
85°Cfor 60 s. The solvent was thendiluted in3 ml deionized water and
passed through a tC18 Plus Light Sep Pak (Waters). The cartridge was
washed with3 mlwater, followed by >6 ml nitrogen gas to purgeit. Next,
the product was eluted from the cartridge with 1 ml glacial acetic acid
intoacleanreactor vial that was previously charged with 20 mgzinc dust
and a Teflon-coated magnetic stir bar. The reactor vial was sealed and
heated to 85 °C for 60 s with stirring. The vial was then removed from
the heat and 100 pl ethyl acetoacetate was added, followed by 100 pl
concentrated HCI. The vial was left to stand uncapped for 60 s, until
the evolution of hydrogen gas had ceased. Next, the vial was sealed and
heated at 85 °C for 20 min with stirring and then cooled for 60 s.A2 ml
solution of water containing 200 mg sodium acetate was then added
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to the vial, and the solution was transferred through a13 mm, 0.45 pm
PVDF syringe filter and purified by semi-prep HPLC using a Synergi
Hydro-RP C18 column (10 pm, 250 x 10 mm, 80 A) (Phenomenex) under
isocratic flow of a mobile phase consisting of 35:65 ethanol/acetate
buffer (0.2 M acetic acid/0.05 M sodium acetate) at 4.7 ml min™. The
productwas collected from 11 minto 13 mininto 20 ml deionized water.
The entire solution was transferred through an Oasis HLB Plus light
cartridge (Waters), which was subsequently washed with 5 ml deionized
water. Finally, 500 plethanol was passed throughthe HLB cartridge and
diluted with 9.5 ml saline to yield 2-(4-[®*F]fluorophenyl)-5-methyl-2,
4-dihydro-3H-pyrazol-3-one in a 12% + 1% radiochemical yield (end of
synthesis) with an estimated molar activity of § 1.2 Ci pmol™ (n=8).
Chemical and radiochemical purity were determined by analytical HPLC
usinga SynergiHydro-RP C18 column (4 pm, 4.6 x 250 mm, 80 A) under
isocratic flow of a mobile phase consisting of 30:70 ethanol/acetate
buffer (0.2 M acetic acid/0.05 M sodium acetate) at 1.5 ml min™ (['*F]
FEDVR,=12+ 0.5 min).

[*FIFEDV chemical reactivity assays with various RONS in
solution

All RONS chemical reactivity assays were performed as previously
described®>®, All RONS species were tested with specific concentra-
tions of eachRONS, as indicated, and reacted with 50 pM [*’FIFEDV. All
samples were quenched with 15 pl 500 mM ascorbic acid before HPLC
analysis at each indicated time point. Concentrations of [°FIFEDV were
calculated by integrating areas and comparing them with a standard
mass curve of [°FIFEDV.

[*®*F]FEDV in vitro assays

Invitro assays of ['*FJFEDV were performed using EMTé6 cells, as previ-
ously described®***. Inbrief, EMT6 cells were maintained in DMEM/F12
and seeded in 96-well culture plates 48 h before the uptake assays to
achieve log-growth phase with approximately 70% confluence at the
time of the uptake assay (10,000 cells per well). Cell culture medium
was removed, and freshly prepared cell culture medium containing
5.6 +1.8 x 10”2 MBq of ['*F]JFEDV was added to each well. After 30 min,
60 min, 120 min or 180 minincubation at 37 °C, cells were rinsed twice
with1mlice-cold1x PBS. Thenthe cells were lysed by incubating them
in100 pl2 MKOH at 37 °Cfor 10 min. The cell-associated radioactivity
was measured by transferring 80 pl of the supernatant from each well
into 1.5 mlmicrocentrifuge tubes and assaying radioactive counts using
aHidex AMG automated gamma counter (Hidex).

Alternatively, N2a cells were maintained in DMEM/F12 and seeded
in 96-well culture plates 24 h before the uptake assays (-100,000 cells
perwell). Cell culture medium was removed, and freshly prepared cell
culture medium containing 100 uM TBHP was added to each well and
incubated for 3 hat 37 °C. Next, cells were aspirated and washed with
500 plof 1x PBS. Then, 500 plof 1x PBS containing 5.6 + 1.8 x 102 MBq
of ["*FIFEDV was added to each well. After 30 min, 60 min, 90 min or
120 minincubation at 37 °C, cells were rinsed twice with 1 mlice-cold
1x PBS. Cells were detached with 500 pl of Accutase by incubating for
15minat 37 °C. Then the cells were lysed by incubating themin 100 pl
Tris-hydrochloride at 37 °C for 10 min. The cell-associated radioactiv-
ity was measured by transferring 480 pl of the supernatant from each
wellinto 1.5 mlmicrocentrifuge tubes and assaying radioactive counts
using aHidex AMG automated gamma counter (Hidex). Then, 20 pl of
celllysate wasadded to1 mlof Bradford reagent and incubated at room
temperature for 5 min. Protein concentration was calculated by meas-
uring absorbance at 594 nm on a Spectronic 200 spectrophotometer
(ThermoFisher), and cell-associated radioactivity was normalized to
protein concentrations.

SNP model of cerebral oxidative stress
Cerebral oxidative stress was induced by intrastriatal microinjection
of SNP (Sigma-Aldrich), as previously described®. In brief, mice (n =4

each; an equal number of male and female were used at 8-10 weeks of
age) were anaesthetized with 2% isoflurane and placed in a stereotactic
apparatus. A scalp incision was made along the midline of the skull. A
holewas drilled for the intrastriatal microinjection at the coordinates:
anterior-posterior +0.5 mm, medial-lateral -2 mm and dorsal-ventral
-3.5mm from the bregma. A 1 pl solution of 20 nM SNP in saline was
injected into the left striatum at aspeed of 0.2 pl min™for S min by using
amicroinjectionsyringe pump (MICRO2T SMARTouch, World Precision
Instruments). After the microinjection, the glass micropipette was kept
inplace for anadditional 5 min, thereby allowing the maximal volume
of SNP diffusion. Subsequently, the animals were subjected to PET/CT
imaging or oxHET measurement 1 h after SNP injection.

PT stroke model

The PT stroke model was performed as previously described*’. Inbrief,
mice (n =4 each; an equal number of male and female were used at
10-12 weeks of age) were anaesthetized with 2% isoflurane, and fur was
shaved above the temporalis muscle to visualize theipsilateral common
carotid artery. Mice underwent permanent ligation of the ipsilateral
common carotid artery, and the chest opening was closed. Anincision
inthe skin was made fromthe corner of the eye to the ear, exposing the
temporalis muscle, followed by a 50 plinjection of bupivacaine (0.25%)
into the temporalis muscle. After 1 min, an incision was made in the
temporalis muscle, along the temporal line, and the temporalis muscle
was gently retracted to expose the skull. A1 mm area of skull, over the
proximal branch of the MCA, was thinned using an electric drill. Next,
anintravenousinjection of rose bengal dye (50 mg kg™; Sigma-Aldrich)
was delivered into the retro-orbital sinus, and the 1 mm window was
illuminated by a 543 nmlaser beam (5 mW) for 20 min.

PET/CT imaging

A tail vein catheter was placed in mice under isoflurane anaesthe-
sia. For all studies, approximately 150 pCi was injected via the cath-
eter. Two types of PET scan, dynamic and static, were used for this
study. For dynamic-scan studies, a Bruker AlbiraSi PET-CT system
(Bruker) was used. Immediately after the radiotracer was injected,
a 60 min PET scan was initiated. Dynamic frames were binned as fol-
lows (frames x time(s)):15x55s,5%x155,5%x305,3%x605s,4 %180 s
and 8 x 300 s. For static-scan studies, animals were allowed to
recover and micturate after the radiotracer was injected. At 35 min
post-injection, they were anaesthetized again with isoflurane. At
45 min post-injection, the mice were transferred to the PET/CT system
for 15 min to acquire a single PET image. Both types of PET scan were
immediately followed by a10 min CT scan to ensure attenuation cor-
rection and anatomical co-registration. Anaesthesia was maintained
during imaging by using isoflurane. Upon completion of the study,
mice were euthanized for biodistribution, where applicable, and y
counting of collected tissue was performed using aHidex AMG auto-
matic gamma counter (Hidex).

Computation of parametric PET maps

To generate the parametric total-brain PET maps, a model-corrected
blood input function (MCIF) was computed by optimizing
image-derived input function derived from the left ventricular blood
pool, theinterior carotid artery or the inferior vena cava developed for
rodentand human hearts and brains, as previously described**#¢¢¢¢5,
The methods of computing the MCIF are more quantitative, as it
accounts for partial volume recovery of the blood input. The com-
puted MCIF and whole-body dynamic PET data (160 x 160 pixels x 300
slices) were fed into a graphical Patlak model® (written in MATLAB,
MathWorks). The model performed a linear regression on the data
(starting at 6.5-8 min and beyond, for which the image data arelinear),
where the slope gives a measure of the rate of ['"*FJFEDV uptake (Ki) at
that voxel. By analysing millions of voxels across the entire PET volume,
aparametric Ki map was computed.
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PET/CT/MR image registration and quantification

For a specific rodent PET dataset, the Ki maps were computed using
the sameimage dimensions as one frame of the raw PET 4D volume and
were written as NIfTIs by using the same header information, that is,
voxel size and centring transform as the raw image by using MATLAB.
Next, their respective CT images, simultaneously obtained during the
scan, are centre-padded until dimensions become consistent with that
oftheir Kimapimage. Finally, by overwriting header information to that
of the Ki maps obtained, the CT is brought to the same image space,
thereby ensuring a direct registration. To better visualize structural
information and localize VOlIs in stroke-damaged tissue regions, MR
imaging can be used. However, the corresponding MRIs for these
rodent datasets were not automatically obtained in the same space as
the CT or PET images, asitis not feasible to directly register Ki mapsto
MR spacebecause of the lack of structural information. Hence, PMOD’s
Image Registration and Fusion Tool or PFUS (version 3.9, PMOD Tech-
nologies) is used to first register a CT to MR image by using a manual
linear-registration process involving affine transformations with 9
degrees of freedom (rotation, scaling and translation), generating a
transformation matrix for each dataset. Because the CT and Ki maps
were registered in the same image space, the same transformation
matrix could be applied to the corresponding Ki map to register it to
the MRI. Onthe MRI, the stroke-damaged tissue is commonly observed
asablob of higher signalintensity inside the rodent brain, specifically
ontheleftside of the axial view. A single VOl is drawn by manual anno-
tation over several slices, approximately encompassing the observed
structure with appropriate window levelling. This VOl is then cloned
and mirrored horizontally to the contralateral side for each dataset.
Because the Ki map and MRl are aligned, the same annotations can
be used to generate the average volumetric Ki values for quantifica-
tion of the stroke tissue VOI and its mirrored VOI for a contralateral
comparison.

Autoradiography

After completion of PET scans, mice were intracardially perfused with
10 ml of saline, followed by 10 ml of PFA (4%). Mouse whole brains
were carefully removed and flash frozen in a 15 ml snap tube in liquid
nitrogen for120 s. Once frozen, the brains were removed from the snap
vialand mounted in Optimal Cutting Temperature mounting medium
for cryosectioning at —25 °C. Embedded brains were sliced at 20 pm
thickness and tissue slices were placed on glass microscope slides. The
slides were placed into cassettes fitted with BAS-IP-TR 2025 imaging
plates (Cytiva) for 12 h and autoradiographic images were acquired
using a Typhoon FLA 9500 laser scanner. All images were analysed
using ImageQuant or ImageJ.

Confocal microscopic imaging of oxidized hydroethidine in
mouse brain

To prepare a1 mg ml™? solution of dihydroethidium (DHE D11347;
ThermoFisher Scientific), 1 mg DHE was dissolved in 100 pl DMSO
and diluted with 900 pl warm PBS. Each mouse received 300 pl of the
resultant DHE solution via tail vein injection. After 60 min, mice were
perfused with 10 ml saline followed by 10 ml PFA (4%). Brains were
carefully removed and postfixed overnightin4%PFA at4 °Cinthe dark.
The next day, the PFA was discarded, and brains were placed in 15 ml
sucrose (30%) at 4 °Cinthe dark overnight. After 24 h, the first round
of sucrose was discarded, and brains were placed in15 ml fresh sucrose
(30%) at 4 °C in the dark overnight. After 24 h, the second round of
sucrose was discarded, and brains were embedded for cryosection-
ing. Embedded brains were stored at -80 °C and sectioned at 20 pm
thickness at -25 °C. Tissue slices were placed on glass microscope
slides. Oxidized DHE (oxHET) was excited at 514 nm and detected at
an emission of 590-620 nm. Quantification of oxidative stress was
calculated as the ratio of oxHET to DAPI* nuclei in four randomly
selected visual fields (40x).

Pathology

Tissues were fixed in 10% neutral-buffered formalin and processed as
paraffin-embedded samples. Tissues were sectioned at a 4 pm thick-
ness and mounted onto positively charged glass slides (Superfrost
Plus; ThermoFisher Scientific) and then H&E stained and cover-slipped
using the HistoCore SPECTRA Workstation (Leica Biosystems). Serial
sections were immunolabelled with a Phospho-Tau (Ser202, Thr205)
monoclonal antibody (clone ATS, Invitrogen, MN1020, 1:20,000
dilution) using a Ventana Discovery Ultra autostainer (Roche) and
the following conditions: heat-induced epitope retrieval, cell condi-
tioning solution ULTRA CC1 (950-224, Roche) and visualization with
DISCOVERY OmniMap anti-Rb HRP (760-4311, Roche), Haematoxylin
11 (790-2208, Roche) and Bluing reagent (760-2021, Roche) for 1.5 h
at room temperature at a 1:500 dilution. Morphologic assessments
and interpretation of immunohistochemistry were conducted by a
board-certified veterinary pathologist and in amanner that was blinded
to the experimental condition of each mouse. Whole slide images to
a20x scalable magnification were created using a PANNORAMIC 250
Flash Ill digital slide scanner (3DHISTECH). Images were taken using
the HALO v3.6.4134.137 software programme (Indica Labs).

Statistical analyses

Quantitative data are expressed asthe mean + s.e.m., unless otherwise
indicated. One-way or two-way analysis of variance (ANOVA) was used
to compare means for single or multiple comparisons, respectively.
The Mann-Whitney U'test was used to assess dynamic-scan PET data,
specifically the differences in SUV comparisons over time. P values
smaller than 0.05 were considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The main data supporting the results in this study are available within
the paper and its Supplementary Information. The raw and analysed
datasets generated during the study are available for research purposes
fromthe corresponding author onreasonable request.
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Extended Data Fig. 1| Synthetic Scheme to generate (2)-4-((tert-butoxycarbonyl)diazenyl)-N,N,N-trimethylbenzenaminium trifluoromethanesulfonate (1).
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Extended DataFig. 2| ["*FIFEDV accumulatesin cells as a result of increased
oxidative stress. a, Cellular accumulation of ['*F]JFEDV in EMT6 mammary
carcinoma cells mediated by doxorubicin-induced oxidative stress. Shown
are means + SEM; ***p < 0.001, one-way ANOVA with Bonferroni post-hoc test
forsignific ance (n = 6 for each). b, Cellular accumulation of ['*FIFEDV in N2A
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neuroblast cells mediated by various concentrations of TBHP-induced oxidative
stress. Shown are means + SEM; (n = 6 for each). ¢, Standard curve of bovine
serum albumin (BSA) for normalization of ['*FIFEDV cellular uptake to mg of
intracellular protein. Shown are means + SEM; (n = 6 for each).
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Extended Data Fig. 3| ["*FIFDG PET/CT imaging of sodium nitroprusside (SNP; Na,[Fe(CN);NO]), followed by [**FIFDG-PET/CT imaging1h
nitroprusside-induced ROS in mouse brain in vivo. Adult male C57BL/6 later (n =4 for each). Axial (top) and coronal (bottom) ["*FIFDG-PET/CT images of
mice were subjected to intrastriatal injections of saline or 20 nmol sodium

mice that received intra-striatal injection of saline (left) or SNP (right).
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Extended DataFig. 4 |['*FIFNis unable to differentiate RONS in amouse model
of stroke. Adult male C57BL/6 mice were subjected to unilateral middle cerebral
artery (MCA)-targeted photothrombosis (PT), followed by ['*F]FN-PET/CT imaging
24 hlater to detect stroke-induced RONS invivo (n = 4 for each time point). a, Axial
(top) and coronal (bottom) PET/CT images of ['F]FN in mice treated with rose
bengal dye, followed by 543-nm laser stimulation at the proximal MCA branch.
Mice were imaged at 24 h post-PT. b, The SUV,,; curves and quantifications showed
nosignificant differences of ['®*F]FN-PET signal in the ipsilateral cortex at 24 h,
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compared to the contralateral hemisphere after stroke. Shown are the means +
SEMSs; ns, one-way ANOVA with Bonferroni post-hoc test for significance. ¢, Mouse
['F]FN PET data were summed 45-60 min post-injection to generate SUV,, (n=3
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Extended DataFig. 5| [**FIFDG-PET/CT imaging is unable to differentiate mice (gray). ROIs were generated using the Ma-Benveniste-Mirrione atlas on MRI,
significant differences in the P301S (PS19) mouse brain. a, Summed [*F]FEDV- and PET signal in ROIs was quantified (n = 4 for each group; ns, two-way ANOVA
PET/MRIs (45-60 min) SUV,,¢ analysis shows slightly increased [*FIFDG-PET with Sidak’s multiple comparison). b, Summary of all p values calculated for [**F]

signalin all regions of interest (ROIs) in PS19 mice (red) than in age-matched WT FDG-PET comparison in PS19 vs WT mice.
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Extended DataFig. 6 | Semi-preparative HPLC chromatogram from purification column: Synergi Hydro-RP C18 column (10 pm, 250 x 10 mm, 80 A) (Phenomenex,
of ['|FIFEDV. (6.3 - 7.3 min). Progress was monitored by UV absorbance at 254 nm Torrance, CA) under isocratic flow of amobile phase consisting of 35:65
(red channel), 210 nm (purple channel), and radioactivity (green channel). HPLC ethanol:acetate buffer (0.2 Macetic acid/0.05 M sodium acetate) at 4.7 mL/min.
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Extended Data Fig. 7 | Semi-preparative HPLC chromatogram from HPLC column: Synergi Hydro-RP C18 column (10 pm, 250 x 10 mm, 80 A)
purification of ['*FIFEDV with standard coinjection to confirm product (Phenomenex, Torrance, CA) under isocratic flow of a mobile phase consisting
identity. (6.3 - 7 min). Progress was monitored by UV absorbance at 254 nm of 35:65 ethanol:acetate buffer (0.2 M acetic acid/0.05 M sodium acetate) at
(red channel), 210 nm (purple channel), and radioactivity (green channel). 4.7 mL/min.
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Extended Data Fig. 8| Analytical quality control HPLC chromatogram of ['*F]
FEDV used in all studies. Chemical purity was determined by UV absorbance
at 254 nm (top) and radioactivity using agamma detector (bottom). HPLC

5:00

T
10:00

column: Synergi Hydro-RP C18 column (4 pm, 250 x 4.6 mm, 80 A) (Phenomenex,
Torrance, CA) under isocratic flow of a mobile phase consisting of 35:65
ethanol:formate buffer (0.2 M formic acid/0.05 M sodium formate) at 1 mL/min.
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Extended Data Fig. 9| Analytical quality control HPLC chromatogram of ['**F]
FEDV used in all studies, confirmed with coinjection of a fully characterized
standard. Chemical purity was determined by UV absorbance at 254 nm (top)
and radioactivity using agamma detector (bottom). HPLC column: Synergi
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Hydro-RP C18 column (4 pm, 250 x 4.6 mm, 80 A) (Phenomenex, Torrance, CA)
under isocratic flow of amobile phase consisting of 35:65 ethanol:formate buffer
(0.2 M formicacid/0.05 M sodium formate) at 1 mL/min.
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Extended Data Fig. 10 | The biodistribution and Maximum Intensity 8-10 week old C57BL/6 mice (n = 4 per time point) was quantified over time
Projection fused PET/CT data show ["*FIFEDV has low nonspecific binding using a Hidex AMG gamma counter. b, Maximum Intensity Projections (MIPs) of
inmouse organs and is primarily cleared through kidney and bladder with ['*FIFEDV PET/CT at selected time points to visualize biodistribution of [*FIFEDV
limited hepatobiliary involvement. a, The biodistribution of ['SFIFEDV in inmice; shown are means = SEMs.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Albira Software Suite (Bruker v 5.8) and Paravision 360 were used for PET/CT and PET/MRI data collection, reconstruction and fusion,
respectively. HPLC acquisition and analysis were performed with Agilent OpenLab CDS (v 2.8). GraphPad Prism (v10) was used to aggregrate
and analyse data.

Data analysis PMOD (PMOD technologies v 4.4) and GraphPad Prism (v10) were used for PET/CT, PET/MRI image analysis and PET data analysis,
respectively. MATLAB was used for the generation of parametric maps for dynamic PET analyses.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The main data supporting the results in this study are available within the paper and its Supplementary Information. The raw and analysed datasets generated
during the study are available for research purposes from the corresponding authors on reasonable request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender The study did not involve human research participants.
Reporting on race, ethnicity, or -

other socially relevant

groupings

Population characteristics -

Recruitment -

Ethics oversight -

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.
Sample size The sample size of each experiment was determined on the basis of initial studies with PET/CT to determine the effect size of the imaging

agent. The PET agent showed large and robust effect sizes; thus, we determined that n <=5 per group was generally acceptable, which is in
accordance with countless prior studies of PET data.

Data exclusions  No individual data points were excluded. C57Bl6/J mice less than 6 weeks of age were excluded, owing to higher probability of increased
mortality with sodium nitroprusside injection or because of photothrombotic stroke.

Replication Data were replicated as indicated in the figures and in Methods. For HPLC measurements and in vitro assays, replicates are implicit, as stated.
However, key experiments for characterization were replicated with a total of 3 independent trials on separate days by more than one
individual. For all animal imaging studies, PET acquisitions were performed on separate days, as independent experiments by multiple
individuals. To maximize rigour, the individual performing PET analysis was blinded to study-cohort identity.

Randomization  Animals from different cages with similar age and strain in the same experimental group were selected, to assure randomization.

Blinding Operators performing data acquisition and data analysis of the PET data were blinded to the identity of the animal cohort in each experiment.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies [] chip-seq

Eukaryotic cell lines [] Flow cytometry

|:| Palaeontology and archaeology |:| |X| MRI-based neuroimaging

Animals and other organisms
[] Clinical data

[ ] Dual use research of concern

[] Plants

XNXXOXOOS

Antibodies

Antibodies used Phospho-Tau (Ser202, Thr205) Monoclonal Antibody (Clone AT8, Invitrogen, #MN1020, 1:20,000. Visualization (secondary antibodies
and anatomic information) was performed using DISCOVERY OmniMap anti-Rb HRP (760-4311, Roche), Hematoxylin Il (790-2208,
Roche), and Bluing reagent (760-2021, Roche). Secondary antibodies were incubated at 1.5 h at room temperature at 1:500 dilution.
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Validation The antibody was received with a certificate of analysis from Invitrogen using enriched cells of validated tau. Antibodies were
validated in coronal brain sections from mice. Specificity was achieved through verification of expected expression patterns as well as
negative control sections in Alzheimer's disease vs. control mice, which were incubated only in secondary but not in primary
antibody-blocking solutions. Optimal dilutions yielding bright specific signal and low background fluorescence were determined from
a series of dilution tests.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) N2a and ETM6 cells, ATCC.

Authentication The EMT6 and N2a cells were received from the vendor with a certificate of analysis, and used without further
authentication.

Mycoplasma contamination Mycoplasma testing was performed monthly. At no point was a positive test found.

Commonly misidentified lines EMT6 and N2a cells were not found in the ICLAC database.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals All mice were of a C57BL/6 background, unless otherwise noted. Male and female mice of age 8-12 weeks were used for all SNP and
PT experiments. PS19 mice were 12 months of age at the time of PET measurements. C57BL/6 mice and PS19 (B6;C3-Tg(Prnp-
MAPT*P301S)PS19Vle/J) mice were supplied by Jackson Laboratories. Mice were housed in a 12h (7AM-7PM) dark/light cycle under
ambient temperature and humidity with unfettered access to food and water.

Wild animals The study did not involve wild animals.
Reporting on sex Equal numbers of males and females were used.
Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All experiments were approved by the Institutional Animal Care and Use Committee of the University of Virginia and St Jude
Children's Research Hospital.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Magnetic resonance imaging

Experimental design

Design type

Design specifications

T1 or T2 weighted MRI

Each mouse from the PT cohort or AD cohort received a single MRI for anatomic correlation to PET data.

Behavioral performance measures ~ MRI was strictly used as an anatomic correlate for PET studies. Behaviour was not a consideration for this study.

Acquisition
Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ] Used

Preprocessing

Preprocessing software

Normalization

Normalization template

Noise and artifact removal

Volume censoring

Structural
94T

MRI was acquired with a mouse brain surface receive coil positioned over the mouse head and placed inside an 86 mm
transmit/receive coil. After the localizer, T2-weighted Rapid Acquisition with Refocused Echoes (RARE) sequences were
performed in the coronal (TR/TE = 2000/20.4 ms, matrix size = 256 x 256, field of view = 20 mm x 20 mm, slice thickness
= 0.5 mm, number of slices = 16) and axial (TR/TE = 2500/23 ms, matrix size = 256 x 256, field of view = 20 mm x 20 mm,
slice thickness = 0.5 mm, number of slices = 32) orientations.

Brain segmentations were performed using the Ma-Benveniste-Mirrione atlas.

Not used

PMOD 4.4 was used for brain segmentation

Data were normalised to the Ma-Benveniste-Mirrione template. PMOD performs a SPM5-type normalization between the
MRI anatomic correlate and the Ma-Benveniste-Mirrione template. Manual rigid adjustment was performed of the anatomic
T2 to the template.

Group standardized space, Ma-Benveniste-Mirrione.

Heart rate and respiration were monitored, but these parameters did not affect the acquisition or MRI, which we used strictly
as an anatomic correlate.

Volume censoring was not necessary, as we were not analysing the MRI, which we used strictly as an anatomic correlate.

Statistical modeling & inference

Model type and settings

Effect(s) tested

Not performed, as MRI was an anatomic correlate for PET data.

Not performed, as MRI was an anatomic correlate for PET data.

Specify type of analysis: [ | whole brain ROl-based | | Both

Anatomical location(s) A Ma-Benveniste-Mirrione template was used to delineate brain regions

Statistic type for inference

(See Eklund et al. 2016)

Correction

Models & analysis

n/a | Involved in the study

Not performed, as MRI was an anatomic correlate for PET data.

Not performed, as MRI was an anatomic correlate for PET data.

E D Functional and/or effective connectivity

E D Graph analysis

E D Multivariate modeling or predictive analysis
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