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Abstract

Copper (Cu) has a multifaceted role in brain development, function, and metabolism. Two
homologous Cu transporters, Atp7a (Menkes disease protein) and Atp7b (Wilson disease
protein), maintain Cu homeostasis in the tissue. Atp7a mediates Cu entry into the brain and
activates Cu-dependent enzymes, whereas the role of Atp7b is less clear. We show that
during postnatal development Atp7b is necessary for normal morphology and function of
choroid plexus (ChPI). Inactivation of Atp7b causes reorganization of ChPI’ cytoskeleton
and cell-cell contacts, loss of Slc31a1 from the apical membrane, and a decrease in the
length and number of microvilli and cilia. In ChPI lacking Atp7b, Atp7a is upregulated but
remains intracellular, which limits Cu transport into the brain and results in significant Cu def-
icit, which is reversed only in older animals. Cu deficiency is associated with down-regula-
tion of Atp7a in locus coeruleus and catecholamine imbalance, despite normal expression
of dopamine-B-hydroxylase. In addition, there are notable changes in the brain lipidome,
which can be attributed to inhibition of diacylglyceride-to-phosphatidylethanolamine conver-
sion. These results identify the new role for Atp7b in developing brain and identify metabolic
changes that could be exacerbated by Cu chelation therapy.

Author summary

Copper (Cu) plays a critical role in the development and function of human brain, and Cu
mis-balance is associated with numerous neuropathologies. The key transporters
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maintaining brain Cu homeostasis have been identified, however little is known about
regulation of Cu entry into the brain. We found that the Cu transporter Atp7b is required
for normal Cu entry into the brain during postanatal development in mice. Loss of Atp7b
function causes morphological changes in choroid plexus, including the remodeling of its
cytoskeleton, which impact essential Cu transporters Atp7a and Slc31a. This results in an
apparent inability of Atp7a to transport Cu into cerebrospinal fluid, a transient Cu deficit
in the brain, and associated misbalance of catecholamines and lipids. Our findings help to
understand the neuropathology of human Wilson disease, which is caused by inactivating
mutations in ATP7B.

Introduction

Copper (Cu) is a transition metal that regulates brain metabolic activities and signaling [1],
and the loss of Cu balance has numerous negative consequences for brain development and
function. Cu is supplied to the brain by the Cu transporter ATP7A, which exports Cu from the
epithelial cells of choroid plexus (ChPl) into the cerebrospinal fluid (CSF) -Fig 1 and [2]. Inac-
tivation of ATP7A in patients with Menkes disease causes Cu-deficiency in the brain, numer-
ous metabolic abnormalities (including catecholamine misbalance), delayed
neurodevelopment, and death in the early childhood [3].

Wilson disease (WD) is another disorder of Cu homeostasis caused by mutations in the
Cu-transporter ATP7B [4,5]. WD patients can present with tremor, ataxia, dysphagia [6-8],
disrupted serotonin, dopamine (DA), norepinephrine (NE) metabolism, depression, and
behavioral changes [7,9]. The molecular links between ATP7B inactivation and these patholo-
gies remain poorly understood despite significant efforts and some progress in recent years
[10-13]. Psychiatric WD can be misdiagnosed as schizophrenia [14,15]; and the delays in the
diagnosis and treatment of neurologic WD are common and can be fatal [16].

These challenges are caused, in part, by very limited understanding of ATP7B role(s) in the
brain. ATP7B is expressed in many brain regions, including choroid plexus [17], locus coeru-
leus [18], cerebellum [19], and others. The general function of ATP7B is to transport Cu from
the cell cytosol into the lumen of secretory pathway for incorporation into Cu-dependent
enzymes and to sequester excess Cu in vesicles for further export from cells (Fig 1). Specific
contribution of this activity to cell metabolism depends on cell type and may vary considerably
between tissues [20]. Thus, while the negative impact of ATP7B inactivation on brain metabo-
lism is evident from WD manifestations, which specific cellular functions are disrupted by
ATP7B inactivation remains unclear.

There is ample evidence showing that inactivation of ATP7B is associated with a time-
dependent accumulation of Cu in tissues—first in the liver—and then elsewhere. In the animal
models of WD, such as Atp7b”" mice and tx mice, Cu reaches its highest level in the liver at
6-8 weeks after birth [21]. In the brain, initial Cu elevation is observed at 10-16 weeks, and Cu
levels continue to increase as animals age [22-24]. It is believed that this gradual Cu accumula-
tion eventually leads to pathology development [5]. However, clinical reports suggest a more
complex picture. WD patients may experience acute psychotic episodes and other behavioral
changes years before other physical and neurologic changes develop; in one study, almost 50%
of neurologic WD patients showed abnormal MRI before clinical manifestations [25]. These
results suggest that a developing brain requires ATP7B function and that the loss of this func-
tion may disrupt brain metabolism before the onset of clinical symptoms.

Here, we tested this hypothesis in the established mouse model of WD, Atp7b”" mice. We
found that during postnatal brain maturation (at 4 weeks after birth) the Atp7b”" brain had
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Fig 1. Cartoon depicting current understanding of the copper (Cu) transport in choroid plexus (ChPl). Two
homologous Cu transporters, Atp7a and Atp7b regulate Cu transport in the epithelial cells of ChPl. In basal conditions
and in low Cu, Atp7a and Atp7a have predominantly intracellular localization, where they sequester Cu into the lumen
of the secretory pathway compartments. Dashed arrow indicates the ability of Atp7a to traffic to the plasma membrane
under basal conditions and export Cu to the CSF. When Cu is elevated, Atp7a relocates towards the apical membrane
and facilitates Cu transport to CSF. Atp7b traffics to the basolateral membrane to transfer excess Cu to the circulation.
How these activities are coordinated is not known. Ctrl (Slc31al), located at the apical membrane of epithelial cells,
transports Cu from the CSF into epithelial cells. Whether Cu crosses the basolateral membrane via Ctrl or other
mechanisms is unknown.

https://doi.org/10.1371/journal.pgen.1010558.9001

unexpected and significant Cu deficit. We provide evidence that Cu deficiency originates from
dysregulated Cu entry into the brain, which in turn impacts specific metabolic pathways in
brain parenchyma. We identified choroid plexus cytoskeleton as an important target of Atp7b-
dependent Cu misbalance. Taken together, these results demonstrate a new role for Atp7b
during postnatal brain maturation and suggest why Cu chelation during this period may have
a negative outcome.

Results
Cu levels are low in the Atp7b”~ mouse brain at 4 weeks after birth

Atp7b is expressed in various cell types of the central nervous system (https://www.
proteinatlas.org/ENSG00000123191-ATP7B/brain); in some neurons, ATP7B protein is
detected as early as at two weeks after birth [19]. Yet, the role of Atp7b in the brain, especially
during brain maturation, is largely unknown. To better understand this role, we first deter-
mined how Atp7b inactivation affected the whole brain Cu content during postnatal develop-
ment. Cu levels were analyzed in control and Atp7b”" brains homogenates at 4 weeks after
birth (developing brain) and compared to those at 20 weeks after birth (adults). As expected,
Cu was elevated in the brain of the 20-weeks Atp7b”" mice when compared to the age-matched
controls (Fig 2A). However, at 4 weeks, Cu levels in Atp7b” brains were significantly lower
than in control animals (Fig 2A). This difference was not due to age-dependent changes of Cu
levels in control animals, which were similar at 4 and 20 weeks. Rather, during postnatal devel-
opment, Atp7b”" brain showed significant Cu deficit, which was later followed by Cu
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Fig 2. Atp7b”" mice brain show a tissue-specific Cu deficit at 4 weeks after birth (a) Cu levels in brains from 4
weeks old and 20 weeks old Atp7b”" mice compared to the age matched wild type controls (n = 8 for 4 week-old groups
and n = 4 —for 20 week old groups). (b) The Fe levels were also reduced in 4 weeks old Atp7b”" mice compared to wild
type. No significant difference in Fe levels were observed in 20 weeks old Atp7b”~ and wild type animals. (c) Unlike
brain, Cu levels in tissues such as heart, kidney, spleen, and liver were significantly elevated in 4 weeks old Atp7h'/ :
mice compared to the age matched controls (n = 3 per group). The data were analyzed using unpaired two tailed t-test.
p < 0.05 was considered statistically significant. * p < 0.05, ** p < 0.01, and **** p < 0.0001. (d) Maps of Cu
distribution in tissue sections from control (A,B) and Atp7h'/ " (C,D) mice. Images shown are coronal sections of brain
at approximate Bregma -5.80mm. A and C are auto fluorescence from tissue. B and D are concentration of Cu63
measured by Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS). Scale bar is 200pum.
Arrows point at choroid plexus. V stands for ventricle. The colorimetric scale bar represents copper concentrations
ranging from 0 to 15 ppm. (e) Immunostaining of Ctr1 (red), apical membrane marker NKCC1 (green) and F-actin
(magenta) in ChPI from control mice (upper panel) and Atp7b”" mice (lower panel). Apical membranes of ChPI
epithelial cells are indicated with white arrow. Scale bar, 10 um. Colocalization of Ctrl, NKCC1 and F-actin on the
apical and basolateral membrane was confirmed using RGB profile plot from Image]J software.

https://doi.org/10.1371/journal.pgen.1010558.9002

accumulation. The iron (Fe) content, which can be influenced by Cu levels, also showed
decrease in Atp7b”" mice at 4 weeks compared to controls (Fig 2B). The decrease in Fe was
less significant than Cu; and no difference in Fe levels between control and Atp7b”" brains was
seen at 20 weeks (Fig 2B).

Cu deficit in the Atp7b”" brain could be caused by the entrapment of dietary Cu in the liver,
where Atp7b normally maintains Cu homeostasis, and thus lower availability of Cu to other
organs. However, analysis of the Cu content in several peripheral tissues showed Cu accumula-
tion in all Atp7b”" samples except the brain. Thus, Cu deficit in the young brain was tissue-spe-
cific (Fig 2C).

Low Cu in the brain parenchyma can also be a result of enhanced Cu efflux from the epen-
dymal cells into the CSF. However, laser-ablation-ICPMS imaging of the ependymal layer of
the 4™ ventricle did not show lower Cu levels in the ependymal layer. The intensity of Cu sig-
nal was the same as in control cells or possibly higher, which was inconsistent with an acceler-
ated loss of Cu from these cells (Fig 2D).

The levels of Cu in the CSF are also modulated by the high-affinity Cu uptake transporter
Ctrl (SLC31A1) -Fig 1. When Cu is elevated in CSF, Ctr1 transfers Cu from CSF into the
ChPI epithelial cells for subsequent export by Atp7b [26]. Increased Ctrl expression in ChPl
may shift Cu distribution away from brain parenchyma towards ChPl; consequently, we com-
pared the Ctr1 levels in ChPI of control and Atp7b” mice. In control 4 weeks mice, immunos-
taining of Ctrl in ChPI of the fourth ventricle shows expected signal at the apical membrane
of epithelial cells (the polarity of choroid plexus is opposite to other epithelial cells [27]). This
targeting was confirmed by colocalization with the apical membrane marker NKCC1 [28]
(Figs 2E and S1) (Strong signal at the basolateral aspect of epithelial cells appears to be associ-
ated with stroma/stromal cells, S1 Fig, but further studies are needed). In Atp7b”" mice, the
apical Ctr1 staining is lost (Fig 2E), arguing against enhanced Cu transfer from the brain into
ChPI as a cause of brain Cu deficit.

Taken together, the results pointed to a diminished Cu entry from ChPl into the Atp7b™"
brain as a likely reason for the parenchymal Cu deficiency.

Cu transport machinery is dysregulated in choroid plexus of Atp7b” mice

To test this hypothesis, we investigated the Cu transport machinery of choroid plexus. In
humans, choroid plexus (ChPI) plays the major role in Cu entry into the developing brain
[29]. The ChPI epithelial cells of adult animals express two ATP-driven Cu transporters, Atp7a
and Atp7b [30]. Atp7a is primarily responsible for the transfer of Cu from ChPl into the CSF
(Fig 1, [31]), whereas Atp7b is thought to return excess Cu back to the circulation [30]. We
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found that both transporters were expressed in normal ChPI at 4 weeks after birth (Fig 3A
and 3B) and tested whether Atp7a down-regulation may explain diminished Cu entry into
the brain. However, immunostaining showed no decrease in Atp7a expression in the
Atp7b” ChPl; in fact, the Atp7a signal was stronger when compared to the age-matched
control (Fig 3B). Thus, Atp7a is available to facilitate Cu delivery to the brain.

For Atp7a to transport Cu to the CSF, it has to traffic to the apical membrane. Inactivation
of Atp7b is expected to block Cu transport via basolateral membrane, increase cytosolic Cu
and trigger trafficking of Atp7a towards the apical membrane [17]. However, in Atp7b”" ChPl
the intracellular localization of Atp7a was not changed: it was mostly vesicular in either geno-
type (Fig 3B). Co-staining with the plasma membrane marker Na,K-ATPase found no signifi-
cant enrichment of Atp7a at the apical membrane (Fig 3C). The intracellular rather than
apical localization of Atp7a suggested that Atp7a trafficking may be impaired limiting Cu
efflux into the CSF. We attempted to measure Cu levels in the CSF directly, but small size of
animals made it difficult to get sufficient amount of CSF; in one pair of age-matched mice,
which we were able to analyze, the CSF levels were lower in Atp7b'/ " animals.

Atp7b-deficient ChPI has altered morphology and a decreased number of
microvilli and cilia

To identify potential reasons for the abnormal ChPI function, we examined ChPI in more
detail. First, we noticed changes in Atp7b”" ChPI fine morphology in comparison to control
mice (Fig 4A). The membrane protrusions, microvilli and cilia, are important morphologic
features of ChPl as they increase area of transport and facilitate CSF movement; these protru-
sions were greatly reduced in number and length in Atp7b”" ChPI (Fig 4B).

In the epithelial cells, maintenance of membrane protrusions depends on myosins, which
regulate dynamics of actin bundles [32]. Immunostaining for myosin 10 known to be involved
in filopodia formation and cell adhesion [33] revealed significant changes in its intracellular
distribution. In control ChPI cells, myosin 10 was uniformly concentrated in the vicinity of
plasma membrane, whereas in Atp7b”” ChPI the myosin pattern was disorganized with a
weaker staining at the apical membrane and a stronger staining towards the basolateral mem-
brane (Fig 4C). The transmission electron microscopy (TEM) confirmed disorganization of
microvilli in Atp7b”~ ChPl epithelia (Fig 4D). To determine whether Cu misbalance alters
abundance of cilia, we used immunostaining for acetylated tubulin (Fig 4E), which revealed
fewer cilia in Atp7b”" ChPI(Fig 4E); this result was confirmed using cilia-specific marker
Arl13b (Figs 4F, 4G and S2)

Morphological changes in Atp7b” ChPI are associated with significant
remodeling of cytoskeleton

To better understand the molecular basis of these changes we compared ChPI proteomes in
control and Atp7b”" mice. For quantitative comparison, identical areas of ChPl were laser-dis-
sected from the 4-weeks-old control and Atp7b”" brain sections, and the protein profiles were
analyzed by mass-spectrometry following TMT labeling. The PCI plot showed clear separation
of control and Atp7b”~ ChPI proteomes, indicative of reproducible Atp7b-dependent changes
(Fig 5A). Out of 995 proteins commonly present in all samples, the majority of proteins had
similar abundance or showed statistically non-significant changes (Fig 5B); 68 proteins
showed significant changes (fold change >1.3, p-value <0.1). These latter proteins regulate
cell-cell contacts and cell adhesion, mitochondria function, RNA processing, and ion balance
(S1 Table). The most significantly altered proteins (p-value <0.05)—all—were cytoskeletal
proteins and proteins involved in cell-cell contacts. Abundances of focal adhesion kinase,
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Fig 3. Atp7a expression and localization in control and Atp7b”" choroid plexus. (a) Schematic illustrating copper
transport across the Choroid Plexus Epithelial cells (ChPE). Inactivation of Atp7b results in the increased expression of
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Atp7a but unaltered vesicular localization. (b) Immunofluorescence staining for Atp7b (left) and Atp7a (right) on
ChPE from Atp7b -/- and wild type (+/+) mice. Scale bar, 10 um. (c) Immunofluorescence staining for Atp7a (green)
and Na,K ATPase (red) (Apical surface marker) on ChPE from control (upper panel) and Atp7b'/ " mice (lower panel).
Scale bar, 10 pm. (n = 3 for each genotype). (d) Fluorescence intensity of immunostained Atp7a (green) was measured
using color-histogram tool (ImageJ) and normalized to the fluorescent intensity of Na+/K+ ATPase (red). The data
were analysed using Mann-whittney t-test in Graphpad Prism (9.4.0 software). ****P-value; <0.0001.

https://doi.org/10.1371/journal.pgen.1010558.g003

myosin 11, vimentin, junction plakoglobin, tight junction protein 2, plectin, consortin and
talin 1 were increased 1.3-2.5-fold (Fig 5B). By contrast, actin, hook microtubule tethering
protein, epiplakin, a protein that connects intermediate filaments, and myosin 9 were signifi-
cantly down-regulated along with the heavy and light neurofilament proteins (Fig 5B and S1
Table).

To validate findings from mass-spectrometry, we immunostained focal adhesion kinase
(FAK) and the type-III intermediate filament, vimentin, both of which were more abundant in
Atp7b”” proteome. The immunostaining for FAK showed stronger signal in Atp7b”" ChPl
compared to the age matched controls, confirming proteomics findings (Figs 5C, 5D and S3).
The pattern vimentin was significantly changed in response to Atp7b inactivation. Atp7b”
cells had brightly stained vimentin aggregates in contrast to fine filamentous structures in wild
type ChPI (Fig 5E). The abundance of vimentin was difficult to compare because of differences
in its intracellular distribution. Taken together these results show that the loss of Atp7b is asso-
ciated with significant remodeling of ChPI cytoskeleton and the protein machinery involved in
cell-cell contacts. Changes in cytoskeleton along with downregulation of proteins involved in
membrane protein tethering and vesicle trafficking may contribute to inability of Atp7a to
traffic to the apical membrane.

Cu deficit in brain parenchyma does not affect DBH expression

To determine whether the ChPI disorganization and a lower Cu content in brain parenchyma
have metabolic consequences in the brain, we examined the status of norepinephrine (NE)
biosynthesis, which is a Cu-dependent process. The rate-limiting step in this process is the
conversion of dopamine (DA) to NE; this step is mediated by the Cu-dependent enzyme dopa-
mine-B-hydroxylase (DBH) [34]. Given that the Cu deficit may cause neuronal death [35], we
first examined the number of DBH-positive (noradrenergic) neurons. DBH is highly expressed
in locus coeruleus [10], the major site of NE biosynthesis in the brain [36], and DBH immu-
nostaining can be used for identification of LC in tissue sections (Fig 6A). The DBH-positive
area in Atp7b”" sections appeared enlarged (Fig 6A). Therefore, to ensure that the equivalent
LC regions were compared between the WT and Atp7b”" brains, serial sectioning was carried
out starting at 300-microns from the complete closure of the fourth ventricle. Each section was
collected at 10 microns thickness and every 5™ section was stained for DBH. The DBH-positive
cells on both sides of the fourth ventricle were quantified (S4 Fig). The sections with the maxi-
mum number of DBH-positive cells were used for further analyses.

Counting the DBH-positive cells separately for the left or right LC yielded a slightly higher
cell number for Atp7b”" LC compared to control, although the difference did not reach statisti-
cal significance (Fig 6B). DBH-positive cells also appeared to be less densely packed in the
Atp7b”" samples and occupied larger area (Fig 6C). When the numbers of cells in both LC
areas were combined, the number of DBH-positive cells as well as the area occupied by these
cells were significantly higher in the Atp7b”" LC compared to controls (Fig 6D and 6E). The
DBH signal intensity was similar in Atp7b” and control brain sections. Western blot analysis
of the whole brain lysates also found no decrease in DBH protein levels (Fig 6F). In fact, when
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Fig 4. Changes in apical microvilli and ciliated cells in ChP1 in Atp7b” mice. (a) H&E staining of sagittal sections
from Atp7b-/- and control mouse brains showing 4th ventricle choroid plexus. Scale bar; 200 um (first two panels).
Scale bar; 10 um (last three panels). Arrow heads indicate the microvilli and ciliary structures on the apical surface of
ChPE cells. (b) Microvilli length of ChPE cells in A#p7b”" mice were significantly reduced compared to the WT mice;
n = 3. Brightfield images were analyzed using Image] and evaluated using unpaired two tailed t-test. p < 0.05 was
considered statistically significant. *** p < 0.001. (c) Immunofluorescence staining for non-muscle myosin Myh10
(green) on ChPE cells from Atp7b -/- and wild type (+/+) mice. Scale bar; 20 pm. (d) Transmission Electron
Micrograph (TEM) of ChPI cells showing altered apical microvilli in 4 weeks old Atp7b”” mice compared to the wild
type mice. Low (6000 X) and high (20000 X) magnification of choroid plexus epithelial cells show elongated healthy
apical microvilli (left panel), whereas in Atp7b”" the apical microvilli and ciliary structures are regressed and
disorganized (marked with arrows) (right panel). (e) Immunofluorescence staining for cilia with Acetylated tubulin
(green) and basal body marker Y tubulin (red) on ChPE cells from Atp7b'/ “and wild type (+/+) mice. Scale bar; 20 um.
Cilia structures were marked with an arrow in the magnified images. (f) Immunofluorescence staining for ciliary
membrane marker Arl13b (green) and the basal body marker Y tubulin (red) on ChPE cells from Atp7b-/- and wild
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type (+/+) mice. Scale bar; 10 um. (g) Percentage of ciliated epithelial cells is decreased in choroid plexus of 4 weeks old
Atp7b-/- mice compared to the wild type. Data represented as Means + SD. *P < 0.001 (Welch corrected t-test). n = 3.

https://doi.org/10.1371/journal.pgen.1010558.9004

normalized to GAPDH, a small but statistically significantly increase in DBH protein abun-
dance was detected in Atp7b”" brains (Fig 6G). Thus, neither the number of DBH positive
neurons nor DBH expression in the developing brain are negatively affected by Atp7b inacti-
vation and Cu deficit.

Atp7a, dopamine (DA) and norepinephrine (NE) levels are low in the locus
coeruleus of 4 weeks-old Atp7b”" mice

Cu delivery to DBH is mediated by Atp7a, whereas Atp7b sequesters Cu into vesicles to buffer
cytosolic Cu (Fig 7A) [18]. Loss of Atp7a function reduces the NE biosynthesis and disrupts
LC function [37]. Immunostaining of control tissue sections showed that both Atp7a and
Atp7b were expressed in the LC neurons at 4 weeks after birth (Fig 7B), although at a lower
level and less uniformly than in the adult brain (S2 Fig). Atp7a abundance was significantly
reduced in 4 weeks old Atp7b”" LC compared to control LC (Fig 7B). Thus, the major route of
Cu delivery to DBH-via Atp7a protein-was compromised in Atp7b” mice, in addition to
overall low Cu levels in brain parenchyma. These results suggested that the NE production was
impaired in Atp7b”" LC. To test this hypothesis, DA and NE were derivatized in control and
Atp7b”" brain tissue sections and imaged using matrix assisted laser desorption/ionization
mass spectrometry (MALDI-MSI); the identities of derivatized DA and NE in sections were
confirmed by collision-induced dissociation (S4 Fig)

MALDI-MS imaging of DA and NE revealed significant differences in catecholamine levels
in Atp7b”" brains compared to control (Fig 7C). Signal density, determined as a ratio of sig-
nal-containing pixels to the total area, was significantly lower in Atp7b”" sections-for both DA
and NE. Quantitation of the DA and NE signals per area more specifically within the LC-con-
taining region (Fig 7C; dotted white box) found a 2.5-fold decrease of the DA signal and an
80% decrease of the NE signal in Atp7b”” mice compared to control mice (Fig 7D). To verify
these changes in catecholamine levels, especially the decrease in NE, the brainstem region (the
part of the brain where LC is located) was dissected, and catecholamines levels were measured
by HPLC_ECD (Fig 7E). The levels of NE were lower in Atp7b”" samples when compared to
controls in agreement with the imaging data. Dopamine metabolite, DOPAC, was also lower
reflecting the diminished DA levels in Atp7b”" samples (Fig 7E)

In contrast to a brainstem, no statistically significant difference in the DA and NE levels
was found in the substantia nigra region (Fig 7F). The DA turnover ratio was slightly elevated,
but this difference was not statistically significant (S5A-S5C Fig). In striatum, the mean levels
of DA were lower in the ko males compared to controls, whereas changes in NE levels were
not statistically significant (Fig 7G). Sex-specific differences were observed in control animals:
control males had highest DA levels in both substantia nigra and striatum (Fig 7G). The DA
and NE levels were both lower in the substantia nigra of control females compared to males. In
contrast, no sex-dependent differences in either DA or NE was seen in Atp7b”" substantia
nigra (SNc¢) (Fig 7F). Taken together, these data illustrate that catecholamine biosynthesis is
altered in Atp7b”" brain at 4 weeks, especially in the LC/brainstem region.

Inactivation of Atp7b causes specific changes in brain lipidome

Given changes in ChPl morphology in Atp7b”", which were indicative of decreased epithelial
surface, we tested whether other metabolic processes that do not directly depend on Cu (such
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Fig 5. ChPI proteome identifies cytoskeletal changes in Atp7b " mice. (a) PCI plot showing clear segregation of
ChPI proteome from 4 weeks old Atp7b 7~ and control (n = 4 for each genotype. Volcano plot illustrates the protein
distribution. Significantly up- and down-regulated (|fold change| >1.3, x-axis; p value<0.05, y-axis) are highlighted in
peach and green, respectively. (b) Table showing significantly upregulated and downregulated proteins in Atp7b 7~
ChPl identified from mass-spectrometry studies. (c) Immunofluorescence staining for focal adhesion kinase (green) on
ChPE cells from Atp7b -/- (lower) and wild type (+/+) (upper) mice. Scale bar; 20 pm. (left and middle panel); Scale
bar; 10 pm (right panel) (d) Total fluorescence intensity of Focal Adhesion Kinase (FAK) (green) was measured from
the confocal images of 4 weeks old wild type and Atp7b-/- ChPI using Image] software and normalized to the
fluorescent intensity of F-actin (magenta). The data were analysed using two-tailed unpaired t-test with Welch’s
correction in Graphpad Prism (9.4.0 software). *P-value; <0.05. (e) Immunofluorescence staining for vimentin (white)
and F-actin (magenta) on ChPE cells from Atp7b -/- (lower) and wild type (+/+) (upper) mice. Scale bar; 10 pm.

https://doi.org/10.1371/journal.pgen.1010558.9005

as lipid metabolism) were affected in Atp7b” brain. Lipids were extracted from the whole
brain and analyzed by liquid chromatography coupled to high resolution mass spectrometry
(HRMS). Partial Least Squares—Discriminate analysis (PLS-DA) of the datasets revealed close
clustering of samples within the genotypes (i.e., control and Atp7b™") and significant difference
between the genotypes, indicative of changes in lipidome in response to Atp7b inactivation
(Fig 8A). The heat map of top 25 most significantly different lipids shows inversely correlated
lipid profiles in control and Atp7b”" mice (Fig 8B), which suggested potential precursor-prod-
uct relationship in lipid synthesis. To test this hypothesis, we identified the most significantly
changed lipids using volcano plot (Fig 8C). Phosphatidylethanolamine (PE) levels were signifi-
cantly reduced in the Atp7b”" brain when compared to the age-matched control mice, whereas
levels of diacylglycerol DG 18:0_20:4, a precursor of PE, were elevated (Fig 8C). Ethanolamine
phosphotransferase 1 (EPT1) is the Golgi-localized enzyme that has substrate specificity for
DG 18:0_20:4, converting it into PE [38]. Accumulation of the substrate and reduction of the
product suggested that the EPT1 activity was decreased in the developing Atp7b”" brain.

In summary, during postnatal brain development inactivation of Atp7b causes significant
changes both at the blood-CSF barrier and in brain parenchyma, including region-specific
alterations in catecholamine levels, dysregulation of lipid metabolism, and remodeling of cyto-
skeleton in ChPl. These changes occur long before Cu accumulation and reflect important role
of Atp7b in the intra- and inter-cellular Cu distribution during postnatal brain development.

Discussion

Choroid plexus plays a central role in the maintenance of CSF ion balance and the delivery of
micronutrients to brain parenchyma. Here, we demonstrate the importance of Atp7b-depen-
dent Cu homeostasis for ChPl morphology and function. The multifaceted impact of Atp7b
inactivation on ChPl and brain parenchyma during brain development offers new insight into
Wilson disease (WD) pathogenesis. In WD, Cu accumulates most highly in the liver, where it
causes alterations of mitochondria function, dysregulation of nuclear receptor signaling,
inflammatory response, and other pathologies [5]. Cu accumulation in the brain occurs later,
when the liver capacity to accumulate Cu is saturated [22,24]. It is thought that metabolic
changes in the brain are triggered by excess Cu released from a necrotic liver later in WD pro-
gression [5]. Here, we show that, in Atp7b”" mice, brain metabolism is dysregulated as early as
at 4 weeks after birth and these changes are caused by transient Cu deficiency, which is only
later replaced by Cu accumulation. Transient Cu deficit in brain parenchyma is associated
with upregulation of Atp7a in ChPl and down-regulation of Ctrl at the apical membrane of
ChPI epithelial cells. These changes may represent a protective response aimed to increase/
retain brain Cu content. Significantly, the dysregulated metabolic pathways involve those
directly requiring Cu (NE biosynthesis) as well as those indirectly affected by tissue Cu content
(lipid metabolism). It is tempting to speculate that metabolic changes or environmental

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010558 January 10, 2023 12/25


https://doi.org/10.1371/journal.pgen.1010558.g005
https://doi.org/10.1371/journal.pgen.1010558

PLOS GENETICS Atp7b in choroid plexus

d
b c 0=0.0341
» 1604 60000
— Y &
8 120] °E
£ -TI- —_ g % 400004
c L o
8 23 [T
\8 g + 200004
. 409 =
o @ o
Z a
PR e ek Ret " ew  Rew
d e
- p=0.0178 =0.
6 4o o &~ 1200007 p=0.0040
oL © e
g 30 g2
- 0 © 900001
2 4 £3
‘3 5 200 @ 8 0000
£ =) T +
8 100 g g 300001
i)
0 §5
S 0
+/+ -/~ +/+
f g
v -/ T
o 3
4 o p=0.0024
70kDa i . . = = DBH I )
- (O)
—
35KDa s "= wme e s GAPDH 5 1
o oll—
+/+ -/-

Fig 6. Inactivation of Atp7b does not decrease DBH expression in mouse brain (a) Immunofluorescence staining
for DBH shows enriched DBH positive cells (DBH+) in the locus coeruleus (LC) region in coronal sections of mice
brain tissues. Scale bar, 20 um. The (b) number and (c) area occupied by DBH+ cells in the left (LS) and right side (RS)
of LC were compared between Atp7b-/- and WT (+/+) mice separately. The (d) total number of DBH+ cells and the
(e) area occupied by the cells in LC region were compared between Atp7b-/- and WT mice. The data were analyzed
using unpaired two tailed t-test. p < 0.05 was considered statistically significant. (f) DBH protein (70 kDa) expressions
were compared between Atp7b”” and WT (+/+) mice brain using western blot. Expression of housekeeping gene
GAPDH was considered as loading control. (g) Densitometric analysis of DBH bands compared to the corresponding
GAPDH bands between Atp7b-/- and WT mice. (n = 4) The values represent the mean + SD in triplicate. p < 0.05 was
considered statistically significant. Data analysis was performed using GraphPad Prism 9 software.

https://doi.org/10.1371/journal.pgen.1010558.9006
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Fig 7. Dopamine (DA) and norepinephrine (NE) are reduced in 4 weeks old Atp7b -/- mice. (a)Schematic diagram
showing the role of dopamine B hydroxylase (DBH) in DA to NE conversion. The Cu transporter Atp7a delivers Cu to
DBH, while Atp7b buffer cytosolic Cu. (b) Immunofluorescence staining shows Atp7b (red) expression in DBH-
positive neurons of control locus coeruleus (LC). No staining for Atp7b is detected in tissues from Atp7b-/- mice.
Atp7a (red) is expressed in the LC of control mice and down-regulated in the age-matched Atp7b-/- LC. (c)The DA
and NE signals were compared between Atp7b -/- (n = 9) and wild type (+/+) mice (n = 8) in the LCcontaining region.
(d) The signal density for NE and DA was determined as a ratio between signal containing pixel to the total area. The
data were analyzed using unpaired two tailed t-test. p < 0.05 was considered statistically significant. (¢) NE and DA
metabolite 3,4-dihydroxyphenylacetic acid (DOPAC) levels in brainstem homogenates were measured using HPLC.

p < 0.05 was considered statistically significant. (f) DA and NE levels from substantia nigra (SNc¢) and (g) striatum
(Str) were compared between Atp7b -/- and wild type (+/+) mice. All the values for DA, NE and DOPAC were
normalized to the total protein. M, Male; F, Female. Data analysis was performed using GraphPad Prism 9 software.

https://doi.org/10.1371/journal.pgen.1010558.9007

stresses that impact these important pathways may accelerate development of neuropathology
in WD. Excessive Cu chelation could be one of such stressors.

Given that Atp7a is primarily responsible for Cu entry into the brain and the expression of
Atp7a is not decreased in Atp7b”” ChP], the observed Cu deficit in brain parenchyma may
seem surprising. The origin of this Cu deficiency could be two-fold. Although the exchange-
able Cu is not decreased in the serum of young Atp7b”" mice [39] and organs other than brain
accumulate Cu (Fig 1), we cannot exclude that in young mice less Cu enters ChP] at the baso-
lateral side. In humans, Ctrl malfunction causes marked Cu deficit in the brain, and it has
been proposed that Ctrl transfers Cu into ChPI through the basolateral membrane [40]. Our
data neither support nor disprove this model. In 4 weeks-old mice, the Ctr1 signal at the baso-
lateral aspect of epithelial cells is more consistent with the staining of stroma rather than
plasma membrane, but further studies are needed to firmly determine whether Ctr1 is targeted
and functions at the basolateral membrane. Similarly, the resolution and sensitivity of our
LA-ICP-MS measurements are insufficient to accurately determine the Cu content in ChPl
and further high-resolution studies are needed. Indeed, at 20 weeks, when Atp7b™" liver takes
less Cu [41,42], more Cu is available for the brain and Cu begins to accumulate in the Atp7b”"
brain tissue.
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Fig 8. Changes in Atp7b-/- brain lipid profile at 4 weeks after birth compared to control (a) Partial Least Squares—
Discriminate Analysis (PLS-DA) plot comparing WT (green) and KO (red) in positive ion mode LC-MS/MS;

R2 =0.99, Q2 = 0.48. Each point represents a data set from an individual animal. The 95% confidence intervals are
indicated by elliptical shaded areas surrounding each group. Data were sum normalized, log transformed, and mean
centered. (b) Heatmap displaying the top 25 differential abundance features based on t-test, Euclidean distancing, and
ward clustering in positive ion mode LC-MS/MS. (c) Volcano plot highlighting features that had a p < 0.05 (green),

p < 0.01(blue), and p < 0.001 (red) when comparing WT to KO. Selected lipids are indicated. The x-axis is log2 (FC)
(FC = fold change) and the y-axis is-log10(p) (p = p-value based on t-test). Acar = acylcarnitine, DG = diacylglycerol,
PC = glycerophosphocholine, and SM = sphingomyelin. Plots in A-C generated using Metaboanalyst; n = 6 for WT,

n = 4 for KO.

https://doi.org/10.1371/journal.pgen.1010558.9008

Another factor that may limit Cu entry into the brain is significant reorganization of cyto-
skeletal elements, which may impact protein trafficking to the plasma membrane. Related phe-
nomenon was observed in the intestine, where downregulation of Atp7b causes decrease in the
total intestinal Cu content, abnormal protein trafficking and disrupted iron efflux [43]. In
both intestine and ChP], the expression of Atp7a is not compromised, instead the pathways for
protein transport and delivery to plasma membrane are dysregulated. In intestine, the intracel-
lular Cu misbalance alters trafficking of ApoB and chylomicrons assembly [43]; in ChP], there
is significant remodeling of cytoskeleton, which impacts the number and length of cilia and
may influence the ability of Atp7a to reach the plasma membrane, although this remains to be
formally tested. It is interesting that Atp7b inactivation in mice affects the abundance of neu-
rofilaments, because recent clinical studies found serum neurofilament light chain as a bio-
marker of neurologic WD [44]. Further studies are needed to better understand the
relationship between cytoskeletal changes in ChP], axonal health and serum neurofilaments in
human WD and in WD models.

Another fascinating question is whether changes of cytoskeleton or other Cu-dependent
processes are responsible for reduced number of cilia. Peptidyl-alpha-monooxygenase (PAM)
is an important Cu-dependent enzyme, which is required for the normal assembly of motile
and primary cilia [45]. PAM is expressed in ChPI [46] and its reduced expression was shown
to be associated with reduced density of motile cilia [45]. Changes in cytoskeleton may also
alters release of PAM and neuropeptide-containing exosomes [47] further altering signaling
events.

Changes in catecholamine balance were reported in WD patients and animal models of
WD [48-50]. These studies showed significant variability of specific changes in the DA and
NE levels depending on the age and brain region [48]. Our results agree with these observa-
tions. As in rats, we see decrease in NE prior to Cu accumulation. Atp7b inactivation causes
reduction of DA and NE levels in the LC region of the brainstem, whereas in other regions of
the brain NE levels were not significantly affected and the DA levels were less significantly
changed. Low abundance of Atp7a in the LC (where the bodies of noradrenergic neurons are
located) may explain stronger negative effect on the NE content compared to other regions.
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Whether Atp7a redistributes from the cell bodies to neuronal projections to maintain DBH
activity and NE synthesis locally remains to be tested. Some decrease in Fe may contribute to
DA deficit, as the conversion of tyrosine to DOPA (precursor of dopamine) is mediated by Fe-
dependent tyrosine hydroxylase, however later in the disease Fe levels are normalized (at least
in the brain) and other mechanisms effecting dopaminergic neurons must be at play.

Lipid metabolism is dysregulated in response to either Cu overload [51-54] or Cu defi-
ciency as observed in Menkes disease [55]. Our data illustrate that Atp7b activity is required
for formation of phosphatidylethanolamine in the developing mice brain. Low levels of
phosphatidylethanolamine are indicative of low methylation of PC to form PE. Future studies
are needed to determine whether inhibition of diacylglyceride-to-phosphatidylethanolamine
conversion could be caused by changes in availability of methyl donors as was reported for the
liver in another model of WD (tx mice [56,57]).

In conclusion, our results illustrate a previously unappreciated role of Atp7b during brain
maturation and indicate that WD pathogenesis is more complex than tissue response to Cu
overload. In mice, functional maturation of the brain is completed within 35-50 days after
birth, with the peak of myelination and specialization of the prefrontal cortex neural networks
occurring at 3-4 weeks after birth [58]. In humans, similar brain maturity is achieved at 12-18
years after birth. The lack of obvious neurologic symptoms in mice and most pediatric WD
patients led to the assumption that ATP7B inactivation does not affect brain metabolism prior
to Cu overload.

Our findings illustrate that the significant metabolic changes may occur when the total Cu
in the brain is transiently low or not yet unchanged. Our data also suggest that the side-effects
of Cu chelation (such as neurologic worsening and GI discomfort) may be caused by tissue-
specific worsening of local/transient Cu deficits during treatment.

Materials and methods
Ethics statement

All animal experiments were performed in accordance with the protocol (M017M385)
approved by the Johns Hopkins University Institutional Animal Care and Use Committee.

Mice husbandry and tissue collection

The C57BL/6] mice and the B6;129Sl—Atp7btmchg/ Ltsnk] (Atp7b'/ ") mice on a C57BL/6] back-
ground [59] were used in this study. These stains will be referred to as control and Atp7b”
mice (knockout), respectively, throughout the manuscript. Mice were housed at Johns Hop-
kins School of Medicine Animal facility; the experiments were performed in accordance with
the protocol (M017M385) approved by the Johns Hopkins University Institutional Animal
Care and Use Commiittee. At 4 weeks or 20 weeks after birth, mice were euthanized, perfused
with the phosphate buffered saline (PBS) and then for 2 min with 4% paraformaldehyde (PFA)
solution. Whole brain was extracted and stored in a 4% PFA solution overnight at 4°C. Then,
brains were transferred to a 30% sucrose solution overnight at 4°C, embedded in Tissue-Tek
OCT freezing medium, and stored at- 80°C for cryo-sectioning. Alternatively, after PBS perfu-
sion, the whole brain was frozen using dry ice.

For metal analysis, brain was perfused with phosphate buffered saline (PBS) and then with
4% paraformaldehyde (PFA) solution as above. Metal levels were measured using whole brain
(Fig 1A top panels) as well as liver, kidney, spleen, and heart (Fig 1B). Weighed samples were
digested in nitric acid and analyzed by atomic absorption spectrometry (Perkin Elmer Pinna-
cle 900T). Metal content was quantified and divided by tissue weight.
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Cryo-sectioning and sections selection

Brains frozen in OCT were removed from- 80° C, equilibrated to- 20° C and sectioned from
the brainstem towards the prefrontal cortex using Leica Cryostat CM 3050S. Ten-micron coro-
nal and sagittal sections were placed onto Superfrost Plus microscope slides (Thermo: Cat. No.
12-550-15), two sections per slide. Every fifth slide was stained using anti-rabbit dopamine--
hydroxylase (DBH) primary antibody (kindly provided by Dr. Betty Eipper) or anti-rabbit
tyrosine hydroxylase (Millipore; Cat. No. AB152) as described below, and immunofluores-
cence was imaged using Zeiss LSM800 confocal microscope. Images were imported into Ima-
geJ, and DBH-positive cells and the area occupied by these cells were quantified. The values
were plotted using GraphPad Prism version 5 software. Sections with the highest number of
DBH-positive cells were used for further analysis.

Immunohistochemistry of tissue sections

Brain sections were removed from- 80° C and washed with 1X PBS to remove residual OCT
medium. The primary antibodies were diluted in 1X PBS containing 0.5% BSA (Bovine Albu-
min Serum, Millipore; CAS. No. 9048-46-8), 0.1% Tween-20 (Sigma Aldrich; CAS. No. 9005-
64-5), and 0.5% Triton X-100 (Sigma Aldrich; CAS. No. 9002-93-1). DBH primary antibody at
1:1000 dilution was added and incubated for 1 hour at room temp or 4° C overnight. Brain sec-
tions were then washed three times in 1X PBS for 5 minutes. Goat anti-rabbit Alexa Fluor 488
(Invitrogen; Cat. No. A-11008) or Alexa Fluor 555 (Invitrogen; Cat. No. A-21434) were diluted
into 1X PBS containing 0.5% BSA and 0.1% Tween-20. The secondary antibody was added at
1:1000 for 3 hours at room temperature. Brain tissue sections were then washed three times in
1X PBS for 5 minutes. Fluoromount-G with DAPI (Electron Microscopy Sciences 17984-24)
was used to mount a 24 x 50 mm coverslip onto the microscope slide. Slides were kept in the
dark for one hour and then imaged using either the Zeiss LSM800 or Olympus FV3000RS
microscopes. Anti-ATP7A and anti-ATP7B primary antibodies were purchased from Santa
Cruz (SC-376467 and SC-373964, respectively). Anti-NKCC1 antibody was purchased from
Cell Signalling (D208R XP; 85403). Anti Arl13b, Anti gamma tubulin and Anti acetylated
tubulin antibodies were purchased from Proteintech (17711-1-AP), Milllipore-Sigma (T6557)
and Cell Signalling (D20G3 XP; 5335) respectively from Anti-Focal Adhesion Kinase (FAK)
and Anti-Vimentin antibody were purchased from Invitrogen (MA5-15588) and Abcam
(ab92547) respectively. Myosin heavy chain 10 (MYH]10) primary antibodies were purchased
from Invitrogen (Cat no. MA5-27767). F-actin was stained with Phalloidin AlexaFluor 647
(Invitrogen, A22287). All antibodies were used in accordance with the procedures described
above.

Transmission Electron Microscopy

ChPI tissue was freshly isolated from the brain ventricles of 4 weeks old Atp7b”" and wild type
mice and fixed by immersion with EM grade 2% paraformaldehyde 1% glutaraldehyde 100
mM phosphate buffer (Sorenson’s) and 3 mM magnesium chloride pH 7.2 at 4°C. all subse-
quent steps were done at 4°C until 70% ethanol dehydration. Tissues were dissected carefully
in fixative measuring no more than 2 mm?’. Samples were rinsed in buffer containing 3%
sucrose (3 X 15 min). Osmication was performed in 1.5% potassium ferrocyanide reduced 1%
osmium tetroxide in 100 mM phosphate buffer, containing 3 mM magnesium chloride for 2
hrs at 4°C. Tissue was rinsed in 100 mM Maleate buffer (3 X 5 min) containing 3% sucrose,
then en-bloc stained with 2% filtered uranyl acetate in the same buffer for 1 hr. Samples were
dehydrated to 100% ethanol.
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Propylene oxide (2 X 5 min) was used as a transition solvent, and the tissue was embedded
with eponate 12 (Ted Pella, Redding CA) and finally cured in 60°C oven for 2 days, then sectioned
to 60 nm using diamond microtome. EM images were collected using a Hitachi 7600 transmission
electron microscope operated at 80.0 kV. Images were acquired at 6,000 to 20,000 x direct magni-
fication, corresponding to 0.010744 um/pixel to 0.003223 um/pixel, respectively.

Derivatization, matrix application, and MALDI mass spectrometry
imaging (MSI)

MALDI matrix, o-cyano-4-hydroxycinnamic acid (CHCA) was obtained from Millipore
Sigma (USA). All solvents were purchased from Fisher Scientific (USA), unless otherwise spec-
ified and were either reagent or high-performance liquid chromatography (HPLC) grade.
TMP (2,4,6-trimethyl pyrylium) solutions were prepared as previously described [60]. TMP
stock solution (7 mg in 3 mL methanol) was diluted in 4 mL of 70% methanol containing

3.5 pL triethylamine. The diluted TMP was sprayed over the tissue sections using a
TM-Sprayer (HTX Technologies, LLC, Chapel Hill, NC) as described previously [61]. After 15
min incubation in a chamber saturated with vapor from 50% methanol, a 5 mg/mL CHCA
(Sigma-Aldrich, USA) in 50% acetonitrile containing 0.2% TFA was applied to the tissue sec-
tions using a TM-Sprayer (HTX Technologies, LLC, Chapel Hill, NC) as described previously
[62]. Al MALDI MSI experiments were performed using an LTQ Orbitrap XL (Thermo Fisher
Scientific, Bremen, Germany) mass spectrometer in positive ion mode with a direct beam N,
laser (A = 337.7 nm). A mass range of 100 to 1000 Dalton was used for data acquisition to
cover the m/z values of DA and NE. The mass spectrometry data processing and analysis were
carried out using Xcalibur 3.0 software (Thermo Fisher Scientific). For tissue imaging experi-
ments, the MALDI camera was employed to define regions of interest by scanning the slides
containing the tissue sections. Distribution profiles of DA and NE were generated at a spatial
resolution of 100 pm using Image Quest 1.1.0 software (Thermo Fisher Scientific). For calcula-
tion of relative DA and NE levels (based on the coverage); the total number of signal pixels was
divided per total area pixels”. The percentage of coverage was then compared.

HPLC quantification of norepinephrine in the brainstem containing LC region

Neurotransmitter concentrations were measured by HPLC-ECD, as previously described [63].
Briefly, mice were euthanized by decapitation and the brain was frozen at -80C until brainstem
microdissection. Tissue was weighed and sonicated in 0.2 pl of ice-cold 0.01 uM perchloric
acid containing 0.01% EDTA and 60 nM 3,4-dihydroxybenzylamine as an internal standard.
After centrifugation at 15,000 g, 4°C for 30 min, the supernatant was passed through a 0.2-yum
tube filter. Twenty microliters of the supernatant were analyzed in an HPLC column (Atlantis
T3, 3uM x 150 uM C-18 reverse-phase column; Waters, Milford, MA, USA) with detection by a
dual-channel Coulchem III electrochemical detector (Model 5300; Thermo Fisher Scientific).
Protein concentrations in the tissue homogenates were measured using the BCA Protein Assay
Kit (Thermo Fisher Scientific). Data were normalized to protein concentrations (ng neurotrans-
mitters/mg protein).

Copper imaging using laser ablation inductively coupled plasma mass
spectrometry
PBS perfused mouse brains were dissected and immediately embedded in Optimal Cutting

Temperature (OCT) mounting media (Tissue Tek) in cryomolds (Tissue Tek), then flash-fro-
zen in a liquid nitrogen/isopentane bath and stored at -80° C until sectioning. The embedded
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brains were sectioned into 20 pum slices using a (Leica Cryostat CM 3050S). The slices were air-
dried and stored at room temperature until analysis. Laser ablation was performed on an
NWR213 laser with a TV2 sample chamber (ESI, Bozeman, MT) using the following parame-
ters: Spot size: 6 um; Fluence: 3.1 ] cm-2; Stage speed: 15 pum s-1; Firing rate: 20 Hz; He flow:
800 mL min-1; Pattern spacing: 6 um. The ablated material was introduced by Helium flow
into an iCAP-Qc ICP-MS (Thermo Fisher) and analyzed for 63Cu using a 0.4 sec dwell time in
standard acquisition mode. The resulting mass spectrometry traces and laser log files were pro-
cessed in Igor Pro using the Iolite application with a custom matrix.

Laser-mediated dissection of ChPl and proteome analysis

Mouse brains were sectioned at a thickness of 10 um on a cryostat (Leica CM3050 S) set to a—
20°C and collected on super plus frosted slides (Fisher Scientific, USA). Sections were then
stored at— 80°C. For laser capture, the paired control and KO tissues sections were removed
from the- 80°C freezer, warmed to room temperature for approximately 30 minutes. Slides
were briefly fixed in ice cold ethanol in two steps; first 100% ethanol (2 dips, 3 seconds each),
followed by two dips with 70% ethanol. The ethanol was allowed evaporate before two washes
in PBS for 2 minutes each. Slides were then washed twice in deionized H,O for 30 seconds.
Excess water was wiped off the slide’s edges with a Kimwipe and allowed to air dry for about
5-10 minutes. Air dried slides were loaded onto the stage of the Axio Observer Al portion of
the Palm MicroBeam from Zeiss. Using the Palm Robo software (Zeiss), the sections were
screened using the transmission mode, a magnification of 5x, 272 millisecond exposure, and a
numerical aperture. of 0.17 to locate 4™ ventricle. The free hand tool was used to outline the
choroid plexus. The LCM was then switched to 20x magnification, and the numerical aperture
was increased to 0.22. The sections were then laser-cut and collected on adhesive cap tubes
(Zeiss). To collect the same total area of 3.05 mm? 6-16 sections per animal were used. Col-
lected material was incubated for 1 hour in a buffer containing 8M Urea, 50 mM TEAB, 0.444
M beta-mercaptoethanol, and 0.74% (M/V) SDS. After incubation, the samples are centrifuged
at 10,000g, and transferred to a fresh Eppendorf tube.

TMT labeling and analysis of the protein extracts were performed by the Johns Hopkins
Mass-spectrometry and Proteomics facility (see S1 Text). The identified proteins were sorted
based on fold-change and p-values and those with p-value less than 0.05 and fold-change more
1.5 were submitted to Ingenuity Pathway Analysis (Ingenuity, Thermo Fisher Scientific,
Halethorpe, MD) for functional classification. Additional details can be found in S1 Text.

Lipid extraction and analysis

Total lipid extracts from 10 mg of homogenized brain tissue were prepared using a modified
MTBE lipid extraction protocol [64]; for details see S1 Text. Total lipid extracts were analyzed
by liquid chromatography coupled to high resolution mass spectrometry (HRMS). For HPLC
analysis see S1 Text. Mass spectrometry analysis was separated into two workflows: 1.) lipid
identification of a pooled sample using an iterative MS/MS acquisition and 2.) lipid semi-
quantitation of all samples using high-resolution, accurate mass MS1 acquisition. The MS
parameters for the iterative workflow were as follows: extended dynamic range, 2 GHz; gas
temperature, 200°C; gas flow, 10 L/min; nebulizer, 50 psi; sheath gas temperature, 300°C;
sheath gas flow, 12 L/min; VCap, 3.5 kV (+), 3.0 kV (-); nozzle voltage, 250V; reference mass
m/z 121.0509, m/z 1221.9906 (+), m/z 119.0363, m/z 980.0164 (-); MS and MS/MS Range m/z
100-1700; acquisition rate, 3 spectra/s; isolation, narrow (~ 1.3 m/z); collision energy 20 eV
(+), 25 eV (-); max precursors/cycle, 3; precursor abundance-based scan speed, 25,000 counts/
spectrum; ms/ms threshold, 5,000 counts and 0.001%; active exclusion enabled yes; purity,
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stringency 70%, cut off 0%; isotope model, common organic molecules; static exclusion ranges,
m/z 40 to 151 (+,-). The MS parameters for the MS1 workflow were the same for source and
reference mass parameters and differed only for acquisition (selection of MS (same parame-
ters) not Auto MS/MS).

LC-MS data from the iterative MS/MS workflow was analyzed for lipid identification via
Agilent’s Lipid Annotator (v 1.0). The default settings for feature finding and identification
parameters were used. Positive and negative ion mode adducts included [M+H]+, [M+Na]+,
[M+NH,]+, [M-H]-, and [M+CH;CO,]-, respectively. The results of the Lipid Annotator
were saved as a PCDL file. The LC-MS data from the MS1 workflow were processed using Agi-
lent’s MassHunter Profinder (v 10.0). Batch targeted feature extraction using default parame-
ters and the PCDL file created from Lipid Annotator were used for feature extraction. The
processed data generated from Profinder which included peak area and lipid identification
was exported into MetaboAnalyst 4.0 [65,66] for multivariate analysis. Univariate analysis was
done using Prism 6 (GraphPad, La Jolla, CA). Additional details can be found in in S1 Text)

Supporting information

S1 Fig. Localization of Ctr1 at the apical membrane and the basolateral (stromal) aspect
of ChPI (a) Immunofluorescent staining for Ctrl (Red) and apical membrane marker NKCC1
(Green) on ChPIl from 4 weeks Atp7b-/- and Wild type. ChPl was co-stained with F-actin
(Phalloidin_Alex647; magenta). The Ctrl shows colocalization with NKCCI in wild type ChPI
on the apical membrane which was completely absent in Atp7b-/-. Ctr1 staining was also
observed on the basolateral membrane of ChPl. The magnified area was marked with a white
dotted box. The apical membrane has been marked with white arrows. (b) The colocalization
of Ctrl with NKCC1 and F actin was shown using RGB profile plot. The area for which the
RGB profile plot was generated has been shown with a white line. Scale bar 20 pm.

(PDF)

S2 Fig. Cilia density is decreased in the 4 week-old Atp7b-/- ChPl compared to controls
(a) Immunofluorescent staining for ciliary membrane marker Arl13b (green), gamma tubulin
(red) on ChPI from 4 weeks Atp7b-/- and Wild type controls. The data here for Arl13b/y-tub/
DAPI merged is the same as in Fig 3G. Scale Bar 20 um (b) Merged Z stack images for Arl13b
(white) and gamma tubulin (red) from Wild type and Atp7b-/- ChPI were used to count the
number of ciliated cells. The ciliated structures were marked using a white box. Scale Bar

20 um (c) Percentage of ciliated epithelial cells between Atp7b-/- and wild type ChPl were cal-
culated from these images. Data represented as Means + SD. *P < 0.001 (Welch corrected t-
test). n =3-4

(PDF)

S3 Fig. (extended Fig 4C). Immunofluorescent staining for focal adhesion kinase (FAK) on
ChPI from 4 weeks Atp7b-/- and Wild type controls. The ChPl was stained for FAK (green),
Transthyretin (TTR) (Red), and F-actin (Magenta). The data here for FAK is the same as in
Fig 4C. The quantitation for FAK shown in Fig 4D was performed by normalizing the fluores-
cent intensity of FAK to F-actin. Scale bar 20 pm. S4 Fig. Quantification of DBH-positive cell
located at both sides of the fourth ventricle in 4-weeks-old control C57Bl/6 mice. (A) Repre-
sentative cross sections and DBH staining at various distances from a complete closing of the
fourth ventricle. (B) DBH-positive cells on both sides of the fourth ventricle were quantified
and plotted using individuate sample replicates. (C) Average of DBH-positive cells at various
distances from the complete closing of the fourth ventricle.

(PDF)
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$4 Fig. Quantification of DBH-positive cell located at both sides of the fourth ventricle in
4-weeks-old control C57Bl/6 mice. (A) Representative cross sections and DBH staining at
various distances from a complete closing of the fourth ventricle. (B) DBH-positive cells on
both sides of the fourth ventricle were quantified and plotted using individuate sample repli-
cates. (C) Average of DBH-positive cells at various distances from the complete closing of the
fourth ventricle.

(PDF)

S5 Fig. Expression of Atp7a and Atp7b (red) in DBH positive cells (green) of locus coeru-
leus at 4 weeks and 20 weeks after birth. The data for Atp7a at 4 weeks here is the same as in
the Fig 5B. Scale bar = 20pm.

(PDF)

S6 Fig. (top two panels) Representative average full scan mass spectra of derivatized DA
and NE in brain tissue exhibiting the detection of their ions at m/z 258.1485 and 274.1435,
respectively. CHCA was used as the matrix. (bottom panels) In order to confirm the identities
of derivatized DA and NE, collision-induced dissociation was carried out. From these experi-
ments, derivatized DA exhibited fragment ions at m/z 122.0958 and 137.0591 corresponding
to C8H12N+ and C8H802+, respectively. Similarly, derivatized NE yielded its fragment ions
at m/z 122.0959 and 153.0540 corresponding to C8H12N+ and C8H803+, respectively.

(PDF)

S7 Fig. Analysis of dopamine degradation products in striatum (Str) and substantia nigra
(SNc¢) in males and females. 5-HIAA is 5-hydroxyindoleacetic acid, DOPAC—3,4-dihydroxy-
phenylacetic acid, 5SHT—5-hydroxytryptamine, 3MT—3-homovanillic acid (n = 3-4)

(PDF)

S1 Text. Supplemental methods and reference.
(PDF)

S1 Table. Significant changes in protein abundances in Atp7b-/- ChPl compared to control
(p-value<0.1). Peach color indicate proteins upregulated more than 1.25 fold; green color-
proteins downregulated more than 1.25 fold.

(PDF)
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