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Abstract

Increased levels of lactoferrin (Lf) are present in the aged brain and in the lesions of various
neurodegenerative diseases, including Parkinson’s disease (PD), may contribute to the cascade of events
involved in neurodevelopment and neuroprotection. However, whether Lf originates from astrocytes and
functions within either the normal or pathological brain are unknown. Here, we employed mice with
specific knockout of the astrocyte Lf gene (hamed LfcKO) to explore its specific roles in the pathological
process of PD. We observed a decrease in tyrosine hydroxylase (TH)-positive cells, mitochondrial
dysfunction of residual dopaminergic neurons, and motor deficits in L~cKO mice, which were
significantly aggravated after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) treatment. To further
explore how astrocytic Lf deficiency exacerbated PD-like manifestation in MPTP-treated mice, the critical
molecules involved in endoplasmic reticulum (ER)-mitochondria contacts and signaling pathways were
investigated. In in vitro and in vivo models, we found an aberrant level of effects implicated in reactive
oxygen species (ROS) production, apoptosis, mitochondrial morphology and functions, mitochondrial
dynamics, mitochondria-associated ER membranes (MAMs), lipid metabolism, and calcium homeostasis,
accompanied by signs of ER stress, which increase the fragility of dopaminergic neurons. These findings
confirm the existence of astrocytic Lf and its influence on the fate of dopaminergic neurons by regulating
ER-mitochondria signaling. Our findings may be a promising target for the treatment of PD.

Introduction

Parkinson'’s disease (PD) is a progressive neurodegenerative disease, and the main clinical
manifestations include dyskinesia, bradykinesia, postural instability, gait disorder and tremor. The
neuropathological core of PD is the progressive degeneration and loss of dopaminergic neurons in the
substantia nigra compacta (SNpc) [1,2]. In the course of disease, PD is often accompanied by impairment
of nonmotor function, such as dementia, hyposmia and gastrointestinal changes [3,4]. Although
mitochondrial dysfunction and dysregulation of iron metabolism have been regarded as vital factors in
the disease [5,6], the underlying mechanisms require further elucidation.

Lactoferrin (Lf), a multifunctional glycoprotein with potential clinical application value, has recently
attracted extensive attention for its neuroprotective effect [7,8]. Our previous results showed that
exogenous Lf treatment could ameliorate dopamine (DA) cell neurodegeneration and motor deficits in
MPTP-treated mice [9]. In fact, Lf is expressed in the brains of PD patients and mouse models [10-13]. Lf
receptor (LfR) is located on the surface of the vascular endothelium and DA neurons, and its expression
is also increased in PD patients and mouse models [14]. Naturally, it is reasonable to hypothesize that the
Lf in the brains of PD patients derives from circulating or infiltrating microglia [8]. However, the
expression of Lf in astrocytes and changes in astrocytes themselves [15—17] suggest the existence of
astrocytic Lf and are closely related to the pathogenesis of neurodegenerative diseases, including PD;
however, whether and how Lf affects the pathogenesis and pathology of PD remains to be answered.
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When exploring the neuroprotective effect of exogenous Lf on PD, it was found that Lf regulates
mitochondrial function and calcium homeostasis [18—-21]. Our preliminary studies found that Lf
regulates lipid metabolism, such as cholesterol [22], and it has been reported that mitochondria are
essential in steroid hormone synthesis, a process that begins in mitochondria [23,24]. The intracellular
link between calcium and sterol involves mitochondria-associated endoplasmic reticulum (ER)
membranes (MAMs) [25]. PD-related gene mutations can lead to mitochondrial rupture and reduce MAM
function, increase the physical interaction between the ER and mitochondria [26,27], and promote the
transfer of Ca2* from the ER to mitochondria [28,29]. The change in the level of the MAM marker protein
mitofusin 2 (Mfn2) indicates that the structural homeostasis of ER-mitochondria is changed in PD [25].
These findings suggest that astrocytic Lf may affect the pathological process of PD by disturbing the
structure and function of MAMs. To test this hypothesis, we specifically knocked out the astrocytic
lactoferrin gene, established a PD mouse model, and then explored specific mechanisms. The research
results may provide evidence for revealing the underlying mechanism of DA neuron death in the SN, and
expect to provide safe and effective targets for the prevention and treatment of PD.

Materials And Methods

Animals and treatments

Lactoferrin'®/1oX mjce were generated by introducing the loxP site between both sides of exon 3 and a
neomycin selection box (Shanghai model organism). In addition, h\GFAP-Cre-IRES-LacZ transgenic mice
have been described [30]. In the following generation, we obtained mice with the genotype hGFAP-Cre-
Lactoferrin!/®P/1oxP called “L £cKO”. WT littermates were the control subjects. All male WT and L

cKO mice were randomly divided into two groups at the age of 3 months: the vehicle-treated group
received 0.9% NaCl, and the MPTP-treated group received 30 mg/kg MPTP (Sigma-Aldrich, M0896).
These mice were injected with MPTP or NaCl into the abdomens once a day for 5 days to produce an
experimental PD model and its control.

Open field test (OFT)

The detailed method of the OFT was the same as described previously [31]. According to the
experimental requirements, analysis and export of different experimental parameters.

Pole climbing test

The specific method of pole climbing test is the same as that described in previous studies [9], the time of
mice passing through the upper and lower segments was recorded respectively, and then different scores
were given according to the previous description [9].

Suspension test

Page 3/31



The specific practice of suspension experiment has been shown in our previous research [9], the time of
hanging on the grid was recorded, and different scores were given according to the scoring standard, so
as to analyze.

Gait analysis experiment

The method of gait analysis experiment is described in previously published articles [9]. Step length, step
width, average variation of distance between two adjacent left or right footprints, gait variation rate and
other indicators can reflect the ataxia movement of experimental rats.

Immunohistochemistry and immunofluorescence

The immunohistochemistry and immunofluorescence processes were described specifically in our
previous experiment [6,7]. For immunohistochemistry, the slices were incubated with rabbit anti-tyrosine
hydroxylase (TH, 1:800; Millipore), rat anti-dopamine transporter (DAT, 1:800; Millipore) and mouse anti-a-
synuclein (1:600; Thermo Fisher Scientific). Forimmunofluorescence staining, the mice brain slices were
respectively co-incubated with rabbit anti-TH (1:600; Millipore) and mouse anti-parkin RBR E3 ubiquitin
protein ligase (PARK2/Parkin, 1:200; Proteintech); mouse anti-Tom20 (1:400; Santa Cruz) and rabbit anti-
KDEL-ER (1:400; Thermo Fisher Scientific); rabbit anti-TH (1:600; Millipore) and goat anti-steroidogenic
acute regulatory protein (StAR, 1:200; Santa Cruz). Primary astrocytes were co-incubated with mouse anti-
glial fibrillary acidic protein (GFAPR, 1:400; Thermo Fisher Scientific) and goat anti-StAR (1:200; Santa
Cruz). MN9D cells (mouse midbrain dopaminergic neuron cell line) were co-incubated with mouse anti-
Tom20 (1:200; Santa Cruz) and rabbit anti-TH (1:600; Millipore), rabbit anti-TH (1:600; Millipore) and goat
anti-StAR (1:200; Santa Cruz).

Improved iron staining

On the basis of Prussian blue staining, an improved iron staining method was used to detect the iron
content, the detailed method was the same as described previously [32,33].

Electron Microscopy analysis

For electron microscopy, samples were dissected and postfixed overnight in the fixative buffer (2%
glutaraldehyde/2% paraformaldehyde in 0.1 M cacodylate buffer). Tissues were processed using a
standard procedure before imaging.

Western blot analyses

Extraction all the mice striatum and SN and striatum tissues or cells protein, and the procedure and
method of western blots were the same as described previously [6]. The primary antibodies required for
this experiment were shown as Table 1.

Cells culture and treatment
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Tail biopsies (P0) were used for genotyping. Astrocytes were isolated from the cerebral cortex of WT and
LfcKO mice (PO; n = 5 per genotype), and the specific extraction process was carried out according to a
previously described method [34,35]. For coculture, medium was harvested from WT and Lf

cKO astrocytes after 24 h to culture MN9OD cells. For cell treatment, cells were starved in FBS-free medium
for 12 h before being treated with N-methyl-4-phenylpyridinium (MPP*, 1T mM; D048; Sigma-Aldrich)
treatment for 24 h.

Quantitative Real-time PCR (qPCR)

Total RNA was extracted from tissues or primary astrocytes using TRIzol reagent (Vazyme; R410-1).
mRNA (1000 ng) was reverse transcribed into cDNA using MonScript™ RTIII All-in-One Mix (Monad;
RN05003S). The primer sequences and the related SYBR Green probes are shown: GAPDH
(TGCAGTGGCAAAGTGGAGAT and TTTGCCGTGAGTGGAGTCTA), mitochondrial trifunctional protein
(MTR, ACCTACCAGGCCCAGCAAGA and ACACCTGCCACTTGCTTCCC), StAR
(GCAGGAGAACGGGGACGAAG and CTGCCAGCACACAGGTGGAA).

Detection of malondialdehyde (MDA) and reactive oxygen species (ROS)

In this experiment, the MDA test kit (A003-2, TBA method, Nanjing Jiancheng Bioengineering Institute)
was used for detection, calculation and analysis according to the manufacturer’s protocol. ROS
production was measured using 2, 7-dichlorofluorescein diacetates (DCFH-DA) according to the
manufacturer’s protocol (E004, Jiancheng Biology, Nanjing, China). The detailed method was the same as
described previously [31].

Determination of intracellular calcium concentration

The concentration of intracellular calcium was performed and analyzed by flow cytometry (BD
LSRFortessa) as previously described [36,37].

Glycolysis experiment

The specific experimental method of glycolysis experiment was carried out with reference to the
published papers [38]. The measurement, output and analysis of experimental data were performed by
Agilent Seahorse cell energy metabolism analyzer (XFe96).

Statistics

All experimental data are expressed as the mean * standard error of the mean (SEM). All date were
obtained from more than three independent repeated experiments and were analyzed using GraphPad
Prism 7. When comparing the differences between the data groups, one way ANOVA test was used for the
data conforming to the normal distribution followed by Tukey’s multiple comparison groups; for the data
that did not conform to the normal distribution, the Kruskal Wallis test was used, followed by Dunn’s
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multiple comparison test. The difference of significance is expressed by p value. A p-value less than 0.01,
is very significant, and a p-value less than 0.05 is statistically significant.

Results

3.1 Astrocyte-specific loss of Lfincreases MPTP-induced behavioral and emotional disorder

Our parallel experiment confirmed the existence of astrocyte Lf and its significance for early neuronal
development (Data not presented). Here, the body weight of Lf-cKO mice was lower than that of the litter
control mice and wild control mice at 3 months of age (Fig 1A, B). To determine whether astrocytic Lf
deficiency induces PD-like symptoms in mice, we carried out several behavioral tests. The results
demonstrate that the motor activity and emotional responses of LfcKO mice were significantly reduced
compared with the control group; after MPTP treatment, the decrease was more significant in the OFT
(Fig 1C, D). The results showed that the motor ability of L~cKO mice was significantly reduced compared
with that of the control group in the climbing pole and the hanging experiments, while MPTP treatment
enhanced this effect in the hanging experiment (Fig 1E, F). As seen from the gait analysis experiment (Fig
1G-J), the gait variability, step width variability and other indicators in LfcKO mice were increased
compared with those of the control group, indicating ataxia and weakness in mice, and this effect was
more significant after MPTP treatment. The results of several behavioral tests suggest that astrocytic Lf
deficiency leads to PD-like manifestations in mice, which are aggravated by MPTP administration.

3.2 DA neuron degeneration is more pronounced in MPTP-treated LfcKO mice

To investigate the reason for behavioral deficits in LfcKO mice, we used immunohistochemistry to detect
nigrostriatal lesions. As shown in Fig 2A, TH- and DAT-positive staining was significantly decreased in Lf
cKO mice, and the effect was more significant after MPTP administration. The protein level test results
showed that the changes in TH and DAT were consistent with the immunohistochemistry results (Fig 2B-
D). Moreover, both immunostaining and Western blotting showed that the expression of a-synuclein was
significantly increased in LcKO mice, and the increasing trend was more dramatic after MPTP treatment
(Fig 2A, B, E) than in the control group. These results suggest that astrocytic Lf deficiency can lead to the
loss of dopaminergic neurons and an increase in a-synuclein, which was more sensitive after MPTP
treatment.

Given the loss of dopaminergic neurons, we analyzed apoptosis-related proteins by Western blotting. Fig
2F-H shows that the protein expression of cleaved-caspase3 in Lf-cKO mice was significantly increased
and the ratio of Bcl-2/Bax was significantly decreased, compared with that in the control group. After
MPTP treatment, these changes in cleaved-caspase3 and Bcl-2/Bax values were further exacerbated

in Lf-cKO mice. In special cases, such as ER stress, autophagy-related proteins may promote

apoptosis [39]. As shown in Fig 2F, |, the level of autophagy protein 5 (ATG5) was increased after Lf
knockout or MPTP treatment, but the increase was not significant. These results indicated that the
antiapoptotic ability of DA cells was weakened after astrocytic Lf deficiency and that apoptosis was

more pronounced after MPTP treatment.
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3.3 Astrocytic Lf deficiency induces iron metabolism disorder and aggravates oxidative stress in MPTP-
treated mice

Lf is a member of the transferrin family, and its well-known function is to regulate iron homeostasis [8].
To observe whether Lfknockout in astrocytes affects iron homeostasis in the SN of mice, we carried out
Perl’s DAB iron staining. As shown in Fig 3A, there was no increase in iron accumulation in the neuronal
cytoplasm in the SN of the LcKO mice than in the controls, and after MPTP treatment, there were
substantially more iron-positive cells than in the other mice, which suggests that astrocytic Lf deficiency
enhances MPTP-induced iron accumulation. Next, we quantitatively analyzed iron-related transporters. As
shown in Fig 3B-E, the expression level of ferroportin (Fpn) was significantly decreased in LfcKO

mice compared with the controls, and the decrease was more significant after MPTP treatment. Moreover,
MPTP-induced transferrin receptor (TfR) upregulation was further exacerbated in LcKO mice. However,
the expression of divalent metal transporter 1 (DMT1) was not significantly different. These findings
indicate that the loss of Lf in astrocytes may not directly lead to iron homeostasis disorder, but can cause
the imbalance of iron homeostasis, and even aggravate the MPTP-induced iron accumulation in SN.

Oxidative stress plays critical roles in PD pathogenesis [40], and Lf can inhibit oxidative stress [41]. We
first detected the expression of glutathione peroxidase 4 (GPX4), superoxide dismutase (SOD1)

and cystine/glutamate exchange transporter (xCT). The level of antioxidant enzymes significantly
decreased in LcKO mice, and MPTP administration induced further downregulation of xCT expression
(Fig 3F-l). Consistently, ROS content was significantly increased in Lf-cKO mice compared with the
control; the change was more significant after MPTP treatment (Fig 3J). In addition, MPTP treatment
clearly increased the level of MDA; however, MDA content in L~cKO mouse brain tissues was not
significantly increased compared with controls (Fig 3K). These results indicated that the specific
knockout of the Lf gene in astrocytes caused oxidative stress and lipid peroxidation by inhibiting the
activity of antioxidant enzymes in the SN of the mouse brain.

3.4 Astrocytic Lf deficiency leads to mitochondrial dysfunction of dopaminergic neurons and is
aggravated after MPTP treatment

To understand the mechanisms by which dopaminergic neurons in L~cKO mice are more vulnerable to
neurotoxicity, we used an immunofluorescence double labeling technique (Fig 4A) to label TH and
PARK2/Parkin. The fluorescence results showed decreased colocalization of PARK2/Parkin and TH in Lf
cKO mice. Although PARK2/Parkin expression did not decrease, except in TH-positive neurons, these
results suggest that the mitochondrial function of DA neurons was impaired. As expected, after MPTP
administration, the change in PARK2/Parkin expression in residual neurons was more significant with the
loss of DA cells in Lf-cKO mice. Next, we detected several proteins related to mitochondrial function, such
as Cytochromes c (CytC), Cytochrome C Oxidase Subunit 4 (COX4), PTEN-induced kinase 1 (PINK1),
PARK2/Parkin and heat shock protein 60 (HSP60). As shown in Fig 4B-G, compared with the control
group, the expression levels of CytC and PARK2/Parkin in the brains of Lf~cKO mice were increased, while
the expression level of HSP60 was significantly decreased. After MPTP treatment, the upregulation of
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CytC and downregulation of HSP60 were further exacerbated in the brains of LcKO mice, while the
alteration of PARK2/Parkin was significantly reversed. Moreover, MPTP treatment led to decreased COX4
expression in the brains of L~cKO mice, but PINK1 expression was not significantly changed by Lf
knockout and subsequent MPTP treatment compared with control mice. In addition, as shown in Fig 4H-
J, compared with control mice, phosphorylated-Dynamin related peptide 1 Ser637 (p-Drp15637) expression
was clearly decreased in the SN of Lf-cKO mice; however, the upregulation of p-Drp1537 expression
induced by MPTP treatment was not significantly different between L~cKO mice and control mice. These
data suggested that astrocytic Lf deficiency leads to mitochondrial dysfunction and fragmentation, and
these changes are more sensitive after MPTP administration.

3.5 Astrocytic Lf deficiency induces mitochondrial dysfunction and neuronal apoptosis in vitro

To further evaluate the mechanisms that underlie the specific knockout of astrocyte Lfon mitochondrial
dysfunction, we performed immunofluorescence of Tom20 (a mitochondrial marker) on DA neurons. As
shown in Fig 5A, after MNAD cells were cultured with astrocyte culture medium extracted from control or
LfcKO newborn mice, the immunoreactive intensity of TH and Tom20 in the latter group was weaker than
that in the former group, and this change was more significant after treatment with MPP*. Western blot
results showed that the expression levels of TH, Mfn2 and PARK2/Parkin in MN9D cells cocultured with
Lf gene knockout primary astrocytes were significantly lower than those in MN9D cells cocultured with
WT primary astrocytes (Fig 5B-G). After MPP* treatment, the difference was extremely significant.
Moreover, the change trend of the Bcl-2/Bax ratio and cleaved-caspase3 induced by several treatment
factors suggests that astrocytic Lf deficiency can cause apoptosis of dopaminergic neurons. In addition,
we also examined the cellular bioenergy of MN9D cells after different treatments (Fig 5H). We observed
that the lack of astrocyte-derived Lf resulted in decreased glycolysis levels, glycolysis maximum values
and glycolysis reserve values, and the changes in each index were more obvious after MPP* treatment in
MNQOD cells. The above results further revealed that astrocyte-derived Lf plays an important role in the
regulation of mitochondrial function and even the survival of dopaminergic neurons.

3.6 Astrocyte-derived Lf regulates calcium homeostasis in dopaminergic neurons

In this project, we aimed to identify the specific mechanism underlying the changes in mitochondrial
dysfunctions. PD-associated mitochondrial dysfunction may result from multiple factors, and
disturbance of intracellular calcium homeostasis is one of the common factors [42]. We used flow
cytometry to detect the calcium concentration in MN9D cells in each group after coculture and drug
administration. According to Fig 6A, compared with the control group, the calcium concentration in MN9D
cells after MPP* treatment increased by 12.2%, and the calcium concentration of MN9D cells cocultured
with WT primary astrocytes increased by 17.6% after MPP* treatment. Interestingly, the intracellular
calcium concentration of MN9D cells cocultured with Lfknockout primary astrocytes decreased by 27%,
while the calcium concentration greatly increased by 25.9% after MPP* treatment. The results indicated
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that the lack of astrocyte-derived Lf may disturb calcium homeostasis in MN9D cells, and significantly
increase the MPP*-induced upregulation of intracellular calcium levels.

Elevated intracellular Ca?* levels activate a variety of Ca*-dependent proteins and kinases. According to
Fig 6B-F, Ca%*/calmodulin-dependent protein kinase a (CAMKIla) levels were significantly increased in Lf-
cKO mice compared with controls. Moreover, the increase in CAMKIla levels was significantly decreased
after MPTP treatment, as seen in control mice. However, there were no significant differences in
calreticulin and calmodulin levels in the nigrostriatal region between LfcKO mice and control mice, but
the increase in calreticulin and calmodulin levels in the brains of L~cKO mice was more obvious after
MPTP treatment. Notably, we detected that N-methyl-D-aspartate receptor subunit 2B (NMDAR2B) was
less abundant in the SN of LfcKO mice than in control mice, but its expression was dramatically
upregulated after MPTP treatment. These results suggest that astrocyte-derived Lf plays an important
role in regulating calcium homeostasis.

3.7 Astrocyte-derived Lf deficiency-induced intracellular calcium dyshomeostasis involves the ER

We further determined the mechanism and effect of astrocyte-derived Lf deficiency-induced calcium
disorders in dopaminergic neurons. The results (Fig 7A-C) showed that after MPP* treatment, the level of
CAMKIla was markedly declined in the group that was cocultured with LcKO primary astrocytes, and the
reduction was no longer augmented by MPP* treatment. Although this result is inconsistent with previous
in vivo results, it can be suggested that astrocyte-derived Lf deficiency may disturb Ca?* homeostasis in
dopaminergic neurons by controlling CAMKIla.

The ER stores many calcium ions, and the influx of Ca* will cause mitochondrial dysfunction and
disruption [43]. Naturally, we then tested whether ER stress occurred in the brains of mice in each group.
As exhibited in Fig 7D-F, the p-eukaryotic translation initiation factor 2a (p-EIF2a) level in LfcKO mice was
significantly increased compared with that in the controls, and the level was obviously reduced after
MPTP treatment. Moreover, the level of p-EIF2a in the MPTP-treated LcKO mice was also higher than
that in the MPTP-treated control mice, suggesting the occurrence of ER stress. In addition, as shown in
Fig 7G, immunofluorescence results using coimmunoprecipitation of KDEL-ER (ER marker, red) and
Tom20 (mitochondria marker, green) indicated higher immunoreactivity intensity of KDEL-ER in the DA
neurons of Lf~cKO mice than that in control mice, accompanied by an increased immunoreactivity

of Tom20. However, treatment with MPTP significantly decreased KDEL-ER and Tom20 immunoreactive
intensity in LfcKO mice compared with the controls. These results suggest that loss of astrocyte-derived
Lf may play a key role in the disruption of ER structure, distribution, and function in DA neurons and
aggravate MPTP-induced cytotoxicity.

3.8 Astrocyte-derived Lf deficiency prevents mitochondrial lipid transport by affecting MAMs

MAMs are scaffolds between mitochondria and the ER that regulate ER function, mitochondrial
physiology and metabolite exchange and are involved in calcium homeostasis and lipid metabolism [44].
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As shown by the electron microscopy results (Fig 8A), compared with the control group, the mitochondria
in neurons of Lf~cKO mice had shorter and rounder shapes, poor continuity of the mitochondrial network
and closer connections with the ER. Moreover, we found that MPTP downregulated the level of Mfn2, but
the level of Mfn2 was relatively stable in LF~cKO mice before and after MPTP treatment compared with
the control mice (Fig 8B, C), suggesting ER-mitochondria tethering damage.

To further clarify the mechanism of Lf acting on mitochondrial disruption, we detected the mRNA levels
of StAR and MTP using gPCR. The levels of StAR and MTP mRNA were observably decreased in Lf

cKO mice compared with controls, and the difference in decline was more significant in MPTP-treated
mice (Fig 8D, E). Moreover, the expression of StAR was visualized using immunofluorescence in vivo and
in vitro (Fig 8F-H). Immunostaining showed that StAR expression was mostly restricted to TH-positive
cells, and its expression was decreased in mice with loss of astrocyte derived Lf. As

expected, StAR expression was further reduced, which was accompanied by a reduction in TH expression
in the MPTP treatment group compared to the controls, indicating that the induced reductions

in StAR expression are highly correlated with the loss of dopaminergic neurons in LcKO mice and PD
mouse models. Congruously, astrocytic Lf deficiency slightly or significantly reduced StAR expression

in primary astrocytes or MN9D cells, respectively, whereas the MPTP-induced reduction was significant in
various cells. These results indicate that after astrocytic Lfknockout, there was a decrease in the
transport of steroids and lipids to mitochondria, resulting in the mitochondrial dysfunction of
dopaminergic neurons, and these changes are exacerbated after administration of MPTP.

Discussion

Our previous studies have shown that endogenous Lf supplementation effectively ameliorates the
neuropathology of neurodegenerative disease and behavioral disorders [7,9]. Notably, growing evidence
supports that nerve cells, including microglia, can also synthesize Lf [11], but whether Lf can be produced
by astrocytes and how its functions need to be clarified. In this study, we verified that astrocytic Lf
deficiency aggravated MPTP-induced loss of dopaminergic neurons and motor deficits in mice by
regulating ER-mitochondria signaling (Fig. 9).

Because the neurons in the SN of PD patients can highly express Lf and LfR [12,14], it is naturally
speculated that Lf is derived from the extracellular space [45]. Later experiments confirmed that activated
microglia in a PD animal model can synthesize Lf [11]. To date, the source of Lf in the brain has rarely
been explored. However, after reviewing the relevant literature, we noticed that Lf played an important role
in the early development of the brain and was positively correlated with BDNF, which is mainly secreted
by astrocytes [45], and Lf was detected in astrocytes of the elderly brains in Alzheimer's disease (AD) and
normal human brains [17]. Therefore, we speculated that astrocytes could synthesize Lf, but this function
was more obvious in some stages of brain development or pathological conditions. Here, we bred mice
with specific knockout of astrocytic Lf for systematic study. Although we observed increased Lf
expression in microglia and capillaries of LfcKO mice compared with control mice (Fig S1-3), under
MPTP induction, LcKO mice showed more severe motor impairment and DA neuron loss. In addition, Lf
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cKO mice had PD-like pathology and symptoms. These data not only confirmed that astrocyte-derived Lf
was involved in the regulation of the function and survival of dopaminergic neurons but also suggest that
circulating Lf and microglia-secreted Lf are not enough to protect dopamine neurons from the
pathogenesis of PD.

Our recent study demonstrated that iron deposition in the SN-striatum system is an early event in PD [46].
Since Lf is a member of the transferrin family, we first examined whether the deletion of astrocyte Lf
perturbs iron metabolism in the SN of mice. According to the iron staining results, there was no
significant increase in iron deposition in the SN of LfcKO mice; however, the MPTP-induced iron
accumulation in LfcKO mice was larger than that in control mice. Accordingly, increased intracellular iron
input protein TFR and decreased extracellular output protein Fpn in MPTP-treated LfcKO mice can
explain the changes of iron levels in PD lesions. Based on the changes in iron and several iron transport-
related proteins, knocking out the Lfin astrocytes has an effect on iron metabolism in the nigrostriatal
region, but it is not the main cause of DA neuron apoptosis.

The antioxidant properties of Lf have been highlighted in MPTP-induced PD models [18,9]. Here, we
demonstrated that the level of MDA (a marker of lipid peroxidation) in LcKO mice did not show any
significant differences compared to controls; however, ROS production was markedly increased and the
xCT and mitochondria containing two of antioxidant enzymes copper/zinc SOD1 and GPX4 were clearly
decreased in LfcKO mice, suggesting loss of astrocytic Lf induces neuronal mitochondria-dependent
apoptosis following cellular redox activity. Indeed, a region-specific reduction in the glutathione/GPX
system and SOD1 protein expression are characteristics of preclinical PD, prior to neuronal loss and
oxidative stress in the aging substantia nigra and the etiology of PD [40]. Supporting a role for astrocytic
Lf in antioxidant activity rather than controlling ROS generation, the levels of MDA, ROS, a-synuclein, iron
accumulation, and dopaminergic neuronal apoptosis in L~cKO mice were dramatically aggravated
following MPTP administration, whereas the expression of SOD1 and GPX4 was not significantly
affected. Another proposed antioxidative mechanism of Lf is as a receptor of the electron transport chain
and stimulation of glycolysis [47]. Importantly, regardless of the mechanism, the above data suggest that
the loss of dopaminergic neurons in the brains of L#~cKO mice may be related to mitochondrial
dysfunction.

In fact, it has been proposed that the neuroprotective efficiency of Lf on dopaminergic neurons is
equivalent to glial cell line-derived neurotrophic factor, and mitochondria may be its downstream target
[48]. Although the function of Lf in astrocytes cannot be fully clarified, the current findings support the
hypothesis that Lf may affect the survival of dopaminergic neurons by directly or indirectly regulating
mitochondrial function.

To better understand the role of astrocytic Lf deficiency in mitochondrial dysfunction, we sought to
identify the structure and function of mitochondria in dopaminergic neurons of LcKO mice. The
following important findings further demonstrate a role of astrocytic Lf deficiency in mitochondrial
dysfunction in dopaminergic neurons of LcKO mice: 1) CytC, a pro-apoptotic protein which plays an
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important role in mitochondrial electron transport chain (ETC) [49,50], was markedly upregulated; 2):
increased levels of PARK2/Parkin (a key mitophagy protein) colocalized with TH-positive neurons in Lf-
cKO mice and were correlated with autosomal recessive early onset PD [51]; 3): decreased levels of
mitochondrial stress protein HSP60, which help provoke mitochondrial and cellular dyshomeostasis[52];
4): although the expression of Drp1, a key regulator of mitochondrial dynamics, was slightly upregulated,
the phosphorylation of Drp1 at S637 site was significantly inhibited, suggesting that Drp1 activity and
mitochondrial dynamics are impaired in LcKO mice[53]; 5): decreased intracellular calcium
concentration in MN9D cells cocultured with Lf knockout primary astrocytes and decreased NMDAR2B
protein levels and overexpression of CAMKIIa protein in L~cKO mice demonstrated that Ca2* buffering
was impaired [54]. Of course, the low cytosolic Ca2* buffering in the cocultured dopaminergic neurons
may be mainly related to large amounts of Ca?* intake from the cytosol by mitochondria, which can
evoke mitochondrial dynamics and fission[55,56]; 6): more importantly, in the neurons of LfcKO mice, we
observed round and broken mitochondria by electron microscopy. Although some of the mitochondrial
changes we observed may be compensatory, more negative evidence (such as decreased ROS clearance,
ETC dysfunction, defective mitophagy, Ca%* imbalance, variations in mitochondrial dynamics and
morphology) supports that the deletion of Lf in astrocytes contributes to PD-associated mitochondrial
dysfunction and neuronal apoptosis. Unsurprisingly, after Lf~cKO mice were treated with MPTPR, the
variations of various mitochondrial dysfunction and apoptosis indices became consistent and
intensified. Consistently, we verified in vitro the changes in various mitochondrial dysfunction and
apoptosis indexes caused by the lack of astrocyte-derived Lf and analyzed the ECAR value to
demonstrate a decrease in glycolysis level, maximum glycolysis and glycolysis reserve; however, these
data cannot exclude those other indirect unrelated pathways influencing the mitochondrial function of
dopaminergic neurons.

Unexpectedly, we cocultured primary astrocytes of Lf-cKO mice with MN9D cells and found that Ca%*
concentrations in neuronal cytoplasm decreased significantly. It is speculated that imported Ca?* may be
stored in mitochondria and the ER [40]. At this time, the increased in p-EIF2a levels indicates that ER
stress occurs in the brains of LfcKO mice, which also supports this hypothesis. After MPP* treatment, the
sharp increase in intracellular Ca%* could mainly come from extracellular influx because the calcium
channel proteins NMDAR2B and calmodulin were upregulated, which can trigger an increased in neuronal
vulnerability [57]. Nevertheless, the increased calcium binding proteins of ER calreticulin and the
decreased p-EIF2a indicated that Ca?* in the ER seemed to decrease, and a-synuclein overexpression may
stimulate the release of CaZ* in the ER or transfer to mitochondria after MPP* treatment [58].

In fact, mitochondria have been shown to share structural and functional communication with the ER to
maintain intracellular calcium homeostasis and lipid metabolism [59]. Mitochondria-associated ER
membrane-specific microdomains are mediated by tethering proteins, and altered ER-mitochondria
tethering and perturbed ER-mitochondria communication may contribute to neurodegeneration in PD [25].
Mfn2, a MAM resident protein, is considered to be a key ER-mitochondrial tether [25]. Our study
determined that the Mfn2 protein decreased slightly in L~cKO mice, which was exacerbated by MPTP
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treatment, indicating that the knockout of Lfin astrocytes makes contact between mitochondria and the
ER closer in dopaminergic neurons [60]. Accordingly, electron microscopy and confocal microscopy
images revealed that the ER-mitochondria distance was reduced in LcKO mice compared with control
mice. In addition, MAMs have unique lipid and protein components for effective interaction between the
ER and mitochondria [61-63]. StAR is also a MAM protein and is involved in the continuous influx of
cholesterol into mitochondria, thereby initiating mitochondrial steroidogenesis [64]. In this study, we
detected decreased StAR and MTP (an enzymatic complex located in the inner mitochondrial membrane
and responsible for B-oxidation of long-chain fatty acids) [65] MRNA levels in Lf-cKO mice. Moreover,
astrocytic Lf deficiency led to a reduction in StAR protein in primary astrocytes or dopaminergic neurons
in vivo and in vitro, and the difference was more significant after MPTP or administration of metabolite
MPP*. In other words, astrocyte-derived Lf deficiency leads to impaired cholesterol transfer and
mitochondrial fusion/fission cycles, which subsequently impacts the structure and function of neuronal
MAMs [66,67].

In conclusion, our current study confirmed that the lack of astrocyte-derived Lf can worsen MPTP-induced
PD-like neuropathology and symptoms by increasing the fragility of dopaminergic neurons. Admittedly,
insight into its underlying mechanisms requires greater study, but findings emerged showing that after
the deletion of the Lf gene in astrocytes, the intracellular homeostasis of dopaminergic neurons is
unbalanced and that the factors causing PD accumulate, such as overproduction of ROS, alteration of
calcium homeostasis, and dysfunctional mitochondria (especially MAM dysfunction) [56,68,25,53,40]. Of
course, further research is needed to investigate exactly what kind of compensation mechanism is
activated by Lf in astrocytes to maintain the function and state of neurons.
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Antibody
a-synuclein
ATGS

Bax

Bcl-2
Calmodulin
Calreticulin
p-CAMKIla
CAMKIla
caspase3
COX4

CytC

DAT

DMTT
p-Drp1

Drp1
p-EIF2a
EIF2a

Fpn

GPX4
HSP60
Mfn2
NMDAR2B
PARK2/Parkin
PINKT
SOD1

TFR

TH

xCT

Source
mouse
mouse
rabbit
mouse
mouse
rabbit
rabbit
rabbit
rabbit
rabbit
rabbit
rat
rabbit
rabbit
rabbit
rabbit
rabbit
goat
rabbit
mouse
rabbit
rabbit
mouse
rabbit
rabbit
mouse
rabbit
rabbit
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Figure 1

Astrocyte-specific loss of Lfincreases MPTP-induced behavioral and emotional disorder

(A) The body size of 3-month-old LfcKO mice were compared with that of control mice. (B) The weight
statistics of WT and LfcKO mice were counted in 90 days. (C) Total distance traveled during 5 min of
open field exploration. (D) Entries in zone-center showing 5 min of open field exploration by the mice. (E)
Jungle gym score of pole-climbing test. (F) Suspension scores of traction test. (G) Gait analysis diagram
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of gait analysis experiment. (H) The gait mutation rates (B) of gait analysis experiment. (I) Average
variance of the distance between two adjacent left footprints (o) of gait analysis experiment. (J) Feet
wide standard deviation of gait analysis experiment. Values correspond to the mean + SEM. *p < 0.05, **p
< 0.071 compared with the WT control group; #p < 0.05 compared with the LcKO control group; &p < 0.05
compared with the WT MPTP group.
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Figure 2
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DA neuron degeneration is more pronounced in MPTP-treated Lf-cKO mice

(A) The levels of TH, DAT and a-synuclein were measured by immunostaining analysis (n = 5). Scale bars
=100 pm, 50 ym, 10um. (B-E) The expressions of TH, DAT and a-synuclein were determined by western
blot analyses (n = 8). (F-I) Western blot results showed the protein expression levels of cleaved-caspase3,
Bcl-2, Bax and ATG5 of four groups of mice and the quantitative analysis chart (n = 8). Values are
represented as the means + SEM. *p < 0.05, **p < 0.01 compared with the WT control group; #p < 0.05,
##p < 0.07 compared with the LFcKO control group; &p < 0.05 compared with the WT MPTP group.
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Figure 3

Astrocytic Lf deficiency induces iron metabolism disorder and aggravates oxidative stress in MPTP-
treated mice

(A) Modified Prussian DAB staining showed a clear change in the iron distribution among four treatments
and the quantitative analysis of DAB staining in SN (n = 5). Scale bar = 100 um. (B-E) Western blot results
showed the protein expression levels of TFR, DMT1 and Fpn of four groups of mice and the quantitative
analysis chart (n = 8). (F) Changes in expression levels of GPX4, SOD1 and xCT in mice brains SN by
western blots. Quantitative analysis of the proteins shown in G-I (n = 8). (J) ROS content was detected by
test kit (n = 5). (K) The content of MDA was detected by test kit (n = 5). Values are represented as the
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mean + SEM. *p < 0.05, **p < 0.01 compared with the WT control group; #p < 0.05 compared with the Lf-

cKO control group; &p < 0.05 compared with the WT MPTP group.
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Figure 4

Astrocytic Lf deficiency leads to mitochondrial dysfunction of dopaminergic neurons and is aggravated

after MPTP treatment
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(A) Immunofluorescence with TH and PARK2/Parkin in the SN. Scale bars = 100 pm (n = 3). (B-G)
Western blot analysis of CytC, COX4, PINK1, PARK2/Parkin and HSP60 in the SN (n = 8). (H-J) Western
blot was used to detect the expression of p-Drp15637 and Drp1 in the SN (n = 8). The data were expressed
in the form of mean + SEM. *p < 0.05, **p < 0.01 compared with the WT control group; #p < 0.05, ##p <
0.01 compared with the LcKO control group; &p < 0.05 compared with the WT MPTP group.
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Astrocytic Lf deficiency induces mitochondrial dysfunction and neuronal apoptosis in vitro

(A) MNO9D cells treated differently were observed by fluorescence microscopy after the cells were stained
with Tom20 and TH following DAPI. Scale bar = 100 ym. (B-G) The expression levels of TH, Mfn2,
PARK2/Parkin, cleaved-caspase3, Bax and Bcl-2 in MN9D cells treated differently were tested by
immunoblotting and quantitative analyses of these proteins. (H) Representative ECAR profiles of MN9D
cells treated differently. *p < 0.05, **p < 0.01 compared with the control group; #p < 0.05 compared with
the LfcKO control group; &p < 0.05 compared with the MPP* group.
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Figure 6
Astrocyte-derived Lf regulates calcium homeostasis in dopaminergic neurons

(A) Calcium concentrations in MN9D cells following different treatments were measured by flow
cytometry. (B) Changes in the expression levels of CAMKIIq, calreticulin, calmodulin and NMDAR2B in the
mouse brain SN were measured by Western blots. Quantitative analysis of the proteins shown in C-F (n =
8). The data were expressed in the form of mean + SEM. *p < 0.05, **p < 0.01 compared with the WT
control group; #p < 0.05, ##p < 0.01 compared with the LfcKO control group; &p < 0.05 compared with
the WT MPTP group.
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Figure 7

Astrocyte-derived Lf deficiency-induced intracellular calcium dyshomeostasis involves the ER

(A-C) Western blot was used to detect the expression of p-CAMKIla and CAMKIla in MN9D cells treated
differently and quantitative analyses of these proteins. (D) The levels of p-EIF2a and EIF2a were detected
by western blot in mice (n = 8), quantitative analysis of the proteins shown in E, F. (G) Fluorescence co-
localization of mitochondria (Tom20, green) and ER (KDEL-ER, red) of dopamine neuron by fluorescence
labelling in SN (n = 5). Scale bar = 10 ym. The data were expressed in the form of mean + SEM. *p < 0.05,
**p < 0.01 compared with the WT control group; #p < 0.05, ##p < 0.01 compared with the LcKO control
group; &p < 0.05 compared with the WT MPTP or MPP* group.
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Figure 8
Astrocyte-derived Lf deficiency prevents mitochondrial lipid transport by affecting MAMs

(A) The contact sites of mitochondria and endoplasmic reticulum of WT and LfcKO mice was observed
by electron microscopy, scale bar = 500 nm. (B, C) Western blot was used to detect the expression of
Mfn2 in four group mice and its quantitative analysis (n = 8). (D) Quantitative Real-time PCR
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measurements to determine StAR expression levels in mice (n = 5). (E) Quantitative Real-time PCR
measurements to determine MTP expression levels in mice (n = 5). (F) Immunofluorescence was used to
detect the expression of TH and StAR in SN of mice brain (n = 5), scale bar = 100 pm. (G)
Immunofluorescence was used to detect the expression of GFAP and StAR in the primary astrocytes from
WT and LfcKO newborn mice treated or untreated with MPP*, scale bar = 50 pm. (H)
Immunofluorescence was used to detect the expression of TH and StAR in MN9D cells treated differently,
scale bar = 100 ym. The data were expressed in the form of mean + SEM. *p < 0.05 compared with the
WT control group; #p < 0.05 compared with the LfcKO control group; &p < 0.05 compared with the WT

MPTP group.

Fe-transferin Frea iron

aH
@

accelerate é“t&.
— il

@ -——
.« * % N R —
Cyic leal ——
——
== l Py 09 %, ==
e — s
== MOA g £ R
EE ROS L Mitochondrial dysfuncion S =
= [ e ==
CGwmw  E= o AV E
| Neurotrophic factor  =——a E ® -——
) GIMIW -— Cal* D ———
s/ e - T £ =
. i
/‘ff # ===
S bl £ 3 » ——
’ = ‘ — Y =
DA Neuron %ﬁ; @..{M ——
NMDAR2B
RELL7775 JSERRANANNARS

MPP*

Glutamate

Figure 9

Schematic diagram of specific knockout of astrocyte /actoferrin accelerating the loss of dopamine
neurons in the PD model.

MPTP is metabolized into MPP™ in astrocytes and transferred into DA neurons through DAT, resulting in
mitochondrial dysfunction and DA neuron apoptosis. Specific knockout of astrocyte /actoferrin changed
the morphology and function, and the imbalance of calcium homeostasis led to mitochondrial
dysfunction and apoptosis. Astrocytic calcium imbalance triggers astrocytes to release glutamate and
other cytokines. This information is fed back to DA neurons, causing the increase of Ca%* concentration
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by NMDAR2B, which induces a large amount of Ca?* in the ER to flow into mitochondria, affects
mitochondrial related lipid metabolism and accelerates cells apoptosis.
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