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Abstract
Lead is a heavy metal commonly found in the environment with known neurotoxicity, hematological and
other toxicities. It has been found that lead exposure can disturb partial metal regulatory function in the
blood-CSF barrier (BCB). Copper, which play an important role in maintaining normal brain function, can
accumulate in brain after lead exposure. The studies of Alzheimer's disease (AD) indicated that abnormal
copper homeostasis in cerebrospinal �uid (CSF) may be involved in the pathogenesis. However, the
mechanism of copper disturbance in the brain caused by lead is still unknown. This study was designed
to investigate copper clearance by the BCB in central nervous system after lead exposure, with focus on
copper transporter protein CTR1/ATP7A. Inductively coupled plasma mass spectrometry (ICP-MS) and
principal component analysis (PCA) were used to identify the changes of heavy metal level in
hippocampus and CSF after lead exposure. It was found that the change in copper level was most
pronounced in the brain between 3 to 12 weeks post lead exposure. Ventriculo-cisternal (VC) perfusion in
Sprague Dawley (SD) rat suggested that the ability of BCB to deliver copper from the CSF to blood was
decreased after lead exposure. Confocal microscope showed evidence of the presence of excess copper
in the choroid plexus cells leading to CTR1/ATP7A shifting toward the apical microvilli facing the CSF
after lead exposure. Finally, transmission electron microscopy (TEM) was used for observation of the
microstructure of choroid plexus showed altered mitochondrial morphology with decreased microvilli
after lead exposure. Our data suggested that lead exposure may alter BCB cellular microscopic structure
and its copper transport, clearance function that might further cause brain injury.

1. Introduction
lead is a heavy metal widely used in various industries, its release can permanently pollute the
environment [1] .It has been well documented that lead exposure can develop multiple systemic adverse
effects, including decreased intelligence quotient (IQ) [2, 3] cognitive impairment [4–6] memory decline [7,
8] and de�cient attention[9–11] as well as known hematological toxicities.. In addition, recent studies
have reported that lead exposure may aggravate neurodegenerative disorders, such as Alzheimer's and
Parkinson's disease. However, the detailed mechanism has not been fully elucidated.

Previous studies have found that lead exposure can affect the distribution of some electrolytes ions and
trace elements in the brain by causing changes in the expression of its transporters in brain barrier
system. Data has shown that lead exposure can result in imbalance of brain’s iron homeostasis due to
compromised blood-brain barrier (BBB) regulatory function [12]. It was found that more zinc ions were
deposited in the intracellular zinc pool after lead exposure due to increased ZnT2 expression in choroidal
epithelial cells by a yet unclear pathway [13]. Lead exposure can also alter the expression of copper
transporters CTR1 and APT7A in Z310 cells, resulting in increased intracellular copper content [14].
However, these studies were focused on the change of ion or trace elements concentration after lead
exposure resulting in disturbance of brain function through an unclear pathway. Because lead is a
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divalent metal carries electronegativity and particle radius similarities with other ion or trace elements in
the body [15, 16], and its absorption, distribution could mimic other divalent trace elements such as iron,
zinc, calcium etc. There is no available data to demonstrate the signi�cant changes of divalent metal ion
or trace elements in the brain after lead exposure. Therefore, we hypothesized that lead may exert its
neurotoxicity by affecting some key divalent ion distributions. This study designed to identify the
changed divalent metals in the rats’ hippocampus and CSF after lead exposure.

Our previous study found that lead exposure can cause copper accumulation in brain tissues of rats. The
copper content in the striatum and hypothalamus of exposure group were 4.66 and 3.57 times of the
control group [17]. Meanwhile, copper content in the hippocampal CA1 and DG regions were also higher
and the copper transporter mRNA in the hippocampal CA1 region showed up-regulation after lead
exposure [18]. It is known that copper is an essential trace element as co-factor for several enzymes,
however, excessive copper can generate free radicals by interacting with oxygen [19]. The previous
studies have demonstrated that copper disorder in brain has been linked to several neurodegenerative
disorders, such as Parkinson’s disease and Alzheimer’s disease [20–22]. Copper homeostasis in the brain
is regulated by brain barrier systems, one of which is BBB and the other is blood-CSF barrier (BCB) [23].
There are some reports suggested that free copper ions are mainly transported into brain via BBB,
whereas BCB may play a critical role in regulating copper between peripheral blood and cerebrospinal
�uid (CSF) [24–26]. The effects and potential mechanism of BCB on copper clearance after lead
exposure are the chief research interest. The choroid plexus, an epithelial monolayer constituting to the
BCB that produces the CSF, which is critical in regulating the essential trace elements between blood and
CSF, eliminating metabolites or detrimental materials from extracellular �uid to the blood [27, 28]. Several
molecules associated with copper transport proteins for uptake and e�ux were also found to be
expressed in choroidal epithelial cells [24, 25, 29]. The exact mechanism regarding lead exposure result in
copper accumulation in the brain causing neurotoxicity is currently unclear. We hypothesized that lead
exposure may induce BCB dysfunction by altering choroid plexus ultra-structure and expression of copper
transporters which ultimately cause the dysfunction of copper clearance and its pathogenesis. Our study
is to investigate the major changes of divalent metals in brain after lead exposure and explore its
mechanisms.

2. Methods

2.1 Experimental animals’ treatment and samples
collection
SPF SD male rats, 21 days old weighting 60 ~ 70 g, were purchased from the Vital River Laboratory
Animal Technology Co., Ltd (China, Beijing, Certi�cate number of animals: SCXK 2016-0006). Upon
arrival, the rats were under immediately quarantine and were given a standard diet, puri�ed drinking water
and allowed to acclimatize for one week prior to the experimentation carried out in a room with standard
laboratory conditions (12 hours light-dark cycle; 25 ± 2℃). The experiments were conducted in
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accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals,
approved by the North China University of Science and Technology Animal Ethics Committee
(No.201620). The total of 48 SD rats were randomized into control and lead group. The lead group were
exposed to lead (50 mg/kg) for 3, 6, 9 and 12 weeks. Meanwhile, another 60 SD rats were divided into
control, low-dose (50 mg/kg) and high-dose lead group (100 mg/kg) and exposed to lead for 12 weeks.
The concentrations of lead selected were within the range of reported concentrations su�ce in increasing
tissue trace elements level and causing the study animals’ neurotoxic effects, such as cognitive de�cits,
learning and memory disorders [30]. All the lead groups rats were given free water containing assigned
dose of lead acetate. The control group rats were given free distilled water.

At the end of experiment, all the rats were sacri�ced after anesthetized with ketamine/xylazine
(75:10 mg/kg, l mg/Kg i.p.). CSF was collected, brain tissues were dissected on the ice plate and choroid
plexus and hippocampus were harvested. The harvested hippocampus and choroid plexus from the 48
SD rats were stored at -80℃ freezer and later prepared for metal content detection. The choroid plexus of
18 SD rats were used for the mRNA expression analysis. The choroid plexus from nine of the SD rats
were preserved in 4% paraformaldehyde and the other nine in 2.5% glutaraldehyde.

2.2 Detection of 12 elements concentrations by ICP-MS
The harvested tissues were digested with ultra-pure nitric acid in a microwave-accelerated reaction
system. CSF was digested overnight with nitric acid in the over at 55℃. An Agilent 7500a was used to
quantify elements concentrations. Digested samples were diluted 500 or 1000 times with 1.0% (vol/vol)
HNO3 to keep the reading within the range of the standard curve. The elements and their detection limit
were shown in Table1.
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Table 1
the detection limit of different elements ICP-MS

Elements Detection limit(ng/L)

Cu 0.0300

V 0.0010

Cr 0.0040

Fe 0.0500

Ni 0.0800

Mg 0.0700

Co 0.0050

Ca 0.3000

Mo 0.0060

Zn 0.0400

Mn 0.0300

Pb 0.0001

Note. Determination limit: a single element standard was prepared into a series of concentrations
until the minimum concentration met the linear equation R, not less than 0.998; the recovery rate of
the lowest concentration ranged of 70–130%; the RSD of the solution at the lowest concentration
point was continuously injected 6 times, not to exceed 10%. Detection limit: samples were allowed 3-
fold dilation, then continuously tested 6 times.
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Table 1
the different element of detection limit in ICP-MS

Element Detection limit(ng/L) Determination limit(µg/L)

Cu 0.020 6

V 0.700 -

Cr 0.080 2

Fe 0.300 100

Ni 0.100 6

Mg 0.040 1

Co 0.300 1

Ca 0.500 300

Mo 0.3 -

Zn 1.000 5

Mn 0.500 -

Pb 0.020 -

Note. Determination limit: a single element standard is prepared into a series of concentrations until
the minimum concentration meets the linear equation R is not less than 0.998; the recovery rate of the
lowest concentration point is in the range of 70–130%; the RSD of the solution at the lowest
concentration point is continuously injected 6 times which should not more than 10%. Detection limit:
The detection limit is diluted 3 times, and that needs to be continuously tested 6 times.

2.3 Immuno�uorescence staining
Choroid plexus was �xed in 4% paraformaldehyde and permeabilized in 0.1% Triton X-100 at room
temperature. After blocking with 1% bovine serum albumin (BSA) for 1 hour at room temperature, choroid
plexus was incubated with anti-rabbit polyclonal CTR1, ATP7A primary antibodies (1:100) in 1% BSA at
4℃. Overnight, CTR1 and ATP7A were followed by incubation with dylight 488 labeled anti-mouse
secondary antibodies (1:200). All of them were conducted at room temperature for 1 hour. To acquire
images, slides were mounted on the stage of a Olympus FV1000 inverted confocal laser microscope and
viewed through a × 100 oil-immersion objective (Plan Apo, × 100/1.40 oil, W.D. 0.13, cover glass thickness
0.17, DIC), with a 488-nm or 594-nm laser source for excitation. Each slide was examined under reduced
transmitted-light illumination, and the area containing epithelium with underlying vasculature was chosen
for analyses.

2.4 real-time PCR
The mRNA expression ctr1 and atp7a were quanti�ed using real-time PCR. In brief, the total RNA was
isolated from choroid plexus using TRIZOL reagent following manufacturer’s introduction. An aliquot of
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RNA (2 µg) was reverse-transcribed into cDNA by using a cDNA Reverse Transcription Kit (Roche, Swit).
The expression of speci�c mRNA was assayed using �uorescence-based real-time PCR and reactions
were performed using Fast SYBR PCR ampli�er (Roche, Swit). Beta actin was chosen as a housekeeping
gene. The ampli�cation program was followed by 45 cycles of 95℃ for 5 seconds, 60℃ for 20 seconds
and 72℃ for 15 seconds. Each real-time PCR reaction was run in triplicate. The cycle time (Ct) values of
interested genes were normalized with that of the reference gene in the same sample to obtain delta Ct
values.

The following primers were used:

ctr1: forward 5’-AGGTCTAGCTGACAGTCTCTCA-3’

reverse 5’-AAACTCGGCCTGCGTTTAGT-3’

atp7a:forward 5’-CCCTCAACAGCGTCGTCACT-3’

reverse 5’-ACTAGCAGCATCCCCAAAGG-3’

β-actin: forward 5’-GTGGATCAGCAAGCAGGAGT-3’

reverse 5’-CGCAGCTCAGTAACAGTCCG-3’

2.5 In situ VC perfusion
Relevant reagent concentrations for this experiment were selected in accordance with references. [25, 29,
31] Speci�c experimental methods were provided by Zheng Wei Laboratory of Purdue University. Brie�y,
rats were anesthetized and �xed in a stereotactic device. A midline skin incision was made from the
forehead to the neck to expose the skull surface. A small drill bit (Plastics One Inc., Roanoke, VA) was
used to make a hole in the skull for cannula placement. The cannula was implanted into the lateral
ventricle according to the three data of following parameters: anterior 0.8 and posterior 0.8 cm, lateral line
to midline 1.4 cm, and vertical 3.5 mm. This cannula was then used for micro pump- controlled lateral
ventricular injection with arti�cial CSF. The arti�cial CSF was pre-mixed solution containing 35 µCi/ml of
64Cu and 0.5 µCi/ml of 14C-sucrose. The concentration of this mixture was 5 µM CuCl2, which was
delivered to the lateral ventricle at a rate of 28 µl/min that controlled by a micropump. (Harvard Syringe
Pump, Model 11 Plus). Throughout the 90 minutes injection, 26G butter�y needles were inserted into the
cistern magna at appropriate angles per 10 minutes intervals to collect CSF out�ow. It was assumed that
the density of arti�cial CSF is 1 g/ml and its weight was calculated from the volume of collected arti�cial
CSF. In some cases, additional anesthesia to the rats were provided as needed in order to complete the
procedures. The body temperature of the rats maintained at 37℃ using a heating pad during the
experiments.

Calculation of various indicators:

Curve plot of perfusion time and radioactivity ratio of perfusion substance in collected liquid
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Calculate the average of the radioactivity ratio of the perfusion material in the collected liquid when the
plateau phase is reached. At least 5 of the arithmetic mean points were recorded for analysis.

Cout represent radioactivity of substances in the collected �uid

Cin represent radioactivity of substance during perfusion

Fin represent perfusion rate

RD represent that at the plateau phase of the radioactivity ratio between Cin and Cout of sucrose

2.6 Transmission electron microscopy
Two choroid plexus samples were utilized and �xed in 2.5% glutaraldehyde. The samples were combined
with 1% osmium tetroxide, dehydrated through ascending series of acetone, and embedded in Epon812.
Prior slicing them into ultra-thin sections, specimens were stained with lead citrate and uranyl acetate.
The ultra-thin sections were viewed and photographed with a transmission electron microscope.

2.7 Morris water maze
To test learning and memory impairment, the Morris water maze (MWM) tasks were used to measure the
rats’ learning and memory ability. Visible (platform with a �ag) and invisible (platform) trials were
performed on lead group after lead exposure and the control group. For the visible trials, the hidden
platform was placed below the water surface in the second quadrant and rats were gently placed in the
pool at the fourth quadrant facing the pool wall. Rats were given 16 training (4 time per day/4 days) trials
and escape latency is de�ned as the time required to �nd and climb onto the platform. During training,
they had to rest on the platform for 30 seconds if the rat �nds the platform before repeating the next
training. If the rats were unable to locate a platform within 60 seconds, the time for this test is recorded
as one minute. On the day 5, invisible platform trials were performed. Brie�y, the hidden platform was
removed, and the rats were placed in the water away from the prior platform location for a single trial
lasting 60 s and recorded the frequencies of crossing the platform. Data was recorded using the Water
Maze Video Tracking System (Zheng Hua Biological Instrument Equipment Co, Huai Bei, China). All
cognitive tasks were performed between 10:00 and 17:00 hours during the day.

2.8 Statistical analysis
PCA was used to extract the principal component, to achieve the purpose of dimensionality reduction.
The discriminant orthogonal least squares discriminant analysis (OPLSDA) was used to establish the
distinguishing model between groups, and the differences in elemental spectra between the lead
exposure group and the control group were captured. The model veri�es the extracted principal
component and �nally determines the element distribution of the extracted principal component. Besides
the PCA results, the data were shown as the mean ± SD; statistical analysis of the differences between
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the lead and control groups were performed by using one-way ANOVA followed by a least signi�cant
difference test for multiple comparisons. A value of p < 0.05 was considered statistically signi�cant.

3. Result

3.1 Lead induced obviously the learning and cognitive
de�cits.
By evaluating the spatial learning and memory performance using the Morris water maze test, it was
found that the escape latency in lead exposure group was signi�cantly longer at the third and the fourth
day (P < 0.001, Fig. 1A). Further analysis found that the escape latency in the high-dose lead exposure
group was longer compare with that of the low-dose lead group (P < 0.01, Fig. 1A). This data indicated
that lead exposure was associated with decreased learning and memory ability in rats. In space
exploration test, the average frequency of crossing the platform in lead exposure groups rats showed a
decrease trend (P < 0.001, Fig. 1B) while the rats in high does lead group had the lowest frequency of
crossing the platform. However, there was no statistical signi�cance between the low and the high does
lead groups. These results demonstrated that lead could gradually impair spatial orientation of rats. With
higher concentration of lead exposure, there were signs of more severe injury to these rats’ cognitive
function.

3.2 Metal elements change in hippocampus of rats
following lead exposure for 3, 6, 9, 12 weeks
We �rst used ICP-MS to detect the levels of metal elements in the hippocampus of rats. It was found that
some divalent metal elements contents were so rare that they can be neglected. The nine divalent metal
elements concentration changes in rat hippocampus were obtained for analysis. PCA was applied to
extract the 9 elements and their changes in hippocampus after lead exposure. After 3 weeks of lead
exposure, six main components were extracted from the hippocampus. Among them, factor 1(F1)
included Ca, Cu, Ni, Mg, Fe and Zn accounting for 79.55% of the total variance. Three main components
were extracted among lead and control group after 6 weeks lead exposure of which F1 included Ni, Fe
and Cu accounting for 71.33% of the total variance. Three main components were extracted from the
hippocampus of rats with 9 weeks lead exposure and F1 included Cu, Mg and Ca accounting for 79.39%
of the total variance. Meanwhile, four principal components were extracted from all the elements of the
rats’ hippocampus after 12-week lead exposure and F1 included Ca, Fe, Zn, Mg and Cu accounting for
85.02% of the total variance. After 3–12 weeks of lead exposure, the principal metallic trace elements
components analysis in rats’ hippocampus indicated copper (Cu) detection. The copper concentration in
the hippocampus showed signi�cant changes as exhibited in Fig. 2.
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3.3 Metal elements change in CSF of rats following lead
exposure for 3, 6, 9, 12 weeks
By using the same metal measurement method as analyzing hippocampus, twelve kinds of divalent
metals contents in CSF were identi�ed. After 3 weeks of lead exposure, three main components of which
in CSF were extracted. F1 included V, Cu and Fe accounting for 78.08% of the total variance. Five main
components were extracted after 6 weeks lead exposure, F1 including Fe, Ni, V, Mo, Ca and Cu accounting
for 85.36% of the total variance. After 9 weeks of lead exposure, �ve main components were extracted of
which F1 including Cu, V, Ni, Cr, Mg and Ca accounting for 82.77% of the total variance. Five main
components were extracted after 12 weeks of lead exposure that F1 including Ni, V, Cu, Fe and Mn
accounting for 79.79% of the total variance. F1 extracted from the different exposure duration included V
and Cu, and the differences are shown in Fig. 3.

These data suggested that there was signi�cant change of copper level in the hippocampus and CSF of
rats at each exposure duration, indicative that lead exposure might result in the copper disorder of rats’
brain.

3.4 The accumulation of copper and lead in plasma and
choroid plexus at different lead exposure duration
Our data indicated that lead exposure can affect copper level in CSF and hippocampus, which led us to
try to elucidate its mechanism. Therefore, the copper and lead contents from plasma and choroid plexus
were studied. The results were shown in Fig. 4. At every 3 weeks after lead exposure, both lead and
copper levels in the plasma and choroid plexus were measured. These results showed that the lead and
copper levels in the plasma increased after 3 to 12 weeks of lead exposure, conveying that there were
increased lead and copper concentration in the peripheral blood after lead exposure.

As we know BCB is barrier regulating ion homeostasis between the brain and the blood, and the choroid
plexus is an important component of the BCB. It can be found that at each point of lead exposure the
levels of copper and lead were much higher than that in control. Copper and lead gradually accumulate in
the choroid plexus during lead exposure for 3 to 12 weeks.

The lead and copper contents in plasma during lead exposure for 3 to 12 weeks were increased
compared to the control group. These results predicted that the choroid plexus surface facing the
peripheral blood would be at risk for contacting higher concentration of copper and lead. This changed
environment may lead to the accumulation of lead and copper in the choroid plexus. Since there were
increased lead and copper contents in the choroid plexus, they could affect the function of the choroid
plexus. (for plasma n = 12 for choroid plexus n = 12 per group, one-way ANOVA for each group, P < 0.05
for overall acquisition, probe and reversal). In all panels, error bars represent mean ± SD. *P < 0.01 (lead
group vs control group)
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3.5 Lead exposure impacted the BCB ability of clearing
copper.
The accumulation of lead in choroid plexus might disturb copper transporting from CSF to the blood in
time, which might have caused the accumulation of copper in CSF. Therefor experiment was performed to
investigate the lead exposure on copper clearance in choroid plexus. These studies used the 14C and 64Cu
labeled arti�cial CSF for in situ VC perfusion to detect the ability of the BCB to transport copper. The
space marker 14C-sucrose, as macro molecule, was served to con�rm the structural integrity of choroid
plexus. 64Cu and the space marker 14C-sucrose arti�cial CSF were injected into the ventriculo cisternal.
The CSF out�ow was collected from the ventriculus quartum to test the radioactivity. When the ratio of
radioactivity in the in/out CSF was increased which suggesting that there was much more 64Cu or 14C-
sucrose accumulated in the CSF. The time course of 64Cu and 14C-sucrose was showed in Fig. 5 (A and
B). The percentages of 64Cu and 14C-sucrose in the out�ow of CSF reached a plateau at after 20 min of
the initiation of perfusion. Data from Fig. 5C showed that 14C-sucrose in the in/out CSF of the lead group
showed no change between the lead exposure and control groups. The space marker 14C-sucrose might
be blocked up by the choroid plexus indicating that lead exposure has not caused a signi�cant leakage in
the choroid plexus. In contrast, a signi�cantly higher percentage of 64Cu was recovered from the CSF
out�ow in lead exposure animals as compared with controls (Fig. 5D), which implied a lower in vivo
clearance of copper by the choroid plexus. The data in Fig. 5E revealed that the capacity of removing
64Cu in the CSF through the choroid plexus was signi�cantly lower in lead exposure rats than that of the
controls (p < 0.05). Thus, it seemed likely that in vivo lead exposure signi�cantly reduced the e�ux of
copper by the BCB. These data indicated that the increased level of copper in CSF after lead exposure
might be due to lead interfering the function of the BCB.

3.6 Lead exposure resulted in the change of copper
transporter expression in choroid plexus.
As shown in Fig. 6, CTR1 and ATP7A were distinctly expressed in the choroid plexus. In the control group,
CTR1 was mainly expressed in the cytoplasm and cell membrane. The �uorescence intensity of CTR1
increased in the choroid plexus after lead exposure and primarily concentrated close to the apical border
with a small portion along the basolateral membrane in the choroidal epithelial cells. In the control group,
ATP7A was mainly expressed in the cytoplasm. The expression of ATP7A was signi�cantly higher in the
cytoplasm of choroid plexus with lead exposure than that in the control group. The intracellular ATP7A
�uorescence intensity in high does lead group was higher than that in low does lead group. The plasma
lead concentration increment correlated positively with the �uorescence intensity of CTR1 and ATP7A

Besides localization of copper transporter in choroid plexus by immuno�uorescence confocal
microscopy, we also tested the mRNA expressions of ctr1 and atp7a. As was shown in Fig. 7, the mRNA
expression of ctr1 in the choroid plexus of low and high lead exposure group was upregulated by 2.69 ± 
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0.83 and 3.27 ± 0.82 folds respectively (P < 0.05). The atp7a mRNA expression were also signi�cantly
upregulated by 1.53 ± 0.33 and 1.91 ± 0.57 fold respectively (P < 0.05). However, there was no signi�cantly
changes of copper transporters expression between the low and high dose lead groups. Lead exposure
may induce upregulation of ctr1, causing the excess copper absorption into the cell. Excess intracellular
copper may cause stress response in the neurons in the brain. The excess intracellular copper might
trigger the neuronal attempt to transport copper out of the cell, as evidenced by upregulation of atp7a
expression.

3.7 Lead exposure resulted in choroid plexus morphology
changes.
As were shown in Fig. 8, transmission electron microscopy was used to observe the cellular structure
morphological alteration. Compared with the control group, the nucleus borders of the choroid plexus
cells in the lead exposure group were blurred. The morphological structure of nuclear was abnormal with
misaligned and diminished microvilli. The mitochondrial morphological structure was abnormal with
fused ridges in some of the mitochondria and swollen in others. However, the ultra-structure changes
were similar in the choroid plexus epithelial cells between the two lead exposure groups.

1. Nuclear

2. Microvilli

3. Mitochondria

Figure 8 The morphological changes of choroid plexus in lead group and control rats were observed by
TEM. The cell nucleus image contained numerous visible cytoplasmic organelles such as mitochondrion
(scale bars 2 µm) (Fig. 8 nucleus). The images with the blurred nucleus membrane observed in the �gure
belong to the lead groups. Surface of control epithelial cells are replete with microvilli. The microvilli in
lead group cells were diminished and misaligned (scale bars 1 µm) (Fig. 8 Microvilli). Mitochondria in the
control cells showed clear borders and internal ridges. However, the mitochondrial structure of the lead
groups demonstrated partial ridge melting. (scale bars 1 µm) (Fig. 8 Mitochondria). (n = 4 per group)

4. Discussion
Copper serves as one of the critical trace elements that playing an essential role in brain cellular function
and as a co-factor in certain enzyme reaction [38]. However, excessive copper may cause adverse
systemic effects. It has been demonstrated that the level of copper in brain have a subtle relationship
with the progress of some neurodegenerative diseases [39–41]. It is suggested that lead could indirectly
alter copper metabolism that manifest as lead neurotoxicity. Since BCB serve as a regulatory site of
maintaining the homeostasis of essential metal elements between the CSF and brain parenchyma [23,
42], a thorough understanding of BCB’s function in regulating copper after lead exposure becomes
imperative
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Previous studies have clearly indicated that lead exposure might exert its neurotoxic effects indirectly by
altering other metal elements status. [32–34]. However, detailed data related to the change of divalent
metal elements in the brain after lead exposure are lacking. We used ICP-MS to identify the changes of
several divalent metal elements in the rats’ brain tissues after lead exposure from 3 to 12 weeks. Our data
analysis revealed that there were signi�cant changes in copper content in hippocampus and CSF after
lead exposure. These results conveyed similar �ndings with the most prior in vitro and in vivo studies
[35–37] which have clearly indicated that lead exposure can disturb the level of copper in rats’ brain.

In the current study, our data showed that the levels of lead and copper in choroid plexus in lead exposed
rats were higher than that in the control group. Meanwhile, in situ VC perfusion results provided additional
evidence to con�rm the clearance ability of choroids plexus. The similarity of 14C-sucrose perfusion
between lead and control groups rats indicated intact BCB structure without leakage after lead exposure.
In contrast, the percentage of 64Cu from the CSF out�ow in lead exposure rats were much higher than
that in the control group, indicative of lower copper clearance by BCB. Our data showed evidence of
decreased copper transport from CSF to blood after lead exposure. Therefore, it became clearer that the
BCB clearance function was critical in copper accumulation in the rats’ brain after lead exposure. It has
been shown that BCB can carry out a function to balance the copper homeostasis between peripheral
blood and CSF by exchanging copper via transporters on the basolateral membrane of choroid plexus
[23, 24, 43]. The transporters involved in cellular copper uptake and e�ux processes are mainly copper
transporter family (CTR) with high a�nity for copper, P-type ATP copper transporters (ATPase, Cu2+

transporting, α polypeptide, β polypeptide, ATP7A / ATP7B) etc. Among them, CTR1 with three trans-
membrane domain proteins can form a high density with low electron cloud at its active center, thereby
taking up copper ions into the cell [43]. And ATP7A is responsible for transporting extra copper ions out of
the cell [44, 45] to avoid the accumulation of excess copper ions in the cell. Our observations of CTR1 and
ATP7A revealed that both tended to gather near the cell membrane and the �uorescence signal of the
lead exposure group was higher than that of the control group. Also, in the subsequent real time PCR
assay, the expression of ctr1 and atp7a in the choroid plexus after lead exposure was 3.27 and 1.91 times
higher respectively than that of the control group. It has shown that there was an increased expression of
atp7a in the rats’ choroid plexus epithelium after lead exposure, which may be a stress related expression
of mRNA in response to excess copper ions in the cells. The observation of more expression of ctr1 in
choroid plexus epithelium after lead exposure than that of atp7a, might explain why there were excessive
copper accumulation in these epithelial cells.

The choroid plexus is a complex capillary structure, a primary component of BCB. Its specialized
epithelial enpendymal cell basal surface is in contact with peripheral blood. Its topical surface consists of
cilia (microvilli) that secrets clear �uids as CSF [46]. It has been well established that the choroid plexus
epithelial enpendymal cells are connected to each other through tight junctions or other biologic
compounds. This tight connection between the choroid plexus epithelial cells makes its barrier function
possible [47]. The unique properties of the choroid plexus epithelial enpendmal cell play important role in
blockage of certain toxin or adverse substances into CSF. The integrity of the normal choroid plexus
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physical structure is essential in maintaining its physiological function as BCB. Based on our current
study, it is reasonable to postulate that lead might have damaged the ultra-structure of the choroid plexus
lead to its biological dysfunction. This postulation is supported by the TEM observations of ultra-
structure changes of rat choroid plexus epithelial cells after lead exposure, such changes demonstrated
as diminished cilia (microvilli), distorted intracellular mitochondrial morphology. Combined with �ndings
from previous studies, one might deduce that these choroid plexus cellular ultra-structures changes after
lead exposure were caused by copper accumulation in these cells leading to their copper clearance ability
that affected BCB function. The evidence of abnormal copper transporter protein expression in the
choroid plexus epithelial cells also allow us to speculate that copper accumulation that the same
pathogenesis occurred in the hippocampus, CSF and possibly in other brain tissues. The excessive
copper in brain may be associated with the process of AD con�rmed by the previous studies [48, 49] and
the neurotoxicity caused by lead exposure was similar to that was seen in AD [50]. Our Morris Water Maze
data con�rmed that there were changes of memory, cognition and spatial orientation after rats exposed
to lead. These �ndings suggested that copper accumulation after lead exposure could be one of the
pathways for memory and cognitive disturbance. These data also agree with other lead neurotoxicity
studies. [51, 52] However, no signi�cant difference was found between the high does lead exposure group
and the lower does group, indicative of lower dose lead exposure could su�ciently cause neurotoxicity in
rats.

In summary, lead exposure can cause choroid plexus capillary epithelial cellular microscopic morphology
changes, abnormal copper transporter expression leading to copper clearance dysfunction and copper
accumulation in these epithelial cells and other brain tissues. The excess copper accumulation in the
brain tissues could be involved in memory, cognition and spatial recognition decline in rats with lead
exposure.
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Figure 1

Lead induced learning and cognitive de�cits. (A) Lead exposure group rats showed decreased spatial
learning/memory acquisition, (B) Day 5 data of the memory of locating the platform. The rats in lead
exposure group performed worse relative to the control group (n=12 rats per group), one-way ANOVA for
each group, P<0.05 for overall acquisition, probe and reversal). In all panels, error bars represent
mean±SD. *P<0.001 (low does lead exposure group vs control). #P<0.01 (high does lead exposure group
vs low dose lead exposure group).
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Figure 2

The effect of lead exposure on the copper level in hippocampus. The copper contents of hippocampus
during lead exposure for 3 to 12 weeks was increased signi�cantly compared to the control group. (n=12
per group, one-way ANOVA analysis for two groups, P<0.05 for overall acquisition, probe and reversal). In
all panels, the error bars represent mean ± SD. *P<0.01 (lead group vs control group)

Figure 3
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The effect of lead exposure on the level of copper and vanadium in CSF. Both the copper and vanadium
contents of hippocampus during lead exposure for 3 to 12 weeks was increased compared to the control
group. (n=12 per group, one-way ANOVA analysis for two groups, P<0.05 for overall acquisition, probe
and reversal). In all panels, the error bars represent mean ± SD. *P<0.01 (lead group vs control group)

Figure 4

The effect of lead exposure on the level of copper and lead in choroid plexus (A-B). The lead contents of
choroid plexus after 3-12 weeks of lead exposure were increased compared to the control group. The
copper contents of choroid plexus during the lead exposure for 3 to 12 weeks were signi�cantly increased
compared with the control group, more so over the exposure duration.
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Figure 5

Representations of the copper clearing ability in lead exposure group and control group. The radioactivity
from perfusion �uid and collected CSF were measured by gamma-liquid scintillation counter (A-B). The
radioactivity of 14C and 64Cu (in/out) measurement were different for control group and the lead
exposure group. The radioactivity reached plateau when the injection duration was at 20 minutes (C-D).
There was no signi�cant difference in the radioactivity between the isotopes used in the control group
and lead exposure group. In the collected CSF, the radioactivity of the lead exposure group was higher
than that was in the control. (E) The BCB ability for clearing 64Cu were decreased compared with control
group, one-way ANOVA for each group. In all panels, error bars represent mean±SD. n=5, *P<0.01 (lead
group vs control group).



Page 23/25

Figure 6

Expression of CTR1 and ATP7A in choroid plexus tissues after lead exposure. Choroid plexus tissues
were dissected from the lateral ventricles. Copper transporter expression in choroid plexus after lead
exposure were observed under the confocal microscope. (A-C) Representative images of immunostaining
of copper transporter CTR1 and ATP7A (epithelial microvilli in green �uorescence) in choroid plexus from
the control group, low does lead group and high does lead group (scale bars indicated 10μm). (n=3 per
group).
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Figure 7

The mRNA expression of copper chaperone in choroids plexus after lead exposure. (A-B) mRNA of ctr1
and atp7a dependent genes in choroid plexus of lead groups (fold change relative to controls. n=8 per
group. one-way ANOVA for each group. In all panels, error bars represent mean±SD. *P<0.05 (lead group
vs control).
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Figure 8

The morphological changes of choroid plexus in lead group and control rats were observed by TEM. The
cell nucleus image contained numerous visible cytoplasmic organelles such as mitochondrion (scale
bars 2μm) (Fig.8 nucleus). The images with the blurred nucleus membrane observed in the �gure belong
to the lead groups. Surface of control epithelial cells are replete with microvilli. The microvilli in lead
group cells were diminished and misaligned (scale bars 1μm) (Fig.8 Microvilli). Mitochondria in the
control cells showed clear borders and internal ridges. However, the mitochondrial structure of the lead
groups demonstrated partial ridge melting. (scale bars 1μm) (Fig.8 Mitochondria). (n=4 per group)
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