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ABSTRACT

Chronic exposure to copper and its dyshomeostasis have been linked to accelerated cognitive decline and potentially
increasing risk for Alzheimer’s disease (AD). We and others have previously demonstrated that exposure to copper through
drinking water significantly increased parenchymal amyloid-beta (AB) plaques and decreased endothelial low-density
lipoprotein receptor-related protein 1 (LRP1) in mouse models of AD. In this study, we determined the underlying
mechanisms that microRNA critically mediated the copper-induced loss of endothelial LRP1. In human primary
microvascular endothelial cells (MVECSs), microRNA-200b-3p, -200c-3p, and -205-5p were significantly elevated within the
24-h exposure to copper and returned to baseline after 48-h postexposure, which corresponded with the temporal change of
LRP1 expression in these cells. Transient expression of synthetic microRNA-200b-3p, -200c-3p, or -205-5p on MVECs
significantly decreased endothelial LRP1, and cotreatment of synthetic antagomirs effectively prevented the loss of LRP1
during copper exposure, collectively supporting the key regulatory role of these microRNAs in copper-induced loss of LRP1.
In mice, a significant reduction of LRP1 in cortical vasculature was evident following 9 months exposure to 1.3 ppm copper
in drinking water, although the levels of cortical microRNA-205-5p, -200b-3p, and -200c-3p were only marginally elevated.
This, however, correlated with increased vascular accumulation of Af and impairment of spatial memory, indicating that
copper exposure has the pivotal role in the vascular damage and development of cognitive decline.

Key words: vasculature; amyloid-beta; mouse model; cognition; J20 mice.

Abnormal buildup of amyloid-beta (Ap) species in the brain pa-
renchyma is one of the early and pivotal pathological event pre-
ceding the development of neurofibrillary tangles,
neuroinflammation, neurodegeneration, and cognitive decline
in Alzheimer’s disease (AD) (Bloom, 2014; Jack et al., 2010).
Although aging and genetic predispositions contribute greatly
to the disease onset and are virtually perpetual within each in-
dividual, concordance for AD among homozygous twins is not
100% (Gatz et al., 1997, 2006), strongly suggesting a putative in-
volvement of modifiable environmental risk factors in the path-
ogenesis. In an effort of searching environmental risk factors,
accumulating evidence indicates that excess exposure to copper

(Cu) from the environment and Cu dyshomeostasis in the body,
most notably by elevated levels of labile Cu, also known as un-
bound or free Cu in blood, are positively associated with poor
cognitive performance, reduced CSF Af, and increased CSF tau
as well as faster conversion from mild cognitive impairment
(MCI) stage to clinically diagnosed AD stage (Squitti et al., 2006,
2011, 2014; Talwar et al., 2017; Ventriglia et al., 2012; Vural et al.,
2010). Even among nondemented elderly population, excess Cu
intake from dietary supplements or elevated levels of free Cu in
blood is consistently associated with cortical thinning and im-
paired memory function (Morris et al., 2006; Salustri et al., 2010;
Silbert et al., 2018), suggesting a profound adverse effect of Cu

© The Author(s) 2019. Published by Oxford University Press on behalf of the Society of Toxicology.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

144


Deleted Text: &hx2019;
Deleted Text: While 
Deleted Text: ; <xref ref-type=
Deleted Text: ; Squitti <italic>et<?A3B2 show $146#?>al.</italic>
Deleted Text: ; Squitti <italic>et<?A3B2 show $146#?>al.</italic>
Deleted Text: -
https://academic.oup.com/

dyshomeostasis in the central nervous system and precursor to
dementia. Although Cu is an essential transition metal serving
as a catalytic cofactor for more than 20 redox enzymes (Itoh
et al., 2009), Cu from environment as inorganic cupric (Cu®")
form may enter the blood stream and rapidly increase labile Cu
levels to mediate potentially harmful events including the gen-
eration of reactive oxygen species in the local microenviron-
ment (Brewer, 2015; Ceko et al., 2014; Hill et al., 1986; Hsu et al.,
2018; Medeiros, 2011; Prohaska, 2008). In fact, a very recent
study using a mouse model of Down syndrome demonstrates
that Cu is abnormally accumulated in cortex and hippocampus
and exerts oxidative damage and cognitive decline (Ishihara
et al., 2019), although abnormal Cu accumulation in postmortem
brains from AD or Down syndrome patients remains contro-
versy (Miller et al., 2006; Rembach et al., 2013), and its neurotoxic
mechanism of action is subject to further debates.

We and others have recently unveiled a novel toxic mecha-
nism of Cu in AD by downregulating low-density lipoprotein
receptor-related protein 1 (LRP1), one of the major receptors me-
diating the transcytosis of A across the blood-brain barrier
(Kang et al., 2000; Silverberg et al., 2010), in capillary endothelial
cells (Kitazawa et al., 2016; Singh et al., 2013). The cell type-
specific selective functional loss of LRP1 in the brain has been
shown to cause aberrant parenchymal Af buildup in various
mouse models of AD (Kanekiyo et al., 2013; Liu et al.,, 2017,
Sagare et al., 2013; Storck et al, 2015; Zhao et al, 2015). In
humans, a significant loss of LRP1 in the brain is observed in ad-
vanced aging, MCI, and AD (Donahue et al., 2006; Kang et al.,
2000; Silbert et al., 2018; Sultana et al., 2010), supporting its in-
volvement in the pathogenesis. Earlier study showed that Cu-
induced loss of endothelial LRP1 was mediated by proteasomal
degradation (Singh et al., 2013). Our recent findings implied an
involvement of inflammation, particularly interleukin (IL)-1,
IL-6, and tumor necrosis factor-o, in Cu-induced impairment of
phagocytosis and loss of LRP1 in vitro, predicting divergent toxic
mechanisms of action of Cu.

In this study, we sought to elucidate the underlying mecha-
nisms by which Cu downregulated LRP1 in endothelial cells,
and we found microRNAs played a critical role in the loss of
LRP1. Cu exposure resulted in significant upregulations of
microRNA-205-5p, -200b-3p, and -200c-3p, and inhibition of
these microRNAs during Cu exposure restored LRP1 levels
in vitro. On the other hand, although these microRNAs were
only marginally elevated in the mouse brain following chronic
exposure to Cu, a significant reduction of vascular Lrpl
remained observed in these mice, and elevated levels of AB ac-
cumulation around vasculature were detected in J20 mice.
These findings provide further mechanistic insights into our
current understanding of Cu neurotoxicity and supported the
view that alterations of microRNA dynamics and vascular dam-
age in the brain may increase the risk for developing AD by in-
terfering LRP1-mediated clearance of Ap.

MATERIALS AND METHODS

Mice and chronic exposure to Cu containing drinking water. All ani-
mal procedures were performed in accordance with National
Institutes of Health and University of California guidelines and
Use Committee at the University of California, Irvine. Male and
female wildtype (WT) C57BL/6] and J20 transgenic mice were
used for chronic Cu exposure. Briefly, 1-month-old WT or J20
mice were divided into 2 groups (5 mice per sex per group), regu-
lar drinking water (control) group and 1.3 ppm CuCl,-containing
drinking water group. All mice received either regular drinking
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water or Cu containing water for 9 months. Water was replaced
every 7 days, and each mouse was monitored regularly for
glooming and behaviors. At the end of the exposure period,
mice underwent a battery of behavior tests and brain tissue was
collected following cardiac perfusion.

Cell culture and treatments. Human primary brain microvascular
endothelial cells (MVECs) were purchased from Cell Systems
(ACBRI 376, Kirkland, Washington) and maintained as previ-
ously described (Kitazawa et al., 2016). As for cell transfection
with mimics, cells were seeded at approximately 50% conflu-
ency in 6-well plates and, 24 h later, transfected with 8 nM hsa-
miR-205-5p, 200b-3p, and 200c-3p mimics or human negative
control 2 (MISSION microRNA Mimics, Sigma-Aldrich, St Louis,
Missouri) using RNAIMAX according to manufacturer’s
instructions (No. 13778150, Thermo Fisher Scientific, Rockford,
Illinois). As for transfection with miRNA inhibitors, cells were
transfected with inhibitors using RNAIMAX for 24 h; then
added Cu 0.5 uM to the same media for additional 24 h. After
48 h of total incubation time, cells were washed once with PBS,
lysed with M-Per extraction buffer (200 pl, Thermo Fisher
Scientific) complemented with proteases and phosphatases
inhibitors (Sigma-Aldrich), incubated 5 min at RT with gently
agitation and centrifuged at 10, 000 x g for 30 min at 4°C.
Immunoblot or gqRT-PCR was then performed, and all in vitro
data were collected from at least 3 independent experiments
in duplicates or triplicates.

Cytotoxicity assay. After the exposure, 250 pg/ml of 3-(4, 5-dime-
thylthiazol-2-yl)-2, 5- diphenyltetrazolium bromide was added.
Cells were incubated in the humidified incubator for 3 h, allow-
ing buildup of insoluble formazan. After the incubation, 100 pl
of isopropanol-HCI solution (isopropanol: HCl = 100: 1) was
added and mixed well to completely dissolve formazan.
Absorbance at 570 nm was measured by the Spectromax plate
reader (Molecular Devices) as described previously (Kitazawa
et al., 2016).

Assessment of spatial memory function. After 9 months of 1.3 ppm
Cu-drinking water treatment, all mice were subjected to cogni-
tive evaluation in the object location memory (OLM) test and
Morris water maze (MWM). The apparatus used for the MWM
task was a circular white tank (1.28-m diameter) and filled with
water maintained at 21°C-23°C. The maze was located in a
room containing several simple visual extra maze cues. Mice
were trained to swim and find a 4-inch diameter circular clear
Plexiglas platform submerged 1 cm beneath the surface of the
water and invisible to the mice while swimming. On each train-
ing trial, mice were placed into the tank at 1 of 4 designated
start points in a pseudorandom order. Mice were allowed to find
and escape onto the platform. If mice failed to find the platform
within 60 s, they were manually guided to the platform and
allowed to remain there for 30 s. Each day, mice received 4
training sessions separated by intervals of 90 s under a warming
lamp. The training period ended when the control group (water-
treated WT) reached criterion (<25 s mean escape latency). The
probe trial to examine retention memory was assessed 24 h after
the last training trial. In the probe trials, the platform was re-
moved from the pool, and mice were monitored by a ceiling-
mounted camera directly above the pool during the 1-min
period. All trials were recorded for subsequent analysis. The
parameters measured during the probe trial included: (1) la-
tency to cross the platform location and (2) number of platform
location crosses.
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OLM was performed as previously described (Vogel-Ciernia
and Wood, 2014). Before training, mice were handled 1-2 min
for 4 days and were habituated to the experimental apparatus 5
min to the OLM chamber for 6 consecutive days in the absence
of objects. During the training trial, mice were placed in the ex-
perimental apparatus with 2 identical objects (OLM: 100-ml
beakers, 2.5-cm diameter, and 4-cm height) and were allowed to
explore these objects for 10 min. Twenty-four hours later, ani-
mals’ retention was tested for 5 min. During the test, one copy
of the familiar object was placed in the same location as during
the training trial, and one copy of the familiar object was placed
in the different location to the previous day within the box. All
training and testing trials were video recorded and hand scored
by individuals blind to animal treatments. Videos were
analyzed for total exploration of objects in addition to the dis-
crimination index (DI) [(time spent exploring object in new loca-
tion - time spent exploring object in familiar location)/(total
time exploring in both locations) x 100%]. Combinations and
locations of objects were used in a balanced manner to reduce
potential biases attributable to preference for particular locations.

Tissue preparation. After deep anesthesia with sodium pentobar-
bital, mice were perfused transcardially with 0.1 M phosphate-
buffered saline (PBS), pH 7.4. Mice brains were dissected on ice,
one hemisphere was pooled together and frozen with dry ice for
biochemical analysis; the other hemisphere was collected for
immunohistochemical staining. Protein extracts were prepared
by homogenizing brain regions in T-Per extraction buffer (150
mg/ml, Thermo Fisher Scientific), complemented with pro-
teases and phosphatases inhibitors (Sigma-Aldrich), and centri-
fuged at 10 000 x g for 30 min at 4°C. Protein concentration was
determined from the supernatants using the Bradford assay fol-
lowing the manufacturer’'s protocol (Bio-Rad, Hercules,
California).

Quantitative real time-PCR. Total RNA was purified from T-Per or
M-Per lysates using Direct-zol RNA MiniPrep kit (Zymo
Research, Irvine, California) following the manufacturer’s
instructions. Complementary DNA was produced from 500 ng
RNA using microRNA synthesis kit (Applied Biological Materials,
BC, Canada) for microRNAs or 1 pg RNA using iScript cDNA
Synthesis kit (BioRad) for mRNAs following the manufacturer’s
instructions. For gPCR, cDNA (1/10 dilution) was amplified on a
CFX Connect thermocycler (Biorad) using iTaq Universal SYBR
green supermix (BioRad) on the following conditions. As for
microRNAs: 95°C 10 min; 40x (95°C 15 s and 60°C 30 s); dissocia-
tion curve 65°C-95°C with 0.5°C increments every 5 s. mRNAs:
95°C 10 min; 35x (95°C 30 s, 60°C 1 min, and 72°C 1 min); dissoci-
ation curve 60°C-95°C with 0.5°C increments every 5 s. Data
were normalized to RNA U6 small nuclear 1 (RNU6, for
microRNAs) or glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, for mRNAs) levels. Primer sequences were selected us-
ing the Primer3 software. A complete list of the primer sequen-
ces used in this study is shown in Table 1.

Immunoblotting. Equal amounts of protein were separated on
4%-15% Bis-Tris gel and transferred to PVDF membranes.
Membranes were blocked for 1 h in Odyssey blocking solution
(Li-Cor, Lincoln, Nebraska). After blocking, membranes were in-
cubated overnight with 1 or 2 of the following primary antibod-
ies: LRP1 (1:25, Santa Cruz Biotechnology, California), GAPDH
(1:5000, Santa Cruz Biotechnology), 6E10 (1:1000, Covance,
Dedham, Massachusetts) CTFs (1:1000, Calbiochem, San Diego,
California) in tris-buffered saline (TBS) Odyssey blocking

Table 1. List of Primers Used in the Study

Primer Sequence

5'-AGCAGCATTGTACAGGGCTATGA-3'
5"”-AGCAGCATTGTACAGGGCTATCA-3
5'-TAATACTGCCTGGTAATGATGA-3
5'-TAATACTGCCGGGTAATGATGGA-3'
5'-TCCTTCATTCCACCGGAGTCTG-3
5'-TAATACTGTCTGGTAAAACCGT-3'

microRNA-103a-3p
microRNA-107
microRNA-200b-3p
microRNA-200c-3p
microRNA-205-5p
microRNA-429

RNU6 5'-AAATTCGTGAAGCGTTCCAT-3

LRP1forward 5'-CAACGGCATCTCAGTGGACTAC-3
LRP1 reverse 5'-TGTTGCTGGACAGAACCACCTC-3
GAPDH forward 5'-GTCTCCTCTGACTTCAACAGCG-3

GAPDH reverse 5-ACCACCCTGTTGCTGTAGCCAA-3

solution + 0.2% tween-20 at 4°C. After washes with TBS + 0.1%
tween-20, membranes were incubated for 1 h with the specific
IRDye (Li-Cor) secondary antibodies in TBS + 5% Nonfat milk +
0.2% tween-20 + 0.01% SDS. Blots were scanned in an Odyssey
infrared imager (Li-Cor). Image Studio software (Li-Cor) was
used for protein quantification. Protein levels were normalized
to GAPDH or tubulin.

Meso scale discovery for Ap detection. Meso scale discovery (MSD)
V-PLEX (4G8) 96-well plate was purchased from Meso Scale
Diagnostics, Maryland. Ap40 and AB42 were detected following
the manufacturer’s instructions. Briefly, 150 ul blocker solution
was added into each well and incubate at room temperature
with shaker for 1 h. After washing the plate for 3 times, adding
25 pl detection antibody solution and 25 pl sample from mice
cortex soluble fractions to each well and incubate at room tem-
perature with shaker for 2 h. Wash the plate for another 3 times,
then add 150 pl read buffer T to each well. Analyze the plate on
an MSD instrument.

Quantitative Ap enzyme-linked immunosorbent assay analysis.
Soluble and insoluble AB1-40 and AB1-42 levels were measured
by enzyme-linked immunosorbent assay (ELISA). Briefly, 96-
well plates (Immulon 2HB, Fisher Scientific, Waltham,
Massachusetts) were coated with 25 mg/ml of the mouse antiAp
monoclonal antibody (clone 20.1) in carbonate coating buffer pH
9.6 (Sigma-Aldrich) and incubated overnight at 4°C. The wells
were washed and blocked with 3% bovine serum albumin (BSA)
overnight at 4°C with shaking. After washing, serial dilutions of
AB40 and AP42 were added to the wells and plates were sealed
then incubated overnight at 4°C with shaking. After washing,
horseradish peroxidase conjugated affinity antiAp40 or
antiAp42 antibodies were added at 1:2000 and 1:1000 dilutions,
respectively, and incubated overnight at 4°C with shaking.
Wells were then washed and incubated with streptavidine
horseradish peroxidase (1:4000 dilution) for 4 h at room temper-
ature, washed then Ultra-TMB ELISA substrate (Pierce, Rockford,
Illinois) was added for 5-10 min to develop the reaction. The re-
action was stopped by adding 2 N H3PO, and plates were ana-
lyzed on Synergy BioTek plate reader (BioTek Instruments,
Winooski, Vermont) at 450 nm.

Immunohistochemical and immunofluorescence staining. Brain sec-
tions (40 pm) were mounted onto slides and washed with TBS
twice, followed by blocking with 0.1% triton X-100 with 3% BSA
and 5% goat serum in TBS for 1 h. Tissues were incubated with
LRP1 primary antibody, FITC-cojugated lectin (1:500, Sigma-
Aldrich), 4G8 and 6E10 (1:400, Covance Inc., Princeton, New
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Jersey), Ibal (1:1000, Wako, Richmond, Virginia), GFAP (1:1000,
DAKO, Santa Clara, California) and 82E1 (1:1000, Immuno-
biological Laboratories, Gunma, Japan) overnight at 4°C. After
washing with 0.1% triton X-100 in TBS twice, the sections were
incubated with respective fluorescent secondary antibodies
Alexa Fluor-488 and -555 (Molecular Probes) for 1 h at room tem-
perature. The stained slides were photographed under an EVOS
microscope attached with a digital camera. Five to six random
fields of the cortex and hippocampus were selected to measure
the ratio of LRP1/lectin-positive vessels and 5-6 mice were ana-
lyzed per group using Image]J software.

Statistical analysis. All data were analyzed for statistical signifi-
cance using 1-way analysis of variance followed by Bonferroni’s
multiple comparison post hoc test or unpaired Student’s t test.
We performed at least 3 separate experiments and all values
were presented as mean = SEM. A p < .05 is considered as
significant.

RESULTS

Cu decreases LRP1 expression in human primary MVECs. We
first determined the sustained downregulation of LRP1 follow-
ing Cu exposure in human primary MVECs. Concentration of
nonCp-bound free Cu in serum is estimated to be 0.2 uM (Singh
et al., 2013), and our previous study demonstrated that 0.5 uM
Cu elicited exaggerated proinflammatory activation in response
to AB42 without cytotoxicity in BV2 cells (Kitazawa et al., 2016).
Thus, we continued to use 0.5 uM Cu in MVECs and examined
the temporal changes of LRP1 expression. MVECs were exposed
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to 0.5 uM Cu in the growth media for 24 h; then, allowed to re-
cover for 0, 24, or 48 h in the normal growth media. The steady-
state levels of LRP1 were significantly reduced by Cu exposure
at 24 h, continued to be downregulated even after 24 h of recov-
ery (24-24 h), and returned to the basal levels at 48 h (2448 h)
(Figure 1A ). Similarly, LRP1 mRNA expression was found to be
significantly reduced by Cu exposure and 24 h of recovery, while
it was restored by 48 h of recovery (Figure 1B).

MicroRNA-205-5p, -200b-3p, and -200c-3p Were Predicted to
Regulate LRP1 in MVECs Following Cu Exposure

In an effort of searching mechanisms of Cu-induced LRP1
downregulation, we found evidence showing microRNA-205
regulated LRP1 mRNA through silencing (Chan et al., 2017,
Song and Bu, 2009). We further predicted putative microRNAs
that were conserved between mouse and human and inter-
acted with 3’-untranslated region (3’'UTR) of LRP1 mRNA using
the TargetScan and miRanda (Betel et al., 2008; Lewis et al.,
2005). Among a total of 7 candidate microRNAs that we
screened (Table 1), microRNA-205-5p, -200b-3p, and -200c-3p
were found to be significantly increased by 24 h exposure to
Cu in MVECs (Figure 2A). These 3 microRNAs remained upre-
gulated at 24 h of recovery and eventually returned to the
basal levels at 48 h of recovery (Figs. 2B and 2C), correlating
well with changes in LRP1 protein and mRNA described in
Figure 1. Sequencing analysis confirms these 3 microRNAs
have 8-base pair seed binding sequence in the 3’'UTR of both
human and mouse LRP1 mRNAs (Figure 3), which will then
form a partially complementary binding to repress the transla-
tion of LRP1.

A B
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Figure 1. Cu reduced LRP1 levels in human primary MVECs. MVECs were exposed to 0.5 pM Cu for 24 h, then returned to normal growth media for additional 0 h (24 h),
24 h (24-24 h), or 48 h (2448 h). A, The steady-state levels of LRP1 were significantly decreased at 24 h exposure and remained reduced even after 24 h rescue. Each
graph represents mean * SEM of 3 separate experiments in triplicates (n = 9 per group, **p < .01 compared with the control group). B, Cu exposure significantly reduced
LRP1 mRNA. Each graph represents mean + SEM of 7 separate experiments in duplicates (n = 14 per group, **p < .001 compared with the control group).
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Figure 2. Mature microRNA-205-5p, -200b-3p, and -200c-3p were significantly elevated in MVECs exposed to Cu. MicroRNA-205-5p, -200b-3p, and -200c-3p transcripts
were significantly elevated in MVECs following the exposure to 0.5 pM Cu for 24 h (A) and even after 24 h rescue (B), then returned to baseline after 48 h of rescue
(C). Each graph represents mean + SEM of 6 separate experiments in duplicates (n = 12 per group, *p < .05, **p < .01, or **p < .001 compared with the control group).

Cu-Induced, microRNA-Mediated Downregulation of LRP1 in MVECs
To determine whether microRNA-205-5p, -200b-3p, and -200c-
3p controlled LRP1 mRNA through posttranscriptional silencing
in MVECs, we transiently overexpressed double-stranded RNA
mimics of microRNA-205-5p, -200b-3p, or -200c-3p and analyzed
the steady-state levels of LRP1 and LRP1 mRNA by gPCR. Forty-
eight hours after the transfection with 8 nM of synthetic
microRNA-205-5p, -200b-3p, or -200c-3p mimics in MVECs, we
found a significant, around 50% reduction of LRP1 levels while a
scramble sequence of microRNA mimics did not (Figure 4A), val-
idating that these 3 microRNAs were capable of downregulating
LRP1 independently. However, mimics treatment did not signifi-
cantly affect LRP1 mRNA levels (Figure 4B). We next examined
whether these 3 microRNAs were involved in Cu-induced down-
regulation of LRP1 in MVECs. Although application of individual
synthetic miRNA antagomirs concomitantly with Cu exposure
in MVECs did not effectively rescue the reduction of LRP1 (data
not shown), combination of 3 synthetic miRNA antagomirs tar-
geting microRNA-205-5p, -200b-3p, and -200c-3p effectively res-
cued the steady-state levels of LRP1 and LRP1 mRNA (Figs. 4C
and 4D).

Chronic Cu Exposure Causes Loss of Brain LRP1 in Mice

In order to decipher a critical pathological role of microRNA in
Cu-induced loss of LRP1 and development of AD phenotypes,
we exposed 1-month-old WT C57BL/6] mice and J20 transgenic
mice to 1.3 ppm Cu containing drinking water for 9 months and
examined biochemical and histopathological features in the

brain. Intriguingly, WT mice exposed to Cu significantly reduced
the steady-state levels of LRP1 in cortex compared with control
water-treated group by immunoblot while its reduction in J20
mice was not significant (Figure 5A). Levels of cortical
microRNA-205-5p and -200b-3p, but not -200c-3p, were in-
creased by approximately 1.5-fold relative to control group but
failed to show statistical significance in WT mice (Figure 5B). In
J20 mice, although we did not detect any significance between
control and Cu groups, these 3 microRNAs were appeared to be
elevated compared with WT control (Figure 5B). Changes of en-
dothelial LRP1 in cortex were further examined by
coimmunofluorescent staining. We found that a significant re-
duction of LRP1 staining on cortical cerebrovasculature in Cu-
exposed WT and J20 mice while vascular staining by lectin
remained fairly unchanged throughout the groups (Figure 5C),
suggesting a cell type-specific reduction of LRP1 in the mouse
brain by Cu exposure. Collectively, our results suggest neuro-
toxic effect of chronic Cu exposure that perturbed LRP1 in brain
vasculature.

Changes in Neuroinflammation and Ap Pathology in Cu-Exposed
J20 Mice

The loss of endothelial LRP1 in cerebrovasculature has been
reported to impair soluble AB40 clearance from the brain paren-
chyma in part because LRP1 possesses higher binding affinity to
AB40 than Ap42 (Bell et al., 2007; Deane and Zlokovic, 2004;
Storck et al., 2015). We first examined whether the overall APP
processing was altered by chronic Cu exposure in mice and
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Figure 3. Schematic representation of the interaction between LRP1 3'UTR and the mature microRNA-205-5p, -200b-3p, and -200c-3p. Alignments between human
LRP1 3'UTR and microRNA-205-5p, -200b-3p, and -200c-3p are illustrated. MicroRNA-205-5p forms a seed sequence with 117-125 nucleotides of LRP1 3'UTR, and
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205-5p) and 156-163 (for mouse microRNA-200b-3p and -200c-3p) of the mouse LRP1 3'UTR. In addition, the mouse Lrp1 3'UTR has a second matching region for mouse
microRNA-205-5p in the position 250-257 (not shown). Matching bases are shown in bold and the numbers indicate the position of the nucleotide within the 3'UTR or
the mature microRNA. The seed sequence refers to nucleotides 2-8 of the microRNA. Predictions were generated using the TargetScan and miRanda.

found no significant change in the steady-state levels of full-
length APP or its metabolites between control and Cu-exposed
group (Supplementary Figure 1). Surprisingly, cortical deposi-
tion of AP plaques as well as soluble and insoluble Ap40 and
AB42 levels were not significantly different between control and
Cu-exposed groups in WT or J20 mice (Supplementary Figure 2).
Interestingly, however, neuroinflammation was significantly
exacerbated in Cu-exposed mice as both Ibal+ microglia and
GFAP+ astrocytes were increased in the cortical regions of Cu-
exposed mice (Figure 6A). In J20 mice, we further investigated
microglia and astrocyte activation around Ap plaques and found
that more microglia and astrocytes were residing in the vicinity
of plaques in Cu-exposed J20 mice (Figure 6B). This may indicate
increased inflammatory activation or dyshomeostasis triggered
by chronic Cu exposure as we have previously reported in vitro
(Kitazawa, et al., 2016). Intriguingly, we also found a marked ac-
cumulation of AB peptides, detected by N-terminal specific AB
antibody, in cerebrovasculature of the cortex of Cu-exposed J20
mice when compared with control J20 mice, especially where
endothelial LRP1 was reduced (Figure 6C). Although it did not
significantly contribute to the overall accumulation of soluble
and insoluble Af species in the brain of 10 months old J20 mice,
vascular accumulation of Ap may be highlighted as one of the
adverse effects elicited by Cu exposure in the brain.

Chronic Cu Exposure Exacerbates Spatial Memory in WT Mice

Extensive AP accumulation in cerebrovasculature can lead to
cognitive decline and dementia. We tested spatial memory
function by OLM and MWM in both WT and J20 mice after
9 months of Cu exposure through drinking water. Interestingly,
Cu-exposed WT mice displayed significantly impaired DI in
OLM compared with control group (Figure 7A). J20 mice, on the

other hand, already exhibited impaired spatial memory at 10
months of age, and we did not find any further adverse perfor-
mance in Cu-exposed group (Figure 7A). In MWM, while no dif-
ference was detected in mice with or without Cu exposure
during acquisition (Figure 7B), retention memory was signifi-
cantly impaired in WT mice exposed to Cu as measured by the
latency to reach the platform location and the number of
crosses (Figs. 7C and 7D). As expected, J20 mice exhibited im-
paired memory functions, and no difference was found by the
exposure (Figs. 7C and 7D). Taken together, we presented that
chronic Cu exposure reduced endothelial LRP1, possibly through
upregulation of microRNA-200b-3p, -200c-3p, and -205-5p, and
exacerbated vascular Af accumulation. Its direct impact to cog-
nitive decline, however, needs further investigations.

DISCUSSION

Chronic exposure to environmentally relevant Cu in drinking
water has previously been reported to significantly reduce LRP1
in the brain vasculature in mouse models of AD (Kitazawa et al.,
2016; Singh et al., 2013). In this study, we further examined the
underlying mechanism and found that microRNAs played a piv-
otal role in downregulating endothelial LRP1 expression in the
presence of Cu. In human primary MVECs, Cu exposure signifi-
cantly upregulated microRNA-205-5p, -200b-3p, -200c-3p from
several more candidate microRNAs that were predicted to inter-
act with the 3’'UTR of LRP1 mRNA. During the recovery phase,
the temporal pattern of the reduction of these microRNAs was
inversely correlated with the restoration of LRP1 in the cell.
Application of microRNA mimics and cotreatment of specific
microRNA antagomirs with Cu further supported the direct in-
volvement of these microRNAs on modulating endothelial LRP1.
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mimics had no effect on the LRP1 transcript in MVECs. The graph represents mean + SEM of 3 separate experiments in duplicates (n = 6 per group, *p < .05 compared
with the control group). C, The combined synthetic antagomirs (inhibitors) against microRNA-205-5p, -200b-3p, and -200c-3p (4 nM per antagomir) effectively restored
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LRP1 has been shown to play critical roles in brain Af clear-
ance, including in neurons (Kanekiyo et al., 2013), astrocytes (Liu
et al., 2017), vascular mural cells (Kanekiyo et al., 2012), and en-
dothelial cells (Storck et al., 2015). Age-related loss of endothelial
LRP1 is well documented in humans as well as in early stages of
AD, implicating that it is one of the initiating pathological
changes leading to AD. In fact, growing bodies of evidence sug-
gests that decreased turnover or clearance rate of Ap from the
brain, rather than overproduction of it, contributes to the accel-
erated buildup of AB and onset of AD (Lucey et al, 2017,
Mawuenyega et al., 2010; Patterson et al., 2015). Thus, Cu-
induced development of AD pathology is in part due to an ex-
tensive loss of LRP1 and impairment of AB clearance mecha-
nisms in the brain parenchyma. In order to incorporate the
effect of chronic Cu exposure and normal aging process on po-
tentially accelerated loss of LRP1 in cerebrovasculature in
mouse models, we conducted 9-month exposure of 1.3 ppm Cu
through drinking water and examined subsequent pathological
changes in the brain. Intriguingly, we found a significant reduc-
tion of vascular endothelial LRP1 by genotype as well as by Cu
exposure, suggesting a strong impact from the environment
that could determine functional capacity of the vascular endo-
thelial cells. These observed alterations may depend on the

distribution of redox-active Cu in the body. If free Cu is elevated
in blood as has been observed in humans (Salustri et al., 2010;
Silbert et al., 2018; Squitti et al., 2006, 2011, 2014; Talwar et al.,
2017; Ventriglia et al., 2012; Vural et al., 2010), vascular endothe-
lial cells, which are in direct contact with blood, could be a pri-
mary target for Cu toxicity.

Although increased buildup of Af in the brain was predicted
as a pathological consequence of the loss of endothelial LRP1 in
mice (Storck et al., 2015), parenchymal AB plaque burdens were
largely unaffected in Cu-exposed J20 mice, and levels of brain
microRNA-205-5p, -200b-3p, and -200c-3p were only marginally
increased following chronic Cu-exposure. This apparent differ-
ence between our in vitro and in vivo findings may, in part, due
to the following limitations and conditions. First, the in vitro
data showed the changes of these miRNAs might be endothelial
cell-specific responses. Thus, microRNA analysis using brain
homogenates might mitigate any cell type-specific changes in
mice. Second, these miRNAs that potentially perturb the ability
to clear AR may play a key role in early and even prodromal
stages of AD (Nagaraj et al., 2017; Shinohara et al., 2017). In fact,
microRNA-205-5p in blood plasma has recently been identified
as one of putative early biomarkers to predict AD (Kiko et al.,
2014). Last, multifaceted mechanisms could lead to loss of LRP1
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200 pm, *p < .05, **p < .001 compared with the WT control or WT/H,0 group).

as a common outcome in highly heterogeneous brain tissues.
Further studies will be essential in order to delineate the precise
underlying mechanisms by which Cu downregulates LRP1 in ce-
rebrovascular endothelial cells in mice. However, increased vas-
cular AB accumulation, coupled with the loss of endothelial
LRP1, is worth noting that there is a potential link between Cu

exposure, vascular damage, and cognitive decline in the mouse
model.

Recent mounting evidence strongly supports the pathologi-
cal involvement of microRNA in AD and MCI (Lukiw et al., 2012;
Wu et al, 2016). Change in microRNA profile in blood may
serve as a biomarker to predict the disease progression
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*p < .01, *™p < .001 compared with WT/H,O group). B, Quantitative analysis of percent 82E1+ plaque area covered by

microglia (Ibal+) or astrocytes (GFAP+) revealed a significantly greater coverage within the 20 ym from the Ap plaques in J20 mice exposed to Cu (J20/Cu) than in con-
trol J20 mice (J20/H,0). Dotted lines outline regions at 20 ym from the edge of the plaques, where plaques and glial cells within the regions were quantified (n = 3 mice
per group, scale bar: 20 um, *p < .05 compared with J20/H,0 group). C, Increased accumulation of Ap around the vasculature was evident in J20 mice exposed to Cu.
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(Nagaraj et al.,, 2017). Dysregulation of single microRNA could
impact wide spectrum of the disease phenotypes including APP
metabolism (Vilardo et al., 2010), tau pathology (Banzhaf-
Strathmann et al., 2014; Cogswell et al., 2008; Hébert et al., 2010),
lipid metabolism (Kim et al., 2015), inflammation (Li et al., 2011;
Zhao et al., 2014), and synaptic plasticity (Lee et al, 2012;
Rodriguez-Ortiz et al., 2014). Although these miRNAs have been
reported to be altered in AD, the trend of the changes is still
controversial. Some group has reported that miR-200b was
down-regulated (Liu et al., 2014), while others have observed the
opposite result (Guedes et al., 2015). Liu found that the level of
miR-200b was decreased in the hippocampi of 3-month APP/PS1
transgenic mice, suggesting that the change of miR-200b is

earlier than the formation of amyloid plaques (Liu et al., 2014).
On the other hand, Guedes showed that miR-200b upregulated
in blood-derived monocytes from AD patients, particularly,
miR-200b could bind to the 3'UTR of beta-1, 4-mannosyl-glyco-
protein  4-beta-N-acetylglucosaminyltransferase =~ (MGAT3)
(Guedes et al., 2015). Downregulation of MGAT3 may relate to
defective AB phagocytosis (Fiala et al., 2007), suggesting a link
between miR-200b upregulation, MGAT3 downregulation, im-
pairment in Af phagocytosis and decreased A clearance in AD.

In our study, we observed that miR-200b-3p and miR-200c-
3p had similar effects on LRP1 downregulation. Both miR-200b
and miR-200c are predicted to bind a highly overlapping range
of targets and may therefore represent similar sequences, only
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Figure 7. Chronic Cu exposure through drinking water exacerbates spatial memory. WT C57BL/6] mice and J20 mice were tested for spatial memory function after 9
months of Cu exposure. A, OLM test revealed a significant impairment of spatial memory function in WT mice exposed to Cu containing drinking water. B, In the acqui-
sition of MWM test, there was a genotype difference but not by treatment group. On the other hand, during retention memory probe trial, Cu-exposed WT mice signifi-
cantly exacerbated the latency to cross the platform location (C) and the number of crosses on the platform location (D), while no difference was detected in J20 mice
(n = 11-16 per group, "p < .05, *p < .01 compared with WT control water-treated group).

a few nucleotides difference, they exert similar function.
However, there are some discrepancies about their cellular role
in previous literatures. Wu reported that miR-200c plays a pro-
tective role for neuronal survival and differentiation in response
to Ap-induced endoplasmic reticulum-stress. When Ap was ac-
cumulated to a threshold, the apoptosis program started and
miR-200c would decrease. The increase of miR-200c was
detected from the sera of early stage of APP/PS mice and AD
patients; in late stage of the disease, miR-200c level decreased
(Wu et al., 2016). As for other neurodegenerative diseases, miR-
200b greatly decreased as well as dendritic spine densities re-
duction in prion disease mice (Boese et al., 2016). In another
study, increased miR-200c significantly upregulated at the
presymptomatic stage in a huntingtin disease mouse model.
MiR-200c could control genes involved in mutant HTT-induced
neuronal dysfunction, including abnormal synaptic transmis-
sion, and disturbed neurogenesis (Jin et al., 2012). In Parkinson’s
disease patients, miR-205 expression decreased and could be a
potential biomarker for movement disorder (Cho et al., 2013;
Marques et al., 2017). Meanwhile, miR-205 would decrease and
upregulate TGF-B signaling in glioma cell line U87 and glioma
patients’ sera (Duan and Chen, 2016; Yue et al.,, 2016). On the
other hand, increased miR-205 expression induced by inflam-
mation further downregulated LRP1 has been reported in ath-
erosclerosis and abdominal aortic aneurysm (Chan et al., 2017;
Kim et al., 2014; Son et al., 2017). As noted in these reports, dis-
crepancies may be related to factors that include accuracy of
the diagnosis, samples acquisition and processing, tissue region
analyzed, methodologies used in the analysis, intrinsic human
individuality and different stages of the disease. Nevertheless,
more studies needed to elucidate whether miRNA could be a re-
liable biomarker for AD in the future.

In conclusion, our study supports the putative role of
microRNA-205-5p, miR-200b-3p, and miR-200c-3p involved in
downregulating endothelial LRP1 expression after chronic Cu

exposure. Although the pathogenic contribution of

environmental risk factors, like Cu exposure, to AD remains
controversial, recent evidence supports Cu dyshomeostasis
leads to accelerated cognitive decline and possibly neuronal
death (Silbert et al., 2018; Yu et al., 2018), which eventually pro-
motes the onset of AD. Our study may unveil one underlying
mechanism by which Cu exacerbates AD pathology through
microRNA-mediated loss of LRP1.
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