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Abstract Mitochondrial dysfunction is implicated in the pathogenesis of multiple neurological
diseases, but elucidation of underlying mechanisms is limited experimentally by the inability to
damage specific mitochondria in defined neuronal groups. We developed a precision
chemoptogenetic approach to target neuronal mitochondria in the intact nervous system in vivo.
MG?2I, a chemical fluorogen, produces singlet oxygen when bound to the fluorogen-activating
protein dL5** and exposed to far-red light. Transgenic zebrafish expressing dL5** within neuronal
mitochondria showed dramatic MG2I- and light-dependent neurobehavioral deficits, caused by
neuronal bioenergetic crisis and acute neuronal depolarization. These abnormalities resulted from
loss of neuronal respiration, associated with mitochondrial fragmentation, swelling and elimination
of cristae. Remaining cellular ultrastructure was preserved initially, but cellular pathology
downstream of mitochondrial damage eventually culminated in neuronal death. Our work provides
powerful new chemoptogenetic tools for investigating mitochondrial homeostasis and
pathophysiology and shows a direct relationship between mitochondrial function, neuronal
biogenetics and whole-animal behavior.

Introduction

High-resolution intravital imaging, coupled with transgenic expression of fluorescent reporters, pro-
vides opportunities to analyze the biology of the intact nervous system. This approach has been par-
ticularly successful in larval zebrafish, which combine optical transparency (White et al., 2008) with

Xie et al. eLife 2020;9:e51845. DOI: https://doi.org/10.7554/eLife.51845

10of 24


http://creativecommons.org/publicdoman/zero/1.0/
http://creativecommons.org/publicdoman/zero/1.0/
https://doi.org/10.7554/eLife.51845
https://creativecommons.org/
https://creativecommons.org/
http://elifesciences.org/
http://elifesciences.org/
http://en.wikipedia.org/wiki/Open_access
http://en.wikipedia.org/wiki/Open_access

ELIfe Tools and resources

Biochemistry and Chemical Biology | Neuroscience

elLife digest Most life processes require the energy produced by small cellular compartments
called mitochondria. Many internal and external factors can harm these miniature powerhouses,
potentially leading to cell death. For instance, in patients with Parkinson’s or Alzheimer's disease,
dying neurons often show mitochondrial damage. However, it is unclear exactly how injured
mitochondria trigger the demise of these cells. Gaining a better understanding of this process
requires studying the impact of mitochondrial damage in live neurons, something that is still difficult
to do.

As a response to this challenge, Xie, Jiao, Bai, llin et al. designed a new tool that can specifically
injure mitochondria in the neurons of live zebrafish larvae at will, and fine-tune the amount of
damage inflicted. The zebrafish are genetically engineered so that the mitochondria in their neurons
carry a protein which can bind to a chemical compound called MG2I. When attached to each other,
MG2I and the protein respond to far-red light by locally creating highly damaging chemicals. This
means that whenever far-red light is shone onto the larvae, mitochondria in their neurons are
harmed - the brighter the light, the stronger the damage.

Zebrafish larvae exposed to these conditions immediately stopped swimming: mitochondria in
their neurons could not produce enough energy and these cells could therefore no longer
communicate properly. The neurons then started to die about 24 hours after exposure to the light,
suggesting that the mitochondrial damage triggered other downstream processes that culminated
in cell death.

This new light-controlled tool could help to understand the consequences of mitochondrial
damage, potentially revealing new ways to rescue impaired neurons in patients with Parkinson’s or
Alzheimer's disease. In the future, the method could be adapted to work in any type of cell and
deactivate other cell compartments, so that it can be used to study many types of diseases.

vertebrate CNS structure and genetics (Burton, 2014), allowing advances in understanding whole-
brain activity patterns at cellular resolution (Portugues et al., 2014; Ahrens et al., 2013), the forma-
tion of neural circuits (Tay et al., 2011), neuronal mitochondrial trafficking (Dukes et al., 2016) and
neuronal autophagy (Khuansuwan et al., 2019). Recent developments in light-sensitive channel pro-
teins (Cosentino et al., 2015) and genetically-encoded photosensitizers (Buckley et al., 2017,
He et al., 2016) provide new opportunities to extend these studies from observations to experimen-
tal manipulation of the CNS in vivo, by light-induced activation (Ljunggren et al., 2014), inhibition
(Bergeron et al., 2015) or ablation (Del Bene et al., 2010) of genetically-defined neuronal popula-
tions. In particular, genetically-encoded photosensitizers should offer the means to analyze neuronal
biology with stringent spatial resolution, by damaging or ablating defined neuronal populations, cel-
lular subcompartments, organelles or even specific molecules precisely, to determine their roles in
nervous system function and pathophysiology.

Genetically-encoded photosensitizers often show limited photostability, decreasing the amount
of oxidative damage that can be induced by light exposure (He et al., 2016). In addition, they are
typically excited by blue or green light, which shows limited penetration through living tissues and
can cause direct, untargeted, phototoxicity (He et al., 2016). Furthermore, constitutively-active pho-
tosensitizers allow chronic phototoxicity from passive absorption of ambient light. Chemogenetic
systems enable selective targeting of genetically-defined cells by expression of a designer receptor
that is only activated after administration of a small molecule ligand that binds the receptor specifi-
cally (Roth, 2016). Far-red light-sensitive channel proteins enable activation in deep tissues — even
through the intact skull (Chuong et al., 2014). For optogenetic applications in vivo, it would be
highly advantageous to combine on-demand chemical activation of genetically-targeted cells with
photoactivation using far-red light. dL5** is a modified single-chain antibody that can function as a
fluorogen-activating protein (FAP) by binding malachite green (MG) fluorogens with picomolar affin-
ity and activating their fluorescence thousands-fold (Szent-Gyorgyi et al., 2008; Szent-
Gyorgyi et al., 2013). It was recently reported that a di-iodine substituted MG derivative, MG2I,
becomes a potent photosensitizer on binding to dL5** (He et al., 2016). The dL5**-MG2l complex
showed maximal excitation in the highly tissue-penetrant far-red light range, and produced singlet
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oxygen ('O,, molecular dioxygen in its first electronically excited state) through inter-system cross-
ing, with high quantum yield and with little photobleaching (He et al., 2016). Importantly, neither
dL5** nor MG2| alone produced detectable '0, under far-red illumination, and the dL5**-MG2I
complex did not produce 'O, in the absence of light. This system offers several key advantages as a
photosensitizer for use in neuroscience applications in vivo. 'Oy is highly reactive with organic mole-
cules and thus reacts within a short radius (<20 nm) of its site of formation in living systems (its life-
time is approximately 4us in water [Wilkinson et al., 1995], but may be as low as 100ns in cells
[Moan and Berg, 1991]). Consequently, oxidative damage can be provoked with a high degree of
spatial precision by fusing dL5** to an appropriate protein or targeting sequence, to direct its
expression to a specific sub-cellular region, organelle or protein complex (He et al., 2016). For
example, dL5** fused to TRF1, a component of the shelterin complex, was employed recently to
induce 8-oxoguanine formation specifically in the telomeric DNA of cultured cells (Fouquerel et al.,
2019). Furthermore, as 'O, is generated only during far-red illumination, the onset of oxidative dam-
age from dL5**-MG2l is temporally well-defined, and its severity and rate of induction can be regu-
lated by adjusting light exposure time and power. Finally, dependence of chemoptogenetic
production of 'O, on the presence of MG2I means that dL5**-expressing transgenic animals and cell
lines can be generated, bred, handled and shipped in the absence of MG2I, without having to house
them in darkness; this is a significant advantage over constitutively active genetic photosensitizers.

Alterations in neuronal mitochondrial function have been strongly linked to several neurodegener-
ative diseases (Nguyen et al., 2019; Swerdlow, 2018; Carmo et al., 2018) and there is significant
interest in understanding how mitochondrial homeostasis and bioenergetics are maintained in neu-
rons under physiological conditions and following mitochondrial damage. Prior work showed that
dL5** could be expressed within the mitochondria of cultured HEK293 cells in vitro when fused to
an appropriate targeting signal (Qian et al., 2019). Treatment of these cells with MG2| and expo-
sure to far-red light resulted in decreased oxygen consumption, loss of respiratory chain activity,
mitochondrial depolarization, compensatory glycolysis, and secondary ROS generation that was suf-
ficient to cause oxidative telomere damage and cell cycle arrest (Qian et al., 2019). Unlike trans-
formed cells in culture, however, neurons are generally dependent on mitochondrial function for
ATP generation (reviewed in Van Laar and Berman, 2013) and this is known to influence the
responses of neuronal mitochondria to perturbing stimuli (Van Laar et al., 2011). To investigate the
consequences of mitochondrial damage in neurons in vivo, we expressed dL5** in the neuronal mito-
chondria of transgenic zebrafish. In the presence of MG2I, far red light provoked specific disruption
of mitochondrial structure, respiration and ATP synthesis, resulting in dramatic neurophysiological
and neurobehavioral abnormalities. This highly innovative approach has numerous applications as a
tool for understanding neuronal bioenergetics and mitochondrial homeostasis, investigating mito-
chondrial mechanisms in disease pathogenesis, and manipulating neural circuitry to understand the
biological basis of behavior.

Results

Construction of transgenic NeuMitoFAP zebrafish expressing dL5** in
neuronal mitochondria

We generated transgenic zebrafish expressing the fluorogen-activating protein (FAP) dL5**
(Figure 1A; Szent-Gyorgyi et al., 2008; Szent-Gyorgyi et al., 2013) fused to mitochondrial target-
ing sequences from human COX4 and COX8 (Telmer et al., 2015), and a fluorescent reporter,
mCerulean3, to allow visualization of transgene expression in vivo (Figure 1B; dL5** and mCeru-
lean3 are separated by a flexible GGGGSGGGGS linker to allow correct folding of each domain of
the fusion protein). Transgenic lines were made using the bipartite Gal4/UAS system
(Asakawa et al., 2008), so that mitochondrially-targeted dL5**-mCerulean3 could be expressed in
any tissue or cell population of interest by crossing Tg(UAS:COX4-COX8-dL5**-mCer3) zebrafish
with an appropriate tissue-specific Gal4 driver line, thereby enhancing the utility of this line for multi-
ple future applications. For the present study, we generated a new Tg(eno2:gal4FF) line that
expresses Gal4FF (an engineered Gal4-VP16 fusion protein with attenuated toxicity; Asakawa et al.,
2008) widely in neurons, using a 12 kb eno2 regulatory element that we reported previously
(Bai et al., 2007). Double transgenic Tg(eno2:gal4FF)P*?%; Tg(UAS:COX4-COX8-dL5**-mCer3)P*?’
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Figure 1. Generation of NeuMitoFAP zebrafish. (A) When the fluorogen MG2I (chemical structure shown on left) is bound to the fluorogen-activating
protein (FAP) dL5** (right), excitation by far-red light causes generation of singlet oxygen. (B) Diagrams of transgene constructs eno2:gal4FF (above)
and UAS:COX4-COX8-dL5**-mCer3 (below). Transactivation of the UAS enhancer by Gal4 in the neurons of double transgenic Tg(eno2:gal4ff); Tg(UAS:
COX4-COX8-dL5**-mCer3) ‘NeuMitoFAP’ zebrafish results in expression of the dL5**-mCerulean3 fusion protein in the mitochondrial matrix. (C)
Merged phase contrast and mCerulean3 epifluorescence images, showing live Tg(UAS:COX4-COX8-dL5**-mCer3) (above) and Tg(eno2:gal4ff); Tg(UAS:
COX4-COX8-dL5**-mCer3) (NeuMitoFAP; below) zebrafish larvae at 5 days post-fertilization. mCerulean3-expressing structures are labeled (Tel,
telencephalon; MB, midbrain; HB, hindbrain; SC, spinal cord; R, retina, ENS enteric nervous system). (D) Confocal z-plane projection showing
mCerulean3 expression in the posterior lateral line ganglion (PLLG) and lateral line nerve (LLN) of a NeuMitoFAP zebrafish. Individual axonal
mitochondria are indicated (arrows). (E) Brain sections from NeuMitoFAP zebrafish were labeled for nuclei (DAPI; magenta), dL5**-mCerulean3 (cyan)
and mitochondria (TOM20; yellow). Single confocal planes of the individual channels are shown in the upper row. The lower row shows: the three
channels overlaid; the output of a Boolean (mCerulean3 AND TOM20) map; and representative regions of interest that were analyzed in panels F and
G. (F) Scatter plot of TOM20 signal (y-axis) versus mCerulean3 signal (x-axis) in each pixel within regions of interest. (G) Pearson correlation coefficient
of signal intensity for mCerulean3 versus TOMZ20 (left) compared with mCerulean3 versus DAPI (right). Each data point shows a region of interest
corresponding to an individual mCerulean3-expressing cell, bars show mean + SE; ****p<0.0001, 2-tailed t-test. (H) Normalized excitation and emission
spectra of the fluorophores and light sources used in this study.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. High-power LED light source to deliver far-red light to larval zebrafish.

Figure supplement 2. Energy transfer spectra between LED sources and dL5**-MG2I.
Figure supplement 3. LED light source did not cause appreciable heating of water bath.

Xie et al. eLife 2020;9:e51845. DOI: https://doi.org/10.7554/eLife.51845 4 of 24


https://doi.org/10.7554/eLife.51845

ELIfe Tools and resources

Biochemistry and Chemical Biology | Neuroscience

zebrafish (referred to as ‘NeuMitoFAP’ zebrafish for brevity) showed strong mCerulean3 expression
throughout the nervous system (Figure 1C). At high magnification, punctate mCerulean3-labeled
structures corresponding to individual mitochondria were visible within axons of live NeuMitoFAP
larval neurons (Figure 1D). Tissue sections revealed extensive co-localization of mCerulean3 with
TOM20 (a mitochondrial marker) in CNS neurons of NeuMitoFAP zebrafish (Figure 1E). Pixel-by-
pixel analysis of single confocal planes showed that the mCerulean3 signal correlated strongly with
the mitochondrial TOM20 signal, but not with the nuclear DAPI signal (Figure 1F,G). These data
show that dL5**-mCerulean3 is expressed in the neuronal mitochondria of NeuMitoFAP zebrafish.

The excitation spectrum of the FAP-MG2I| complex (He et al., 2016) is shown in Figure TH, and
summarized in Table 1, in comparison with emission spectra of the light sources employed in this
study. A light stand was constructed (Figure 1—figure supplement 1) to expose zebrafish larvae to
far-red light (A = 661 + 9 nm, peak *half width at half height; Table 1) near the major FAP-MG2I
excitation peak (A = 666 + 30 nm; Figure 1—figure supplement 2; Table 2), with adjustable power
up to =160 mW/cm?, and without transferring heat to the water bath (Figure 1—figure supplement
3). Green LED safe lights (A = 516 = 18 nm) allowed MG2I-exposed NeuMitoFAP zebrafish to be
handled, and behavioral responses provoked (Burton et al., 2017), without activating 0, produc-
tion from the FAP-MG2| complex (Figure 1H; Figure 1—figure supplement 2; Tables 1 and
2). Infrared light sources that did not activate FAP-MG2| provided illumination for videography,
while quantifying zebrafish motor function (Zhou et al., 2014) (A = 877 + 25 nm) and during electro-
physiological recordings (A = 775 + 32 nm).

Acute neurological deficits in NeuMitoFAP zebrafish exposed to MG2I
and far-red light

By 5 days post-fertilization (dpf), zebrafish larvae show spontaneous locomotor activity and evoked
behavioral responses that are easily quantified by video tracking in 96-well plates (Figure 2;
Zhou et al., 2014). We previously demonstrated that the visual motor response (VMR), a series of
stereotyped changes in motor activity provoked by abrupt alterations in ambient illumination
(Burgess and Granato, 2007), can be elicited by green light at a wavelength that does not excite
FAP-MG2I (Burton et al., 2017). Four experimental groups (WT, WT-MG2I, NeuMitoFAP, NeuMito-
FAP-MG2I) were generated by growing non-transgenic and NeuMitoFAP zebrafish in embryo water
containing MG2I or no additive under green light illumination from 3 dpf (Figure 2). Zebrafish from
all four experimental groups showed normal motor activity (Figure 2B) and morphology (Figure 2—
figure supplement 1) at 5dpf. Robust responses to abrupt green light — dark transitions were appar-
ent in all four experimental groups (Figure 2B, left panel; Figure 2C, upper graphs) prior to far-red
light exposure. However, motor responses were eliminated acutely in NeuMitoFAP-MG2I zebrafish,
but not controls, following exposure to 60 J/cm? far-red light (mean + SE swimming speed in dark
phase of VMR, pre- versus post-exposure: WT, 1.80 = 0.10 vs. 1.70 = 0.08 mm/s; WT-MG2I,
1.69 £ 0.09 vs. 1.60 = 0.10 mm/s; NeuMitoFAP, 2.02 + 0.10 vs. 2.13 = 0.08 mm/s; NeuMitoFAP-
MG2I 2.36 + 0.09 vs. 0.08 + 0.02 mm/s, p<10~'°, 2-way ANOVA with Sidak multiple comparisons
test; Figure 2B-D; Video 1). Loss of motor function in NeuMitoFAP-MG2I zebrafish was dependent
on the amount of light energy delivered (Figure 2—figure supplement 1), but independent of the
rate of delivery between 16-160 mW/cm? at a fixed total exposure of 60 J/cm? (Figure 2—figure
supplement 2). Motor function during FAP-MG2| activation was examined by using far-red light to
both elicit the VMR and excite FAP-MG2I simultaneously (Figure 2—figure supplement 3). In Neu-
MitoFAP-MG2I zebrafish, far-red light initially caused transient hyperkinesia, which was followed by

Table 1. Peak wavelength, centroid and full width at half height (FWHH) are shown for the red,
green, and infrared LED sources used in the study, in comparison with the major and minor
excitation peaks of the dL5**-MG2l complex (see Figure 1H).

Red Green IR dL5**-MG2I (minor) dL5**-MG2I (major)
Peak A (nm) 661 516 877 456 666
Centroid A (nm) 656 520 880 452 649
FWHH (nm) 18 36 51 55 61

Xie et al. eLife 2020;9:e51845. DOI: https://doi.org/10.7554/eLife.51845 50f 24


https://doi.org/10.7554/eLife.51845

eLife

Biochemistry and Chemical Biology | Neuroscience

Table 2. Peak wavelength, peak height and area under the curve are shown for normalized energy
transfer spectra between the 661 nm LED and the dL5**-MG2l complex (‘Red x dL5**-MG2l’) and
between the 516 nm LED and the dL5**-MG2| complex (‘Green x dL5**-MG2l’; see Figure 1—
figure supplement 2).

Red x dL5**-MG2I Green x dL5**-MG2I
Peak A (nm) 661 524
Height 0.98 0.013
Area 19.10 1.15

progressive loss of motor function with cumulative light exposure; these abnormalities were not
observed in controls. Although NeuMitoFAP-MG2I| zebrafish exposed to far-red light lost spontane-
ous and evoked motor function, their heart rate and circulation were preserved (Figure 2E; Video 2)
and there were no gross morphological changes (Figure 2—figure supplement 4), showing that the
larvae remained alive and that abnormalities were restricted to the nervous system. Together, these
data show a dramatic neurological phenotype that was dependent on all three components of the
chemoptogenetic system (far-red light exposure in the presence of both dL5** and MG2l), and
therefore attributable to 'O, formation at the site of dL5** expression in neuronal mitochondria. Fur-
thermore, the severity of the abnormalities was determined by the amount of far-red light energy
delivered.

Acute neuronal depolarization caused by rapid loss of ATP in
NeuMitoFAP zebrafish exposed to MG2I| and far-red light
Electrophysiological recordings were carried out to elucidate the basis for the abrupt loss of neuro-
logical function in NeuMitoFAP-MG2I zebrafish exposed to far-red light (Figure 3; Figure 3—figure
supplement 1). Large sensory neurons of the posterior lateral line ganglion express the eno2 driver
strongly and are located superficially, allowing continuous whole-cell patch clamp recordings in
intact zebrafish larvae during light exposure. In control zebrafish, lateral line sensory neurons showed
similar stable baseline membrane potentials that changed minimally during 20-30 min of far-red light
exposure (baseline versus final membrane potential: WT-MG2I, —66.9 + 1.4 vs. —63.2 £ 1.2 mV, Neu-
MitoFAP, —64.4 £ 1.2 vs. —60.8 + 2.5 mV; mean + SE; Figure 3A-C). Sensory neurons in NeuMito-
FAP-MG2| larvae showed similar baseline membrane potential to controls but depolarized
progressively during exposure to far-red light, initially reaching threshold potential and firing high-
frequency trains of action potentials, then depolarizing further to become refractory (baseline versus
final membrane potential —60.8 £ 2.4 mV vs. —29.4 + 4.5 mV, p<0.0001, 2-way ANOVA with Tukey
multiple comparison test; Figure 3A-C). To determine whether bioenergetic depletion could account
for these findings, identical recordings were obtained from NeuMitoFAP-MG2I neurons, but with the
addition of phosphocreatine to the patch pipette solution. Phosphocreatine is a substrate for cyto-
plasmic creatine kinase, allowing the regeneration of ATP from ADP and thereby providing a non-
mitochondrial source of ATP. The baseline resting membrane potential was unaltered by phospho-
creatine, but its presence prevented depolarization of NeuMitoFAP-MG2I neurons during far-red
light exposure (baseline versus final membrane potential: —62.7 + 1.4 vs. —59.6 + 2.8 mV;
Figure 3A-C). Overall, 10/10 NeuMitoFAP-MG2| neurons depolarized by >20% of their baseline
membrane potential following a mean exposure of 44.3 + 6.3 J/cm? far-red light, whereas in the
presence of phosphocreatine, only 1/6 neurons depolarized after exposure to >80 J/cm? (p=0.0014,
Fisher's exact test). Transient exposures to smaller amounts of far-red light energy caused slower
and more modest levels of depolarization (Figure 3—figure supplement 2). Together, these data
show that the acute neurological deficits provoked in NeuMitoFAP-MG2| zebrafish by exposure to
far-red light were caused by neuronal depolarization, resulting from depletion of ATP that is neces-
sary to drive the active ionic transporters that maintain transmembrane ionic gradients underlying
the resting membrane potential.
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Figure 2. Acute loss of neurological function in NeuMitoFAP zebrafish exposed to MG2I and far-red light. (A) Design of experiments shown in panels
(B - D). Experimental groups: WT zebrafish (black); WT zebrafish exposed to MG2I (green); NeuMitoFAP zebrafish (blue); NeuMitoFAP zebrafish
exposed to MG2I (red). (B) 1 min swimming vectors of zebrafish in a 96-well plate, before (left) and after (right) exposure to 60 J/em? far-red light (160
MW, Apeak=66Tnm). Each group includes 24 zebrafish, occupying two rows of the 96-well plate as indicated. (C) The visual motor response (VMR) was
elicited by alternating 10 min periods of green light illumination (250 Lux, Ayeak=516 nm; does not activate dL5**-MG2l) and darkness (0 Lux). The
graphs show mean instantaneous group swimming speed (y-axis) against time (x-axis). Responses were averaged over three cycles of dark/light stimuli
(solid colored lines; illumination cycle shown above each graph); responses of individual zebrafish were further averaged into 1 min time bins (white
markers, error bars show £95% Cl). Responses of the same zebrafish are shown before (top row) and after (bottom row) exposure to 60 J/em? far-red
light. n = 24 zebrafish/group. (D) Mean swimming speed during the dark phase of the VMR (y-axis) was quantified before and after exposure to 60 J/
cm? far-red light. Data points show responses of individual zebrafish (n = 96/group from four combined replicate experiments, bars show mean = 95%
Cl). ****5<107"°, pre- versus post-light exposure swimming speed, 2-way ANOVA with Sidék multiple comparisons test. (E) Heart rate (y-axis) was
quantified before and after exposure to 60 J/cm? far-red light (data points show individual zebrafish, bars show mean + 95% Cl).

The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Source data for Figure 2C.

Source data 2. Source data for Figure 2E.

Figure supplement 1. Normal morphology of NeuMitoFAP zebrafish exposed to MG2I and light.

Figure supplement 2. The motor phenotype of NeuMitoFAP-MG2I zebrafish is dependent on far-red light exposure energy.

Figure supplement 3. The motor phenotype of NeuMitoFAP-MG2 zebrafish exposed to 60 J/cm? far-red light is not dependent on light power.
Figure supplement 4. Real-time changes in motor function of NeuMitoFAP-MG2I zebrafish during far-red light exposure.
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Loss of neuronal mitochondrial function in NeuMitoFAP zebrafish
exposed to MG2I and far-red light

We next evaluated mitochondrial function in NeuMitoFAP-MG2I zebrafish. A bioluminescence assay
was used to measure ATP concentration in lysates from NeuMitoFAP-MG2I larvae. Far-red light
exposure caused a =10% decrease in whole animal ATP content (pre-light 4.12 + 0.10 vs. post-light
3.69 + 0.11 uMol ATP/g protein; mean + SE; p=0.0060, 2-tailed t-test; Figure 4A). Mitochondrial
respiration was analyzed using a flux analyzer to measure whole larval O, consumption rate (OCR).
In order to allow stable recordings, and to prevent changes in muscle O, consumption secondary to
altered motor activity from obscuring differences between experimental groups, larvae were anes-
thetized with tricaine and paralyzed with d-tubocurarine prior to OCR quantification (Figure 4B; Fig-
ure 4—figure supplement 1). NeuMitoFAP zebrafish exposed to far-red light in the presence of
MG2I showed a =24% decrease in whole larval OCR compared with controls that were not treated
with MG2| (NeuMitoFAP 170.7 + 8.9 vs. NeuMitoFAP-MG2l 129.2 = 7.0 pMol/min; mean =+SE;
p=0.00053, unpaired t-test; Figure 4C,D). In contrast, WT controls exposed to far-red light showed
similar stable OCRs regardless of MG2I treatment (WT, 194.8 + 11.4; WT-MG2I, 189.1 = 14.1 pMol/
min; mean + SE; Figure 4E). Bath acidification rate was unaltered in NeuMitoFAP-MG2I zebrafish
exposed to far-red light (Figure 4—figure supplement 2), providing no evidence of compensatory
glycolysis following abrogation of neuronal mitochondrial function. Cultured cells, unlike whole
zebrafish, can be treated with chemical inhibitors to evaluate specific aspects of mitochondrial func-
tion. Consequently, we next evaluated dissociated brain cells derived from NeuMitoFAP zebrafish.
Cells were treated with MG2l and exposed to far-red light after dissociation (Figure 4F). Under
these conditions, NeuMitoFAP-MG2I| cells, but
not controls, showed a dramatic, far-red light

MitoFAP; no chemical; 60J/cm?

MitoFAP; MG2I; 60J/cm?

- i

-

MitoFAP; MG2I itoFAP; no chemical
60J/cm? 60J/cm?

MitoFAP; MG2I
No light

No transgene; MG2|

60J/cm? No transgene; MG2I; 60J/cm?

MitoFAP; MG2I; no light

Video 1. Loss of motor function in NeuMitoFAP-MG2I
zebrafish following far-red light exposure. 5dpf
zebrafish swimming in the wells of an agarose-filled
plate were illuminated from above by an infrared light,
and video was recorded from below at 30 frame/s,
during the dark phase of the visual motor response
(VMR). Each well contains 5 zebrafish from the
experimental groups indicated: top left - NeuMitoFAP
zebrafish exposed to MG2I and 60 J/cm? far-red light;
top right — NeuMitoFAP zebrafish exposed to 60 J/cm?
far-red light in the absence of MG2I; bottom left —
NeuMitoFAP zebrafish treated with MG2I but not
exposed to far-red light; bottom right — WT zebrafish
exposed to MG2l and 60 J/cm? far-red light. Dramatic
abnormalities of motor function are clearly visible in the
NeuMitoFAP-MG2I-light group, but not in any of the
controls.

https://elifesciences.org/articles/51845#video’

Video 2. Normal circulation and heartbeat in
NeuMitoFAP-MG2I zebrafish following far-red light
exposure. (i) Phase contrast videomicrography of 5dpf
zebrafish from the same experimental groups as
Video 1, illustrating identical circulation of blood cells
in the vascular system from all experimental groups
(zebrafish oriented rostral towards left); (i) high-power
videomicrography from a zebrafish in the NeuMitoFAP-
MG2I-light group that showed profound loss of
neurological function. Anatomical landmarks are
labeled for orientation (rostral left). (iii) The heart is
shown from zebrafish in all four experimental groups,
illustrating normal contraction and heart rate. These
data show that abnormalities in NeuMitoFAP zebrafish
exposed to MG2| and far-red light are confined to the
nervous system and that the zebrafish remain alive and
viable despite profound neurological disruption.
https://elifesciences.org/articles/51845#video2
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Figure 3. Acute neuronal depolarization in NeuMitoFAP zebrafish exposed to MG2| and far-red light. (A) Whole-cell patch clamp recordings were
made from posterior lateral line ganglion (PLLG) sensory neurons. The inset figure shows the preparation and experimental design (the arrow shows a
patch-clamp pipette in contact with a mitoFAP-expressing neuron). Recordings were made for 30-40 min (10 min in darkness and then a further 20-30
min under illumination in far-red light at A,c.k=661 nm). The graphs show example traces of membrane potential (y-axis) against time (x-axis), for the full
30 min recording (upper graph) and for three 500 ms sweeps after cumulative far-red light doses of 0, 20 or 40 J/cm? as indicated. Experimental
groups: WT zebrafish exposed to MG2I (green); NeuMitoFAP zebrafish (blue); NeuMitoFAP zebrafish exposed to MG2I (red); NeuMitoFAP zebrafish
exposed to MG2I, recordings made with phosphocreatine (pCr) added to pipette solution (black). (B) Mean + SE membrane potential (y-axis; 5-10
neurons per group) in each 5 min time bin (x-axis) during recording. *p<0.05, ****p<0.0001, NeuMitoFAP-MG2I versus other groups at same time point,
2-way repeated measures ANOVA with Tukey multiple comparisons test. (C) Membrane potential of lateral line ganglion neurons (y-axis) at baseline
and final potential after far-red light exposure. Data points show individual neurons, bars show mean + SE. ****p<0.0001, 1-way ANOVA with Tukey
multiple comparison test. (D) Amount of far-red light energy necessary to decrease membrane potential by >20% from baseline value (y-axis). Data
points show individual neurons. Neurons that did not depolarize during the recording period are shown above the graph. **p<0.01, Fisher's exact test.
The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. Source data for Figure 3B-D.

Figure supplement 1. Far-red light-induced depolarization of lateral line ganglion neurons in NeuMitoFAP zebrafish treated with MG2l.

Figure supplement 2. Severity of lateral line ganglion neuron depolarization in NeuMitoFAP-MG2I zebrafish is dependent on far-red light dose.
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Figure 4. Disruption of mitochondrial function in NeuMitoFAP zebrafish exposed to MG2I and far-red light. (A) ATP concentration was measured in
lysates (each containing 5 whole zebrafish larvae) using a bioluminescent assay and normalized to protein content. Data points show ATP/protein in
individual lysates, bars show group mean + 95% Cl. Experimental groups: NeuMitoFAP zebrafish treated with MG2I (black); NeuMitoFAP zebrafish
treated with MG2I and exposed to 60 J/cm? far-red light (red). **p<0.006, unpaired 2-tailed t-test. Graphs show results from four combined replicate
experiments (n = 32 per group). (B) Design of experiments shown in panels C - E and Figure 4—figure supplement 2. (C) Oxygen consumption rate
(OCR; y-axis) against time (x-axis) for NeuMitoFAP zebrafish exposed to far-red light in the presence (red) or absence (blue) of MG2I. Points show
mean + SE (n = 8 zebrafish larvae per group) in a single experiment. The period of stable OCR analyzed in panels D and E is indicated. (D, E) Stable
OCR for (D) NeuMitoFAP and (E) WT zebrafish exposed to far-red light in the presence (+) or absence (—) of MG2I. Data points show values for
individual zebrafish larvae. Bars show mean + SE for 24 zebrafish per group, combined from 3 replicate experiments. ***p=0.00053, 2-tailed unpaired
t-test. (F) OCR measurements for dissociated brain cells derived from NeuMitoFAP zebrafish. Cells were exposed to MG2| and far-red light (filled
circles) or no light (open circles) after dissociation; OCR was measured dynamically at baseline and after exposure to oligomycin (ATP synthase
inhibitor; shows proportion of OCR linked to ATP synthesis), FCCP (mitochondrial uncoupler; allows calculation of maximal respiration) and rotenone +
antimycin-A (complex | and Il inhibitors; shows proportion of measured OCR attributable to mitochondrial respiration). The calculation for maximal
respiratory rate = OCRccp) — OCRpotenone + antimycin-a) is shown schematically to the right of the graph. Data points show mean = SE for five samples
per group. ***p<0.001, no light versus 30 J/cm?, 2-way repeated measures ANOVA with Sidak multiple comparisons test. (G) Dose-response curve for
maximal respiration versus far-red light dose in NeuMitoFAP dissociated brain cells in the presence (right, red) or absence (left, blue) of MG2I. Bars
show mean = 95% Cl, data points show replicate assays n = 5 per point. ****p<0.0001 versus no chemical control, 1-way ANOVA with Dunnett’s post
hoc test.

The online version of this article includes the following source data and figure supplement(s) for figure 4:

Source data 1. Source data for Figure 4A.

Source data 2. Source data for Figure 4B.

Figure 4 continued on next page
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Source data 3. Source data for Figure 4D-E.

Source data 4. Source data for Figure 4F.

Figure supplement 1. Viability of zebrafish larvae following neuromuscular paralysis with curare.

Figure supplement 2. No compensatory increase in glycolysis after mitochondrial targeting in NeuMitoFAP zebrafish.

dose-dependent, decrease in maximal respiration (measured by comparing OCR following exposure
to the uncoupling agent FCCP with OCR following exposure to the complex | and lll inhibitors rote-
none and antimycin-A; Figure 4F,G). Together, these data show that the combination of MG2I and
far-red light caused significant disruption of mitochondrial bioenergetic and respiratory functions in
NeuMitoFAP zebrafish.

Disruption of neuronal mitochondrial structure in NeuMitoFAP
zebrafish exposed to MG2I and far-red light

We next investigated mitochondrial morphology by intravital microscopy. The lateral line nerve runs
superficially along the larval body axis in a rostro-caudal direction, allowing confocal imaging at suffi-
ciently high magnification to visualize the morphology of mCerulean3-labeled mitochondria within
the axons of live, intact NeuMitoFAP zebrafish (Figure 5A). Image stacks were acquired through the
entire medio-lateral extent of the nerve and mitochondrial features analyzed quantitatively. At base-
line, mitochondria were elongated in shape and distributed regularly along axons (length 4.89 + 0.34
um; circularity 0.29 + 0.017; number of mitochondria per field of view 75.50 + 6.84; mean +
SE; Figure 5A-D). Length, shape and distribution were unaffected by either far-red light or MG2I
alone (Figure 5A-D). However, in the presence of MG2I, an increased number of small, rounded
mitochondria were seen in NeuMitoFAP axons immediately following far-red light exposure (length
2.00 £ 0.12 um, p<0.0001; circularity 0.60 = 0.014, p<0.0001; number 131.70 + 10.57, p<0.001; Neu-
MitoFAP-MG2I| post-light compared indivdually with each control group, 1-way ANOVA with Tukey
multiple comparisons test; Figure 5A-D). These data suggest that the combination of NeuMitoFAP,
MG2I and far-red light caused fragmentation of axonal mitochondria through mitochondrial 'O,
production.

Transmission electron microscopy was employed to investigate mitochondrial ultrastructure in the
brains of NeuMitoFAP zebrafish, immediately following far-red light exposure. In the absence of
MG2I, neurons showed normal morphology; their mitochondria were elongated in shape and filled
with densely-stacked tubular and lamellar cristae (Figure 5E). In the presence of MG2I, far-red light
exposure caused the widespread appearance of lucent areas in neuronal cytoplasm at low magnifica-
tion (Figure 5F, left panel, arrows). These areas corresponded to swollen, rounded mitochondria
with nearly complete elimination of cristae (Figure 5F; Figure 5—figure supplement 1). The propor-
tion of abnormal mitochondria showing rounded shape and absent or reduced cristae was deter-
mined in 12 fields of view per experimental group by a blinded observer (6.14 + 2.84 mitochondria
per field, mean + SD). No abnormal mitochondria were observed in NeuMitoFAP zebrafish prior to
far-red light exposure. In the absence of MG2I, a single abnormal mitochondrion was seen immedi-
ately following far-red light exposure. In contrast, in the presence of MG2I, far-red light caused
extensive disruption to neuronal mitochondrial ultrastructure. NeuMitoFAP-MG2I zebrafish showed
93.3 + 3.5% abnormal mitochondria immediately post-exposure, and 97.0 = 3.0% abnormal mito-
chondria at 24 hr post-exposure (p<10~"> compared with no chemical control group at same time
point; 2-way ANOVA with Sidak multiple comparisons test; Figure 5G). Together, these data show
that far-red light exposure in the presence of MG2I caused severe structural deficits in the neuronal
mitochondria of NeuMitoFAP zebrafish that were attributable to damage caused by mitochondrial
chemoptogenetic 'O, production.

Mitochondrial damage causes delayed neuronal death

Finally, we determined the downstream consequences of neuronal mitochondrial damage. The
immediate loss of motor function observed in NeuMitoFAP-MG2I larvae following far-red light expo-
sure did not recover over the subsequent 4 days, even though the zebrafish appeared morphologi-
cally unremarkable (Figure 2—figure supplement 4), underwent normal somatic, cardiac and
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Figure 5. Disruption of mitochondrial structure in NeuMitoFAP zebrafish exposed to MG2| and far-red light. (A) Confocal Z-plane projections showing
mCerulean-labeled mitochondria in the lateral line nerves of live NeuMitoFAP zebrafish in the absence (upper images) or presence (lower images) of
MG2I, before (upper image of each pair) or after (lower image of each pair) exposure to 60 J/em? light at Apeak=661 nm. (B - D) The (B) number of
mitochondria per field, (C) mitochondrial length, and (D) mitochondrial circularity were quantified in z-plane projections of the entire medio-lateral
extent of the lateral line nerve in 6 zebrafish per group. Bars show mean + 95% Cl for NeuMitoFAP zebrafish in the absence (blue) or presence (red) of
MG2I, before or after exposure to far-red light. Data points show individual zebrafish (panel B) or individual mitochondria (panels C, D). ***p<0.001,
**+%5<0.0001, NeuMitoFAP-MG2I post-light versus each other group individually, 1-way ANOVA with Tukey multiple comparisons test. (E, F)
Transmission electron micrographs of sections from the telencephalon of NeuMitoFAP zebrafish immediately after exposure to far-red light in the (F)
presence or (E) absence of MG2I. The left image of each pair shows a low-magnification view, and the right image shows a high-magpnification view
illustrating the ultrastructure of individual neuronal mitochondria. Arrows in panel F show swollen, damaged mitochondria. (G) The proportion of
abnormal mitochondria was quantified by a blinded observer in 12 electron micrographs each from é experimental groups (NeuMitoFAP with or
without MG2l, before, 0 or 24 hr after 60 J/cm? far-red light exposure). Bars show mean + SE% abnormal mitochondria per section in each group.
Numbers of total and abnormal mitochondria in each group are shown. ***p<0.001, compared individually with each control (pre-light and no chemical)
group, 1-way ANOVA with Tukey multiple comparisons test.

The online version of this article includes the following source data and figure supplement(s) for figure 5:

Source data 1. Source data for Figure 5B.
Source data 2. Source data for Figure 5C.
Source data 3. Source data for Figure 5D.
Source data 4. Source data for Figure 5G.
Figure supplement 1. Widespread disruption of mitochondrial morphology in NeuMitoFAP zebrafish exposed to MG2| and far-red light.

vascular development and showed similar heartbeat and circulation to controls (Figure 6A, B; Vid-
eos 3 and 4). In order to clarify the basis for this persistent neurological deficit, we employed acri-
dine orange (AO, a DNA intercalating agent that labels degenerating cells in which the plasma
membrane has become permeable), in combination with intravital microscopy, to quantify cell death
in live, intact larvae (Figure 6C, D; Figure 6—figure supplement 1). Baseline developmental cell
death was observed in the spinal cords of all zebrafish (WT-MG2I, 9.5 + 0.7; NeuMitoFAP,
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Figure 6. Persistent neurological deficits and cell death in NeuMitoFAP zebrafish exposed to MG2I and far-red light. (A) Mean swimming speed of
NeuMitoFAP zebrafish treated with MG2l was quantified during the dark phase of the visual motor response (y-axis) after exposure to 60 J/cm? far-red
light (red) or no exposure (black). Data points show responses of individual zebrafish before light exposure and afterwards at the time points indicated
(x-axis). Bars show group mean + 95% CI. ****p<0.0001, 2-way ANOVA with Sidak multiple comparisons test. (B) Heart rate (y-axis) was quantified in the
same experimental groups and time points as panel A. Data points show heart rates of individual zebrafish, bars show group mean + 95% CI. (C)
Degenerating cells in MG2l-treated NeuMitoFAP zebrafish were labeled with acridine orange, before, and 2 and 24 hr after exposure to 60 J/em? far-
red light. The images show confocal z-plane projections through the spinal cord of immobilized live zebrafish larvae. dL5**-mCerulean3 is
pseudocolored blue and acridine orange-labeled cells yellow. (D) Acridine orange-labeled cells in the spinal cord of live zebrafish were counted (y-axis),
before far-red light exposure and at the indicated time points afterwards (x-axis). Experimental groups: WT zebrafish treated with MG2I (green),
NeuMitoFAP zebrafish (blue), NeuMitoFAP zebrafish treated with MG2I (red). Data points show individual zebrafish, bars show mean + SE. *p<0.05,
**x+5<0.0001, NeuMitoFAP-MG2I zebrafish versus other groups at the same time point; *p<0.05, ##5<0.0001, NeuMitoFAP-MG2I zebrafish at the
indicated time point versus pre-exposure value; 2-way ANOVA with Tukey multiple comparisons test. (E) Transmission electron micrographs of sections
from the telencephalon of NeuMitoFAP zebrafish treated with MG2I before, and at the indicated time points after, far-red light exposure. The upper
image of each pair shows a low-magnification view, and the lower image shows a high-magnification view illustrating ultrastructural features.

The online version of this article includes the following source data and figure supplement(s) for figure 6:

Source data 1. Source data for Figure 6D.
Figure supplement 1. Delayed CNS cell death in NeuMitoFAP zebrafish exposed to MG2I and far-red light.
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Video 3. Persistent motor deficits in NeuMitoFAP-
MG2I zebrafish following far-red light exposure. 7dpf
zebrafish are shown 48 hr after far-red light exposure at
5dpf. Methods and experimental groups are identical
to Video 1. The severe neurological abnormalities seen
immediately after far-red light exposure at 5dpf persist
in the NeuMitoFAP-MG2I-light group after two days of
recovery.
https://elifesciences.org/articles/51845#video3
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Video 4. Normal circulatory and cardiac development
in NeuMitoFAP-MG2I zebrafish following far-red light
exposure. Phase contrast videomicrography of 7dpf
zebrafish 48 hr after far-red light exposure at 5dpf.
Methods and experimental groups are identical to
Video 2. Despite the persistence of severe
neurological abnormalities two days after light
exposure, circulation and heartbeat in the
NeuMitoFAP-MG2I-light group remain normal, showing
that irreversible abnormalities are restricted to the
nervous system.
https://elifesciences.org/articles/51845#video4
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10.1 £ 0.6; NeuMitoFAP-MG2I, 18.5 + 2.1 AO-
labeled cells/spinal cord; mean + SE). Immedi-
ately following far-red light exposure, cell death
started to increase steadily in NeuMitoFAP-
MG2I larvae but not controls, peaking at 24 hr
post-exposure. At this time point, over 30-fold
more AO-labeled cells were found in NeuMito-
FAP-MG2| larvae than controls (WT-MG2,
9.7 £ 0.8; NeuMitoFAP, 9.7 £ 1.1; NeuMitoFAP-
MG2I, 311.7 + 14.8 AO cells/spinal cord,;
p<10~"® NeuMitoFAP-MG2| vs. NeuMitoFAP,
p<10""° NeuMitoFAP-MG2I vs. MG2I, p<10~"°
NeuMitoFAP-MG2I at 24 hr vs. baseline, 2-way
ANOVA with Tukey multiple comparisons test;
Figure 6C, D). Transmission electron microscopy
was employed to examine the underlying ultra-
structural changes (Figure 6E). Prior to far-red
light exposure, NeuMitoFAP-MG2| neurons
showed normal morphology with homogenous
nuclei, prominent nucleoli and elongated mito-
chondria with densely packed cristae. Immedi-
ately after far-red light exposure, severe and
widepread mitochondrial abnormalities were
observed in neurons, as described above.
Remarkably, however, despite these dramatic
mitochondrial changes, the adjacent nuclear
membrane, Golgi apparatus and endoplasmic
reticulum appeared normal at this time point. By
2 hr post-exposure, scattered neurons started to
show nuclear chromatin condensation and other
morphological changes, including nuclear mem-
brane separation. At 24 hr post-exposure,
numerous apoptotic bodies were visible, along
with neurons showing morphological features
suggesting ongoing apoptosis, and other neu-
rons showing signs suggestive of necrosis.

Discussion

We have demonstrated dramatic changes in the
neurological function of an intact living verte-
brate organism following chemoptogenetic tar-
geting of mitochondrial function with organelle-
level spatial precision. Our data show a direct
link between neuronal respiration, bioenergetics
and physiology; quantify neuronal respiration
and its bioenergetic contributions in vivo; and
demonstrate that neuronal death following mito-
chondrial damage is delayed and presumably
dependent on secondary mechanisms. The new
transgenic lines and methods we report will pro-
vide powerful tools for investigating mitochon-
drial homeostasis and pathophysiology, and for
understanding the neural basis of behavior.

The requirement of all three components of
the chemoptogenetic system (dL5**, MG2| and
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far-red light) shows that the observed phenotypes were caused by singlet oxygen. The subcellular
localization of the dL5**-mCerulean3 fusion protein in NeuMitoFAP zebrafish resulted in spatially-
restricted 'O, production within neuronal mitochondria. Correspondingly, initial damage was con-
fined to mitochondria, as evidenced by preservation of cellular ultrastructure immediately adjacent
to severely damaged mitochondria directly after light exposure. Potentially, 'O, can react with all
mitochondrial macromolecules and the biochemical targets of this reactive oxygen species in the
mitochondrion are not yet fully resolved. In cultured HEK293 cells expressing mitochondrially-tar-
geted dL5**-mCerulean3, exposure to MG2| and far-red light decreased the activity of mitochon-
drial respiratory chain complexes |, lll and IV (Qian et al., 2019). COX4 and COX8 encode subunits
of complex IV (CIV, cytochrome C oxidase), and it is possible that the fusion protein is directed to
CIV by the COX8 sequence remaining after cleavage of the signal peptide. In this case, localized 'O,
damage to the CI-Clll,-CIV super-complex (‘respirasome’) (Letts and Sazanov, 2017) is predicted to
decrease electron transport and thereby dissipate the inner membrane proton gradient, resulting in
loss of ATP production and mitochondrial swelling. Although this would account for the loss of respi-
ration and bioenergetic collapse we observed, it is unclear whether respiratory chain function is dis-
rupted by 'O, directly. In HEK293 cells expressing mitochondrially-targeted dL5**-mCerulean3,
electron transport and respiration following light exposure were more severely disrupted by a sec-
ondary wave of ROS produced by damaged mitochondria (Qian et al., 2019). Consequently, the
presence of oxidative damage does not necessarily imply that a molecule is a primary target of 'O,.
Furthermore, the severe ultrastructural changes we observed immediately after light exposure raise
the possibility that changes in mitochondrial function could occur as a consequence of disrupted
mitochondrial architecture. Mitochondrial cristae are dynamic structures whose organization strongly
influences assembly of respiratory chain super-complexes and electron transport function
(Cogliati et al., 2016). Primary 'Oy-induced damage to proteins involved in forming or regulating
cristae, for example OPA1 (Frezza et al., 2006, Patten et al., 2014) or components of the MICOS
complex (Kozjak-Pavlovic, 2017), or direct damage to inner membrane lipids, could cause indirect
changes in respiratory function by disrupting the topological organization of electron transport chain
complexes in the inner mitochondrial membrane (Cogliati et al., 2013). Additional studies will be
necessary to determine the initial, direct targets of 'O, in this model.

FAP-MG2I zebrafish showed a large decrease in whole-animal respiration following exposure to
far-red light. The 12 kb eno2 regulatory element is expressed in the majority of CNS and PNS neu-
rons, most strongly in large projection neurons such as retinal ganglion cells, reticulospinal neurons
and motor neurons, that are predicted to be most metabolically active (Bai et al., 2007; Bai et al.,
2009). If it is presumed that light exposure fully disrupted cellular respiration in NeuMitoFAP-MG2|
cells, it can be inferred that eno2-expressing neurons account for nearly 25% of the baseline O, con-
sumption in an immobilized zebrafish larva. The dramatic loss of respiratory activity following light
exposure resulted in profound bioenergetic consequences. The overall 10% decrease in whole-ani-
mal ATP levels suggests a much larger ATP deficit in eno2-expressing neurons that comprise a rela-
tively small fraction of the total cells in a larval zebrafish. It has been estimated that up to 50%
energy expenditure in neurons is devoted to maintaining the transmembrane ionic gradients under-
lying the resting membrane potential (Howarth et al., 2012). Progressive depolarization of NeuMi-
toFAP-MG2I neurons during light exposure was rescued by phosphocreatine, a substrate for
creatine kinase (CK) that allows ATP generation from ADP, independent of oxidative phosphoryla-
tion. This observation formally establishes that loss of neural function in this model was attributable
to bioenergetic crisis and highlights the importance of mitochondrial respiration for providing the
ATP necessary for physiological functions such as active ion transport in neurons. In addition, these
findings provide further support to the specificity of the initial oxidative insult. A cysteine residue
within the active site of CK is necessary for enzymatic activity, which has been shown in other experi-
mental systems to be readily inactivated by oxidants including dopamine (Van Laar et al., 2008),
superoxide (Yuan et al., 1992) and peroxynitrite (Konorev et al., 1998). The preservation of CK
function in NeuMitoFAP zebrafish neurons sufficient to allow rescue of cellular bioenergetics by
phosphocreatine suggests that 'O,-mediated damage did not inactivate cytoplasmic CK isoforms,
even in the presence of severe mitochondrial disruption.

The persistence of acute neurobehavioral deficits in the days following light exposure was attrib-
utable to cell death. This was maximal 24 hr after light exposure, well after acute neurobehavioral
changes were first observed. We predict that the initial mitochondrial damage provoked delayed
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loss of cellular viability through secondary mechanisms, several of which may be involved. First, ATP
depletion is a well-recognized cause of cellular necrosis. In this regard, the reliance of neuronal ATP
synthesis on oxidative phosphorylation may be a critical factor distinguishing neurons from cultured
cells, which showed compensatory glycolysis and cell cycle arrest, but not loss of viability, following
dL5**-MG2l-induced mitochondrial damage (Qian et al., 2019). Second, it is likely that cellular Ca%*
homeostasis was disrupted in NeuMitoFAP-MG2I neurons following far-red light exposure. Cytosolic
Ca®* levels are maintained by ATP-dependent transport of Ca®* into the endoplasmic reticulum and
extracellular space, and by mitochondrial Ca?* buffering that is dependent on the inner mitochon-
drial membrane electrochemical potential and its structural integrity. Each of these processes is likely
to have been impaired in NeuMitoFAP-MG2I neurons following light exposure. Depending on sever-
ity and subcellular distribution, elevated cytosolic Ca®* can trigger either necrotic or apoptotic cell
death (Pinton et al., 2008). Finally, compromised mitochondrial structure may allow release of pro-
apoptotic mediators. For example, cytochrome c is retained physiologically within cristae folds; con-
sequently, the obliteration of mitochondrial cristae observed in this model is predicted to allow cyto-
chrome c efflux into the cytoplasm, where it can initiate Apaf-1-dependent apoptosome assembly
and activation of the intrinsic apoptotic pathway (Kroemer et al., 2007). Since morphological
markers of both apoptosis and necrosis were visible, it seems unlikely that a single downstream
mechanism was responsible for the observed cell death. The bioenergetic requirements of individual
neurons vary according to their morphology and activity. Further, dL5** expression varies between
different neuronal populations in NeuMitoFAP zebrafish, because the eno2 regulatory element is
expressed differentially in discrete cell types (Bai et al., 2007; Bai et al., 2009). We predict that the
mechanisms by which neurons die in this model depend on the relationship between bioenergetic
demand and loss of ATP, similar to other cell types (Lieberthal et al., 1998). For example, a cell
with high ATP requirements that sustains a severe mitochondrial injury might undergo necrotic cell
death rapidly, whereas less prominent damage in a cell with more modest ATP demands might trig-
ger signaling events culminating in delayed programmed cell death.

Targeting neuronal mitochondrial function with dL5**-MG2I provides new experimental opportu-
nities in vivo, and the tools reported here will be useful for multiple downstream applications. Use of
Gal4-UAS genetics will greatly expand the utility of the approach, because the dL5**-mCerulean3
fusion protein can be expressed in the mitochondria of any cell type in vivo, by crossing Tg(UAS:
COX4-COX8-dL5**-mCer3)P**?’ zebrafish to a tissue-specific Gal4 driver line. Many relevant trans-
genic driver lines are available that express Gal4 in dopaminergic neurons (Fujimoto et al., 2011) or
glial cells (Froyset et al., 2018) of interest to disease pathogenesis, in addition to larger libraries of
enhancer trap Gal4 insertions useful for functional neuroanatomy studies (Bergeron et al., 2015;
Kawakami et al., 2010; Marquart et al., 2015). Furthermore, by exploiting the dependence of neu-
rons on oxidative phosphorylation, our approach provides several improvements on current technol-
ogy for targeted cell ablation to analyze neural circuits underlying behavior (Bergeron et al., 2015;
Godoy et al., 2015) The most widely applied method for chemogenetic ablation in zebrafish models
relies on metronidazole-induced DNA crosslinking in transgenic animals expressing the bacterial
enzyme nitroreductase (Curado et al., 2007). DNA damage in this model takes many hours, and
sometimes days, to accumulate to a level sufficient to ablate the targeted cell groups. In contrast,
the rapid light-induced neuronal depolarization caused by mitochondrially-targeted dL5**-MG2I pro-
vides temporal certainty regarding lesion onset, avoids pharmacokinetic uncertainties inherent in
chemical approaches, and occurs with sufficient rapidity to prevent compensatory changes in circuity
that may obscure the resulting neurobehavioral consequences. Furthermore, spatial specificity can
be enhanced by directing the activating light to particular neurons or subcellular regions of interest,
for example by using a far-red laser beam rather than a diffused light source to excite dL5**-MG2I.
This will be of value for future investigations into the compartmentalization of bioenergetics and
maintenance of functional mitochondrial biomass in neurons in vivo. llluminating individual topologi-
cal domains of NeuMitoFAP neurons may allow direct exploration of how mitochondrial spatial dis-
tribution contributes to maintaining bioenergetic requirements and ionic gradients throughout the
dendritic arborization, cell body and axonal projection. In addition, mitochondrial quality control has
been implicated in the pathophysiology of neurological diseases including Parkinson’s disease, but
the use of chemicals that non-selectively depolarize all mitochondria simultaneously precludes inves-
tigation of the underlying mechanisms in specific neurons. dL5**-MG2| provides several advantages
over other genetically-encoded photosensitizers such as KillerRed (Bulina et al., 2006) for these
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applications, including minimal photobleaching, high quantal yield of 'O,, and excitation by tissue-
penetrant far-red light (He et al., 2016). In addition, the necessity for addition of a chemical fluoro-
gen to photosensitize FAP transgenic animals circumvents the practical challenges inherent in gener-
ating and propagating transgenic animals expressing constitutively active photosensitizers, which
must be raised and handled in the dark.

Precision subcellular ablation is likely to have broad applications in neuroscience beyond investi-
gation of mitochondrial function and zebrafish models. Future development of this approach will
include generation of constructs that direct dL5** to other cellular components, such as nuclear sub-
domains, lysosomal proteins or key components of pre- or post-synaptic terminals, allowing resolu-
tion of their specific contributions to cellular physiology and pathophysiology. In addition, the
system is fully portable to other experimental systems, including mammalian models.

Materials and methods

DNA constructs

pT2KSAGFF (Asakawa et al., 2008) and pT2-5UASMCS (Asakawa et al., 2008) were gifts from Dr.
Koichi Kawakami, National Institute of Genetics, Tokyo, Japan. To generate the driver construct, a
325 bp EcoRI/Bglll restriction fragment encoding Gal4FF was released from pT2KSAGFF and, after
Klenow blunting the Bglll overhang, ligated into the EcoRl and Klenow-blunted Pacl sites of pBS-I-
Sce1-GFP-eno2-5'—3'-arm (Bai et al., 2007). The resulting plasmid was linearized with Hindlll, and
the 12 kb eno2 regulatory sequence, encompassing exons 1 and 2 and genomic flanking region, was
captured from BAC zC51M24 by gap repair recombination, as described in our prior work
(Bai et al., 2007) to yield pBS-I-Sce1-eno2:Gal4FF. To generate the responder construct, a 1.74 kb
Pmel/Xhol  restriction  fragment was released from  pcDNA3.1-cox4-cox8-dL5-2xG4S-
mCerulean3 (Qian et al., 2019; Telmer et al., 2015) (Addgene 73208) and ligated into the Xhol and
Klenow-blunted EcoR1 sites of pT2-5UASMCS to yield pTol2-5UAS:cox4-cox8-dL5-2xG4S-mCeru-
lean3 (2xG4S encodes a flexible GGGGSGGGGS linker between dL5** and mCerulean3 to allow cor-
rect folding of both protein domains). Both plasmids were verified by DNA sequencing and
restriction digest.

Zebrafish

Zebrafish embryos were raised in E3 buffer (5 mM NaCl, 0.177 mM KCI, 0.33 mM CaCl,, 0.33 mM
MgSO4; unless otherwise stated, all chemicals were supplied by Sigma, St. Louis, MO) at 28.5°C,
under cyclic illumination comprising 14 hr green light:10 hr dark. Transgenic zebrafish were gener-
ated as described in our previous work, using the I-Sce1 meganuclease method (Bai et al., 2007) for
Tg(eno2:galdff) and the Tol2 transposon method (Dukes et al., 2016) for Tg(UAS:COX4-COX8-
dL5**-mCer3). Multiple transgenic F1 founders were identified by PCR genotyping (primer sequen-
ces: eno2-GFF-F, 5-GTCTTCTATCGAACAAGCATGC-3'; eno2-GFF-R, 5'-CATGTCAAGGTCTTC
TCGAGG-3’; mitoFAP-F, 5-CCGTCGTTACCCAAGAACC-3’; mitoFAP-R, 5-TCCTGAGTCACCA-
CAGCC-3') and lines were selected for analysis based on robust transgene expression and minimal
variegation. The lines reported here show Mendelian inheritance of single transgene insertions and
have been assigned allele designations Tg(eno2:gal4fiP*®> and Tg(UAS:COX4-COX8-dL5**-
mCer3)P*%”_ Analyses were carried out using F3 and later generations after backcrosses to WT
zebrafish. A minimum of three independent biological replicates were completed for all
experiments.

Microscopy

Double transgenic NeuMitoFAP animals were identified by epifluorescence microscopy for the
mCerulean3 reporter. Tricaine-anesthetized larvae were positioned in 3% methylcellulose for acquisi-
tion of live epifluorescence images using an Olympus MVX-10 stereo zoom microscope and SPOT
camera (Olympus, Center Valley, PA). Confocal images of tricaine-anesthetized larvae, mounted in
low melting point agarose in contact with the coverslip glass of a MatTek dish (MatTek Corporation,
Ashland, MA), were acquired using an Olympus IX-81 inverted microscope and Fluoview confocal
system (Olympus). Acridine Orange-labeled neurons were visualized using an inverted epifluores-
cence microscope (Olympus IX-71) and counted manually or imaged by confocal microscopy as
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above. For intravital imaging of mitochondria, zebrafish larvae were anesthetized in tricaine,
exposed to far-red light if appropriate and then mounted on their sides in low melting point agarose
at the bottom of a Mattek dish, so that the skin was in contact with the glass coverslip allowing visu-
alization of the lateral line nerve. Images were acquired using a Leica SP8 confocal microscope with
HC PL APO 1.30 NA 93x glycerol-immersion objective (Leica Microsystems, Buffalo Grove, IL).
mCer3 was excited at 405 nm and emitted light collected from 447 to 699 nm with temporal gating
between 0.6-6 ns using a Leica Acousto-Optical Beam Splitter. Images were taken with
a 0.600 ms dwell time and 4x line averaging. Images were analyzed using NIS-Elements (Nikon
Instruments, Melville, NY), by reducing Z-stacks to 2D images using extended depth focus, then
binarizing the resulting images to show regions of CFP fluorescence, allowing automated measure-
ments of circularity, size and number.

Immunofluorescence

Larvae were fixed in 4% paraformaldehyde in PBS at 4°C for 4 hr. 14um-thick cryosections were incu-
bated with primary antibody (chicken anti-GFP #ab13970, 1:5000, Abcam, Cambridge, MA; rabbit
anti-TOM20 sc-11415, 1:1000, Santa Cruz, Dallas, TX) at 4°C for 16 hr, washed three times in PBS
and incubated in secondary antibody (Alexa 488 goat anti-chicken A11039, 1:10000, and Alexa 555
goat anti-rabbit A11034, 1:10000, Thermo Fisher, Waltham, MA). After three further washes, sec-
tions were incubated in DAPI (200 ng/mL in PBS) and mounted in Gelmount (Electron Microscopy
Sciences, Hatfield, PA) for confocal imaging as detailed above. Colocalization analysis was carried
out using Olympus FluoView software.

Chemoptogenetic ablation

500 nM MG2I (synthesized as described previously He et al., 2016) was added to larval E3 buffer at
72hpf (hours post fertilization). After treatment with MG2I, NeuMitoFAP zebrafish were housed and
handled under green LED safelight illumination (LSM-G3 x 3, SuperBrightLEDs, St. Louis, MO). Tri-
caine-anesthetized zebrafish were exposed to far-red light in 35 mm Mat-Tek dishes at 5dpf. A
Chanzon 100W Deep Red LED array (Amazon, Seattle, WA) was mounted on a heatsink and fan and
suspended from a custom-built light stand (Figure 1—figure supplement 1), allowing the 35 mm
dish to be illuminated from below without heat transfer to the water (Figure 3—figure supplement
1). The LED power circuit was controlled using a microcontroller board (Arduino Uno, Amazon, Seat-
tle, WA) for precise timing of exposure and adjustable power up to 160 mW/cm? (Figure 1—figure
supplement 1). The emission spectra of all light sources were verified using a spectrometer (BLK-
CXR, Stellarnet, Tampa, FL).

Neurobehavioral analysis

Locomotor function was analyzed as reported in our prior work (Zhou et al., 2014). Larvae were
transferred to 96 well plates at 5dpf under green LED illumination using a large-bore Pasteur pipette
with a flame-polished aperture, then acclimatized to the recording chamber for 30 min at 28.5°C.
The visual motor response was elicited using green light (Burton et al., 2017) and recorded with a
USB 3.0 camera (#FL3-U3-13Y3M-C, Point Gray Research, Richmond, BC, Canada) under infrared
illumination (#BL812-880, Spectrum lllumination, Montague, MI). Video recordings were analyzed
offline using our published open-source MATLAB applications LSRtrack and LSRanalyze (Cario et al.,
2011). All data were derived from recordings with <5% total tracking errors. Heart rates of tricaine-
anesthetized zebrafish were counted manually by direct visualization of cardiac contractions through
a dissecting microscope.

Electrophysiology

Larvae were anesthetized in 0.02% tricaine, paralyzed by exposure to 1 mg/mL o-bungarotoxin for
10 min, then secured through the notochord to a layer of silicone (Sylguard, Corning) in the bottom
of a 35 mm culture dish, using 0.025 mm tungsten pins. The preparation was continuously super-
fused with extracellular solution (NaCl 131 mM, KCl 2 mM, KH,PO, 1.25 mM, NaHCO3; 20 mM,
MgCl, 2 mM, CaCl; 2.5 mM, Glucose 10 mM, bubbled with 95% oxygen/5% CO,, pH 7.4) at rate of
2 mL/min throughout recording. A flap of skin was reflected using a fine tungsten probe to expose
the posterior lateral line ganglion. The region was imaged during recording using an Olympus
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BX51WI microscope with 40x water immersion objective and infrared DIC optics, illuminated with an
Olympus U-LH100 IR halogen light source with 32BP775 IR bandpass filter (Olympus, Center Valley,
PA), and visualized using a USB 3.0 video camera (#FL3-U3-20E4M-C, Point Gray Research, Rich-
mond, BC, Canada). Glass microelectrodes with resistance of 6-10 MQ were filled with intracellular
solution (KGlu 126 mM, KCI 15 mM, NaCl 10 mM, HEPES 10 mM, MgCl, 2 mM, pH 7.2; phosphocre-
atine 10 mM was added for one experimental group) and connected to a headstage (HS-9A x 0.1
U, Molecular Devices, San Jose, CA) mounted on a motorized micromanipulator (MP-225, Sutter
Instrument, Novato, CA). Patch clamp recordings were made from posterior lateral line ganglion
neurons in a whole-cell configuration, using a microelectrode amplifier (Axoclamp 900A, Molecular
Devices, San Jose, CA) in current clamp mode. Signals were digitized at 4 kHz sampling rate (Digi-
data 1440A, Molecular Devices). A far-red LED light source (Chanzon 100W Deep Red LED array,
Amazon, Seattle, WA) was mounted on a heatsink under the recording chamber. Baseline membrane
potential was recorded for 10 min, following which the LED was activated and recording continued
for a further 20-30 min. Data were analyzed offline (Clampfit 10.7 module of pCLAMP, Molecular
Devices).

Respiration

Oxygen consumption rate (OCR) and bath acidification rate (BAR) were measured using a Seahorse
XF24 Extracellular Flux Analyzer (Agilent, Santa Clara, CA). Zebrafish larvae were anesthetized in
0.015% tricaine and then a small cut made in the distal caudal fin to facilitate absorption of drugs
from the bath. After incubation in 40 uM d-tubocurarine for 5-10 min until spontaneous and touch-
evoked muscle contractions were lost, larvae were transferred into the wells of a Seahorse XF24 Islet
microplate (Agilent, Santa Clara, CA) containing 800 uL of E3 buffer, positioned in the center of
each well using an eyelash, and then secured by islet plate capture screens. Four buffer-only wells on
each plate served as negative controls. After sensor calibration, basal OCR and BAR were quantified
over 24 cycles, each consisting of 1.5 min mixing and 4 min measurement. For measurements on dis-
sociated cells, freshly-dissected adult NeuMitoFAP zebrafish brains were incubated with 0.25% tryp-
sin/EDTA (Thermo Fisher, Waltham, MA) at 37°C for 20 min, which was inactivated by adding 5
volumes of 10% fetal bovine serum (FBS) in PBS. Samples were pipetted to dissociate cells, centri-
fuged at 2000 rpm, washed with 2% FBS in PBS and passed through a 40 um cell strainer (BD Falcon,
Corning, NY), following which cells were incubated with 100 nm MG2I in the dark for 20 min at 20°C
then washed and exposed to far-red light using the same apparatus as used for zebrafish. 3 x 10°
cells in DMEM (# D7777, Sigma, St, Louis, MO) were plated into each well of a 96-well Seahorse
Xfe96 FluxPak plate (Agilent, Santa Clara, CA) and equilibrated at 28°C for one hour prior to running
the Seahorse assay. Inhibitors and final concentrations were: Oligomycin (1 ug/mL; Sigma, #04876),
FCCP (300 nM; Sigma, #C2920), rotenone (1 uM; Sigma, R8875), antimycin-A (1uM; Sigma, A8674).

ATP quantification

2 hr after exposure to far-red light, groups of 5 larvae were collected and homogenized in 50 pL lysis
buffer (tris 30 mM, urea 9M, CHAPS 2% w/v, pH 7.4) on ice, then centrifuged at 10,000 g for 15 min.
ATP concentration was measured in the supernatant using a bioluminescence assay (ATP Determina-
tion Kit, Invitrogen, Carlsbad, CA) and a luminometer (LMax Il, Molecular Devices, San Jose, CA), in
comparison with a reference curve of known ATP concentrations. Values for each sample were then
normalized to protein concentration, measured using a Bradford assay (BioRad, Hercules, CA) and
microplate reader (SPECTRAmax PLUS384, Molecular Devices, San Jose, CA) in comparison with a
reference curve of known bovine albumin concentrations.

Acridine Orange labeling

A 100 mg/mL stock solution of AO in ethanol was stored at 4°C and diluted in E3 buffer immediately
before use to a final concentration of 5 pg/mL. Zebrafish larvae were incubated in the resulting solu-
tion at 28°C for 30 min in the dark, washed twice for 10 min each in E3 buffer, anesthetized in
0.015% tricaine, and mounted in low melting point agarose against the coverslip glass of a MatTek
dish for imaging.
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Electron microscopy

Zebrafish larvae were fixed in Karnovsky fixative at 4°C for 16 hr, the skull and surrounding tissues
dissected to expose the brain, then fixed for a further 24 hr. Samples were then rinsed in PBS, post-
fixed in 1% osmium tetroxide with 1% potassium ferricyanide, rinsed in PBS, dehydrated through a
graded series of ethanol and propylene oxide and embedded in Poly/Bed 812 (Polysciences, War-
rington, PA). 300nm-thick sections were stained with 0.5% Toluidine Blue in 1% sodium borate and
examined under a light microscope to identify regions of interest. 65 nm-thick sections were stained
with uranyl acetate and Reynold'’s lead citrate, then imaged using a JEOL 1011 transmission electron
microscope with a side mount AMT 2K digital camera (Advanced Microscopy Techniques, Danvers,
MA).

Experimental design and data analysis

All experiments were repeated in at least three independent biological replicates (different cohorts
of larval zebrafish bred on different days). Data from replicate experiments whose results did not dif-
fer significantly were combined for clarity of presentation, as indicted in individual figure legends.
Experimental groups were defined firstly by genotype, then larvae allocated randomly to receive
MG2I or no chemical.

Acknowledgements

This work was supported by NIH research grants ES025606, ES022644, RR019003, and EB017268.
We thank the aquatics team at the University of Pittsburgh Department of Laboratory Animal
Resources for expert care of our transgenic zebrafish lines. We thank Travis Wheeler (Department of
Cell Biology and Physiology, University of Pittsburgh) for construction of the light stand and neuro-
behavioral equipment. WX and BJ are Tsinghua University Scholars at the University of Pittsburgh
and are supported by the China Scholarship Council.

Additional information

Funding

Funder Grant reference number  Author

National Institute of Environ-  ES025606 Qing Bai

mental Health Sciences Dmytro Kolodieznyi
Patricia L Opresko
Claudette M St Croix
Simon Watkins
Bennett Van Houten
Marcel P Bruchez
Edward A Burton

National Institute of Environ-  ES022644 Qing Bai

mental Health Sciences Vladimir A llin
Claudette M St. Croix
Edward A Burton

National Center for Research  RR019003 Ming Sun

Resources Donna B Stolz
Claudette M St. Croix
Simon Watkins

National Institute of Biomedi- EB017268 Ming Sun

cal Imaging and Bioengineer- Donna B Stolz

ing Claudette M St Croix
Simon Watkins
Marcel P Bruchez

China Scholarship Council Wenting Xie

Binxuan Jiao

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Xie et al. eLife 2020;9:e51845. DOI: https://doi.org/10.7554/eLife.51845 20 of 24


https://doi.org/10.7554/eLife.51845

ELIfe Tools and resources

Biochemistry and Chemical Biology | Neuroscience

Author contributions

Wenting Xie, Binxuan Jiao, Investigation, Methodology, Designed and carried out experiments, col-
lected, analyzed and interpreted data, contributed to writing the manuscript; Qing Bai, Conceptuali-
zation, Resources, Supervision, Investigation, Methodology, Generated novel transgenic zebrafish
lines, designed and carried out experiments, collected, analyzed and interpreted data, contributed
to writing the manuscript; Vladimir A llin, Conceptualization, Software, Investigation, Methodology,
Designed and carried out experiments, collected, analyzed and interpreted data, contributed to
writing the manuscript; Ming Sun, Investigation, Prepared samples and carried out electron micros-
copy; Charles E Burton, Software, Formal analysis, Developed analysis software for zebrafish behav-
ioral experiments; Dmytro Kolodieznyi, Resources, Synthesized MG2| used in the study; Michael J
Calderon, Investigation, Methodology; Donna B Stolz, Formal analysis, Investigation, Methodology,
Supervised and interpreted electron microscopy; Patricia L Opresko, Conceptualization, Funding
acquisition, Methodology, Project administration; Claudette M St Croix, Conceptualization, Resour-
ces, Investigation, Visualization, Methodology; Simon Watkins, Conceptualization, Resources, Formal
analysis, Investigation, Methodology; Bennett Van Houten, Conceptualization, Resources, Funding
acquisition, Project administration; Marcel P Bruchez, Conceptualization, Resources, Formal analysis,
Funding acquisition, Investigation, Methodology; Edward A Burton, Conceptualization, Resources,
Data curation, Software, Formal analysis, Supervision, Funding acquisition, Investigation, Methodol-
ogy, Project administration, Built equipment, designed and carried out experiments, analyzed and
interpreted data, wrote the manuscript

Author ORCIDs

Dmytro Kolodieznyi (&) http://orcid.org/0000-0001-5272-6856
Simon Watkins () http://orcid.org/0000-0003-4092-1552
Marcel P Bruchez (i http://orcid.org/0000-0002-7370-4848
Edward A Burton (& https://orcid.org/0000-0002-8072-4636

Ethics

Animal experimentation: Experiments were carried out in accordance with the NIH Guide for the
Care and Use of Laboratory Animals and were approved by the University of Pittsburgh Institutional
Animal Care and Use Committee (IACUC protocol #17019974; PHS assurance #D16-00118) as meet-
ing standards for humane animal care.

Decision letter and Author response
Decision letter https://doi.org/10.7554/eLife.51845.sa
Author response https://doi.org/10.7554/eLife.51845.sa2

Additional files

Supplementary files
« Transparent reporting form

Data availability
All data generated or analysed during this study are included in the manuscript and supporting files.

References

Ahrens MB, Orger MB, Robson DN, Li JM, Keller PJ. 2013. Whole-brain functional imaging at cellular resolution
using light-sheet microscopy. Nature Methods 10:413-420. DOI: https://doi.org/10.1038/nmeth.2434,
PMID: 23524393

Asakawa K, Suster ML, Mizusawa K, Nagayoshi S, Kotani T, Urasaki A, Kishimoto Y, Hibi M, Kawakami K. 2008.
Genetic dissection of neural circuits by Tol2 transposon-mediated Gal4 gene and enhancer trapping in
zebrafish. PNAS 105:1255-1260. DOI: https://doi.org/10.1073/pnas.0704963105, PMID: 18202183

Xie et al. eLife 2020;9:e51845. DOI: https://doi.org/10.7554/eLife.51845 21 of 24


http://orcid.org/0000-0001-5272-6856
http://orcid.org/0000-0003-4092-1552
http://orcid.org/0000-0002-7370-4848
https://orcid.org/0000-0002-8072-4636
https://doi.org/10.7554/eLife.51845.sa1
https://doi.org/10.7554/eLife.51845.sa2
https://doi.org/10.1038/nmeth.2434
http://www.ncbi.nlm.nih.gov/pubmed/23524393
https://doi.org/10.1073/pnas.0704963105
http://www.ncbi.nlm.nih.gov/pubmed/18202183
https://doi.org/10.7554/eLife.51845

ELIfe Tools and resources

Biochemistry and Chemical Biology | Neuroscience

Bai Q, Garver JA, Hukriede NA, Burton EA. 2007. Generation of a transgenic zebrafish model of tauopathy using
a novel promoter element derived from the zebrafish eno2 gene. Nucleic Acids Research 35:6501-6516.
DOI: https://doi.org/10.1093/nar/gkm608, PMID: 17897967

Bai Q, Wei X, Burton EA. 2009. Expression of a 12-kb promoter element derived from the zebrafish enolase-2
gene in the zebrafish visual system. Neuroscience Letters 449:252-257. DOI: https://doi.org/10.1016/j.neulet.
2008.10.101, PMID: 19007858

Bergeron SA, Carrier N, Li GH, Ahn S, Burgess HA. 2015. Gsx1 expression defines neurons required for prepulse
inhibition. Molecular Psychiatry 20:974-985. DOI: https://doi.org/10.1038/mp.2014.106, PMID: 25224259

Buckley C, Carvalho MT, Young LK, Rider SA, McFadden C, Berlage C, Verdon RF, Taylor JM, Girkin JM, Mullins
JJ. 2017. Precise spatio-temporal control of rapid optogenetic cell ablation with mem-KillerRed in zebrafish.
Scientific Reports 7:5096. DOI: https://doi.org/10.1038/541598-017-05028-2, PMID: 28698677

Bulina ME, Chudakov DM, Britanova OV, Yanushevich YG, Staroverov DB, Chepurnykh TV, Merzlyak EM, Shkrob
MA, Lukyanov S, Lukyanov KA. 2006. A genetically encoded photosensitizer. Nature Biotechnology 24:95-99.
DOI: https://doi.org/10.1038/nbt1175, PMID: 16369538

Burgess HA, Granato M. 2007. Modulation of locomotor activity in larval zebrafish during light adaptation.
Journal of Experimental Biology 210:2526-2539. DOI: https://doi.org/10.1242/jeb.003939, PMID: 17601957

Burton EA. 2014.LeDoux M (Ed). Movement Disorders: Genetics and Models. Academic Press.

Burton CE, Zhou Y, Bai Q, Burton EA. 2017. Spectral properties of the zebrafish visual motor response.
Neuroscience Letters 646:62-67. DOI: https://doi.org/10.1016/j.neulet.2017.03.002, PMID: 28267562

Cario CL, Farrell TC, Milanese C, Burton EA. 2011. Automated measurement of zebrafish larval movement. The
Journal of Physiology 589:3703-3708. DOI: https://doi.org/10.1113/jphysiol.2011.207308, PMID: 21646414

Carmo C, Naia L, Lopes C, Rego AC. 2018. Mitochondrial dysfunction in Huntington’s Disease. Advances in
Experimental Medicine and Biology 1049:59-83. DOI: https://doi.org/10.1007/978-3-319-71779-1_3, PMID: 2
9427098

Chuong AS, Miri ML, Busskamp V, Matthews GA, Acker LC, Sarensen AT, Young A, Klapoetke NC, Henninger
MA, Kodandaramaiah SB, Ogawa M, Ramanlal SB, Bandler RC, Allen BD, Forest CR, Chow BY, Han X, Lin Y,
Tye KM, Roska B, et al. 2014. Noninvasive optical inhibition with a red-shifted microbial rhodopsin. Nature
Neuroscience 17:1123-1129. DOI: https://doi.org/10.1038/nn.3752, PMID: 24997763

Cogliati S, Frezza C, Soriano ME, Varanita T, Quintana-Cabrera R, Corrado M, Cipolat S, Costa V, Casarin A,
Gomes LC, Perales-Clemente E, Salviati L, Fernandez-Silva P, Enriquez JA, Scorrano L. 2013. Mitochondrial
cristae shape determines respiratory chain supercomplexes assembly and respiratory efficiency. Cell 155:160-
171. DOI: https://doi.org/10.1016/j.cell.2013.08.032, PMID: 24055366

Cogliati S, Enriquez JA, Scorrano L. 2016. Mitochondrial cristae: where beauty meets functionality. Trends in
Biochemical Sciences 41:261-273. DOI: https://doi.org/10.1016/j.tibs.2016.01.001, PMID: 26857402

Cosentino C, Alberio L, Gazzarrini S, Aquila M, Romano E, Cermenati S, Zuccolini P, Petersen J, Beltrame M, Van
Etten JL, Christie JM, Thiel G, Moroni A. 2015. Optogenetics engineering of a light-gated potassium channel.
Science 348:707-710. DOI: https://doi.org/10.1126/science.aaa2787, PMID: 25954011

Curado S, Anderson RM, Jungblut B, Mumm J, Schroeter E, Stainier DY. 2007. Conditional targeted cell ablation
in zebrafish: a new tool for regeneration studies. Developmental Dynamics 236:1025-1035. DOI: https://doi.
org/10.1002/dvdy.21100, PMID: 17326133

Del Bene F, Wyart C, Robles E, Tran A, Looger L, Scott EK, Isacoff EY, Baier H. 2010. Filtering of visual
information in the tectum by an identified neural circuit. Science 330:669-673. DOI: https://doi.org/10.1126/
science.1192949, PMID: 21030657

Dukes AA, Bai Q, Van Laar VS, Zhou Y, llin V, David CN, Agim ZS, Bonkowsky JL, Cannon JR, Watkins SC, Croix
CM, Burton EA, Berman SB. 2016. Live imaging of mitochondrial dynamics in CNS dopaminergic neurons in
vivo demonstrates early reversal of mitochondrial transport following MPP(+) exposure. Neurobiology of
Disease 95:238-249. DOI: https://doi.org/10.1016/j.nbd.2016.07.020, PMID: 27452482

Fouquerel E, Barnes RP, Uttam S, Watkins SC, Bruchez MP, Opresko PL. 2019. Targeted and persistent 8-
Oxoguanine base damage at telomeres promotes telomere loss and crisis. Molecular Cell 75:117-130.
DOI: https://doi.org/10.1016/j.molcel.2019.04.024, PMID: 31101499

Frezza C, Cipolat S, Martins de Brito O, Micaroni M, Beznoussenko GV, Rudka T, Bartoli D, Polishuck RS, Danial
NN, De Strooper B, Scorrano L. 2006. OPA1 controls apoptotic cristae remodeling independently from
mitochondrial fusion. Cell 126:177-189. DOI: https://doi.org/10.1016/].cell.2006.06.025, PMID: 16839885

Froyset AK, Edson AJ, Gharbi N, Khan EA, Dondorp D, Bai Q, Tiraboschi E, Suster ML, Connolly JB, Burton EA,
Fladmark KE. 2018. Astroglial DJ-1 over-expression up-regulates proteins involved in redox regulation and is
neuroprotective in vivo. Redox Biology 16:237-247. DOI: https://doi.org/10.1016/j.redox.2018.02.010, PMID: 2
9525604

Fujimoto E, Stevenson TJ, Chien CB, Bonkowsky JL. 2011. Identification of a dopaminergic enhancer indicates
complexity in vertebrate dopamine neuron phenotype specification. Developmental Biology 352:393-404.
DOI: https://doi.org/10.1016/j.ydbio.2011.01.023, PMID: 21276790

Godoy R, Noble S, Yoon K, Anisman H, Ekker M. 2015. Chemogenetic ablation of dopaminergic neurons leads
to transient locomotor impairments in zebrafish larvae. Journal of Neurochemistry 135:249-260. DOI: https://
doi.org/10.1111/jnc.13214, PMID: 26118896

He J, Wang Y, Missinato MA, Onuoha E, Perkins LA, Watkins SC, St Croix CM, Tsang M, Bruchez MP. 2016. A
genetically targetable near-infrared photosensitizer. Nature Methods 13:263-268. DOI: https://doi.org/10.
1038/nmeth.3735, PMID: 26808669

Xie et al. eLife 2020;9:e51845. DOI: https://doi.org/10.7554/eLife.51845 22 of 24


https://doi.org/10.1093/nar/gkm608
http://www.ncbi.nlm.nih.gov/pubmed/17897967
https://doi.org/10.1016/j.neulet.2008.10.101
https://doi.org/10.1016/j.neulet.2008.10.101
http://www.ncbi.nlm.nih.gov/pubmed/19007858
https://doi.org/10.1038/mp.2014.106
http://www.ncbi.nlm.nih.gov/pubmed/25224259
https://doi.org/10.1038/s41598-017-05028-2
http://www.ncbi.nlm.nih.gov/pubmed/28698677
https://doi.org/10.1038/nbt1175
http://www.ncbi.nlm.nih.gov/pubmed/16369538
https://doi.org/10.1242/jeb.003939
http://www.ncbi.nlm.nih.gov/pubmed/17601957
https://doi.org/10.1016/j.neulet.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28267562
https://doi.org/10.1113/jphysiol.2011.207308
http://www.ncbi.nlm.nih.gov/pubmed/21646414
https://doi.org/10.1007/978-3-319-71779-1_3
http://www.ncbi.nlm.nih.gov/pubmed/29427098
http://www.ncbi.nlm.nih.gov/pubmed/29427098
https://doi.org/10.1038/nn.3752
http://www.ncbi.nlm.nih.gov/pubmed/24997763
https://doi.org/10.1016/j.cell.2013.08.032
http://www.ncbi.nlm.nih.gov/pubmed/24055366
https://doi.org/10.1016/j.tibs.2016.01.001
http://www.ncbi.nlm.nih.gov/pubmed/26857402
https://doi.org/10.1126/science.aaa2787
http://www.ncbi.nlm.nih.gov/pubmed/25954011
https://doi.org/10.1002/dvdy.21100
https://doi.org/10.1002/dvdy.21100
http://www.ncbi.nlm.nih.gov/pubmed/17326133
https://doi.org/10.1126/science.1192949
https://doi.org/10.1126/science.1192949
http://www.ncbi.nlm.nih.gov/pubmed/21030657
https://doi.org/10.1016/j.nbd.2016.07.020
http://www.ncbi.nlm.nih.gov/pubmed/27452482
https://doi.org/10.1016/j.molcel.2019.04.024
http://www.ncbi.nlm.nih.gov/pubmed/31101499
https://doi.org/10.1016/j.cell.2006.06.025
http://www.ncbi.nlm.nih.gov/pubmed/16839885
https://doi.org/10.1016/j.redox.2018.02.010
http://www.ncbi.nlm.nih.gov/pubmed/29525604
http://www.ncbi.nlm.nih.gov/pubmed/29525604
https://doi.org/10.1016/j.ydbio.2011.01.023
http://www.ncbi.nlm.nih.gov/pubmed/21276790
https://doi.org/10.1111/jnc.13214
https://doi.org/10.1111/jnc.13214
http://www.ncbi.nlm.nih.gov/pubmed/26118896
https://doi.org/10.1038/nmeth.3735
https://doi.org/10.1038/nmeth.3735
http://www.ncbi.nlm.nih.gov/pubmed/26808669
https://doi.org/10.7554/eLife.51845

ELIfe Tools and resources

Biochemistry and Chemical Biology | Neuroscience

Howarth C, Gleeson P, Attwell D. 2012. Updated energy budgets for neural computation in the neocortex and
cerebellum. Journal of Cerebral Blood Flow & Metabolism 32:1222-1232. DOI: https://doi.org/10.1038/jcbfm.
2012.35, PMID: 22434069

Kawakami K, Abe G, Asada T, Asakawa K, Fukuda R, Ito A, Lal P, Mouri N, Muto A, Suster ML, Takakubo H,
Urasaki A, Wada H, Yoshida M. 2010. zTrap: zebrafish gene trap and enhancer trap database. BMC
Developmental Biology 10:105. DOI: https://doi.org/10.1186/1471-213X-10-105, PMID: 20950494

Khuansuwan S, Barnhill LM, Cheng S, Bronstein JM. 2019. A novel transgenic zebrafish line allows for in vivo
quantification of autophagic activity in neurons. Autophagy 15:1322-1332. DOI: https://doi.org/10.1080/
15548627.2019.1580511, PMID: 30755067

Konorev EA, Hogg N, Kalyanaraman B. 1998. Rapid and irreversible inhibition of creatine kinase by
peroxynitrite. FEBS Letters 427:171-174. DOI: https://doi.org/10.1016/S0014-5793(98)00413-X, PMID:
9607305

Kozjak-Pavlovic V. 2017. The MICOS complex of human mitochondria. Cell and Tissue Research 367:83-93.
DOI: https://doi.org/10.1007/s00441-016-2433-7, PMID: 27245231

Kroemer G, Galluzzi L, Brenner C. 2007. Mitochondrial membrane permeabilization in cell death. Physiological
Reviews 87:99-163. DOI: https://doi.org/10.1152/physrev.00013.2006, PMID: 17237344

Letts JA, Sazanov LA. 2017. Clarifying the supercomplex: the higher-order organization of the mitochondrial
electron transport chain. Nature Structural & Molecular Biology 24:800-808. DOI: https://doi.org/10.1038/
nsmb.3460, PMID: 28981073

Lieberthal W, Menza SA, Levine JS. 1998. Graded ATP depletion can cause necrosis or apoptosis of cultured
mouse proximal tubular cells. American Journal of Physiology-Renal Physiology 274:F315-F327. DOI: https://
doi.org/10.1152/ajprenal.1998.274.2.F315

Ljunggren EE, Haupt S, Ausborn J, Ampatzis K, El Manira A. 2014. Optogenetic activation of excitatory
premotor interneurons is sufficient to generate coordinated locomotor activity in larval zebrafish. Journal of
Neuroscience 34:134-139. DOI: https://doi.org/10.1523/JNEUROSCI.4087-13.2014, PMID: 24381274

Marquart GD, Tabor KM, Brown M, Strykowski JL, Varshney GK, LaFave MC, Mueller T, Burgess SM, Higashijima
S, Burgess HA. 2015. A 3D searchable database of transgenic zebrafish Gal4 and cre lines for functional
neuroanatomy studies. Frontiers in Neural Circuits 9:78. DOI: https://doi.org/10.3389/fncir.2015.00078,

PMID: 26635538

Moan J, Berg K. 1991. The photodegradation of porphyrins in cells can be used to estimate the lifetime of
singlet oxygen. Photochemistry and Photobiology 53:549-553. DOI: https://doi.org/10.1111/].1751-1097.1991.
tb03669.x, PMID: 1830395

Nguyen M, Wong YC, Ysselstein D, Severino A, Krainc D. 2019. Synaptic, mitochondrial, and lysosomal
dysfunction in Parkinson’s Disease. Trends in Neurosciences 42:140-149. DOI: https://doi.org/10.1016/j.tins.
2018.11.001, PMID: 30509690

Patten DA, Wong J, Khacho M, Soubannier V, Mailloux RJ, Pilon-Larose K, MacLaurin JG, Park DS, McBride HM,
Trinkle-Mulcahy L, Harper ME, Germain M, Slack RS. 2014. OPA1-dependent cristae modulation is essential for
cellular adaptation to metabolic demand. The EMBO Journal 33:2676-2691. DOI: https://doi.org/10.15252/
embj.201488349, PMID: 25298396

Pinton P, Giorgi C, Siviero R, Zecchini E, Rizzuto R. 2008. Calcium and apoptosis: er-mitochondria Ca2+ transfer
in the control of apoptosis. Oncogene 27:6407-6418. DOI: https://doi.org/10.1038/0nc.2008.308, PMID: 18955
969

Portugues R, Feierstein CE, Engert F, Orger MB. 2014. Whole-brain activity maps reveal stereotyped, distributed
networks for visuomotor behavior. Neuron 81:1328-1343. DOI: https://doi.org/10.1016/j.neuron.2014.01.019,
PMID: 24656252

Qian W, Kumar N, Roginskaya V, Fouquerel E, Opresko PL, Shiva S, Watkins SC, Kolodieznyi D, Bruchez MP, Van
Houten B. 2019. Chemoptogenetic damage to mitochondria causes rapid telomere dysfunction. PNAS 116:
18435-18444. DOI: https://doi.org/10.1073/pnas. 1910574116, PMID: 31451640

Roth BL. 2016. DREADD:s for neuroscientists. Neuron 89:683-694. DOI: https://doi.org/10.1016/j.neuron.2016.
01.040, PMID: 26889809

Swerdlow RH. 2018. Mitochondria and mitochondrial cascades in Alzheimer’s Disease. Journal of Alzheimer's
Disease 62:1403-1416. DOI: https://doi.org/10.3233/JAD-170585, PMID: 29036828

Szent-Gyorgyi C, Schmidt BF, Schmidt BA, Creeger Y, Fisher GW, Zakel KL, Adler S, Fitzpatrick JA, Woolford
CA, Yan Q, Vasilev KV, Berget PB, Bruchez MP, Jarvik JW, Waggoner A. 2008. Fluorogen-activating single-
chain antibodies for imaging cell surface proteins. Nature Biotechnology 26:235-240. DOI: https://doi.org/10.
1038/nbt1368, PMID: 18157118

Szent-Gyorgyi C, Stanfield RL, Andreko S, Dempsey A, Ahmed M, Capek S, Waggoner AS, Wilson IA, Bruchez
MP. 2013. Malachite green mediates homodimerization of antibody VL domains to form a fluorescent ternary
complex with singular symmetric interfaces. Journal of Molecular Biology 425:4595-4613. DOI: https://doi.org/
10.1016/j.jmb.2013.08.014, PMID: 23978698

Tay TL, Ronneberger O, Ryu S, Nitschke R, Driever W. 2011. Comprehensive catecholaminergic projectome
analysis reveals single-neuron integration of zebrafish ascending and descending dopaminergic systems.
Nature Communications 2:171. DOI: https://doi.org/10.1038/ncomms 1171, PMID: 21266970

Telmer CA, Verma R, Teng H, Andreko S, Law L, Bruchez MP. 2015. Rapid, specific, no-wash, far-red fluorogen
activation in subcellular compartments by targeted fluorogen activating proteins. ACS Chemical Biology 10:
1239-1246. DOI: https://doi.org/10.1021/cb500957k, PMID: 25650487

Xie et al. eLife 2020;9:e51845. DOI: https://doi.org/10.7554/eLife.51845 23 of 24


https://doi.org/10.1038/jcbfm.2012.35
https://doi.org/10.1038/jcbfm.2012.35
http://www.ncbi.nlm.nih.gov/pubmed/22434069
https://doi.org/10.1186/1471-213X-10-105
http://www.ncbi.nlm.nih.gov/pubmed/20950494
https://doi.org/10.1080/15548627.2019.1580511
https://doi.org/10.1080/15548627.2019.1580511
http://www.ncbi.nlm.nih.gov/pubmed/30755067
https://doi.org/10.1016/S0014-5793(98)00413-X
http://www.ncbi.nlm.nih.gov/pubmed/9607305
https://doi.org/10.1007/s00441-016-2433-7
http://www.ncbi.nlm.nih.gov/pubmed/27245231
https://doi.org/10.1152/physrev.00013.2006
http://www.ncbi.nlm.nih.gov/pubmed/17237344
https://doi.org/10.1038/nsmb.3460
https://doi.org/10.1038/nsmb.3460
http://www.ncbi.nlm.nih.gov/pubmed/28981073
https://doi.org/10.1152/ajprenal.1998.274.2.F315
https://doi.org/10.1152/ajprenal.1998.274.2.F315
https://doi.org/10.1523/JNEUROSCI.4087-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24381274
https://doi.org/10.3389/fncir.2015.00078
http://www.ncbi.nlm.nih.gov/pubmed/26635538
https://doi.org/10.1111/j.1751-1097.1991.tb03669.x
https://doi.org/10.1111/j.1751-1097.1991.tb03669.x
http://www.ncbi.nlm.nih.gov/pubmed/1830395
https://doi.org/10.1016/j.tins.2018.11.001
https://doi.org/10.1016/j.tins.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/30509690
https://doi.org/10.15252/embj.201488349
https://doi.org/10.15252/embj.201488349
http://www.ncbi.nlm.nih.gov/pubmed/25298396
https://doi.org/10.1038/onc.2008.308
http://www.ncbi.nlm.nih.gov/pubmed/18955969
http://www.ncbi.nlm.nih.gov/pubmed/18955969
https://doi.org/10.1016/j.neuron.2014.01.019
http://www.ncbi.nlm.nih.gov/pubmed/24656252
https://doi.org/10.1073/pnas.1910574116
http://www.ncbi.nlm.nih.gov/pubmed/31451640
https://doi.org/10.1016/j.neuron.2016.01.040
https://doi.org/10.1016/j.neuron.2016.01.040
http://www.ncbi.nlm.nih.gov/pubmed/26889809
https://doi.org/10.3233/JAD-170585
http://www.ncbi.nlm.nih.gov/pubmed/29036828
https://doi.org/10.1038/nbt1368
https://doi.org/10.1038/nbt1368
http://www.ncbi.nlm.nih.gov/pubmed/18157118
https://doi.org/10.1016/j.jmb.2013.08.014
https://doi.org/10.1016/j.jmb.2013.08.014
http://www.ncbi.nlm.nih.gov/pubmed/23978698
https://doi.org/10.1038/ncomms1171
http://www.ncbi.nlm.nih.gov/pubmed/21266970
https://doi.org/10.1021/cb500957k
http://www.ncbi.nlm.nih.gov/pubmed/25650487
https://doi.org/10.7554/eLife.51845

ELIfe Tools and resources

Biochemistry and Chemical Biology | Neuroscience

Van Laar VS, Dukes AA, Cascio M, Hastings TG. 2008. Proteomic analysis of rat brain mitochondria following
exposure to dopamine quinone: implications for parkinson disease. Neurobiology of Disease 29:477-489.
DOI: https://doi.org/10.1016/j.nbd.2007.11.007, PMID: 18226537

Van Laar VS, Arnold B, Cassady SJ, Chu CT, Burton EA, Berman SB. 2011. Bioenergetics of neurons inhibit the
translocation response of parkin following rapid mitochondrial depolarization. Human Molecular Genetics 20:
927-940. DOI: https://doi.org/10.1093/hmg/ddq531, PMID: 21147754

Van Laar VS, Berman SB. 2013. The interplay of neuronal mitochondrial dynamics and bioenergetics: implications
for parkinson’s disease. Neurobiology of Disease 51:43-55. DOI: https://doi.org/10.1016/j.nbd.2012.05.015,
PMID: 22668779

White RM, Sessa A, Burke C, Bowman T, LeBlanc J, Ceol C, Bourque C, Dovey M, Goessling W, Burns CE, Zon
LI. 2008. Transparent adult zebrafish as a tool for in vivo transplantation analysis. Cell Stem Cell 2:183-189.
DOI: https://doi.org/10.1016/j.stem.2007.11.002, PMID: 18371439

Wilkinson F, Helman WP, Ross AB. 1995. Rate constants for the decay and reactions of the lowest electronically
excited singlet state of molecular oxygen in solution. An expanded and revised compilation. Journal of Physical
and Chemical Reference Data 24:663-677. DOI: https://doi.org/10.1063/1.555965

Yuan G, Kaneko M, Masuda H, Hon RB, Kobayashi A, Yamazaki N. 1992. Decrease in heart mitochondrial
creatine kinase activity due to oxygen free radicals. Biochimica Et Biophysica Acta (BBA) - Bioenergetics 1140:
78-84. DOI: https://doi.org/10.1016/0005-2728(92)90022-T

Zhou Y, Cattley RT, Cario CL, Bai Q, Burton EA. 2014. Quantification of larval zebrafish motor function in
multiwell plates using open-source MATLAB applications. Nature Protocols 9:1533-1548. DOI: https://doi.org/
10.1038/nprot.2014.094, PMID: 24901738

Xie et al. eLife 2020;9:e51845. DOI: https://doi.org/10.7554/eLife.51845 24 of 24


https://doi.org/10.1016/j.nbd.2007.11.007
http://www.ncbi.nlm.nih.gov/pubmed/18226537
https://doi.org/10.1093/hmg/ddq531
http://www.ncbi.nlm.nih.gov/pubmed/21147754
https://doi.org/10.1016/j.nbd.2012.05.015
http://www.ncbi.nlm.nih.gov/pubmed/22668779
https://doi.org/10.1016/j.stem.2007.11.002
http://www.ncbi.nlm.nih.gov/pubmed/18371439
https://doi.org/10.1063/1.555965
https://doi.org/10.1016/0005-2728(92)90022-T
https://doi.org/10.1038/nprot.2014.094
https://doi.org/10.1038/nprot.2014.094
http://www.ncbi.nlm.nih.gov/pubmed/24901738
https://doi.org/10.7554/eLife.51845

