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Abstract

Copper (Cu) plays an essential role in the development and function of the brain. In humans,
genetic disorders of Cu metabolism may cause either severe Cu deficiency (Menkes disease) or
excessive Cu accumulation (Wilson disease) in the brain tissue. In either case, the loss of Cu
homeostasis results in catecholamine misbalance, abnormal myelination of neurons, loss of normal
brain architecture, and a spectrum of neurologic and/or psychiatric manifestations. Several
metabolic processes have been identified as particularly sensitive to Cu dishomeostasis. This
review focuses on the role of Cu in noradrenergic neurons and summarizes the current knowledge
of mechanisms that maintain Cu homeostasis in these cells. The impact of Cu misbalance on
catecholamine metabolism and functioning of noradrenergic system is discussed.
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The utilization and function of copper (Cu) in the brain

Copper (Cu) is required for the development, maturation, and function of human brain - as a
cofactor of key metabolic enzymes and a signaling and regulatory molecule. In enzymes, Cu
is most often used for electron transfer as well as binging and activation of oxygen. Detailed
information on coordination environments and the types of Cu binding sites in biomolecules
can be found in a recent review [1]. In mitochondria, cytochrome ¢ oxidase uses its two Cu
centers to facilitate transfer of electrons to oxygen during respiratory cycle. A binuclear,
mixed valence (Cull/Cul) Cup center site is exposed into the inter-membrane space of
mitochondria and serves as an acceptor of electrons from the reduced cytochrome. The
bimetallic heme,3-Cu (CuB) center site is located within the transmembrane domain and is
involved in O, reduction [2]. To populate these centers, mitochondria employ a complex
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protein machinery for Cu delivery and insertion [3, 4]. Genetic defects in this machinery
cause fatal disorders with a major impact on a heart, brain, and liver function [4].

In the cytosol, Cu enables activity of Cu/Zn-dependent superoxide dismutase 1 (SOD1).
This ubiquitous and finely regulated enzyme detoxifies superoxide radicals by converting
them into hydrogen peroxide [5]. SOD1 is a dimer, and each monomer has a Cu/Zn
binuclear site. Cu plays the major role in the catalysis by transitioning from Cu(ll) to Cu(l)
state [6]. Loss of SOD1 activity is associated with a spectrum of severe neuropathologies,
including progressive loss of motor function and cerebral atrophy [7]. Mutations that cause
misfolding and aggregation of SOD1 have been linked to amyotrophic lateral sclerosis, a
progressive and fatal neurodegenerative disease [8]. Other Cu-dependent enzymes in the
brain have more specialized functions compared to cytochrome ¢ oxidase and SOD1, but
these functions are equally important. Peptidyl-a—monooxygenase (PAM) employs Cu to
catalyze the first (hydroxylation) step in C-terminal amidation of neuropeptides [9]; this
modification increases affinity of neuropeptides for their receptors. PAM has two Cu atoms
in distinct sites (Cuy and Cup,) located 11A apart; the peptide substrate bridges these sites
and serves as a conduit for electron transfer [10]. PAM is especially abundant in the
hippocampus and in olfactory cortex.

In noradrenergic neurons, Cu is needed for activity of dopamine-p-hydroxylase (DBH),
which converts dopamine to norepinephrine and is required for catecholamine balance [11].
The catalytic core of DBH is structurally similar to PAM. DBH is a tetrameric protein and
each subunit has two Cu atoms bound at distinct sites. In the Cuy site, Cu is coordinated by
three histidines; in the Cuyp, site — by two histidines and one methionine. Binding of Cu to
both sites is required for DBH catalysis [11]. Inactivation of DBH causes embryonic
lethality in mice. Several other Cu-dependent enzymes, such as ceruloplasmin and
hephaestin (involved in iron homeostasis), tyrosinase (pigmentation), lysyl oxidase (collagen
cross-linking), SOD3 (wound healing), amino-oxidase 3 (regulation of metabolic fluxes and
inflammation) are also expressed in the brain [12], but their specific roles in the CNS have
not been characterized in detail.

In addition to its well-known role as an enzyme cofactor, Cu is involved in a wide range of
cellular processes, in which it has regulatory and signaling roles. Cu is required for
myelination of neurons [13], and it influences synaptic transmission by modulating
functions of GABA and NMDA receptors, as well as voltage-gated Ca?* channels [14-17].
Changes in Cu levels alter glycolytic flux in astrocytes and affect lipid balance [18-21].
Dietary or genetic Cu deficiency causes significant metabolic abnormalities,
hypomyelination, abnormal arborization of neurons, seizures, and - in Menkes disease
(MNKD) — death [22]. Cu excess is also detrimental for the normal brain function. In Wilson
disease (WD), Cu accumulates in the brain and other tissues. The increase in Cu levels
causes a broad spectrum of neurologic and psychiatric pathologies, including depression,
psychotic episodes, dystonia, tremor, and sleep abnormalities [23]. In both MNKD and WD,
catecholamine homeostasis is disturbed [24, 25]. MNKD patients have increased levels of
dopamine (DA) and lower levels on norepinephrine (NE), both in brain and in the serum. In
WD, changes in catecholamine levels are region-dependent and variable [25], but the deficits
in a dopaminergic system are frequently reported [26—28]. How Cu induces changes in the
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cellular machinery involved in dopamine signaling and uptake remains poorly understood.
Cu misbalance in conjunction with a negative impact on noradrenergic neurons has also
been reported for Parkinson’s disease, Alzheimer’s disease, and could be a contributing
factor in etiology of other neurodegenerative disorders and aging [29].

Like many metabolic processes, the Cu-requiring biochemical reactions in the central
nervous system (CNS) depend on a timely delivery to the brain of sufficient amounts of their
key “metabolite”, namely Cu. Studies in human subjects determined that the concentration
of Cu in the brain increases early in child development, and triples upon transition from a
prenatal to an infant stage [30]. These age-related increases in the brain Cu are also seen in
rodents [31, 32]. Both humans and rodents show gender-specific differences in the serum Cu
levels, which are higher in females [33]. Whether gender specific differences exist in the
uptake and processing of Cu by the CNS is unclear. Available data suggest that the adult
females (humans and rats) have a larger number of noradrenergic neurons and more
prolonged neurogenesis. Therefore, females would likely to require more Cu for the
functional maturation of their noradrenergic system [34, 35]. Coincidentally, gender-
dependent differences were reported for WD patients with neuropsychiatric symptoms. Not
only neuropsychiatric WD is more frequently seen in men compared to women, male
patients also have an earlier age of onset and a shorter time of disease latency compared to
female patients [33, 36].

Copper entry into the brain

The mechanisms of Cu transport in and out of the brain are still being investigated. The two
proposed entry routes are the brain capillary endothelial cells that form the blood-brain
barrier (BBB) and the choroid plexus that forms the blood-cerebrospinal fluid barrier (BCB).
A much higher content of Cu in the blood compared to the cerebrospinal fluid (0.3-0.5 uM
or22.3+2.2 ug/L in a CSF versus 1129 + 124 ug/L in a serum [37]) suggests that BBB and
BCB limit entry of Cu into the brain. Experiments on perfusion of mice with radioactive Cu
found a negligible increase of Cu in the CSF; whereas Cu uptake into the brain parenchyma
was higher. These experiments led to the suggestion that BBB represents the primary route
of Cu entry into the brain parenchyma, whereas a fine-tuned regulation of Cu entry into the
brain occurs in BCB [38].

The Cu transporter ATP7A (defective in MNKD) appears to play the major role in exporting
Cu from both brain barriers. ATP7A is highly abundant in the endothelial cells of choroid
plexus [38], a BCB site, and in cerebrovascular endothelial cells that form BBB [39]. Studies
of a recently identified patient with a somatic mosaicism for an ATP7A P1001L mutation
provided evidence for significance of ATP7A in choroid plexus. In this patient, cells
originating from the ectoderm (such as choroid plexus epithelia) had ATP7A mutation more
frequently than cells originating from mesoderm (such as endothelial cells of BBB [40]).
The patients had clinical manifestation typical for classic MNKD (a complete loss of ATP7A
function), indicating that a partial activity of ATP7A in BBB is insufficient for normal Cu
entry and brain development. Similarly to patients with MNKD, inactivation of ATP7A in
brindle mice (an animal model of MNKD) results in Cu accumulation in brain capillaries
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and deficiency of Cu in the brain [41]. Overexpression of the recombinant ATP7A protein in
choroid plexus along with Cu injections corrects ATP7A deficiency in brindle mice [42].

In WD (caused by ATP7B inactivation), Cu import into the brain is not impaired, but
regulation of Cu balance is altered, resulting in a gradual accumulation of Cu in the brain
tissue [23]. ATP7B, which is homologous to ATP7A, is also expressed in endothelial cells of
choroid plexus but has different cellular behavior in response to Cu elevation. In these cells,
Cu triggers ATP7A to traffic from intracellular compartments towards the apical membrane
facing cerebrospinal fluid, a behavior typically associated with an increased Cu efflux from
cells. By contrast, ATP7B moves towards the basolateral membrane (facing the blood),
presumably to facilitate return of Cu to the circulation [39]. ATP7B may also buffer Cu
levels in BCB and modulate ATP7A function. It should be noted that the pattern of polarized
trafficking of the two Cu transporters in choroid plexus is opposite to other epithelial
systems, where ATP7A was repeatedly shown to traffic to the basolateral membrane and
ATP7B - to the apical membrane.

Cu is enriched in specific brain areas regions

The distribution of Cu across the brain parenchyma is fairly even, with the exception of
several regions, where Cu is notably high. Upon entry into the brain, Cu accumulates in the
subventricular zone of brain ventricles (Fig.1), more specifically in the subset of astrocytes,
which are thought to act as “storage depots” for Cu. Rats and mice show high Cu deposits in
the vicinity of the 41 ventricle and in the regions of habenula and hypothalamus adjacent to
the third ventricle. In a healthy brain, the concentration of Cu in cells located in these areas
is in a millimollar range ([43] and our data), which is remarkably high. The ability of the
brain to safely maintain Cu at such high concentration points to the existence of cellular
mechanisms that effectively neutralize and stabilize the otherwise highly reactive Cu. The
endogenous metal-chelating proteins metallothioneins could be part of this storage/
neutralizing mechanism [44]. Another Cu-rich areas is locus coeruleus (LC) [45-47] (Fig.1
in boxes), which is a hub of noradrenergic neurons and will be discussed in more detail
below.

The functional significance of Cu-rich cells in the subventricular zone is unclear: these cells
may serve as a protective layer to efficiently “filter and store” excess Cu. Copper deposits in
this brain region increase with age [48]. This change may reflect a diminished metabolic
demand for Cu in an aging brain or, instead, a weakened ability to deliver Cu to the brain as
a sign of aging. It is also thought that Cu storage may be necessary to accommodate
neurogenesis, especially in injury, because the Cu-rich cells are located in the vicinity of
neuronal stem cells. Existence of similar Cu-rich granules in the noradrenergic neurons of
LC (see below) suggests that there could be additional, cell specific, functions for Cu
deposits. More experimental data for the molecular identity and the roles of these Cu-depots
are needed. The increasing resolution of a synchrotron X-ray fluorescence imaging promises
to uncover many new details of subcellular Cu distribution. For example, recent studies of
hippocampal neurons using X-ray fluorescence revealed enriched Cu in dendritic spines,
especially within the spine neck [49]. This location led to suggestions of interactions
between Cu and the components of cytoskeleton and, indeed, Cu chelation was shown to
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decrease the abundance of F-actin in dendrites and reduces the number of F-actin
protrusions [49].

Proteins involved in Cu homeostasis

Cells of the CNS import Cu from the interstitial fluid via the high affinity Cu transporter
CTR1 (SLC31A1). The uptake of Cu is facilitated by a tripeptide glutathione, GSH [50]
(Fig.2). GSH also plays an important role in regulating Cu distribution between the
intracellular compartments during neuronal differentiation [51]. Upon entry into the cell Cu
binds to small cytosolic Cu-shuttle proteins or Cu-chaperones (Cox11, CCS, Atox1, and
possibly others), and is transported to mitochondria (Cox11 and possibly others), cytosolic
superoxide dismutase SOD1 (CCS), and the secretory pathway (Atox1). In the secretory
pathway (the frans-Golgi network and endocytic vesicles) the Cu transporter ATP7A and a
homologous ATP7B transfer Cu into the lumen of the pathway for its incorporation into the
Cu-dependent enzymes (DBH, PAM, ceruloplasmin, tyrosinase, etc.) or to export excess Cu
out of the cells (Fig.2).

Current data suggests that ATP7A is chiefly responsible for incorporation of Cu into PAM
and DBH, and possibly other Cu-requiring enzymes in the CNS. The role of ATP7B in the
CNS is less clear, and could be regulatory. Currently, the mechanistic understanding of Cu
homeostasis in the brain is still in its infancy. In cultured hippocampal neurons, Cu elevation
was shown to induce redistribution of ATP7A and ATP7B from their intracellular location in
the trans-Golgi network (TGN) towards the plasma membrane to facilitate Cu export.
ATP7A traffics along the axon and dendrites in response to high Cu or NMDA receptor
signaling [52]. In the same neurons, trafficking of ATP7B in response to Cu elevation is
restricted to the plasma membranes of a somato-dendritic domain [53]. Why some neurons
express mostly ATP7A, while others have equally abundant ATP7A and ATP7B [54]
remains a mystery.

Studies of motor neurons /n7 vivo and a noradrenergic cell line (SH-SYS5Y cells) /n vitro
found that changes in the oxidation state of glutathione that affect the cellular GSH:GSSG
ratio also influence the oxidation state of Atox1. Atox1 binds Cu(l) in a two-coordination
environment using cysteine residues of its Cys-XX-Cys motif. The redox potential of these
residues are such that they become reversibly oxidized upon normal (within physiologic
range) fluctuations in GSH:GSSG ratio [55]. Change in the oxidation state of Cu-
coordinating cysteines, in turn, modulates the ability of Atox1 to bind Cu and transfer Cu to
ATP7A and ATP7B [51]. Normally, such redox regulation of Atox1-mediated Cu transfer
occurs upon neuronal differentiation; and it is used to determine the distribution of Cu
between the secretory pathway and other cellular compartments [51].

The precise composition of Cu handling machinery differs between various cell types in the
brain. Recent single cells RNA sequencing revealed that all identified cell types (excitatory
and inhibitory neurons, oligodendrocytes, astrocytes, ependymal cells, and microglia)
express major Cu transporting proteins and chaperones. However, the abundance of ATP7A,
ATP7B, CTR1 (SLC31al) and Cu chaperones differs significantly between the cell types
(Fig. 3). Endothelial cells have the highest expression levels of the transporters for Cu-
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uptake (CTR1) and Cu-efflux (ATP7A) as well as the Cu chaperone Atox1 (not shown),
which is consistent with the proposed central role of these cells in Cu entry into the brain
(see above). High levels of ATP7A, ATP7B, and CTR1 are also seen in ependymal cells that
line ventricles and may be involved in regulation of Cu levels in the cerebral spinal fluid and
parenchyma. Interestingly, different types of the inhibitory and excitatory neurons show
significant difference in the composition of their Cu handling machinery (see examples in
Fig.3) illustrating that regulation of Cu balance in the CNS is likely to be a complex and
cell-specific process.

Cu in locus coeruleus.

Locus coeruleus (LC) represents a cluster of approximately 1500 neurons located in the pons
(pontine tegmentum) region near the 4™ ventricle (Fig.4a) [56]. This area of the brain is
essential for catecholamine metabolism and is enriched in Cu (Fig.1). Catecholamines
(dopamine and norepinephrine) are important neurotransmitters that regulate numerous
activities of central and peripheral neurons.

It is estimated that over 10 million neurons are catecholaminergic (dopaminergic and
noradrenergic). Dopaminergic neurons are especially abundant in the substantia nigra and
the ventral tegmental area of midbrain. These neurons control posture, initiation of
movement, reward-associated behavior, attention, and memory. The noradrenergic neurons
are concentrated in the LC. Although LC is small, it sends projections throughout the brain
and represents the major source of norepinephrine in the CNS. The LC neurons are
responsible for modulation of arousal, attention, and vigilance; they accomplish this function
through regulation of target regions in a forebrain [57-59]. In the coronal sections of the
brain (Fig.4b), LC has a characteristic “horn-like” appearance at the edges of the ventricle
and can be easily identified by immunostaining for the Cu-dependent enzyme dopamine-p-
hydroxylase, DBH, or tyrosine hydroxylase, which is an established marker of noradrenergic
neurons (Fig.4b).

The morphology of LC is gender-dependent, at least in some species. In rats, the LC of adult
females contains more noradrenergic neurons and is larger than LC in males [61-63]. This
property has been attributed to a longer period of neurogenesis in females [63], and it may
impact activities of target regions. It is not very clear how gender differences are established,
but the effects of hormones throughout the development may play a role [61, 63]

Dopaminergic neurons and noradrenergic neurons express cell-type specific transporters,
transcription factors, enzymes and signaling molecules [56]. The transcripts specifically
enriched in the LC encode proteins that are involved in catecholamine metabolism (DBH,
monoamine oxidase A, and cytochrome b561, which provides reducing equivalents for the
DBH reaction) and retinoic acid-induced transcription factors AP-2p and AP-2a, which
regulate expression of DBH. The high-affinity Cu transporter CTR1 (SLC31A1) is also
abundantly expressed and specifically enriched in the LC. This high expression is likely to
contribute to high Cu accumulation, which is apparent from the analysis of Cu distribution
in mouse brain using X-ray fluorescence ([45] and Fig.1 (box)). High LC Cu was also
reported for zebrafish, rats, and humans [46, 47, 64], pointing to an evolutionary conserved
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requirement for Cu in this neuronal cluster. In rat LC, Cu appeared to be higher in neuropil
compared to neuronal cell bodies; the electron microscopy data also suggested enrichment
of Cu at the synaptic membranes [64].

In either humans or mice, the Cu levels in noradrenergic neurons are uneven: some cells
have modest Cu contents, whereas others show dense Cu clusters. Our recent XFM analysis
of Cu distribution within the LC of adult mice revealed presence in this region of cells
extremely rich in Cu (Fig.5).

The functional significance of these deposits as well as the identity of cells and intracellular
structures in which Cu is located are currently unknown. The number of DBH-positive
neurons present in a tissue section exceeds the number of Cu-rich cells (see the nuclei signal
in the phosphorus map). This observation argues against the idea that the Cu-rich “depots”
represent a Cu-bound DBH within secretory granules. Further studies are needed to
determine whether the LC contains specialized Cu-storage cells or the Cu concentration in
different subsets of the DBH expressing neurons is markedly different

It is worth noting that in Parkinson’s disease the levels of Cu and the Cu-transporter CTR1
in the LC are decreased along with the loss of neurons [65]. Similarly, the loss of neurons in
the LC is observed in Alzheimer’s disease [66]. The cause-effect relationship between
changes in Cu homeostasis and neuronal loss in the LC in either Parkinson’ disease or other
neurodegenerative disorders has not yet been established and further studies are needed.

Copper and catecholamine balance.

Catecholamines (dopamine, norepinephrine/noradrenaline, and epinephrine/adrenalin) are
small molecules that have two adjacent hydroxyl groups on a benzene ring and one side-
chain amine (Fig.6). The amino acids L-phenylalanine or L-tyrosine are precursors of
catecholamines in a biosynthetic pathway that involves several enzymatic reactions (Fig.6).
In this pathway, dopamine-p-hydroxylase (DBH) converts dopamine to norepinephrine; it is
a rate-limiting and the only Cu-requiring enzyme.

The catecholamine balance, especially levels of dopamine and norepinephrine, is altered in
disorders of Cu metabolism. Infants with MNKD, which is caused by ATP7A inactivation,
show marked Cu deficiency in the brain. The impaired Cu delivery to the CNS in these
patients is associated with higher dopamine and lower norepinephrine levels in the brain and
in a plasma, which is used in clinical diagnosis of the disease [67, 68]. The change in
catecholamine levels is thought to be caused by the loss of Cu incorporation into DBH and
hence its decreased enzymatic activity. Restoration of ATP7A expression in the mouse
model of MNKD using an adenovirus-mediated targeted gene expression corrects the
dopamine-to-norepinephrine ratio, especially if it is accompanied by extra Cu injections [24]

Similar to MNKD, the dietary Cu deficiency also alters catecholamine metabolism in the
brain. Changes in the dopamine and norepinephrine levels were reported for the offspring of
rats on a Cu deficient diet [69]. In one study, the norepinephrine levels were decreased in the
cerebrum, mid-brain, corpus striatum, cerebellum, and medulla-pons but not in
hypothalamus. Dopamine levels were elevated in the cerebellum, medulla, hypothalamus,
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and midbrain but unchanged in the cerebrum and striatum [69, 70]. In other study, Cu
deficiency was associated with low dopamine in some but not all animals [70].
Norepinephrine concentrations were lower in the total brain, but higher in the hypothalamus.
The reasons for this variability remain unclear.

The effect of high Cu on catecholamine levels also depends on the region of the brain. In
rats, Cu treatment was found to increase catecholamines levels in the cerebellum, cortex, and
midbrain [71]. Experiments on Cu supplementation in the diet of developing pigs also found
increases in dopamine and norepinephrine levels in the midbrain and hypothalamic brain
region along with an increased DBH activity in the midbrain[72]. However, the activity of
DBH in hypothalamus was unaffected by Cu supplementation. The mechanisms behind
these region-specific effects of Cu on DBH activity and catecholamine levels have not been
explored, and further studies are needed to determine both the local and long-range effects of
Cu imbalance in the CNS.

Inactivation of ATP7B is associated with Cu accumulation in the brain, which also impacts
the catecholamine balance throughout the organism. In mice with a genetically inactivated
ATP7B (Atp7b7'~ mice), adrenal glands have reduced levels of norepinephrine and
epinephrine even though ATP7B is not expressed in this tissue [73]. In another animal model
of WD, toxic milk mice, ATP7B expression is not disrupted but protein is mutated. These
animals with age demonstrate increase of Cu levels in the brain, motor deficits, and slight
decrease in dopamine concentration in the striatum[74]. These changes do not fully reflect
those reported for humans. In patients with WD, inactivation of ATP7B causes gradual Cu
elevation in most regions of the brain, although specific effect of ATP7B inactivation on Cu
levels in the LC remains to be determined. The significantly decreased levels of dopamine
and increased norepinephrine were reported for the basal ganglia, whereas opposite was
observed in the hypothalamus[75]. Long-Evans Cinnamon rats (another animal model of
WD) show increased levels of dopamine and decreased norepinephrine levels in their cortex
[76]. More systematic studies may help to understand these variations in catecholamine
balance caused by loss of ATP7B.

Regulation of Cu balance in noradrenergic neurons

Noradrenergic neurons employ the same key components of the Cu balancing machinery as
do other cells (Fig. 2). Recent studies directly demonstrated the presence in these cells of the
Cu uptake transporter CTR1 along with the two Cu-transporting ATPases, ATP7A and
ATP7B [45, 46]. ATP7A is thought to transfer Cu to DBH in the TGN, whereas ATP7B is
located in vesicles and maintains Cu balance in the cytosol. It was proposed that the ATP7B
activity modulates Cu availability to ATP7A and to downstream DBH [45]. The DBH-
dependent conversion of dopamine into norepinephrine takes place in secretory granules, to
which DBH traffics from the TGN (Fig.7). In response to electric or other stimuli, secretory
granules fuse with the plasma membrane causing release of norepinephrine. Experiments
with DBH-rich chromaffin cells of the adrenal medulla demonstrated that the membrane-
bound components of secretory granules, including the membrane-bound DBH (see below),
are subsequently and incrementally retrieved from the plasma membrane upon clathrin-
mediated endocytosis.
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Synthesis and release of norepinephrine are regulated at several levels. In the rat primary
sympathetic neurons, angiotensin Il (Ang Il) enhances norepinephrine synthesis by
stimulating trafficking of DBH mRNAs to distal axons and also facilitates norepinephrine
release while inhibiting its reuptake [77]. Noradrenergic neurons belong to the network of
wake promating neurons and norepinephrine release is required for sleep regulation. Recent
studies in zebrafish provided direct evidence for the Cu-dependent involvement of released
norepinephrine in the sleep / wake cycle [46]. In humans, an abnormal function of
noradrenergic neurons may contribute to sleep abnormalities commonly observed in Wilson
disease patients [78].

The molecular properties of DBH protein and its cellular behavior in noradrenergic neurons
are also regulated. DBH is a tetrameric protein, which exists in at least three forms. These
forms are generated through proteolysis and posttranslational modification, most likely
during DBH functional maturation in the TGN. The membrane-bound form of DBH is a
dimer of two noncovalently associated heterodimers. Each heterodimer consists of a
membrane-bound and a soluble DBH subunit, generated from the membrane bound subunit
by proteolysis and covalently linked to it via a disulfide bond. In addition to the membrane-
bound tetramer, secretory granules contain a fully proteolized soluble form of DBH, which
retains its tetrameric structure in solution. Upon neuronal signaling, the soluble DBH is
released from cells along with norepinephrine.

In addition to a signal-dependent secretion of DBH, noradrenergic neurons in culture (and
potentially /n vivo) export enzymatically-active soluble tetrameric DBH via constitutive
secretion (Fig. 7). The constitutive secretion of DBH is dependent on Cu availability [45].
Cu deficiency inhibits export of DBH from the neurons via this consecutive pathway. Down-
regulation of ATP7B, which increases Cu availability in the cytosol, upregulates DBH export
from cells even in the absence of neuronal signaling [45]. Thus, the catecholamine ratio
(inside and outside on neuronal cells) under conditions of Cu misbalance would depend not
only on the activity of DBH within the secretory granules but could also be influenced by
the amount of active DBH exported into the extracellular milieu.

In conclusion, current experimental evidence from the /n vitro and in vivo studies along with
the clinical data highlights the essential role of Cu homeostasis for normal functioning of the
central nervous system. The molecular mechanism maintaining Cu balance in various cell
types in the brain remain to be fully explored. Accumulating data have identified locus
coeruleus (a major site of norepinephrine production) as a Cu-enriched region, where Cu is
utilized for (i) enzymatic activity of DBH, (ii) export of DBH into an extracellular milieu
and (iii) possibly, for Cu storage. How these processes are coupled normally and how they
are altered in human disease are fascinating topics of further studies.
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Fig. 1. X-ray fluorescence imaging of the coronal section of mouse brain that includes ventricle
and locus coeruleus (boxed).

Top: phosphate map, bottom: Cu map. Lighter color indicates a higher concentration of an
element. The two boxed areas show locus coeruleus
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Fig. 2. Cu distribution pathways in a generalized cell.
GSH, glutathione; MT1,2 and MT3; metallothioneins, CCS, copper chaperone for SOD1;

Atox1, Cu chaperone for ATP7A and ATP7B.; COXIV cytochrome c¢ reductase. ATP7A
delivers Cu to Cu-dependent enzymes within the secretory pathway (DBH is shown), which
are then trafficked to specialized vesicles or to the plasma membrane. Excess Cu is either
stored in vesicles or exported via the plasma membrane.
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Fig. 3. Expression of major Cu transporters in different cell types in the CNS.
The graph has been generated using primary data from Rosenberg et al [54]. VLMC -

vascular and leptomeningeal cells; g and a motor neurons are gamma and alpha motor
neurons, respectively Further details and additional examples can be found in [54]
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Figure 4. Localization of locus coeruleus in the mouse brain.
(Upper panel) Sagittal section, the location of LC is indicated by the grey oval and letters.

The vertical dotted line indicates the position of the coronal section. (Lower) Coronal
section. The LC is indicated by the grey ovals located on the left and right edge of the
ventricle; the upper right insert shows a magnified view of the area that includes one LC and
an edge of the ventricle (V); the lower insert shows a higher magnification image of
neuronal cell bodies within the LC. The LC is identified by immunostaining for dopamine-
B-hydroxylase (DBH, in green) as described in [60].
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Figure 5. Cu is elevated in LC (a) and is concentrated in “granules” in a subset of cells.
Phosphorus (P) shows location of cell nuclei. Lighter color indicates higher metal content.
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Fig.6. Cartoon illustrating the biosynthesis of catecholamines and the step mediated by DBH
AAAH- aromatic amino acid hydroxylase or tyrosine hydroxylase; AADC - aromatic L-

amino acid decarboxylase or DOPA decarboxylase; COMT - catechol-O-methyltransferase;
DBH - dopamine-B-hydroxylase; PNMT - phenylethanolamine N-methyltransferase
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Fig. 7. Signal dependent and constitutive secretion of DBH.
Cu levels in the cytosol of DBH expressing cells are regulated through a coordinated action

of two Cu-transporters ATP7A and ATP7B. Both are thought to get their Cu from Cu
chaperone Atox1. DBH receives Cu and is activated in the TGN, where it also undergoes
partial proteolytic processing and sorting. The major fraction of DBH is sorted towards the
secretory granules. The minor fraction is targeted for constitutive export
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