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Abnormal Development of Neural Stem Cell Niche in the Dentate
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Background and Objectives: Menkes disease (MNK) is a rare X-linked recessive disease, caused by mutations in the
copper transporting ATP7A gene that is required for copper homeostasis. MNK patients experience various clinical
symptoms including neurological defects that are closely related to the prognosis of MNK patients. Neural stem cells
(NSCs) in the hippocampal dentate gyrus (DG) produce new neurons throughout life, and defects in DG neurogenesis
are often correlated with cognitive and behavioral problems. However, neurodevelopmental defects in the DG during
postnatal period in MNK have not been understood yet.

Methods and Results: Mottled-brindled (Mo®*) mice (MNK mice) and littermate controls were used in this study.
In vivo microCT imaging and immunohistochemistry results demonstrate that blood vasculatures in hippocampus are
abnormally decreased in MNK mice. Furthermore, postnatal establishment of NSC population and their neurogenesis
are severely compromised in the DG of MNK mice. In addition, i vitro analyses using hippocampal neurosphere culture
followed by immunocytochemistry and immunoblotting suggest that neurogenesis from MNK NSCs is also significantly
compromised, corresponding to defective neurogenic gene expression in MNK derived neurons.

Conclusions: Our study is the first reports demonstrating that improper expansion of the postnatal NSC population
followed by significant reduction of neurogenesis may contribute to neurodevelopmental symptoms in MNK. In con-
clusion, our results provide new insight into early neurodevelopmental defects in MNK and emphasize the needs for
early diagnosis and new therapeutic strategies in the postnatal central nerve system damage of MNK patients.
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Introduction

Menkes disease (MNK) is a rare X-linked recessive dis-
order, caused by mutations in the copper transporting
ATP7A gene, which may lead to disruption of copper ho-
meostasis in the body (1-4). Since ATP7A is abundantly
expressed in the placenta, lung, kidney, testis, and brain
(5), MNK patients have a variety of clinical symptoms
such as kinky hair, growth failure, and abnormal brain
development. In particular, neurological defects such as
hypotonia, lethargic states, seizures, and vascular and cer-
ebral atrophy are closely related to the survival of patients
who usually do not live past the age 3 years (4). Therefore,
understanding the effects of ATP7A mutations during
brain development may provide critical insights into how
ATP7A dysfunction can underlie neurodevelopmental de-
fects in MNK patients.

Copper is abundant in basal ganglia, hippocampus, and
cerebellum in the brain (6) and is required as a cofactor
for Cu/Zn superoxide dismutase (SOD), peptidyl @ -ami-
dating monooxygenase (PAM), dopamine /5 -hydroxylase,
cytochrome C oxidase, and ceruloplasmin (7). ATP7A dys-
function in the brain may cause accumulation of copper
in endothelial cells located in the blood brain barrier,
which eventually leads to insufficient copper supply to
neighboring neurons and glial cells. The insufficient sup-
ply of copper has been reported to result in gradual neuro-
degenerative damage or interruption of central nervous
system (CNS) development (8). Several studies suggest
that dysfunctional cerebellar Purkinje cells may be one of
the major contributors to MNK (9, 10). However, effects
of ATP7A dysfunction in other brain regions during post-
natal development still have not been fully demonstrated.

Hippocampus plays a crucial role in certain forms of
learning, memory, and emotional behavior in the brain
(11, 12). In the adult hippocampus, neural stem cells
(NSCs) that reside in subgranular zone (SGZ) of the den-
tate gyrus (DG) generate granule neurons throughout life.
Defective hippocampal formation has been reported in
several congenital disorders such as holoprosencephaly,
polymicrogyria, lissencephaly, and in children with epi-
lepsy (13). Furthermore, abnormal DG neurogenesis has
been associated with cognitive defects including autism
spectrum disorders (14, 15). However, congenital DG ab-
normalities in MNK have not been elucidated. In this
study, we demonstrated abnormal postnatal NSC niche de-
velopment followed by severe neurogenesis defects in DG
after birth using MNK mice model. Our results provide
new insights into understanding defects in postnatal brain

development in MNK that may underlie cognitive and
neurological impairment in MNK patients.

Materials and Methods

Animals

A colony of mottled-brindled (Mo"™") mice (16) was
maintained by mating an adult female heterozygous mot-
tled brindled (C57BL/6] Mo® ™) mouse with a wild type
male C57BL/6] mice (Jackson Laboratory; Bar Harbor,
ME). Mice were bred and maintained on a 12 h light, 12 h
dark cycle in the animal care facility at the Green Cross R&D
center, Yongin, Korea. All the animal protocols were ap-
proved by the Green Cross Animal Care and Use Committee
prior to experiments. In this study, both male (+/y) and
female (+/+) littermates were used as controls. Early
postnatal animals were euthanized by decapitation after
being anesthetized on ice.

In vivo microCT imaging

Briefly, postnatal day 14 mice were anesthetized using
isoflurane (JW Pharmaceutical Co., Seoul, South Korea)
via nose cone (1.0~1.5% mixed with 1~2 I/min O,) and
blood was removed through heart perfusion with cold PBS
(1 ml). Microfil reagent® (Flow Tech, Inc., Carver, MA)
for microvessel siliconization was prepared with Com-
pound : Diluent : Hardener=45 : 50 : 5 ratio (by weight)
and immediately injected into the heart using 1 ml
syringe. 90 minute after injection, brains were imaged
with a microCT small animal imager (NFR Polaris-G90;
NanoFocusRay, Jeonju, Korea).

Rhodanine stain

Rhodanine stain was prepared as previously described
(17). Briefly, 0.1% Rhodanine stock solution was prepared
by adding 0.1 g of 5-(p-dimethylaminobenzylidine)
Rhodanine (Sigma-Aldrich, St. Louis, MO) in 100 ml
ethanol. Brain sections were incubated with Rhodanine
working solution (Stock solution : deionized water=4 : 6)
at 60°C for 60 min. Rhodanine stained sections were
washed four times with deionized water and counter-
stained with methylene blue (Sigma-Aldrich, St. Louis,
MO). Then, Rhodamine stained sections were rinsed in
0.5% sodium borate solution and three times in deionized
water. Stained section was dehydrated with ethanol and
xylene and mounted with a cover glass using Permount
solution (Thermo, South Logan, UT).
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Cell culture

Primary neurosphere culture was established as pre-
viously described (18). Briefly, hippocampal tissue was mi-
cro-dissected from EI8.5 embryos and incubated with
Accutase solution (Innovative Cell Technologies, San
Diego, CA) with 0.02% DNase I (Roche, Indianapolis, IN)
for 15 min at 37°C. After incubation, the tissue was rinsed
with Mg”" and Ca’" free HBSS (Gibco-Invitrogen, Grand
Island, NY) and resuspended with 2 ml culture medium.
Hippocampal cells were dissociated by gentle pipetting
and plated at 1x10* cells/ml into a 10 mm petri dish and
incubated at 37°C with 5% CO2. Neurosphere culture was
performed with culture medium composed of DMEM/F12
(1 :1) supplemented with N2 (Gibco-Invitrogen, Grand
Island, NY), 20 ng/ml EGF (Sigma-Aldrich, St. Louis,
MO), 20 ng/ml bFGF (Dong-A Pharmaceutical Co.,
Yongin, South Korea), 5 mM HEPES (Sigma-Aldrich, St.
Louis, MO), 25 mg/ml gentamicin, and penicillin/strepto-
mycin (100 U/ml) (Gibco-Invitrogen, Grand Island, NY).
Culture medium was exchanged every 2 days. To examine
neurosphere differentiation efficiency, neurospheres were
plated on coverslips coated with 0.1 mg/ml poly-L-lysine
(Sigma-Aldrich, St. Louis, MO) in MEM (Gibco BRL,
Gaithersburg, MD), supplemented with 10% FBS
(HyClone, South Logan, UT), 0.45% glucose, 1 mM so-
dium pyruvate, 2 mM glutamine and 50 mg/ml gentamy-
cin for 4 hours. To induce neuronal differentiation, the
medium was replaced with serum-free Neurobasal me-
dium (Gibco BRL, Gaithersburg, MD) supplemented with
B27 (Gibco BRL, Gaithersburg, MD), Glutamax
(Gibco-Invitrogen, Grand Island, NY), and 200 nM cyto-
sine arabinoside (Sigma-Aldrich, St. Louis, MO). For cop-
per accumulation assay, copper (1 «g/ml) was added into
the culture medium along with copper chloride (1 «g/ 1L,
Sigma-Aldrich, St. Louis, MO) as previously described
(19, 20).

Immunohistochemistry

Brains were fixed by intracardiac perfusion with 0.1 N
phosphate buffer containing 4% paraformaldehyde
(Sigma-Aldrich, St. Louis, MO) as previously described
(21). Before immunohistochemistry, heat-induced antigen
retrieval was performed with 0.01 M sodium citrate (pH
6.0) for 20 min (21). For immunohistochemistry, 12 #m
frozen sections were immunostained with the following
primary antibodies : anti-Nestin (1 : 200; Millipore,
Billerica, MA); anti-SOX2 (1 : 200; Rabbit, Cell Signaling
Technology, Inc., Beverly, MA); anti-SOX2 (1 : 200;
Mouse, BD Biosciences Pharmingen, San Diego, CA); an-
ti-GLUT1 (1 : 200; Millipore, Billerica, MA); anti-DCX

(1 : 200; Millipore, Billerica, MA); anti-PROX1 (1 : 200;
BioLegend, San Diego, CA); anti-MAP2 (1 : 200; Cell
Signaling Technology, Inc., Beverly, MA); anti-GFAP (1 :
200; Cell Signaling Technology, Inc., Beverly, MA); an-
ti-NeuN (1 : 200; Millipore, Billerica, MA); an-
ti-Calbindin (1 : 200; Cell Signaling Technology, Inc.,
Beverly, MA); anti-Ki67 (1 :200; Cell Signaling
Technology, Inc., Beverly, MA); anti-Cleaved Caspase 3
(1 : 2005 Cell Signaling Technology, Inc., Beverly, MA).
Sections were blocked with PBS containing 10% normal
goat serum and 0.1% bovine albumin serum, before pri-
mary antibody incubation at 4°C overnight. Goat Alexa
Fluor 488 and 594 conjugated secondary antibodies (1 :
500; Invitrogen, Carlsbad, CA) and 1 xg/ml DAPI
(Sigma-Aldrich, St. Louis, MO) for nuclear counter-
staining were also used. Microscopic images were acquired
with a LSM710 confocal microscope (Carl Zeiss,
Oberkochen, Germany).

Immunocytochemistry

Cells were fixed with ice-cold methanol at —20C for
20 min. After washing with PBS, fixed cells were in-
cubated with blocking solution (10% normal goat serum,
0.1% bovine serum albumin, and 0.1% Triton X-100 in
PBS) for 1 h at room temperature. An anti-MAP2 (1 : 200,
Cell Signaling Technology, Inc., Beverly, MA) and an-
ti-GFAP antibody (1 : 200; Cell Signaling Technology,
Inc., Beverly, MA) were incubated with fixed cells over-
night at 4C. After washing, fixed cells were further in-
cubated with Goat Alexa Fluor 488 and 594 conjugated
secondary antibodies (1 : 500; Gibco-Invitrogen, Grand
Island, NY) and 1 xg/ml DAPI (Sigma-Aldrich, St.
Louis, MO) for nuclear counterstaining.

Immunoblotting ]

Cells were lysed in ice-cold RIPA containing cOmplete(@
Protease Inhibitor Cocktail Tablets (Roche, Indianapolis,
IN) for 30 min, followed by centrifugation at 12,000 rpm
for 15 min at 4C for collecting cell lysate. Standard gel
electrophoresis was performed and proteins were trans-
ferred onto a PVDF membrane (Schleicher & Schuell,
Keene, NH). Following primary and secondary antibodies
were used for immunoblotting; anti-pAKT (1 : 500;
Ser473, Cell Signaling Technology, Beverly, MA); an-
ti-AKT (1 : 500; Cell Signaling Technology, Inc., Beverly,
MA); anti-pERK (1 : 500; Thr202/Tyr204, Cell Signaling
Technology, Inc., Beverly, MA); anti-ERK1/2 (1 : 500;
Cell Signaling Technology, Inc., Beverly, MA); an-
ti-pSTAT3 (1 : 500; Thr183/Tyrl85, Cell Signaling
Technology, Inc., Beverly, MA); anti-STAT3 (1 : 500; Cell
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Signaling Technology, Inc., Beverly, MA); anti-NeuroD bands were imaged with SuperSignal West Pico Chemilu-
(1 : 500; Chemicon, Temecula, CA); anti-JAK2 (1 : 500; minescent Substrate (Pierce, Rockford, IL).

Millipore, Billerica, MA); anti- 4 actin (1 : 1000, Sigma-

Aldrich, St. Louis, MO); HRP-conjugated secondary anti-

bodies (1 : 2000; Thermo, South Logan, UT). Protein
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Fig. 1. Abnormal blood vessel development in P14 cerebral cortex and hippocampal dentate gyrus of MNK mice. (A) GLUT1 (marker
of brain microvessel) was used to analyze brain vessel pattern in cerebral cortex of wild type and MNK mice. Expression of GLUT1 was
decreased in P14 cerebral cortex of MNK mice compared with that of wild type. Scale bar 100 ~m (upper), 50 «m (lower). Arrowheads
in high magnification image show that sprouting formation in neovascular endothelial tip was reduced in P14 cerebral cortex of MNK
mouse. DAPI was used to counterstain nuclei (Blue). (B, C) Quantitative data of blood vessels length show that number and proportion
of blood vessels less than 25 «m length was increased in the P13 MNK cerebral cortex. *p<0.05, **p<0.01 by t-test. (D) Reduction
of brain vessels revealed by microCT scan indicates the defect of cerebral vascular structure in the P14 of MNK mice. The red box indicates
regions shown in below. (E) P13 hippocampal dentate gyrus of MNK mice were stained with neural stem cell marker NESTIN and cerebral
vessel marker GLUT1. Decreased NESTIN+ radial processes and blood vessels in the P13 hippocampal dentate gyrus of MNK mice were
observed compared to wild type littermate. Scale bar 50 #m. SGZ, subgranular zone; GCL, granule cell layer; ML, molecular layer.
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Fig. 2. Neural stem cells and neural progenitors are severely compromised in the dentate gyrus of MNK mice. (A) NESTIN and SOX2
immunostainings were used to identify neural stem cells in the brain of P13 wild type and MNK mice. Neural stem cells in the dentate
gyrus were significantly reduced in the brain of P13 MNK mice compared with wild type. White arrowheads of high magnification image
indicate neural stem cells stained by NESTIN or SOX2 respectively. Number of NESTIN+, SOX2+ NSCs per 100 #m of SGZ were sig-
nificantly reduced in the MNK mice compared to control. Scale bar 50 #m and 10 £m (high magnification). (B) Coronal sections of
P13 mouse brains were stained with neural progenitor cell marker doublecortin (DCX, Green) and Prospero homeobox protein 1 (PROXT,
Red). DCX+ and PROX1+ neural progenitor cells were reduced respectively in GCL. Furthermore, number of DCX+, PROX1+ cells
were also significantly reduced by 63% per 100 «m of the GCL and SGZ of MNK mice compared to control. **p<0.001, n=4 each,
by t-test. (C) Coronal sections of P13 mouse brains were stained with neuronal marker NeuN and mature neuron maker Calbindin. Number
of NeuN+, Calbindin+ mature neurons were significantly decreased by 55% in MNK mice compared with wild type per 100 /#m of
the upper GCL region of the dentate gyrus. The White box indicates regions shown in high magnification. Scale bar 50 «m. SGZ, sub-
granular zone; GCL, granule cell layer; ML, molecular layer. *p<0.05, n=4 each, by ttest. **p<0.001, n=4 each, by t-test.
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Results

Abnormal copper accumulation in the central nervous
system of MNK mice

Copper is accumulated in astrocytes and endothelial
cells of blood brain barrier (BBB) in the MNK disease (22).
To confirm the copper accumulation in the brain of MNK
mice, we carried out Rhodanine staining with brain sec-
tions of MNK mice at postnatal day 14 (P14) because new
born MNK mice usually cannot live longer than 2 weeks.
Rhodanine staining showed large accumulation of bivalent
cations in P14 MNK cerebral cortex compared with that
of wild type (Supplementary Fig. S1A). Neurons generally
receive copper from astrocytes and endothelial cells, but
MNK neurons cannot obtain copper from them due to
mutation of copper transporter ATP7A gene (8, 23). In or-
der to measure copper transfer capability of MNK neurons
and astrocytes, MNK derived neural stem cells (NSCs)
were differentiated into neurons and astrocytes with 1 xg
of copper for 4 days (24). Concentration of copper ion in
1x10° MNK neurons and astrocytes was measured by
ICP-MS. In MNK neurons and astrocytes, copper ion was
accumulated in the cytoplasm approximately 20% more
than wild type neurons and astrocytes (Supplementary
Fig. S1B). This finding confirmed that excess copper in
the MNK neurons and astrocytes is not efficiently elimi-
nated due to ATP7A dysfunction.

NeuN GFAP

#GFAP+ cells per section in ML
#GFAP+ cell per section in Hi

Neurovascular abnormalities in the cerebral cortex and
hippocampus of MNK mice

Copper accumulation could cause neurovascular abnor-
malities such as spiral angiogenesis in moyamoya disease
(25). To examine whether the abnormal cerebral vasculari-
zation also occur in the MNK mice, we performed im-
munohistochemistry (IHC) and microCT analysis.
Immunohistological staining of blood vessels reveals that
the total number of GLUT+ blood vessels were sig-
nificantly decreased in MNK cerebral cortex (p=0.011,
Fig. 1A and 1B), but the number of blood vessels stained
less than 25 #m in length was increased in cerebral cortex
of P14 MNK mice (Fig. 1B). Therefore, the proportion of
the blood vessels stained less than 25 #m was sig-
nificantly increased in cerebral cortex of MNK mice (Fig.
1C). In addition, the sprouting formation of endothelial
cells, which is usually observed during neovascularization,
was dramatically reduced in the P14 MNK brain (Fig.
1A). Furthermore, brain vascular structures revealed by
microCT images indicated that number of cerebral vessels
was also severely decreased in the MNK brain (Fig. 1D).
Interestingly, proportion of blood vessels stained less than
25 1m in length was also significantly increased not only
in the cerebral cortex, but also in the hippocampus in P13
MNK brains (Supplementary Fig. S2).

These neurovascular abnormalities in the MNK brain
might affect development of NSCs in the hippocampal

GFAP high magnification

ML

Fig. 3. Astrogenesis is promoted in
the hippocampus of MNK mice. (A)
Hippocampal sections were im-
munostained with neuronal marker
NeuN and astrocyte marker GFAP at
P13. The white box indicates re-
gions shown in high magnification.
DAPI was used to counterstain nu-
clei (Blue). (B) GFAP+ (Red, arrow-
head) astrocytes in the highly magni-
fied image were dramatically in-
creased in the hillus and molecular
layer of P13 of MNK mice compared
with wild type. Scale bar 50 «m
and 250 zm (high magnification).
CA, Cornu ammonis; Hi, Hilus; DG,
dentate gyrus; ML, molecular layer.
**p<0.001, n=4 each, by t-test.
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dentate gyrus. It is well known that vascularization of
brain plays an important role in formation of NSC niche
during postnatal development of CNS (26). In the DG of
P13 MNK brains, NESTIN+ neural progenitor cells were
significantly decreased, possibly due to the abnormal vas-
cularization in the NSC niche (Fig. 1E). This finding
showed that NSC Niche in the postnatal DG was severely
compromised in MNK brain.

Reduced number of neural stem cells and their
progeny is observed in the dentate gyrus of P13 MNK
mice

To investigate NSC population in the DG of MNK
mice, we examined NESTIN and SOX2 expressing cells.
In the DG, NSCs express both NESTIN and SOX2 and
extend their radial processes into the granule cell layer
(GCL) from the subgranular zone (SGZ) (27). In the DG
of P13 wild type mice, we observed NESTIN+, SOX2+
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NSCs in SGZ and densely arranged radial NESTIN+
processes in GCL (Fig. 2A). In contrast, only very few
NESTIN+, SOX2+ NSCs with these morphological char-
acteristics were identified in the DG of P13 MNK mutant
mice, suggesting abnormal formation of NSC population
during postnatal development (Fig. 2A. arrowheads). In
addition, the number of NESTIN+, SOX2+ NSCs was
also dramatically decreased by 37% in the MNK SGZ
compared to control (Fig. 2A).

Young neuroblasts originated from SGZ NSCs express
doublecortin (DCX). While many DCX+ neuroblasts
were observed in the DG of the wild type mice, almost
no DCX+ neuroblasts were detected in the DG of MNK
mice, consistent with very few SGZ NSCs and a lack of
neurogenesis in MNK mice (Fig. 2A and 2B). The number
of DCX+, PROX1+ neural progenitor cells were also sig-
nificantly reduced by 65% in the GCL and SGZ of MNK
mice compared to control (Fig. 2B). Furthermore, our IHC

Fig. 4. Postnatal development of
neural stem cell population in the
dentate gyrus of MNK mice. (A)
Dentate gyrus sections from MNK
and wild type mice were stained
with NESTIN and SOX2 during post-
natal brain development (P3~P10).
The white box indicates regions
shown below (high magnification).
Arrowheads indicate  NESTIN+,
SOX2+ neural stem cells. (B)
Quantitative analysis of NESTIN+,
SOX2+ cells during postnatal devel-
opment of the DG. At P3, dis-
tribution of NESTIN-+, SOX2+ cells
in the dentate gyrus of MNK mice
were not different from that of wild
type. However, at P7 and P10, the
number of NESTIN+, SOX2+ neu-
ral stem cells was significantly de-
creased in the SGZ of MNK mice.
Scale bar 50 «m and 20 ¢m (high
magnification). SGZ, subgranular
zone; GCL, granule cell layer; ML,
molecular layer. **p<0.001, n=4
each, by ttest.
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data also support improper neuronal maturation in the DG
of MNK mice (Fig. 2C). In wild type mice, NeuN-,
Calbindin+ mature neurons were located in the upper
part of GCL (Fig. 2C). In contrast, IHC revealed sig-
nificant deficiency of NeuN+, Calbindin+ mature neu-
rons in the DG of MNK mice. The number of NeuN+,
Calbindin+ mature neurons was markedly decreased by
55% in the GCL of MNK mice compared to control (Fig.
2C). In addition, GFAP+ astrocytes were dramatically in-
creased by 2-fold in the hilus and 5-fold in the CA region
of the hippocampus in MNK mice compared to wild type
(Fig. 3). These results suggest that insufficient neuro-
genesis and excess astrogenesis occur in the hippocampus
of MNK mice.

Proper establishment of the postnatal NSC population
is deficient in MNK mice

To investigate defects in postnatal development of the
DG in MNK mice, establishment of the postnatal NSC
population was examined with IHC from P3 to P10. DG
in MNK mice was similar in size with wild type mice dur-
ing postnatal brain development (P3~P14) (Supplementary
Fig. S3). At P3, the number of NESTIN+, SOX2+ cells
did not appear to be decreased in MNK mice (Fig. 4). At
P7, NESTIN+, SOX2+ NSCs with radial processes start-
ed to appear in SGZ of wild type mice. However, ~36%
fewer NESTIN+, SOX2+ NSCs with radial processes
were observed in SGZ of MNK mice compared to wild
type mice (Fig. 4). At P10, the number of NESTIN+,
SOX2+ NSCs with radial processes were still decreased
by ~31% in SGZ of MNK mice (Fig. 4). The decrease
of postnatal NESTIN+, SOX2+ NSCs in MNK mice
could result from increased cell death. However, activated
Caspase3+ cells were not increased in the DG of P3, P7,
and P10 MNK mice, suggesting that increased cell death
was not responsible for the failure of the postnatal SGZ
NSC expansion (Data not shown). Therefore, these results
indicate that SGZ NSCs are not efficiently expanded dur-
ing postnatal development in MNK mice.

Changes in cell proliferation could also affect the deficit
of the SGZ NSCs in the DG of MNK mice. Overall, Ki67+
cells appeared to be decreased in the DG of P3~P10 MNK
mice compared to controls (Fig. 5A). Interestingly, the
number of SOX2+ progenitor cells expressing Ki67 in SGZ
were also significantly reduced from P3 MNK mice (Fig.
SB). These results suggest that the proliferation of the
SOX2+ progenitor cells was significantly compromised in
the early postnatal MNK mice, indicating that the proper
establishment of the postnatal NSC population during de-
velopment was deficient in MNK mice.

Abnormal postnatal neurogenesis in DG of MNK mice

Granule neurons in DG are born mainly in early post-
natal period with a peak of neurogenesis around P7 (28).
However, in P7 brain of MNK mice, the SGZ NSC pop-
ulation already appeared deficient in number (Fig. 4).
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Fig. 5. Decrease of proliferating neural progenitor cells during DG
development in MNK mice. (A) Dentate gyrus sections from MNK
and wild type mice were stained with SOX2 and proliferation
marker Ki67 during postnatal brain development (P3~P10). White
arrowheads indicate SOX2+, Ki67+ proliferating neural progeni-
tor cells. (B) Quantitative analysis of SOX2+, Ki67+ cells during
postnatal development of the DG. SOX2+, Ki67+ proliferating
neural progenitor cells in SGZ were significantly reduced in the
MNK mice. Scale bar 20 #m. SGZ, subgranular zone; GCL, gran-
ule cell layer; ML, molecular layer. *p< 0.05, **p<0.001, n=4
each, by t-test.
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Therefore, to investigate postnatal DG neurogenesis in
MNK mice, DCX+ neuroblast population was examined
from P3 to P10. As expected, DCX+ neuroblasts were not
present yet in DG at P3, but at P7 DCX+ neuroblasts
appeared in the upper GCL and hillus in wild type hippo-
campus (Fig. 6A). However, more than 40% of DCX+
neuroblasts were reduced at P7 and at P10 in the DG of
MNK mice as compared to control (Fig. 6B). These results
suggest that the failure of the SGZ NSC expansion may
result in the deficiency in the postnatal neurogenesis in
the DG of MNK mice.

Neurogenesis and neuronal maturation are severely
compromised in MNK neurons /n vitro

To further investigate neurogenesis from SGZ NSCs in
MNK brain, iz vitro neurosphere culture with SGZ NSCs
was performed and neuronal differentiation was induced
with media containing cytosine arabinoside (Ara C) (29).
After 4 days of differentiation, neurospheres from control
SGZ NSCs were spread on the bottom of a dish and neu-
rite outgrowth from neurons derived from control SGZ
NSCs was markedly increased (Fig. 7A). Neuronal differ-
entiation potential of control SGZ NSCs was also de-
creased with neurosphere passaging (Fig. 7A). Interesting-
ly, the number of MAP2+ neurons derived from MNK
SGZ NSCs was dramatically decreased at each passage
compared to that of control, and length and number of
neurites was also significantly reduced by 59% and 15%
respectively in MAP2+ neurons derived from P3 MNK
SGZ NSCs compared to control (Fig. 7A). Moreover, west-
ern blot analysis also showed decrease of neurite specific
proteins MAP2 in neurons from MNK mice throughout
passage (Fig. 7B). These results indicate that neurogenesis
and neuronal maturation are severely compromised in
MNK neurons.

In addition to producing neurons, SGZ NSCs are able
to generate astrocytes. Interestingly, expression of the as-
trocyte marker GFAP was significantly increased in the
hippocampus of MNK mice (Fig. 3). To further inves-
tigate the developmental potential of SGZ NSCs, im-
munocytochemistry was performed with astrocytes derived
from SGZ NSCs. Similar to our observation i vivo, MNK
neurosphere cultures produced more GFAP+ astrocytes
cells compared to wild type control (Fig. 7C). Furthermore,
western blot analysis showed increased expression of ac-
tive form of an astrogenesis specific transcription factor
STAT3 (phosphorylated STAT3) and an astrogenic modu-
lator JAK2 in the differentiated MNK NSCs (30) (Fig.
7D). In contrast, expression levels of a neurogenesis spe-
cific transcription factor NeuroD and neurogenic signal-

ing modulators ERK and pAKT were decreased in the dif-
ferentiated MNK NSCs (31-33) (Fig. 7D). These results
suggest increased astrogenesis instead of neurogenesis in
MNK SGZ NSCs.
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Fig. 6. Abnormal postnatal neurogenesis in the dentate gyrus of
MNK mice. (A) Dentate gyrus sections from MNK and wild type
mice were stained with neuroblast marker DCX and PROX1 during
postnatal brain development (P3~P10). The number of DCX+
neuroblasts in the dentate gyrus of MNK mice was not different
from that of wild type at P3. (B) Quantitative analysis of DCX+,
PROX1+ cells during the postnatal development of the DG. More
than 40% of DCX++ neuroblasts (arrowheads) were decreased at
P7 and P10 in the DG of MNK mice. Scale bar 50 #m. SGZ, sub-
granular zone; GCL, granule cell layer; ML, molecular layer. *p
<0.05, **p<0.001, n=4 each, by t-test.
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Fig. 7. Neurogenesis and neuronal maturation are severely compromised in MNK derived NSCs. Hippocampal neurosphere cultures from
the brain of E18.5 wild type and MNK mice were established and induced neuronal differentiation for 4 days. (A) Neuronal processes
marker MAP2 and DAPI (blue) were stained after neuronal differentiation. Neurite outgrowth of neurons derived from the hippocampal
NSCs of MNK mice was significantly decreased through 4 passages in differentiation condition. Scale bar 100 «m (upper), scale bar 5
«m (lower). Metamorph analysis indicated more than 50% shorter neurites in the MNK derived neurons were observed relative to that
of wild type. Scale bar 5 «m. *p<0.05 by t-test. (B) MAP2 expression was reduced in the MNK derived neurons compared with that
of wild type through 4 passages. (C) Astrocyte marker GFAP+ cells were significantly increased in the MNK derived NSCs during neuronal
differentiation. Scale bar 10 #m. *p<0.05 by t-test. (D) Western blot analysis was performed for neurogenesis makers (anti-NeuroD, an-
ti-pAKT, and anti-pErk1/2) and astrogenesis makers (anti-pSTAT3 and anti-JAK2).

Discussion

Our study demonstrates that postnatal establishment of
NSC population and their neurogenesis is severely com-
promised in the hippocampal DG of MNK mice, which
plays a fundamental role in learning, memory, and
behavior. In MNK mice, the number of neuroblasts and
mature neurons was significantly reduced, which was re-
lated to loss of the SGZ NSC population and defective
neuronal maturation (Fig. 2). To our knowledge, this is
the first report demonstrating that insufficient expansion

of the postnatal NSC population may contribute to neuro-
developmental defects in MNK disease in vivo.

A variety of neurodegenerative symptoms occurs as a re-
sult of ATP7A dysfunction in MNK patients. Dysfunction
of ATP7A leads to accumulation of copper in blood vessels
and astrocytes, followed by deficiency of copper in neu-
rons nearby, which eventually contribute to neuro-
degenerative symptoms in the CNS of MNK (22). Defects
in the endothelial cells in blood vessels caused by abnor-
mal accumulation of copper may induce cerebrovascular
anomalies in MNK. In fact, abnormal elongation and tor-
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tuous intracranial arteries and variation in wall thickness
were previously reported in MNK patients (34). It has
been also reported that excessive accumulation of copper
may cause abnormal blood vessel formation or toxicity of
endothelial cells (35). However, it has not been clear
whether MNK mice also have the similar cerebrovascular
defects. In this report, we observed that the number of ma-
jor cerebral vessels and the total number of GLUT+
blood vessels was significantly decreased in the MNK mice
(Fig. 1A, 1B, and 1D), while the proportion of blood ves-
sels stained less than 25 x#m in length was significantly
increased in both cerebral cortex and hippocampus of P14
MNK mice (Fig. 1C and Supplementary Fig. S2). Due to
the thin brain section (12 x#m in thickness) and the opti-
cal depth of the fluorescence microscope used in this
study, the significant decrease of the total number of the
blood vessels but the significant increase of the proportion
of the blood vessels stained less than 25 #m in length
might reflect the existence of the tortuous vessels in the
MNK brains. Therefore, further in-depth analysis of 3D
vessel reconstruction with serial brain sections is required
to confirm to the tortuous vascular structure in the MNK
mice. These results suggest that mouse models of ATP7A
dysfunction recapitulate brain defects of human MNK dis-
ease and may provide useful insight into pathology and
therapies.

Neural development closely interacts with the vascular
system at the beginning of the earliest stage of develop-
ment, which persists throughout life (36). It has also been
shown that vascular cells are key elements of the neural
stem cell niches in the adult hippocampus and sub-
ventricular zone (26, 37). Therefore, we investigated
whether abnormal hippocampal vascular structure in
MNK mice can affect postnatal development of the NSC
niche. In mice, SGZ NSC population is established during
the early postnatal brain. After P7, NESTIN+, SOX2+
NSCs with radial processes and SOX2+, Ki67+ progeni-
tor cells were significantly reduced in MNK mice com-
pared to wild type control, suggesting that proper ex-
pansion of SGZ NSCs was failed during the postnatal de-
velopment in MNK mice (Figs. 4 and 5). The reduction
of the SGZ NSC population may lead to significant de-
crease of neuroblasts and mature neurons in the develop-
ing DG in MNK mice (Fig. 6). Interestingly, size of the
developing DG in MNK mice was not reduced compared
to wild type control during early postnatal period (P3~
P14) (Supplementary Fig. S3). Meanwhile, GFAP+ as-
trocytes were significantly increased in the hippocampus
of MNK mice (Fig. 3). Therefore, the size of DG may not
be reduced in MNK mice because the increase of GFAP+

astrocytes could compensate the loss of neurons in the DG
of MNK mice during the early postnatal development.
These results suggest that abnormal establishment of
NSCs in the brain contributes the early neurodegeneration
and neurodevelopmental defects in MNK patients.

In addition to defects in establishment of postnatal
NSCs, we also showed that neurogenesis from SGZ NSCs
and neuronal maturation were severely compromised in
MNK neurons (Fig. 7A and 7B). Since we isolated NSCs
from E18.5 embryos and induced neurogenesis, our results
suggest that copper deficiency may induce abnormal pre-
natal brain development in MNK disease. Moreover, in-
crease in GFAP+ astrocytes was also observed in cerebral
cortex and hippocampus in MNK mice (Fig. 3) and GFAP+
astrocytes differentiated from MNK SGZ NSCs were sig-
nificantly increased in vitro (Fig. 7C and 7D). Interestingly,
neuronal differentiation of MNK patient-derived induced
pluripotent stem cells ((PSC) was also reduced (38).
Copper itself is involved in the normal neuronal differ-
entiation process. Copper chelation inhibited neurogenesis
in P19 embryonic carcinoma cell lines (39). Copper was
also required for neurite outgrowth in the rat pheochro-
mocytoma PC-12 cells (40). Overall, these results support
a prenatal onset of copper transfer related neuro-
developmental defects although MNK newborns appear
neurologically normal.

Conclusions

Postnatal NSC niche is abnormally developed followed
by severe defects of DG formation and loss of DG neurons
in the MNK mouse model. Significant reduction of the
postnatal neurogenesis in DG may contribute to neuro-
developmental symptoms in MNK. Our results provide
new insights into the needs for new approaches in the
therapeutic aspect of CNS damage in MNK patients.
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