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Abbreviations

Neuronal differentiation is regulated by nerve growth factor (NGF) and
other neurotrophins. We explored the impact of NGF on mitochondrial
dynamics and metabolism through time-lapse imaging, metabolomics pro-
filing, and computer modeling studies. We show that NGF may direct dif-
ferentiation by stimulating fission, thereby causing selective mitochondrial
network fragmentation and mitophagy, ultimately leading to increased
mitochondrial quality and respiration. Then, we reconstructed the dynamic
fusion—fission—mitophagy cycling of mitochondria in a computer model,
integrating these processes into a single network mechanism. Both the com-
putational model and the simulations are able to reproduce the proposed
mechanism in terms of mitochondrial dynamics, levels of reactive oxygen
species (ROS), mitophagy, and mitochondrial quality, thus providing a
computational tool for the interpretation of the experimental data and for
future studies aiming to detail further the action of NGF on mitochondrial
processes. We also show that changes in these mitochondrial processes are
intertwined with a metabolic function of NGF in differentiation: NGF
directs a profound metabolic rearrangement involving glycolysis, TCA
cycle, and the pentose phosphate pathway, altering the redox balance. This

Baf, bafilomycin A1; CC, AMPK inhibitor Compound C; D, healthy dispersed mitochondria; Dd, mild damaged dispersed mitochondria; Ddd,
severely damaged dispersed mitochondria; GAP43, growth-associated protein 43; Glc, glucose; GIn, glutamine; Glu, glutamate; GSH,
reduced Glutathione; GSSG, oxidized Glutathione; H,DCF-DA, dichloro-dihydrofluoresceine diacetate; JNKi, c-Jun N-terminal kinase inhibitor;
LC-MS, Liquid chromatography-mass spectrometry; LTR, LysoTracker red; MFI, mean fluorescence intensity; MTG, MitoTracker Green;
MTR, MitoTracker Red CMXRos; N, healthy networked mitochondria; NAD™, nicotinamide adenine dinucleotide; Nd, mild damaged
networked mitochondria; Ndd, severely damaged networked mitochondria; NGF, nerve growth factor; PI3K, phosphoinositol-3-kinase; PPP,
pentose phosphate pathway; R5P, ribose-5-phosphate; RAP, rapamycin; ROS, reactive oxygen species; SOD1, superoxide dismutase 1; TCA
cycle, tricarboxylic acid cycle; TOMMZ20, translocase of outer mitochondrial membrane 20; V,,, mitophagy (reaction); Vrosq, degradation of
ROS produced by Dd and Ddd (reaction); V,.sq, degradation of ROS produced by Nd and Ndd (reaction); Vgross, ROS synthesis by Dd and
Ddd (reaction); V,0ss, ROS synthesis by Nd and Ndd (reaction); Vs, mitochondria biogenesis (reaction); WT, wortmannin.
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metabolic rewiring may ensure: (a) supply of both energy and building
blocks for the anabolic processes needed for morphological reorganization,
as well as (b) redox homeostasis.

Introduction

Neuronal differentiation requires extensive modifica-
tion of molecular and morphological properties to
comply with the novel specialized functions. Neuronal
branching also involves the remodeling of organelles,
in particular mitochondria, as they need to spread into
the growing neurites and sustain the high energy
requirements essential for synapse formation and neu-
rotransmission [1,2]. Several studies have recently
addressed the contribution of mitochondrial dynamics
and metabolism to neuronal development [3-9].

The mitochondrial morphology, of fragmented or
highly interconnected networks, is controlled by the
balance between fusion and fission in continuous
cycles. Fusion, regulated by mitofusinsl/2 (Mfnl/2)
and optic atrophy-1 (Opal), increases the rescue of
damaged mitochondria and their metabolic efficiency.
Fission, regulated by dynamin-related protein-1
(Drpl), favors the transport of dispersed mitochondria
along neurites, as well as the removal of damaged
mitochondria by mitophagy [10-12]. Indeed, mitochon-
drial dynamics is closely related to mitophagy in
response to metabolic or environmental stresses that
cause high production of Reactive Oxygen Species
(ROS), byproducts of the oxidative mitochondrial res-
piration [13-16]. ROS cause oxidative damage to
all mitochondrial components (lipid, proteins, and
mtDNA), thus compromising the bioenergetic capacity
of mitochondria and making them prone to further
ROS production. This oxidative cycle is blocked by
changes in mitochondrial dynamics through increased
fission and decreased fusion, thereby promoting the
quarantine of damaged fractions of mitochondria.
Then, activation of mitophagy through multiple regula-
tory signaling effects the clearance of damaged or dys-
functional mitochondria in PINK/Parkin or BNIP3L/
NIX-mediated pathways [11,17-21].

The entire process, essential for mitochondria qual-
ity control, is regulated at multiple levels [22]. Evi-
dence suggests the reciprocal influence between the
fission/fusion machinery and the mitochondrial/cellular
bioenergetic status (i.e., mitochondrial membrane
potential and ATP levels), as well as the regulation by
Bcl-2 proteins and post-translational modifications
[3,10,23]. Additional control of mitochondrial quality
is provided by mitochondrial proteases, such as
Omi/HtrA2 which plays a key role in processing Opal
to maintain the balance of short and long isoforms
required for mitochondria elongation [24]. Mitochon-
drial quality control is crucial for neuronal develop-
ment, to maintain mitochondrial turnover and Gibbs
energy homeostasis in the growing neurites engaged in
axon remodeling during differentiation and neuroplas-
ticity [9,12,25-27]. On the other hand, the dynamic
changes of the mitochondria phenotype switch their
metabolic pattern from glycolytic to oxidative phos-
phorylation resulting in increased ATP production
[12,25,26], while producing more ROS [1,28].

Neuronal differentiation is initiated by complex
intrinsic and extrinsic signaling pathways, such as in
response to morphogens and/or trophic factors.
Among them, Nerve Growth Factor (NGF) [29] is
essential for neurogenesis and development of cholin-
ergic neurons in the brain, as well as for sympathetic
and sensory neurons in the peripheral nervous system
[30-33]. The NGF/PI3K/Akt signaling plays a role in
regulating the balance of pro- and anti-apoptotic Bcl-2
proteins, as well as the expression of ROS scavenging
enzymes, such as the Cu/Zn-superoxide dismutase
(Cu/Zn-SOD) [31,34], thus suggesting an effect on
mitochondrial function and redox homeostasis.

Neuronal differentiation by NGF may be served by
a transient dispersion of the mitochondria. In our
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previous study of NGF-induced differentiation [12], we
made some observations constraining the mechanisms
that could be operative: NGF administration stimu-
lated mitochondrial respiration and caused a transient
rise in ROS levels and autophagy flux. These observa-
tions might be due to an enhanced metabolic workload
imposed by the differentiation per se. The alternative
of NGF fostering the mitophagy flux by increasing the
fission rate is also likely, as supported by our observa-
tion of increased P-Drpl [12], presumably through
increased ROS and/or activation of PI3K and ERK1/2
signaling cascades [7], and the observation that inhibi-
tion of fission reduces NGF-induced axonal branching
and differentiation [7].

To address these possibilities, we here show by time-
lapse imaging that NGF-induced differentiation occurs
with changes in mitochondrial dynamics and mito-
phagy, ultimately leading to increased mitochondrial
quality. We then reconstruct the dynamic fusion—fis-
sion cycling of mitochondria in a computer model and
relate this to mitophagy. That model helps us demon-
strate how the fusion—fission cycling can serve to
enhance the performance of mitochondria subject to
ROS challenges. An increase in mitochondrial fission
activity in the model causes a transient increase in
ROS levels, as well as a permanent increase in mito-
chondrial activity, both phenomena confirmed experi-
mentally upon induction of PCI12 cell differentiation
by NGF. Moreover, we provide evidence of the sub-
stantial metabolic changes involving glycolysis, TCA
cycle, Pentose Phosphate pathway and redox balance.
This metabolic reprogramming may be necessary to
fulfill the energy demand, to drive anabolic processes
in differentiation and manage the redox balance.

Together with the results reported in [12], these new
results constitute a comprehensive dataset on how
NGF regulates neuronal differentiation through its
effects on mitochondrial dynamics. The integration of
models and experimental data show how neuronal dif-
ferentiation may work. They support the fusion—
fission—mitophagy mechanism we propose for how
NGF manages mitochondrial quality and dynamics,
thereby ensuring the metabolic remodeling needed for
the differentiation.

Results

NGF-induced differentiation occurs with
increased mitochondrial fission and mitophagy
to improve mitochondrial quality

We previously showed that NGF-induced differentia-
tion occurs with changes in mitochondrial respiration,
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ROS production, P(Ser616)-DRP1 levels and autop-
hagy flux as revealed by the GFP-RFP-LC3 fluores-
cence and levels of LC3 and p62 in the presence of
autophagy inhibitors [12], suggesting that NGF might
foster mitophagy by increasing the fission rate.

To further explore the impact of fission and mito-
phagy on neuronal differentiation, we here examined the
effect of NGF on mitochondria populations and mito-
phagy by time-lapse imaging of PC12 cells stained by
Mitotracker green (MTG) and Lysotracker red (LTR)
[35]. As documented in Fig. 1A-E, NGF treatment
increases the fraction of fragmented mitochondria: the
2—6 and 20-26 h time-lapse sequences show regions rich
in dispersed mitochondria at 4-5 h and at 20-25 h
(Fig. 1B,C, respectively, white arrows), as quantified in
(Fig. 1E upper panel, 1H,I and Table 1). NGF-treated
cells also exhibit a higher number of total mitochondria
per cell at 4-24 h (Fig. 1F) which, together with a reduc-
tion in the mean mitochondrial length at 4 h (Fig. 1G)
further suggests the increase in mitochondrial fragmen-
tation at early stages of the differentiation. These obser-
vations are consistent with our extended [12] hypothesis
(and the modeling studies below) that mitochondria do
not constitute a homogeneous population with respect
to ROS production, damage and thereby engagement in
fission or fusion processes. In line with this prediction,
our data show that NGF causes the presence of
more fragmented mitochondria, while some networked
healthy mitochondria are still remaining. With this fis-
sion process ongoing, the networked mitochondria
would ultimately disappear if not at later stages NGF
also increased the ability of mitochondria to fuse with
each other (Fig. 1E lower panel, 1H,I and Table 1), as
shown by the presence of both fragmented and elon-
gated mitochondria between 20 and 25 h (Fig. 1B.C,
white and green arrows, respectively). The increase
in networked mitochondria is in agreement with our pre-
vious data of Mfn2 induction at 24 h [12]. These
changes are suggestive of a very dynamic balance
between dispersed and networked mitochondria in
NGPF-differentiated cells, as evident in the video at 24 h
(Video SI-NGF 24 h: 44 s, 1 frame every 0.5 s) and
selected frames thereof (Fig. 1D) showing the motility
and flowing of mitochondria between dispersed and net-
worked states, in particular in the growth cones and
newly formed neurites. Indeed, the time-lapse sequences
in Fig. 1B,C show the dynamic behavior of regions rich
in dispersed mitochondria (white arrows) toward a mito-
phagy state, as revealed by the co-localization of mito-
chondria and lysosomes (orange arrows) in NGF-
treated cells, and their disappearance in the following
timeframes showing only mitochondria with elongated
morphology (green arrows).
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Movement of mitochondria and lysosomes along
neurites is also evident in Videos S2 and S3. Likewise,
the different timing of mitophagy in the perinuclear
versus the neurite areas is remarkable: the former is
limited to early time points, but remains higher
than CTR (Figs 1B and 2B upper panel, and 2C),
while NGF-induced mitophagy in neurites continues
throughout the time-lapse (Figs 1C and 2B lower
panel, and 2D). Nonetheless, the total number and
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volume of mitochondria in NGF-treated cells remains
higher than in CTR cells (Fig. 1F and Table 2). This
is presumably due to an increased mitochondrial bio-
genesis. Indeed, MTG staining in the presence of the
lysosomal inhibitor Bafilomycin Al (Baf) (Figs 1H,I
and 2A) confirms the impact of NGF on the rates of
both mitophagy and mitochondrial biogenesis, as com-
puted in Table 2, according to [36]. This finding is in
accordance with the time-dependent increase of Nrfl
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Fig. 1. Analysis of mitochondrial dynamics changes in NGF-treated cells. (A-C) Representative images of MTG-LTR stained PC12 cells in
CTR (A), and in 2-6 h (B) or 22-26 h (C) time-lapse imaging after treatment with NGF (10 ng-mL~"). The boxes in (A) represent the enlarged
areas of CTR, or regions of selected time-lapse images of NGF-treated cells for 2-6 h (B) or 22-26 h (C). Live imaging was performed by
Operetta® CLS on 20 random fields. Regions of fragmented (white arrows) or networked mitochondria (green arrows) and MTG-LTR over-
laps (orange arrows) are indicated. Scale bars: 10 um. (D) Representative frames from live imaging sequences of cells differentiated with
NGF for 24 h (Video S1-NGF_24h, 44 s, 1 frame every 0.5 s). The experiment was replicated three times. Green arrowheads indicate the
dynamic changes of one mitochondrion in the sequential frames. Scale bar: 5 um. (E) Volume of fragmented (upper panel) and networked
(lower panel) MTG-stained mitochondria at the indicated points of the time-lapse in CTR or NGF-treated cells. Segmentation and quantitation
of fragmented/networked mitochondria were performed as described in Methods. Data are the mean of fragmented/networked mitochon-
dria/cell (um? per cell) in about 150 cells of 20 imaged random fields and expressed as a percent of CTR. Similar trends were found in three
separate experiments. (F, G) Total number (F) and mean length (G) of MTG-stained mitochondria/cell after NGF treatment for 4 or 24 h.
Data, expressed as a percent of CTR + SEM, are the mean of three experiments with duplicate samples. (H, ) Volume of dispersed and
networked mitochondria in the perinuclear (P) and neurite (N) areas in the 2-6 h (H) and 20-26 h () time-lapse images of MTG-stained cells
treated with NGF (10 ng-mL™") (images in A-C), and effect of Rap (200 nm) and Baf (100 nm) (images in Fig. 2A). Data, expressed as per-
cent of total mitochondria in the CTR, are the mean + SEM of perinuclear or neurite fragmented/networked mitochondria/cell in about 150
cells of 20 random fields (values are reported in Table 1). *P < 0.05, **P < 0.01 vs the corresponding CTR (ANOVA and Dunnett’'s multiple
comparisons test). Baf, bafilomycin A1; LTR, LysoTracker red; MTG, MitoTracker Green; NGF, Nerve Growth Factor; RAP, rapamycin.

Table 1. Volume of mitochondria/cell. Mean Volume of dispersed and networked mitochondria in the Perinuclear and Neurite regions in the
2-6 h and 20-26 h time-lapse imaging of MTG-stained PC12 cells treated with NGF (10 ng-mL™") (representative images in Fig. 1A-C), and
effect of Rap (200 nm) and Baf (100 nm) (representative images in Fig. 2A). The protocol for mitochondria segmentation and quantitation is
detailed in the Methods. Data are the mean of perinuclear and neurite fragmented/networked mitochondria/cell in about 150 cells in 20 ran-
dom fields and expressed as percent of total mitochondria in the CTR (2-6 h).

2-6 h 20-26 h

Perinuclear Perinuclear  Neurites Neurites Perinuclear Perinuclear ~ Neurites Neurites

networked dispersed dispersed  networked Total networked dispersed dispersed  networked Total
CTR 46.6 23.3 13.1 17.0 100.0 425 21.3 12.2 9.0 85.0
NGF 44.2 34.2 19.6 15.0 113.0 54.5 33.3 21.3 17.7 126.7
Rap 43.8 21.9 11.0 17.4 94.1 46.5 23.3 11.3 12.0 93.1
NGF + Rap 50.2 271 13.6 15.3 106.3 53.0 28.5 16.6 1.7 109.7
Baf 39.5 35.9 16.7 15.5 1075 474 31.8 17.5 12.6 109.2
NGF + Baf 54.1 39.2 20.3 171 130.7 589 415 25.3 16.3 142.0

(Goglia and Colangelo, unpublished), as well as with
our previous findings showing that NGF increases
mtDNA and levels of Sirt3, mtTFA and PPARYy [12],
which are known to modulate mitochondrial biogene-
sis and metabolism. As mitophagy clears out damaged
mitochondria, while association of mitochondria in
elongated structures is known to increase their effi-
ciency, our data suggest that NGF may improve mito-
chondrial quality by activating their biogenesis (as in
the modeling below).

Both mitochondrial fission and mitophagy are
essential for full neuronal differentiation

To validate the role of mitophagy during NGF differ-
entiation, we assessed the effect of Rapamycin (Rap)
and NAD". We found that the autophagy inducer
Rap, which failed to affect PC12 differentiation [12],
is per se unable to change mitochondrial morphology,

while minimally influencing basal and NGF-induced
mitophagy (Figs 2 and 1H.I and Table 1), in agree-
ment with similar findings in other cellular systems
[36,37]. Instead, NAD" (known as a mitophagy
inducer effective in neuroprotection) [8] causes an early
increase of MTG-LTR co-localization (2-6 h) and a
strong induction during the 20-24 h time-lapse
(Fig. 3A,B), although with minor changes in dispersed
mitochondria compared to NGF (Fig. 3C).
Interestingly, we observed that NAD™ is able to accel-
erate neurite outgrowth in PC12 at 4-24 h, but its dif-
ferentiating activity is transient and abruptly lost after
24 h (Fig. 3D,E). In fact, NAD"-treated cells do not
acquire the typical neuronal morphology induced by
NGF, as measured by the cell surface area and spheric-
ity (Fig. 3F,G) and the lower B3-Tubulin and GAP43
expression, compared to NGF-differentiated cells
(Fig. 3H-J). Intriguingly, NAD -treated cells display
higher mitochondrial membrane potential, although to
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Fig. 2. Mitochondria morphology and mitophagy during NGF differentiation. (A) Representative images of MTG-LTR stained PC12 cells at the
indicated times of a 2-6 and 20-26 h time-lapse imaging after treatment with NGF (10 ng-mL™"), and effect of Rap (200 nm) and Baf (100 nm).
Live imaging was performed by Operetta® CLS on 20 random fields. Scale bar: 10 um. (B) MTG-LTR overlapping profiles during the 2-6 and 20—
24 h time-lapse imaging in Perinuclear and Neurite areas of NGF-treated cells, and effect of Rap and Baf. Similar profiles were found in three
separate experiments. (C, D) Quantitation of MTG-LTR co-localization in the Perinuclear (C) and Neurite (D) regions during the 2-6 and 20-24 h
time-lapse imaging of MTG-LTR stained cells exposed to NGF (10 ng-mL™"), and effect of Rap (200 nwm) and Baf (100 nm). Data, expressed as a
percent of CTR, are the mean + SEM of overlapping MTG-LTR spots/cell in about 150 cells of 20 random fields in three independent experi-
ments with duplicate samples. *P < 0.05, **P < 0.01, ***P < 0.001 vs the corresponding CTR (ANOVA and Dunnett’'s multiple comparisons
test). Baf, bafilomycin A1; LTR, LysoTracker red; MTG, MitoTracker green; NGF, nerve growth factor; RAP, rapamycin.

a lesser extent compared to NGF (Fig. 4A,C), suggest-
ing that both NGF- and NAD"-induced mitophagy
result in improved mitochondrial quality. Nonetheless,
NAD" produces higher ROS levels than NGF at 4 h,
and prolonged exposure to NAD" causes massive accu-
mulation of ROS at 72 h (Fig. 4D) and decreased cell
viability, as measured by MTT assay and the number of
apoptotic nuclei (Fig. 4B.E,F). Altogether these data
showing the opposite effect of Rap and NAD", further
support our hypothesis that both mitochondrial dynam-
ics and mitophagy are needed for differentiation, at
least at early stages, while full differentiation requires

transcriptional/metabolic programs that are peculiar to
NGF signaling, such as Akt pathway-related genes,
whose expression is reduced by NAD" in neural progen-
itor cells [38].

Construction of the fusion—fission—-mitophagy
cycling model at the core of neuronal
differentiation

To further explore the impact that the fission rate
enhancement may have on neuronal differentiation,
and to examine whether this alone could mediate the
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Table 2. Calculation of mitophagy and biogenesis rates. Values of
total mitochondrial mass in MTG-stained cells exposed to NGF
(10 ng-mL’W), or NGF + Baf (data from Table 1). Values were used
to calculate the effect of NGF on mitophagy [computed as the dif-
ference in mitochondrial mass between (NGF + Baf) and (NGF
alone)] and biogenesis [computed as the difference in mitochon-
drial mass between (NGF + Baf) and (Baf alone)], according to
Mauro-Lizcano et al. [36].

MTG Mitophagy Biogenesis
staining rate rate

CTR 100.00 7.51 0.00

NGF 4 h 112.97 17.70 23.17

NGF 24 h 126.74 15.22 34.45

Baf 107.51

NGF + Baf 4 h 130.67

NGF + Baf 24 h 141.96

effects of NGF addition, we developed a mathematical
model integrating the experimentally observed mito-
chondrial dynamics, ROS production and mitophagy
processes (Fig. SA and Appendix S1: Computational
Modeling). The model includes (a) two types of mito-
chondria: networked (‘N’) and fragmented (dispersed
‘D’) mitochondria in three different states, i.e. healthy
(N and D), mildly damaged (‘Nd& and ‘Dd’) and
severely damaged (‘Ndd’ and ‘Ddd’); (b) ROS pro-
duced by dispersed (‘ROS’) and by networked (‘ros’)
mitochondria, which influence the state of mitochon-
dria and cause their transition to more damaged states
(i.e., DA Ddd, and NONdONdd, respectively); (c) the
cycling process between networked (V) and dispersed
(D) mitochondria through fission/fusion (Fig. 5A,
curved arrows); (d) mitochondrial synthesis, producing
networked (N) mitochondria; and (e) removal of
severely damaged fragmented mitochondria (Ddd) by
mitophagy [15,16].

We selected these components because the balance of
network/dispersed mitochondria is at the core of the
fusion—fission—mitophagy cycling events. Modification
of mitochondrial populations in terms of shape and
number reflects their functional properties, as well as the
flux of mitochondria-related processes. Instead, ROS
production is a hallmark of damaged mitochondria:
they are overproduced by impaired mitochondria and
produce damage to the healthy ones, therefore used here
as a readout of the model validity. ROS are degraded by
the reactions “vrosq” and “v,.sq”, which are influenced
by ROS concentration and by the kinetic constants
“k_ROS degradation” and “k_ros degradation”. The
diagrammatic model of Fig. SA was translated into a
mathematical model in terms of rate and balance equa-
tions, and then integrated using Copasi [39]. N, Nd,

Mitochondrial cycling and metabolism after NGF

Ndd, D, Dd, Ddd mitochondria and ROS/ros are used in
the model as single species and expressed in pmol-L™".
Reactions (i.e., cycling between networked and dis-
persed mitochondria, ROS production and elimination)
are modeled as irreversible functions of mass action and
are composed of the rate constants (fission or fusion rate
constants) and the concentrations of their substrates.
Therefore, changes in the rate constants, or in the
amounts of substrates, modify the reactions involved in
the formation of networked and dispersed mitochon-
dria. Instead, mitophagy is modeled as a Michaelis—
Menten function. Mathematical models and more
detailed descriptions thereof are provided in the
Appendix S1 (Computational Modeling), which
includes a Table listing all the mathematical equations.
As the model is a network model, a change in any
parameter can affect any other dependent variable,
directly or indirectly (Modeling scheme in
Appendix S1), thus allowing to simulate the effect of
any perturbation that is supposed to act through the
components of the model. Using this model we were
able to simulate how changes in mitochondrial disper-
sion (NOD) might help improve mitochondrial quality
and decrease ROS levels.

Validation: the model is able to simulate the
effect of perturbations involving mitochondrial
processes

To test our model in the context of NGF differentia-
tion, we assessed the effect that NGF increasing the fis-
sion rate constant should have on ROS formation.
Starting from an initial steady state (low basal cycling
and mitophagy), our Copasi simulations (Appendix S1:
Fusion—fission Model) show that a 20-fold increase in
the fission rate constant (from 0.18 to 3.6) should
indeed cause a transient increase in ROS by approxi-
mately 70% (Fig. 5B,C; Appendix S1: Computational
Modeling and related Copasi files). At early stages, it
should also reduce (from 60% to 10%) the percentage
of mitochondria in networks (Fig. 5B). Indeed, the
model is able to reproduce the experimental data:
the (a) the transient increase in ROS [Fig. 5SB-D (pre-
dicted and experimental)]; (b) the transient rise in Ddd
mitochondria ready to undergo mitophagy (Fig. 5C), as
experimentally observed in Fig. 1E (upper panel); (c)
the transient increase in mitophagy flux (Fig. 5E), as
shown in Fig. 2; (d) the increase in fusion flux (Fig. 5E),
corresponding to the rise in elongated mitochondria in
Figs 5B and 1E (lower panel) and induction of Mfn2
[12]; and (e) the enhanced quality of mitochondria
(active mitochondria in Fig. 5B), as experimentally
observed in terms of mitochondrial potential (Fig. 4A,
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C) and higher basal respiration [12]. The increase in net-
worked mitochondria (Fig. 5B) validates the mitochon-
drial cycling proposed by the model: it predicts the

24 h (B)

(A 4p

N
o
)

=
w
L

CTR

MTG-LTR overlap (N°/cell)
w =

NGF 2h 3h

IR NAD*

——CTR —+—NGF ——NAD+

g

8

Mitochondrial Mass (% of CTR)

nN w B v [ ~
o o o o o o

Mean neurite length/cell (um)

[
w o

Surface area (um? x 103)

Sphericity
o
bt

&
S

-
]
o

g

0

| = CTR m NGF m NAD+

I. Goglia et al.

higher fusion flux, consequent of the higher fission flux
(Fig. SE and Appendix S1: Computational Modeling).
The enhanced mitochondrial quality (active mitochondria
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Fig. 3. NAD" stimulates mitophagy and transient differentiation. (A) Representative images of MTG-LTR stained PC12 cells at 4 and 24 h of
live imaging after treatment with NGF (10 ng-mL™") or NAD" (100 pm). Live imaging was performed by Operetta® CLS (N = 6 for each treat-
ment). Scale bar: 10 um. (B) MTG-LTR overlapping profiles during the 2-6 and 20-24 h time-lapse imaging of NGF- or NAD"-treated cells.
Similar profiles were observed in three separate experiments in duplicate. (C) Volume of MTG-stained mitochondria populations at 4-24 h of
the time-lapse on NGF- or NAD-treated cells. Data, expressed as a percent of CTR, are the mean + SEM of fragmented/networked mito-
chondria/cell in about 150 cells of 20 random fields (N = 6). (D) PC12 differentiation measured as average neurite length per cell (um). Data
are the mean + SEM of six independent samples. (E) Representative images of cells exposed to NGF or NAD" for 4-24-72 h. Scale bar:
25 um. (F, G) Measurement of Surface area (F) and Sphericity (G) in cells treated with NGF or NAD™ during a time-lapse (2-6 and 20-26 h)
imaging in bright-field by Operetta® CLS. 3D analysis was performed using Harmony software as described in the Methods. Data are the
mean values (about 150 cells in 20 imaged random fields) of three separate experiments in duplicate. (H-J) Representative immunoblots (H)
and quantitation of BllI-Tubulin () and GAP43 (J) in lysates from PC12 treated with NGF or NAD" for 4-24 h. Data, expressed as a percent
of CTR &+ SEM, are the mean of two experiments with duplicate samples (N = 4). *P < 0.05, **P < 0.01, ***P < 0.001 vs CTR (ANOVA and
Dunnett’'s multiple comparisons test). GAP43, growth associated protein 43; LTR, LysoTracker red; MTG, MitoTracker Green; NAD", nicotin-

amide adenine dinucleotide; NGF, nerve growth factor.

in Fig. 5B) reflects the higher mitophagy flux at early time
points (Fig. 5E), due to the increase in mitophagy sub-
strates (Ddd mitochondria) (Fig. 5C) caused by the stimu-
lated fission, in agreement with the experimental data
(Figs 1 and 2).

Damaged mitochondria should undergo faster fis-
sion than their healthier counterparts. However, addi-
tional simulations (Appendix Sl: Computational
Modeling and related Copasi model-bis) show that
both the model behavior and the fitting of ROS with
the experimental data do not change significantly when
applying different fission rate constants for the distinct
types of mitochondria, compared to the model in
Fig. 5. These results denote the robustness of our
model. This means that the model is able to simulate
the experimental data. It further confirms that NGF
may stimulate differentiation by increasing fission.

Our experimental data suggest that the ability of
NGF to modulate mitochondrial fission and thereby
mitophagy and mitochondrial quality might be essen-
tial for ROS homeostasis and differentiation. To assess
this hypothesis on our model, we performed additional
Copasi simulations with lower induction of fission
(Appendix S1: Computational modeling). Indeed, we
found that a lower increase in the fission rate constant
(from 0 to 0.36, or 0.9, or 1.8, instead of 3.6 as it is in
the model) induces smaller variations of the mitophagy
(Fig. 5F), which is inversely correlated to ROS accu-
mulation. In fact, the simulations of the impact of
mitophagy on ROS show that a decrease in the mito-
phagy flux [by reducing the mitophagy rate constant
(km =1 x 107% or 1 x 107>, instead of 4 x 10~ as it
is in the model)] produces a permanent rise in ROS
levels after 6 h (Fig. 5G), thus reproducing the effect
of Baf inhibition on NGF activity [12]. Instead, the
peak of ROS is lowered when the rate constant of
mitophagy is further increased to ky 1 x 1072
(Fig. 5G). These simulations show that perturbations

altering fission and thereby mitophagy can control
ROS accumulation, as well as fractions of networked/-
dispersed and active mitochondria.

To further assess the impact of mitophagy on mito-
chondrial quality, we modeled an increase of the rate
constant kyy of the mitophagy reaction (from 0.0004 to
0.002). Interestingly, the simulation of ‘high mitophagy
flux’ together with increased fission (Fig. 5H, solid
lines) causes an increase of the ratio Active mitochon-
dria/Total mitochondria, compared to the condition
with fission modulation alone (Fig. 5H, dotted lines).
Altogether, the computational model and the simula-
tions are able to reproduce all the experimental data,
thus providing a valid computational tool for the
interpretation of the experimental data and for future
studies aiming to further detail the activity of NGF on
mitochondrial processes.

NGF induction of mitochondrial dynamics and
mitophagy is regulated by PI3K/Akt and JNK
signaling

We next assessed the NGF differentiation signaling in
the context of mitochondrial dynamics and mitophagy,
both the PI3K/Akt signaling regulating survival and
Rac-mediated neurite outgrowth [40], and the c-Jun N-
terminal kinase (JNK-1) signaling known to stimulate
ROS production and neuritogenesis [31,32,41,42].
Indeed, we observed that NGF-mediated differentiation
induces P-JNK and is prevented by its pharmacological
inhibition (Fig. 6A-C). Remarkably, NGF-induced
mitophagy (overlap of MTG-LTR) is significantly pre-
vented by both wortmannin (WT) and JNK inhibition
(JNKi) (Fig. 6D,E). Furthermore, WT abolishes the
NGF-mediated reduction of the mean mitochondrial
length (Fig. 6F), thus implying a role for PI3K in modu-
lating both fission and mitophagy. Instead, JNKi pro-
duces an overall reduction of the mitochondrial length
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Fig. 4. Prolonged exposure to NAD™ causes cell death. (A) Representative images of MTR/MTG-stained cells treated with NGF (10 ng-mL™")
or NAD" (100 um) for 4-24-72 h. Live imaging was performed by the THUNDER Imager Live Cell LEICA on about 100 cells in 15 random
fields. Scale bar: 10 pm. (B) Representative images of Hoechst-33342 staining of apoptotic nuclei in PC12 cells treated with NGF or NAD™
for 24-72 h. Magnification 40x. Scale bar: 10 um. (C) Quantitation of MTR mean fluorescence intensity in MTR-stained cells treated with
NGF or NAD" for 4-24-72 h. Data, expressed as percent of total cells in 10 random fields for each sample, are the mean + SEM of three
independent experiments with duplicate samples. (D) Quantitation of ROS levels by H,DCFDA staining of cells treated with NGF or NAD*
for 4-24-72 h. Data, expressed as percent of CTR, are the mean + SEM of three independent experiments in duplicate (N = 6). (E) Cell via-
bility by MTT assay of cells treated with NGF or NAD™ for 4-24-72 h. Data, expressed as percent of CTR, are the mean + SEM of two sep-
arate experiments, each with five samples. (F) Quantitation of apoptotic nuclei after exposure to NGF or NAD" for 4-24-72 h. Data are the
mean + SEM of five independent samples. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs CTR (ANOVA and Dunnett's multiple
comparisons test). H,DCF-DA, dichloro-dihydrofluoresceine diacetate; MTG, MitoTracker Green; MTR, MitoTracker Red CMXRos; NAD", nic-
otinamide adenine dinucleotide; NGF, nerve growth factor; ROS, reactive oxygen species.

(Fig. 6F). Since CC completely blocks NGF-induced
differentiation (Fig. 6A), as previously reported [12],

(Fig. 6F), suggesting a role of JNK in modulating mito-
phagy only, but not NGF-induced fission, thus leading

to accumulation of fragmented mitochondria. The effect
of JNKi is similar to that of Compound C (CC), a spe-
cific inhibitor of the free-energy sensor AMPK, which
fully abolishes NGF-induced mitophagy (Fig. 6D.E),
thus causing accumulation of fragmented mitochondria

these data further support our concept that both mito-
chondrial dynamics and mitophagy are needed for the
differentiation and that NGF stimulates mechanisms
boosting energy metabolism, thereby activating fission
and mitophagy.
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Fig. 5. The fusion—fission—-mitophagy cycling model at neuronal differentiation. (A) Proposed model of networked (N) and dispersed (D)
mitochondria and cycling between fission and fusion (curved arrows). ‘d’ and ‘dd’" refer to mildly and highly damaged mitochondria,
respectively; 'ROS" and ‘ros’ refer to ROS near damaged D and N mitochondria, respectively. Solid arrows refer to conversions, while

dashed arrows refer to regulation; ‘v’ refers to reaction rates. (B, C) Modeling NGF-induced differentiation by increasing the fission rate con-

stant and model response in terms of (B) ROS content, total mitochondria, active mitochondria, and networked mitochondria; (C) Integral
ROS and Ddd mitochondria. (D) Fit of the model (line) to experimental (dots) data of ROS induced by NGF. Copasi simulations are based on

experimental data from [12] (Copasi Fig 5.cps). (E) Modeling the effect of increasing the fission rate constant on fission, fusion, mitophagy
flux, and mitochondrial synthesis. (F) Copasi simulation showing the changes in the mitophagy flux when increasing the fission rate constant

to 0.36, 0.9, 1.8, or 3.6. (G) Copasi simulation showing the changes in ROS levels upon reducing (1 x 10™* and 1 x 107°) or increasing
(1 x 1072) the ky of the mitophagy flux. (H) Modeling the effect of high mitophagy on total and active mitochondria. The decrease in total
mitochondria produces a higher mitochondrial quality computed as an increase in the ratio of Total/Active mitochondria. In all Copasi, the

system was allowed to reach a steady state between time 0-20 h (To = 20 h). D, healthy dispersed mitochondria; Dd, mildly damaged dis-
persed mitochondria; Ddd, severely damaged dispersed mitochondria; Mitoch, mitochondria; N, healthy networked mitochondria; Nd, mildly
damaged networked mitochondria; Ndd, severely damaged networked mitochondria; ROS, Reactive Oxygen Species; V., Mitophagy (reac-

tion); Vrosq, degradation of ROS produced by Dd and Ddd (reaction); V,esq, degradation of ROS produced by Nd and Ndd (reaction); Vgoss.
ROS synthesis by Dd and Ddd (reaction); V,.ss, ROS synthesis by Nd and Ndd (reaction); Vs, mitochondria biogenesis (reaction).
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Fig. 6. Impact of PI3K and JNK signaling on mitochondria morphology and mitophagy during NGF differentiation. (A) Effect of PI3K inhibitor
wortmannin (WT), the JNK inhibitor II (SP600125), or the AMPK inhibitor Compound C (CC) on NGF-induced differentiation. Data are the
mean + SEM of six independent samples. (B, C) Representative immunoblot (B) of P-JNK in PC12 cells treated with NGF for 2 h, and quan-
titation (C) of P-JNK/UNK ratio after 2-8-24 h, normalized by the B-Actin content. Data are the mean + SEM of two experiments with two
independent samples. (D) Representative images of MTG-LTR-stained PC12 cells treated with NGF (10 ng-mL~") for 4 or 24 h, and the
effect of preincubation (10 min) with WT, JNKi, or CC. Live imaging was performed by Operetta® CLS (63x) and quantitation of MTG-
stained fragmented/networked mitochondria, and of MTG-LTR co-localization, was achieved using the segmentation protocol described in
the Methods section. Images are from three independent experiments with duplicate samples. Scale bar: 10 um. (E, F) Quantitation of
MTG-LTR overlapping (E) and of the mean mitochondrial length (F) in about 150 cells in 20 random fields in three separate experiments with
two independent samples. *P < 0.05, **P < 0.01, ***P < 0.001 vs the corresponding CTR (ANOVA and Dunnett's multiple comparisons
test). Cc, AMPK inhibitor compound C; JNKi, c-Jun N-terminal kinase inhibitor; LTR, LysoTracker red; MTG, MitoTracker Green; NGF, nerve
growth factor; PI3K, phosphoinositol-3-kinase; WT, wortmannin (PI3K inhibitor).
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NGF regulates the expression of proteins
controlling the quality of mitochondria

The quality control of mitochondria relies on a large
number of signaling pathways and mechanisms,
including mitochondrial dynamics and mitophagy
[18,22]. To further investigate the impact of NGF on
mitochondrial quality, we assessed the expression
levels of proteins regulating mitochondrial function
and homeostasis, with the increased mitochondrial
membrane potential observed in Fig. 4A,C as back-
ground. Parkin tends to be recruited to depolarized
mitochondria [18]. Indeed, immunoblot of total lysates
showed that NGF increases Parkin levels (Fig. 7E,G)
as well as Parkin-Ambral interaction (Fig. 7D.F)
thereby probably effecting the removal of exhausted
mitochondria by mitophagy [18], despite the increase
of TOMM20, a translocase of the outer mitochondrial
membrane (Fig. 7A,C,E,I). In addition, we evaluated
the functional role of NGF in modulating mitochon-
drial integrity and cell viability, as substantiated by
the increase in Bcl-xL (Fig. 7E.K), which controls the
permeability of the mitochondrial membrane, as
well as by the higher levels of SODI1 (Fig. 7E.L) and
of the ROS sensor DJ-1, which shows increased mito-
chondrial (Fig. 7A,B) and nuclear localization
(Fig. 7A,B.J,M). Instead, we found that NGF mini-
mally affects levels of the mitochondrial protease Omi-
HtrA2 (Fig. 7A,C), as confirmed by immunoblot
(Fig. 7E,H). Remarkably, however, Omi-HtrA2 retains
a prevalent mitochondrial localization, after a transient
decrease at 4 h (Fig. 7A,C), in agreement with its cru-
cial function in maintaining the correct balance of
Opal isoforms (short and long) inside mitochondria,
thus contributing to the fission/fusion balance [24].
Altogether, these data integrate our previous observa-
tions that NGF modulates fission/fusion (P-Drpl,
Mfn2 and Opal), biogenesis and autophagy (Ambral)
proteins through the activation of AMPK and Ca®'-
CaMK signaling [12] to favor mitochondria quality
and distribution along neurites while complying with
higher energy supply for the differentiation [12].

NGF boosts energy metabolism and redox
homeostasis

Mitochondrial dynamics is connected with metabolic
rewiring during brain development [1,9]. We have previ-
ously shown that NGF differentiation stimulates mito-
chondrial respiration, but reduces ATP levels at early
stages [12]. To further assess the impact of NGF on mito-
chondrial function and metabolism, we performed untar-
geted metabolomics on PC12 cells exposed to NGF for 4

Mitochondrial cycling and metabolism after NGF

or 24 h. As shown in Fig. 8A, the metabolic profiling
identifies 46 metabolites with statistically significant
changes. Specifically, NGF-treated cells display a signifi-
cant increase in Glucose (Glc) metabolism, which prefer-
entially enters the Tricarboxylic acid (TCA) cycle, as
inferred by the average two-fold higher content in both
pyruvate (Pyr) and TCA cycle metabolites, including
citrate/isocitrate (Cit/Isocit), a-ketoglutarate (AKG), suc-
cinate (Succ), fumarate (Fum), malate (Mal) and oxaloac-
etate (OAA) at 4 and 24 h (Fig. 8B,D,E), while lactate
(Lac) increases only 1.5 fold at 24 h (Fig. 8C).

Remarkably, the use of TCA cycle for energy metabo-
lism should allow to convey a significant amount of glu-
cose toward the pentose phosphate pathway (PPP) in
particular at 4 h, as reflected by the strong increase in
the nucleotides precursor D-Ribulose 5-phosphate
(R5P) (Fig. 8F), and other PPP intermediates (Fig. 8A).
The oxidative phase of PPP should provide reduced nic-
otinamide adenine dinucleotide phosphate (NADPH)
essential for redox homeostasis and anabolic reactions.
Other biosynthetic processes induced by NGF may sus-
tain the 1C-metabolism essential for the synthesis of
purines and thymidine (Fig. 8A), as well as aminoacid
synthesis which produces a net increase in serine (Ser)
(Fig. 8G), methionine (Met) (Fig. 8A), cysteine (Cys)
and glycine (Gly) (Fig. 8H), and glutamate (Glu)/gluta-
mine (Gln) (Fig. 8J).

Altogether, these metabolic routes are connected to
anabolic processes and production of NADPH, as well
as to the increase in glutathione (GSH) precursors, i.e.
Glu, Cys, Gly and y-glutamylcysteine (yGC) (Fig. 8A,
H-J), leading to enhanced GSH content and subse-
quently to a higher reduced/oxidized GSH ratio
(GSH/GSSG), as compared to CTR (Fig. 8K-M). The
higher Glu/Gln metabolism may also help to refill
the TCA cycle, thereby fostering the malate—aspartate
shuttle to translocate reducing equivalents (NADH)
from cytosol to mitochondria for the oxidative
phosphorylation.

Interestingly, NGF-induced differentiation also occurs
with a significant increase in the hexosamine biosynthetic
pathway, as indicated by the higher content in uridine
diphosphate N-acetylglucosamine (UDP-GIcNACc)
(Fig. 8A). UDP-GIcNAc is used in O-GlcNAcylation,
a posttranslational modification in the biosynthesis of
glycoproteins and for the regulation of many cellular
processes, including gene expression, signal transduction
and autophagosome maturation [43], as well as neuronal
function by modifying synaptic proteins, such as synap-
sin I, CaMKII/TV and CREB [44,45].

Overall, the metabolic signature of NGF-
differentiated cells is a remarkable increase in Gibbs
energy metabolic capacity, anabolic changes and ability
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Fig. 7. NGF increases levels of proteins regulating mitochondria homeostasis. (A) Representative merge images of immunostaining for DJ-1
or Omi-HtrA2 in PC12 cells treated with NGF for 4 or 24 h (N = 4 for each treatment). Scale bar: 15 um. (B) Quantitation of the mean fluo-
rescence intensity (MFI) and overlap of DJ-1 with TOMM20 and Hoechst-33 342 (as for the yellow merge in the cytosol and the white/light
blue overlap in the nuclei, respectively (images in A). (C) MFI of Omi-HtrA2 and TOMM20 staining and overlap signal (images in A). Data in
‘B, C', expressed as a percent of CTR, are the mean + SEM of two independent experiments with duplicate samples (N = 4). (D) Co-
immunoprecipitation of Ambral-Parkin from lysates prepared from PC12 treated with NGF for 4 or 24 h and its quantitation (F) (N = 4). (E,
J) Representative immunoblot of lysates prepared from PC12 treated with NGF (10 ng-mL™") for 4 or 24 h (N = 4) and assessed for the con-
tent of Parkin (E and G), Omi-HtrA2 (E and H), TOMM20 (E and 1), Bcl-xL (E and K), SOD1 (E and L) and cytosol/nuclear DJ-1 (J and M).
Data (E-M), normalized by the Actin content, are the mean + SEM of two independent experiments with duplicate samples normalized by
the Actin levels. *P < 0.05, **P < 0.01, ***P < 0.001 vs CTR (ANOVA and Dunnett's multiple comparisons test). Bcl-xL, BCL2-like 1; NGF,
nerve growth factor; SOD1, superoxide dismutase 1; TOMM20, translocase of outer mitochondrial membrane 20.

to sustain the GSH/GSSG redox balance. Interestingly, addition of the H'-ATPase inhibitor Oligomycin A
however, the concomitant increase of lactate, together (Olig, 1 pum), and of the electron transport chain inhibi-
with TCA intermediates, is suggestive of a certain degree tors [i.e. the complex I inhibitor rotenone (Rot, 50 nm)
of metabolic “plasticity” of the developing neurons. In and the complex III inhibitor antimycin A (AA,
fact, reduced glucose (5 mm, instead of 25 mm), or 0.5 um)], all reduce neurites outgrowth (Fig. 9A,B).
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However, NGF-induced differentiation is fully pre-
vented only when cells are exposed to low glucose (LG)
in the presence of OXPHOS inhibitors (Fig. 9A,B), a
condition that produces a complete loss of both mito-
chondrial morphology and transmembrane electric
potential (Fig. 9C,D). Our interpretation of the finding
that both lactate and TCA cycle intermediates are
increased after NGF treatment, is that NGF-mediated
rise in glucose transport (Fig. 8E) increases the level of
pyruvate (Fig. 8B) and thereby both the anaplerotic
reactions (and thereby the levels of TCA cycle interme-
diates; Fig. 8B,D) and the lactate dehydrogenase (LDH)
reaction (i.e. lactate; Fig. 8C). In fact, NGF differentia-
tion only produces a modest reduction of the LDH-A
(the M isoform converting pyruvate to lactate), which is
significantly reduced only after 12 days of NGF treat-
ment [46]. The NGF effect on the activation of glucose
transport is further substantiated by the increase in
levels of metabolites of the pentose phosphate pathway
(Fig. 8F). Altogether, our data indicate that, while
inducing neuronal differentiation, NGF also drives a
remarkable reprogramming of metabolic functions:
NGF boosts energy metabolism through the TCA cycle
and oxidative phosphorylation, presumably to comply
with the high energy demand imposed by the neuronal
phenotype, thus substantiating our initial hypothesis. At
the same time, NGF fosters the PPP cycle and all the
anabolic processes to provide building blocks for mor-
phological remodeling, and Glu/Gln metabolism for the
synthesis of GSH, which is a major neuronal ROS scav-
enger system.

Discussion

Development of the neuronal phenotype occurs with
the coordination of complex processes downstream of
signaling pathways, gene expression and posttransla-
tional modifications, thereby promoting substantial
morphological, biochemical and metabolic adaptations
to the new functions, while ensuring the maintenance
of homeostasis within the brain parenchyma [47]. In
neuronal differentiation, individual mitochondria are
needed to populate the emerging axons and to travel
down their length. We therefore examined NGF-
mediated differentiation in some detail both in an ear-
lier paper [12] and again in this study where we added
live imaging analysis of mitochondria and mitophagy
(Figs 1-3) and their connection with the metabolic
reprogramming (Figs 8 and 9).

To deal with the complexity of the mitochondrial
dynamics, we also constructed a network scheme
(Fig. 5A) and a mathematical model thereof. Our
fusion—fission—mitophagy model predicted successfully

Mitochondrial cycling and metabolism after NGF

the experimental observations of changes in respiration
and ROS levels upon NGF addition [12], as well as
the cycling between elongated and fragmented mito-
chondria and the degradation of the dispersed dam-
aged mitochondria by mitophagy (Figs 1-3 and
Videos S1-S3). This is a strength of the present work:
Now there is a validated quantitative elaboration of
the fusion—fission—-mitophagy model (Fig. 5A), which
can help understand the roles played by fusion—
fission—mitophagy in mitochondrial quality control. In
this elaboration, NGF increases the fission rate con-
stant to activate fission, thereby increasing the level of
dispersed mitochondria, including their ROS-damaged
subpopulation, and stimulating mitophagy. We also
showed by computation that the proposed integration
of these processes could function both to increase the
average quality of mitochondria and to provide a
mechanism of neuron differentiation where dispersed
rather than networked mitochondria are important.
This could be for micro-anatomical reasons such as
neurite formation, or where generation of ROS due to
increased pO2 (in turn due to an increased surface/vo-
lume ratio) challenges cell functions. The proposed
network mechanism could serve to promote mitophagy
with the likely effect of reducing cytochrome c release
and apoptosis; it could embody the mitoptosis, i.e. the
mitophagy of a dispersed fraction rich in damaged
mitochondria, proposed by [48,49]. Thus, mitochon-
drial cycling may well be instrumental in neuronal dif-
ferentiation, while enabling mitochondrial quality
control (ROS levels were increased, but only tran-
siently), and ultimately enhancing mitochondrial respi-
ration and paradoxically increasing mitochondrial
concentration. Through mitophagy, cell viability and
mitochondrial quality increased, suggesting that mitop-
tosis was operational. Tissues with low cell turnover,
such as the brain, should be served most with such a
mitoptotic escape from cell damage.

That it was possible to capture early stages of NGF-
induced differentiation in a mathematical model is par-
adoxical: On the one hand, neural differentiation is a
biochemical process, and all biochemical process
should ultimately be computable in terms of chemical
rate equations. On the other hand, neuronal differenti-
ation is highly complex, and the mathematical model
presented here lacks important aspects thereof, includ-
ing the transcription regulation of mitophagy and of
lysosomal degradation. The values of the kinetic
parameters of the model could not be based on direct
in vitro experiments, in part because the in vitro condi-
tions that could mimic the intracellular state of differ-
entiation are incompletely known, and in part because
the spatial/nano-anatomical aspects would be missing.
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Fig. 8. Untargeted metabolic profiling of NGF-differentiated cells. (A) Hierarchical clustering heatmaps showing significantly different intracel-
lular metabolites by LC-MS in PC12 treated with NGF for 4 or 24 h (Color scale: from blue to red). Metabolic profiles were obtained from
six separate samples (each with three technical replicates). (B—M) Relative metabolites abundance of TCA cycle (B and D) glycolysis (C and
E), PPP (F) pathways, 1C metabolism (G), GIn-Glu and GSH (H-M). Data are the mean + SEM of six independent samples in triplicate nor-
malized by the number of total cells in the sample. *P < 0.05, **P < 0.005, vs their respective CTR (ANOVA and Dunnett's multiple compar-
isons test). Cys, cystein; Glc, glucose; GIn, glutamine; Glu, glutamate; Gly, glycine; GSH, reduced glutathione; GSSG, oxidized Glutathione;
LC-MS, liquid chromatography-mass spectrometry; NGF, nerve growth factor; PPP, pentose phosphate pathway; R5P, ribose-b-phosphate;

Ser, serine; TCA cycle, tricarboxylic acid cycle.

We dealt with the lack of molecular information by (a)
using parameter values that are comparable to known
parameter values of similar cases, (b) fitting the
parameter values to the phenomena that were being
modeled, and (c) limiting the complexity of the model
[e.g. using the same fission rate constant for the vari-
ous types of mitochondria (N and Dd)]. The higher fis-
sion rate of damaged mitochondria was hereby
modeled as due to mass action effects only.

Although the mathematical model fits the experi-
mental data, it cannot yet be considered complete. As
always with mathematical models in Biology, future,
more targeted experiments should enable us to make
the model more realistic at various such points. The
availability of the model in the context of quantitative
experiments should help this process of model
improvement. An advantage of having the model is
that one can readily modify the model to add any bet-
ter information available. We have simulated this for
the fission constant. As shown in the Appendix Sl,
quite an appreciable differentiation between the three
fission rate constants affects the simulated curves, but
not to the extent that the fit of the experimental data
became significantly better.

The mathematical model developed here increases
the impact of the experiments that led to its formula-
tion and tests: the model should have a wider applica-
bility than the particular experiment that were used to
formulate it. For instance, the model should also
address cases of neural differentiation where the same
molecules are modulated by medicinal drugs, such as
in the management of neurodegenerative pathologies.
Because in such cases other molecules may also be pre-
sent, care should be practiced by carrying out addi-
tional experimental tests. The same model can then be
used as a starting point for further fine-tuning. Ulti-
mately such fine-tuning should benefit personalized
medicine, while such personalized medicine should also
help increase the quality of the models.

Remarkably, we also provide new evidence of the
complex signaling underlying mitochondrial dynamics
during NGF-induced differentiation. Changes in mito-
chondrial morphology and mitophagy are triggered by a
complex interplay between (a) the NGF-PI3K signaling

in differentiation/survival, (b) ROS and the stress kinase
JNK and (c) the energy sensor AMPK associated to the
energy stress due to increased energy demand during
differentiation [12,32,40-42]. Inhibition of mitochon-
drial dynamics by PI3K, JNK, and AMPK inhibitors
(Fig. 6) further extends previous knowledge of their
impact on the NGF differentiating activity. NGF signal-
ing, known to control the expression of autophagy and
fission—fusion proteins (Drpl, Opal and Mfn2) [7,12],
also regulates mitochondrial integrity (Bcl-xL), stress
responses (DJ-1 and SOD1), components of the mito-
phagy pathway (Parkin) and the dual role of Omi-
HtrA2 in controlling both mitochondrial quality and
caspase activation (Fig. 7). This is in agreement with the
transcriptional control of these genes: SODI1, Parkin,
HtrA2, DJ-1 and Ambra-1 [12] have binding sites for
transcription factors, such as CREB, AP-1(FOS/JUN),
NF-kB, that are induced by NGF [34,50-52], thereby
improving current understanding of mechanisms under-
lying NGF-induced differentiation [3,24,32,53]. And,
there is now an integral understanding, supported by a
mathematical model (Fig. 5) that should enhance pre-
dictability and testability, and work in combination with
our previous model of ROS management [54].

Another remarkable finding of this study is that
NGF-mediated differentiation occurs with substantial
metabolic remodeling, which affects energy transduc-
tion, anabolic processes, and components of the redox
balance. Specifically, the NGF-mediated boost in all
TCA cycle intermediates suggests and confirms our
hypothesis that all mitochondrial and metabolic
changes are needed to supply a higher amount of met-
abolic energy (ATP) for both morphological remodel-
ing and for the novel neuronal functions. This new
evidence also confirms our previous findings of an
apparent energetic paradox, i.e. increased mitochon-
drial respiration with decreased ATP levels [12]. The
human brain is about 2% of the total body weight,
but accounts for 20% of total oxygen consumption,
thus implying a 10-fold more intensive basal oxidative
metabolism, 2/3 of which is pertinent to neurotrans-
mission and synaptic functions. This concept has been
confirmed in several models of brain development,
both in vivo and in vitro [1,25,26,55], but we here show

The FEBS Journal (2024) © 2024 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 17

Federation of European Biochemical Societies.

51| SUOWILLOD 2AIRBID B! (dde 3 Aq peuLianoB a1 SP1LE YO 88N J0 S3 [N oy AReIq1T2UIIUO AB]1 UO (SUONIPUOD-PUE-SULBYLIC" B W ARR.q 1 RUIIUO//SANL) SUORIPUOD P SULB L 83 39S *[7Z02/20/€2] U0 AReiq178U1IUO AB]1M 000018 OUR|IN BISIAIUN AQ £802T'SCRYTTTT OT/I0P/LI0D" AB|IMARe.q 1 UIIUO'SGR//'SdIY WO} ppeojumoq ‘0 ‘859rZy.T



Mitochondrial cycling and metabolism after NGF I. Goglia et al.

(A) High Glc Low Glc
NT Olig Rot Rot+AA NT Olig+Rot+AA

(B) 120 (@] 155
E £
3 100 <100
o o
- o
o 80 =
5 2 80
"E 60 = 60 -
o ‘ g
g 40 S
:E [ E 40
& 20 £ 20
BN ' O
| o =
0 2 o
CTR NGF Olig NGF Rot NGF Rot NGF LG CTR LGCTR LGNGF LG+0lig LG +Olig
+Olig +Rot +AA +Rot CTR NGF Ohg NGF +Rot +AA +Rot +AA
+AA +Rot +0lig +NGF
+AA +Rot
+AA
(D)

LG NGF+Olig+Rot+AA

Fig. 9. Effect of low glucose (LG) and/or respiratory chain inhibitors on NGF differentiation and mitochondrial potential. (A, B) Representative
images (A) and quantitation (B) of PC12 cells differentiation after NGF (10 ng-mL~") for 24 h and effect of low glucose (LG, 5 mm instead of
25 mm) and/or electron transport chain (ETC) inhibitors (Olig 1 um, Rot 50 nm and AA 0.5 pm). Scale bar: 25 pm. Data are the mean + SEM
of three separate experiments, each performed in duplicate. (C) Quantitation of mitochondrial potential (MTR/MTG overlap) in PC12 treated
with NGF for 24 h in normal medium (25 mm glucose) or LG (6 mm) and/or ETC inhibitors. Data, expressed as a percent of CTR + SEM, are
the mean of two experiments with duplicate samples. (D) Representative images of MTR/MTG-stained PC12 cells (merge images) exposed
to NGF for 24 h and effect of LG plus the mixture of ETC. N = 4 for each treatment. Scale bar: 10 um. AA, antimycin A; LG, low glucose;
MTG, MitoTracker Green; MTR, MitoTracker Red CMXRos; NGF, nerve growth factor; Olig, oligomycin; Rot, rotenone.

that this glycolysis to respiration metabolic rewiring is Nonetheless, the glycolysis to oxidative phosphoryla-
induced by NGF, and thereby directly linked to the tion shift occurs with little changes in terms of glyco-
activity of one of the many neurotrophic factors con- lytic capacity, so cells maintain a certain degree of
trolling neuronal fate and development [33]. flexibility, at least during the first 24 h, before the full
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post-mitotic state is established. In fact, cells are still
able to have some differentiation also in low glucose
medium, although to a smaller extent, perhaps thanks
to the preferential use of the TCA cycle route. The use
of TCA cycle and oxidative phosphorylation is func-
tional to both obtaining more ATP from one single
glucose molecule, and at the same time, conveying part
of the glucose to the pentose phosphate pathway,
which supports nucleotides and NADPH production,
both important for anabolic processes.

While anabolic processes are sustained by using building
blocks derived from the 1C metabolism [56], NADPH is
also relevant for the reduction of oxidized GSSG to
reduced GSH and for maintenance of redox homeostasis
at increased ROS levels. This is a relevant aspect in neuro-
nal physiology and brain homeostasis as the brain is a
low-turnover tissue. The prevalently oxidative metabolism
raises the chances to generate or overproduce ROS, whose
accumulation would be deleterious for cells (neurons) that
must persist for the entire lifetime of the organism. This
problem may be controlled thanks to the highly efficient
ROS scavenger systems, in particular GSH. Altogether,
our findings show for the first time that the ability of NGF
to induce a neuronal phenotype and to sustain its viability
throughout the lifetime of the individual, may well be
based on the ability of NGF to activate signaling pathways
that coordinate and integrate all the processes that are
required for differentiation, function, and maintenance.
Enhanced mitochondrial cycling is one of these processes.

These findings may also have medical implications:
Age-dependent reduction of NGF levels/signaling and
of autophagy is inversely correlated to an increased
risk of neurodegeneration, thus supporting the thera-
peutic potential of NGF [57]. Based on evidence that
NGF-mediated neuroprotection also involves its anti-
gliosis activity [58-60], it would be interesting to exam-
ine the connection between NGF-mediated regulation
of metabolism in astrocytes, and neuronal susceptibil-
ity to neurodegeneration.

In conclusion, the experimental data in the present
and the previous report [12] integrated through a new
mathematical model of mitochondrial fusion—fission—
mitophagy, provide a comprehensive paradigm in
which mitochondrial fusion—fission—mitophagy cycling
may help mitochondrial quality and the metabolic
changes necessary for neuronal differentiation.

Materials and methods

Drugs and reagents

All cell culture reagents [Dulbecco’s Modified Eagle’s
Medium (DMEM), Fetal Bovine Serum (FBS), Donor Horse

Mitochondrial cycling and metabolism after NGF

Serum (HS), L-glutamine, Penicillin and Streptomycin] were
purchased from Euroclone SpA (Milano, Italy). Poly-L-
lysine was from SERVA Electrophoresis GmbH (Heidelberg,
Germany). Murine 2.5S NGF (mNGF) was purchased from
Promega Inc. (Madison, WI, USA). Nicotinamide adenine
dinucleotide (NAD) was from Roche-Italia. Wortmannin
(WT), Rapamycin, Bafilomycin Al (Baf), Oligomycin A
(Olig), Rotenone (Rot), Antimycin A (AA), and Hoechst
33342 were purchased from Sigma Aldrich/Merck (Burling-
ton, MA, USA). JNK inhibitor II (SP600125) and Com-
pound C (CC) were from Calbiochem (La Jolla, CA, USA).
Dihydro-dichlorofluorescein diacetate (H,DCF-DA), Mito-
Tracker Red CMXRos (MTR), MitoTracker Green™
(MTG) and LysoTrackerTM Red (LTR) were from Thermo-
Fisher Scientific Life Technologies (Waltham, MA, USA).

Cell culture and treatments

PC12 cells (clone 615) (RRID:CVCL_C130) [61] (kindly pro-
vided by MV Chao, Skirball Institute, New York University
School of Medicine, NY) were maintained in DMEM supple-
mented with 10% FBS, 5% heat-inactivated HS, 2 mm L-
glutamine, 100 pg-mL~" streptomycin, 100 U-mL~" penicillin,
in a humidified atmosphere of 95% air 5% CO, at 37 °C, as
previously described [62-64]. Cells were routinely authenticated
by immunoblot of the Tyrosine kinase receptor TrkA, as
described [64]. All experiments were performed with
mycoplasma-free cells (Mycoplasma qPCR Detection Kit;
Sigma Aldrich/Merck). Medium was changed every other day
and immediately before treatments. Drugs treatments: 2.5S
mNGF (10 ngmL™"), NAD" (100 pum), wortmannin (WT,
200 nMm), compound C (CC, 10 pum), Rapamycin (Rap, 200 nm),
Bafilomycin Al (Baf, 100 nm), JNK inhibitor II (SP600125)
(1 pum), Oligomycin A (Olig, 1 pm), complex I inhibitor rote-
none (Rot, 50 nm) and complex III inhibitor Antimycin A (AA,
0.5 pm).

Mitochondrial function, morphology and
mitophagy

Mitochondrial morphology (fragmented vs networked) and
mitophagy were assessed by using MTG and LTR staining
(Invitrogen). Briefly, cells (9 x 10°/well) were plated in
96-multiwell plates (Perkin-Elmer, Waltham, MA, USA),
previously coated with poly-L-lysine (10 pg-mL~'). For
time-lapse imaging, cells were loaded with MTG (200 nm)
and LTR (100 nm) for 15 min, and counterstained with
Hoechst (1 pg-mL~") [35]. Then, cells were rinsed twice with
PBS, placed in DMEM without phenol red and exposed to
NGF or NAD". Time-lapse imaging was performed during
the 2-6 and 20-26 h timeframes of treatments. During the
interval between the two time-lapse imaging sequences, plates
were placed in the CO; incubator.

Images were acquired using Operetta® CLS (Perkin-
Elmer Inc.), a high-content analysis system, with a 63x
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water immersion objective. Images were analyzed using the
HARMONY® software (Perkin-Elmer Inc.) to obtain quanti-
tation of mitochondrial parameters. The following segmen-
tation protocol was used: The software was instructed to
recognize different classes of mitochondria (i.e. dispersed vs
networked) based on specific morphology parameters (size,
sphericity, length, volume) and SER texture (using the Line
bright filter). Measured parameters include number of
mitochondria, mean mitochondrial length (um), total mito-
chondrial volume (um?®), location in the cell (perinuclear vs
neurite region, based on distance from nuclei). For mito-
phagy, the overlapping MTG-LTR spots were taken. All
values were normalized by the total number of cells. Data
are the mean of MTG spots/cell (for morphology), or over-
lapping MTG-LTR spots/cell (for mitophagy), on about
150 cells in 20 random imaged fields. Similar profiles were
obtained in three independent experiments in duplicate.

To assess the mitochondrial potential, cells (1 x 10%/well)
were plated in glass bottom cell culture dishes (15 mm,
NEST, Wuxi, China) previously coated with poly-L-lysine.
Cells were loaded with MTR (50 nm) and MTG (200 nm) for
15 min, rinsed with PBS, placed in DMEM without phenol
red and treated with NGF or NAD" for the indicated times
(4-24-72 h). Live imaging was acquired using the Advanced
Fluorescence THUNDER Imager Live Cell (LEICA Micro-
system, Wetzlar, Germany) on about 100 cells for each condi-
tion in 10 random fields. Fluorescence intensity and the
mitochondrial areas were quantified using IMAGEJ software
(Bethesda, MD, USA).

ROS measurement

Cells (9 x 10%/well) were plated in 96-multiwell plates
(Euroclone) coated with poly-L-lysine and exposed to NGF
(10 ngmL™") or NAD" (100 um) in DMEM w/o Phenol
Red for 4-24-72 h. Cells were loaded with H,DCFDA dur-
ing the last 30 min, then detached, centrifuged at 600 g,
resuspended in PBS and transferred into a black 96-
multiwell plate (ThermoFisher Scientific Life Technologies).
Fluorescence was measured using FLUOstar®Omega
(BMG Labtech, Ortenberg, Germany) (excitation 485 nm,
emission 520 nm). Values were normalized by MTT assay,
as described in [63].

Cell morphology

To evaluate cell differentiation, PC12 cells (1 x 10%/well)
were plated in 24-multiwell plates (Euroclone), previously
coated with poly-L-lysine, and treated with NGF
(10 ngmL™") or NAD" (100 pm) for the indicated times.
Images were taken by using an Olympus CK40-SLP (Olym-
pus, Tokyo, Japan) with a 20x objective. Differentiation
was measured as percent of cells with neurite processes
whose length is at least twice the diameter of the cell body.
Number of differentiated cells and mean neurite length

I. Goglia et al.

were measured on images using IMAGEJ software, as
described [64].

For quantitative evaluation of morphology parameters,
cells (9 x 10°/well) were plated in 96-multiwell plates
(Perkin-Elmer Inc.), previously coated with poly-L-lysine,
and treated with NGF or NAD". Time-lapse imaging was
performed during the 2-6 and 20-26 h timeframes of treat-
ment. Images were acquired using Operetta® CLS (Perkin-
Elmer Inc.) with a 63x water immersion objective in
bright-field microscopy. Images of PC12 cells were analyzed
using Harmony® software to obtain morphological parame-
ters, such as surface area and sphericity of cells. Parallel
cultures stained with Hoechst (I pg-mL™') were used to
measure nuclear morphology and apoptotic nuclei.

Immunocytochemistry

PC12 cells were grown onto 12 mm poly-L-lysine-coated
coverslips (2 x 10* cells per well) and differentiated with
NGF for 4 or 24 h [12]. Cells were then washed with PBS,
fixed, permeabilized with 0.25% Triton X100 in PBS and
incubated with the blocking solution (10% normal goat
serum, Cell Signaling Technologies, Boston, MA, USA), fol-
lowed by overnight incubation with the primary antibodies
rabbit DJ-1 (D29E5) XP® (1 : 100, Cell Signaling Technolo-
gies), rabbit Omi-HtrA2 (1 : 100, Cell Signaling Technolo-
gies) and mouse TOMM?20 (1 : 200, Abcam). After washing
with PBS, coverslips were incubated for 2 h at room temper-
ature with goat anti-rabbit Alexa 488™ and anti-mouse
Alexa 546™ conjugated antibodies (1 : 500; ThermoFisher
Scientific Life Technologies). Nuclei were counterstained
with Hoechst 33342 (1 pg:mL™") for 15 min. After washes,
coverslips were mounted with Dako Fluorescent Mounting
Medium (Dako Agilent Technologies, Santa Clara, CA,
USA) and visualized under the Advanced Fluorescence
THUNDER Imager Live Cell (LEICA Microsystem).
Images of about 100 cells were taken in ten random fields for
each condition. Colocalization was determined by using the
Pearson coefficient of correlation.

Western blot analysis

Total cell extracts and western blotting were performed as
previously described [12]. Briefly, cells were washed in ice-
cold PBS and scraped in lysis buffer (20 mm Tris pH 8.0;
137 mMm NaCl; 1% Nonidet-P40; 10% glycerol; 1 mm DTT)
containing proteases and phosphatases inhibitors (Cell Sig-
naling Technologies). After 20 min incubation on ice, cellular
debris were pelleted by centrifugation at 14 000 g for 10 min
at 4 °C. Protein concentration was measured by using the
Bradford assay (Sigma Aldrich/Merck).

Total proteins (25 pg) were dissolved in loading buffer
(50 mm Tris pH 6.8; 2% SDS; 100 mm DTT, 10% glycerol,
0.1% bromophenol blue), separated on 10% SDS/PAGE
gels and transferred to nitrocellulose Protran™ (Perkin-
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Elmer Inc.). After blocking with 5% non-fat milk or BSA
in TBST buffer (10 mm Tris pH 7.5; 150 mm NaCl; 0.2%
Tween-20), blots were probed overnight at 4 °C with the
primary antibody in TBST: mouse B3-Tubulin (1 : 1000;
Cell Signaling Technologies), mouse GAP-43 (1 : 1000,
Sigma Aldrich/Merck), rabbit Bel-xL (1 : 1000; Cell Signal-
ing Technologies), rabbit Omi-HtrA2 (1 : 500, Cell
Signaling Technologies), mouse Parkin (1 : 100, Cell Sig-
naling Technologies), mouse SODI1 (1 : 500, Millipore),
rabbit TOMM?20 (1 : 200, Immunological Sciences), rabbit
Phospho(Thr183/Tyr185)-SAPK/INK (1 : 1000, Cell Sig-
naling Technologies), rabbit total JNK (1 : 1000, Cell
Signaling Technologies), mouse B-actin (1 : 1000, Cell Sig-
naling Technologies). For co-immunoprecipitation, total
proteins (100 pug) were incubated with rabbit AMBRAI
(5 uL of 200 ng-uL~", Santa Cruz Biotechnology Inc., Dal-
las TX, USA) overnight at 4 °C. After separation with pro-
teinA agarose for 2 h at 4 °C, and separation on 10%
SDS/PAGE, membranes were probed with mouse Parkin
(1 : 100, Invitrogen/Thermo Fisher Scientific Life Technol-
ogies). For detection, membranes were incubated for 1 h at
RT with HRP-conjugated donkey anti-rabbit or anti-mouse
IgGs (1 :5000; Cell Signaling Technologies). Blots were
probed for B-actin to normalize for protein content. Detec-
tion was carried out by chemiluminescence using Super-
SignalTM West Pico PLUS Chemiluminescent Substrate
(ThermoFisher Scientific Life Technologies). Quantification
of bands was performed by densitometry using NIH-IMAGEJ
software.

Metabolic profiling

PC12 cells (3 x 10%/well) were plated in 6-well plates
(Euroclone), previously coated with  poly-L-lysine
(10 pg-mL~") and treated with NGF (10 ng-mL~") for 4 or
24 h in complete growth medium (high glucose, 25 mm). At
the end of treatments, metabolites extraction was per-
formed as previously detailed in [65,66]. For metabolic pro-
filing, samples were separated through an InfintyLab
Poroshell 120 PFP column (2.1 x 100 mm, 2.7 pm)
coupled to an Agilent 1290 Infinity UHPLC system (Agi-
lent Technologies, Santa Clara, CA, USA) as described
[65]. MS detection was performed using an Agilent 6550
iFunnel Q-TOF mass spectrometer with the Dual JetStream
source operating in negative ionization mode (Agilent
Technologies). Data analysis was performed with Mas-
sHunter ProFinder and MassHunter VistaFlux software
(Agilent Technologies) as in [65,66].

Modeling

For computational modeling, the scheme in Fig. 5A was
translated into mathematical equations (listed in the
Table in the Appendix SI: Computational Modeling).
The mathematical model was integrated in the Copasi

Mitochondrial cycling and metabolism after NGF

software to run the simulations. The model instantiations
used to run the simulations (Fig. 5) can be found in the
Appendix S1 as Copasi files named ‘Fig. 5S.cps’
(Appendix S1: Copasi models folder). The rate constants
are found under Global Quantities in the model ‘Fig.
S.cps’. To reproduce the simulations of Fig. 5, run the cor-
respondent Copasi file contained in the folder ‘fusion fis-
sion models’, as detailed in the Instruction.

Statistical analysis

All data are presented as the mean £ SEM of three separate
experiments with two independent samples (N = 6). Statistical
analysis was performed by using GRAPHPAD PRISM 6.0 (Graph-
Pad Software, La Jolla, CA, USA). All quantitative data were
analyzed by one-way ANOVA and Dunnett’s multiple com-
parisons test for multiple treatments (*P < 0.05, **P < 0.01,
**kP < 0.001, ****P < 0.0001 versus the corresponding CTR).
For the figures of ICC, individual images of CTR and treated
cells were assembled and the same adjustments were made for
brightness, contrast, and sharpness using ADOBE PHOTOSHOP
(Adobe Systems, San Jose, CA, USA).
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Video S1. Live imaging of PCI2 differentiated with
NGF for 24 h (1-NGF_24h).
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Video S2. Live imaging of PCI2 exposed to NGF for
24 h (NGF_24h_detail).

Video S3. Live imaging of PC12 without treatment (CTR).
Appendix S1. Computational Modeling: Raw data,
instructions and recipes/Global quantities for the
Copasi simulations.
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