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Multiple sclerosis (MS) is a neuroinflammatory and neurodegen-
erative disease characterized by myelin damage followed by axonal
and ultimately neuronal loss. The etiology and physiopathology of
MS are still elusive, and no fully effective therapy is yet available. We
investigated the role in MS of autophagy (physiologically, a controlled
intracellular pathway regulating the degradation of cellular compo-
nents) and of mitophagy (a specific form of autophagy that removes
dysfunctional mitochondria). We found that the levels of autophagy
and mitophagy markers are significantly increased in the biofluids
of MS patients during the active phase of the disease, indicating
activation of these processes. In keeping with this idea, in vitro
and in vivo MS models (induced by proinflammatory cytokines,
lysolecithin, and cuprizone) are associated with strongly impaired
mitochondrial activity, inducing a lactic acid metabolism and prompting
an increase in the autophagic flux and in mitophagy. Multiple struc-
turally and mechanistically unrelated inhibitors of autophagy improved
myelin production and normalized axonal myelination, and two
such inhibitors, the widely used antipsychotic drugs haloperidol
and clozapine, also significantly improved cuprizone-induced motor
impairment. These data suggest that autophagy has a causal role in
MS; its inhibition strongly attenuates behavioral signs in an exper-
imental model of the disease. Therefore, haloperidol and clozapine
may represent additional therapeutic tools against MS.
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M ultiple sclerosis (MS) is a neuroinflammatory disease,
characterized by progressive neurological damage con-
sisting in crumbling of the axonal myelin sheath in the central
nervous system (CNS), followed by strong impairment in axonal
conductance, axonal transection, and death of oligodendrocytes
and neurons (1). MS onset is subacute or chronic, typically in a
relapsing-remitting fashion, with phases of neuroinflammation
corresponding to clinically evident disease followed by periods of
oligodendrocyte proliferation, partial reconstitution of the my-
elin sheath, and corresponding clinical recovery. MS worsens
over time, evolving into a progressive form, characterized by the
disappearance of the relapsing-remitting phases and by perma-
nent chronic lesions.

Inflammation plays a central and fundamental role in MS (2).
The initial phase of MS is characterized by signs of an autoimmune
response including disruption of the blood-brain barrier, invasion
of the CNS by immune cells, and presence of antibodies against
myelin. These are believed to play a causative role in the onset of
the disease. Immunological aggression is sustained by a macro-
phage- or microglia-driven secretion of proinflammatory cytokines,
such as tumor necrosis factor alpha (TNF-a) (3, 4) or interleukin-1
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beta (IL-1-p) (5, 6), which have been shown to promote neuronal,
oligodendrocyte, and vascular damage in models of MS.

Autophagy may also play a fundamental pathophysiological
role in MS, but this has been only marginally explored thus far
(1, 7). Autophagy represents a key intracellular function, which allows
the cell to face periods of nutrient deprivation, meanwhile eliminating
damaged and potentially harmful molecules, organelles, or invading
microorganisms (8). These activities are grounded on the capacity
of the cell to organize a double-membrane-lined autophagosome
that, after engulfing the unwanted material, brings it to the lyso-
somal compartment, which in turn ensures degradation of proteins
and recycling of nutrients.

Many neurodegenerative diseases are characterized by pathological
accumulation of misfolded or damaged proteins, suggesting an
important role of autophagy in their pathophysiology (9, 10). In
Alzheimer’s disease, for example, impairment of the autophagic
flux due to reduced vesicle clearance has been associated to accumulation
of an aggregated form of hyperphosphorylated tau protein and to
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extracellular amyloid-p (A-p) plaques (11). Similarly, in Parkin-
son’s disease, dysfunctional lysosomes and accumulation of
autophagosomes are associated with intracellular inclusions of
a-synuclein and other polyubiquitinated proteins.

Several reports have demonstrated an increase in autophagic
markers in human samples of MS patients (12). In particular, our
and other groups have shown that autophagic and mitophagic
markers are increased in serum and cerebrospinal fluid (CSF) of
MS-affected individuals (13-15). However, the role of autophagy
in MS remains still controversial. (16, 17).

In this study, we investigated in detail the involvement of
autophagy in MS. We used in vitro, ex vivo, and in vivo models to
test the effect of proinflammatory cytokines, lysolecithin (LPC),
and cuprizone (CPZ) on myelin production, axonal myelination,
and motor performance. In particular, we investigated the oc-
currence of autophagy in the different models and examined the
effect of autophagy inhibitors and of two antipsychotic drugs,
clozapine and haloperidol, on autophagy and behavior, revealing
a significant improvement in motor function in MS animals.

The rationale for employing these antipsychotic drugs stems
from neuroimaging and postmortem investigations on the brain
of schizophrenia patients that revealed loss of white matter (18,
19) and down-regulation of genes involved in oligodendrocyte
functioning and myelination (20, 21). Antipsychotic drugs, in
particular haloperidol and clozapine, proved effective in im-
proving cortical myelination as well as spatial working memory
and locomotor activity in animal models (22-25). The molecular
mechanism(s) underlying these effects are still obscure, but it has
been recently suggested that these antipsychotic drugs may inter-
fere with the autophagic process (26, 27). Our findings explore this
mechanism of action of haloperidol and clozapine and disclose
the opportunity of repurposing these drugs that are currently
employed in other clinical settings for the treatment of MS.

Results

Patients with Active MS Have Increased Levels of Autophagy Markers.
Recently, we detected the established marker of autophagy,
autophagy-related 5 (ATGY), in the CSF of MS patients (13, 14).
We found that this marker was increased in MS patients in the
active phase of the disease (13, 14), identified on response to
Gadolinium (Gd) (28). In the present study, by analyzing a new
cohort of patients, we found increased levels not only of ATGS
but also of many other markers of autophagy (namely coiled-coil,
moesin-like BCL2-interacting protein, Beclin-1; ATG7; microtubule-
associated proteins 1A/1B light chain 3, LC3; unc-51-like autophagy-
activating kinase 1, ULK1; and tryptophan-aspartic acid (WD) repeat
domain phosphoinositide—interacting 2 WIPI2) in the CSF and
serum of MS patients compared with patients with no inflammatory
neurological disease, used as controls. In addition, we observed
significantly increased levels of all these autophagic markers in the
CSF and serum of Gd positive (Gd+) as compared with Gd neg-
ative (Gd-) patients (Fig. 1 A-F). Increased levels of all autophagic
markers in the CSF of Gd+ patients were also detected by using the
immunoblot technique (SI Appendix, Fig. S1). Similarly, levels of the
proinflammatory cytokine TNF-a were significantly higher in Gd+
than in Gd— patients (Fig. 1G). Altogether, these data confirm and
extend our previous observations highlighting increased levels of
autophagy biomarkers during the acute phases of MS.

Proinflammatory Cytokines Cause Autophagic Activation and Myelin
Loss In Vitro. Based on these findings, we attempted to reproduce
MS-like conditions in vitro to study the role of autophagy acti-
vation during the demyelination process. Undifferentiated pri-
mary oligodendrocyte precursor cells (OPC) cultures were
treated with sublethal doses of the proinflammatory cytokines
TNF-a and IL-1-p for 24 and 48 h. Treatment conditions were
accurately chosen to avoid any interference with glial or neuro-
nal differentiation (SI Appendix, Fig. S24) as well as with cell
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viability (SI Appendix, Fig. S2B). The medium containing growth
factors essential for OPC proliferation was replaced by the thy-
roid hormone triiodothyronine to stimulate cell differentiation.
After 5 d, cells were collected for immunoblot analysis of myelin
basic protein (MBP) and of the autophagy markers LC3, p62,
Beclin-1, ATG7, ATG5/12, and WIPI2. We observed that the
levels of both p62 and MBP roughly halved after 24-h exposure
to proinflammatory cytokines, while the levels of the cleaved form
of LC3 related to activation of the autophagic process (LC3-II),
Beclin-1, ATG7, ATGS, and WIPI2 nearly doubled (Fig. 2.4 and
B). These data suggest a stimulation of the autophagic process.

In the CNS, oligodendrocyte metabolism and axon myelina-
tion are dependent on the relationship with other nervous cells
(29). Hence, we decided to test the effect of proinflammatory
cytokines on autophagic recruitment in a mixed glial cells (MG)
culture, where oligodendrocytes were grown on a layer of as-
trocytes and neurons. The data we obtained were coherent with
those observed in OPC cultures, proving that proinflammatory
conditions cause both a reduction in MBP levels and activation
of autophagy (Fig. 2 C and D) without affecting cell differenti-
ation and viability (SI Appendix, Fig. S2 C and D) as well the
protein levels of neuronal (p-tubulin III) and astrocyte (glial
fibrillary acidic protein; GFAP) markers (SI Appendix, Fig. S2E).
Further confirming the pivotal role of autophagy in MS, we also
found that TNF-a and IL-1-f synergize not only in determining
greater MBP loss but also increased activation of the autophagy
process (Fig. 2E).

The autophagic flux is a multistep pathway (SI Appendix, Fig.
S2F) consisting of induction and engagement of autophagosomal
membranes, elongation and expansion into a closed autopha-
gosome, fusion with a lysosome, and finally, degradation of the
autophagic cargo (30, 31). Higher levels of autophagic markers
may be due to either an increase in the autophagic flux or an
inhibition of lysosomal activity. To understand whether proin-
flammatory cytokines would actually increase the autophagic
flux, MG cultures previously treated with TNF-a or IL-1-p were
exposed to bafilomycin Al (BafAl), a potent inhibitor of the
lysosomal V-ATPase. Under conditions of normal autophagic flux,
BafAl inhibits lysosomal degradation of the autophagic cargo and
leads to accumulation of the newly formed markers, like LC3-IL.
The immunoblot reported in SI Appendix, Fig. S2G shows that
BafAl increased the levels of LC3-II under basal conditions and
that cytokines and BafAl had additive effects. This suggests that
the increased levels of LC3-II in the presence of TNF-o or IL-1-f is
due to a stimulation of autophagy flux and not to an inhibition of
LC3-II degradation (i.e., of lysosomal activity).

We then asked if cytokine treatment can also cause an im-
pairment in myelination. To pursue an answer to this question,
we grew separately OPC and neuronal cultures. After 7 d, OPC
cultures were first exposed to cytokines and next cocultured with
neurons. Finally, the amount of myelin and the myelination rates
were analyzed. We found that TNF-a and IL-1-p reduced MBP
synthesis and impaired the ability of oligodendrocytes to sheath
neuronal axons (Fig. 2F).

Recent studies demonstrated that many features of ferropto-
sis, the iron-dependent form of nonapoptotic cell death, are
present in MS (32, 33). Autophagy and ferroptosis are highly
connected [e.g., classical activators of ferroptosis increase the
autophagic flux (34, 35)]. In addition, it has been found that a
specific autophagy-related cellular mechanism, named ferriti-
nophagy, regulates ferroptosis (36). During ferritinophagy, the
iron storage protein ferritin, which is critical for the regulation of
cellular iron levels, is sequestered into autophagosomes. The
nuclear receptor coactivator 4 (NCOA4) has been identified as
the receptor responsible for the selective autophagic degradation
of ferritin (37). Ferritinophagy is involved in different cellular
mechanisms, including the inflammatory process, as it has been dis-
covered to trigger the extracellular release of the proinflammatory
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Fig. 1. CSF and serum levels of autophagic elements. ATG5 (A), Beclin-1 (B), ATG7 (C), LC3 (D), ULK1 (E) WIPI2 (F), and TNF-« (G) levels in CSF and serum of

patients with no inflammatory neurological diseases (NIND), healthy individuals (controls), and MS patients grouped according to MRI disease activity. MS
Gd+: MRI-active MS; MS Gd-: MRI-inactive MS. Each point represents a single observation, including outliers. ****P < 0.0001, ***P < 0.001, **P < 0.01,

*P < 0.05.

protein high-mobility group box 1 (HMGBL) (36, 38). Ferritinophagy
has been also reported to play an active role in neurodegeneration,
hepatic fibrosis, cancer (38—41), and most important in the frame
of the present study, in MS (33). It has been demonstrated that,
in the early stage of a demyelinating attack, the expression of
NCOAA4 and of the transferrin receptor (TFR) increase, whereas
they decrease while the demyelination occurs (33), probably due
to the execution of the autophagic process. In keeping with these
studies, we found that the proinflammatory cytokines TNF-o and
IL-1-p not only cause MBP loss and increase the autophagy flux
but also activate the ferritinophagic flux, as demonstrated by
reduced levels of NCOA4 and TFR (SI Appendix, Fig. S2H),
and trigger the release of HMGBI1 (SI Appendix, Fig. S2I).

Proinflammatory Conditions Cause Mitochondrial Stress Followed by
Increased Glucose Catabolism and Mitophagy. Several studies have
demonstrated that mitochondrial impairment is a feature of MS
(42, 43). In addition, alteration of the mitochondrial homeostasis
and dynamics have been associated with autophagy programs
(36). Therefore, having observed that proinflammatory cytokines
can cause autophagy, we decided to focus on mitophagy, a par-
ticular form of autophagy. Mitophagy occurrence was detected
by using live-cell imaging microscopy. Cell cultures were treated
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with TNF-a or IL-1-f, either alone or in combination for 48 h,
loaded with mitochondrial (MitoTracker Green) and lysosomal
(LysoTracker Red) markers, and imaged at confocal microscopy
to analyze the colocalization of both markers (44). We found a
significant increase in colocalization following cytokine exposure,
suggesting an increased mitophagic process in MS-like condi-
tions (SI Appendix, Fig. S34). Accordingly, we found that the
proinflammatory cytokines reduced the mitochondrial mass, as
indicated by reduced levels of HSP60, VDAC, and TIM23, specific
mitochondrial markers for matrix, outer, and inner mitochondrial
membrane, respectively (Fig. 34).

Such findings were further confirmed by analyzing the redis-
tribution of Parkin from cytosol to mitochondria. The PTEN-
induced putative kinase 1 (PINK1) and Parkin molecular axis
represents a primary mechanism of mitophagy. Following mitophagy
activation, Parkin is recruited from the cytosol into the outer
mitochondrial membrane (OMM) by PINKI1. Here, Parkin
ubiquitinates multiple OMM proteins. Next, autophagic adaptors
recognize these proteins and induce the removal of damaged mi-
tochondria in autophagosomal vesicles (44). To test the involve-
ment of this molecular axis in MS-like conditions, we performed
a subcellular fractionation of cells exposed to TNF-a and IL-1-p.
The immunoblot in Fig. 3B shows that, under resting conditions,
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Fig. 2. TNF-a and IL-1-f boost autophagy and provoke demyelination in vitro MS models. Proinflammatory cytokines TNF-a (A) and IL-1-p (B) cause activation
of autophagy in OPC cultures, as denoted by increases in LC3-1l, ATG7, Beclin-1, ATG5/12, and WIPI2 and reduction in p62 protein levels. Cytokines exposure is
also associated with decreased MBP levels. (C and D) Similar results were obtained in MG cell cultures. (E) The concurrent use of both TNF-a and IL-1-f de-
termines increased activation of autophagy and higher demyelination than the single treatments in MG cultures. Immunoblots are representative of at least
three independent experiments. Quantification of the Western blot performed is reported in S/ Appendix, Table S1. Notably, the primary antibody against
ATGS also detect the ATG12-ATG5 conjugated form. (F) Fluorescence microscopy analysis of the axonal marker p-tubulin I1ll and myelin marker MBP reveals
that proinflammatory cytokines provoke a reduction in myelination capacity. Representative three-dimensional images are shown. All data presented are the
mean + SD of at least three separated experiments; two-way ANOVA with Dunnett’s multiple comparison test, ****P < 0.0001, ***P < 0.001.

the amount of Parkin localized in the mitochondrial compartment is
very low but significantly increases after exposure to proinflammatory
cytokines.

These data suggest that the PINK1-Parkin axis is involved in
the regulation of the mitophagic process under MS-like condi-
tions. To investigate whether an increase in mitophagy may be
present in MS patients, levels of Parkin were measured in the
CSF of MS-affected individuals. We found a significant increase
in Parkin levels in MS patients in the active phase of the disease
(Gd+) as compared with controls and with patients in the re-
mission phase (Gd-) (Fig. 3C).

One hypothesis to explain these observations is that MS in
active phase depresses mitochondrial activity, thereby triggering
mitophagy. Hence, we tested if proinflammatory cytokines affect
mitochondrial function. In particular, we focused on the oxygen
consumption rate (OCR), a valuable indicator of mitochondrial
respiratory capacity and energy production. MG cultures pre-
treated with TNF-a and IL-1-p were seeded into XF96 Seahorse
plates, and the OCR was measured. This experimental approach
can subdivide mitochondrial activity into different functional
modules (basal, maximal, and ATP-linked respiration) by means
of selective inhibitors for the different parts of the mitochondrial
electron transport chain. All these modules were significantly
lowered by proinflammatory cytokines (Fig. 3D). OCR measure-
ments represent an essential parameter to evaluate metabolism in
health and disease but may not be sufficient to demonstrate a
corrupted mitochondrial function. Therefore, we also verified
mitochondrial activity by using other parameters: mitochondrial
membrane potential (AY,,), production of mitochondrial reactive
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oxygen species (mROS) and mitochondrial calcium (Ca**)
dynamics. These experiments confirmed that TNF-a and IL-1-f
alter the functioning of the mitochondrial compartment, as denoted
by an increase in mROS production (SI Appendix, Fig. S3B) and a
reduction of both AW, (SI Appendix, Fig. S3C) and mitochondrial
Ca** uptake (SI Appendix, Fig. S3D). The cotreatment with TNF-a
and IL-1- further exacerbated mitochondrial impairment. These
findings are consistent with previous reports demonstrating that
proinflammatory conditions impair mitochondrial homeostasis and
dynamics (45, 46) and demonstrate that, in our experimental set-
tings, OCR measurements represent a reliable parameter to analyze
mitochondrial metabolism and functioning.

Having observed an impairment of mitochondrial bioener-
getics and activity as a consequence of treatments with proin-
flammatory cytokines, we measured the extracellular acidification
rate in MG cultures to identify variations in the glycolytic contri-
bution to metabolic equilibrium and to assess whether the loss of
mitochondrial function could affect cellular metabolism. Pretreat-
ment with TNF-a and IL-1-f enhanced the secretion of lactate in
the MG culture medium, suggesting an increased rate of glycolysis
(Fig. 3E). Interestingly, a significant increase in lactate production
was also observed in CSF samples obtained from MS patients in
active phase (Fig. 3F). Again, significance was found not only when
comparing patients in the active phase of disease versus controls
but also versus patients in the remission phase (Fig. 3F).

These metabolic data suggest that proinflammatory cytokines
cause mitochondrial stress that is followed by increased glucose
catabolism and compensatory increase of autophagy and mitophagy.
Several studies demonstrate a direct relationship between
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Fig. 3. TNF-a and IL-1-f increase mitophagic events with consequent loss of mitochondrial functioning. (A) Proinflammatory cytokines prompt activation of
mitophagic process, as indicated by a reduction in mitochondrial proteins. HSP60, VDAC, and TIM23 were used as markers of mitochondrial matrix, outer and
inner membrane, respectively. (B) Parkin recruitment into mitochondria, analyzed after subcellular fractionation of MG cultures pretreated with TNF-o and IL-
1-B. Immunoblots are representative of at least three independent experiments. Quantification of the Western blot performed is reported in SI Appendix,
Table S1. (C) CSF Parkin levels in the CSF of control, MS patients in active phase, and MS patients in remission phase. The groups are different according to
ANOVA (P < 0.0001): Gd+ MS > Gd— MS (Tukey'’s test: P < 0.0001); Gd+ MS > Controls (Tukey’s test: P < 0.0001). (D) Mitochondrial respiration in MG cultures
pretreated with TNF-a and IL-1-B was assessed by using the Seahorse Mito Stress test with oligomycin (ATP synthase inhibitor), FCCP (mitochondrial un-
coupler), and a mix of rotenone and Rot/AA (specific inhibitors for the ETC complex | and I, respectively). The arrows indicate time of drug injection. The
graphs depict the mean + SD of at least n = 5 experiments; two-way ANOVA with Dunnett’s multiple comparison test, *P < 0.01. Calculated parameters shown
are as follows: Basal rate (Basal) was calculated by the equation (OCR before addition of oligomycin — OCR after addition of Rot/AA). ATP production (ATP)
was indicated as OCR before addition of oligomycin — OCR after addition of FCCP. Maximal rate was calculated as the highest OCR after addition of FCCP
subtracted from the OCR after addition of Rot/AA. The groups are different according to two-way ANOVA with Dunnett’s multiple comparison test ****p <
0.0001, ***P < 0.001, and **P < 0.01. (E) Lactate release in media collected from MG cultures (the data are the mean + SD of at least three independent
experiments. Two-way ANOVA with Dunnett’s multiple comparison test, ****P < 0.0001, ***P < 0.001. (F) Lactate release in in the CSF of control, MS patients
in active phase and MS patients in remission phase. The groups are different according to ANOVA (P < 0.0001): Gd+ MS > Gd— MS (Tukey's test: P < 0.0001);
Gd+ MS > Controls (Tukey's test: P < 0.0001).

metabolic status and autophagy, and specific regulatory molecular
pathways have been identified (47). Autophagy is mostly regulated
by the AMPK-mTORC-ULK1 pathway (48, 49), which also acts as
a nutrient-sensing pathway. In response to low energy levels or
stress conditions, AMPK (5’ adenosine monophosphate-activated
protein kinase) becomes activated and prompts the autophagic
process through direct or indirect modulation of mTORC (mam-
malian target of rapamycin complex) and ULK1 (Unc-51-like
autophagy-activating kinase 1). Interestingly, all the components
of this autophagy regulatory complex are important for mito-
chondria functioning and during MS progression (45, 50, 51).
We found that MG cultures exposed to TNF-a or IL-1-p display
increased phosphorylation of both AMPK and ULKI1. More
specifically, ULK1 was found to be hyperphosphorylated at SER*'”

Patergnani et al.
Antipsychotic.drugs counteract autophagy and mitophagy in multiple sclerosis

and dephosphorylated at SER™’, a target site of the inhibitory
action of mTOR (52) (SI Appendix, Fig. S3E).

These results suggest that the metabolic imbalance observed in
MS-like conditions is associated with an activation of AMPK and
ULKI1, which act as positive regulators of the autophagic ma-
chinery. This induced autophagy and mitophagy, however, would
not affect oligodendrocyte viability or differentiation but impair
the oligodendrocyte ability to synthetize myelin (as shown in
Fig. 2 and SI Appendix, Fig. S2). We therefore speculated that
autophagy inhibition could restore or improve myelin synthesis.

Inhibition of Autophagy Restores Myelin Production and Axonal
Myelination. Modulators of the autophagic process are currently
in clinical trial for cancer treatment (53), but their possible use in
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the treatment of MS has not been yet investigated. Therefore, we
decided to treat MG cultures previously exposed to the proin-
flammatory cytokine TNF-o with a series of antiautophagic
compounds to test whether inhibition of autophagy may improve
myelin production and axon myelination.

First, we modulated the activity of the AMPK-mTOR-ULK1
axis by using the so-called compound-C (CC), a specific AMPK
inhibitor (54). We identified 2.5 uM as an optimal CC concen-
tration that reduces the phosphorylated form of AMPK and the
autophagic levels (SI Appendix, Fig. S44) without affecting the
normal autophagic flux (Fig. 44). Next, we tested CC in MS-like
conditions. We found that CC increased MBP levels to nearly
normal values (Fig. 4B) and normalized the increased levels
of phosphorylated AMPK caused by proinflammatory cytokines
(81 Appendix, Fig. S4B). Similar experiments were also carried
out after treatment with the early-stage inhibitor of autophagy
3-methyladenine (3-MA), which blocks autophagosome formation
by controlling the activity of class 3 phosphatidylinositol 3-kinases
(55). 3-MA reduced LC3-II levels (Fig. 4C) and restored MBP
levels following TNF-o and IL-1-p treatment (Fig. 4D).

To test whether autophagy was essential to modulate MBP
levels, we performed genetic interference toward ATG7, a gene
essential for autophagy. Silencing effectively lowered ATG7
levels (SI Appendix, Fig. S4C), reducing LC3-II levels (Fig. 4E)
and preventing the diminution in MBP levels caused by TNF-a
and IL-1- treatment (Fig. 4F). These results support the notion
that autophagy plays an active role in the loss of myelin and that
autophagy inhibition could prevent demyelination.

Unfortunately, 3-MA, CC, and small interfering RNAs (siRNAs)
cannot be used clinically. Furthermore, multiple studies suggest that
these compounds may produce effects not restricted to autophagic
mechanisms and may even paradoxically cause autophagic acti-
vation (56, 57). On the opposite, inhibitors of the late steps of
the autophagic flux are already employed in the clinic. Among
autophagic modulators, the most used is the antimalarial agent
chloroquine (CQ) which, like its derivate hydroxychloroquine,
counteracts the autophagic pathway at late stage by blocking the
binding of autophagosomes to lysosomes (58). Interestingly,
some antipsychotic drugs such as haloperidol and clozapine have
been recently shown to exert potent late-stage autophagy inhibition

(26, 27). However, other works suggest that haloperidol and
clozapine may also act as autophagic inducers (59, 60). Therefore,
we decided to test the efficacy of these drugs in our cellular settings.
Fig. 4 G-I shows that these compounds, just like the classical in-
hibitor of autophagy CQ, effectively block the autophagic activity in
our cells, as shown by the marked increase in LC3-II levels. Most
importantly, clozapine and haloperidol, again like CQ, increase
MBP levels (Fig. 4 J-L).

Clozapine and Haloperidol Enhance Myelination in an Ex Vivo MS
Model by Blocking Autophagic Dynamics. We then decided to restrict
our investigation to clozapine and haloperidol. First of all, we eval-
uated the therapeutic potential of these antipsychotic compounds
using organotypic slice cultures (OSC) from the mouse cerebellum
and LPC as demyelinating agent. Rodent three-dimensional OSC
have been widely used to investigate the complexity of the degen-
erative mechanisms which occur during MS, and the toxin LPC
represents an established approach to investigate the demyelination
events related to MS in OSC (61-64).

Initial Western blot (WB) analysis of LPC-treated MG cultures
not only confirmed the fall on MBP levels (Fig. 54) but also
showed that LPC stimulates the autophagic flux, which is further
increased by BafAl (Fig. 5B). In vitro testing also revealed that
LPC affected mitochondrial activity, reducing basal and maximal
respiratory capacity (Fig. 5C and SI Appendix, Fig. S5) and
eventually leading to a mitophagic reduction of the mitochondrial
mass, as revealed by quantification of mitochondrial markers
(Fig. 5D).

The immunostaining analysis of OSC for the myelin marker
MBP revealed a dramatic demyelination in slices treated with
LPC (Fig. 5E). Myelin appeared broken and punctate when
compared with control OSC, with formation of MBP-positive
debris. In contrast, a significant increase of MBP-positive cells
was found in slices treated with clozapine or haloperidol after
LPC-induced demyelination, and the filamentous morphological
aspect of myelin was similar to that observed in control OSC
(Fig. 5SE). These results were further supported by shape analysis
of the fluorescence signal. We extrapolated a fluorescence shape
parameter, the circularity value, and found that MBP fluores-
cence changed from a maximum circularity value of 1 (representative
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Fig. 4. Modulation of autophagy increases myelin production in vitro. Inmunoblots showing the ability of autophagy inhibitor compound CC (2.5 pM) to
inhibit autophagy without affecting the normal autophagic flux (A) and to restore normal myelin levels following treatment with TNF-a or IL-1-p, either alone
or in combination (B). Early-stage autophagy inhibitor 3-MA (2.5 M) reduces autophagic activities, as suggested by a decrease in LC3-l levels (C) and reverts
TNFa- or IL-1-B—mediated loss of myelin (D). Genetic interference on the essential autophagic gene ATG7 decreases the autophagosomal formation (E) and
restores the myelin loss provoked by proinflammatory cytokines (F). The late-stage inhibitor CQ blocks autophagy by interfering with LC3-Il degradation. At
demonstration of this, the vacuolar H*-ATPase inhibitor BafA1 that inhibits the autophagosome-lysosome fusion does not increase LC3-II levels than the CQ
(1 uM) treatment alone (G). Interestingly, clozapine (Cloz) and haloperidol (Halo) 1 pM exert the same effect as CQ (H and /). Clozapine and haloperidol (like
the late-stage autophagy inhibitor CQ) also revert TNFa- or IL-1-B-mediated loss of myelin (J-L). All experiments are performed in MG cultures. Inmunoblots
are representative of at least three independent experiments. Quantification of the Western blot performed is reported in S/ Appendix, Table S1.
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of the maximum myelin fragmentation) to a minimal value of zero,
which indicates the distribution of MBP fluorescence along the axon.
Samples treated with LPC displayed the highest degree of circularity,
while cotreatment with either clozapine or haloperidol rescued the
circularity value to control levels (Fig. SE).

We used confocal microscopy to verify if myelination occurred
in alignment with axons. We examined the three-dimensional
localization of the myelin and axonal markers (MBP and p-tubulin
II1, respectively) and evaluated the percentage of colocalized points
shared by these two markers. LPC dramatically reduced the percent-
age of colocalized signal. In OSC treated either with clozapine or
haloperidol, the degree of alignment of the myelin and the ax-
onal markers was similar to that of control slices, indicating the
presence of a good myelin sheath (Fig. 5F).

Treatment with Antipsychotic Drugs Completely Reverses CPZ-Induced
MBP Loss In Vivo. Next, we used the CPZ mouse model of MS (65,
66) to study the effect of the two antipsychotic drugs in vivo. The
CPZ model mimics different pathological courses of MS and rep-
resents a useful approach to test new pharmacological treatments

protecting from demyelination and/or stimulating remyelination
(66-69).

WB analysis of brain homogenates prepared from mice
treated for 4 wk with CPZ suggests stimulation of autophagy, as
shown by a progressive reduction, up to a total disappearance of
the p62 protein and by a progressive increase of LC3-1I (Fig. 64).
Identical findings were obtained in MG cultures (SI Appendix,
Fig. S6A) [i.e., CPZ and proinflammatory cytokines produced
identical effects (compare with Fig. 2 C and D)]. Again, like with
proinflammatory cytokines (SI Appendix, Fig. S2F), the cotreat-
ment with BafAl further increased LC3-II in CPZ-treated MG
cultures (SI Appendix, Fig. S6A4), suggesting that its proauto-
phagic effect is due to increase of autophagic flux and not to
unspecific autophagy inhibition. The fact that CPZ could in-
crease the autophagic flux was also confirmed in mice brains, as
we found incremented LC3-II and a parallel reduction of p62
after CPZ treatment (SI Appendix, Fig. S6B). Increased auto-
phagy occurs together with an increase in mitophagy, as indi-
cated by impairment of mitochondrial functions (Fig. 6B and SI
Appendix, Fig. S6C) and by reduced mitochondrial content
(Fig. 6C). Finally, as expected based on this profile, CPZ caused
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Fig. 5.

Haloperidol and Clozapine revert demyelination events in ex vivo MS model. The demyelinating agent LPC causes MBP loss in MG cultures (A). This

feature is abolished by cotreating cells with the autophagy inhibitors haloperidol (Halo) and clozapine (Cloz). Similar to proinflammatory cytokines, LPC
boosts autophagy (B), causes mitochondrial function impairment (C), and activates mitochondrial autophagy (D). Calculated values of the Seahorse assay are
reported in S/ Appendix, Fig. S5. (E) Ex vivo analysis performed in OSC confirms the ability of the antipsychotic agents Halo and Cloz to improve myelinization
following LPC treatment. (F) Fluorescence shape (myelin roundness) and colocalization between MBP (red) and the neuronal marker p-tubulin Ill (green).
Immunoblots are representative of at least three independent experiments. Quantification of the Western blot performed is reported in S/ Appendix, Table
S1. The graphs in C, E, and F represent the mean + SD of five experiments; two-way ANOVA with Dunnett’s multiple comparison test, ****P < 0.0001,
***P < 0.001, **P < 0.01.
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a reduction of MBP levels in both MG cultures (Fig. 6D) and
brain homogenates (Fig. 6F).

MBP loss was further confirmed by immunohistochemistry in
sagittal cerebellar sections, which displayed a dramatic loss of
MBP from the white matter as a consequence of CPZ treatment
(Fig. 6F). A detailed analysis of the morphological features of
the fluorescent MBP signal demonstrated that it was not only
strongly reduced but also fragmented along the axon (Fig. 6 G
and H). A group of mice was pretreated with haloperidol and
clozapine for 1 wk before starting CPZ administration, and the
treatment was then continued for the entire duration of the ex-
periment. Immunoblot (Fig. 6E) and immunohistochemistry
(Fig. 6F) data indicate that both drugs effectively prevented
CPZ-induced demyelination. In addition, a second group of
mice was treated with haloperidol or clozapine after 5-wk
administration of CPZ (i.e., when myelin loss was already in
place). The two antipsychotics reversed CPZ-induced MBP
loss (Fig. 6 I-K) and myelin fragmentation (Fig. 6 J and L).
All these effects appear to be due to interference with the

autophagic flux, as indicated by a concomitant increase of
both LC3-1II and p62 levels (SI Appendix, Fig. S6B).

We also asked if clozapine and haloperidol may impact on the
inflammatory microenvironment that occur during demyelination
and found that they caused significant decreases in CPZ-stimulated
TNF-a and IL-1-p production (SI Appendix, Fig. S6 D and E). In
addition, we found that NCOA4 and TFR levels increased during
the first week of CPZ treatment (SI Appendix, Fig. SO6F), indicating
activation of ferritinophagy. In the subsequent weeks, when the
autophagic degradation occurs (as demonstrated by decrease
in p62 levels in Fig. 64), NCOA4 and TFR levels also de-
creased (SI Appendix, Fig. S6F). Recent findings demonstrate that
ferritinophagy may be an important contributor to inflammation,
in particular by triggering HMGBI release, which favors inflam-
matory and immune response. Indeed, we found increased HMGB1
levels in the brains of CPZ-treated mice (SI Appendix, Fig. S6G)
that were prevented by clozapine and haloperidol administration
(SI Appendix, Fig. S6G). Coherent with these findings, we found
increased levels of HMGBI in the CSF of MS patients during the
active phase of the disease (SI Appendix, Fig. S6H).
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Fig. 6. Antipsychotic drugs improve myelination in a mouse model of demyelination. CPZ administration causes activation of autophagy in brains of mice
treated for 4 wk, as shown by a progressive increase in the lipidated form of LC3 (LC3-11) and a parallel decrease of p62. This event also excludes that CPZ may
interfere with the correct execution of the autophagic flux (A4). CPZ also provokes loss of mitochondrial functioning and activation of mitophagy, as denoted
by Seahorse assay (B) and immunoblot for mitochondrial proteins (C). Calculated values for Seahorse assay are shown in S/ Appendix, Fig. S6C. As a result of
these effects, CPZ causes loss of MBP both in in MG cultures (D) and in brain homogenates (E). Before starting CPZ administration, mice were treated with
haloperidol (Halo) and clozapine (Cloz). These drugs demonstrated to be efficacious in preventing the CPZ-dependent loss of myelin, as shown by immunoblot
(E) and immunohistochemistry (F) performed in cerebellar slices. The graphs indicate the myelin levels (G) and linearity (H) detected in the cerebellar slices
obtained from CPZ-treated mice. Antipsychotic compounds not only prevent the demyelination induced by CPZ but also improve the remyelination process. In
this case, haloperidol and clozapine were administered after the 5-wk CPZ period. Remyelination events have been assessed by immunoblot of brain ho-
mogenates (/) and by immunohistochemistry of cerebellar slices (J). Relative quantifications of myelin amount (K) and linearity (L) are shown. All Inmunoblots
are representative of at least three independent experiments, and their quantification is reported in S/ Appendix, Table S1. Two-way ANOVA with Dunnett’s

multiple comparison test, ****P < 0.0001, ***P < 0.001.
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Taken together, these data demonstrate that autophagy and its
selective forms (mitophagy and ferritinophagy) are activated
during MS, exacerbating inflammation, causing mitochondrial
impairment and alteration of the normal cellular metabolism,
and ultimately leading to cellular damage and demyelination.
Blocking autophagic dynamics may therefore represent an ap-
proach to counteract these processes (SI Appendix, Fig. S7).

Antipsychotic Drugs Improve Motor Performance in the CPZ Model.
Repeated CPZ administrations cause a progressive motor im-
pairment in the mouse, as assessed by two behavioral tests. The
rotarod test, used to assess neuromuscular coordination and
balance, measures the animal’s ability to maintain itself on a rod
that turns at accelerating speed (70-72). Deficits in the rotarod
test are particularly clear in animals with altered cerebellar or
spinal cord function and are indicated by loss of equilibrium and
fall from the rod. Catalepsy, defined as muscular rigidity and
failure to correct an externally imposed posture for a prolonged
period of time, was assessed using the bar test. Intensity of cat-
alepsy was measured as the length of time (behavioral immo-
bility) during which mice maintained this abnormal imposed
posture. The same tests were used to evaluate the effect of an-
tipsychotic during the 2 wk following CPZ withdrawal.

During the first 5 wk of experiment, control animals improved
their performance in the rotarod and in the bar test. On the
contrary, CPZ-treated animals became more likely to fall during
the rotarod test (Fig. 74) and to maintain the imposed posture
for a prolonged period in the bar test (Fig. 7C). During the 2 wk
that followed CPZ withdrawal, CPZ-treated mice continued to
experience a progressive impairment of their motor perfor-
mance, whereas animals which received clozapine or haloperidol
significantly improved it. Notably, clozapine produced better
results than haloperidol (Fig. 7 A-D). This latter observation
may relate to the fact that haloperidol is a typical antipsychotic
drug with parkinsonian extrapyramidal effects, whereas cloza-
pine is an atypical antipsychotic, less likely to produce these ef-
fects. To test this hypothesis, we administered clozapine or
haloperidol to control animals. As expected, clozapine-treated
control animals displayed no significant difference with un-
treated animals in both the rotarod and the bar test, while hal-
operidol significantly worsened both (Fig. 7 A-D).

Discussion

Main Findings. Three main findings emerge from the present
work. First, autophagy and its selective forms (mitophagy and
ferritinophagy) occur in MS patients and in experimental models
of MS; second, these phenomena play a causal role in MS be-
cause their inhibition prevents myelin loss; third, two clinically
used drugs can inhibit autophagy, prevent demylinization, induce
remyelination, and revert MS behavioral deficits.

Autophagy Occurs in MS. In two recent studies, we found increased
levels of autophagy and mitophagy markers both in the serum
and in the CSF of MS patients (13, 14). Here, we demonstrate
that these and other markers increase during active periods of
disease and return near baseline levels in remitting periods.
While this suggests that autophagy and mitophagy are activated
during recurrent MS, their contribution to the pathophysiology
of the disease remains controversial. On the one hand, auto-
phagy and mitophagy are known to advantage cell survival.
Autophagy can remove extracellular materials and intracellular
dysfunctional or damaged molecules, not only clearing useless
and potentially dangerous material but also ensuring avail-
ability of metabolic substrates under shortage conditions. In ad-
dition, autophagy can limit the inflammatory response by digesting
inflammasome complexes and related activators, thereby limiting
the autoinflammatory priming that contributes to MS. On the other
hand, dysregulated autophagy and mitophagy may favor myelin
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damage (13, 73, 74). Moreover, autophagy supports the activity of
cells that contribute to autoimmune disorders (75, 76), and this
may also exert an unfavorable effect on MS.

We attempted to clarify the involvement of autophagy and its
selective forms (mitophagy and ferritinophagy) in MS by using
several in vitro and in vivo models of the disease: cell cultures,
where MS-like conditions are induced using the proinflammatory
cytokines TNF-a and IL-1-f; organotypic cerebellar slices
treated with the demyelinating agent LPC; and mice treated with
the copper chelator CPZ, an established in vivo model that
replicates MS type III and IV and is widely used to test new
pharmacological treatments protecting from demyelination and
stimulating remyelination (67, 69, 77). All these experimental
conditions cause demyelization, as documented by a reduction in
several parameters (i.e., the amount of MBP, its colocalization to
neurites, and the linearization of the MBP fluorescence signal in
slices of mouse cerebellum), which indicates a reduction of my-
elin wrapping around the axons. We found that activation of the
autophagic flux is a common feature of all these treatments.
Importantly, this occurs in the absence of cell damage or inter-
ference with cell differentiation.

Cytokines (1, 45), LPC (78-80), and CPZ (81) can also induce
an impairment of mitochondrial function, with a reduction of
basal and maximal respiratory capacity. This mitochondrial de-
fect shifts the metabolic balance toward an increase in glycolysis
and cytoplasmic ATP production, with a consequent accumula-
tion and excretion of lactic acid. However, the overall metabolic
demand exceeds the ATP supply ensured by glycolysis, and this
energy shortage is sensed by the regulatory kinases mTOR
and AMPK. In particular, mTOR is inhibited under starvation
conditions, whereas AMPK is activated by impairment of mi-
tochondrial activity [i.e., low ATP synthesis, reduced O, con-
sumption, increased production of reactive oxygen species, or
Ca** mobilization (78)].

Coherently with these premises, we found a change in the
pattern of phosphorylation of the ULK1 protein, a substrate of
both mTOR and AMPK and an important protein in autophagy
and mitophagy. ULK1 becomes hyperphosphorylated in the
SER?!7 excitatory position, most likely by AMPK (52, 82), and
dephosphorylated at the SER™’ position, where the phosphorylation
is operated by mTOR. This altered pattern of ULK1 phosphorylation
is expected to facilitate autophagy and mitophagy (30, 82), and
in fact, we documented both an increase in mitochondrial levels
of Parkin, which can trigger mitophagy, and the delivery of
mitochondria to lysosomal degradation.

Taken together, these data suggest that different stimuli that
cause MS-like demyelination affect mitochondrial function and
reduce mitochondrial mass, leading to increased autophagy and
mitophagy. At first sight, the increase in autophagy may be
viewed as an attempt to provide new metabolic intermediates for
compensating the energetic deficit, and mitophagy may aim to
reshape the mitochondrial population, eliminating damaged
mitochondria (83). However, activation of mitophagy should be
balanced by increased mitochondria replication (84), and this
does not seem to occur under our experimental conditions. Thus,
excessive mitophagy can further unbalance cell metabolism and
reinforce the need for autophagy, fueling a vicious circle. Hence,
increased autophagy and mitophagy may cause demyelination. In
turn, demyelination generates a very demanding energy need in
neurons because demyelinated axons become more dependent
on mitochondrial ATP production to maintain an increased Na*/K*
pump activity and suffer of an up-regulated Na*/Ca®* exchange,
which requires an efficient mitochondrial Ca** buffering (85). As a
consequence, mitochondrial electron chain (ETC) alterations may
occur also in neurons (86), leading, in time, to axonal degeneration
and neuron loss. In sum, our data suggest that demyelination may
depend on mitochondrial impairment due to autophagy/mitophagy
in the absence of a compensatory mitochondrial biogenesis.
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Autophagy Plays a Causal Role in Myelin Loss. To explore the pos-
sibility that autophagy plays a causal role in MS, we employed
multiple, structurally and mechanistically unrelated inhibitors:
CC, an AMPK inhibitor; siATG7, a short interfering RNA
against ATG7, a gene essential for autophagy; 3MA, an inhibitor
of autophagosome formation; CQ, a blocker of the binding of
autophagosomes to lysosomes; and the antipsychotic drugs hal-
operidol and clozapine, which have been recently shown to be
potent late-stage autophagy inhibitors (27). In both in vitro and
ex vivo experiments, these inhibitors reduced not only autophagy
but also MBP degradation and axonal demyelination. We also
observed remyelination in in vivo experiments. These findings
suggest that activation of autophagy may play a causal role in
myelin loss, and it can be speculated that in a wider time frame,
this reduced demyelination (and remyelination) may also slow
down axonal degeneration and neuron loss.

As mentioned above, it can be speculated that autophagy in-
hibition may act on immune cells, increasing the production of
inflammatory cytokines and thereby contributing to the auto-
inflammatory phase of the illness. However, our data do not
support this possibility because both haloperidol and clozapine
reduced the inflammatory environment in the in vivo MS model.
In particular, antipsychotics appear to counteract the formation
of the inflammatory microenvironment, as they not only reduced
the levels of classical proinflammatory cytokines (e.g., TNF-a
and IL-1-B) but also the release of HMGBI, which is known to
cause exacerbation of inflaimmation in different pathologic
contexts (49), including neurodegeneration (87) and MS (23, 88).
While it has been previously suggested that autophagic inhibitors
(such as CQ) reduce the inflammatory microenvironment by
interfering with the release of HMGB1 (49), the finding that
haloperidol and clozapine can also achieve this effect is inter-
esting. In addition, the present study supports the possibility that
autophagy is involved in the regulation of HMGBI release. First,
increased HMGBI levels were detected in the CSF of MS patients
in the active phase of the disease, when multiple markers of the
autophagy process are found in both CSF and serum. Second, we
found that our MS models not only were associated with increased
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release of HMGBI1 but were also characterized by activation and
execution of the ferritinophagic process, and ferritinophagy can
prompt the release of HMGBL1 (37).

Translational Potential. If inhibition of autophagy can improve
myelinization, is it also sufficient to ameliorate MS symptom-
atology? To pursue an answer to this key question, we tested the
effects of the autophagy inhibitors haloperidol and clozapine in
the CPZ model. CPZ causes a dramatic demyelination in the
cerebellar white matter, which brings about a significant im-
pairment of motor function, as documented in the rotarod and
the bar tests. As expected, both haloperidol and clozapine im-
proved motor performance in CPZ-treated animals. Clozapine
provided better results than haloperidol in these tests, probably
due to the strong antidopaminergic parkinsonian effect of hal-
operidol (89). These data support the notion that these drugs
may represent a therapeutic option for MS.

Unfortunately, the mechanism of this interesting and prom-
ising action of antipsychotics remains obscure. It has been sug-
gested that they may exert their beneficial effects by acting on D3
receptors expressed in oligodendrocytes (90). In fact, oligoden-
drocyte differentiation is impaired after administration of the D3
agonist quinpirole, and this effect is blocked by the antagonist
haloperidol (90). However, the most provocative findings sug-
gesting that antipsychotics may be useful against MS came from
investigations in the schizophrenia field. Swollen oligodendrocytes
were observed in postmortem brains of patients affected by
schizophrenia in 1938 (91). Despite the fact that imaging tech-
niques permitted to highlight impairments in oligodendroglial
function and abnormalities (including demyelination) in the white
matter of people with schizophrenia, the demonstration that an-
tipsychotic compounds may improve oligodendrocyte development
and brain function came only at the beginning of the 21st century
(18, 19). Hypotheses have been made to interpret these effects.
Many such antipsychotic drugs (chlorpromazine, clozapine, zipra-
sidone, risperidone, haloperidol, olanzapine, and ziprasidone) in-
crease the expression of genes involved in cholesterol and fatty
acid biosynthesis (92, 93), and cholesterol-synthesis gene pathways
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have been reported to be strongly up-regulated in oligodendro-
cytes during remyelination (69). Improvements in the differentia-
tion of oligodendrocyte were also achieved by using quetiapine, in a
ERK1/2 pathway-dependent manner (25), a molecular pathway
that may be activated by antipsychotic drugs. Finally, the pre-
sent study supports the notion that autophagy and its selective
forms are a possible target of action of clozapine and halo-
peridol (SI Appendix, Fig. S7)

In conclusion, our findings suggest to repurpose haloperidol
and clozapine for the treatment of MS, at least in patients with
MS variants that are more closely modeled by CPZ, like type III
and IV. These antipsychotic drugs may accelerate recovery from
a demyelinating attack and prevent relapses. Unfortunately, it is
difficult (if not impossible) to predict when a relapse may occur,
and in addition, the active phase of the disease may begin before
a clinically evident relapse. Therefore, the most plausible use of
these drugs may be in the late phases of MS, when remyelination
after a relapse becomes incomplete and the disease takes a
progressive course. Further studies will be needed to validate this
interesting possibility.

Materials and Methods

For detailed materials and methods, please refer to S/ Appendix, Supplementary
Material.

MG and OPC Cultures Generation. MG cultures were obtained from brain
cortexes that were mechanically and enzymatically dissociated, then cultured
in T75 flasks. The OPC population was isolated by shaking the T75 flasks on an
orbital shaker. Detailed information is reported in S/ Appendix, Supplementary
Material.
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