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Background: Mutations of the mitochondrial protein paraplegin cause hereditary spastic paraplegia type 7
(SPG7), a so-far untreatable degenerative disease of the upper motoneuron with still undefined
pathomechanism.
The intermittent mitochondrial permeability transition pore (mPTP) opening, called flickering, is an essential
process that operates to maintain mitochondrial homeostasis by reducing intra-matrix Ca%* and reactive oxy-
gen species (ROS) concentration, and is critical for efficient synaptic function.
Methods: We use a fluorescence-based approach to measure mPTP flickering in living cells and biochemical
and molecular biology techniques to dissect the pathogenic mechanism of SPG7. In the SPG7 animal model
we evaluate the potential improvement of the motor defect, neuroinflammation and neurodegeneration by
means of an mPTP inducer, the benzodiazepine Bz-423.
Findings: We demonstrate that paraplegin is required for efficient transient opening of the mPTP, that is
impaired in both SPG7 patients-derived fibroblasts and primary neurons from Spg7/~ mice. We show that
dysregulation of mPTP opening at the pre-synaptic terminal impairs neurotransmitter release leading to inef-
fective synaptic transmission. Lack of paraplegin impairs mPTP flickering by a mechanism involving
increased expression and activity of sirtuin3, which promotes deacetylation of cyclophilin D, thus hampering
mPTP opening. Pharmacological treatment with Bz-423, which bypasses the activity of CypD, normalizes
synaptic transmission and rescues the motor impairment of the SPG7 mouse model.
Interpretation: mPTP targeting opens a new avenue for the potential therapy of this form of spastic
paraplegia.
Funding: Telethon Foundation grant (TGMGCSBX16TT); Dept. of Defense, US Army, grant W81XWH-
18—-1-0001
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1. Introduction

Hereditary spastic paraplegia (HSP) is a large group of rare genetic
characterized by degeneration of the

neurological diseases

* Corresponding author.

corticospinal tract [1]. Lower limb spasticity and weakness, the more
common initial and usually progressing symptoms, may have their
onset from childhood to the third-fourth and even fifth decade [2].
The genetics of HSP is quite complex both in terms of inheritance
pattern — autosomal dominant, autosomal recessive, X-linked, and
mitochondrial inheritance have all been reported — and of the
extraordinary genetic heterogeneity involving more than 80 different

loci, with 58 already identified HSP genes [3].
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RESEARCH IN CONTEXT

Evidence before this study

Mutations of the SPG7 gene, which encodes the mitochondrial
protein paraplegin, are known to cause a recessive form of
hereditary spastic paraplegia (SPG7) in the past two decades.
Nonetheless, the molecular mechanism leading to this form of
neurodegeneration is still unclear.

The permeability transition pore (mPTP) on the inner mito-
chondrial can trigger cell death in response to increased mito-
chondrial calcium by massively opening and discharge matrix
content into the cytoplasm. Differently from this permanent
and high conductance mode, the mPTP can open in a physiolog-
ical and low conductance way to maintain mitochondrial cal-
cium homeostasis.

Added value of this study

This work reports for the first time a human disease associated
to impairment of the low conductance opening of the mPTP
and discloses the intimate molecular pathomechanism leading
to SPG7 spastic paraplegia. The available mutant animal model
contributes an in vivo proof of principle for the pharmacological
therapy of this disease.

Implications of all the available evidence

The novelty of functionally linking the mPTP to SPG7 spastic
paraplegia opens to mPTP modulation as a prospective strategy
for SPG7 treatment. The benzodiazepine Bz-423 as mPTP open-
ing inducers can represent a pharmacological approach to
relieve specific mitochondrial conditions such as the SPG7
neurodegeneration.

Two decades ago, the SPG7 gene, which encodes paraplegin, was
identified as responsible for the first identified autosomal recessive
form of HSP (SPG7)[4]. The phenotype of the Spg7 knock-out mouse
model matches the clinical feature of SPG7 patients, with mild and
slowly progressive motor impairment associated with distal axonop-
athy of spinal and peripheral axons [5] .

Paraplegin is a mitochondrial protein belonging to the AAA-prote-
ase superfamily (ATPases associated with a variety of cellular activi-
ties), which assembles into hetero-oligomers with its homolog
AFG3L2 in the inner mitochondrial membrane [6]. Contrary to para-
plegin, AFG3L2 is also able to form homo-complexes; both hetero-
and homocomplexes constitute active m-AAA proteases.

Through selective degradation of non-assembled and damaged
proteins, the m-AAA complex exerts protein quality control surveil-
lance in the inner membrane [7], while through its chaperone-like
activity participates in the assembly of respiratory chain complexes
[8-10]. Furthermore, the m-AAA complex mediates the proteolytic
activation of substrates such as the nuclear-encoded subunit of mito-
chondrial ribosome MrpL32, the regulator of mitochondrial fusion
protein OPA1 [11] [12].

Dominant mutations of AFG3L2, the paraplegin partner in the m-
AAA complex, are responsible for spinocerebellar ataxia type 28
(SCA28) [13]. Extensive investigation of AFG3L2 association with
SCA28 pathogenesis points to a role in the control of organelle frag-
mentation and Ca®" buffering in Purkinje neurons [10] [14-17]. A
third very rare and severe disease, SPAX5, has been associated with
recessive mutations of AFG3L2 and recalls features of both SCA28 and
SPG7[18].

Although the molecular mechanism leading to primary motoneu-
ron degeneration in SPG7 is still missing, the hypothesis of a mito-
chondrial pathogenesis is supported by the evidence of respiratory

complex I-deficiency and partial mitochondrial DNA depletion in
SPG7 patient cells [9] [19] [20].

Mitochondria are important for the maintenance of neuron integ-
rity and function [21]; indeed, diseases caused by mitochondrial fail-
ure often display a neurodegenerative component affecting the
central or peripheral nervous system [22]. Of note, mitochondrial
defects are frequently observed also in peripheral samples collected
from patients with neurodegenerative disorders [23].

The intimate involvement of mitochondria in controlling neuro-
transmission has been demonstrated in several diseases, such as in
GDAP1-related Charcot-Marie-Tooth, where dysfunctional mitochon-
dria cause impairment of Ca®* homeostasis at axonal terminals [24];
in epilepsy, where they contribute to dysregulation of excitability
[25]; as well as in Alzheimer [26], and Parkinson diseases [27].

A key effector of mitochondrial dysfunction is an increased per-
meability of the inner mitochondrial membrane (IMM), triggered by
matrix Ca®*, phosphate (Pi) and reactive oxygen species (ROS)
through opening of the mitochondrial permeability transition pore
(mPTP), a channel regulated by the acetylation/deacetylation ratio of
the matrix protein cyclophilin D (CypD), which binds to the OSCP
subunit of ATP synthase and favors mPTP opening [28].

The mPTP can open in low or high conductance modes. Intermit-
tent opening/closing of the pore (flickering) is physiological and
essential for mitochondrial Ca?‘homeostasis, as it controls Ca?
“release, finely tuning its concentration in the matrix [29-35]. By
contrast, high conductance, long-lasting opening is a major cell death
pathway driven by the organelle, as it causes IMM depolarization
with massive mitochondrial Ca®* release, inhibition of respiration,
cessation of ATP synthesis, and matrix swelling, eventually leading to
cytochrome C, AIF and endonuclease G release, with consequent cell
death [36].

Here we show that paraplegin mutations increase expression of
surtuin 3, and push its activity leading to lower levels of acetylated
CypD, finally result in blunting the physiological, transient openings
of the mPTP with detrimental consequences on synaptic transmis-
sion. Pharmacological activation of mPTP, bypassing the deficiency of
acetylated CypD, restores synaptic transmission and prevents the
onset of motor impairment in the SPG7 mouse model. We finally pro-
vide the first example of a human disease caused by impaired pore
opening and demonstrate the actionability of mPTP as potential ther-
apeutic target for SPG7.

2. Methods
2.1. Cell cultures

Fibroblasts were cultured in Dulbecco’s Modified Eagle Medium
(Cat# 41,965—-039 EuroClone, Milan, Italy) containing 20% fetal
bovine serum (FBS) (Cat# ECS0186L EuroClone, Milan, Italy), 1% L-glu-
tamine (Cat# ECB3000D EuroClone, Milan, Italy), and 1% antibiotics
(penicillin/streptomycin (PS)) (Cat# ECB3001D EuroClone, Milan,
Italy); HEK293 cells were grown in high glucose DMEM (Cat#
ECMO0728L EuroClone, Milan, Italy) supplemented with 10% FBS and
1% PS at 37 °C and 5% CO2. All cells were splitted upon reaching of
confluence, by rinsing the monolayer twice with sterile Phosphate-
Buffered Saline (Cat# ECB400L PBS, EuroClone, Milan, Italy) and
exposing cells to 0.25% Trypsin-EDTA (Cat# ECB3052D EuroClone,
Milan, Italy) for 2—3 min. Detached cells were centrifuged to remove
Trypsin from the media and then plated.

2.2. Generation of SPG7 knockout HEK293 cells by CRISPR/Cas9 genome
editing

We generated SPG7 knockout HEK293 cells by CRISPR/Cas9
Genome Editing. Briefly, gRNA guides (G1: ACATCTGGTCGTCCCGC
TCA, and G2: CCGGGTCCTCGGCCGCTGTG), targeting exon 4 and exon
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1 of the human SPG7 gene respectively, were cloned in the pCas-
Guide-EF1a-GFP plasmid (GE100018, OriGene Technologies, Inc,
Rockville, USA). The plasmid expresses a CMV-driven codon-opti-
mized Cas9 and EFla promoter driven GFP. HEK293 cells were
transfected with the indicated plasmids using Lipofectamine (Life
Technologies, Carlsbad, CA, USA), 48 h after transfection single
cells were sorted for GFP expression and collected in 96 multiwell
plate for each gRNA guide for single clone isolation. SPG7 KO
clones were screened by western blot using paraplegin-specific
antibody.

2.3. Cell permeabilization and Ca®* retention capacity (CRC) and matrix
Cca®*

Cells are detached with trypsin, centrifuged at 1000 x g for 5 min,
and washed twice with 1X PBS. The cellular pellet is suspended in
KCl medium (130 mM KCl, 10 mM MOPS, 10 uM EGTA, pH 7.4) sup-
plemented with 1 mM EGTA and 200 1M digitonin and incubated for
20 min on ice. Cells are then diluted 1:10 in KCl medium and centri-
fuged at 1000 x g in a refrigerated centrifuge (4 °C) for 5 min. The
final pellet is washed in KCl medium and then used for CRC measure-
ments.

To measure the CRC, extra-mitochondrial Ca®* concentration is
assessed by measuring Calcium Green-5 N (Cat# C3737 Thermo-
Fisher Scientific, Waltham, MS, USA) fluorescence changes using
Victor3™ Plate Reader (PerkinElmer, Waltham, MS, USA) essen-
tially as described [37]. Digitonin-permeabilized HEK293 cells
(5 x 10° cells per well, 96-well microplate) are suspended in KCI
medium supplemented with 5 mM Succinate, 1 mM Pi, and 0.5 uM
Calcium Green-5 N, pH 7.4. For the assay in the presence of rote-
none the KCl medium was supplemented with 1 ©M rotenone. For
all CRC measurements, sequential 5 or 10 uM CaCl, pulses were
added to cells. All measurements are performed in three technical
replicates. At the end of the assay, cells are lysed using Extraction
Buffer (150 mM NacCl, 20 mM Tris—HCI, 1% Triton, 10% glycerol,
5 mM EDTA, protease inhibitor cocktail, pH 7.4) and protein quan-
tification is performed using Biorad Protein Assay (Cat# 5,000,001
Biorad, Hercules, CA, USA).

To measure matrix [Ca®*] digitonin-permeabilized cells were cen-
trifuged at 1000 x g, resuspended in KCl medium supplemented with
100 M EGTA at 20 x 10° cells/ml and incubated with 3 «M Rhod2-
AM for 30 min at room temperature. Permeabilized cells were then
washed with KCl medium and resuspended at 10 x 10° cells/ml
(2 x 10° cells/well) in KCl medium supplemented with 5 mM succi-
nate and 1 mM Pi. Sequential 5 ©M Ca** pulses were added. To cali-
brate the Rhod2 signal, a final 1 mM Ca?* bolus and then 10 mM
EGTA were added at the end of experiment to measure the maximal
and minimal fluorescence, respectively. Total protein was then mea-
sured with the BCA method. Matrix [Ca®*] was calculated based on a
K4 for Rhod2 of 570 nM.

2.4. Assessment of mitochondrial membrane potential

To determine AWm in cells incubated with Tetramethylrhod-
amine (TMRM) (20 nM) (Cat#134361; Thermo Fisher Scientific), we
used Spinning Disk Confocal microscope (Nikon ECLIPSE Ti, Florence,
Italy) with attenuated laser power (around 2%) to minimize the time
needed to obtain images and to avoid photobleaching. Next, we
started to collected images. Moreover, to compare possible differen-
ces in AWm between control and SPG7 null cells, all parameters: res-
olution, laser power, detection gain of a camera and time-lapse
interval to obtain images are fixed. Then, TMRM fluorescence intensi-
ties was quantified with Image] tool and expressed as TMRM inten-
sity/mitochondrial area.

2.5. Visualization and quantification of TMRM flickering events

Our approach allows the measurement of transient changes of
mitochondrial membrane potential (mAW) that arise from transient
opening of the mitochondrial permeability transition pore (mPTP)
and can be visualized, as flickers of fluorescence (an example in SVi-
deo 1 and SVideo2), using Tetramethylrhodamine (TMRM
Cat#I34361,Thermo Fisher Scientific, Waltham, MS, USA). TMRM is a
rapidly repartitioning cationic, red-orange fluorescent dye that is
readily sequestered by polarized mitochondria. Cells are plated on
glass bottom dish 35 mm, loaded with 20 nM TMRM, 2 uM Cyclo-
sporine H (CsH) (Cat# SML1575 Sigma-Aldrich, St.Louis, MS, USA) in
HBSS + Na,CO3 +10 mM Hepes or in complete medium (without phe-
nol red) for 30 min. Under these conditions TMIRM operates in non-
quenching mode. Then cells are washed and the dish placed on the
stage of Spinning Disk Confocal microscope (Nikon ECLIPSE Ti, Flor-
ence,ltaly) equipped with a stage-top incubator and CO, control sys-
tem.

TMRM flickering was quantified in a stack of time-sequence
images (1 s intervals, 300 ms exposure, for a period of about 10 min)
acquired with a 60X oil-immersion objective. The “Stack-T function”
plugin of Image] tool [38] was used to generate a stack of “AF,” which
is the fluorescence difference between the two images in succession.
Therefore, TMRM losses in flickering are shown as black holes in the
AF image stack. A stack of three-dimensional surface plots was then
generated from the AF image stack. Peaks in the 3D surface plot in
Fig. 1C represent the TMRM loss and were counted as flickering
events. Stack T-function plugin combined to "Analyze Particles" func-
tion (with a thresholding size of 0.7 m?) was used to generate an
automated macro to detect from each frame in a given time: (i) the
total amount of exchanged TMRM fluorescence in a single time inter-
val (total TMRM); (ii) the highest peak per field (max TMRM peaks);
(iii) the size of the involved mitochondrial area (flickering area/Total
mito area); and (iv) the frequency of events (flickering frequency/
Total mito area). Of note, by applying this setting, in the absence of
flickering events the macro attributes a 0 value. Frequency and area
of TMRM mitochondrial flickering were normalized on total mito-
chondrial area that is quantified using Mytoe tool [39].

2.6. Constructs generation

For the generation of bicistronic plasmids SPG7-IRES-GFP and
SPG7-EQ-IRES-GFP we used In-fusion cloning approach (Takara Bio,
Saint Germain en Laye, France). Briefly, plasmids expressing myc-
tagged paraplegin (pcDNA3.1-SPG7-myc) and paraplegin proteolytic
inactive form (pcDNA3.1-SPG7-EQ-myc) [9] was linearized with Xhol
(New England Biolabs, Ipswich, MS, USA) restriction enzyme and
then amplified with the following primers:

Primer fw: 5-TGAGCCTCGACTGTGCCTTCTAGTT-3'
Primer rev: 5'-CCCAGATCCTCCTCAGAAATCAGC-3’

Plasmid pEGFP-C1 (Addgene, Watertown, MA, USA) was linear-
ized with Xhol (New England Biolabs, Ipswich, MS, USA) restriction
enzyme and then GFP region was amplified with the following
primers:

Primer fw (containing IRES sequence): 5-GCTGATTTCTGAGGAG
GATCTGGGTGA

CAAACTGTACATGCCGTTAACTGTAATTTTGCGTGATTTTTITGTA-3’

Primer rev: 5'-AACTAGAAGGCACAGTCGAGGCTCAACTTGTACAGCTCG
TCCATGCCG-3’

Then In-fusion cloning protocol was applied according to the
manufacturer's instructions (Takara Bio, Saint Germain en Laye,
France).
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Fig. 1. Mutant paraplegin determines CRC increase and defective flickering.

(A) Left, representative traces of mitochondrial uptake of extramitochondrial Ca?* during time monitored by the fluorescence of Calcium Green-5 N given in arbitrary units (a.u.). Arrows
indicates sequential Ca®* pulses. Traces from control and SPG7~~ HEK293 cells in normal conditions are in dark gray and light blue, respectively, while traces in the presence of rotenone
(Rot) are in light gray and dark blue, respectively. Right, bars represent total nmol Ca?*/ug protein uptaken by mitochondria before mPTP opening (data are mean +SEM, n = 3, in three tech-
nical replicates, unpaired Student’s t-test p< 0.05). (B) Timeframe of a flickering event (inset). TMRM (red) and MitoTracker (green) fluorescence. Bar, 10 pem. (C) 3D surface plot of AF
TMRM flickering signals of two consecutive frames in control and SPG7_del fibroblasts. (D) AF TMRM flickering signals in 200 s (control, gray; SPG7_del fibroblasts, red). (E) Dot plots of four
parameters describing the flickering event (total TMRM; max TMRM peaks, Flickering Area/Total mito-area; Frequency of the flickering/Total mito-area) for wild-type (light gray) and
SPG7/~HEK293 cells (clones #1 and #2, light blue) (three independent experiments, n > 200 cells per experiment; Kruskal-Wallis p< 0.0001). (F) As in E for control (light gray) and SPG7_del
fibroblasts (orange-red) (three independent experiments, n > 200 cells per experiment; Wilcoxon p< 0.0001). (G) Dot plots of total TMRM for control (light gray), SPG7_del and four SPG7
missense mutations fibroblasts (SPG7_P, SPG7_R, SPG7_M, SPG7_F; orange-red) (three independent experiments, n > 200 cells per experiment; Kruskal-Wallis p< 0.0001). (H) As in G for con-
trol (light gray) and SPG52 (pink) and SPG31 (blue) fibroblasts (non-SPG7 HSP) (three independent experiments, n > 200 cells per experiment; Kruskal-Wallis p = n.s).
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BioID plasmid expressing the paraplegin-biotin ligase fusion pro-
tein (pSPG7-BirA-HA) has been generated by cloning SPG7 gene into
pcDNA3.1 MCS-BirA(R118G)-HA vector previously described [40] (a
gift from Kyle Roux, plasmid #36047, Addgene, Watertown, MA,
USA). Forward (Fw AfIIl: TAAACCTTAAGATGGCCGTGCTGCTGCTGCTG)
and reverse (Rev EcoRI: TGAGAATTCCTTGGGCCAAGTCGGCTCTTCG)
primers were used to incorporate appropriate restriction sites and
eliminate the stop codon in SPG7 by PCR, starting from the construct
pcDNA3.1- SPG7-myc [9]. pcDNA3.1 MCS-BirA(R118G)-HA vector
and the PCR product of SPG7 gene were digested by the AflIl (Cat#
R0520S - New England Biolabs, Ipswich, MS, USA) and the EcoRI
(Cat# R3101S - New England Biolabs, Ipswich, MS, USA) restriction
enzymes. Ligation between the resulting products were performed
by T4 DNA Ligase (Cat# M0202S - New England Biolabs, Ipswich, MS,
USA) to generate pSPG7-BirA-HA plasmid

2.7. Pharmacological treatments

To confirm the specificity of the mPTP flickering data, control cells
were pre-treated with cyclosporin A (CsA; Cat# 59865-13-3 Sigma,
St. Louis, Mo, USA) 5 uM for 2 h (data not shown) or with its analog,
NIM811 [41], 2 uM for 1 h. CsA (cyclosporin A) and NIM811 (the lat-
ter lacking the ability to inhibit calcineurin and therefore devoid of
immunosuppressive activity) are widely used to inhibit mPTP open-
ing. Bz-423 [42] (Cat# 5791, Tocris Bioscience, Bristol, UK), an inhibi-
tor of the ATP synthase able to favor mPTP opening by interacting
with the OSCP subunit [28], was dissolved in DMSO and used at a
final concentration of 100—300 nM. Cells were treated with Bz-423
or vehicle for 1 hour before the starting of the experiments. For the
analysis of SIRT3 stability by the cycloheximide (CHX) (Cat# C4859
Sigma-Aldrich, St.Louis, MS, USA) chase assay, cells were incubated
with 50 ug/ml CHX for the indicated times. Degradation of the endog-
enous SIRT3 was monitored by Western blotting using anti-SIRT3. As
a negative control, actin protein was used.

2.8. Transient transfection

For HEK293 transfection 70% confluent cell plates (Corning
100 mm, Culture Dish #430,167) were transfected with Lipofect-
amine 3000 Reagent (Thermo Fisher Scientific, Waltham, MS, USA)
according to the manufacturer's instructions. Briefly, for each plate
25 ul of Lipofectamine 3000 were diluted in 1.5 ml of Opti-MEM
Medium (Gibco, Thermo Fisher Scientific, Waltham, MS, USA). Sepa-
rately, master mix was prepared by diluting DNA (12,5 ul [1 ug/ul]
/sample) plus P3000™ Reagent (25ul/sample) in 1.5 ml of Opti-MEM
Medium. Master mix was then added to diluted Lipofectamine 3000
Reagent (1:1 ratio) and incubated for 15 min at room temperature.
DNA-lipid complex was dropped onto plated cells. Cells were incu-
bated at 37 °C and collected 48 h after transfection for subsequent
analysis.

For fibroblast transfection 60% confluent cell plates (glass bottom
dish 35 mm, Ibidi, Germany) were transfected with Mirus Bio™ Tran-
SIT™_LT1 Transfection Reagent (Thermo Fisher Scientific, Waltham,
MS, USA) according to the manufacturer's instructions. Briefly, for
each plate 1 wl of plasmid (1 wg/ul stock) were diluted in 1.0 ml of
Opti-MEM Medium (Gibco, Thermo Fisher Scientific, Waltham, MS,
USA). Then 3 pl of Mirus Bio™ TransIT™-LT1 were added to the mix
and incubated for 30 min at room temperature. DNA-lipid complex
was dropped onto plated cells. Cells were incubated at 37 °C and ana-
lyzed 48 h after transfection.

2.9. Immunofluorescence staining
Localization of paraplegin-biotin ligase fusion protein was ana-

lyzed by immunofluorescence after 48 h from transfection in fibro-
blasts cells. Transfected cells were fixed for 10 min in 4%

paraformaldehyde (PFA) in PBS, next they were washed three times
with PBS and permeabilized with 2.5% BSA + 0.2% Triton X-100 in PBS
(blocking buffer) for 45 min. Cells were incubated with anti-HA (Cat#
MMS-101P, RRID:AB_2314672, Covance, Princeton, NJ, US) and anti-
TIMM23 (Cat# ab116329, RRID:AB_10903878, Abcam, Cambridge,
UK) primary antibodies at 4 °C overnight. Cells were then washed
three times with PBS and incubated with the appropriate secondary
antibodies conjugated to Alexa Fluor 488 (Cat# A-21206, RRID:
AB_2535792, Invitrogen, Carlsbad, CA, USA) for 1 h at room tempera-
ture. DNA was stained with Hoechst 33342 (Cat# 4082, RRID:
AB_10626776, Sigma, St. Louis, Mo, USA). After three washings with
PBS, slides were mounted on coverslips with Mowiol (Calbiochem,
Darmstadt, Germany) and the images were acquired with confocal
fluorescence microscopy (LSM800; Zeiss, Milan, Italy).

2.10. RNAi silencing

To silence SIRT3, equal numbers of cells were transfected using
stealth RNAI against the human SIRT3 (Cat# SIRT3HSS118726; Invi-
trogen, Carlsbad, CA, USA) and stealth RNAi negative control (Invitro-
gen, Carlsbad, CA, USA) to a final concentration of 100nM. The
transfection reagent was Interferin (Polyplus, Illkirch France) used
following manufacturer’s instruction. Down-regulation of the target
gene was monitored by immunoblot analysis on cell lysates 96 h after
transfection.

2.11. BiolD assay

Cells were transfected with para-BirA-HA or pBirA-HA vector con-
trol (plasmid # 36047, Addgene, Watertown, MA, USA). After 24 h
from transfection cell medium was replaced with complete medium
containing 50 «M biotin and incubated for 24 h. Mitochondria were
isolated and lysed in Lysis Buffer (50 mM TrisHCl pH7.4, 500 mM
NaCl, 0,2% SDS, containing protease inhibitor and 10 mM deacetylase
inhibitor nicotinamide (NAM)). Affinity purification of biotinylated
proteins was performed following protocol’s instructions [40].
Briefly, mitochondria lysates were incubated with magnetic strepta-
vidin beads on a rotator at 4 °C overnight. Pulled down biotinylated
proteins were then washed three times with different wash buffers
(wash buffer #1: 2%SDS; wash buffer #2: 0.1% deoxycholic acid, 1%
Triton,1 mM EDTA, 500 mM NaCl, 50 mM HEPES pH 7.5; wash buffer
3: 0.5% deoxycholic acid, 0.5% NP-40, 1 mM EDTA, 250 mM LiCl,
10 mM TriseCl pH7.4). Collected biotinylated proteins were resus-
pended in SDS-PAGE sample buffer (50 mM TriseCl pH 6.8, 12%
sucrose, 2% SDS, 0.004% bromophenol blue, 20 mM DTT), and their
identity was determined by western blot analysis.

2.12. Immunoprecipitation

Five hundred milligrams of mitochondrial extract were lysed from
HEK293 cells in RIPA buffer (50 mM Tris—HCI pH 8150 mM NaCl,
NP40 1%, 0.5% Sodium deoxycholate, 0.1% SDS, 1 mM EDTA with pro-
tease inhibitors (Cat# 539131, Sigma Aldrich, St. Louis, MO, USA) and
10 mM NAM). After a pre-clearing step (incubation of lysate with Pro-
tein-A/G—Sepharose beads; Sigma Aldrich, St. Louis, MO, USA) pro-
teins were incubated with anti-acetyl Lysine (Cat# ab190479, Abcam,
Cambridge, UK) antibody or normal Rabbit IgG (Cat# 2729, RRID:
AB_1031062, Cell Signaling, Beverly, MA, USA) over night at 4 °C with
constant gentle agitation. Subsequently, Protein-A/G—Sepharose was
added. Precipitates were used for western blot analysis.

2.13. Mitochondria purification
Cells were collected by centrifugation at 600 x g for 10 min at 4 °C.

The pellet was resuspended in Isolation Buffer (IB) pH 7.4 (0.1 M Tris-
MOPS, 0.1 M EGTA/tris, 1 M sucrose, containing protease inhibitor
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and 10 mM NAM) and syringed for rapid destruction. The homoge-
nate was centrifuged at 600 x g for 10 min at 4 °C. Collected superna-
tant was re-centrifuged at 7000 x g for 10 min at 4 °C. After washing
in IB, the pellet containing mitochondria was resuspended in RIPA
buffer to extract mitochondrial proteins.

Mitochondria from mice brain were isolated by differential cen-
trifugation. Briefly, brains were minced and homogenized in cold
extraction buffer pH 7.2 (125 mM sucrose; 250 mM mannitol;
10 mM HEPES; 10 mM EGTA; 0.01% BSA; 1x protease inhibitors) by
using a Dounce homogenizer. The homogenate was centrifugated
at 700 x g and 4 °C for 10 min. The pellet containing nuclei and
intact cells was discarded and the supernatant was centrifugated
again at 700 x g for 10 min at 4 °C and subsequently at 10,000 x g
for 15 min at 4 °C. The resulting pellet was resuspended and per-
meabilized in extraction buffer with digitonin to a final concentra-
tion of 0.02%. After a centrifugation at 10,000 x g for 15 min at 4 °C
the final pellet was re-suspended in RIPA buffer and protein con-
centration was determined.

2.14. Western blotting

Mitochondria lysates were prepared in RIPA buffer (50 mM
Tris—HCI pH 8,0, 150 mM NaCl, NP40 1%, 0.5% Sodium deoxycholate,
0.1% SDS, 1 mM EDTA with proteinase inhibitors (Sigma Aldrich, St.
Louis, MS, USA) and 10 mM NAM (Sigma Aldrich, St.Louis, MS, USA)
and sonicated twenty times. Lysates were cleared of insoluble mate-
rial by centrifugation at 10,000 x g at 4 °C and the supernatant was
retained for western blotting. Protein extract concentrations were
determined using PierceTM BCA Protein Assay Kit (Thermo Fisher Sci-
entific, Waltham, MS, USA) and a spectrophotometer reader (Thermo
Fisher Scientific, Waltham, MS, USA) at a wavelength of 595 nm. Pro-
tein samples were separated by 4-20% Precast Protein gel (Cat#
4561094 Bio-Rad, Hercules, CA, USA), and transferred to polyvinyli-
dene difluoride (PVDF) membranes (Immobilon-P, Merck Millipore,
Darmstadt, Germany) at 110 V for 1.5 h. Membranes were blocked in
blocking solution (5%BSA dissolved in TBS-T) and incubated over-
night at 4 °C with the commercial primary antibodies: anti-GAPDH
1:10000 (Cat# sc-32233, RRID:AB_627679, Santa Cruz Biotechnology,
Heidelberg, Germany); anti-Cyclophilin D 1:1000 (Cat# ab110324,
RRID:AB_10864110, Abcam, Cambridge, UK); anti-acetyl Lysine
1:1000 (Cat# ab190479, Abcam, Cambridge, UK); anti-Sirtuin3
1:1000 (Cat# 5490, RRID:AB_10828246, Cell Signaling, Beverly, MA,
USA); anti-paraplegin 1:750 (Cat# LS-C175082, LSBio, Seattle, WA,
USA); anti HSP60 1:1000 (Cat# SR-806D, RRID:AB_1279011, Enzo
Life Sciences, Villeurbanne, France); anti-citrate synthase 1:2000
(Cat# ab96600, RRID:AB_10678258, abcam, Cambridge, UK); anti-
catalase 1:1000 (Cat# 12980, RRID:AB_2798079, Cell Signaling, Bev-
erly, MA, USA); anti SOD2 1:750 (Cat# MA1-106, RRID:AB_2536812,
Thermo Fisher Scientific, Waltham, MS, USA); anti-HA 1:1000 (Cat#
A488-101L-100, RRID:AB_10063991, Covance, Princeton, NJ, US);
anti GFAP 1:1000 (Cat# sc-6171, RRID:AB_641023, Santa Cruz Bio-
technology, Heidelberg, Germany); anti-IBA1 rabbit polyclonal
(1:1000, Cat. No. 234 013; RRID:AB_2,661,873, Synaptic System). For
immunodetection of primary antibodies, goat-anti-rabbit-HRP conju-
gate (Cat# 65—6120, RRID:AB_2533967, GE Healthcare, Chicago, IL,
USA) or goat-anti-mouse-HRP conjugate (Cat# 31430, RRID:
AB_228307, GE Healthcare, Chicago, IL, USA) was used at 1:5000 in
blocking solution, and HRP was detected using Luminata Crescendo
chemiluminescence substrate (Cat# WBLURO0500, Millipore, Mol-
sheim, France). Western Blot images were acquired using the Chemi-
Doc imaging system (UVP, Cambridge, UK) and densitometric
analysis was performed with Image] 1.51v software. Signals for each
mitochondrial protein staining were quantified and then normalized
for citrate synthase (CS) in the same sample. The western blot results
shown are representative of at least three independent experiments.

In Fig. 4 and 5 histograms show quantification of indicated mito-
chondrial proteins normalized by CS (Citrate Synthase), except for
Fig. 4C which shows cyclophilin D normalized by immunoglobulin G.

2.15. MitoSox assay

HEK293 cells were incubated for 10 min at 37 °C, protected from
light, in Hank's Balanced Salt Solution 1x with calcium and magne-
sium (HBSS/Ca/Mg) containing 5 M MitoSOX red fluorogenic dye
(Cat# M36008, Invitrogen, Carlsbad, CA, USA). The fluorescence emis-
sion was measured through fluorescent activated cell sorter (FACS-
BD Accuri C6, Franklin Lakes, NJ, USA) for quantitative recording of
mitochondrial ROS levels from individual cells.

2.16. Blue native-polyacrylamide gel electrophoresis (BN-PAGE)

A total of 20 ug of crude mitochondria lysates solubilized in Nati-
vePAGE Sample Buffer (Cat# BN2003, Invitrogen, Carlsbad, CA, USA)
supplemented with 1% digitonin were loaded onto 3—12% Native-
PAGE Novex Bis-Tris polyacrylamide gels (Cat# BN1001BOX, Invitro-
gen, Carlsbad, CA, USA). Following gel electrophoresis, proteins were
blotted to PVDF-membranes (Cat# IPVH00010, Immobilon-P, Merck
Millipore, Darmstadt, Germany). After transfer, the membranes were
blocked with 5% milk in TBS-T. The membranes were incubated over-
night with primary antibodies in blocking solution. After washing the
membranes three times with TBS-T, HRP-conjugated secondary anti-
bodies were applied for 1 h at room temperature. Detection was per-
formed using Luminata Crescendo (Cat# WBLURO0500, Millipore,
Molsheim, France).

2.17. RNA extraction and real time-PCR

Total RNA extracted from cells was isolated by using RNeasy Mini
Kit (Cat# 74,106, Qiagen, Hilden, Germany) according manufacturer’s
instructions. During the extraction protocol, RNAs were digested
with DNasel to remove DNA contaminating. RNA (1 ug) was then
reverse transcribed into cDNA by QuantiTect Reverse Transcription
Kit (Cat# 205,313, Qiagen, Hilden, Germany) with random hexamers
oligo. For quantitative real time PCR analysis (QRT-PCR), cDNAs were
analysed with Roche Light Cycler 480 system using a LigthCycler 480
SYBR Green I Master mix (Roche, San Francisco, CA, USA). Quantifica-
tion data were expressed as cycle threshold (Ct). The Ct values were
averaged for each in-plate technical triplicate. The averaged Ct was
normalized as difference in Ct values (ACt) between each sample and
the GAPDH gene, used as endogenous reference. The ACt values were
normalized with respect to the ACt values of the control (AACt). The
variation was reported as fold change (2 -AACt). All the results are
shown as means + SEM.

Human SIRT3 primers used for Real Time PCR:

Fw 5-GCATTCCAGACTTCAGATCGC-3'
Rev 5-GCAGCCGGAGAAAGTAGTGA-3’

2.18. Neuronal cultures

Primary cultures were prepared from P0-P2 Spg7*/~ and Spg7-/~
mice, following standard procedures [43] [44], with some modifica-
tions. In brief, extracted cerebral cortices (excluding hippocampus)
were cut into 1 mm? pieces, and treated with trypsin (0.15%) and
DNAse (10 ng/ml), for 30 min at 37 °C with gentle shaking. Next, cells
were mechanically dissociated and plated on dishes pre-coated with
polyethyleneimine 0.1% (wt/vol). For MEA experiments, cells were
plated at a density of 1200—1500 x 10> cells/ml. For patch-clamp
experiments, cells were plated on 35 mm culture dishes, at a density
of 600—750 x 10% cells/ml. After 3 h, the plating medium was
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replaced with neurobasal medium supplemented with B27 (Invitro-
gen, S. Giuliano Milanese, Italy), 1 mM glutamine, and bFGF (10 ng/
ml). MEA cultures were covered with gas-permeable covers (MEA-
MEM; Ala-Scientific Instruments, Inc., Farmingdale, NY) throughout
the culture period, and maintained at 37 °C, in 5% CO2. One-half of
the medium volume was replaced every three days. In a fraction of
dishes, network activity was monitored by MEA between 12 and
24 days in vitro (DIV).

2.19. MEA recording and burst analysis

We used MEA dishes with 60 ITO electrodes (30 um diameter)
spaced 200 pum apart (Multichannels System, Germany). Registra-
tions were carried out at 36 °C, in CO,-controlled incubators, on MEA
dishes usually presenting at least 50 active electrodes. The rare units
that fired continuously were discarded. Data were acquired as previ-
ously reported [45] [46] during 2 h continuous recording, at the indi-
cated DIV. In brief, signals were sampled at 40 kHz with MEA-1060BC
or 1060INV pre-amplifiers (bandwidth 1-8000 Hz, Multichannel Sys-
tems), connected to a MEA workstation (bandwidth 100—-8000 Hz,
Plexon Inc., Dallas, TX, USA). Data were sorted into timestamp files by
using the MEAWS software and artifacts cleaned with the OFFLine
Sorter software (Plexon Inc., Dallas, TX, USA). Action potential bursts
were identified with Neuroexplorer. A burst was defined by using the
following parameters: minimum number of spikes: 2; minimum
duration: 3 ms; minimum interval between bursts: 0.9 s; maximum
inter-spike interval of 0.2 s, to define start of burst, and 0.3 s, to define
end of burst. In Fig. 3A, data are representative of analogous experi-
ments carried out on 13 MEA chambers, from 4 Spg7*/~ and 3 Spg7~/~
mice, between 13 DIV and 16 DIV. In Figure S4A, the results obtained
from 3 recording chambers were pooled for each mouse. A total of
71,925 individual bursts from 3 h 45’ recording were analyzed for
Spg7*~, and 50,177 bursts from 4 h 17’ for Spg7~/~.

2.20. Fluorescent measurement of synaptic activity using FMDye1-43 in
dissociated cortical cultured neurons

Recycling of synaptic vesicles are essential for neurotransmission.
To gain mechanistic understanding of these processes, we did direct
measurements of vesicle release and retrieval by FM1-43 styryl dye
(Cat# T3163 Thermo Fisher Scientific, Waltham, MS, USA) since their
loading and unloading are reliable measurements for synaptic vesicle
release and retrieval in cultured neurons. The imaging procedures
that we used have been previously described [47] [48]. Briefly, pre-
synaptic terminals were labeled by exposure to styryl dye (10 uM
FM1-43) during high-K* depolarization (modified Tyrode, 55 mM
KCl).

Dye was kept in the extracellular solution for 1 min to let the
nerve terminal recover in the presence of the dye and allow for com-
plete endocytosis of all released vesicles. Then, the extracellular FM
dye was washed away by replacing the solution multiple times with
fresh saline solution. All staining and washing protocols were per-
formed with modified Tyrode containing 10 «M NBQX and 20 M b-
AP5 to prevent dye loss due to spontaneous neuronal activity. Images
were taken after 10- to 15-min washes in dye-free solution. The
amount of fluorescence in each terminal was quantified using Image]
analysis software. We analyzed around 300 synaptic boutons from
both Spg7*/~ and Spg7 ' neurons treated with Bz-423 or vehicle
between 13 DIV and 16 DIV. Upon fluorescence quantification, data
were displayed as mean +SD. One-way ANOVA followed by the
Tukey-Kramer method was used for comparing groups. To image ves-
icle release, synaptic vesicle exocytosis was stimulated with the
depolarizing solution (modified Tyrode, 55 mM KCl) during the imag-
ing process. As vesicles exocytosed, dye was released into extracellu-
lar space and was quickly washed away. The amount of fluorescence
in each synaptic bouton was quantified for each time point using

Image] analysis software. Loss in fluorescence measured during stim-
ulation (expressed as percentage of fluorescence intensity at the time
of stimulation; TO: 100% fluorescence) indicates the rate of synaptic
vesicle exocytosis and is calculated as (F - Fmin)/(Fmax - Fmin), in
which Fmax is the average of the first 3 frames at a baseline before
stimulation, and Fmin is the average of the last 3 frames after high K*
stimulation. All fluorescence intensity values are background sub-
tracted. Values were displayed as fluorescence traces. RM one-way
ANOVA followed by the Tukey-Kramer method was used for compar-
ing groups.

2.21. Whole-cell patch-clamp recording

Experiments were carried out at room temperature, during the
third week in culture,to minimize the variability caused by network
maturation[44]. For stimulation and recording, we used an Axopatch
200B amplifier (Molecular Devices, Sunnyvale, CA, USA). Cell capaci-
tance and series resistance were always compensated (up to approxi-
mately 75%), and monitored during recording. Access resistance (R;)
was usually below 35 M(). Cells in which the initial R, was > 40, or
R, changed more than 20% during the experiment were discarded.
Currents were low-pass-filtered at 2 kHz and acquired online at 5 to
10 kHz with pClamp 9 hardware and software (Molecular Devices,
Sunnyvale, CA, USA). To study spontaneous and miniature EPSCs,
cells were perfused with an extracellular solution containing (mM):
Nacl 130, KCI 5, CaCl, 2, MgCl, 2, HEPES 10, and p-glucose 5 (pH 7.3).
Borosilicate micropipettes (3—5 M{2) contained (mM): K-gluconate
140, KC1 5, MgCl; 1, BAPTA-KOH 0.5, HEPES 10, NaGTP 0.3 and MgATP
2 (pH 7.3). A physiological [K']; allowed us to recognize regular spik-
ing pyramidal neurons, before studying the synaptic events. Action
potentials were characterized as reported [49]. To isolate miniature
EPSCs, 1 uM TTX was added to the extracellular solution. Bath solu-
tion and drugs were applied with an RSC-160 Rapid Solution Changer
(Bio-Logic Science Instruments, Seyssinet-Pariset, France). When
testing Bz-423 (300 nM), cells were pretreated for one hour before
recording.

2.22. Electrophysiology data analysis

Spontaneous EPSCs and mEPSCs were recorded as inward events
at —68 mV (i.e. close to the reversal potential for GABAergic currents).
Synaptic events were analyzed with Mini Analysis Program (Synapto-
soft, Fort Lee, NJ, USA) and OriginPro 2018 (OriginLab, Northampton,
MA, USA). Spontaneous synaptic events comprised smoothly shaped
isolated as well as composite signals. EPSCs were inspected one by
one, to exclude spurious events. The baseline noise (peak to peak)
was generally ~7 pA. The threshold was usually set at 5—6 pA. In each
cell, the distribution of EPSC amplitudes and interevent intervals was
analyzed with the Kolmogorov-Smirnov (KS) test, on at least 5 min
continuous recording (usually containing several hundred synaptic
events). The KS test was also applied to compare the inter-burst
interval (IBI) distributions obtained from MEA data, in Figure S4A.
The results of multiple experiments are given as mean values + SEM,
or medians. Unless otherwise indicated, n indicates the number of
tested mice. Statistical comparisons between two populations of data
were carried out with paired or unpaired Student’s t-test, after test-
ing the data were normally distributed (with the Shapiro-Wilk test),
with homogeneous variances (with F-test). The Welch correction was
applied in case of non-equal variances. The Mann-Whitney test was
used in case of non-normal distributions. Multiple comparisons were
carried out with one-way ANOVA with Tukey-Kramer post-hoc pair-
wise comparisons (for normally distributed data), or the Kruskal-
Wallis test (for non-normal distributions, i.e. Fig. 3E and S4B). In
Fig. 3E, we used the Fisher’s exact test to compare the fraction of neu-
rons displaying the different behaviors. The level of statistical signifi-
cance was generally set at p < 0.05, and indicated as *.
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2.23. Chemicals and drugs

Unless otherwise indicated, chemicals were purchased from
Sigma-Aldrich. Stock solutions of TTX (Tocris, Bristol, UK; 1 mM)
were prepared in distilled water and stored at —20 °C. Stock solutions
(10 mM) of 4-AP were prepared weekly in our extracellular solution
and kept refrigerated. Bz-423 (Tocris Bioscience, Bristol, UK) (5 mM)
is dissolved in DMSO and kept refrigerated. The final concentrations
were prepared daily in our extracellular solution.

2.24. Animals

In this study we utilized Spg7 mouse line (Spg7/~), a model gen-
erated and described in detail in [5]. WT mice were obtained from
the Charles River Laboratories to maintain the employed line on a
C57BL/6] background.

In all experiments we used as control aged-matched littermates of
Spg7*”~ mice. Mice were housed in groups of up to five animals/cage
under 12-hr light/dark cycles, with ad libitum access to vivarium
chow and water. Assignment of animals to treatment groups was
conducted in a random manner and was balanced for sex, and
researchers were blinded to genotype and treatment groups during
behavioral test and analysis of histological data.

2.25. Mice treatment

Spg7~/~ and age-matched Spg7*~ mice, starting from four months
of age, have been treated with either intraperitoneal injection at a
single dose of Bz-423 (60 mg/kg/day) in a volume of 100 y1 saline or
with the respective vehicle (DMSO/saline) in which the Bz-423 was
suspended, three times weekly, until six or ten months of age, and
then tested for Rotarod performance.

2.26. Rotarod analysis

Motor performance was evaluated with Rota-Rod apparatus
(accelerating model; Ugo Basile, Varese, Italy).Female and male mice
were housed in plexiglass cages (18 x 35 x 12 cm) with free access
to food and water and kept at a temperature range between 20 and
23 °C. All tests were carried out in a behavioral testing room main-
tained under constant light, temperature, and humidity. The mice
were tested during daylight hours (between 9 AM and 6 PM). Before
testing, animals were habituated to the testing room for at least
30 min. Groups of Spg7~/~ and age-matched heterozygous mice were
analyzed at 6 or 10 months of age after treatment with Bz-423
(60 mg/die/kg) or vehicle. Before the first test, mice were trained on
the rotarod for 60 s at 4 rpm at constant speed. For the tests, mice
were placed on the accelerating rod at a starting speed of 4 rpm,
reaching a final speed of 40 rpm in 5 min. Mice were tested for four
trials per day for three consecutive days. The animals were allowed
to stay on the rod for a maximum of 500 s and the time of hold on
the rod was scored. For Rotarod experiment we have considered
together both male and female mice since we didn’t find any sex dif-
ferences in spatial task performance. We confirmed that Spg7—/~
mice develop normally with weight comparable to control litter-
mates at six months of age [5], and found that Bz-423 administration
didn’t cause any statistically significant loss of body weight (data not
shown). All behavioral tests were performed by the same experi-
menter blinded to genotype.

2.27. Immunolabeling

Medial sagittal sections of frozen brain tissue were cut on a cryo-
stat at 12 mm of thickness, fixed with 4% PFA, permeabilized (PBS,
0.2% Tween-20, and 10% fetal bovine serum), and stained with anti-
GFAP rabbit polyclonal (1:500, Cat# Z033429-2; RRID:

AB_10,013,382; Agilent Technologies) or anti-IBA1 rabbit polyclonal
(1:500, Cat. No. 234 013; RRID:AB_2,661,873, Synaptic System). After
overnight incubation with primary antibody, sections were washed
in PBS 1 x and incubated with Alexa Fluor 594-conjugated donkey
anti-rabbit (1:500; Molecular Probes Invitrogen Cat# A-2120; RRID:
AB_141,637, now part of Thermo Fisher). Rinsed sections were
mounted with VECTASHIELD mounting medium with 4’,6-diami-
dino-2-phenylindole, dihydrochloride (DAPI) (Vinci-Biochem, Flor-
ence, Italy) and analyzed by epi-fluorescent using Leica DM5500
Scanner microscopy.

2.28. Detection of apoptotic cells

The number of apoptotic cells was analyzed by TdT-mediated
dUTP nick end labeling (TUNEL), using the In Situ Cell Death Detec-
tion Kit, Fluorescein (Roche Cat# 11,684,795,910) following the man-
ufacturer’s directions. Twelve-micrometer cryosections were
collected on slides and submit to TUNEL assay. To consider the pres-
ence of unspecific results, some brain sections were incubated with
the reaction mix without TUNEL reaction enzyme. Sections were
observed with a Leica DM-6000 microscope and then confocal images
were acquired using the LSM710 Zeiss Confocal Microscopy system.
The number of TUNEL-positive cells was evaluated by manual counts
in brain regions with positive staining.

2.29. Transmission electron microscopy of spinal cord

Following deep anesthesia mice were subjected to transcardial
perfusion with Phosphate Buffer Saline (PBS 1X) and spinal cord was
harvested by hydraulic extrusion [50] and fixed with 4% paraformal-
dehyde/2% glutaraldehyde in 0.1 M phosphate buffered saline,
pH = 7.4. The lumbar tract of the spinal cord was surgically dissected
and kept overnight at 4 °C in the same fixing solution and post-fixed
in 1% osmium tetroxide, dehydrated, and embedded in resin. Ultra-
thin sections taken from the selected regions were cut on ultramicro-
tome LEICA EM UC7, and the morphology of cellular and subcellular
structures was analyzed. In particular, the mitochondrial swelling in
lumbar tract axons was evaluated by counting approximately 160
axons per mouse.

2.30. Statistics

TMRM flickering data generated by Image] tool from each experi-
ment are normalized respect to control cell samples and are reported
as distributions with mean line (as in Dot Plot in Figs. 1,2 and Supple-
mentary Figures 1,2,3) and as mean 4+ SEM (as in Box plot in Fig. 2)
(n =3 independent experiments). Statistical significance was assessed
using non-parametric tests for the comparison of data samples. We
used Wilcoxon rank sum test to compare two independent groups of
samples (as in Figs. 1F and 2A). A p-value less than the significance
level 0.05 was considered statistically significant. Kruskal-Wallis test
by rank was performed when there are more than two groups (as in
Figs. 1E,1G,1H, 2B and 2D). A p-value less than the significance level
0.05 was considered statistically significant. In this last case, pairwise
test for multiple comparisons of mean rank sums (Nemenyi-test as in
Fig. 2B and 2D) (multiple pairwise tests against all groups) or Pair-
wise Test for Multiple Comparisons of Mean Rank Sums with one
control (Dunn’s-Test as in Fig. 1E,1G and 1H) (multiple pairwise tests
against a reference group) were applied to test which pairs of sam-
ples are different. A p-value less than the significance level 0.05 was
considered statistically significant. All the statistical analyses were
carried out in the R environment. The Dot-plots (as in Figs. 1, 2 and
Supplementary Figure 1,2,3) and the Bar-plots (as in Fig. 2) were
generated by using ggplot2 and ggpubr R packages.

For CRC experiments (in Fig. 1A) data are expressed as mean =+
SEM (n = 5 independent experiments); A Two tailed Student’s t-test
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Fig. 2. Genetic and pharmacologic rescue of SPG7 dysfunctional flickering.

(A) SPG7_del fibroblasts transfected with SPG7_IRES-GFP (upper panel) or SPG7_EQ_IRES_GFP (the proteolytically inactive form; lower panel) constructs (TMRM, red; GFP,
green; blue, DAPI). Total TMRM as dot and bar plots are shown for transfected (gray) and untransfected (blue) cells (three independent experiments, n = 46 cells SPG7_IRES-GFP,
n = 23 cells SPG7_EQ_IRES_GFP; Wilcoxon p< 0.0001) no transf =untransfected. (B) total TMRM as dot and bar plots of control (gray), SPG7_del (red), and Bz-423
treated SPG7_del fibroblasts (green) (three independent experiments, n > 200 cells per experiment; Kruskal-Wallis p< 0.0001). (C) Membrane potential is unchanged in Spg7*
~ (gray) and Spg7/~(red) cortical neurons (three independent experiments, n = 6 mice/group; unpaired Student's t-test p=ns) A.U.=arbitrary unit. (D) Asin B on cortical neurons
from Spg7*~ (gray), Spg7~/~ (red), and Bz-423 treated Spg7~/~ (green). (three independent experiments,n = 6 mice/group; Kruskal-Wallis p< 0.0001).

Bar plot are expressed as mean +SEM.
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Fig. 3. Deleting SPG7 alters the activity pattern in neocortical cultures and Bz-423 treatment restores synaptic transmission.

(A) Raster plot of Spg7”~ neurons’ firing recorded with MEAs. Vertical ticks are timestamps representing single spikes. Each row shows the trace recorded by one electrode. The
columns of quasi-simultaneous spike series in different rows represent network bursts. Inset: an action potential burst from a single unit. (B) Same as (A), for Spg7~~neurons. (C)
Synaptic terminal endocytosis of Spg7*~(Ctrl), Spg7 '~ treated or not with Bz-423 in cortical neurons by FM1—43 dye uptake;(three independent experiments, n = 6/group, one-
way ANOVA p<0.05). (D) Synaptic vesicles release (exocytosis,three independent experiments, n = 6/group, RM one-way ANOVA p<0.05). (E) Average of the median EPSC ampli-
tudes in Spg7”~(13 + 0.91 pA; n = 17 neurons), Spg7 '~ (8.7 + 0.74 pA; n = 15 neurons; one-way ANOVA p = 0.018 compared to Spg7”~), Spg7”~+ Bz-423 (14 + 2.1 pA; n = 5; one-
way ANOVA p = 0.04 compared to Spg7/~), Spg7 /~+ Bz-423 (11.1 & 1.6; NS compared to Spg7*/~). (F) Average EPSC frequencies (Hz) at the 2nd and 5th min in the presence of 4-
AP, in Spg7*~ (p = 0.023; paired t-test) and Spg7 '~ neurons (p = 0.927; paired t-test; n = 3 mice/group). (G) Average of the median mEPSC amplitudes in Spg7*~ (7.2 + 0.4 pA),
Spg7~'= (8.2 + 0.96 pA), Spg7”~ + Bz-423 (5.8 + 1.48 pA), Spg7 |~ + Bz-423 (6.2 + 0.5 pA). These values are ns (Kruskal-Wallis; n = 3—6 mice/group). (H) Average mEPSC frequency
in Spg7”~ (2.5 + 1.25 Hz), Spg7~/~ (9.75 + 1.7 Hz), Spg7~/~+ Bz-423 (3.3 + 0.18 Hz), Spg7"~ + Bz-423 (3.1 + 1.2 Hz). Spg7/~vs Spg7”~p = 0.016; Spg7”~ vs Spg7*~ + Bz-423 ns;
Spg7*~ vs Spg7 |-+ Bz-423 ns; Spg7 !~ vs Spg7~!~+ Bz-423 (one-way ANOVA p = 0.04; n = 3—6 mice/group; 23 neurons were overall tested for Spg7”- and Spg7/~); ns = not signifi-

cant. In the presence of 4-AP: Spg7*~ (2.4 + 1.06 Hz) and Spg7 '~ (7.93 + 1.25 Hz), unpaired t-test p = 0.028 (n = 3 mice/group; 17 neurons).

was used for comparing groups. A p-value less than the significance
level 0.05 was considered statistically significant.

For TMRM membrane potential experiments (as in Fig. 2C) data
are reported as mean + SD. Two tailed Student’s t-test was used for
comparing groups (Spg7*- vs Spg7~- = not significant). For matrix
[Ca?*] determinations (in Figure S1C) the two-way ANOVA test (with
Bonferroni correction) was performed after extrapolation to identical
Ca* loading values.

For synaptic vesicles recycling experiments and quantification
of swollen mitochondria (FM-dye uptake as in Fig. 3C and Figure
S7H) data were displayed as mean +SEM. One-way ANOVA fol-
lowed by the Tukey-Kramer method was used for comparing
groups. In synaptic vesicles release experiment (FM-dye release
as in Fig. 3D) One-way ANOVA with repeated measurements fol-
lowed by the Tukey-Kramer method was used for comparing
groups. A p-value less than the significance level 0.05 was consid-
ered statistically significant.

For Rotarod test (Fig. 7A and B, Figure S6A) One-way ANOVA
with repeated measurements followed by the Tukey-Kramer method
was used for comparing groups. A p-value less than the significance
level 0.05 was considered statistically significant.

For western blot and real time experiments, quantitative data are
reported as the mean 4 SEM (Standard Error of the Mean). Two tailed
Student’s t-test and one-way ANOVA with repeated measurements
were applied, when appropriate, to determine statistical significance
of the differences. The ANOVA test assumes that, the data are nor-
mally distributed and the variance across groups are homogeneous.
We can check that with the following tests:

e Levene’s test was used to check the homogeneity of variances
(i.e., the assumption of equal variances for all groups). If the
p — value is greater than the significance level of 0.05, than we
can assume the homogeneity of variances in the different treat-
ment groups.
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Fig. 4. Protease activity of paraplegin regulates SIRT3.

(A) CypD and SIRT3 western blot of total and mitochondrial lysates of WT and SPG7~/~ #1 and #2 HEK293 clones (n = 4, CypD; n = 3, SIRT3; one-way ANOVA *p< 0.05). (B) CypD
and SIRT3 western blot of total, cytosolic and mitochondrial fractions of human control (Ctrl) and SPG7_del fibroblasts (n = 3 independent experiments, CypD; n = 5 independent
experiments, SIRT3; paired Student’s t-test *p< 0.05). (C) Anti-acetyl lysine immunoprecipitation of mitochondrial fractions from WT and SPG7/~ #2 HEK293 cells revealed by WB
for CypD (n = 3 independent experiments; paired Student’s t-test *p< 0.05). (D-F) SIRT3 WB of human fibroblasts from SPG7 patients carrying missense mutations (SPG7_P;
SPG7_M; SPG7_F; SPG7_R; mitochondrial fractions) (n = 6 independent experiments; one-way ANOVA *p< 0.05)(D); cortical neurons of Spg7*- and Spg7~/~ mice (n = 3 independent
experiments; n = 2/group; unpaired Student’s t-test *p< 0.05) (E); non-SPG7 HSP (SPG52 and SPG31, mitochondrial fractions) (n = 6 independent experiments; one-way ANOVA
*p<0.05) (F). (G) SIRT3 WB of mitochondrial fractions of SPG7/~#2 HEK293 cells transfected with wild-type paraplegin (pSPG7_WT), the proteolytic-inactive (pSPG7_EQ), or empty
vector (EV) constructs (n = 5 independent experiments; one-way ANOVA *p<0.05). Data are expressed as mean =SEM.

* Shapiro-Wilk test on the ANOVA residuals was applied to verify ~ As the ANOVA test is significant, we can compute Tukey Honest
that the residuals are normally distributed. The p — value > 0.05 Significant Differences for performing multiple pairwise-comparison
indicates that normality is not violated. between the means of groups.

The Welch one-way test was used when the assumption of equal
As the p-value is less than the significance level 0.05, we can con- variances for all groups is violated. As the p-value is less than the sig-

clude that there are significant differences between the groups in the ~ Rificance level 0.05, pairwise comparisons between group levels with
model summary. corrections for multiple testing was calculated.
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Fig. 5. Paraplegin loss increases antioxidant defense response.

(A) MitoSOX-based FACS assay of WT (light gray), SPG7/~ #1, SPG7/~ #2 (dark gray lines) and H,0,-treated WT HEK293 cells (positive control; red). (n = 30,000 cells/sample).
(B-D) SOD2 and catalase WB of mitochondrial fractions of WT and SPG7~/~ #2 HEK293 cells (n = 3 independent experiments; paired Student's t-test *p< 0.05) (B), SPG7~/~ #2
HEK293 cells transfected with scramble siRNA or SIRT3 siRNA (n = 4 independent experiments, SIRT3; n = 5 independent experiments, SOD2; n = 4 independent experiments, cata-
lase; one-way ANOVA *p< 0.05) (C), and pSPG7_WT, the proteolytic-inactive pSPG7_EQ, or empty vector (EV) constructs (n = 3 independent experiments, SOD2; n = 4 independent
experiments, catalase; one-way ANOVA *p< 0.05) (D). Data are expressed as mean =SEM.

In Fig. 6E a statistical modeling approach was performed based on line) and SPG7_del (red line). The statistical significance value lIr of
Gaussian processes, as described by Kalaitzis and Lawrence [51]. A the difference in CHX measured for SIRT3 in control and in SIRT3 in
statistical modeling approach was applied based on Gaussian pro- SPG7_del was computed (1lIr=6.899). The statistical significance is
cesses to test the statistical difference between control fibroblast (blu indicated by asterisk (llr>0).
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Fig. 6. Paraplegin interacts with SIRT3.

(A) Mitochondrial staining of TIMM23 (red) and paraplegin-BirA (green) in human fibroblasts transfected with pSPG7-BirA-HA. (B) BN-PAGE of SPG7~/~ #2 HEK293 cell trans-
fected with pBirA-HA or pSPG7-BirA-HA. (C) Immunoblot analysis of SPG7~/~ #2 HEK293 cell transfected with control (pBirA) or pSPG7-BirA-HA constructs. Streptavidin-HRP was
used to visualize biotinylated proteins (pull down). (D) BiolD assay of SPG7~/~ #2 HEK293 transfected with pSPG7-BirA-HA (n = 3 indipendent experiments). WB is revealed by
AFG3L2 (positive control), SIRT3, and CS (negative control). (E) SIRT3 stability in human control (Ctrl) and SPG7_del fibroblasts. Cells were treated with cycloheximide CHX (50 ug/
ml) and harvested at indicated time points. Subsequently, immunoblotting against paraplegin, SIRT3 and actin as control was performed. SIRT3 levels were normalized on actin lev-
els and the results are reported in the graph. (n = 3 indipendent experiments; Bayes >3).
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Fig. 7. The SPG7 mouse motor impairment can be normalized by Bz-423 administration.

(A) Motor performance of Spg7”~ and Spg7~/~ mice on accelerating rotarod apparatus at 4 months (Spg7”- n = 8 vs Spg7~/~ n = 10; one-way ANOVA p = n.s) and (B) Spg77-,
Spg7~" and Spg7~/~ treated with Bz-423 mice at 10 months of age (Spg7”~ n =8 vs Spg7 /'~ n =7; Spg7~" plus Bz-423 n = 6; one-way ANOVA *p<0.05). (C) Epi-fluorescent images
(x10) of brain stem and deep cortex slices immunostained with GFAP and DAPI derived from 4-month-old Spg7/~ and Spg7*~ mice (n = 2/group). (D) Same of (C) for Spg7”-,
Spg7~'- and Spg7~/~ treated with Bz-423 mice at 10 months of age (n = 3/group; one-way ANOVA *p<0.05). Scale bar, 50 m. (E) Epi-fluorescent images (x10) of brain stem and
deep cortex slices immunostained with IBA1 and DAPI derived from 10-month-old Spg7~~ and Spg7”~ and Spg7~/~ mice treated with Bz-423 (n = 3/group; one-way ANOVA
*p<0.05).(F) GFAP western blot of mitochondrial lysates isolated from brain of 4 months old Spg7*~ and Spg7~/~ mice (n = 3/group; unpaired Student’s t-test). (G) SIRT3 western
blot of mitochondrial lysates isolated from brain of 4 months old Spg7*- and Spg7/~ mice (n = 3/group; unpaired Student’s t-test). (H) GFAP and IBA1 western blot of mitochondrial
lysates isolated from brain of 10 months old Spg”~ and Spg7~/~ mice treated or not with Bz-423 (n = 3/group; one-way ANOVA *p<0.05). (I) Same of (G) for 10 months old Spg7*/~
and Spg7~/~ mice treated or not with Bz-423 (n = 3/group; one-way ANOVA *p<0.05).
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2.31. Study approval and ethics

All studies on animals were conducted in accordance with the
institutional guidelines for animal research and approved by the Ital-
ian Ministry of Health; Department of Public Health, Animal Health,
Nutrition and Food Safety in accordance to the law on animal experi-
mentation (article 7; D.L. 116/92; protocol number: 471/2018-PR;
approval date 22/06/2018). Furthermore, all animal treatments were
reviewed and approved in advance by the Ethics Committee of TIGEM
Institute (Pozzuoli, Italy).

2.32. Role of the funding source

The funding agencies supporting this work did neither participate
in the study design, in the collection, analysis and interpretation of
data, writing of the manuscript, nor in the final decision to submit
the paper.

3. Results

3.1. Increased mitochondrial Ca®*retention capacity and impaired mPTP
flickering in SPG7-null cells

We investigate the involvement of paraplegin in mitochondrial
Ca®* homeostasis, in human SPG7 knock-out HEK293 cells (SPG7 '~
HEK293) (Figure S1A) generated by CRISPR/Cas9 genome editing.
Calcium retention capacity (CRC) was assayed in WT and SPG7~/~
cells permeabilized with digitonin and exposed to sequential Ca®*
pulses (see Material and Methods). Under this condition, mitochon-
dria take up Ca®* until its concentration in the matrix reaches a criti-
cal threshold that induces the opening of the mPTP.

As shown in Fig. 1A and S1B, SPG7~/~ HEK293 required a
higher number of Ca®* pulses before developing the sudden
increase of extramitochondrial Ca?* concentration that marks the
onset of Ca®" release from the mitochondrial matrix, suggesting
that the absence of paraplegin increases resistance to mPTP open-
ing. The rise in matrix Ca%* concentration was not significantly
different in the two genotypes (Figure S1C), suggesting that the
decreased Ca®* sensitivity of the mPTP is not due to a higher
matrix buffering capacity.

Since mPTP opening is also favored by ROS [52] and since in SPG7
patient cells we reported a defect of respiratory complex I [9], a con-
dition that facilitates increased ROS levels, we tested the CRC in the
presence of rotenone, a complex I inhibitor, to blunt the complex I-
associated ROS component and inhibits pore opening [53]. Again, the
CRC was elevated in SPG7~/~ HEK293 cells, indicating that in the
absence of paraplegin the mPTP is desensitized to Ca* (Fig. 1A and
S1B).

These data suggest a dysregulation of the physiologic transient
openings of mPTP [54,55] in paraplegin-depleted mitochondria. We
tested this hypothesis by labeling mitochondria with both Mito-
Green, a specific dye for these organelles, and TMRM, a cationic fluo-
rescent probe, which dynamically accumulates in the mitochondrial
matrix in a Ay-dependent manner and has been widely used as indi-
rect indicator of mPTP openings in living cells [56].

In Fig. 1B, the mitochondrial network appears yellow at to (over-
lapping of red and green signals), becomes green at t; (loss of TMRM
signal caused by the drop in Ay due to mPTP opening) and then
returns yellow when A/ is restored (t, and ts). To quantify all flicker-
ing events per microscope field in a specific time window, we set up
an integrated experimental and computational approach for quanti-
tative detection, spatial visualization and frequency analysis of live
imaging of mitochondrial flickering as described in Materials and
Methods.

By this approach we capture all flickering events that occurin 1 s
time interval and visualize them by a 3D surface plot (Fig. 1C). To

better describe and quantify the fast occurrence of these mPTP open-
ing events, we considered four parameters, i.e. (i) the total amount of
exchanged TMRM fluorescence in a single time interval (total
TMRM); (ii) the highest peak per field (max TMRM peaks); (iii) the
size of the involved mitochondrial area (flickering area/total mito-
area); and (iv) the frequency of events (flickering frequency/total
mito-area).

The total TMRM exchange was clearly impaired in the SPG7
mutant cells, with lower values and several “zero” scores, which
denote the prevalence of mPTP closure in the considered time inter-
val (Fig. 1D). Of note, this was not due to difference of membrane
potential as shown in patient fibroblasts (Figure S1D). Interestingly
these data are confirmed in SPG7~/~ HEK293 and human fibroblasts
carrying a large deletion of the SPG7 gene (SPG7_del) [4] (Figure S1E)
that both displayed a dramatic decrease in all parameters: total
TMRM, max peaks, flickering area and frequency (Fig. 1E, Fig. 1F and
SVideo1, SVideo2).

Cyclosporin A (CsA) is an inhibitor of the mPTP, but also inhib-
its calcineurin [57]. We therefore used its analogue NIM811,
which maintains a high affinity for CypD but lacks the inhibitory
activity toward calcineurin [41] [58]. When we treated wild
type human fibroblasts with NIM811, the flickering activity was
abolished, thus confirming that the data obtained by our video
analysis can be specifically referred to the activity of mPTP
(Figure S1F).

Next, we tested the human SPG7_del fibroblasts together with
four SPG7 missense mutant cells[59] (Fig. 1G), as well as fibro-
blasts deriving from non-SPG7 forms of HSP, i.e. SPG52 associated
to AP4S1 [60] and SPG31 associated to REEP1 (F. Santorelli, per-
sonal communication) (Fig. TH). We found that significant reduc-
tion of mPTP transient opening is present in all SPG7 mutant cells
but not in non-SPG7 HSP cells (Fig. 1G, 1TH and Figure S2A, S2B),
suggesting a pivotal role of paraplegin in the regulation of mPTP
opening that is specifically involved in the SPG7 disease mecha-
nism.

3.2. Genetic and pharmacologic rescue of SPG7-dysfunctional mPTP
flickering

To test the possible existence of a mechanistic link between SPG7
mPTP flickering defect and the lack of paraplegin activity, we re-
expressed paraplegin in SPG7_del human fibroblasts. This provided
complete rescue of transient mPTP opening to control levels, while
expression of a proteolytically inactive form of paraplegin was inef-
fective (Fig. 2A and Figure S3A).

We have shown so far that SPG7~/~ cells have a dysfunctional
mPTP and inefficient Ca?>* homeostasis. Since Ca** homeostasis by
mitochondria is essential in neurons were, at the synapses, Ca®* regu-
lates vesicle recycling and membrane potential maintenance [61], we
investigate whether mPTP dysregulation in Spg7 /- neurons can be
particularly detrimental for synaptic transmission. To assess this, we
first excluded differences in membrane potential of cortical neurons
(>DIV12) between heterozygous Spg7*/~ (as control) and Spg7~/~
mice (Fig. 2B).

To test the feasibility of pharmacological correction of the
mitochondrial flickering defect, we treated SPG7_del cells with
Bz-423, a benzodiazepine with known mPTP-sensitizing activity
[28]. Remarkably, nanomolar concentration of Bz-423 was suffi-
cient to restore mPTP flickering, thus making this small molecule
a good candidate for the development of a therapeutic strategy of
SPG7 (Fig. 2C and Figure S3B). Strikingly, we found that defective
mPTP opening is also a hallmark of Spg7~/~ cortical neurons
(Fig. 2D), hence mirroring the behavior observed in SPG7 patient
cells, and, more interesting, treatment with Bz-423 was able to
rescue the mPTP opening activity in Spg7 /- cortical neurons as
well (Fig. 2D and Figure S3C).
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3.3. Spg7-null neurons show defective excitatory network activity and
synaptic vesicle dynamics

To evaluate the role of paraplegin on the global activity of neuro-
nal networks, we first tested the spontaneous global firing features of
primary cultures of cortical neurons from Spg7*/~ and Spg7 '~ mice
with the multiple electrode array (MEA) approach. Representative
raster plots relative to Spg7*/~ and Spg7~/~ cultures, in which each
timestamp marks an action potential derived from a single electrode,
are shown in Figs. 3A and 3B, respectively. Unperturbed neocortex
cultures display persistent alternation of silent and active periods
[43], which resembles the dynamics of ‘up’ and ‘down’ states
observed in brain slices [62], as well as in vivo [63].

Silent periods are punctuated by network bursts, during which
most neurons fire simultaneously. Network bursts are identified as
columns in the raster plots of Fig. 3A and 3B and are generally attrib-
uted to recurrent excitation [64]. Spg7~/~ cultures (Fig. 3B) presented
a decrease of coordinated network activity compared to Spg7*/~
(Fig. 3A), as indicated by the decreased network burst frequency,
which is reflected in the observed increase in inter-burst intervals
(IBIs; Figure S4A). The decrease of coordinated network activity in
Spg7~!~ cultures was accompanied by increased occurrence of unusu-
ally prolonged action potential bursts (Figs. 3B inset), possibly caused
by transient exhaustion of the normal inhibitory feedback on excit-
atory neurons. The distribution of burst durations is reported in
Figure S4A (lower panel).

These results show that absence of paraplegin leads to an overall
decrease of coordinated network activity, thereby suggesting that
alteration of recurrent excitatory connections takes place in Spg7—/~
networks. Indeed, the lower frequency of Spg7/~ network bursts
was accompanied by a tendency to develop unusually longer clusters
of action potentials.

To better define the underlying synaptic mechanisms, we applied
FM dye and patch-clamp methods. Proper dynamics of synaptic
vesicles determine effective synaptic transmission. To test whether
the altered mPTP flickering caused by paraplegin deficiency influen-
ces the exo-endocytic cycle of synaptic vesicles, we exposed Spg7*/~
and Spg7/~ cortical neurons to the styryl FM dye 1-43 during
evoked synaptic activity [47,48].

First, we stimulated cultured neurons with high K" to promote
vesicle exocytosis and subsequent FM1-43 internalization during
endocytosis. As shown in Fig. 3C, this procedure led to considerably
fewer fluorescently labeled vesicles in Spg7~~ neurons. This result
recalls the data obtained by the MEA test and suggests that Spg7—/~
neurons display impaired exocytosis, endocytosis, or both. Next, vesi-
cle exocytosis was stimulated and monitored by following the time
course of FM1-43 fluorescence decrease. Exocytosis rate was also
significantly attenuated in mutant neurons, suggesting a presynaptic
imbalance of vesicle dynamics (Fig. 3D). Once more, Bz-423 adminis-
tration to mutant Spg7 /~ neurons restored the normal vesicle exocy-
tosis (Fig. 3C and D), highlighting the functional link between mPTP
opening, Ca** homeostasis and synaptic transmission.

3.4. SPG7-associated pre-synaptic dysfunction is efficiently rescued by
Bz-423 administration

The effects of deleting Spg7 on synaptic function were further
investigated by measuring the spontaneous excitatory postsynaptic
current (EPSC) amplitude and frequency in primary neocortical cul-
tures from Spg7*~ and Spg7~/~ mice.

Specifically, 78% of Spg7~/~ neurons show period of EPSC higher
frequency that was observed in less than 30% of Spg7*/~ and Spg7~/~
neurons pretreated with Bz-423 (Figure S4B). Of note, the median
EPSC amplitude calculated during the same period was approxi-
mately 35% lower in Spg7~/~ neurons. Once again, Bz-423 rescued
the effect of paraplegin loss on the EPSC amplitudes (Fig. 3E).

The overall decrease in EPSC amplitude in the Spg7 7/~ genotype is
consistent with the results obtained with FM1-43 and could explain
the lower frequency of network bursts observed with MEA. These
results support a lower steady-state excitatory activity in mutant
homozygous cultures caused by a partial exhaustion of synaptic
release after bouts of paroxysmal activity, associated with an altered
modulation of Ca?*-dependent synaptic vesicle recycling.

To better control the timing of network overstimulation, we
applied 100 ©M 4-aminopyridine (4-AP) to block voltage-gated K*
channels. In both Spg7*~ and Spg7~/~ neurons, EPSC amplitudes
decreased between the 2nd and the 5th min after 4-AP application,
consistent with the synaptic depression usually observed on hyper-
stimulation [65]. In Spg7*/~ neurons the average EPSC amplitude
decreased from 106 + 30 pA (2nd min) to 53.7 &+ 1.7 pA (5th min),
while in Spg7~/~ neurons it decreased from 81 + 8.6 pA to 53.3 + 8.2
pA. However, a different response pattern was observed for EPSC fre-
quency. Representative examples are shown in Figure S4C for Spg7*/
~(top panel) and Spg7~/~ (bottom panel) neurons. The results of three
neuronal cultures obtained from three mice of either genotype are
displayed in Fig. 3F. Specifically, in Spg7*/~ neurons, 4-AP brought
the average frequency of EPSCs from to 24.1 &+ 4.25 Hz (2nd min of
application) to 12.5 & 2.2 Hz (5th min). Conversely, in Spg7~/~ neu-
rons the EPSC frequency scarcely changed between the 2nd
(37.8 £ 6.95 Hz), and the 5th min of 4-AP application (37.1 & 9 Hz).

We conclude that during synaptic overstimulation the altered
functionality of mPTP impairs the compensatory response normally
produced by the mitochondrial Ca?* buffering capacity. This is
reflected in the inability to control the time course of synaptic release
during paroxysmal activation (Figs. 3F and S4C). This would also
explain the general decrease in EPSC amplitudes of Spg7 '/~ neurons.
Importantly, these detrimental effects can be significantly amelio-
rated by Bz-423 administration (Figs. 3E and S4B).

We next studied the effect of Spg7 deletion on the spontaneous
miniature EPSCs (mEPSCs) revealed by applying TTX to block action
potential firing. The aim of these experiments was two-fold: (i) to
better assess the pre- and postsynaptic components of the SPG7-
dependent synaptic alterations; (ii) to appreciate the synaptic effect
of impaired mPTP opening and the consequent reduced mitochon-
drial buffering capacity in conditions of low spontaneous release,
which prevents significant vesicle depletion.

The amplitude and frequency of mEPSCs were measured during
5 min continuous recording, i.e. at the steady state (usually reached
within 1-2 min of TTX application). Representative current traces
are shown in Figure S4D and S4F. As expected, TTX administration
strongly decreased the EPSC amplitude and frequency in both Spg7*/
~ (Figure S4E) and Spg7 /~ neurons (Figure S4G). The average mEPSC
amplitude and frequency for each genotype is shown in Figs. 3G and
3H, respectively, together with the results obtained from Bz-423
treated Spg7*/~ and Spg7~/~ neurons. While mEPSC amplitudes were
similar in the different conditions, the mEPSC frequency was signifi-
cantly higher in Spg7~/~ neurons, the effect being reversed by Bz-423
(Fig. 3G and H). The higher mEPSC frequency in Spg7~/~ was also
observed in neurons treated with 4-AP, suggesting the that the
reduced mitochondrial Ca?* buffering capacity is effective on synaptic
release even under partial vesicle depletion (Fig. 3H). The indication
that Bz-423 restores the defective synaptic transmission provides an
internal control by indicating that the difference between genotypes
is not caused by major differences in synaptic density, which are very
unlikely to be rescued within the fast time frame of the response to
Bz-423.

Altogether, these results show that under conditions of low
release, as was the case in the presence of TTX, the higher levels of
unbuffered presynaptic Ca%* lead to increased vesicle release without
alterations of synaptic amplitudes; while during stronger synaptic
activation presynaptic mPTP impairment leads to synaptic depres-
sion.
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3.5. Paraplegin-sirtuin 3 interaction drives cyclophilin D activity and
mPTP low conductance opening

We then investigated the molecular mechanism underlying para-
plegin-dependent mPTP dysfunction. CypD ablation or inhibition is
reported to desensitize mPTP opening [66,67,68]. We hypothesized
that CypD levels could be lower in SPG7 mutant cells, causing in turn
the decreased frequency of mPTP opening. Contrary to this predic-
tion, SPG7~/~ HEK293 and SPG7 patient fibroblasts possess similar
amounts of CypD (Fig. 4A and 4B).

However, post-translational modifications play an important role
in CypD-mediated regulation of mPTP activity. Indeed, acetylated
CypD acts as a positive modulator of mPTP opening, whereas its
deacetylated form is associated with decreased probability of mPTP
opening [62] [69]. Accordingly, we tested the relative amount of ace-
tyl-CypD by affinity-purifying lysine-acetylated proteins followed by
CypD quantification. The clear-cut result showed that paraplegin-
null cells harbor a CypD amount equal to controls, but markedly
reduced level of acetyl-CypD, which suggests the occurrence of
decreased acetylation or increased deacetylation activity in SPG7
mutant cells (Fig. 4C). Interestingly, the same alteration in CypD acet-
ylation state was also found in mitochondria isolated from the brain
of Spg7~/~ mice at 10 months of age (Figure S5A).

Protein acetylation in mitochondria is substantially a spontaneous
and non-enzymatic event owing to the high concentration of acetyl-
CoA [70]. Thus, the acetylation status is mainly regulated by sirtuin-
mediated deacetylation. Sirtuin 3 (SIRT3) localizes to mitochondria
and is known to deacetylate a variety of substrates including CypD,
thus preventing mPTP opening [71-73]. We found that SIRT3 protein
amount is two-fold higher in SPG7~/~ HEK293 cells (Fig. 4A), and that
an increased amount of SIRT3 is also found in all SPG7 patient fibro-
blasts (Fig. 4B and 4D) and in cortical neurons from Spg7—/~ mice
(Fig. 4E), but not in fibroblasts from patients affected by non-SPG7
forms of HSP (Fig. 4F).

Interestingly, the re-expression of functional paraplegin in SPG7~/
~ HEK293 cells restores the normal protein amount of SIRT3
(Fig. 4G). Conversely, by expressing the protease-inactive form of
paraplegin (pSPG7 EQ), SIRT3 level remains unaltered (Fig. 4G), indi-
cating that SIRT3 level is regulated by the protease activity of para-
plegin.

SIRT3 activation is generally associated with mitochondrial anti-
oxidant defense [72]. We hypothesized that upregulation of SIRT3
antagonizes the ROS challenge caused by paraplegin mutations, at
least under conditions not requiring high metabolic expenses.
Indeed, lack of paraplegin has no influence on mitochondrial ROS
level in basal condition as shown by MitoSOX quantification
(Fig. 5A), likely as a consequent response to SIRT3 increase, which is
functionally linked to SOD2 and catalase hyperactivation [74].

Actually, both SOD2 and catalase proteins were increased, sug-
gesting a cellular response to the SPG7-induced increase of ROS chal-
lenge (Fig. 5B). Consistent with this observation, SIRT3 knockdown in
SPG7~/~ HEK293 cells reduced SOD2 and catalase to control level
(Fig. 5C), indicating that SIRT3 mediates the regulation of these two
scavenger enzymes also in our cellular models. Finally, SIRT3, SOD2
and catalase upregulation was prevented by expressing wild-type
paraplegin, but not the proteolytically inactive form (Fig. 5D), hence
demonstrating the need of paraplegin protease activity in order to
avoid alerting the SIRT3-supervised ROS scavenging system, which is
also controlled at the transcriptional level (Figure S5B and S5C).

We then tested whether paraplegin interacts with SIRT3 using a
proximity-dependent labeling technique [40] [75]. The fusion pro-
tein paraplegin-biotin ligase (pSPG7-BirA-HA) properly localizes to
mitochondria (Fig. 6A), assembles within the m-AAA complex at the
expected molecular weight (Fig. 6B) and is able to label a number of
proteins (Fig. 6C), among which, as expected, AFG3L2 was found
(Fig. 6D). Remarkably, we identified biotinylated SIRT3 (Fig. 6D).

Moreover, the analysis of SIRT3 protein stability by the cyclohexi-
mide chase assay in control and SPG7_del fibroblasts showed that, in
the latter, the SIRT3 half-life is prolonged compared to control cells
(Fig. 6E).

This novel result, together with (i) the increased amount of SIRT3
in paraplegin-null cells, (ii) the normalization of SIRT3 level form in
paraplegin-null cells by the expression of paraplegin, but not (iii) of
the protease inactive form in paraplegin-null cells, proposes that
SIRT3 is a paraplegin substrate that is tightly and dynamically regu-
lated by the protease activity of the m-AAA heterocomplex. It should
be mentioned that, although we focused on the consequences of
SIRT3 upregulation on PTP opening because of its importance in cell
death, additional effects are possible that will be interesting to inves-
tigate.

3.6. The SPG7 mouse motor impairment can be normalized by Bz-423
administration

The SPG7 mouse model shows a late and slowly progressing
motor impairment that parallels the patient disease history [5]. To
test whether mPTP impairment has a clinical correlate, we analyzed
three groups of mice by testing rotarod motor performance. The first
group of four—month-old Spg7 /- mice do not show any significant
defect compared to control mice (Fig. 7A).

The second and third groups are respectively composed of six-
and ten-month-old Spg7 '~ mice, untreated and treated with Bz-423
since the presymptomatic age of four months, together with the rela-
tive control groups. As expected, the untreated Spg7 '/~ mice display
motor impairment at 6 and 10 months of age, while the performance
of Bz-423-treated Spg7~/~ mice is identical to that of control mice
(Fig. 7B and S6A).

Furthermore, in 6-month-old mice, EM analysis showed the pres-
ence of swollen mitochondria in Spg7~/~ spinal cord axons, which
were consistently saved by the Bz-423 treatment (Figure S7), sug-
gesting that the positive effect of the drug on Spg7 /- motor
impairment arises from the normalization of mitochondrial function.
Reactive gliosis at symptomatic stage in Spg7 /~mice, as shown by
immunostaining (Fig. 7C and D and S6B) and western blot (Fig. 7F
and H and S6C) of glial acidic fibrillary protein (GFAP) and IBA1
(Fig. 7E and H), is quenched by the protective effects of Bz-423
administration. It is worth noting that benzodiazepines can act on
TSPO [76] [77], so producing a beneficial effect on activated micro-
glia; if this effect is synergizing with the documented effect of Bz-
423 on mPTP needs further investigation.

Interestingly, while we observed no different amount of brain
SIRT3 between Spg7*~ and Spg7~/~ (Fig. 7G) mice at four-month of
age, but SIRT3 is remarkably increased in the mutant at 6 and 10
months of age. Again, Bz423 treatment can lower Spg7 '~ SIRT3 level
(Fig. 71 and S6D), demonstrating in vivo that facilitating transient
mPTP opening disarms the SIRT3-mediated detrimental effects.

4. Discussion

In this manuscript we have shown that defective paraplegin
causes increased amount of SIRT3 in the mitochondrial matrix, result-
ing in deacetylation of CypD, a key positive regulator of the mPTP.
Since deacetylated CypD has a lower affinity for binding to OSCP, the
probability of mPTP opening decreases, causing in turn the
impairment of Ca?* homeostasis in the nerve terminal and thus
impinging upon neurotransmitter release. The mPTP opening defect
is rescued by Bz-423, a small molecule mimicking the effect of CypD
through binding to the same site on OSCP. This pharmacological
bypass prevents the detrimental effects of the lack of paraplegin
activity and normalizes the synaptic response in vitro and motor defi-
cit in vivo. These results also clearly document a physiological role for
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mPTP flickering events, and their importance in regulation of Ca®*
transients in the nerve terminal.

The involvement of mitochondria in the onset and progression of
neurodegenerative diseases is increasingly taking the scene of molec-
ular mechanisms owing to the critical functions performed by the
organelle, including ATP synthesis and Ca®* homeostasis, which sus-
tain and safeguard neuronal life [78]. Being a highly compartmental-
ized organelle, the mitochondrion is endowed with a variety of
protein quality control systems in each compartment. In particular,
the matrix side of the inner membrane is actively patrolled by m-
AAA complexes.

In human mitochondria, AFG3L2 and paraplegin can assemble to
form the AFG3L2 homopolymeric and the AFG3L2-paraplegin hetero-
polymeric m-AAA complexes. When mutated, these complexes cause
two distinct neurodegenerative diseases (SCA28 and SPG7) by target-
ing specific neuronal populations, i.e. Purkinje cells and upper moto-
neurons, respectively [4,13,16]. The basis for the neuronal specificity
of these diseases may lie in precise differences of substrate and/or
function of the two m-AAA complexes, although AFG3L2 mutations
affect both homo- and hetero-polymeric complexes.

A specific role on the assembly of the mitochondrial Ca2+ uni-
porter MCU has been assigned tom-AAA through the protease control
of the regulatory subunit EMRE [79, 80], mainly due to the AFG3L2
subunit.

Here we have shown that the intimate pathogenic mechanism of
SPG7, which originates from loss of function of paraplegin, proceeds
through activation of SIRT3-mediated defense program and results in
decreased physiologic mPTP opening, causing in turn mismanage-
ment of synaptic vesicles and subsequent ineffective post-synaptic
stimulation.

A possible association between paraplegin and mPTP opening has
been suggested [81 [82]. Subsequent work, however, has demon-
strated that m-AAA proteases are essential for the correct assembly
of the mitochondrial Ca®* uniporter [79,80 [82], suggesting that the
m-AAA effect is probably indirect. Furthermore, the mPTP is not
affected by genetic manipulation of SPG7, ruling out its direct partici-
pation in mPTP formation [83].

Our CRC experiment definitely confirms such link by showing that
cells lacking paraplegin tolerate larger mitochondrial Ca®* loads
before opening of the mPTP. In the past, much emphasis has been
placed in defining the conditions and effects of long-lasting opening
of mPTP [84], an event associated with release of mitochondrial
matrix solutes and of intermembrane proteins including cytochrome
¢, which eventually may result in cell death. A major effort has there-
fore been devoted to the search of mPTP inhibitors to treat myocar-
dial infarction, ischemia-reperfusion injury, muscular dystrophy,
multiple sclerosis/EAE [78] [85].

However, it has also been proposed that transient openings of
mPTP (flickering) have a role in cellular Ca?* homeostasis by provid-
ing mitochondria with an effective pathway for fast Ca®* release, a
hypothesis that is supported by increasing evidence [32] [86] [87]. If
this transient opening of mPTP has to be assimilated to mitoflashes,
given their common sensitivity to ROS [55] [88] [89] remains to be
investigated.

Here, we have demonstrated for the first time that impairment of
transient pore opening is a causative event in neurodegeneration due
to mutations of the SPG7 gene. Indeed, by evaluating mPTP flickering
through the associated changes of mitochondrial TMRM fluorescence
with high temporal and spatial resolution, we found that SPG7
knock-out cells, as well as fibroblasts from patients carrying different
paraplegin mutations, display a reduced propensity to mPTP tran-
sient opening. This is evident considering both the amount of TMRM
molecules exiting the mitochondrion per single pore opening event
and the organellar area involved in the single transient. The reduced
frequency and size of flickering events in SPG7 mutants are
completely reverted by expression of catalytically active paraplegin.

Non-SPG7 HSP cells do not show the same significant differences,
thus suggesting a specific regulatory role of paraplegin on mPTP.
Remarkably, inhibitors of mPTP opening are able to phenocopy SPG7
dysfunction in normal cells, while the mPTP sensitizer Bz-423 [28]
[42] significantly improves the dynamics of mPTP opening in SPG7-
deficient cells. The availability of the SPG7 mouse model allowed us
to test the occurrence of mPTP and its dynamics also in neuronal cul-
tures, the relevant model to address pathogenic mechanisms of spas-
tic paraplegias. Spg7~/~ cortical neurons, similarly to SPG7 patient
fibroblasts, showed defective opening of mPTP that was again res-
cued to normal level by treatment with Bz-423.

Bz-423 was originally identified in the screening of molecules able
to selectively kill autoreactive B lymphocytes [90]. Somewhat unex-
pectedly, the target was identified as the mitochondrial ATP synthase
in the unbiased screen of a phage display library [42]. Bz-423 inter-
acts with the OSCP subunit of ATP synthase causing partial inhibition
of the enzyme. The interaction results in a conformational change
that perturbs the interface between OSCP and the catalytic F; sector,
disrupting the communication between the latter sector and the
peripheral stalk of ATP synthase [91]. Key points for the current dis-
cussion are that Bz-423 shares the same binding site on OSCP as the
mPTP inducer CypD; and that like CypD it sensitizes the mPTP to Ca®
*, thus acting as a pore agonist [28]' [92]. Here we have provided
direct evidence that reactivation of mPTP flickering is restored to nor-
mal levels by Bz-423 in living cells, hence leaving no doubt that the
rescue of neuronal signaling is due to reactivation of the mPTP. This
finding demonstrates the crucial role of the physiological mPTP open-
ing for Ca?" homeostasis in neurons.

The high energy-demanding neuronal cells invest most of their
energy expenditure for synaptic transmission, in particular at presyn-
aptic terminals, where mitochondria are key players for ensuring an
adequate supply of ATP for Ca®* handling and synaptic vesicle
dynamics [93] [94]. Paraplegin loss has an evident effect on the
global unperturbed activity of neocortex cultures. Spg7—/~ neurons
exhibited a marked decrease of network burst frequency together
with longer bursts, as seen by MEA experiments, which both suggest
a profound rearrangement of network dynamics in the absence of
paraplegin.

Synaptic vesicle dynamics clearly shows a consistent decrease of
endocytosis and defective exocytosis in Spg7~/~ neurons. Impairment
of vesicle dynamics is confirmed by the decrease in the amplitude of
spontaneous EPSCs, which also explains the reduced frequency of
network burst at MEA. Since the synaptic vesicle cycle is tightly con-
trolled by the cytosolic Ca** concentration, vesicle cycling appears to
be highly dependent on mitochondrial function. Indeed, presynaptic
mitochondria can rapidly take up Ca?* and thus decrease the proba-
bility of synaptic vesicle release, thereby accelerating recovery of
neurotransmission after nerve stimulation. We therefore assume that
a presynaptic mPTP-associated Ca®* derangement affects vesicle
dynamics and limits vesicle release after paroxysmal activity. Once
more, Bz-423 pre-treatment of mutant neuronal cultures abolishes
the mutant impairment.

Of note, the control spontaneous EPSC frequency halves after
overstimulating synaptic activity by 4-AP, while it remains
unchanged and higher than control in Spg7~/~ cortical neurons. We
envisage that, by synaptic overstimulation, the trifling opening pro-
pensity of mPTP associated to the defect of paraplegin yields a higher
intramitochondrial Ca®* concentration, which eventually limits the
capacity of organellar Ca®" buffering and allows locally higher Ca%*
concentrations to be reached at the presynaptic terminal, a working
hypothesis that is under active investigation.

To better distinguish the pre- and postsynaptic components of the
paraplegin-associated defect, we studied mEPSC events under Na*
channel inhibition by TTX. The Spg7~/~ average mEPSC amplitude is
similar to that of the controls, which argues against a major alteration
of the postsynaptic response. On the contrary, the higher mEPSC
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frequency in Spg7~/~ cortical neurons suggests again that the dis-
turbed regulation of mPTP causes a higher steady-state free Ca%* level
at presynaptic terminal, thus favoring vesicle release. Bz-423, as for
several other parameters, restores Spg7~/~ mEPSC frequency.

Robust and repetitive activation of the Spg7—/~ presynaptic termi-
nals would generate smaller spontaneous EPSC currents, because of a
partial synaptic depression. This interpretation is consistent with the
results obtained by pharmacologic inhibition of mitochondrial Ca®*
uptake, which accelerates synaptic depression by depleting the pool
of available synaptic vesicles [94] [95]. Our results with FM1-43 sug-
gest that these effects may be accompanied by a decreased efficacy of
vesicle recycling.

With the aim of closing the mechanistic gap between paraplegin
and mPTP, which is now established as a conformer of ATP synthase
[92], we investigated CypD and found a dramatic reduction of its
acetylated form, the active species that prompts mPTP opening [71].
In fact, the deacetylase SIRT3 [71] [72] amount is increased in SPG7~/
~ HEK293 cells, in all SPG7 patient fibroblasts and in Spg7 '~ cortical
neurons.

We previously reported that SPG7 patient fibroblasts, while
behaving normally in control conditions, show an increased suscepti-
bility to oxidative damage when exposed to hydrogen peroxide [9].
Also, we demonstrate here that in basal conditions SPG7 mutant cells
display normal level of ROS. Therefore, we suggest that the lack of
paraplegin function causes proteostasis stress and decreased com-
plex I activity [9], which generates ROS that are counterbalanced by
the general antioxidant program involving rapid SIRT3 activation
[72] and then increase of SOD2 and catalase [74]. Indeed, in SPG7~/~
HEK293 cells both SOD2 and catalase increased, returning to normal
levels after inhibition of SIRT3 by siRNA. It is worth noting that
expression of paraplegin, but not of its protease inactive form, nor-
malizes SIRT3 expression in SPG7 mutant cells. This suggest that
SIRT3 is bona fide a substrate of paraplegin, or that the protease activ-
ity of paraplegin is essential for regulating SIRT3 level, as supported
by the paraplegin-dependent biotinylation of SIRT3 and the increased
SIRT3 half-life in the absence of paraplegin.

SIRT3 has other important functional effects in mitochondria and
serves as metabolic stress regulator by deacetylating key proteins of
the Krebs cycle, of amino acid metabolism and of the electron transfer
chain [73] [96-98]. We propose that loss or mutations of paraplegin
cause upregulation of SIRT3, which promptly lowers ROS levels and
sustains the metabolic adaptation that follows dysregulation of pro-
teostasis. In SPG7 mutant mitochondria the emergency-driven SIRT3
increase cannot be controlled by paraplegin, and the SIRT3-associ-
ated defense program remains “on”.

While the activated antioxidant system is effective in normalizing
ROS emergency in SPG7 mutant cells (at least in basal conditions) the
high level of SIRT3 activity results in deacetylation of CypD and,
finally, in reduced mPTP opening propensity, which translates into
the rare occurrence of flickering events. Therefore, we conclude that
the lack of regulation of SIRT3 protein by paraplegin in SPG7 cells
maintains constitutive high levels of SIRT3 impinging on the mPTP.

The novelty of functionally linking mPTP to SPG7 disease mecha-
nism opens to mPTP modulation as a prospective strategy for SPG7
treatment. The Bz-423 efficacy in annulling the motor impairment of
the SPG7 mouse model puts forward that mPTP opening inducers can
represent a pharmacological approach to relieve specific mitochon-
drial conditions. Indeed Bz-423 administration restores the mPTP
physiological opening, bypassing the deleterious effect of SIRT3
increase and shows also positive effects on neuroinflammation.

As summarized in the graphical abstract, all these results show
for the first time that physiological, transient mPTP openings act as
important regulators of nerve communication by controlling synaptic
vesicle dynamics at the presynaptic terminal through Ca** manage-
ment; and that paraplegin mutations have detrimental effects on
synaptic transmission through a circuit involving CypD deacetylation.

Most importantly, we could reactivate mPTP activity with Bz-423,
which was also effective in vivo by completely rescuing the SPG7
motor impairment in the animal model. This set of findings thus
opens to novel therapeutic avenues to treat SPG7 spastic paraplegia.
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