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Abstract

Demyelination is a key pathogenic feature of multiple sclerosis (MS). Here we evaluated astrocyte
contribution to myelin loss and focused on the neurotrophin receptor TrkB, whose upregulation on
the astrocyte finely demarcated chronic demyelinated areas in MS and was paralleled by
neurotrophin loss. Mice lacking astrocyte TrkB were resistant to demyelination induced by
autoimmune or toxic insults, demonstrating that TrkB signaling in astrocytes fostered
oligodendrocyte damage. In vitro and ex vivo approaches highlighted that astrocyte TrkB
supported scar formation and glia proliferation even in absence of neurotrophin binding, indicating
TrkB transactivation in response to inflammatory or toxic mediators. Notably, our
neuropathological studies demonstrated copper dysregulation in MS and model lesions and TrkB-
dependent expression of the copper transporter CTR1 on glia cells during neuroinflammation. In
vitro experiments evidenced that TrkB was critical for the generation of glial intracellular calcium
flux and CTR1 upregulation induced by stimuli distinct from neurotrophins. These events led to
copper uptake and release by the astrocyte, and in turn resulted in oligodendrocyte loss.

Collectively these data demonstrate a novel pathogenic demyelination mechanism via astrocyte
release of copper, and open up the possibility of restoring copper homeostasis in the white matter

as a new therapeutic target in MS.

Significance Statement

This study describes a novel astrocyte-dependent mechanism contributing to CNS demyelination.
The key molecular and functional checkpoint is the neurotrophin receptor TrkB, whose ligands are
absent in chronic demyelinated MS lesions. Here we show that TrkB can be transactivated by

inflammatory and toxic signals and is critical for the generation of glial calcium flux and the



upregulation of the copper transporter CTR1. This process enhances copper distribution by the

astrocyte, thereby fostering myelin and oligodendrocyte loss.



Introduction

Astrocytes are the largest population of glial cellsin the CNS and are essential for brain
homeostasis as they provide metabolites and growth factors to neurons, support synapse formation
and plasticity, contribute to blood brain barrier (BBB) structure and function, and support
myelination (1, 2). Following CNS injury they undergo molecular and functional changes, which
foster acquisition of an inflammatory phenotype, migration towards damaged areas, and
proliferation and organization into the scar (1). These events are fundamental for tissue repair but
bear the potential of hindering damage resolution if dysregulated under pathologic conditions (3).
Multiple sclerosis (MS) is a chronic inflammatory disorder of the CNS characterized by
demyelination, inflammation and neuroaxonal damage (4). While active MS plaques are rich in
infiltrating immune cells, activated microglia and macrophages throughout the partially
demyelinated astrogliotic lesion, chronic inactive MS plaques lack T cell infiltration and are fully
demyelinated sites with sharply demarcated borders, very low myeloid cell numbers, severe
axonal injury and dense astrocytic scars (5, 6). In vivo studies with transgenic animals have
highlighted detrimental vs. protective signaling perturbations in astrocytes during CNS
neuroinflammation (3), but the precise causal mechanisms linking the target to distinct
neuropathological outcomes (e.g. immune cell infiltration, neurodegeneration or demyelination)
remain mostly ill-defined. For example, the neurotrophin receptor TrkB is upregulated on
astrocytes in chronic inactive MS lesions, where it promotes neurodegeneration via glial
production of nitric oxide (NO) (7), however no information is available about the impact of TrkB
signaling in astrocytes during demyelination. Further, astrocytes are concomitantly exposed to
diverse stimuli within the scar (3, 8) and can activate an intricate network of intracellular events,
with a net result remaining difficult to predict until relevant molecular and functional checkpoints

are identified.


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/astrocyte
https://www.sciencedirect.com/topics/medicine-and-dentistry/glial-cells

Here, we describe a novel demyelination mechanism resulting from astrocyte-dependent copper
redistribution in the white matter of MS patients and experimental models of MS. The relevant
molecular checkpoint in astrocytes is TrkB, which can operate downstream of inflammatory or
toxic insults, even in the absence of neurotrophin binding, and trigger astrocytosis and copper

uptake and release following injury.



Results

TrkB ligands are not expressed in chronic MS white matter lesions

As astrocytes can upregulate TrkB in MS lesions and trigger neurodegeneration in response to
neurotrophins (7), we searched for the expression of TrkB ligands in MS chronic inactive plaques
where the fully demyelinated white matter (WM) is flanked by normal-appearing white matter
(NAWM). In situ hybridization (ISH) combined with GFAP and/or MBP immunostainings on MS
brain sections showed that BDNF mRNA was scarce in the glial scar but abundant in the
neighboring NAWM (Fig. 1A,B and SI Appendix, Fig S1A,B).

Interestingly, TrkB and MBP staining patterns were mutually exclusive, as astrocyte TrkB finely
demarcated demyelinated MBP-negative MS plaques (Fig. 1C-E and SI Appendix, Fig S1C-D),
suggesting a role for TrkB in demyelination in MS. Importantly, MS WM lesions displayed low
BDNF and NT4 proteins, which were present at high levels in the NAWM (Fig. 1F,G and SI
Appendix, Fig S1C, E-F), while another possible TrkB ligand, NT3, was scarcely expressed in
these tissues (Fig. 1H).

Thus, although astrocytes may support oligodendrogliogenesis via BDNF (9) and BDNF may be
delivered by immune cells infiltrating active MS lesions (10), chronic inactive demyelinated
plaques showed blunted levels of TrkB ligands, suggesting that the robust TrkB signal operates in

response to other stimuli during neuroinflammation.

TrkB expression in astrocytes supports demyelination in EAE and cuprizone models

To verify the role of astrocyte TrkB in demyelination, we evaluated myelin in the spinal cord
white matter of adult GFAPTrkB KO mice, which lack TrkB in GFAP-positive cells (7), and wild
type (TrkB WT) littermates under normal physiological conditions and during experimental

autoimmune encephalomyelitis (EAE). Immunohistochemistry experiments demonstrated that



MBP expression in the spinal cord of naive GFAPTrkB KO mice was comparable to that of
control animals, indicating that the absence of astrocyte TrkB per se does not affect physiological
myelination in the CNS (Fig. 2B). However, GFAPTrkB KO mice did not display the pronounced
myelin loss evident in TrkB WT animals during experimental neuroinflammation (Fig. 2A,B).
Considering that immune cell infiltration is reduced in GFAPTrkB KO EAE mice (7) and that
protection from demyelination may thus result indirectly from the limited inflammatory load, we
moved our attention to a non immune-mediated demyelination model induced by cuprizone (CPZ)
diet. CPZ is a copper chelating agent, which induces gliosis and oligodendrocyte loss in distinct
brain regions, including the corpus callosum (CC), when supplemented to normal rodent chow
(11, 12). When compared to tissues from animals receiving normal diet, demyelination in the CC
of CPZ-fed TrkB WT mice appeared limited at two weeks but was very pronounced after 4 weeks
on the diet (Fig. 2C). In the same animals, we checked the expression of TrkB-T1, the truncated
TrkB isoform which is commonly expressed in glia cells during development or after injury (7, 13,
14). While absent in the CC of the normal diet group, TrkB-T1 was strongly induced by the CPZ
diet and was already visible at 2 weeks (Fig. 2D). Quantification of TrkB-T1 and MBP signals in
these groups of animals underlined the inverse relationship between TrkB-T1 expression and MBP
content (Fig. 2E). Double immunofluorescence followed by confocal imaging demonstrated that
astrogliosis induced by CPZ diet was associated with TrkB-T1 upregulation (Fig. 2F right panel,
Fig. 2G).

To verify whether demyelination depended on astrocyte TrkB, we fed GFAPTrkB KO mice and
control WT littermates with CPZ or normal diet, and analyzed TrkB and myelin expression in the
CC of these animals. TrkB mRNA levels increased significantly with the CPZ diet in TrkB WT
animals, but not in the GFAPTrkB KO mice (SI Appendix Fig. S2A-B). GFAPTrkB KO mice

showed normal MBP levels and tissue ultrastructure when fed with normal diet (Fig. 2H-K). MBP



content decreased by 25% and 50% in control mice after 2 or 4 weeks on the CPZ diet
respectively (SI Appendix, Fig S3, Fig. 2H,l), while it was relatively preserved in CPZ-fed
GFAPTrkB KO mice (SI Appendix Fig S3 and Fig. 2H,1). Ultrastructure examination confirmed
severe loss of myelinated axons in TrkB WT mice on the CPZ diet, whereas the loss was less
pronounced in transgenic animals (Fig. 2J,K).

Overall, the in vivo evidence indicated a relevant role for astrocyte TrkB in white matter

demyelination.

Astrocyte responses to neurotrophins do not affect myelin-forming cells

To verify whether astrocyte activation via TrkB may directly affect the biology of myelin forming
cells, we developed an in vitro model where rat primary oligodendrocytes (OLSs) or their precursor
cells (OPCs) were exposed to conditioned media from mouse primary astrocytes stimulated with
the TrkB ligand BDNF or the typical inflammatory cytokine IL1. After eight hours stimulation,
media were changed to remove recombinant factors, and astrocyte conditioned media (ACM) were
collected after a further 24 h culture. Under these conditions, astrocytes release nitric oxide (NO)
in response to TrkB ligands, thus inducing neuronal death (7). As expected, ACM from BDNF- or
IL1-stimulated cells triggered degeneration of primary spinal neurons (SI Appendix, Fig S4 A-C).
However, addition of the same ACM to myelin forming cells did not exert any effect. In fact,
ACM did not affect survival and proliferation of OPCs (positive for O4 staining) (SI Appendix,
Fig S4 D-F), and neither altered OPC differentiation into mature MBP-positive OL (SI Appendix,
Fig S4 G-J) or the state of mature OLs (SI Appendix, Fig S4 K-M). Overall, these experiments
demonstrated that the toxic astrocyte TrkB-dependent mechanism driving neurodegeneration in

response to neurotrophins was not implicated in oligodendrocyte damage.



TrkB supports astrocyte functions necessary for scar formation

To explore the role of TrkB in astrocyte function during neuroinflammation, we analyzed in vitro
activation, migration, and proliferation of primary astrocytes from GFAPTrkB KO and TrkB WT
mice.

First, we evaluated nuclear translocation of the inflammatory transcription factor NFkB on
exposure to BDNF or IL1. As shown in Fig. 3A, nuclei became positive for NFkB in response to
BDNF in TrkB WT cultures but not in GFAPTrkB KO astrocytes (Fig. 3A,B), demonstrating a
clear involvement of TrkB in the activation of inflammatory responses in response to
neurotrophins. On the other hand, IL1 equally induced NFkB translocation in TrkB WT and KO
cultures (Fig. 3A,B), indicating that TrkB-deficient astrocytes maintained the inflammatory
potential in response to stimuli other than BDNF. This is in accordance with published data
showing that NO, the production of which is NF-kB dependent, is similar in TrkB WT and KO
cultures in response to IL1 (7). However, while gliosis and nitrosative stress (detected as GFAP
and nitrotyrosine signal respectively) were strongly enhanced in the CC of TrkB WT mice after
CPZ diet, significantly these events were greatly reduced in GFAPTrkB KO mice (Fig. 3C-F),
indicating that astrocyte TrkB was necessary for scar formation in vivo.

Generation of the gliotic scar after injury requires the migration and proliferation of the astrocytes
(1). Interestingly, when challenged in a scratch assay, which mimics damage in vitro, the
GFAPTrkB KO astrocytes filled the gaps more slowly and less efficiently than control WT cells
(Fig. 3G,H). Further, when assessing in vitro proliferation, no difference in basal growth emerged
between TrkB WT and KO astrocytes (Fig. 31). However, exposure to BDNF for 7 days
significantly boosted the proliferative response of WT astrocyte but not that of TrkB-deficient

cells (Fig. 3J). Importantly, we observed the same impaired proliferative responses in GFAPTrkB
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KO astrocytes when cells were exposed to IL1 or CPZ (Fig. 3J), indicating that TrkB signaling
also supported proliferative adaptation of the astrocyte to inflammatory or toxic mediators.

To verify whether TrkB had an impact on the initial proliferative responses of the astrocyte in
vivo, we administered BrdU during CPZ diet and sacrificed the animals after 1 week of diet.
Though GFAP signal in the CC of control mice was still modest at this early timepoint, it was
already lower in CC from GFAPTrkB KO animals (Fig. 3K,L). Further, the frequency of
proliferating astrocytes was almost halved in GFAPTrkB KO mice compared to control mice (Fig.
3K, M), thus demonstrating that TrkB signaling supported astrocyte proliferation in vivo.

To assess the potential involvement of endogenously produced neurotrophins in IL1- or CPZ-
induced proliferation in vitro, we cultured TrkB WT astrocytes in the presence of soluble TrkB-Fc
receptor. As expected, addition of TrkB-Fc blocked BDNF-induced proliferation (Fig. 3N).
Importantly, it did not hamper IL1- or CPZ-induced proliferation, demonstrating that the
proliferation boost triggered by these stimuli did not depend on endogenously produced
neurotrophins (Fig. 3N).

In conclusion, these results indicated that independently of specific ligand binding TrkB fostered

astrocyte migration and proliferation in response to inflammatory or toxic insults.

Astrocytes upregulate copper transporters during human and experimental
neuroinflammation

Since copper can be chelated by CPZ and alterations in copper levels may affect CNS function
(15, 16), we initially investigated copper levels by inductively coupled plasma atomic emission
spectrometry (ICP-AES) of sera from healthy controls and MS subjects. As shown in Fig. 4A, total
serum copper differed among sexes, with higher levels in healthy or MS females than in males.

However, no difference in serum copper concentration emerged between healthy and MS subjects
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after sex stratification (Fig. 4A), indicating that MS was not characterized by dysregulation of
peripheral copper levels.

Copper trafficking in the CNS is primarily regulated at barriers including the BBB, where
endothelial cells take copper up from the blood and direct it into the parenchyma (17). Cellular
copper uptake is specifically mediated by Cu transporter 1 (CTR1), while copper efflux, necessary
in case of metal overload, involves two ATPases, ATP7A and ATP7B (17). CTR1, ATP7A and
ATP7B were mainly localized at vascular/perivascular level in human normal control white matter
(Fig. 4B).

In active MS lesions, characterized by immune cell infiltration and variable MBP levels (Fig. 4C-
D), copper transporters were upregulated (Fig. 4E-H). Signal quantification in distinct areas of
active MS lesions highlighted an inverse correlation between CTR1 expression and myelin
content, and a direct correlation between CTR1 or ATP7B and astrogliosis (Fig. 4F-H) and
between CTR1 and TrkB (Fig. 41). Similarly, fully demyelinated chronic inactive MS lesions were
characterized by the upregulation of all copper transporters, with higher levels for CTR1 and
ATP7B (Fig. 4J-M), mainly on GFAP positive astrocytes (Fig. 4J). Interestingly, while ATP7A
and ATP7B were also slightly augmented in NAWM surrounding the demyelinated lesion (Fig.
4J;L-M), CTR1 signal perfectly demarcated the glial scar (Fig. 4J,K), similarly to TrkB staining
(SI Appendix, Fig. S5).

Copper levels in the spinal cord of perfused EAE and control animals were comparable (Fig. 5A),
thus excluding gross copper accumulation during neuroinflammation. Analogously to the human
CNS, CTR1, ATP7A and ATP7B were weakly expressed in spinal cord (Fig. 5B) and CC (Fig.
5D) of control mice, while intensely augmented on astrocytes during EAE (Fig. 5C) or after CPZ
diet (Fig. 5E; G-I). Importantly, CTR1 and ATP7A upregulation induced by CPZ diet did not

occur in GFAPTrkB KO mice (Fig. 5F;G-H), whilst ATP7B levels remained high in the
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transgenic animals fed with CPZ (Fig. 5F,l), indicating astrocyte TrkB-dependent induction of

CTR1 and ATP7A.

CTR1 up-regulation is dependent on astrocyte TrkB

Since CTR1 upregulation in vivo was TrkB-dependent and correlated with demyelination in
human MS active and chronic lesions, we further investigated the role of TrkB in the first step of
copper trafficking, i.e. copper uptake via CTRL1 in glial cells. While basal CTR1 mRNA levels in
cultured astrocytes from GFAPTrkB KO and TrkB WT mice were similar (SI Appendix, Fig. S6A),
CTRL1 protein expression was much lower in TrkB-deficient astrocytes compared to WT cells
(Fig. 6A). IL1 transiently upregulated CTR1 mRNA in WT cells (SI Appendix, Fig. S6B).
Importantly, exposure to 100 ng/ml copper (the free copper concentration in normal human serum
(18)) or to inflammatory/toxic mediators (IL1 or CPZ) increased CTR1 mRNA (SI Appendix, Fig.
S6C) and protein levels (Fig. 6B,C) levels in TrkB WT astrocytes but not in GFAPTrkB KO cells.
These observations indicate that TrkB signaling operated downstream injury signals, including
those for copper, and directly supported CTR1 upregulation in glia cells.

Although lacking a catalytic tyrosine kinase domain, astrocyte TrkB induces intracellular calcium
flux in response to BDNF (13). Calcium imaging experiments confirmed that BDNF evoked Ca?*
waves in TrkB WT and not KO astrocytes (Fig. 6E). Interestingly, copper, IL1 and CPZ also
activated intracellular Ca®* fluxes in a TrkB-dependent process, as KO cells failed to generate
calcium flux in response to any of these stimuli (Fig. 6D,E). To verify whether activation of
calcium waves was necessary for the modulation of CTR1 expression, we blocked intracellular
calcium flux with thapsigargin (TG), an inhibitor of endoplasmic Ca** ATPase, in control or

stimulated WT astrocytes. Remarkably, TG blocked CTR1 mRNA (SI Appendix, Fig. S6D) and
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protein upregulation (Fig. 6F,G) in response to copper, IL1 or CPZ, demonstrating that control of
Ca*" flux via TrkB is indispensable for copper uptake by astrocytes.

In addition to CTR1 primary mouse astrocytes displayed the ATPases ATP7A and ATP7B on the
cell membrane (SI Appendix, Fig. S6E), indicating that these cells may also redistribute copper. In
conventional culture conditions copper derives from serum added to the media and is low due to
serum dilution. In fact, copper levels in astrocyte conditioned media were negligible (Fig. 6H),
even when cells were stimulated with IL1 to upregulate copper uptake via CTR1. However, if
after IL1 exposure WT astrocytes were briefly incubated with high copper levels for 4h and then
washed and exposed to normal culture medium, their ACM contained copper after 24 h (Fig. 6H).
Notably, TrkB KO cells released much lower amount of copper than control astrocytes (Fig. 6H).
Finally, addition of copper to mature oligodendrocyte cultures reduced structural complexity (SI
Appendix, Fig. STA-C) and induced oligodendrocyte (Fig. 61,J) and myelin loss (Fig. 61;K-L) if
given at the concentration of free copper in human sera (100ng/ml), indicating that serum free
copper levels can trigger demyelination. This observation was replicated with ACM from TrkB
WT astrocytes exposed to copper and diluted to have 100ng/ml free copper. In fact, OLs exposure
to copper-enriched ACM from TrkB WT astrocytes resulted in OL and myelin loss (Fig. 6M-P, SI
Appendix, Fig. S7D-F), while proportionally diluted ACM from GFAPTrkB KO cells did not
promote OLs death (Fig. 6N-P, SI Appendix, Fig. STE-F). Toxicity of copper-enriched ACM from
WT astrocytes was inhibited by addition of the membrane-impermeable copper chelating agent
BCS (Fig. 6M-P, SI Appendix, Fig. S7TD-F).

Overall, these data demonstrated that TrkB supported expression of copper transporters via
modulation of glial calcium flux, thus leading to copper uptake and release which in turn caused

myelin and oligodendrocyte loss.
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Discussion

In this study we provide evidence about alterations in copper transport in white matter lesions in
MS and experimental MS in a process which depends on astrocytes. More specifically, the
signaling mediated by the TrkB receptor in astrocytes responds to copper as well as inflammatory
mediators, and thereby sustains the intracellular calcium flux necessary for the upregulation of
copper transporters. In this way, the astrocyte takes up and distributes copper in brain and spinal

cord tissue, thus fostering demyelination and oligodendrocyte loss.

Astrocyte TrkB fosters scar formation and white matter demyelination in the absence
of neurotrophins

While expressed on a minor proportion of astrocytes under normal physiological conditions, TrkB
is strongly elevated in neuroinflammatory conditions (7, 19). Here we show that myelin loss
correlates with high TrkB expression in human and mouse white matter lesions, suggesting a
connection between TrkB upregulation on astrocytes and demyelinating processes during
neuroinflammation.

Immunohistochemistry and electron microscopy experiments in naive GFAPTrkB and control
mice demonstrate that the absence of astrocyte TrkB per se does not affect physiological CNS
myelination. Surprisingly, while mice lacking oligodendrocyte TrkB display unaltered (20) or
exacerbated (21) demyelination upon CPZ diet compared to controls, transgenic mice lacking
astrocyte TrkB are protected from demyelination induced by myelin-reactive T cell responses or
toxic insults.

Considering that the TrkB-mediated astrocyte response to neurotrophins results in nitric oxide
production (7) and that NO and peroxynitrite products may mediate oligodendrocyte injury (22,

23), we postulated a role for astrocyte TrkB in myelin loss via NO. However this hypothesis was
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not corroborated by in vitro observations on myelin-forming cells exposed to astrocyte
conditioned media. Notably, protection from CPZ-induced demyelination in GFAPTrkB KO mice
was associated with reduction in scar formation and nitrosative stress, suggesting an impairment in
the inflammatory activation of the astrocyte. However, this possibility was excluded as TrkB KO
astrocytes retain the potential to activate NFKB (as shown in this study) and release NO (7) in
response to inflammatory mediators.

TrkB-T1, the truncated TrkB isoform expressed by astrocytes (7, 24), may mediate cytoskeletal
rearrangements via interaction with GDI1 (GDP dissociation inhibitor of Rho G-proteins) thus
inhibiting Rho GTPases activity (14, 25), and thereby regulate astrocyte morphogenesis, migration
and proliferation (19, 26). Indeed, we noticed that TrkB-deficient astrocytes were less efficient in
migration and lost the ability to boost proliferation in response to stimuli distinct from BDNF.
TrkB transactivation independent from neurotrophin binding has been described for neuronal full-
length TrkB after exposure to estrogens (27), epidermal growth factor (28), G protein-coupled
receptor ligands (29), some metals (30) or antidepressant drugs (31). Surprisingly, in our
experiments glial proliferation depended on TrkB signaling but not on TrkB ligand binding, thus
providing the novel evidence on glial TrkB-T1 transactivation downstream of inflammatory and
CPZ signaling. CPZ administration represents a widely used strategy to induce CNS
demyelination in vivo, however it is unclear whether CPZ inactivates copper, induces directly OL
death, and/or targets primarily the oligodendrocyte. Data from the literature indicate that CPZ-
copper complexes may be still active (32), and cuprizone alone does not induce oligodendrocyte
death in vitro ((33, 34) and our study) unless concentrations in the millimolar range are used (34),
and that astrocyte activation precedes demyelination in the CPZ model (35). In addition, our study
shows that astrocyte proliferation is an in vivo and in vitro response to CPZ which depends on

TrkB. Importantly, BDNF wanes in the corpus callosum on a cuprizone diet (36) and, as shown in
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our study, in human MS chronic inactive lesions, which lack also the expression of NT-3 and NT-
4, thus confirming the scenario that alternative cues sustain TrkB signaling in reactive astrocytes

and, possibly, lead to demyelination.

Enhanced copper transport in the CNS tissue via astrocyte TrkB mediates
demyelination

Our neuropathological observations indicate robust dysregulation of copper transport in human
and experimental MS. Copper is essential for normal CNS physiology as it serves as a cofactor for
proteins involved in energy metabolism, antioxidative defense, and neurotransmitter and
neuropeptide synthesis (15). Moreover, evidence of copper accumulation in synaptic vesicles
suggests a potential neuromodulatory function of this metal (37). Copper is absorbed in the gut
from the diet, transported to the liver and released into the bloodstream. Due to the toxic potential
and redox activity of free copper, this metal is mainly found in complexes with plasma proteins
(17). A recent study reported higher copper concentration in MS sera and CSF than in control
samples (38), however this MS group had a major female component compared to the control
group, underscoring potential sexual dimorphism for this measurement. Indeed, our biochemical
quantification of total copper in healthy and MS sera indicated higher copper levels in women
than in men but no difference between healthy and MS subjects in both sexes.

The small amount of free copper in the systemic circulation passes the blood brain barrier into the
CNS parenchyma through specific membrane transporters expressed at the luminal side on
endothelial cells. The copper transporter CTR1 is likely to be the major pathway for copper entry
into CNS cells while copper efflux, necessary in case of metal overload, is mediated by ATP7A
and ATP7B (17). Exposure to excessive copper is highly toxic for neuronal cells (39, 40), thus

copper homeostasis requires close control of transport, uptake, release and storage.
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We show that, while circulating copper levels are normal during disease, expression of copper
transporters in the CNS is profoundly augmented during neuroinflammation, suggesting a rise in
active uptake from the bloodstream and diffusion of the metal ions within CNS tissues. As a result
of their strategic, close contact with the vasculature, astrocytes are the first CNS parenchymal cells
that may encounter copper released by endothelial cells. In fact, cultured astrocytes are equipped
with CTR1 (our study and (41)), are resistant against copper-induced toxicity (40-42), and thus
may efficiently accumulate and release copper in a time and concentration-dependent manner (our
study and (42)). Importantly, astrocytes strongly upregulate CTR1 during neuroinflammation in a
TrkB- and calcium-dependent manner, as TrkB is necessary to support efficient glial calcium
waves in response to copper and inflammatory mediators. As astrocytes exhibit high expression of
copper exporters in human and experimental MS, the downstream effect may be copper
redistribution to other cell types, thus leading to oligodendrocyte and myelin loss.

These findings shed new light on the mechanisms governing both the active and the chronic states
of demyelination in MS. The inverse correlation between myelin and CTR1 levels in active MS
lesions suggests that structural and functional impairment of the BBB can cause serum copper
entry into the CNS followed by astrocytic copper uptake and release and result in induction of
demyelination. In chronic inactive MS lesions, though macroscopic BBB breakdown is less
prominent, copper uptake and distribution may still be supported by the strong, persistent
astrogliosis.

Copper and iron metabolism are closely interrelated, starting from the sharing of the cellular
uptake transporter DMT1 to the role of copper as co-factor in proteins involved in iron
homeostasis, such as ceruloplasmin, or as a modulator of the iron regulatory hormone hepcidin
(16). Abnormal systemic copper levels may affect iron metabolism in the brain and, vice versa,

iron levels influence CNS copper homeostasis (16). Our data indicating unchanged blood copper
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levels but upregulated CNS copper transporters in MS patients does not support the hypothesis of
systemic metal imbalance, but rather local transport dysregulation in the white matter lesions.
While iron loss occurs in MS normal appearing white matter, iron deposits are observed at the
edges of active and inactive demyelinated lesions (43). Whether these iron and copper imbalances
are locally interconnected remains to be established.

Metal ion trafficking can be assessed in vivo by modern non-invasive imaging techniques, such as
®Cu positron emission tomography. This method has been already used to visualize copper
trafficking in brain tumors characterized by the upregulation of copper transporters (44). We
envisage that its application in MS can help to monitor local transport of the metal and lesion
evolution in time and assess the impact of CNS-directed therapies on these copper-related
pathological processes.

In conclusion, we speculate that copper transport via activated astrocytes exacerbates tissue injury
and demyelination, and restoring normal copper homeostasis may be of importance for tissue
repair. Whether reducing copper redistribution would be sufficient to halt lesion progression and

therefore be a therapeutic target are highly relevant perspectives to be validated in future studies.
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Materials and Methods

Details on human samples, animal models, generation of primary cell cultures, in vitro
stimulations and assays, in situ hybridization, immunohistochemistry, electron microscopy, image
analyses, copper measurements, flow cytometry, RNA extraction and Real-Time PCR, and

statistics are provided in SI Appendix, Materials and Methods.
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Figure Legends

Fig. 1 TrkB ligands are not expressed in human MS lesions. (A-B) Representative
immunofluorescence staining for GFAP (A) combined with in situ hybridization for BDNF mRNA
(B) on human MS white matter. (C) Double immunofluorescence stainings for GFAP (green) and
TrkB (red) in an MS lesion and nearby NAWM. (D-H) Immunohistochemistry for MBP, TrkB,
BDNF, NT4 and NT3 on serial sections of a human chronic inactive MS lesion. Representative
images of 5 analyzed MS lesions from 5 different subjects are shown. Dashed line demarcates

lesion border. Scale bars=50 pm in A-C, 100 pm in D-H.

Fig. 2 TrkB expression in astrocytes supports demyelination in EAE and cuprizone models.

(A) Representative immunohistochemistry stainings for myelin basic protein (MBP) in the spinal
cord white matter of TrkB WT and GFAPTrkB KO mice during EAE. (B) Quantification of MBP
signal in the spinal cord of naive or EAE TrkB WT and GFAPTrkB KO animals derived from 2
independent EAE experiments. (C-D) Representative immunohistochemistry stainings for MBP
(C) and TrkB-T1 (D) in the CC of TrkB WT animals fed with normal chow after 2 or 4 weeks of
CPZ diet. (E) Inverse correlation between TrkB-T1 expression and MBP signal during CPZ diet
(n=5-6 mice/group). (F) Representative double immunofluorescence stainings for GFAP (red) and
TrkB-T1 (green) in the CC of normal diet (left panel) or CPZ-treated (right panel) TrkB WT mice.
DAPI was used for nuclear staining. (G) Correlation between TrkB-T1 and GFAP expression in
TrkB WT mice (n=6-7 mice/group). (H-1) Representative immunohistochemistry stainings
depicting MBP loss mainly in TrkB WT animals during CPZ diet (H, upper panels) and not in
GFAPTrkB KO mice (H, lower panels), and relative quantification (1) (n=5-6 mice/group derived
from 2 independent experiments). (J-K) Electron microscopy images of the CC of TrkB WT or

GFAPTrkB KO animals (J, n=3-6 mice/group) during normal or CPZ diet and quantification of
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myelinated axons (K). Asterisks indicate statistical significance between conditions of the same
genotype. Asterisks above bar indicate statistical significance between different
genotypes.***p<0.001, **p<0.01, *p<0.05. In (B; E; G; I; K) each dot represents a single animal,

red bars represent means of the values. Scale bars= 100 um in A, C, D, H; 30 um in F; 2 pm in J.

Fig. 3 TrkB supports astrocyte functions necessary for scar formation.

(A-B) Representative immunofluorescence staining (A) and quantification (B) for NFKB in
cultured TrkB WT (A, upper panels) and GFAPTrkB KO (A, lower panels) astrocytes (NT= not
treated, or stimulated with BDNF or IL1). Cells were counterstained with DAPI. (C-D)
Representative immunofluorescence staining for GFAP immunoreactivity (C) in the CC of CPZ-
treated animals compared to normal diet mice (n=3 mice/group) and relative quantification (D).
(E-F) Double immunofluorescence stainings for GFAP (E, red) and nitrotyrosine (E, green) in the
CC of TrkB WT and GFAPTrkB KO animals fed with normal or CPZ diet and (F) quantification
of nitrotyrosine signal (n=3 mice/group). (G-H) Representative phase contrast images (G) of TrkB
WT and KO astrocyte cultures during the scratch assay and relative quantification (H). () Basal
proliferation rate of TrkB WT and KO astrocyte cultures. (J) Proliferation of TrkB WT and KO
astrocytes after exposure to BDNF, IL1 or CPZ for 7 days. (K-M) Double immunofluorescence
stainings for GFAP (green) and BrdU (red) in the CC of TrkB WT and GFAPTrkB KO mice after
1 week CPZ diet, and relative quantifications (L-M) (n=3 mice/group). Arrows in (K) highlight
BrdU+ astrocytes. (N) TrkB WT astrocyte proliferation after exposure to BDNF, IL1 or CPZ for 7
days in the presence or absence of TrkB-Fc protein. In (J and N) basal proliferation (NT) after 7
days was normalized to day 0, and stimulated proliferation was expressed as fold change relative
to NT. Asterisks indicate statistical significance between conditions of the same genotype.

Asterisks above bar indicate statistical significance between different genotypes. **p<0.001,
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**n<0.01, *p<0.05. In (D; F; L;M) each dot represents a single animal; red bars represent means.
In (B; H; J; N) data are presented as mean + SD. Representative data of one out of 2-4

independent experiments are shown. Scale bars=30 um in A, C, E, K; 100 pm in G.

Fig. 4 Copper transporters are upregulated in MS white matter.

(A) Total copper content in the sera of healthy or MS subjects stratified by sex (CTRL female
n=32; MS female n=35; CTRL male n=29; MS male n=35). (B) Representative double
immunofluorescence stainings for GFAP (red) and CTR1/ATP7A/ATP7B (green) in one CTRL
white matter (out of 4 analyzed). (C-D) Representative hematoxylin-eosin (H&E) and MBP
stainings of an active MS lesion (out of 4 analyzed). (E) Representative double
immunofluorescence stainings for MBP (red) and CTR1/ATP7A/ATP7B (green) in areas of an
active MS lesion variable for MBP levels (out of 4 analyzed). (F-I) Correlation between MBP
(upper panels) or GFAP (lower panels) and CTR1 (F)/ ATP7A (G)/ ATP7B (H) and between
CTR1 and TrkB (1) in active MS lesions. Each color indicates a single lesion (n=4) and each dot
represents a single quantified image. (J) Representative double immunofluorescence stainings for
GFAP (red) and CTR1/ATP7A/ATP7B (green) of a chronic inactive MS lesion (out of 6
analyzed). (K-M) Quantification of CTR1 (K), ATP7A (L) and ATP7B (M) signals in CTRL WM,
NAWM and chronic inactive MS WM plaques. Each dot represents a single sample (n=5-6). In
(F;G;H;I;K;L;M) protein signals are reported as percentage of total area. ***p<0.001, **p<0.01,

*p<0.05. In (A; K; L; M) red bars represent means. Scale bars=50 pum in B; E; J; 100 um in C-D.

Fig. 5 Astrocytes upregulate copper transporters during neuroinflammation in experimental

MS depending on TrkB expression.
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(A) Total copper content in the spinal cord of naive and EAE mice measured by inductively
coupled plasma atomic emission spectrometry (n=4 mice/group). (B-C) Double
immunofluorescence stainings for GFAP (red) and CTR1/ATP7A/ATP7B (green) in naive (B) and
EAE (C) spinal cord. (D-l1) Representative stainings (D-F) for GFAP (red) and
CTR1/ATP7A/ATP7B (green) in the CC from TrkB WT or GFAPTrkB KO mice (n=5-6
mice/group derived from 2 independent experiments) on normal or CPZ diets and (G-1) relative
quantifications. Magnifications are shown in insets. In (G-l) asterisks indicate statistical
significance between conditions from the same genotype. Asterisks above bar indicate statistical
significance between different genotypes. ***p<0.001, **p<0.01. In (A; G; H; 1) each dot

represents a single animal; red bars represent means. Scale bars=50 um in B-C; 30 um in D-F.

Fig. 6 CTR1 up-regulation depends on astrocyte TrkB.

(A) CTR1 staining in TrkB WT and GFAPTrkB KO astrocyte cultures. (B-C) CTR1 signal in non-
treated (NT) or stimulated TrkB WT and GFAPTrkB KO astrocyte cultures (B) and relative
guantifications (C). (D-E) Fluo-4 signal in untreated or copper-treated astrocytes (D) and
percentage of cells performing at least 1 Ca®* oscillation under distinct in vitro conditions (E). (F-
G) CTR1 staining in copper stimulated-astrocytes in the absence (left) or presence (right) of
calcium inhibitor thapsigargin (TG) (F) and relative quantification (G). (H) Copper levels in ACM
from non-treated or stimulated astrocytes measured by inductively coupled plasma atomic
emission spectrometry. (I) Representative stainings for O4 (green) and MBP (red) in
oligodendrocyte cultures not treated (NT) or treated with 100 ng/ml copper. (J-L) Quantification
of oligodendrocyte number (J), total MBP signal (K) and relative MBP signal per cell (L) in OL
cultures under distinct conditions. Data are reported as percentage of NT condition. (M)

Representative stainings for O4 (green) and MBP (red) in oligodendrocyte cultures exposed to
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ACM from copper-loaded TrkB WT astrocytes. Eventually, ACM added with copper chelator
BCS was given. (N-P) Quantification of oligodendrocyte number (N), total MBP signal (O) and
relative amount of MBP per cell (P) in OL cultures treated with ACM from TrkB WT and
GFAPTrkB KO astrocytes. Data are reported as percentage of the corresponding sNT. Asterisks
indicate statistical significance between conditions from the same genotype. Asterisks above the
bar indicate statistical significance between genotypes. ***p<0.001, **p<0.01, *p<0.05. In (A; B;
F; 1; M) DAPI was used for nuclear staining. In (C; E; G; J; K; L; N; O; P) data are presented as
mean = SD. Representative data of one out of 2-4 independent experiments in all cases but E,
where the sum of two independent experiments is reported and error bars represent SEM. Scale

bars= 30 pm.
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