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ABSTRACT

Mitochondria are the main cellular energy powerhouses and supply most of the energy in the form of
ATP to fuel essential neuronal functions through oxidative phosphorylation (OXPHOS). In Alzheimer
disease (AD), metabolic and mitochondrial disruptions are an early feature preceding any histopatholo-
gical and clinical manifestations. Mitochondrial malfunction is also linked to synaptic defects in early AD.
Mitophagy serves as a key cellular quality control mechanism involving sequestration of damaged
mitochondria within autophagosomes and their subsequent degradation in lysosomes. However, it
remains largely unknown whether mitophagy is involved in the regulation of energy metabolism in
neurons, and if so, whether metabolic deficiency in AD is attributed to mitophagy dysfunction. Here we
reveal that mitophagy is broadly activated in metabolically enhanced neurons upon OXPHOS stimula-
tion, which sustains high energetic activity by increasing mitochondrial turnover and hence facilitating
mitochondrial maintenance. Unexpectedly, in AD-related mutant HsAPP Tg mouse brains, early stimula-
tion of OXPHOS activity fails to correct energy deficits but exacerbates synapse loss as a consequence of
mitophagy failure. Excitingly, lysosomal enhancement in AD neurons restores impaired metabolic
function by promoting elimination of damaged mitochondria, protecting against synaptic damage
in AD mouse brains. Taken together, we propose a new mechanism by which mitophagy controls
bioenergetic status in neurons, furthering our understanding of the direct impact of mitophagy defects
on AD-linked metabolic deficits and shedding light on the development of novel therapeutic strategies
to treat AD by the early stimulation of mitochondrial metabolism combined with elevation of lysosomal
proteolytic activity.
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Introduction pathogenesis of neurodegenerative diseases [2,9-11]. Defects in
the elimination of damaged mitochondria could be detrimental to
neuronal health. Mitophagy, a selective form of autophagy, is
a key mechanism to control mitochondrial quality in neurons
through which damaged mitochondria are engulfed by autopha-
gosomes followed by degradation within lysosomes [1,2,8,12,13].
However, the critical understanding of the physiological roles of
mitophagy in neurobiology remains very limited.

Mitochondrial function is essential for maintaining neuro-
nal integrity and responsiveness [1-7]. In response to the
changes in cellular energetic status, mitochondrial content/
mass should be finely tuned to renew and maintain a healthy
and active mitochondrial pool in support of high-energy
demand [14]. Highly active mitochondria are more sensitive
to injury which leads to the loss of their ability to produce
ATP. Therefore, in neurons, efficient removal of damaged
mitochondria through mitophagy 1is crucial for the

Mitochondria are indisputably critical to neuronal function and
survival. Impaired mitochondrial function underlies cognitive
decline in aging and is one of the most notable hallmarks of age-
associated neurodegenerative diseases [1-8]. Mitochondria are
termed the “powerhouses” of the cell, supplying most of cellular
ATP through oxidative phosphorylation (OXPHOS) in which
high-energy electrons produced by the citric acid cycle are trans-
terred down the mitochondrial respiratory complexes to generate
a proton gradient for ATP production. Neurons have particularly
high and continuous energy demands but have limited ability to
generate ATP through glycolysis in the cytoplasm. Therefore,
neurons rely heavily on mitochondria-based ATP supply and
are especially sensitive to mitochondrial dysfunction.
Mitochondrial damage can cause energy crisis, oxidative stress,
and impaired cellular signaling, which have been linked to the
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maintenance of bioenergetic homeostasis. However, the nat-
ure of the intersection of mitophagy and energy metabolism is
poorly understood. An important long-standing question
remains to be answered: Does mitophagy regulate bioener-
getic status in neurons through modulating mitochondrial
quality and quantity?

Mitochondria enact essential reactions of metabolism [15].
Metabolic deficiency has been indicated to play a crucial role
in the onset and progression of Alzheimer disease (AD). AD
patients display early metabolic deficits associated with
impaired mitochondrial function before the emergence of
any histopathological or clinical abnormalities [16-18].
Importantly, the earliest features of the onset of the highly
prevalent AD have been linked to mitochondrial pathology -
aberrant accumulation of damaged mitochondria [2,8,19-21].
Whereas autophagocytosis of mitochondria in vulnerable
neurons was shown to be a prominent characteristic in AD
patient brains [22-26], recent studies reported that mitophagy
stimulation abolished AD pathology and rescued memory
deficits in AD models [27,28]. These observations raise
a fundamental question: Is mitophagy failure involved in AD-
linked metabolic deficiency?

In the current study, we reveal, for the first time, that
metabolically enhanced neurons exhibit extensive activation
of mitophagy, which promotes maintenance of healthy and
active mitochondrial populations by facilitating mitochondrial
turnover and thus sustains high energetic activity.
Surprisingly, in the primary cortical neurons derived
from AD-related mutant human APP (amyloid beta precursor
protein; HsAPP) transgenic (Tg) mouse brains, early stimula-
tion of OXPHOS activity intensifies mitophagy stress and fails
to rectify energy deficits, resulting in exacerbation of synaptic
damage. However, lysosomal enhancement augments mito-
phagy clearance and restores impaired energetic activity,
thus counteracting synapse loss in AD mouse brains.
Therefore, these findings provide new insights into the invol-
vement of mitophagy in the control of bioenergetic status in
healthy neurons and advance our understanding of the
mechanism underlying AD-linked metabolic dysfunction,
one of the earliest defects in stricken neurons. Moreover, the
current study sheds light on the new strategy of the early
stimulation of OXPHOS activity combined with elevation of
lysosomal proteolytic activity for the future development of
potential AD therapeutics.

Results

High energetic activity of mitochondria induces
mitochondrial stress and enhances mitochondrial
turnover in neurons

Mitophagy, a selective form of macroautophagy for the
removal of damaged mitochondria, is a crucial quality control
mechanism for mitochondria in neurons [1,2,8]. Whether
mitophagy plays a role in the regulation of bioenergetics in
neurons remains poorly understood. We sought to address this
important question by determining whether mitophagy is effi-
ciently activated in metabolically enhanced neurons. We sti-
mulated mitochondrial OXPHOS in primary mature cortical
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neuron cultures by switching from media containing glucose
but no glutamine to glucose-free media supplemented with
glutamine. As previously reported, cells under glutamine-
supplemented conditions exhibited a significant increase in
the routine oxygen consumption rate (OCR) compared to the
cells grown in the presence of glucose only, suggesting
enhanced OXPHOS activity [29-32]. Given that such an effect
was shown to reach a saturated level with the concentration of
glutamine at between 8 mM and 12 mM [31], we applied
10 mM glutamine to primary neuron cultures. To examine
whether glutamine oxidation elevates cellular ATP levels in
mature cortical neurons, we first utilized AT1.03, a genetically
encoded Forster resonance energy transfer (FRET)-based ATP
indicator [33], in which the & subunit of Bacillus subtilis F,F,-
ATP synthase was connected to YFP and CFP. Given that the
ATP-bound form increases FRET efficiency, an enhanced
FRET signal (YFP:CFP emission ratio) indicates an increase
in cellular ATP levels. Stimulation of OXPHOS activity by
glutamine supplementation resulted in higher YFP:CFP ratios
in both the soma and the axons of neurons than those in
control neurons in the absence of glutamine (Figure 1(a) and
(b)), suggesting that glutamine oxidation effectively raises
energy production. Alternatively, we applied an engineered
fluorescent ATP sensor PercevalHR [34,35]. The fluorescence
intensity ratio (F 4g8nm:F 4050m) Of PercevalHR reflects the
relative ATP:ADP ratio within cells. Consistent with the find-
ings in neurons expressing AT1.03, OXPHOS stimulation
markedly elevated ATP:ADP ratio in neurons (Figure S1A
and B). Thus, our data indicate that glutamine supplementa-
tion can efficiently elevate mitochondrial energy metabolism in
neurons.

We next assessed mitochondrial oxidation upon stimulation
of energetic activity by utilizing Matrix-roGFP, Reduction-
Oxidation-sensitive GFP (RoGFP) in the mitochondrial matrix
[36,37]. Compared to control neurons under the glycolytic con-
dition, neurons grown in the presence of glutamine exhibited
a significant increase in oxidized mitochondria in the soma and
the axons (Figure 1(c) and (d), S1F), suggesting that enhanced
OXPHOS activity triggers oxidative damage of mitochondria.
We further measured mitochondrial membrane potential (Ay,,)
by employing tetramethylrhodamine ethyl ester (TMRE), a Ay,
-dependent dye, that was loaded into live neurons expressing
mitochondrial marker CFP-Mito at 14-15 days in vitro (DIV).
Healthy mitochondria accumulate TMRE, thus displaying high
TMRE intensity [24,38], whereas damaged mitochondria with
depolarized Ay, show reduced TMRE fluorescent intensity
although they retain CFP-Mito signals. The majority of CFP-
Mito-labeled mitochondria in the soma of control neurons were
co-labeled by TMRE, reflecting their electrochemically active
status. However, mitochondria in neurons under glutamine
oxidation displayed reduced TMRE staining, suggesting depo-
larized Aw,, (Figure 1(e) and (f)). This data indicates mitochon-
drial stress in neurons under oxidation conditions, which raises
the question as to whether mitophagy is activated in eliminating
damaged mitochondria to sustain high energy metabolism.
Indeed, in neurons with enhanced OXPHOS, the levels of LC3-
II and LAMP1 (lysosomal associated membrane protein 1) were
increased while accompanied by reduced SQSTM1/p62 (Figure
1(g) and (h)). Importantly, mitochondrial proteins were
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Figure 1. High energetic activity of mitochondria induces mitochondrial stress and enhances mitochondrial turnover in neurons. (a-b) Elevated cytoplasmic ATP
levels in cortical neurons under the condition of glutamine-stimulated oxidative phosphorylation (OXPHOS). Representative images (a) and quantitative analysis (b)
showing increased cellular ATP levels indicated an enhanced YFP:CFP emission ratio in neurons expressing AT1.03 grown in the media with glutamine for 24 hours.
The YFP:CFP emission ratios in the soma and the axons of neurons in the presence of glutamine were normalized to those of neurons in the absence of glutamine.
(c-d) Oxidized mitochondria were significantly increased in metabolically enhanced neurons. The fluorescence of MitoROGFP was emitted at 510 nm and excited at
405 nm or 488 nm, respectively. Ratiometric images were generated from fluorescence excited by 405-nm light relative to that excited by 488 nm light. The ratio has
been false colored with the indicated heat map, with high intensity indicative of ROGFP fluorescence in a more oxidative environment. Mean fluorescence intensity
ratios evoked by the two excitation wavelengths at individual mitochondria in the soma and the axons of neurons under glutamine oxidation were quantified and
normalized to those in the control neurons, respectively (d). (e-f) Decreased mitochondrial membrane potential (AY,,) in neurons upon high OXPHOS activity. Cortical
neurons transfected with mitochondrial marker CFP-Mito were loaded with Ay,,,-dependent dye TMRE for 30 min prior to imaging. The mean intensity of TMRE in the
soma of neurons grown in glutamine media was normalized to that in control neurons without stimulation of OXPHOS. While arrows represent relatively polarized
“healthy” mitochondria marked by both CFP-Mito and TMRE, arrowheads indicate depolarized mitochondria labeled by CFP-Mito but unlabeled by TMRE. Note that
neurons treated with glutamine showed reduced mean intensity of TMRE fluorescence relative to that of control neurons. (g-h) Metabolically enhanced neurons
exhibited mitophagy activation along with elevated mitochondrial turnover. Cultured cortical neurons at DIV14-15 were treated with glutamine (GIn) (10 mM) for
24 h in the presence of cycloheximide (CHX) (10 pg/mL). Neuron lysates were solubilized, and equal amounts of protein (20 pg) were loaded for sequential detection
with antibodies on the same membrane after stripping between applications of each antibody as indicated. Actin was detected as a loading control. The intensities of
mitophagy/autophagy-lysosomal markers LC3-Il, SQSTM1/p62, and LAMP1 along with mitochondrial proteins TOMM20, VDAC1, and HSPD1/HSP60 were calibrated
with actin levels and normalized to those in the control neurons in the absence of glutamine. Note increased levels of LC3-Il and LAMP1 in neurons grown in the
glutamine media, accompanied by decreased levels of SQSTM1 and mitochondrial proteins TOMM20, VDAC1, and HSPD1. GIn: glutamine. Data were quantified from
four independent repeats (h) and a total number of neurons (n) indicated on the top of bars (b, ¢, and f) from at least four independent experiments. Scale bars:
10 um. Error bars: SEM. Student’s t test: ***p < 0.001.

remarkably decreased in the presence of cycloheximide (CHX)
(10 pg/ml). This result supports the notion that metabolic
enhancement in neurons is coupled with marked mitochondrial
damage, and elevated mitochondrial turnover by mitophagy
activation is critical to sustaining high OXPHOS activity.

Mitochondrial maintenance involves not only mitophagy-
mediated elimination of damaged mitochondria but also
mitochondrial renewal through biogenesis [13]. We utilized
mitAT1.03 and directly monitored the healthy mitochondrial
pool in live neurons by measuring the ATP status of indivi-
dual mitochondria. mitAT1.03 is localized to the mitochon-
drial matrix through the N terminus of AT1.03 fusion to
a duplex of the mitochondrial targeting signal of cytochrome
¢ oxidase subunit VIII [33]. Compared to the glycolytic

condition, glutamine oxidation markedly raised the popula-
tion of healthy and active mitochondria as evidenced by high
ATP levels of mitochondria (Figure SIC and D).
Furthermore, we examined the mRNA levels of mitochon-
drial biogenesis genes PPARGC1A/PGCla, TFAM, NRFI,
and NFE2L22, as previously described [39-42]. OXPHOS
stimulation induced significant increases in the mRNA levels
of these genes, suggesting that mitochondrial biogenesis is
enhanced (Figure S1E). These results collectively indicate
that high energy metabolism in neurons drastically activates
mitophagy for the removal of damaged mitochondria. Such
a mechanism coordinates with mitochondrial biogenesis to
promote mitochondrial turnover and maintain high bioener-
getic capacity.
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OXPHOS stimulation broadly activates mitophagy in of low and high energetic activities. Under oxidative conditions,
neurons we detected a drastic increase in the percentage of neurons show-
ing PRKN association with mitochondria in the somatodendritic
region, relative to neurons under the glycolytic condition (Figure 2
(a) and (b)). This observation suggests that PRKN-mediated mito-
phagy is induced upon stimulation of OXPHOS activity.
Activation of PRKN-mediated mitophagy is known to
trigger widespread degradation of mitochondrial outer mem-
brane proteins including VDAC1 and TOMM?20 via the ubi-
quitin-proteasomal system preceding mitophagy [52,53]. In
metabolically enhanced neurons, we have shown that mito-
chondrial protein levels are markedly decreased (Figure 1(g)
and (h)). Given robust induction of PRKN-mediated

To carefully examine mitophagy activation in neurons upon
OXPHOS stimulation, we performed multiple lines of experi-
ments. PRKN/parkin-mediated mitophagy is the most heavily
studied and the best-understood mitophagy pathway in which
PRKN translocates from the cytoplasm onto damaged mitochon-
dria to facilitate their sequestration within mitophagosomes for
subsequent lysosomal degradation [1,8,12,13,43]. We and others
have demonstrated that PRKN-mediated mitophagy primarily
occurs in the soma of neurons, where degradative lysosomes
are highly enriched [24,38,44-51]. Thus, we first assessed PRKN
recruitment to mitochondria in neurons under the conditions
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Figure 2. OXPHOS stimulation broadly activates mitophagy in neurons. (a-b) Increased percentage of neurons with PRKN localization to mitochondria in the soma of neurons
grown in glutamine media. Cortical neurons were co-transfected with YFP-PRKN/parkin and DsRed-Mito, followed by 24 h incubation with or without glutamine prior to imaging
at DIV14-15. (c-d) RHEB is recruited to mitochondria in axons under glutamine oxidation. The percentage of mitochondria (Mito) targeted by RHEB and the number of RHEB-
tagged mitochondria in axons in the presence and absence of glutamine were quantified, respectively (c). (e-f) Increased numbers of mitophagosomes in the soma and axons of
neurons incubated with glutamine media. Arrows indicate mitophagosomes — LC3-labeled autophagosomes containing engulfed mitochondria. The numbers of mitophago-
somes per neuron soma and per 100 um axon and the percentage of mitochondria within autophagic vacuoles (AVs) in axons were quantified, respectively (f). (g-h)
Representative dual-channel kymographs (g) and quantitative analysis (h) showing the robust retrograde movement of mitophagosomes in the axons of metabolically enhanced
neurons. The relative motilities of autophagosomes (AVs) and mitophagosomes (Mito-AVs) in axons with and without glutamine treatment were quantified. Cortical neurons
expressing GFP-LC3 and DsRed-Mito at DIV14-15 were treated with or without glutamine for 24 h, followed by about 20 min time-lapse recordings. Vertical lines represent
stationary organelles. Slanted lines or curves to the right (negative slope) represent anterograde movement; those to the left (positive slope) indicate retrograde movement. An
organelle was considered stationary if it remained immotile (displacement < 5 um). (i-j) Increased mt-Keima-marked acidic mitochondria within LAMP1-indicated lysosomal
compartments in the soma of neurons following 24-h glutamine incubation. Visualization of acidic mitochondria is achieved by collecting emission of mt-Keima at 550 nm (i). The
mean intensity of acidic mitochondria within lysosomes per neuron was quantified and compared to that in the control neurons (j). Data were quantified from a total number of
neurons (n) indicated in parentheses (b and h) or on the top of bars (c, f, and j) from at least four independent experiments. Scale bars: 10 pm. Error bars: SEM. Student's t test:
**¥p < 0.001.
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mitophagy (Figure 2(a, b), and S2E), reductions in the levels
of VDAC1 and TOMM20 could be attributed to PRKN-
induced proteasomal degradation upon mitophagy activation.
Importantly, besides mitochondrial outer membrane proteins,
we also observed a significant decrease in HSPDI,
a mitochondrial matrix protein (Figure 1(g) and (h)), which
was shown to be degraded within lysosomes after engulfment
of damaged mitochondria by autophagosomes [52]. Thus, the
data collectively indicate that decreases in mitochondrial pro-
tein levels under glutamine metabolism could be the result of
enhanced mitophagic clearance along with proteasomal
degradation.

We have recently revealed that RHEB (Ras homolog,
mTORCI binding) is recruited to damaged mitochondria for
their engulfment within mitophagosomes in the axons of
neurons. Such a mechanism promotes mitophagic removal
of stressed mitochondria from distal axons to maintain mito-
chondrial homeostasis [25,26]. In line with our previous stu-
dies, glutamine oxidation led to enhanced RHEB association
with axonal mitochondria as evidenced by an increased per-
centage of mitochondria targeted by RHEB (Figure 2(c) and
(d)), suggesting activation of RHEB-dependent mitophagy in
axons. These imaging data collectively suggest that mitophagy
is extensively induced in metabolically enhanced neurons.

To further confirm mitophagy activation, we examined
mitophagosome biogenesis in neurons grown in glutamine
media. While GFP-LC3 was diffuse in the cytoplasm of con-
trol neurons, GFP-LC3 appeared as ring-like structures sur-
rounding mitochondria as mitophagosomes, which were
markedly increased in both the soma and the axons of neu-
rons in the presence of glutamine (Figure 2(e) and (f)).
Importantly, mitophagosomes formed in axons display exclu-
sive retrograde movement toward the soma (Figure 2(g) and
(h)). This data indicates that retrograde transport motility of
mitophagosomes advances returning stressed axonal mito-
chondria to the soma for their clearance within lysosomes.
Consistently, we observed reduced anterograde transport, but
increased retrograde transport, of mitochondria along axons
upon OXPHOS stimulation (Figure S2A and B). Thus, while
impeded anterograde transport of mitochondria is most likely
attributed to activation of PRKN-mediated mitophagy that
enhances turnover of Mitochondrial Rho GTPase 1 (Mirol),
a component of the adaptor-motor complex essential for KIF5
motors to drive anterograde transport of mitochondria in
axons (Figure 2(a) and (b)) [52,54-57], increased mitochon-
drial retrograde movement could be the result of RHEB-
associated mitophagy induction (Figure 2(c) and (d)).

We next determined the kinetics of mitophagy induction at
8 h and 18 h after glutamine incubation, respectively. As early
as 8 h following the treatment, we detected increased levels of
LC3-IT and LAMP1 along with reduced SQSTM1 (Figure S2C
and D), suggesting an early and robust response of mitophagy
to mitochondrial stress under glutamine oxidation.
Furthermore, we isolated mitochondria-enriched fractions
from neurons supplemented with and without glutamine.
The purity of mitochondrial fractions was confirmed by rela-
tive enrichment of mitochondrial protein VDACI and by less
abundance of cytosolic protein GAPDH. When equal
amounts of post-nuclear supernatants (P), mitochondrial

fractions (M), and cytosolic supernatant (S) were loaded,
increased levels of PRKN and RHEB along with LC3-II were
detected in mitochondrial fractions in neurons under oxida-
tion conditions as compared to those in control neurons
under the glycolytic condition (Figure S2E). This result sug-
gests that OXPHOS stimulation activates both PRKN- and
RHEB-mediated mitophagy pathways, which is consistent
with our light imaging data (Figure 2(a-h)). These observa-
tions indicate that high energy metabolism in neurons pro-
motes mitochondrial turnover by markedly enhancing
mitophagy-mediated elimination of damaged mitochondria.

It has been well established that mitophagic clearance
mostly occurs in the soma of neurons, where mature lyso-
somes are mainly located [25,38,44,45,48,50,58,59]. Thus, we
next assessed mt-Keima Red-labeled acidic mitochondria
within degradative organelles in live neurons in the presence
and absence of glutamine [60,61]. Acidic mitochondria indi-
cated by mt-Keima Red were mainly detectable in the soma
and co-localized with the lysosome, suggesting that these
damaged mitochondria are trapped within lysosomes for
degradation [25,48]. In accord with our biochemical evidence
(Figure 1(g) and (h); S2A and B), sequestration of acidic
mitochondria within LAMP1-labeled somatic lysosomes was
remarkably increased in neurons after stimulating OXPHOS
activity (Figure 2(i) and (j)). Therefore, these observations
suggest that mitophagy clearance within lysosomes facilitates
the maintenance of a healthy mitochondrial pool to sustain
enhanced metabolism in neurons.

Glutamine supplementation induces extensive mitophagy
activation in mouse brains

Next, we addressed whether metabolic enhancement activates
mitophagy in mouse brains. Previous studies have shown that
supplementation of 4% glutamine induces neuroprotective
effects in mice with no toxicity [62,63]. We supplemented
WT mice at 4 months of age with 4% glutamine for
8 weeks, followed by the OCR measurement in mitochondria
freshly isolated from the cortices of these mouse brains.
Mitochondrial basal and maximal respiration rates along
with ATP production-linked respiration were significantly
increased in mice after glutamine supplementation as com-
pared to those of control mice fed with regular water (Figure 3
(a)), suggesting that glutamine oxidation effectively elevates
mitochondrial energetic activity in mouse brains. To deter-
mine whether mitophagy is activated in these metabolically
enhanced mouse brains, we conducted immunostaining with
antibodies against CYCS (cytochrome ¢, somatic),
a mitochondrial intermembrane space protein, and the auto-
phagy marker LC3. In control mouse brains, LC3 appeared as
a diffuse pattern in a non-lipidated LC3-I form and was
predominantly present in the cytoplasm of hippocampal neu-
rons. However, in mouse brains supplemented with gluta-
mine, LC3 displayed as vesicular structures indicating LC3-II-
decorated autophagic vacuoles (AVs). A significant portion of
AVs was co-labeled by the CYCS antibody in the soma of
hippocampal neurons (Figure 3(b) and (c)), suggesting that
these vesicles represent mitophagosomes containing engulfed
mitochondria. We observed similar results when using
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Figure 3. Glutamine supplementation induces extensive mitophagy activation in mouse brains. (a) Seahorse mitochondrial stress assay using freshly isolated cortical
mitochondria from six-month-old WT mouse brains after two-month glutamine treatment showing elevated mitochondrial energetic activity, as evidenced by
increased basal, maximal, and ATP-linked respiration rates. (b-c) Representative images (b) and quantitative analysis (c) showing an increase in the number of
mitophagosomes co-labeled by antibodies against LC3 and CYCS (cytochrome ¢, somatic) in the hippocampal CA3 regions of mouse brains with OXPHOS stimulation.
Note that mitophagosomes were not readily observed in control mouse brains. The mean intensity of co-localized pixels that represent mitophagosomes was
quantified and normalized to that of control mice supplemented with water. (d-e) Oxidative metabolism increased mitochondrial recruitment to lysosomes in the
hippocampus of mouse brains. The mean intensity of co-localized pixels that represent SOD2-marked mitochondria within lysosomes labeled by LAMP1 was
quantified and normalized to that of control mice fed with water (e). (f-g) Representative TEM images (f) and quantitative analysis (g) showing a striking increase of
AVs and mitophagosome-like structures — AVs containing engulfed mitochondria in the soma of hippocampal neurons of mouse brains under glutamine oxidation.
Note that mitophagosome-like structures were not readily detected in control mouse brains. Quantitative analysis was expressed as the averaged numbers of
morphologically abnormal mitochondria with swollen shape and loss of cristae integrity (asterisks) and mitochondria within AV-like organelles (arrows) per neuronal
perikaryal (g). N indicates the nucleus in the soma of neurons. The densities of mitophagosomes or mitolysosomes per section (320 pm x 320 pm)) were quantified
from a total number of brain slice sections (n) indicated in parentheses (c and e) from three pairs of mice treated with and without glutamine. Data were quantified
from a total number of cells and mitochondria (n) indicated in parentheses (g). Scale bars: 10 pm (b and d) and 200 nm (f). Error bars represent SEM. Student’s t test:
*p < 0.05; **p < 0.01; ***p < 0.001.
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alternative antibodies against HSPD1/HSP60, a mitochondrial
matrix protein, and the autophagy marker SQSTM1 (Figure
S3A and B). Moreover, glutamine treatment significantly
increased mitochondrial recruitment to lysosomes in the hip-
pocampal neurons of WT mouse brains (Figure 3(d) and (e)),
suggesting that mitophagic clearance within lysosomes is ele-
vated under oxidative metabolism. These observations are in
line with the results from cultured neurons and consistently
indicate mitophagy activation in mouse brains following glu-
tamine supplementation.

To confirm mitophagy activation at the ultrastructural level,
we performed transmission electron microscopy (TEM) analysis.
In mouse brains under glutamine oxidation, the number of
abnormal mitochondria, characterized by swollen round shape
and perturbed or loss of cristae organization, in the soma of
hippocampal neurons was significantly increased, relative to that
in the neurons of control mouse brains fed with water (Figure 3(f)
and (g)). Indeed, we frequently detected mitophagosomes - initial
AVs (AVi)-like structures engulfing or containing abnormal
mitochondria (Figure 3(f) and (g)). The average number of

mitophagosomes — mitochondria sequestered within AV-like
organelles — per neuronal somata was markedly increased in the
brains of mice supplemented with glutamine (Figure 3(g)). Thus,
our in vivo data are in agreement with the in vitro findings in
cultured primary neurons and consistently suggest that mito-
phagy is broadly activated in neurons with high energy metabo-
lism. To be noted, there were more mitochondria including
morphologically normal (healthy) mitochondria in metabolically
enhanced neurons as compared to those in control neurons in the
absence of glutamine (Figure S3C), which is consistent with our
in vitro evidence showing elevated healthy and active mitochon-
drial population and increased mitochondrial biogenesis upon
OXPHOS stimulation (Figure S1C-E).

Early OXPHOS stimulation exacerbates synaptic damage
along with bioenergetic deficiency and mitophagy stress
in AD-related mutant HsAPP Tg mouse brains

Synaptic defects occur early in AD brains and correlate with
memory deficits. Previous studies reported that early deficits in
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synaptic mitochondria were involved in the development of
synaptic degeneration in AD [64]. Given the fact that metabolic
dysfunction plays a crucial role in the early pathophysiology
of AD [16], we next determined whether early OXPHOS stimula-
tion reverses energy deficits and thus counteracts synaptic damage
in AD mouse brains. Synapse loss has been well established at
early disease stages in AD-related mutant HsAPP Tg (J20) mouse
line [25,65-68]. Before the onsets of mitochondrial abnormalities
and synaptic defects, we supplemented four-month-old mutant
HsAPP Tg (J20) mice with glutamine and then examined the
impact of early OXPHOS stimulation on synaptic pathology
8 weeks after the treatment. Consistent with previous studies
[65-68], mutant HsAPP mice at the age of 6 months exhibited
a reduced density of synaptophysin (SYP)-marked presynaptic
terminals in the hippocampal mossy fibers as compared to that
of WT mouse brains (Figure 4(a) and (b)). Surprisingly, synapse
loss was intensified in AD mouse brains supplemented with
glutamine, as evidenced by decreases in mean intensity and area
of SYP-marked presynaptic terminals (Figure 4(a) and (b)).

Importantly, presynaptic densities showed no detectable change
in WT mouse brains under oxidative conditions (Figure 4(a) and
4(b)), indicating that stimulation of energetic activity has no
impact on synaptic integrity in WT neurons. This result raises
the possibility that glutamine supplementation in AD mouse
brains fails to correct energy deficits. We further examined the
OCR in mitochondria freshly isolated from the cortices of AD
mouse brains with and without glutamine treatment. Indeed,
there were no increases in the rates of basal, maximal, and ATP-
linked respirations in AD mouse brains under glutamine meta-
bolism (Figure 4(c)), suggesting energetic deficiency upon stimu-
lation of OXPHOS.

We have demonstrated that mitophagy activation facilitates
sustaining high energy metabolism by enhancing mitochondrial
turnover in healthy neurons under oxidation conditions. Next, we
determined whether mitophagy is activated in AD mouse brains
supplemented with glutamine. Our previous studies have revealed
mitophagy stress in the brains of this AD mouse model at basal
conditions  [24,2548].  Glutamine oxidation augmented
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HsAPP Tg mouse brains. (a-b) Augmentation of synapse loss in the hippocampal mossy fibers of AD mouse brains after glutamine supplementation. The mean
intensity and the area of synaptophysin (SYP)-labeled presynaptic terminals were quantified and compared to those in the WT mouse brains fed with water,
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hippocampal CA3 regions per section (320 um x 320 pym) was quantified and normalized to that of littermate control AD mice supplemented with water (e).
(f-g) Glutamine metabolism intensifies mitochondrial accumulation within lysosomes in the hippocampal CA3 regions of AD mouse brains. The mean intensity of co-
localized pixels that represent lysosomal retention of mitochondria was quantified and normalized to that of control AD mice supplemented with water (g). Data
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mitophagic accumulation in the hippocampal CA3 region of AD  Bioenergetic deficiency coupled with impaired
mouse brains, as evidenced by substantial increases in mitophago- mitochondrial turnover in AD neurons

somes (Figure 4(d) and (e), S4A and B). Moreover, our previous
work showed lysosomal defects in the elimination of damaged
mitochondria as the consequence of protease deficits within lyso-
somes in AD neurons [25,48]. In the brains of AD mice treated
with glutamine, mitochondria were increasingly retained within
lysosomes (Figure 4(f) and (g)), indicating that lysosomal failure
curbs mitophagy clearance. Collectively, these findings suggest the
possibility that deficiency in energetic enhancement upon
OXPHOS stimulation in AD mouse brains could be attributed to
impaired mitochondrial turnover as the consequence of defects in
mitophagy clearance, which exacerbates mitophagy stress.

To test this possibility, we utilized primary cortical neurons
derived from AD-related mutant HsAPP Tg mouse brains and
examined cellular ATP levels under glutamine oxidation condi-
tions. Compared to WT littermate controls, AD neurons displayed
decreased ATP levels under basal conditions (Figure 5(a) and (b)).
Importantly, we failed to detect any increase in energy production
in AD neurons incubated with the glutamine media, as evidenced
by no increase in YFP:CFP ratio that indicates cellular ATP
production within cells expressing AT1.03 (Figure 5(a) and (b)).
This result is consistent with our in vivo observations in mutant
HsAPP Tg mouse brains (Figure 4(c)) and allows us to further
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neurons upon stimulating OXPHOS activity. Note increased levels of LC3-Il and LAMP1 along with TOMM20, VDAC1, and SOD2 in mutant HsAPP neurons treated with
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address whether defective mitochondrial turnover leads to ener-
getic failure in AD neurons. In contrast to reduced levels of
mitochondrial proteins in WT neurons (Figure 1(g) and 1(h)),
OXPHOS stimulation in AD neurons markedly increased mito-
chondrial protein levels (Figure 5(c) and (d)), suggesting the view
that mitochondrial turnover is impaired. We further tested this
view by first examining Ay, in AD neurons in the presence and
absence of glutamine. Mitochondria in AD neurons displayed
depolarized Ay, as compared to those in WT neurons under
the basal condition (Figure S5A). Upon the stimulation of ener-
getic activity, Ay, depolarization was enhanced in AD neurons
(Figure 5(e) and (f)). This data is consistent with the augmentation
of oxidatively damaged mitochondrial accumulation (Figure 5(g)
and (h), S5B), indicating that bioenergetic deficiency in AD neu-
rons is likely attributed to impaired mitochondrial turnover. We
have shown that mitophagy plays a critical role in renewing
mitochondrial populations in metabolically enhanced healthy
neurons. Glutamine treatment in AD neurons increased levels of
LC3-1I and LAMP1 (Figure 5(c) and (d)). Thus, these results raise
the possibility that stimulating OXPHOS activity augments mito-
phagy in AD neurons, increasingly targeting stressed mitochon-
dria for autophagy.

A YFP.PRKN  DsRed-Mito Merged

B

Augmented mitophagy activation but impaired lysosomal
clearance in AD neurons upon stimulation of OXPHOS
activity

Mitophagy abnormalities in AD have been indicated in several
recent studies [22-28,48,69]. Thus, we next sought to addressed
whether bioenergetic dysfunction in AD neurons is caused by
mitophagy defects. We first examined PRKN-mediated mito-
phagy in AD neurons grown in the media with and without
glutamine. Consistent with our previous studies [24], AD neurons
exhibited mitophagy activation in the absence of glutamine, as
reflected by increased PRKN localization to mitochondria.
Importantly, glutamine treatment resulted in an additional
increase in the percentage of neurons showing PRKN transloca-
tion onto mitochondria (Figure 6(a) and (b)), suggesting that
mitochondrial stress under oxidation conditions augments
PRKN-mediated mitophagy in the soma of AD neurons.
Besides, our recent study documented increased initiation of
RHEB-mediated mitophagy in the axons of AD neurons [25].
Stimulating OXPHOS activity further enhanced RHEB-mediated
mitophagy in AD axons, as reflected by an increase in the number
of mitochondria tagged by RHEB (Figure 6(c) and (d)).
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We next assessed whether enhanced mitophagy activation
efficiently targets stressed mitochondria for autophagy in AD
neurons under glutamine oxidation. In agreement with our pre-
vious studies [24,25], AD neurons exhibited mitophagic accumu-
lation at the basal level, which was significantly intensified under
oxidation conditions as evidenced by marked increases of mito-
phagosomes in the soma and the axons of AD neurons (Figure 6
(e) and (f)). These results indicate that stimulation of OXPHOS
augments PRKN-mediated mitophagy in the soma and RHEB-
dependent mitophagy in the axons of AD neurons. Moreover,
contrary to dominant retrograde transport of mitophagosomes in
WT axons (Figure 2(g) and (h)), their retrograde movement was
halted in AD axons supplemented with glutamine (Figure S6A
and B). Such a defect likely exacerbated mitophagy stress in AD
axons, leading to a deficiency in response to metabolic stimula-
tion. Consistently, the recruitment of PRKN and RHEB along
with LC3-II to mitochondria was drastically elevated in AD neu-
rons after glutamine treatment (Figure S6C).

We next determined lysosomal clearance of damaged mito-
chondria in AD neurons grown in the presence of glutamine.
Our previous study uncovered lysosomal protease deficits and
impaired lysosomal proteolysis in these mutant HsAPP Tg
neurons [25,48]. Consistently, compared to WT littermate
control neurons, we detected increased lysosomal retention
of acidic mitochondria marked by mt-Keima in the soma
of AD neurons (Figure 6(g) and (h)), which was exacerbated
in AD neurons under glutamine oxidation. These observa-
tions support the notion that lysosomal failure intensifies
mitophagy stress and hence curbs mitochondrial turnover
in AD neurons upon OXPHOS stimulation. Our recent stu-
dies provided direct evidence showing that mitophagy is cri-
tical for synaptic maintenance by regulating the integrity of
mitochondria at synapses [25,26]. These findings allow us to
propose that the stimulation of OXPHOS activity in AD neu-
rons augments mitophagy defects and mitochondrial stress,
thus triggering bioenergetic deficiency and exacerbating
synaptic damage associated with AD.

Lysosomal enhancement restores mitochondrial energetic
activity in AD neurons

We have previously uncovered a mechanism through which
SNAPIN regulates autophagy-lysosomal function in neurons
[49,70]. SNAPIN serves as an adaptor of dynein motors and
SNAPIN-dynein-mediated retrograde transport of late endo-
somes (LEs) promotes axonal retromer trafficking to the soma,
facilitating the delivery of lysosomal proteases to lysosomes [48].
Overexpression of SNAPIN in AD neurons rescues lysosomal
protease deficits and restores lysosomal proteolytic activity,
thereby enhancing mitophagy clearance [25,48]. Given lysoso-
mal defects in the elimination of damaged mitochondria under
glutamine oxidation, we next determined whether SNAPIN-
enhanced lysosomal function ameliorates the bioenergetic defi-
ciency in AD neurons by promoting lysosomal degradation of
damaged mitochondria. Strikingly, compared to control AD
neurons without overexpression of SNAPIN or in the absence
of glutamine, increasing SNAPIN levels drastically raised cellular
ATP levels in the soma and the axons of AD neurons following
glutamine incubation, as reflected by an elevated YFP:CFP ratio
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indicated by AT1.03 (Figure 7(a) and (b)). We detected similar
results in AD neurons expressing another ATP indicator,
PercervalHR (Figure S7A). Importantly, this rescue effect was
accompanied by a marked reduction of lysosomal retention of
acidic mitochondria (Figure 7(c) and (d)), suggesting SNAPIN-
enhanced clearance of damaged mitochondria within lysosomes.

We next addressed whether SNAPIN-induced rescue
effects on bioenergetic deficiency in AD neurons are attribu-
ted to increased mitochondrial turnover by enhancing the
elimination of damaged mitochondria. Indeed, mitophagic
accumulation was attenuated in AD neurons with overexpres-
sion of SNAPIN (Figure 7(e) and (f)), suggesting that
SNAPIN-enhanced protease trafficking to lysosomes pro-
motes mitophagy clearance. In line with our recent studies
[25,26], elevated SNAPIN expression facilitated the removal
of damaged mitochondria from distal axons by increasing
retrograde movement of mitophagosomes and hence reduces
mitophagy stress in distal AD axons (Figures S7B-E). We
further assessed whether lysosomal enhancement ameliorates
the accumulation of damaged mitochondria in AD neurons
under glutamine oxidation. While Ay, was significantly ele-
vated (Figure 7(G) and (h)), the levels of oxidized mitochon-
dria were remarkably decreased in the soma and the axons
of AD neurons with SNAPIN elevation (Figure 7(i) and (j),
S7F). Together, these results consistently indicate that
SNAPIN-enhanced lysosomal clearance of damaged mito-
chondria promotes mitochondrial turnover, thus restoring
glutamine-stimulated bioenergetic activity in AD neurons.

Bioenergetic stimulation combined with enhancement of
mitophagy clearance counteracts synapse loss in AD
mouse brains

To determine the in vivo rescue effects on bioenergetic deficits
in AD mouse brains, we conducted bilateral injection of AAV-
mCherry-SNAPIN into the hippocampus, an established
in  vivo delivery procedure by us and others
[25,46,65,66,68,71,72]. Assessment of AAV-injected mouse
brains revealed widespread expression of AAV-mCherry or
AAV-mCherry-SNAPIN in the hippocampal regions (Figure
8(a)). We further verified SNAPIN expression in the hippo-
campi of AAV-injected mouse brains by western blot analysis.
SNAPIN expression was dramatically increased in mutant
HsAPP mouse brains at the age of 6-7 months after injection
with AAV-mCherry-SNAPIN (Figure S8A), relative to that of
control mutant HsAPP mouse brains expressing AAV-
mCherry. Next, we examined whether overexpression of
SNAPIN protects against AD-associated synapse loss following
stimulation of OXPHOS. Indeed, mutant HsAPP mouse brains
transduced with AAV-mCherry-SNAPIN exhibited pro-
nounced increases in the density and the area of SYP-labeled
presynaptic terminals (Figure 8(b) and (c)). We next addressed
whether such protective effects are attributed to SNAPIN-
enhanced lysosomal clearance of damaged mitochondria
in AD neurons. Excitingly, increasing SNAPIN levels signifi-
cantly ameliorated aberrant accumulation of mitophagosomes
in the hippocampal neurons of AD mouse brains supplemen-
ted with glutamine as compared to control AD brains infected
with AAV-mCherry (Figure S8B and C). Moreover,
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Figure 7. Lysosomal enhancement restores mitochondrial energetic activity in AD neurons. (a-b) Representative images (a) and quantitative analysis (b) showing that
overexpression of SNAPIN elevated cellular ATP levels in mutant HsAPP Tg neurons grown in glutamine media. The YFP:CFP ratios in the soma and the axons of AD
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accumulation in mutant HsAPP neurons with elevated SNAPIN expression under glutamine oxidation, as evidenced by a reduction in the number of mitophagosomes
(e). (g-h) OXPHOS stimulation increases Ay, in AD neurons with SNAPIN overexpression. The mean intensity of TMRE fluorescence in the soma of SNAPIN-expressed
mutant HsAPP neurons was measured and normalized to that in control mutant HsAPP neurons (h). (i-j) SNAPIN elevation ameliorated aberrant accumulation of
oxidatively damaged mitochondria in AD neurons in the presence of glutamine. Mean fluorescence intensity ratios evoked by the two excitation wavelengths
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repeats. Scale bars: 10 pm. Error bars: SEM. Student’s t test: ***p < 0.001.

attenuation of mitophagic accumulation was accompanied by neurons under oxidative metabolism. Therefore, combined

a significant reduction in lysosomal retention of mitochondria
(Figure 8(d) and (e)), suggesting SNAPIN-enhanced elimina-
tion of damaged mitochondria within lysosomes. Our TEM
analysis has further demonstrated that, while AD neurons
displayed aberrant accumulations of morphologically abnor-
mal (damaged) mitochondria and mitophagosomes under
basal conditions, such defects were exacerbated upon stimula-
tion of OXPHOS activity (Figure 8(f) and (g)). Importantly,
overexpression of SNAPIN significantly decreased the number
of damaged mitochondria, coupled with amelioration of mito-
phagic accumulation in the hippocampal neurons of AD mouse
brains (Figure 8(f) and (g)). Collectively, these findings indicate
that SNAPIN-enhanced lysosomal function alleviates mito-
chondrial stress by promoting mitophagic clearance in AD

with the observations in vitro in cultured AD neurons (Figure
7), these results suggest a critical role of mitophagy failure in
the metabolic deficiency linked to AD, and such a defect is
involved in the pathogenesis of synaptic defects in AD brains.

Discussion

Neurons have limited ability to generate ATP through glyco-
lysis in the cytoplasm and hence depend mainly on mitochon-
drial OXPHOS for energy production. Mitochondria with
high energy metabolism are more vulnerable to various insults
and injuries. Thus, mitochondrial quality and quantity should
be tightly controlled to maintain bioenergy homeostasis,
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particularly in neurons with high energy demand. Given that
mitophagy is the only known cellular pathway through which
entire mitochondria can be eliminated within cells, the cur-
rent study sought to address the intersection of mitophagy
and bioenergetic status in healthy and diseased neurons. AD
patients exhibit early metabolic and mitochondrial deficits
preceding the onset of histopathological or clinical features
[16]. Such defects have been proposed to play an essential role
in the pathogenesis of AD [16,18,73-76]. Our study provides
the first indication that mitophagy acts as a key player mod-
ulating bioenergetic capacity in neurons and that mitophagy
dysfunction is involved in AD-linked metabolic deficiency.
PRKN-mediated mitophagy is initiated with PRKN translo-
cation onto damaged mitochondria followed by their sequestra-
tion within autophagosomes [12,13,43]. Upon CCCP-induced
Ay, depolarization, we and others have shown that PRKN-
mediated mitophagy primarily occurs in the soma of neurons,

where degradative lysosomes are highly enriched [24,38,45--
38,45-47,49,58,77-83]. Our recent work further uncovered
that, in axons, RHEB-dependent mitophagy targets damaged
mitochondria for autophagy. By coordination with retrograde
transport, mitophagosomes can be removed from distal axons
for lysosomal degradation in the soma [25,26]. Our current
studies reveal that metabolic enhanced neurons exhibit robust
mitochondrial stress, which drastically activates these two mito-
phagy pathways in the soma and the axons of neurons and
promotes mitochondrial turnover. Such a mechanism is critical
for neurons to maintain bioenergetic capacity and thus sustain
high metabolic activity. These new findings provide direct and
strong evidence that mitophagy participates in the regulation of
bioenergetics in neurons by facilitating the maintenance of
a functional mitochondrial pool.

Mitochondrial perturbation has been indicated as a hallmark
of AD. Mitochondrial malfunction, oxidative stress, and
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mitochondrial DNA changes are prominent pathological features
in AD brains [2,3,8,69,84-98]. Earlier studies revealed mitophagy
alterations in AD patient brains, as evidenced by autophagic
accumulation of mitochondria in vulnerable neurons [22-26,69].
Our previous studies have shown that PRKN-mediated mito-
phagy is activated at early disease stages in AD patient brains
and mouse models [24,48]. Moreover, our recent work documen-
ted that increased initiation of RHEB-mediated mitophagy,
coupled with impeded retrograde transport, leads to mitophagy
stress and thereby augments mitochondrial deficits at the synaptic
terminals of AD-related mutant HsAPP neurons [25,26]. In the
current study, we addressed whether early metabolic stimulation
reverses energy deficits and protects against synapse loss, an early
defect associated with AD. We demonstrate that the PRKN- and
RHEB-dependent pathways are augmented in AD neurons upon
stimulating OXPHOS activity. However, lysosomal failure impairs
mitophagy clearance and consequently halts mitochondrial turn-
over needed for the renewal of mitochondrial populations, leading
to energetic deficiency and exacerbation of synaptic damage
in AD mouse brains. Therefore, these results collectively support
the notion that mitophagy deficits in AD neurons disrupt ener-
getic capacity and induce metabolic dysfunction. Given the fact
that mitophagy failure is an early event in AD brains [24,27], the
observations from the current work further indicate that such
a defect plays an essential role in the metabolic disruption linked
to early AD.

Mitophagy is a lysosomal degradation pathway. In neurons,
proteolytically active lysosomes are highly enriched in the soma
[38,46-51,81,82]. We and others have shown that defects in
lysosomal proteolysis result in lysosomal accumulation of undi-
gested substrates, including damaged mitochondria, in the neu-
ronal soma [38,46-51]. In line with the somatic localization of
mature lysosomes, we observed an increase in lysosomal acidic
mitochondria in the soma of metabolically enhanced neurons
(Figure 2(i) and (j)), suggesting mitophagy activation in targeting
stressed mitochondria for lysosomal degradation. Lysosomal defi-
ciency has been implicated as one of the main cellular defects
in AD brains [99,100]. Our previous studies reported that lysoso-
mal protease deficiency impaired lysosomal proteolysis of autop-
hagic substrates in AD neurons [24,48]. In the current study, we
demonstrate that, upon stimulation of OXPHOS activity, lysoso-
mal deficits intensify aberrant retention of damaged mitochondria
and thus exacerbate mitochondrial stress, leading to the inability
of AD neurons to correct metabolic deficiency.

Our previous studies have established that SNAPIN acts as
a dynein motor adaptor to mediate retrograde transport of
late endosomes (LEs) in axons [49,70]. Through its direct
interaction with the dynein intermediate chain, SNAPIN
recruits dynein motors to LEs, enabling LE retrograde move-
ment toward the soma. Newly synthesized protease precursors
need to traffic from the trans-Golgi network through LEs to
lysosomes, a lysosomal protease-loading process that mainly
occurs in neuronal soma [46,48,49,77,80,81,101]. We have
demonstrated that SNAPIN-mediated LE retrograde transport
promotes the retrograde trafficking of the retromer from
distal axons toward the soma, where the retromer facilitates

loading the lysosome with critical proteases [48]. Importantly,
retrograde transport of LEs is impaired in AD neurons, lead-
ing to lysosomal protease deficits and impaired proteolytic
clearance of defective mitochondria within lysosomes.
Moreover, increasing SNAPIN levels rescues lysosomal pro-
tease deficiency by enhancing LE retrograde transport [48].
Our current study further shows that, while enhancing meta-
bolic activity in AD neurons augments lysosomal retention of
damaged mitochondria, SNAPIN-enhanced lysosomal func-
tional capacity rectifies such a mitophagy failure and thus
restores impaired energetic function. These observations sup-
port the premise that AD-associated lysosomal defects serve
as an important mechanism underlying the involvement of
mitophagy failure in bioenergetic dysfunction by disrupting
mitochondrial turnover.

Early deficits in synaptic mitochondria have been linked to AD
pathophysiology [64]. Our recent work proposed that such
a defect is the consequence of impaired mitochondrial mainte-
nance due to defective mitophagy [25,26]. We have demonstrated
that newly generated mitophagosomes fuse rapidly with LEs to
form amphi-mitophagosomes, allowing mitophagosomes to load
dynein-SNAPIN transport machinery and hence enabling their
retrograde movement. Importantly, SNAPIN-enhanced retro-
grade transport mitigates synaptic mitochondrial deficits by facil-
itating the removal of nascent mitophagosomes from AD synapses
[25,26]. In accord with this model, exacerbation of synaptic
damage in AD mouse brains after OXPHOS stimulation is likely
caused by augmentations in mitochondrial stress and energy crisis
at synaptic terminals as the result of mitophagy failure. Moreover,
elevated SNAPIN expression alleviates synapse loss in AD mouse
brains. We attribute SNAPIN-induced beneficial effects
against AD-linked synaptic injury to restored bioenergetic activity
by enhancing mitophagy clearance at AD synapses.

In summary, mitochondrial and metabolic disturbances
have been indicated as early deficits in AD brains and are
critically linked to AD pathophysiology. Understanding how
mitochondrial integrity and function are maintained and
how mitochondrial quality impacts metabolic function and
neuron health constitutes major goals in the field and is
required for effective design of interventions that prevent
or delay AD. The findings from this study provide novel
insights into the neuronal mechanism of mitophagy in the
regulation of energy metabolism. Our work thereby concep-
tually advances current knowledge as to how mitophagy
failure and impaired mitochondrial maintenance lead to
metabolic disruptions and thus intensify synaptic defects
linked to early AD. Elucidation of this pathological mechan-
ism has a broad neurobiological impact because mitochon-
drial malfunction, lysosomal deficits, and synaptic pathology
all have been associated with human neuronal aging and
other age-related neurodegenerative diseases. Our study
could influence the development of necessary, new AD pro-
tective and therapeutic approaches based on the control of
functional mitochondrial populations and bioenergetic status
by mitophagy/lysosomal enhancement to combat AD-linked
cognitive impairment.



Materials and methods
Mouse line and animal care

HsAPP mice (C57BL/6 J) from line J20 (https://www.jax.org/
strain/006293) [67] were purchased from the Jackson
Laboratory. All animal procedures were carried out following
the Rutgers Institutional Animal Care and Use Committee
(IACUC). The animal facilities at Rutgers University are fully
AAALAC accredited.

Reagents and antibodies

Sources of antibodies or reagents are as follows: polyclonal anti-
bodies against LC3 (2775), RHEB (13,879), and HSPD1/HSP60
(12,165) from Cell Signaling Technology; SQSTM1/p62 (MBL,
PM045); LC3 (L7543), actin (A2103), and SOD2 (HPA001814)
from Sigma-Aldrich; STX1/syntaxin 1 (sc-12,736) and TOMM20
(sc-11,415) from Santa Cruz Biotechnology; monoclonal antibo-
dies against LAMP1 (Developmental Studies Hybridoma Bank,
1D4B); CYCS/cytochrome ¢ (556,432) and USO1/p115 (612,261)
from BD Biosciences; VDAC1 (Abcam, ab14734); PRKN/parkin
(sc-32,282) and actin (sc-47,778) from Santa Cruz Biotechnology;
SYP/synaptophysin (MAB5258-1) and GAPDH (CB1001) from
Millipore/CHEMICON. TMRE (Invitrogen, T669); glutamine
(Gibco, 25,030-061); pyruvate (P5280), lactate (71,718), Z-VAD-
FMK (V116), and DMSO (D2650) from Sigma-Aldrich; Alexa
fluor 488- (A-11,017; A-11,070) and 546- (A-11,018; A-11,071)
conjugated secondary antibodies from Invitrogen.

Transfection of cultured cortical neurons

Cortices were dissected from E18-19 embryos of WT or
mutant HsAPPSwe/Ind Tg (J20 line) mice as described
[16,38,49]. Cortical neurons were dissociated by papain
(Worthington) and plated at a density of 100,000 cells
per cm® on polyornithine- (Sigma-Aldrich, P4957) and
fibronectin- (Sigma-Aldrich, F1141) coated coverslips.
Neurons were grown overnight in plating medium (5%
FBS, insulin, glutamate, G5, and 1x B27) supplemented
with 100 x L-glutamine in Neurobasal medium
(Invitrogen, 21,103-049). Starting at DIV2, cultures were
maintained in conditioned medium with half-feed changes
of neuronal feed (1x B27 in Neurobasal medium) every 3
d. Primary HsAPP Tg neurons were cultured from breeding
mice of hemizygous mutant HsAPPSwe/Ind Tg with WT
animals [67]. Genotyping assays were performed following
culture plating to verify mouse genotypes. In our study, we
examined both transgenic and non-transgenic neurons
derived from their littermates. WT and mutant HsAPP Tg
neurons were transfected with various constructs at DIV5-7
using Lipofectamine 2000 (Invitrogen, 11,668,019) followed
by 30 min pulse with 50 nM TMRE dye before imaging, or
time-lapse imaging 10-14 d after transfection prior to quan-
tification analysis. To stimulate OXPHOS, neurons were
treated with 10 mM glutamine in Neurobasal-A medium
(no D-glucose, no sodium pyruvate; Invitrogen, A24775-
01) supplemented with B27 together with 1 mM pyruvate
and 1 mM lactate. Control neurons were incubated in the
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medium in which 10 mM glutamine was replaced by 25 mM
glucose.

Determination of cellular and mitochondrial ATP levels in
live neurons

AT1.03 probe, a genetically-encoded fluorescence resonance
energy transfer (FRET)-based ATP indicator, was used to
examine cellular ATP levels [33]. CFP (mseCFP) and YFP
(cpl73-mVenus) variants of AT1.03 were connected by the &
subunit of Bacillus subtilis FOF1-ATP synthase. While the
ATP-free form results in low FRET efficiency, the ATP-
bound form increases FRET efficiency. Moreover,
mitAT1.03 was utilized to indicate the ATP status of indivi-
dual mitochondria, which is localized to the mitochondrial
matrix through the N terminus of AT1.03 fusion to a duplex
of the mitochondrial targeting signal of cytochrome ¢ oxidase
subunit VIII. Alternatively, the engineered fluorescent sensor,
PercevalHR (Addgene, 49,082; deposited by G. Yellen), was
also used to monitor the ATP:ADP ratio in live neurons.
PercevalHR is an improved variant of Perceval, and was
constructed by combining a circularly permuted variant of
GFP with a bacterial ATP-binding protein GInK1 [35].
PercevalHR has an increased fluorescence response and
senses a greater range of ATP:ADP ratios [34] to report the
relative ATP:ADP ratio with real-time changes in fluores-
cence, and thus allows better temporal and spatial detection
of cellular ATP changes. AT1.03 or PercevalHR was trans-
fected into cortical neurons at DIV5-6 using Lipofectamine
2000, followed by imaging on an Olympus FV1000 micro-
scope at DIV10-14. The FRET signal (YFP:CFP emission
ratio) was measured and calculated from the individual cells
expressing AT1.03, which reflects the intracellular ATP levels.
PercevalHR was excited at 405 nm and 488 nm respectively
and was detected in the 505-550 nm range. The fluorescence
intensities (F 4gsnm:F 40snm) reflect the relative cellular ATP:
ADP ratio.

Determination of mitochondrial oxidation in live neurons

MitoROGFP (Addgene, 49,437; deposited by P. Schumacker)
was used to measure mitochondrial oxidation in live neurons
[36]. Neurons expressing MitoROGFP were excited at 405 nm
or 488 nm with a sequential line scanning method. The
emission was configured and detected at 510 nm. Images
were processed using FV1000 software, Image ], and Adobe
Photoshop CS6 (Adobe systems). To compare the intensities
of the soma and axons of neurons between two excitation
wavelengths (405 nm and 488 nm), the same ROIs were
chosen to obtain intensity values for both excitation wave-
lengths. The 405:488 ratios in each experiment were normal-
ized to the values of WT or mutant HsAPP Tg neurons in the
presence or absence of glutamine.

Determine acidic mitochondria in live neurons

Live-cell imaging was performed in WT or mutant HsAPP
cortical neurons expressing mt-Keima and GFP-LAMP1 with
and without glutamine supplementation. Neurons were
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visualized with an FV3000 oil immersion 60x objective with
two sequential excitation lasers at 440 nm (green, healthy
mitochondria at neutral pH) and 586 nm (red, damaged
mitochondria engulfed by lysosomes under acidic pH) and
an emission spectrum from 590-680 nm [60,61,102]. Images
were sequentially acquired from top to bottom with Z-step
(0.5um) at a resolution of 1024 x 1024 pixels, 8 bit, and
stacked using Z-projection (maximum intensity). Images
were imported into Image] (NIH) and the background was
removed using the built-in plugin “remove background” prior
to quantification.

Real time qRT-PCR measurements

Total RNAs were extracted from cultured neuron lysates trea-
ted with and without glutamine using Trizol (Invitrogen, 15,-
596-026) according to the manufacturer’s instruction. PCR
was performed in an Eco real-time qPCR system (Illumina,
San Diego,CA) using iScriptTM One-Step RT-PCR Kit With
SYBR Green (Bio-Rad Laboratories Inc., Hercules, CA) in
20 pL reactions with 20 ng of RNA template. We used as
forward (5- ACC ACA GTC CAT GCC ATC AC -3') and
reverse (5'- TCC ACC ACC CTG TTG CTG TA -3') primers
for GAPDH, forward (5'- GCA GTC GCA ACA TGC TCA AG
—3') and reverse (5'- GGG AAC CCT TGG GGT CAT TT -3')
primers for PPARGC1A/PGCla, forward (5'- TCC ACA GAA
CAG CTA CCC AA -3') and reverse (5'- CCA CAG GGC TGC
AAT TTT CC -3') and (5'- AGA CGG TTG TTG ATT AGG
CGT -3') primers for TFAM, forward (5'- AGA AAC GGA
AAC GGC CTC AT -3') and reverse (5'- CAT CCA ACG TGG
CTC TGA GT -3') primers for NRF1, and forward (5'- ATG
GAG CAA GTT TGG CAG GA -3') and reverse (5'- GCT
GGG AAC AGC GGT AGT AT -3') primers for NFE2L2,
respectively. Samples were measured two to three times and
average values were used for the calculation of relative fold
changes. The relative levels of PPARGC1A, TFAM, NRF1 or
NFE2L2 mRNA were normalized to the levels of GAPDH
mRNA in each preparation. For each experiment, the values
for control neurons in the absence of glutamine were set to 1
and other values were normalized accordingly.

Image acquisition and quantification

Confocal images were obtained using an Olympus FV3000
oil immersion 60x objective (1.3 numerical aperture) with
a sequential-acquisition setting. For fluorescent quantifica-
tion, images were acquired using the same settings below
saturation at a resolution of 1,024 x 1,024 pixels (8 bit).
Eight to ten sections were taken from the top-to-bottom of
the specimen and brightest point projections were made.
Morphometric measurements were performed using NIH
Image]. Measured data were imported into Excel software
for analysis. The thresholds in all images were set to similar
levels. Fluorescence intensity of TMRE was expressed as
arbitrary units of fluorescence per square area. The mean
intensity of TMRE in the soma of WT or mutant HsAPP
neurons treated with glutamine was normalized as
a percentile ratio relative to that in control neurons in the

absence of glutamine. Data were obtained from at least
three independent experiments and the number of neurons
used for quantification is indicated in the figures.

Criteria for axon selection in cultured neurons

For analyzing the motility of membranous organelles in live
neurons, we selected axons for time-lapse imaging and mea-
suring organelle motility because axons, but not dendrites,
have uniform microtubule organization and polarity. Axonal
processes were selected as we previously reported [38,49,103].
Briefly, axons in live images were distinguished from den-
drites based on known morphologic characteristics: greater
length, thin and uniform diameter, and sparse branching
[104]. Only those that appeared to be single axons and sepa-
rate from other processes in the field were chosen for record-
ing axonal mitochondrial transport. Regions, where crossing
or fasciculation occurred, were excluded from the analysis.

For live-cell imaging, custom ordered Hibernate medium
(HE-CUSTOM no glucose, no sodium pyruvate, no phenol
red) supplemented with 10 mM glutamine, 1 mM pyruvate,
and 1 mM lactate was used for imaging neurons following
24 h glutamine incubation. As for control neurons, Hibernate
medium supplemented with 10 mM glucose, 0.5 mM gluta-
mine, 1 mM pyruvate, and 1 mM lactate was used. The
temperature was maintained at 37°C with an air stream incu-
bator. Cells were visualized with a 60x oil immersion lens (1.3
numerical aperture) on an Olympus FV1000 confocal micro-
scope, using 458 excitation for CFP, 488 nm for GFP or YFP,
and 559 nm for DsRed or TMRE. Time-lapse sequences of
1,024 x 1,024 pixels (8 bit) were collected at 5-s intervals with
1% intensity of the laser to minimize laser-induced bleaching
and cell damage while maximizing pinhole opening. Time-
lapse images were captured at a total of 100 frames.
Recordings were started 6 min after the coverslip was placed
in the chamber. The stacks of representative images were
imported into NIH Image] software and converted to
QuickTime movies. A membranous organelle was considered
stopped if it remained stationary for the entire recording
period; a motile one was counted only if it displaced at
least 5 um.

To trace the anterograde or retrograde movement of
axonal mitochondria and to count stationary ones, kymo-
graphs were made as described previously [38,105] with
extra plug-ins for NIH Image]. Briefly, we used the
“Straighten” plugin to straighten curved axons and the
“Grouped ZProjector” to z-axially project re-sliced time-
lapse images. The height of the kymographs represents
recording time (300 s unless otherwise noted), while the
width represents the length (um) of the axon imaged.
Counts were averaged from 100 frames for each time-lapse
image to ensure the accuracy of stationary and motile events.
Relative motility of vesicles or organelles is described as the
percentage of anterograde, retrograde, or stationary events of
total vesicles or organelles. Measurements are presented as
mean + SEM. Statistical analyses were performed using
unpaired Student’s t-tests.



Cell fractionation and immunoblotting

The mitochondria-enriched membrane was prepared as pre-
viously described [24,25,38]. Briefly, cortical neurons were
cultured in 100-mm plates at a density of 5 x 10° in the
presence and absence of glutamine for 24 h at DIV14. After
washing once with PBS (Quality Biological, 114-058-131),
cells were harvested and suspended in ice-cold Isolation
Buffer (IB) [10 mM Tris-HCl, 1 mM EGTA, 1 mM EDTA,
0.25 M sucrose, and protease inhibitors (Roche,
4,693,159,001), pH7.4]. Cells were then homogenized 20
times by passing through a 25-gauge needle using a 1-ml
syringe on ice. Following centrifugation at 1,000 x g for
10 min at 4°C, the supernatant was saved as post-nuclear
supernatant (PNS). PNS was centrifuged at 15,000 x g for
10 min to separate the mitochondria-enriched fraction
(Mito) from the cytosol-enriched fraction (Sup). The same
amount of protein (10 pg) from each fraction was resolved
by 4-12% Bis-Tris PAGE for sequential western blots on the
same membranes after stripping between each application of
antibody. For semi-quantitative analysis, protein bands
detected by ECL were scanned into Adobe Photoshop CS6
and analyzed using NIH Image]. Care was taken during
exposure of the ECL film to ensure that intensity readouts
were in a linear range of standard curve blot detected by the
same antibody. Paired Student t-tests were carried out and
results are expressed as mean + SEM.

Measurement of mitochondrial respiration rates from
mouse brains

Cortical tissues from WT or mutant HsAPP Tg mice with or
without glutamine supplementation were used as a source
for mitochondrial preparations. The tissues were rinsed in
ice-cold mitochondrial isolation buffer (70 mM sucrose,
210 mM mannitol, 5 mM HEPES, 1 mM EGTA, 0.5% [w:
v] fatty acid-free BSA [Sigma-Aldrich, A8806], pH 7.2), then
homogenized using a glass Dounce tissue grinder (10 strokes
with a loose pestle, 10 strokes with a tight pestle; Thomas
Scientific, 8243-01). Mitochondria were freshly isolated from
tissue homogenates using a differential centrifugation
method [106,107]. Briefly, the homogenate was centrifuged
at 1,000 x g for 10 min at 4°C. Following centrifugation, the
supernatant was transferred to a separate tube and centri-
fuged at 8000 x g for 15 min at 4°C and washed once more
with the same buffer and centrifugation procedure. Protein
concentrations were measured using BCA protein assay
(Pierce Chemical Co., 23,225).

Seahorse XF24 Analyzer (Agilent Technologies, CA) was
used to measure bioenergetic function in freshly isolated mito-
chondria from the cortex. The XF24 creates a transient 7-pl
chamber in specialized 24-well microplates that allows for oxy-
gen consumption rate (OCR) to be monitored in real time [108].
40 pg of isolated mitochondria was added to each well in 50 pl of
mitochondrial assay solution (MAS: 70 mM sucrose, 220 mM
mannitol, 10 mM KH,PO,, 5 mM MgCl,, 5 mM HEPES, 1 mM
EGTA, 0.2% [w:v] fatty acid free BSA, pH 7.2). The plate was
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then transferred to a centrifuge equipped with a swinging bucket
microplate adaptor and spun at 2,000 g for 20 min at 4°C. After
centrifugation, 450 pl of MAS with pyruvate (10 mM; Sigma-
Aldrich, P5208) and malate (2 mM; Sigma-Aldrich, M6413) was
added to each well. Oligomycin (1 uM; Sigma-Aldrich, 04876),
FCCP (4 puM; Sigma-Aldrich, C2920) and rotenone (1 pM;
Sigma-Aldrich, R8875) + antimycin A (1 pM; Sigma-Aldrich,
A8674) were injected sequentially through ports in the Seahorse
Flux Pak cartridges. Each loop began with mixing for 1 min,
followed by OCR measurement for 3 min. This allowed the
determination of the basal level of oxygen consumption as well
as maximal and ATP-linked respirations [108,109].

Transmission electron microscopy

Hippocampi from WT or mutant HsAPP Tg mice were cut
into small specimens (one dimension < 1 mm) and fixed in
Trump’s fixative (Electron Microscopy Sciences) for 2 h at
RT. The sections were then washed by 0.1 M Cacodylate
buffer, and post-fixed in 1% osmium tetroxide, followed by
dehydrating in ethanol, and embedding using the EM bed 812
kit (Electron Microscopy Sciences) according to a standing
procedure. Images were acquired on an electron microscope
(1200EX; JEOL) (Electron Imaging Facility in the Department
of Pathology and Laboratory Medicine, Robert Wood Johnson
Medical School). For quantitative studies, the numbers of
morphologically abnormal (damaged) and normal mitochon-
dria (healthy) and mitophagosomes - mitochondria within
autophagic vacuole (AV)-like organelles - in the soma were
counted from electron micrographs, respectively. Abnormal
mitochondria were defined as having swollen round shape,
and reduced, disorganized, or loss of internal cristae [24,110].
MVs were characterized by mitochondria within double-
membrane structures (initial AVs, AVi) or amphisomes con-
taining partially degraded cytoplasmic components, vesicles,
or high electron dense materials [49,111,112]. Quantification
analysis was performed blindly to the condition.

Tissue preparation and immunohistochemistry

Animals were anesthetized with 2.5% avertin (0.35 ml per
mouse) and transcardially perfused with fixation buffer (4%
paraformaldehyde in PBS, pH 7.4). Brains were dissected out
and post-fixed in fixation buffer overnight and then placed in
30% sucrose at 4°C. Ten-pm-thick coronal sections were
collected consecutively to the level of the hippocampus and
used to study co-localization of various markers. After incu-
bation with blocking buffer (5% goat serum [Sigma-Aldrich,
G9023], 0.3% Triton X-100 [Sigma-Aldrich, T8787], 3% BSA,
1% glycine in PBS) at RT for 1 h, the sections were incubated
with primary antibodies at 4°C overnight, followed by incu-
bating with secondary fluorescence antibodies at 1:600 dilu-
tion at RT for 1 h. After fluorescence immunolabeling, the
sections were stained with DAPI and washed three times in
PBS. The sections were then mounted with anti-fading med-
ium (vector laboratories, H-5000) for imaging. Confocal
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images were obtained using an Olympus FV3000 oil immer-
sion 40x objective with sequential-acquisition setting. Eight to
ten sections were taken from top-to-bottom of the specimen
and brightest point projections were made.

Glutamine supplementation

For glutamine supplementation experiments, 4% glutamine
(Sigma) in sterile tap water was made fresh daily and offered as
the sole source of drinking water for 5 consecutive days (Monday
through Friday), as previously described [62,63]. Control mice
were fed with only sterile tap water. To avoid undue stress from
elevated ammonia concentrations, all mice drank glutamine-free
water 2 d each week (Saturday and Sunday).

In vivo gene delivery

The AAV2/9-mCherry and AAV2/9-mCherry-SNAPIN con-
structs were kindly provided by Z.-H. Sheng and as described
previously [25,46,68]. The AAV2/9-mCherry-SNAPIN con-
struct contains an IRES segment between mouse SNAPIN
and mCherry sequences, resulting in separate expression of
mouse SNAPIN and mCherry. The AAV2/9-mCherry and
AAV2/9-mCherry-SNAPIN viruses were produced by Vector
BioLabs. Adult mutant HsAPP Tg mice at 2-3 months of age
were injected into the hippocampus (AP: - 2 mm, LAT: -
1.5 mm, DV: + 1.75 mm) of both cerebral hemispheres
according to the stereotaxic atlas of Franklin and Paxinos
(2001) using 4-8 x 10° total viral particles per side and
analyzed 6-7 months after injection.

Statistical analysis

All statistical analyses were performed using the Student’s
t-test and are presented as mean + SEM.
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