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Summary

Leigh Syndrome (LS) is a mitochondrial disorder defined by progressive focal neurodegenerative
lesions in specific regions of the brain. Defects in NDUFS4, a subunit of complex | of the
mitochondrial electron transport chain, cause LS in humans; the NMalufs4 knockout mouse
(Ndufs4(KO)) closely resembles the human disease. Here, we probed brain region-specific
molecular signatures in pre-symptomatic Naufs4(KO)+to identify factors which underlie focal
neurodegeneration. Metabolomics revealed that free amino acid concentrations are broadly
different by region, and glucose metabolites are increased in a manner dependent on both region
and genotype. We then tested the impact of the mTOR inhibitor rapamycin, which dramatically
attenuates LS in Maufs4(KO), on region specific metabolism. Our data revealed that loss of
Ndufs4 drives pathogenic changes to CNS glutamine/glutamate/a-ketoglutarate metabolism which
are rescued by mTOR inhibition Finally, restriction of the Nau/fs4 deletion to pre-synaptic
glutamatergic neurons recapitulated the whole-body knockout. Together, our findings are
consistent with mTOR inhibition alleviating disease by increasing availability of a-ketoglutarate,
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which is both an efficient mitochondrial complex I substrate in Mdufs4(KO) and an important
metabolite related to neurotransmitter metabolism in glutamatergic neurons.
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Introduction

Mitochondrial diseases can arise from any of a number of distinct genetic defects in either
the nuclear or mitochondrial genomes, with an overall incidence over 1 in 5,000 live births
[1]. In humans, the severe pediatric mitochondrial disease Leigh syndrome (LS) causes
progressive bilateral focal lesions in specific regions of the brain and typically leads to
mortality within the first decade of life [2-6]. No effective clinical therapies have been
demonstrated for LS. Mutations in components of the electron transport chain (ETC) can
cause LS, many affecting ETC complex I (CI). One gene associated with LS in humans is
the nuclear gene Naufs4, encoding a subunit involved in the assembly and stability of ETC
CI [7-9]. The phenotype of the Maifs4 knockout mouse model (Naufs4(KO)) closely
resembles the human disease, including focal progressive central nervous system (CNS)
lesions and a dramatically shortened lifespan; Ndufs4(KO) mice die at a median age of
about 55 days after birth (P55) [10-12]. Ndufs4(KO) mice display near normal behavior and
weight gain until approximately post-natal day 35 [11]. After ~ P35, neurological
dysfunction presents and progressively worsens with forelimb clasping, loss of coordination,
ataxia, and abnormal breathing [11, 13].

LS CNS lesions, become prominent in the olfactory bulb, cerebellum, and brainstem of
Ndufs4(KO) mice after onset of disease, while the cortex is generally devoid of overt
degeneration during the lifespan of this mouse [11, 12]. These appear as focal areas of
necrosis with astrocyte and microglial accumulation. Mechanisms underlying this regional
specificity of CNS lesions are unknown. Deletion of Ndufs4 driven by Nestin promoter
driven Cre, which is largely specific to the nervous system, results in mice which
recapitulate the major neurological symptoms and deteriorate and die with the same time
course as the full body Ndufs4(KO)[12] This indicates that the CNS lesions, as well as the
other major pathological features of LS, arise from neuronal dysfunction.

Loss of NDUFS4 has a marked impact on mitochondrial respiratory capacity, reducing
maximum CI dependent oxidative phosphorylation in isolated brain mitochondria to about
60 percent of normal values when pyruvate or glutamate are provided as substrates [10, 14].
Intriguingly, Madufs4(KO) brain mitochondria maintain a normal respiratory rate when a-
ketoglutarate is provided as a Cl specific substrate [14]. The mechanistic basis for this
difference is not clear. Synaptosomal mitochondria from lesion sensitive areas show disease-
associated respiration defects, in contrast to synaptosomal mitochondria from disease
resistant CNS. Non-synaptosome mitochondria are not regionally distinct. The data suggest
that synaptosome mitochondria may play a role in lesion formation [14].
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While no clinical treatments for LS currently exist, two interventions have been shown to
dramatically attenuate disease in the Naufs4(KO) mouse: exposure to chronic hypoxia (or
related oxygen reducing strategies) and inhibition of the mechanistic Target of Rapamycin
(mTOR) [10, 15]. mTOR inhibition with the macrolide rapamycin more than doubles
survival time and significantly suppresses neurological features of disease in the
Ndufs4(KO) mice [10, 16]. Rapamycin has recently been shown to rescue primary cell
models of human mitochondrial disease, and also appears to benefit mitochondrial disease
patients [17]. Critically, attenuation of mitochondrial disease pathology by rapamycin occurs
without rescue of ETC CI assembly, stability, supercomplex formation, mitochondrial
respiratory capacity, changes to mitochondrial biomass or heteroplasmy [10, 17]. Rapamycin
inhibits the key nutrient sensing signaling complexes mTORC1 and mTORC2 (the mTOR
complexes 1 and 2), leading to broad downstream anabolic and catabolic shifts [18, 19].
Several mechanisms have been proposed to contribute to the beneficial effects of mMTOR
inhibition in the presence of mitochondrial dysfunction, including energetic rescue via
reduced protein synthesis, activation of mitophagy, and metabolic rewiring to compensate
for the primary ETC defects [10, 20, 21]. The precise mechanism or mechanisms underlying
the benefits of mTOR inhibition in mitochondrial disease remain undefined.

Here, we aimed to identify causes for the focal CNS deterioration seen in Naufs4(KO) mice
by defining metabolic and energetic factors which define the sensitive regions of the CNS.
We focused on pre-symptomatic mice at post-natal day 25 to 30 to attempt to identify factors
which may lead to focal neurodegeneration, as opposed to examining tissue which already
harbors sequelae of disease. In addition, we examined the effects of a short daily course of
rapamyecin treatment in this context in order to identify putative metabolic mechanisms by
which inhibition of mMTOR may alleviate CNS deterioration in Naufs4(KO) mice. Our
results provide direct evidence that the a-ketoglutarate/glutamate/glutamine metabolic axis
is dysfunctional in the Nadufs4(KO) mice and indicate that mTOR inhibition may act through
restoration of these key metabolites.

Regional Mitochondrial ETC CIV Levels

We first considered the possibility that distinct requirements for mitochondrial oxidative
phosphorylation driven energy production may underlie the region specificity of CNS
lesions in LS. Neurodegeneration in the Naufs4(KO)would, in this model, occur in regions
with the highest ETC demand. We assessed regional mitochondrial energy demand by
staining brain slices using cytochrome C oxidase (COX, ETC Complex V) histochemical
staining. Histochemical staining for COX activity is a well-established technique which
takes advantage of the COX dependent oxidation of diaminobenzidine, which produces a
brown product visible by light microscopy [22, 23] (Figure 1A-B). The level of COX is
generally accepted to reflect overall mitochondrial oxidative phosphorylation, and local
capacity is generally expected to reflect local mitochondrial energetic demands.

COX staining of pre-disease control (Figure 1C-H) and Nadufs4(KO) (Figure 11-N) brain
samples revealed significant variance in mitochondrial ETC capacity across the brain.
However, the observed regional differences did not reveal any predictive pattern regarding
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the region specificity of lesion formation. Increased staining was observed in a subset of
cells in the granular layer of the cerebellum (Figure 1D, J), the glomeruli of the olfactory
bulb (Figure 1E, K), and in vestibular nuclei and inferior olive of the brainstem (Figure 1F,
L), all reported to present with necrotic lesions in the Naufs4(KO) mouse [12, 24]. Dark
staining was also observed, however, in the hippocampus and inferior colliculus of the
cortex (Figure 1G, M), in the pons (Figure 1C, 1), and in various additional brain regions not
known to degenerate. We observed no differences in stain distribution between control and
Nadufs4(KO) mice at this age. We conclude that increased regional reliance on mitochondrial
oxidative phosphorylation may be necessary but is not sufficient to define lesion sites.

Oxidative stress — DNA damage

Reactive oxygen species (ROS) are one by-product of respiratory metabolism, and ROS can
lead to oxidative stress, accumulated damage, and pathology. Oxidative damage has been
reported to be increased in settings of mitochondrial dysfunction, and can lead to
neuropathology, including CNS cell death [25, 26]. Protein carbonylation, one form of
oxidative damage, has previously been shown to be increased in the brain of Naufs4(KO)
mice, but levels were only assessed in whole-brain homogenates in overtly diseased animals
[12]. In contrast, regional differences in lipid oxidative damage by 4-hydroxynonenal
staining have been reported to be unchanged in Maufs4(KO) globally or in vulnerable brain
regions from Ndlufs4[14]. A regional assessment of other forms of oxidative damage in
Ndufs4(KO) compared to control brains prior to overt inflammatory neuropathology has
been lacking.

DNA oxidative damage induced lesions can interfere with DNA polymerase activity, and
accumulated damage can, therefore, be assessed using long range quantitative PCR (LR-
gPCR), as the efficiency of amplification from equimolar templates is determined by the
proportion of undamaged copies in the sample. To assess whether DNA damage differs by
region in the Mdufs4(KO), we performed LR-gPCR on DNA isolated from individual
regions. Using nuclear DNA from vulnerable and resistant brain regions, we found no
differences in LR-qPCR of the beta-globulin gene when comparing genotypes in any given
region (Figure 10,P).

Due to its proximity to the source of ROS at the ETC and limited repair capacity versus the
nuclear genome, mitochondrial DNA (mtDNA) is especially vulnerable to oxidative damage.
To determine whether oxidative damage to mtDNA is increased in Naufs4(KO) mice
compared to controls, or is higher in lesion-associated brain regions, we performed LR-
gPCR of a 10 kb mtDNA PCR product. Within a given brain region we found no differences
in amplification efficiency between Naufs4(KO) and control animals. (Figure 10,Q, see
discussion).

To further assess whether overt oxidative damage is present in the brain of NMaufs4(KO) mice
compared to controls in a region-specific manner prior to disease onset, we assessed 8-
Oxo0-2’-deoxyguanosine (8-o0xo-dG) levels using antibody-based staining (see Methods). 8-
oxodG is an ROS derived damage to nucleic acids commonly used to assess oxidative stress.
We found no evidence for oxidative damage in pre-disease Naufs4(KQO) brain, relative to
control animal, in any region (Figure S1).
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Region Specific mTOR Activity in Pre-Lesion CNS

Inhibition of mTOR with the specific inhibitor rapamycin significantly prolongs survival and
suppresses neurodegeneration in the Maufs4(KO) model, and is being considered as a
therapy for human mitochondrial disease [10, 16, 17, 27]. We therefore questioned whether
mTOR activity was increased in vulnerable regions in Ndufs4(KO). Phosphorylation of
ribosomal protein S6 (rpS6) is a well-established downstream effect of increased mTOR
complex 1 (mTORC1) activity. Elevated levels of phospho-rpS6 (p-rpS6) were reported in
whole brain homogenates from older (P>45 days) untreated Naufs4(KO) mice which
already displayed neurologic symptoms, indicating mTOR is hyperactive in the setting of
overt disease in these mice [10]. Since inhibition of mMTORC1 suppresses formation of brain
lesions in the KO, we next considered whether focal neurodegeneration may be driven by
local hyperactivity of mMTORCL1 prior to overt disease. Using tissue lysates extracted from
individual brain regions, we assessed mMTORC1 activity in pre-symptomatic mice (P29-30)
by western blotting for phospho- and total rpS6 (Figure 2A-D). The ratio of p-rpS6/rpSe6,
although more variable in Naufs4(KO) mice compared to controls did not differ between
genotypes. As expected, rapamycin treatment reduced pS6 in both Naufs4(KO)and control
mice in each brain region (Figure 2A-D).

MTOR participates in two distinct multi-protein complexes: mTORC1 and mTORC2. While
short duration low dose rapamycin is generally thought to have a greater inhibitory effect on
mTORC1, chronic or high-dose treatment with rapamycin also reduces mTORC2 activity
[28]. The doses of chronic rapamycin necessary to attenuate disease suggest that mTORC2
inhibition could mediate the benefits of this therapy. To assess mMTORC2 activity, we
performed Western blotting for the phosphorylation state of mMTORC2 substrate Akt at serine
473 (Figure 2E-H). We focused on four general CNS regions: cerebellum, olfactory
bulb(OB), brainstem (BS), and the ‘lesion resistant’ region, which includes the cortex.
Regional phosphorylation status of Akt did not correlate with vulnerability. Furthermore, we
did not detect a difference in Akt phosphorylation as a function of rapamycin treatment at
this age.

Region-Specific Metabolomics in CNS of Control and Ndufs4(KO) Mice

Loss of Naufs4 results in markedly abnormal whole-brain metabolism [10, 14], and
metabolic alterations are thought to contribute to disease pathogenesis. Multiple lines of
evidence suggest that broad shifts in mTOR regulated metabolic processes play a role [10,
17, 29]. It is not known, however, how observed changes in metabolism reconcile with the
region specificity of lesion formation. To address this, we performed CNS region specific
metabolomics from Naufs4(KO)and control animals collected at P29-31, an age preceding
lesion formation and overt neurological dysfunction. We focused on four general CNS
regions as in Figure 2 (Figure 3A).

First, we assessed control (Figure 3B) and Naufs4(KO) (Figure 3C) animals separately to
identify metabolites which define the ‘lesion sensitive’ regions compared to the ‘resistant’
region. Metabolites which show significantly different levels in all three sensitive regions
compared to the resistant region, and show the same directionality for each pairwise
comparison against the resistant region, were identified in control (Figure 3B) and
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Ndufs4(KO) (Figure 3C) mice. The regional patterns of metabolite differences show
substantial similarities in each individual genotype comparison. In both Naufs4(KO) and
control animals, the ‘resistant’ region is distinguished by higher levels of the
neurotransmitters epinephrine and acetylcholine, as well as higher levels of deoxycarnitine
(an intermediate in carnitine production) compared to sensitive regions. In contrast, lower
levels of cystathionine and linolenate are found in the resistant region compared to sensitive
regions in both genotypes (Figure 3D-I).

Acetylcholine, epinephrine, deoxycarnitine, and linolenate show no genotype difference in
any region (Figure 3D, E, F, and I, respectively), whereas reduced glutathione is
significantly higher in Ndufs4(KO) brainstem, olfactory bulb, and ‘resistant’ regions
compared to the matching regions in control mice (Figure 3G, see Discussion). The overall
ratio of GSH/GSSG is unchanged save for brainstem, indicating that total levels are
increased (Figure S2 A-B).

While glutathione was not a focus of this study, we considered the possibilities that GSH
changes could provide an early biomarker of disease or that glutathione might be
dysregulated in other tissues. Analysis of whole-brain samples and liver lysates from
separate mouse cohorts at age P26—-30 showed no evidence that this is this case (Figure S2
C-H). Metabolomics of plasma, however, suggests that oxidized glutathione is elevated in
young (P30) Ndufs4(KO) mice compared to controls and that the increase is more
pronounced in animals aged P45 (reduced glutathione was not detected in this assay) (Figure
S2 1-)).

The increased levels of acetylcholine and epinephrine in the ‘resistant’ region compared to
vulnerable regions suggests that neuron type (defined by neurotransmitter) may be a key
determining feature. For a more comprehensive picture of neurotransmitter abundance by
region, we examined the level of each neurotransmitter captured in our metabolome study by
both region and genotype (Figure 3J-0). We observed no significant differences in
neurotransmitter level in any region when comparing genotype (Naufs4(KO) versus control
animals). By region, we found that brainstem has uniquely high levels of serotonin and
glycine compared to other regions (Figure 3K, L), consistent with the role of glycine as the
major inhibitory neurotransmitter in the brainstem [30]. Levels of GABA, serotonin, and
adenosine are lower or trend lower in olfactory bulb, while this region shows the highest
level of tyramine (Figure 3J, K, O). There are no differences in glutamate levels specific to
all vulnerable regions (Figure 3M), although glutamate is significantly lower in the
brainstem of Ndufs4(KO) versus controls.

Regional Metabolic Profiles of Control and Ndufs4(KO) Mice

To gain further insight into the metabolic changes associated with ETC CI deficiency pre-
disease, we performed principal component analysis (PCA) and unsupervised clustering
(Figure 4). The criteria for identifying metabolites in Figure 3 (statistical significance in
comparisons between each of the “sensitive’ regions and the ‘resistant’ region) likely
precludes detection of many metabolites as a result of the high stringency, while trends
involving only some regions would also be overlooked. A PCA analysis of Ndufs4(KO) and
control brain samples of different regions revealed, surprisingly, that the majority of variance
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among these samples is driven by brain region (Figure 4A—-C), further highlighting the
diversity of different CNS regions.

We next performed unsupervised clustering of sample group medians, enabling us to
identify additional region and genotype driven trends (Figure 4D, see Methods). Data-driven
clustering suggests that regional differences are greater than genotype differences in
brainstem and ‘resistant’ region samples, as in the PCA analyses, whereas olfactory bulb and
cerebellum cluster by genotype (Figure 4D, horizontal).

We performed supervised dendrogram splitting of the data into 8 ‘clusters’ of metabolites
for further analysis. The largest cluster in number of detected metabolites is composed
primarily of free amino acids, which are higher in brainstem than ‘resistant’ brain, but lower
in both the cerebellum and olfactory bulb (Figure 4D-E).

Intriguingly, glutamate clusters with pyroglutamate, aspartate, and ornithine, rather than

other amino acids or neurotransmitters (Figure 4D, cluster 2, see next section for caveats
regarding pyroglutamate detection). Cluster 2 reflects the majority of the urea cycle and

shows a pattern of lower levels in the Nadufs4(KO) in every region, though in this set no

individual differences rise to even nominal statistical significance.

Our previous whole-brain metabolic data indicated that glycolysis intermediates are
increased in overtly diseased Naufs4(KO) brains compared to controls [10]. Clusters 4-6
include glycolytic intermediates and lactate, which separate into distinct patterns by region
and genotype. Glucose, DHAP, and G-1-P/G-6-P/F-1-P/F-6-P (indistinguishable by MS) are
elevated in every brain region in Naufs4(KO) mice compared to controls, though only
reaching statistical significance in a subset of these (Figure 4D, F-H, see figure legend).
Similarly, lactate modestly trends upward in knockout mice in each region, reaching
statistical significance only in olfactory bulb (Figure 4l). D-GA-3-P, 2/3-
bisphosphoglycerate, and F-1,6-BP/F-2,6-BP tend to be lower in brainstem and olfactory
bulb, while glycerol-3-P, and pyruvate show no overall regional specificity (Figure 4J-N, see
Discussion).

Region-Specific Metabolic Impact of mTOR Inhibition

We next assessed the impact of chronic mTOR inhibition on the CNS region-specific
metabolomes of Naufs4(KO)and control mice. Using samples from animals treated daily
from P21 with 8 mg/kg rapamycin untilP29-30, (pre-disease onset) mice, we performed
unsupervised clustering of control (vehicle only injections) (Figure 5A) and Naufs4(KO)
(Figure 5B) samples by metabolite. The impact of rapamycin treatment at this young age
appears far less dramatic than in the older (overtly diseased, >P50) animal whole-brain
metabolomics that we previously reported [10].

While rapamycin-driven effects can be seen in many individual metabolites, dendrogram
splitting to eight metabolite clusters appears to be primarily driven by region-specific
patterns, rather than rapamycin driven metabolic changes, confirming again that individual
brain regions are highly metabolically distinct (see Figure 4). The exception is a set of
metabolites which appear as cluster 1 in both control and Naufs4(KO) sample sets (Figure
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5A, B). This cluster includes the closely related metabolites glutamine, glutamate,
pyroglutamate, GABA, and a-ketoglutarate (Figure 5 C-L). The cluster pattern of these
metabolites appears to be driven by treatment, rather than region, and appears in both
genotypes. Given the lack of regional differences, we performed data reduction by taking the
median value (among the biological replicates) for each region and compared by genotype
and treatment. Strikingly, the untreated Ndufs4(KO) show reduced levels of this entire
cluster in all regions, while rapamycin increases levels and ameliorates deficits, for each of
the key metabolites from this cluster except GABA (Figure 5 D, F, H, J, L, and M; see
Discussion). We conclude that (1) NMdufs4 deficiency reduces glutamine/glutamate/a.-
ketoglutarate levels in a region independent manner, and (2) mTOR inhibition increases
glutamine/glutamate/a-ketoglutarate levels in a region independent manner, rescuing the
defects present in the Naufs4(KO) in all regions.

It is important to note that a large fraction of pyroglutamine can be produced in the MS
reaction, depending on the conditions, and crossover signal can result between glutamine,
glutamate, and pyroglutamine [31]. Previously, we found that it can be produced in the
sample preparation phase as well, at least for serum samples [32]. These metabolites are also
closely related through /n vivo metabolism, however, and correlations observed are also
consistent with co-regulation of their shared metabolic pathway. Critically, given their high
correlation, summing the signal (if the relative concentrations were known) would not
change either the significance or the conclusions of our findings as both genotype and
treatment impact these metabolites in the same manner.

Impact of NDUFS4 loss restricted to glutamatergic neurons

We previously established that VGlut2-expressing pre-synaptic excitatory glutamatergic
neurons mediate the anesthesia sensitivity of Naufs4(KO) mice, while loss of Ndufs4in
GABAergic or cholinergic neurons does not [33]. Considered together our metabolic data
indicating altered glutamine/glutamate/a.-ketoglutarate levels, we considered the possibility
that glutamatergic neuron dysfunction may also drive CNS disease. To address this, we bred
VGlut2 specific Naufs4(KO) mice using a VGlut2 promoter driven Cre line and the floxed
Ndufs4 mouse strain (see Methods, gift of A Quintana). Using these animals, we found that
deletion of Naufs4 specifically in pre-synaptic glutamatergic neurons is sufficient to
recapitulate the lifespan (Figure 6A), age of disease onset and progressive weight loss
(Figure 6B), and overt neurological symptoms of whole-body Naufs4(KO) animals (Figure
6C), albeit with a delayed onset of neurologic symptoms relative to the whole-body
knockout. Similar findings have also been recently independently reported by Bolea, et al.
[24].

Neuronal populations in the Ndufs4(KO) model

Given these findings, and the metabolic data, we next considered the possibility that Ndufs4
deficiency leads to a loss of specific neuron populations related to glutamine/glutamate/a.-
ketoglutarate metabolism as a function of disease progression. To assess this, we probed
whole-brain lysates collected from Naufs4(KO) and control mice for presynaptic markers of
GABAergic and glutamatergic neurons, and pan-neuronal markers. We used a sample set
including mice ranging in age from P30, pre-disease onset, to P52, where overt neurologic
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symptoms, weight loss, and CNS lesions are present in 100% of animals (Figure 6D-N).
Nadufs4(KO) brains show no overt differences in levels of VGlut2, expressed in many pre-
synaptic glutamatergic neurons, compared to controls (Figure 6E-F). GAD1 (Glutamate
Decarboxylase 1, expressed by a subset of GABAergic neurons), is generally lower in
Nadufs4(KO) mice compared to controls, but there is no age dependent change, suggesting
that this difference is not related to the progressive CNS lesions or related symptoms which
start ~P35-37 (Figure 6G—H). GAD2 (Glutamate Decarboxylase 2, expressed by a subset of
GABAergic neurons) levels are not significantly lower in Naufs4(KO) compared to controls
and do not change with disease progression (Figure 61-J). Bll1-tubulin (a cytoskeletal
protein broadly expressed in neurons) shows no genotype or age-dependent differences
(Figure 6K-L). Finally, MBP (myelin basic protein, involved in the myelin sheath of
oligodendrocytes and Schwann cells) appears to be significantly lower in Naufs4(KO) mice
compared to controls, with a possible decrease after P37 (Figure 6M—N).

While whole-brain levels of VGIlut2 are not impacted by Naufs4 deficiency, we considered
the possibility that VGlut2 positive neurons are lost in a region or lesion-site specific
manner. To investigate this possibility, we performed a three-way cross, generating whole-
body Ndufs4(KO) expressing the VGIlut2-Cre driver and carrying the Cre-activated green
fluorescent protein (ZsGreen) construct Ai6 (Figure 60-P). In these mice, Cre activates high
levels of expression of ZsGreen, allowing for direct assessment of the Cre-positive
population. Using these animals, we found that there are no overt changes in overall
expression or localization of VGlut2 positive cells in the Naufs4(KO) compared to controls
in any brain region (Figure 60-P). In fact, even in Nadufs4(KO) mice with overt CNS
lesions, no changes to VGIlut2 positive cell populations can be detected in either the
brainstem (Figure 6Q-R) or cerebellum (Figure 6S-T) at the lesion sites.

Discussion

Our data demonstrate that, in young animals prior to CNS symptoms, the glutamine/
glutamate/a.-ketoglutarate axis is strikingly reduced in all brain regions in the NMdufs4(KO)
compared to control mice, and these defects are rescued by rapamycin treatment. These data
are consistent with the model that a-ketoglutarate plays an important role in disease onset
and in the beneficial effects of mMTOR inhibition. mTOR inhibition may act, in part, by
increasing a-ketoglutarate and driving mitochondrial energetics since a-ketoglutarate is an
effective ETC CI substrate even in the setting of Nadufs4 deficient mitochondria [14]. These
data are supported by a recent report that a-ketoglutarate supplementation extends lifespan
and alleviates encephalopathic symptoms in Ndufs4(KO) mice [34]. Alternatively, our
VGlut2-specific Mdufs4 knockout data, supported by recent published findings [24],
demonstrate that pre-synaptic glutamatergic neurons drive disease in this model; the
defective glutamine/glutamate/a.-ketoglutarate axis may lead to dysfunction of these neurons
through disruption of neurotransmitter metabolism, and rescue of these metabolites by
mTOR inhibition may be mediated by rescuing neuronal function. With the relative
importance of the glutamine/glutamate/a.-ketoglutarate in mind, we discuss our other
findings below.
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Regional CIV staining

In prior work, we have established that maximal respiratory capacity of isolated
mitochondria through a-ketoglutarate/malate or succinate + rotenone (ClI specific) is
unaffected by Naufs4 deficiency, demonstrating that capacity at CIV is not impacted by
genotype, but leaving open the possibility that regional/spatial differences in capacity are
related to susceptibility to lesion formation [10, 14]. Here, using complex IV (COX) staining
as a proxy for local mitochondrial capacity/demand, we examined the spatial pattern of CIV
to assess whether local energetic demand correlates with sensitivity to lesions. Our findings
indicate that capacity at CIV is highly region specific, with some areas associated with
lesions showing high CIV staining, but we found no genotype-specific differences. Thus,
high regional demand may contribute to lesion formation, but is not sufficient to identify
regions susceptible to degeneration. Importantly, COX activity staining is only one possible
measure for local energetic demand and does not infer activities of other mitochondrial
complexes; further work will be necessary to completely eliminate a causal role for
energetics in the spatial specificity of CNS lesions in LS.

ROS damage

Mitochondrial disorders can increase ROS production, which in turn has been suggested to
underlie neurodegeneration [35]. Our data found no correlation between regional or local
ROS damage and areas of neurodegeneration in LS. In fact, we did not find any evidence of
elevated nucleic acid damage in the KO compared to the control, consistent with our
previous work showing a lack of increased mitochondrial or cytoplasmic 4-HNE, an
indicator of ROS-induced lipid peroxidation, in the NMaufs4(KO). Taken together, these data
suggest that oxidative stress is neither increased in the Madufs4(KO) nor a predictor of
regional sensitivity. Since hypoxia can lengthen lifespan of NMdufs4(KO), its effects may be
other than direct reduction of ROS, or may be at regional level finer than our methods could
detect.

Metabolic profiles of lesion-associated regions

Prior studies have suggested that CNS disease in the Naufs4(KO) mouse may be driven by
metabolic abnormalities [10]. Reports showing disease attenuation in this model by mTOR
inhibition [10] or hypoxia [15] have suggested that these interventions may prevent disease
through their effects on metabolism. Our data identify a number of intriguing region-specific
metabolic differences which may pre-dispose lesion-associated brain regions to degeneration
in the setting of mitochondrial dysfunction. These include differences in neurotransmitter
abundance compared to ‘resistant’ brain matter, higher levels of the lipid linolenate, and
lower reduced glutathione metabolites compared to ‘resistant” brain. Of these regionally
distinct factors, only GSH shows genotype-specific differences as well as regional
differences, with Naufs4(KO) animals showing higher overall glutathione in most regions
compared to controls (see Results for additional glutathione data).

A very recent whole-genome CRISPR screen for modifiers of sensitivity to mitochondrial
dysfunction has shown that glutathione related pathways are upregulated in the setting of
mitochondrial stress and disruption of GSH related antioxidant pathways results in synthetic
lethality [36]. Taken together, our brain and plasma data support the notion that glutathione
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may provide a biomarker of disease, and may be mechanistically important, but further study
will be needed to elucidate the role of these and other redox metabolites.

Overall, the region-metabolite data suggest that differences in the relative abundance of
neuron types as defined by neurotransmitter (inferred by the observed differences in
acetylcholine and epinephrine) may be a defining factor in lesion susceptibility. Similarly,
regional differences in GSH synthesis or levels may play a role.

MTOR activity

We previously found mTOR is hyperactive in whole-brain lysates of overtly diseased
Ndufs4(KO) animals, and, more recently, have shown mTOR hyperactivity in primary
patient fibroblasts derived from human mitochondrial disease patients [10, 17]. mTOR
hyperactivity has also been reported in other models of mitochondrial disease [27, 30], and
targeting mTOR has been shown to attenuate disease in a number of distinct mitochondrial
disease paradigms. These include: the Naufs4(KO) mouse model of Leigh syndrome; a COX
IV mouse model of mitochondrial myopathy related to Leigh syndrome; the Tk2 deficient
mouse model of mitochondrial DNA depletion; a Twinkle deficient mouse model of
mitochondrial myopathy [10, 16, 21, 27, 37-41]; yeast with mitochondrial defects [37];
Drosophila melanogaster models of Leigh syndrome and ETC ClI deficiency [42, 43];
zebrafish acyl-CoA dehydrogenase deficiency associated mitochondrial dysfunction [44];
cultured cell models for mitochondrial dysfunction [17, 20, 45]. Finally, recent clinical trials
in pediatric and adult mitochondrial disease patients have suggested these benefits may
extend to humans [17, 46].

Intriguingly, our data indicate that mTOR is not overtly hyperactive in Ndufs4(KO) brain
pre-disease onset at resting, not feeding- synchronized, state. This may suggest that the
mMTOR hyperactivation we and others have previously reported either occurs at some later
age (perhaps following a normal developmental change in the CNS), that observed mTOR
hyperactivation is a product of neuroinflammation and astrocyte activation associated with
lesions, or that synchronization of feeding status, as performed in our previous studies,
uncovers defects in mTOR signaling not detected at resting state. Our goal in this study was
to assess resting-state status of metabolites and signaling in control and diseased animals
synchronized only by time of day. Further work will be necessary to probe the role of
feeding status, nutritional and hormonal cues, and age in mediating the reported increase in
mTOR signaling in the Nadufs4(KO) mice.

CNS region-specific metabolic impact of rapamycin

It was striking that, at this pre-lesion age, the metabolic impact of rapamycin treatment was
relatively limited compared to the impact of rapamycin in the brain of Naufs4(KO) at older
ages where overt pathology was present [10]. The majority of significant metabolic changes
in whole brain lysates of Mdufs4(KO) mice treated with rapamycin, compared to untreated
Ndufs4(KO) animals, were reversals or attenuations of disease-associated changes [10]. The
current pre-lesion age dataset reveals the mTOR inhibition driven metabolic changes which
are independent of lesion onset and indicates which of those previously reported metabolic
effects were specific to an age where overt pathology is present in untreated mice. Whether
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those findings reflected the metabolic signature of CNS degeneration itself or are the result
of an age-related change in brain metabolism remains to be determined.

A single cluster of glutamine related metabolites was uniquely increased by rapamycin
treatment in both genotypes, and in every brain region. These include glutamate and GABA,
neurotransmitters previously implicated in the CNS pathologies of LS, and their precursor
glutamine, as well as a-ketoglutarate, the TCA cycle intermediate produced by glutamate
metabolism. As noted above, a-ketoglutarate is able to fully drive CI activity in Maufs4(KO)
mitochondria [14]. Furthermore, a-ketoglutarate also supports substrate level ATP or GTP
synthesis by succinyl-CoA synthetase in the mitochondrial matrix, allowing for
mitochondrial energy production without direct involvement of the ETC. Pyroglutamate, an
intermediate in GSH production from glutamate, is also increased in rapamycin treated
mutants. While the precise role of any of these mTOR inhibition-altered metabolites remains
unclear, each have been implicated in driving the pathologies associated with mitochondrial
dysfunction [34, 47, 48]. Our data suggest that each (or the sum of all) are candidates for
mediating any beneficial metabolic effects of mTOR inhibition in the setting of
mitochondrial disease.

Functional ETC CI consumes NADH, and ClI deficiency has been shown to alter
intracellular redox status by significantly increasing the NADH/NAD+ ratio [34]. The ratio
of NADH to NAD* directly impacts the function of enzymes which utilize these molecules.
Among these are the NADH/NAD+ sensitive deacetylase sirtuins, which regulate
metabolism, growth, and stress responses through removal of the post-translational acetyl
modification in response to redox status [49, 50]. Recent reports have found decreasing
NADH/NAD+ by supplementation of Ndufs4(KO) with the NAD* precursors nicotinamide
mononucleotide (NMN), or treatment with the nicotinamide phosphor-ribosyltransferase
(NAMPT) activator P7C3, attenuated disease in the LS model [34]. Intriguingly, NMN
increased a-ketoglutarate levels in tissues where the NADH/NAD™ ratio was attenuated by
treatment, and supplementation with the cell-permeable a-ketoglutarate analog
dimethylketoglutarate (DMKG) significantly increased survival in this model [34].

The precise mechanism by which increased a-ketoglutarate attenuates disease is unclear,
and causality for its role in the effects of NMN are yet to be determined but may involve its
role as an alternate CI substrate. We have previously shown that while complex | specific
mitochondrial respiratory capacity is reduced by ~40% percent in Ndufs4(KO) brain when
pyruvate and malate are used as substrates, activity is strikingly normal when a.-
ketoglutarate is provided instead. It is intriguing that our data shows the glutamine/
glutamate/a.-ketoglutarate axis to be the most notably altered set of metabolites in
rapamycin treated young mouse brain. Further work is needed to resolve mechanistic
underpinnings of this increase and define the precise role of a-ketoglutarate and related
compounds in the mechanisms of disease rescue by rapamycin.

Neuronal impact of NDUFS4 deficiency

Ndufs4 deletion driven by Nestin promoter driven Cre, largely specific to the neurons, was
reported to cause the major neurological symptoms, CNS lesions, weight loss, and shortened
lifespan of full body Ndufs4(KO)[12], indicating that the major pathological features of LS
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arise from neuronal origins. In previous work, we found that VGIlut2 positive pre-synaptic
excitatory glutamatergic neurons are responsible for the anesthesia sensitivity in the
Ndufs4(KO) [33]. Given our metabolic findings, we tested the possibility that neurons with
unique functional requirements for glutamine/glutamate/a.-ketoglutarate, such as glutamate
neurotransmitter metabolism, may be uniquely impacted by loss of NDUFS4. Here, we
found that knockout of NMdufs4 restricted to VGIut2 expressing cells recapitulates the overall
disease features of the whole-body Ndusf4(KO) and Nestin-Cre driven knockout, findings
which have also recently been reported by Bolea et al [24]. Importantly, while loss of
NDUFS4 in VGlut2 expressing cells drives disease, we found no evidence for glutamatergic
neuron loss in NMaufs4(KO) brain compared to controls at any age, as a function of disease
progression, or in lesion-associated sites (Fig. 6). This suggests that glutamatergic neurons
drive lesion formation and neurologic disease in the setting of NDUFS4 deficiency through
mechanisms other than neuronal death.

Conclusions

We have uncovered a direct link between Nausf4 deficiency and decreased glutamine/
glutamate/a.-ketoglutarate levels, which is rescued by inhibition of mTOR through
rapamycin treatment. Together, our data support the model that mTOR inhibition attenuates
neurological disease in the Naufs4(KO) mouse specifically by rescuing glutamine/
glutamate/a.-ketoglutarate levels. Rescue of these metabolites may attenuate disease by
providing a-ketoglutarate as a functional mitochondrial complex | substrate to support
oxidative phosphorylation, through rescue of neuron specific metabolic pathways related to
neurotransmitter metabolism, or through a combination of both of these mechanisms. Future
efforts will be aimed at testing these models.

Material and Methods

Animals

All animal experiments were approved by the IACUC of Seattle Children’s Research
Institute (protocol 13416) and University of Washington (protocol 4359-03.) Mice were
housed with 12 hours dark-light cycle at 22°C, with water and standard rodent diet available
ad libitum. The Naufs4(KO) mice were generated as previously described [11, 12, 14]. For
experimental animals, genotypes were always determined by genotyping by polymerase
chain reaction and agarose-gel electrophoresis. Heterozygotes animals have no overt
phenotypes, have NDUFS4 protein levels similar to the wild-type (Naufs4™*), and show no
defects in mitochondrial function, both heterozygous and wild-type animals were used as
controls in these experiments, as done previously, and are simply referred to as controls [11].
Similarly, male and female animals were used at approximately equal numbers as disease
relevant phenotypes are indistinguishable by sex [11, 12]. Ndufs4(KO) mice were kept with
control littermates and received supplemental moistened food pellets and hydration gel if
mobility became limited. At designated ages, mice were euthanized by cervical dislocation,
followed by decapitation, and brains were removed and processed as detailed below.

VGlut2-Cre specific knockout mice were generated as previously described [33], with a
breeding scheme compatible with VGlut2-specific deletion of Ndufs4. Briefly, these animals
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were generated by crossing VGIlut2-Cre (Slc17a6-promoter driven Cre, Jackson laboratories
stock #028867) positive Naufs4(+/-) animals to female Naufs4(fl/fl) mice, which are
homozygous for the LoxP site flanked exon 2 allele of Ndufs4 (Jackson Laboratories strain #
026963, backcrossed into the C57BI/6 line over a dozen times), from which the Naufs4(KO)
line was derived. VGIut2-Cre+::Ndufs4(-/fl) offspring provide VGIut2-specific knockout
animals. VGlut2-Cre/Ai6 reporter mice were generated by crossing VGIut2-Cre and Ai6 /
RCL-ZsGreen (a Cre-activated GFP reporter, Jackson Laboratories stock # 007906) into the
Naufs4(+/-) background and maintaining this line as Mausf4(+/-)::VGlut2-Cre(+/
+):IAIB(+H/4).

All genotyping protocols performed as described by Jackson Laboratories strain
information.

Cytochrome oxidase (COX) cytochemistry

Whole brains were fixed in 1X phosphate buffered saline (PBS) / 4% formalin at 4°C
overnight, cryoprotected by soaking in 1XPBS / 30% sucrose at 4°C for 3 days, embedded
in Tissue-Tec O.C.T. reagent and frozen on dry ice, and stored at —80°C. Brains were
sectioned into 40 um sagittal sections at —25°C with a Leica CM3050 S cryostat. Slices were
mounted on Superfrost Plus slides (Fisher Scientific). COX staining was performed as
described by Wong-Riley [51]. Briefly: sections were washed with 0.1 M potassium
phosphate buffer pH7.4 (KP;), then incubated at 37°C in the dark with gentle rotational
movement in staining solution consisting of 2.6 mM diaminobezidine (Sigma), 20 uM
cytochrome c (type Il1, Sigma), 130 mM sucrose in KP;. Color development was stopped by
washing in 1XPBS. Air dried sections were mounted with DPX (Sigma) and covered. Slides
were imaged with a brightfield microscopy (Keyence BZX710) using identical settings for
all samples. Control sections, treated with staining solution lacking either DAB or
Cytochrome C, did not stain.

Assessment of DNA damage by long range PCR

Assessment of DNA damage by PCR was performed as described by Furda et al. [52].
Briefly, QIAGEN Genomic-tips 20/G were used to extract total DNA. DNA was quantified
by PicoGreen (Quant-iT dsDNA quantification kit, Life technologies/Molecular Probes)
fluorescence (excitation 485nm/emission 525nm) in a SpectraMax M3 (Molecular Devices)
plate reader. Long range PCR reactions contained 1U Phusion HotStartll High Fidelity DNA
polymerase (Thermo Scientific F-549), 0.2mM of each dNTP, 0.4uM of forward and reverse
primer in 50ul Phusion HF Buffer. gPCR was performed on a StepOne Plus (Applied
Biosystems) thermocycler, with PicoGreen fluorescence measured after each cycle to
quantify dsDNA product accumulation. Linearity of the reactions within the range of
samples was validated by performing a dilution series; with 27 cycles of amplification, 15ng
template DNA yielded twice (2.1 £ 0.1) as much product as 7.5ng for all samples.

The relative copy numbers for mtDNA were determined with a real time gPCR delta CT

experiment using a StepOne Plus (Applied Biosystems) Thermocycler. 30ul reactions were
prepared with 15ng template DNA, 0.4uM of both primers mtND6-F and -R, 1x “DyNAmo
SYBR Green 2step gPCR Mastermix” and 1x ROX DyNAmo Kit (Thermo Scientific). The
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reported results are based on CT values for 15ng template DNA. For each sample, CT values
were averaged over 3 technical replicates and then deducted from the average CT value of an
arbitrarily picked sample (wildtype #78, P25, region C) used as reference for the whole data
set. The relative copy number for each sample was determined as

2~(CTsample —mean (CTreference)) re|ative copy number for the group was
2—(mean(CTgroup) — mean(CTreference))

gqPCR primers

B-globin 8.7 kbp forward primer:
TTGAGACTGTGATTGGCAATGCCT.
B-globin 8.7 kbp reverse primer:
CCTTTAATGCCCATCCCGGACT.

10 kbp mitochondrial forward primer:
GCCAGCCTGACCCATAGCCATAATAT.
10 kbp mitochondrial reverse primer:

GAGAGATTTTATGGGTGTAATGCGG.

Thermal cycler programs

Amplicon; initial step; cycles; final elongation; storage temp Nuclear (B-globin) 8.7kb;
98°C, 45s; 27 x [98°C, 8s; 72°C, 340s], 72°C,120s, 4°C Mito. 10kb; 98°C, 30s; 20 x [98°C,
7.5s; 72°C, 400s], n/a, 4°C

8-0x0-dG staining

Sagittal cryosections were obtained as described for COX stain. Antigen retrieval was
performed by incubating slices for 15min in 10 mM citrate, pH 6.0, at 98°C. Slices were
washed 3X 5-min in 1XPBS, then permeabilized with 0.2% Triton X-100 in PBS for 30min.
Following 3X additional 5-min washes in 1XPBS, slices were blocked with 10% goat serum
(GS) and incubated overnight at 4°C with anti 8-oxo-dG antibody (Abcam ab62623) diluted
1:1000 in 5% GS. The following day, slides were washed at room temperature twice with
PBS/0.05% Tween-20 and twice with PBS, followed by secondary antibody incubation at
room temperature for 1-hour with goat anti mouse IgG conjugated to AlexaFluor 488
(Molecular Probes A11029) diluted 1:800 in 5% GS. Slides were again washed 3X in 1X
PBS and covered with glass coverslips and Fluoromount-G (Thermo Fisher) containing
DAPI to counterstain nuclei. Fluorescence in the green (488/GFP) channel was assessed
with identical exposure settings for all samples using a Keyence BZ-X710 microscope. Tests
slices incubated without antibodies or with secondary antibody only, revealed background
fluorescence varied with the anatomical structures. Genotypes were compared by manually
outlining regions of interest in ImageJ [53].
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Assessment of mMTOR1/2 activity by Immuno-Western blotting

Brain region specimens aged P25-28 were flash frozen in liquid nitrogen upon collection
and stored at —80° C. Tissues were ground into RIPA buffer (140 mM NaCl, 10 mM Tris-
HCI pH 8.0, 1 mM EDTA, 1 % (w/v) Triton X100, 0.1 % (w/v) SDS, 0.1 % (w/v) Na-
Deoxycholate) containing Halt Protease and Phosphatase Inhibitor Cocktail (Fisher
Scientific) using a Douncehomogenizer (Kortes) until fully homogenized. Protein
concentration was determined with the DC assay (BioRad). Samples were reduced with
50mM DTT before denaturing SDS-PAGE on NUPAGE 4-12% Bis-Tris Midi Protein Gels
in NUPAGE MOPS SDS Running buffer (both ThermoFisher). A (BioRad) Trans-Blot Turbo
was used for semidry protein transfer to nitrocellulose membrane. Membranes were blocked
for >30min with 5% non-fat dry milk in TBS-0.1% Tween-20 and incubated over night at
5°C in primary antibody diluted into TBS-T 1% dry milk.

The following antibodies were used: S6 Ribosomal Protein (54D2) Mouse mAb (Cell
Signaling Technology #2317, diluted 1:1000); Phospho-S6 Ribosomal Protein (Ser235/236)
(D57.2.2E) XP® Rabbit mAb (Cell Signaling Techn. #4858, diluted 1:1000); Akt (pan)
(C67E7) Rabbit mAb (Cell Signaling Techn. #4691, diluted 1:2000); Phospho-Akt (Ser473)
(D9E) XP® Rabbit mAb (Cell Signaling Techn. #4060, diluted 1:2000). After washing with
4 changes TBS-T 5 min each, blots were incubated with the appropriate secondary antibody,
either goat anti-(mouse-1gG) HRP (Santa Cruz sc2054) or goat anti-(rabbit-IlgG(H+L)) HRP
(Invitrogen 626520) diluted 1:10,000. SuperSignal West Pico Chemiluminescent Substrate
(Thermo Fisher) was used as substrate for HRP and chemiluminescence was recorded with a
ChemiDoclt? Imager (UVA). Fluorescence of the B-Actin mouse-1gG-Alexa Fluor680
(mAbcam 8226, diluted 1:10,000) on dried blots was imaged with an Odyssey (Lycor) near-
infrared scanner. Chemiluminescence and fluorescence was quantitated using ImageJ
software.

Metabolomics

In these experiments, samples from postnatal days 25-28 (P25-28; n=4 for each group)
were compared. Mice were treated with daily intraperitoneal injections with 8mg/kg/day
rapamycin or vehicle (1.2% DMSO, 5% PEG-400, 5% Tween-20) solution starting at
weaning (P21). They were sacrificed between 9 and 11:00 in the mornings by cervical
dislocation and decapitated into ice cold 1X PBS. The brains were dissected into 4 regions:
olfactory bulb (O), cerebellum (C), brainstem (B) and the remainder referred to as “rest”
brain (R) consisting of midbrain and the entire forebrain except olfactory bulb as previously
described [14]. These sections were snap frozen in liquid nitrogen and submitted to the
metabolomics core of the University of Washington.

Sample preparation: Brain samples were thawed at 4°C. Tissue samples (2-5 mg) were
homogenized in 200 UL PBS, after which 800 pL of methanol containing 53.1 uM 13C-
arginine and 50.1 pM 13C-glucose (Sigma-Aldrich, Saint Louis, MO) was added, and the
samples were then incubated for 30 min at —70 ° C. The suspension was sonicated in an ice
bath for 10 min and then centrifuged at 20,8009 for 10 min at 0-4 ° C. Supernatants (600
KL) were collected and dried for 60 min using an Eppendorf Vacufuge Drier (Happauge,
NY), then each reconstituted in 600 uL 40% Solution A and 60% Solution B, also
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containing 5.13 pM 13C-tyrosine and 22. 6 uM 13C-lactate. Solution A was 30 mM
ammonium acetate in 85% H,0O/ 15% acetonitrile and 0.2% acetic acid. Solution B was 15%
H,0/ 85% acetonitrile and 0.2% acetic acid. Reagents for these solutions were purchased
from Fisher Scientific (Pittsburgh, PA). All samples were then filtered through Millipore
PVDF filters (Pittsburgh, PA) immediately prior to chromatography.

Chromatography conditions: The LC system was composed of two Agilent 1260
binary pumps, an Agilent 1260 auto-sampler and Agilent 1290 column compartment
containing a column-switching valve (Agilent Technologies, Santa Clara, CA). Each sample
was injected twice, 10 pL for analysis using negative ionization mode and 2 pL for analysis
using positive ionization mode. Both chromatographic separations were performed in HILIC
mode on two parallel Waters XBridge BEH Amide columns (150 x 2.1 mm, 2.5 pm particle
size, Waters Corporation, Milford, MA). While one column was performing the separation,
the other column was reconditioned and ready for the next injection. The flow rate was
0.300 mL/min, the auto-sampler temperature was kept at 4 ° C, and the column compartment
was set at 40 ° C, and total separation time for both ionization modes was 20 min. The
gradient conditions for both separations were identical and consisted of 10% Solvent A from
0-2 min, a ramp to 50% during min 2-5, continued 50% Solvent A from 5-9 min, a ramp
back to 10% from 9-11 min, and then 10% Solvent A from 11-20 min.

Mass spectrometry (MS) conditions: After the chromatographic separation, MS
ionization and data acquisition was performed using an AB Sciex QTrap 5500 mass
spectrometer (AB Sciex, Toronto, ON, Canada) equipped with an electrospray ionization
(ESI) source. The instrument was controlled by Analyst 1.5 software (AB Sciex, Toronto,
ON, Canada). Targeted data acquisition was performed in multiple-reaction-monitoring
(MRM) mode. We monitored 121 and 80 MRM transitions in negative and positive mode,
respectively (201 transitions total). The source and collision gas was N2 (99.999% purity).
The ion source conditions in negative mode were: Curtain Gas (CUR) = 25 psi, Collision
Gas (CAD) = high, lon Spray Voltage (IS) = —3.8KV, Temperature (TEM) =500 ° C, lon
Source Gas 1 (GS1) = 50 psi and lon Source Gas 2 (GS2) = 40 psi. The ion source
conditions in positive mode were: CUR = 25 psi, CAD = high, IS = 3.8KV, TEM =500 ° C,
GS1 =50 psi and GS2 = 40 psi.

For the data presented the supplemental figures, the samples were sent to Creative
Proteomics (as flash-frozen samples) and analyzed by HPLC-MS. (https://www.creative-
proteomics.com/services/gsh-and-gssg.htm).

MS data processing: The extracted MRM peaks were integrated using MultiQuant 2.1
software (AB Sciex, Toronto, ON, Canada). Metabolites were identified by LC-QQQ MS in
MRM mode targeting a total of 201 possible compounds. For quality control, samples were
spiked with 13C-labeled reference metabolites and run randomized and interspersed with
reference samples. The average coefficient of variance for metabolites in the QC samples
was 5.5%. Results were normalized to total protein, determined by BCA assay. For each
metabolite, normalized counts were averaged over the biological repeats; pairwise
comparisons between genotypes or regions performed using the Student’s t-test (2 tails,
unequal variance) unless otherwise specified.
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Principal component analysis (PCA), hierarchical clustering, and statistics

Primary component analysis was performed using the on-line analysis tool
Metaboanalyst4.0 (https://www.metaboanalyst.ca), which is maintained by the Xia Lab at
McGill University. Metabolites with incomplete datasets were excluded from analysis. Data
were log-transformed and range-scaled as input for PCA, with protein-content normalized
metabolite values used for analysis.

Unsupervised hierarchical clustering of metabolomic data and dendrogram/heat-map
generation of cluster data was performed using Morpheus, a publicly available tool provided
by the Broad Institute (https://software.broadinstitute.org/morpheus). Clustering was
performed using the one minus Pearson correlation metric and complete linkage.

Statistical comparisons of more than two groups were performed using the ordinary one-way
ANOVA test. Pairwise t-tests, including post-hoc pairwise comparisons, between two groups
were performed using the students t-test. T-test comparisons were always performed using
an unpaired, two-tailed approach. Statistical significance was determined by p-value. All
statistical analyses were performed using GraphPad Prism analytical and plotting software.
Graphical plots of data were prepared using GraphPad Prism.

Fluorescent brain imaging

Brains in Figure 6 were fixed in 4% PFA for 48 hours, cryoprotected, sectioned at 70 zm,
mounted to charged slides, stained with 5 zg/mL DAPI for 5 min, rinsed with 1XPBS 3X,
mounted with agqueous mounting media Fluoromount (Thermo Fisher), and stored at 4°C.
Whole-brain section composite imaging was performed on a Zeiss AxioObserver using
automated tiling. Confocal images were collected on a Zeiss LSM710 confocal laser
scanning microscope using 405 nm (DAPI) and 488 nm (ZsGreen) excitation lasers. Images
were collected using identical parameters, but channel intensity was not quantified for these
experiments, so panels in Figure 6 were adjusted to best display important features (nuclei/
DAPI).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 —. Regional Mitochondrial Energetic Capacity.
(A) Schematic of the mitochondrial electron transport chain (ETC). (B) Schematic of the

histochemical staining method for ETC complex IV (CIV) activity using the DAB reaction.
(C) Representative sagittal brain section from a 28-day old control mouse stained for ETC
CIV activity. (D-H) Magnified images of cerebellum (D), olfactory bulb (E), brainstem (F),
hippocampus (G), and cortex (H) from the section in (C). (1) Representative sagittal brain
section from a 28-day old Nadufs4(KO) mouse stained for ETC CIV activity. (J-N) Magnified
images of cerebellum (J), olfactory bulb (K), brainstem (L), hippocampus (M), and cortex
(N) from the section in (I). (O) Schematic of brain sectioning for DNA damage assessment
by gPCR. (P) Quantification of long-range PCR of the nuclear gene beta-globulin in DNA
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isolated from key brain regions in control and Naufs4(KO) mice. All results are normalized
to the mean values for control samples from the respective regions. (Q) Quantification of
long-range gPCR targeting a mitochondrial DNA encoded 10kb fragment in DNA isolated
from key brain regions in control and Naufs4(KO) mice. All results are normalized to the
mean values for control samples from the respective regions. (P-Q) Data presented are the
means of 3 technical repeats for each of 3 biological samples per genotype. No statistically
significant differences observed between control and Naufs4(KO) samples. In this figure and
all subsequent figures; Ctl RB= control resistant brain region, KO RB= knockout resistant
brain region, Ctl CB = control cerebellum, KO CB = knockout cerebellum, Ctl BS = control
brainstem, KO BS= knockout brainstem, Ctl OB= control olfactory bulb, KO OB= knockout
olfactory bulb. Values are given as the means + standard errors of the mean (SEM).
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Figure 2 — Region Specific mTOR Activity in Pre-Lesion CNS .
Western blots and quantification of the phosphorylation of ribosomal protein S6 (rpS6), a

downstream target of mMTORC1, in the lesion resistant brain region (A), brainstem (B),
cerebellum (C), and olfactory bulb (D) in ad libitum fed pre-disease onset (P25-28) animals.
Western blots and quantification of the phosphorylation of AKT at serine 473 (S473), a
downstream target of mMTORC?2, in the lesion resistant brain region (E), brainstem (F),
cerebellum (G), and olfactory bulb (H). For histograms, N=4 in all cases. Ctl = wild type
without rapamycin, KO = Ndufs4(KO) without rapamycin, Ctl Rapa = wildtype treated with
rapamycin, KO Rapa = Naufs4(KO) treated with rapamycin. Dots in histograms represents 4
biological samples (even where the adjacent blot shows only 3 of the samples). (A)
p<0.0001, one-way ANOVA. (B) p=0.001, one-way ANOVA. (C) p<0.0001, one-way
ANOVA. (D) p=0..0007, one-way ANOVA. (E-H) p>0.05, one-way ANOVA, groups not
significantly different. (A-H) * designates p<0.05. ** p<0.005, ***p<0.0005 by pairwise t-
test.
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Figure 3 —. Region-Specific Metabolomics in CNS of Control and Ndufs4(KO) Mice.
(A) Schematic of brain regions physically separated and analyzed by metabolomics. (B)

Metabolites in control brain samples that show significantly different abundance between the
lesion ‘resistant’ region and each of the lesion associated regions, with the same direction of
change in each pairwise comparison. Relative fold change (larger squares) and nominal p-
values (inset rectangles) of each comparison to the ‘resistant’ region are indicated by heat
maps. (C) Metabolites in Mdufs4(KO) brain samples that show significantly different
abundance between the lesion ‘resistant’ region and each of the lesion associated regions,
with the same direction of change in each pairwise comparison. Relative fold change (larger
squares) and nominal p-values (inset rectangles) of each comparison to the ‘resistant’ region
are indicated by heat maps. (D-G) Metabolites significantly higher in the ‘resistant’ region,
versus the lesion associated regions, in both the control and Naufs4(KO) datasets (see also
Supplemental Figure 2). (H-1) Metabolites significantly lower in the ‘resistant’ region,
versus the lesion associated regions, in both the control and Naufs4(KO) datasets. (J-O)
Additional neurotransmitters appearing in these metabolomics datasets. (D-1) ANOVA
p<0.0001 for each of these metabolites. Pairwise t-tests between each sensitive and the
resistant region appear in (B-C). No significant genotype differences observed except in (G)
and (M), where indicated (*p<0.05, **p<0.005 by pairwise t-test). (J) ANOVA p=0.0075, no
significant differences by genotype. (M) ANOVA p=0.48, no significant differences by
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genotype. (N) ANOVA p=0.026, no significant differences by genotype. (O) ANOVA
p=0.0119, no significant differences by genotype. For all panels (D-O) dots represent
biological replicates (N>4), histograms and error bars designate median values and standard
error of the mean. Ctl RB= control resistant brain region, KO RB = knockout resistant brain
region, Ctl CB = control cerebellum, KO CB = knockout cerebellum, Ctl BS = control
brainstem, KO BS= knockout brainstem, Ctl OB= control olfactory bulb, KO OB= knockout
olfactory bulb.
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Figure 4 — Regional Metabolic Profiles of Control and Ndufs4(KO) Mice.
(A-B) 3-dimensional principal component analysis (PCA) of brain region metabolomics data

with region (A) or genotype (B) indicated (see Methods). (C) Projection of first two major
principal components with 95% confidence intervals of groups indicated (colored ellipses).
Brain region is the major determinant of sample clustering by PCA. (D) Unsupervised
clustering of brain region metabolite level data in control and NMaufs4(KO) mice. (E) Cluster
1, which includes the majority of amino acids. (C-E) Glycolysis intermediates appearing in
cluster 4. ANOVA p-values: (F) glucose p<0.0001, (G) DHAP p<0.0001, (H) G-1-P/G-6-P/
F-6-P/F-1-P p<0.0001. *p<0.05 and **p<0.005 by two-tailed pairwise t-test. (I) Lactate,
which appears in cluster 5. ANOVA p=0.0008. (J-N) Glycolysis intermediates appearing in
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cluster 6. ANOVA p-values: (J) D-GA3P p<0.0001, (K) 2/3 phosphoglycerate p<0.0001, (L)
F-1,6-BP/F-2,6-BP/G-1,6-BP, p<0.0001 (M) glycerol-3-P, Not significant, (N) pyruvate
p<0.008. For all panels (F-N) individual points represent biological replicates (individual
mice), N>4 per group; histograms and error bars designate median values and standard error
of the mean. Ctl RB= control resistant brain region, KO RB = knockout resistant brain
region, Ctl CB = control cerebellum, KO CB = knockout cerebellum, Ctl BS = control
brainstem, KO BS= knockout brainstem, Ctl OB= control olfactory bulb, KO OB= knockout
olfactory bulb.
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Figure 5 —. Region-Specific Metabolic Impact of mTOR Inhibition.

(A-B) Unsupervised clustering of brain region metabolite levels in untreated and rapamycin
treated control (A) and NVadufs4(KO) (B) mice. Metabolites appearing in cluster 1 in both
control and Ndufs4(KO) datasets indicate a rapamycin-responsive glutamate/glutamine/a.-

ketoglutarate metabolite group. (C) a-ketoglutarate levels by brain region

, genotype, and

treatment. ANOVA *p=0.01. (D) Data-reduced a.-ketoglutarate data using median values for
each brain region, revealing genotype and treatment dependent, region independent,
changes. ANOVA ***p<0.0001. (E) Glutamine levels by brain region, genotype, and
treatment. ANOVA **p=0.005. (F) Data-reduced glutamine data using median values for
each brain region, revealing genotype and treatment dependent, region independent,
changes. ANOVA ***p<0.0001. (G) Glutamate levels by brain region, genotype, and
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treatment. ANOVA **p<0.005. (H) Data-reduced glutamate data using median values for
each brain region, revealing genotype and treatment dependent, region independent,
changes. ANOVA **p=0.0055. (1) GABA levels by brain region, genotype, and treatment.
ANOVA ***p<0.0001. (J) Data-reduced GABA data using median values for each brain
region, revealing genotype and treatment dependent, region independent, changes. Not
significantly different by ANOVA. (K) Pyroglutamate levels by brain region, genotype, and
treatment. ANOVA *p=0.03. (L) Data-reduced pyroglutamate data using median values for
each brain region, revealing genotype and treatment dependent, region independent,
changes. ANOVA **p=0.004. (M) Symbol key for panels D, F, H, J, and L; triangles,
squares, circles, and diamonds represent the median values (across biological replicates) for
‘resistant brain’ (RB), cerebellum (CB), brainstem (BS), and olfactory bulb (OB),
respectively. (C, E, G, I, K) Dots represent biological replicates (N>=4); columns and error
bars designate median values and standard error of the mean. (D, F, H, J, L) Dots represent
median values (among biological replicates) for each brain region. Columns represent
median values among regions within the same genotype and treatment, and error bars
represent standard error of the mean. (C-L) pairwise t-test p-values * designates p<0.05, **
designates p<0.005, and *** designates p<0.0005. (N) Schematic of the glutamine/
glutamate/a.-ketoglutarate metabolite group with key CNS functions of each glutamate
metabolite indicated. Ctl RB= control resistant brain region, KO RB= knockout resistant
brain region, Ctl CB = control cerebellum, KO CB = knockout cerebellum, Ctl BS = control
brainstem, KO BS= knockout brainstem, Ctl OB= control olfactory bulb, KO OB= knockout
olfactory bulb. For (D,F,H,J,L) Ctl and KO represent untreated wild type and Ndufs4(KO)
averages, respectively; Ctl R and KO R represent rapamycin treated wild type and
Ndufs4(KO) averages, respectively.
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Figure 6 —. Neuronal Effects of Ndufs4 Deficiency.
(A-C) VGlut2 specific knockout of Naufs4 leads to shortened lifespan (A), progressive

weight loss after approximately post-natal day 37, and (C) onset of neurologic symptoms by
approximately P40 roughly equivalent to that observed in the whole-body Naufs4(KO)
mouse. (A) Log-rank test p=0.1. (B) No significant differences at any age. (C) Log-rank test
***n<0.0001. (D) Western blot analysis of whole-brain lysates from Naufs4(KO) and
control animals as a function of age. (E-N) Quantification of protein abundance. (E, G, I, K,
M) Analysis of genotypes with all ages pooled, *p<0.05, **p<0.005 by pairwise t-test. (F, H,
J, L, N) Scatter-plots of target abundance by genotype and age. GAD1 (Glutamate
Decarboxylase 1); GAD2 (Glutamate Decarboxylase 2); MBP (myelin basic protein). (O-P)
VGlut2-Cre promoter driven ZsGreen (Ai6 construct) expression in P60 control (O) and
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Nadufs4(KO) (whole-body knockout) (P) brains. Green = ZsGreen, blue = DAPI (DNA dye).
Arrows indicate known lesion-associated areas of the cerebellum (right) and brainstem (left).
An advanced lesion is visible in the brainstem region of the Ndusf4(KO) sample (P), as
determined by the abnormal accumulation of nuclei (DAPI, blue) at this location. No overt
changes to VGIlut2-Cre expressing cell populations are present in the Naufs4(KO) compared
to control. Representative images, n>3 brains imaged per genotype. (Q-R) Higher
magnification imaging of brainstem (Q-R) and cerebellum (S-T) in these control (Q, S) and
Nadusf4(KO) (R, T) brains. In each set of panels, a-ZsGreen, b-DAPI, c-overlay.
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