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Abstract
Previous studies in humans and animals have suggested a possible association between lead (Pb)
exposure and the etiology of Alzheimer’s disease (AD). Animals acutely exposed to Pb display an
over-expressed amyloid precursor protein (APP) and the ensuing accumulation of beta-amyloid
(Aβ) in brain extracellular spaces. This study was designed to examine whether in vivo Pb
exposure increased brain concentrations of Aβ, resulting in amyloid plaque deposition in brain
tissues. Human Tg-SWDI APP transgenic mice, which genetically over-express amyloid plaques
at age of 2-3 months, received oral gavages of 50 mg/kg Pb acetate once daily for 6 wk; a control
group of the same mouse strain received the same molar concentration of Na acetate. ELISA
results revealed a significant increase of Aβ in the CSF, brain cortex and hippocampus.
Immunohistochemistry displayed a detectable increase of amyloid plaques in brains of Pb-exposed
animals. Neurobehavioral test using Morris water maze showed an impaired spatial learning
ability in Pb-treated mice, but not in C57BL/6 wild type mice with the same age. In vitro studies
further uncovered that Pb facilitated Aβ fibril formation. Moreover, the synchrotron X-ray
fluorescent studies demonstrated a high level of Pb present in amyloid plaques in mice exposed to
Pb in vivo. Taken together, these data indicate that Pb exposure with ensuing elevated Aβ level in
mouse brains appears to be associated with the amyloid plaques formation. Pb apparently
facilitates Aβ fibril formation and participates in deposition of amyloid plaques.
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1. Introduction
Alzheimer’s disease (AD) is one of the most common causes of dementia in the elderly.
About 4.5 million people live in the United States are affected by this disorder (Hebert et al.,
2003). AD is characterized by the progressive impairment of cognitive function and memory
loss. Beta-amyloid (Aβ) accumulation in brain extracellular space is believed to be an initial
feature of AD pathogenesis (Ogomori et al., 1989). The majority of AD cases (>95%) are in
non-familial, late onset sporadic forms with age of >65 years that possess no clear genetic
association (Migliore and Coppede, 2009), suggesting that the environmental factors such as
exposure to toxic chemicals may play a significant role in AD pathogenesis.

Lead (Pb) is a well-known environmental neurotoxin, and chronic Pb exposure can produce
detrimental effects for brain development and cognitive functions (Tong et al., 2000; Hu et
al., 2006; Schnaas et al., 2006; Jiang et al., 2008). Although Pb has been removed from
gasoline three decades ago in the United States, it still remains one of the most
environmental hazards facing humans today (White et al., 2007). Pb exposure is associated
with both peripheral and central neurological effects including memory deficits and AD-like
pathology (Shih et al., 2007; Stewart et al., 2006). One case study also provides the clinical
evidence of AD-type neurofibrillary tangles in hippocampus of an adult who suffered from
childhood Pb encephalopathy (Niklowitz and Mandybur, 1975). The potential link between
Pb exposure and increased risk of developing AD in rat and monkey is currently under
active investigation (Basha et al., 2005a, b; Huang et al., 2011).

The accumulation of β-amyloid (Aβ), which is derived from the proteolytic cleavage of a
larger 120 kDa transmembrane protein, the amyloid beta precursor protein (APP), within
brain extracellular space is believed to be an initial feature of AD pathogenesis (Ogomori et
al., 1989). Plaque formation that follows is brought about by the transformation of Aβ from
a soluble form to neurotoxic aggregated, fibrillary structure. Some reports show that copper
(Cu) and zinc (Zn), which are co-localized with the plaques, may play a role in this
transformation (Miller et al., 2006; Lee et al., 1999). However, the question as to whether
other metal ions such as Pb may participate in the plaque formation remains largely
unanswered.

The absence of naturally occurring rodent forms of AD has imposed a research challenge for
the use of animal models to study mechanistic alterations occurred in AD. We have
successfully used an early-onset transgenic mouse model, known as Tg-SwDI which over-
expresses human Swedish, Dutch, and Iowa triple-mutant APP in the brain in our previous
studies (Gu et al., 2011). These transgenic mice develop amyloid plaques at the 2-3 months
of age (Davis et al., 2004), serving as an ideal model to explore the effect of in vivo Pb
exposure on the onset and severity of Aβ burden in the brain. In our acute Pb exposure
studies, a significant accumulation of Aβ in the cerebrospinal fluid (CSF) and selected brain
regions was observed (Gu et al., 2011). Nonetheless, a larger research puzzle, such as
whether the increased Aβ would lead to an ultimate deposition of senile plaques in brain
tissues as a result of Pb exposure, was unaddressed.

This study was designed to investigate the formation of plagues in Tg-SwDI mice following
4-6 wk Pb exposure. More specifically, we determined (1) whether Pb exposure altered Aβ
levels in the CSF and brain tissues, (2) whether this led to the deposition of insoluble
plagues in brain regions, (3) if the essential learning behavior may change as a result of the
plaque formation, and (4) how the plaque formation may relate to Pb concentrations in the
plaques. For the last study aim, we employed the state-of-the-art synchrotron-based X-ray
fluorescence (XRF) technique to determine the Pb concentrations in amyloid plaque.
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2. Material and Methods
2.1. Materials

Chemicals and assay kits were purchased from the following sources: Anti-mouse IgG
conjugated with horse-radish peroxidase and β-actin were purchased from Sell Signaling
(Danvers, MA), biotinylated anti-mouse IgG from Vector (Burlingame, CA), beta (β)-
secretase fluorometric assay kit from BioVision (Mountain View, California), fluorogenic
gamma (γ)-secretase substrate from Calbiochem (Merck KGaA, Darmstadt, Germany),
Aβ1-40 from American Peptide Company (Sunnyvale, CA), 4-12% Bis-Tris gel and
nitrocellulose membrane from Invitrogen (Carlsbad, California), and protease inhibitor
cocktail from Roche (Indianapolis, IN). 3, 3’, 5, 5’-Tetramethylbenzidine (TMB), thioflavin
S, thioflavin T, RIPA buffer and all other chemicals were obtained from Sigma Aldrich (St.
Louis, MO). CytoFluor 2350, a fluorescence measurement system, was purchased from
Millipore (Billerica, Massachusetts). The antibodies 2G3 and 21F12, the biotin labeled 3D6,
and 8E5 were generous gifts from Eli Lilly. All reagents were of analytical grade, HPLC
grade or the best available pharmaceutical grade.

2.2 Animals and treatments
Tg-SWDI homozygous mice and WT (wild type) mice (all with a C57BL/6 genetic
background) were purchased from the Jackson Laboratory (Bar Harbor, Maine) and bred in
the laboratory of Animal Center at Indiana University School of Medicine. Mice were
housed 3-5 per cage, fed with food and water ad libitum, and maintained in a 12-h light/dark
cycle facility. Tg-SWDI mice at the time of experimentation were 8 and 4 weeks old, and
they were administered with 50 mg Pb-acetate/kg (i.e., 27 mg Pb/kg) by oral gavage or with
an equivalent molar concentration of Na-acetate once daily for 6 or 4 weeks. Groups of WT
mice were also treated with Pb or Na acetate in the same dose regimen by oral gavage. This
dose regimen has been shown to produce a significant accumulation of Pb (60 μg/dL) in
mice brain and similar to those found in children (Gu et al., 2011). All solutions were
adjusted to pH7.2 prior to the oral gavage. At the end of dose administration, the mice were
injected with ketamine/xylazine (75:10 mg/mL, 1 mL/kg body weight) prior to termination.
Whole blood and CSF samples were collected from each animal. The brains were then
perfused with ice-cold saline for 2 min by infusing saline via carotid artery, removed and
flash–frozen for further experimentation. The blood was centrifuged for 10 min (2000g) to
separate plasma and blood cells.

2.3. Quantification of Aβ by ELISA
Levels of Aβ were assayed by sandwich ELISA as described previously (Hyslop and
Bender, 2002). Briefly, Hippocampus and cortex from one half of mouse brain were
extracted with 5 M guanidine buffer. Hippocampus, cortex, CSF, and plasma were
processed in ninety-six-well ELISA plates that had been coated with antibodies 2G3 and
21F12 to determine Aβ1-40 and Aβ1-42, respectively. After incubation of plates with casein
buffer (0.25% casein and 0.05% sodium azide in PBS) for 2 h, samples were loaded
overnight at 4°C. Biotin-3D6 was incubated for 1 h at room temperature, followed by
horseradish peroxidase for 1 h. After incubation with TMB, the plates were read for
absorbance at 450 nm. Total protein concentrations in the brain were determined using the
Bradford protein assay, and the concentration of Aβ in the tissues was reported as ng/mg of
total protein.

2.4. Histology and immunohistochemistry
The Tg-SWDI homozygous mice at age of 8 weeks old can develop Aβ immune reactivity
in brain, indicating the formation of Aβ plaques. To determine how Pb exposure may affect
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amyloid plaque formation, one half of the brain from Tg-SWDI mice (see above) was
rapidly frozen by plunging into liquid nitrogen and sectioned with a vibratome at 30 μm for
plaques quantization. Plaques were stained with 3D6 (1:50), a monoclonal antibody against
Aβ, and followed by a biotin anti-mouse secondary antibody (1:500). After applying DAB
substrate solution, sections were visualized under the microscope. Positive plaques were
counted in 9 sections (spaced 210 μm apart) from one hemibrain (Huang et al. 1999).

The total surface area of amyloid deposit was also measured and expressed as a percentage
of the total surface of the hippocampus. Thioflavin S staining was used to measure the senile
plaques. The frozen brain sections were thawed at room temperature, fixed with 75%
ethanol for 1 min, stained with 1% thioflavin-S for 8 min, washed 2 times in 80% and 95%
ethanol for 3 min, and then washed in distilled water for 3 times. Slides were observed using
a fluorescence microscope.

2.5. Determination of brain soluble and insoluble Aβ levels and brain APP protein levels by
Western blot

Mouse brain was homogenized in 1:20 (w/v) ice-cold carbonate buffer (50 mM NaCl and
100 mM Na2CO3, pH 11.5) with protease inhibitor cocktail. The extract was centrifuge at
14000 rpm for 15 min. Supernatant was neutralized with Tris-HCl (pH 6.8) and used to
measure soluble Aβ. The pellet of the sample was treated with RIPA buffer to determine
insoluble Aβ. Mouse brain was also directly homogenized in RIPA buffer with protease
inhibitor cocktail for APP quantification. The protein concentration was determined by
using the Bradford method. The protein extract (40 μg of protein) was loaded onto a 4-12%
Bis-Tris gel, electrophoresed, and then transferred to a nitrocellulose membrane. The blots
were probed with antibody 3D6 directly against Aβ (1:1000) and 8E4 directly against APP
(1:2000), followed by a secondary antibody conjugated with horse-radish peroxidase
(1:5000) and visualized by utilizing enhanced chemiluminescence. β-actin was also assayed
as loading controls by using its antibody (1:1000). Band intensities were quantified and
results were reported as a ratio of APP to β-actin (Tan et al., 2005).

2.6. Morris water maze test
Spatial learning ability was tested in the Morris water maze (Morris, 1984). The water maze
was a 1.2-m diameter light yellow cylindrical pool filled with water at 26°C that contained a
20-cm diameter Plexiglas escape platform hidden 0.5 cm below the surface of the water.
Pool water was made opaque by adding 150 ml of nontoxic white tempera paint. This was
located in an experimental room rich in environmental cues, such as a window, a door,
experimental equipment, and tables. After 4 wk-Pb exposure, visible (platform with a flag)
and invisible (platform) trials were performed on Tg-SWDI and WT mice. The platform was
placed in the second quadrant and mice were gently placed in the pool at the fourth quadrant
facing the pool wall at the first trial. After first trial, mice were randomly placed into any of
the three quadrants other than the platform quadrant. The time that it took for mouse to find
the platform was recorded by an observer. Mice were given 18 training (6 time per day/3
days) trials during which their latency to find the platform was measured up to a maximum
of 60 sec. If mice could not locate the platform in 60 seconds, it was manually placed on the
platform (in which case 60 seconds was recorded as the time). After each time training, mice
were allowed to rest on the platform for 30 seconds before the trial was repeated. The
invisible platform test was performed immediately after the visible platform experiment.
The flag was removed and the trials were repeated as described. After 3 days training, tests
were performed on each of day 4, day 5 and day 6 (Wei et al., 2009).
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2.7. β- and γ-Secretase activities assay
β- and γ-Secretase activities in brain were measured in 96-well transparent flat-bottom
plates using commercial kits following the manufacturer’s instructions (β-Secretase Assay
Protocol, Biovision). The signal was visually read in CytoFluor 2350 at excitation and
emission wavelengths of 360 and 490 nm, respectively, followed by quantification and
normalization. Each enzyme activity assay was repeated triple times (Yan et al., 2007).

2.8. Fluorometric experiments
Fluorometric experiment was performed as described previously (Naiki et al., 1989; Du et
al., 2003). Synthetic Aβ1-40 was incubated with or without Pb in PBS buffer at 37°C
overnight. The samples were added to 50 mM glycine pH 9.2, 2 mM thioflavin T (ThT)
(Sigma) at a total volume of 2 ml. Fluorescence was measured spectrophotometrically in
CytoFluor 2350 at excitation and emission wavelengths of 435 and 485 nm, respectively.
Samples were run in triplicate.

2.9. Atomic absorption spectrophotometry (AAS) analysis
Pb concentrations in brain tissues were quantified by a Varian SpectroAA-20 Plus GTA-96
flameless graphite furnace AAS. The brain tissues were digested with 0.20 ml of
concentrated HNO3 (Mallinckrodt, AR Select grade) in MARSXpress microwave-
accelerated reaction system for 4 h. The standard curves were freshly prepared daily in a
ranges of 0-5 μg/L. Samples were diluted directly with distilled, deionized water so as to
keep the absorbance reading within the linear rages of the measurement. The detection limit
was 1.35 ng Pb/ml of assay solution. The Intra-day and inter-day precisions of the method
were 1.6 % and 2.8 %, respectively.

2.10. Preparation of brain sections for XRF
The mouse brain specimens were prepared as described previously (Leskovjan et al., 2009).
Briefly, frozen samples were cut in half along the sagittal plane and one half mounted to a
cryo-cassette for cutting. Sections were chosen such that the subiculum, known to contain
amyloid plaques, was the largest (around Bregma -3.24 mm). One horizontal section of 30
μm was cut, thawed on 4 μm polypropylene film stretched on frames, frozen immediately,
and stored at -80 °C until analysis. Three 30-μm sections were subsequently cut and
mounted to glass slides for DAB staining to identify amyloid plaques. This process was
repeated four times per brain (4 XRF samples and 12 samples for staining). No chemical
fixation was used to avoid modifications of metal distribution and oxidation state. Care was
also taken to use plastic whenever possible to avoid metal contamination.

2.11. Synchrotron based XRF
A description of the Biophysics Collaborative Access Team (BioCat) beamline 18 of the
Advanced Photon Source can be found in previous publications (Barrea et al. 2010; Fischetti
et al. 2004). In brief, X-rays produced by a 3.3-cm period undulator are monochromatized
before being focused by KB mirrors onto the sample. Two 8-μm thick Al foils were placed
between the sample and detector in order to attenuate the strong contributions to the
spectrum from K and Ca (Kα attenuation lengths of 6.24 μm & 8.42 μm respectively). The
detector position relative to the sample was adjusted to optimize the signal to noise ratio of
the Pb Lα peak (unfitted). Imaging scans were performed at 13.3 keV with a flux of 1.4 ×
1011 photons/s. A dwell time of 1.5 s/pixel was chosen as to have appropriate statistics for
fitting the recorded pixel spectrum. Images were taken with 20 μm × 20 μm pixel size.
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2.12. XRF data processing
The MAPS program (Vogt, 2003) was used to fit the spectrum of each pixel individually.
Conversion of elemental fluorescence intensities to areal densities in μg/cm2 was performed
by comparing the XRF intensities with those from thin film standards NBS-1832 and
NBS-1833 (NIST, Gaithersburg, MD). Amyloid plaque areas were visually identified by
comparing XRF images with DAB stained adjunct sections. Plaque areas were delineated
and applied to XRF elemental maps to obtain the average pixel spectrum and the average
metal concentrations.

2.13. Statistical analysis
Statistical analyses of the differences between groups were carried out by a one-way
ANOVA with post hoc comparisons by the Dunnett’s test. All data are expressed as mean
±SD. Differences between two means were considered significant when p was equal or less
than 0.05.

3. Results
3.1. Increased brain levels of Aβ and amyloid plaques deposition in Pb-exposed mice

Acute Pb exposure has been shown to increase brain levels of Aβ in APP transgenic mice
(Gu et al., 2011). To verify Pb effect on brain Aβ in a Pb exposure scenario, we treated 8-
wk-old Tg-SWDI transgenic mice (n=7 per group) for 6 wk by oral gavage of 50 mg/kg of
Pb acetate. Amounts of Pb in brain tissues and blood were analyzed by AAS. The Pb
concentrations in control mice (n =4) were as follows, blood 1.83 ± 0.29 (SD) μg/dL, cortex
0.05 ± 0.01 μg/g, hippocampus 0.05 ± 0.03 μg/g, and cerebellum 0.09 ± 0.02 μg/g (n=4). In
Pb-treated mice (n=4), the Pb level in blood was 29.5 ± 4.89 μg/dL, cortex 0.37 ± 0.01 μg/g,
hippocampus 0.29 ± 0.03 μg/g, and cerebellum 0.39 ± 0.02 μg/g. These data indicated that
brain Pb concentration and blood Pb concentration were about 6 and 16 times, respectively,
higher in Pb-treated animals than in the controls (p<0.01).

ELISA analyses showed that the CSF concentrations of Aβ1-40 and Aβ1-42 were increased
by 103% (p<0.05) and 108% (p<0.01), respectively, in Pb-treated mice as compared to
controls (Fig. 1A). No statistical significant differences in plasma concentrations of Aβ were
observed (Fig.1A). Pb exposure also significantly increased hippocampal levels of Aβ1-40
by 35.4% (p<0.05) and Aβ1-42 by 47.2% (p<0.05) in comparison to controls (Fig. 1B).
Moreover, the cortical levels of Aβ1-40 and Aβ1-42 were higher in Pb-treated mice than the
control mice (by 148% increase for Aβ1-40 and 240% for Aβ1-42, p<0.05) (Fig.1B). We
further calculated the ratio of Aβ1-42/Aβ1-40. In the control group, the ratios of Aβ1-42/
Aβ1-40 in CSF, plasma, cortex and hippocampus were 0.65±0.47, 0.50±0.13, 0.09±0.02, and
0.17±0.03, respectively. In the Pb group, the ratios were 0.62±0.27, 0.48±0.20, 0.11±0.03,
and 0.20±0.07, respectively. No significant differences between control and Pb-treated
groups were observed. The Western blot was also used to test whether Pb exposure may
increase the level of soluble and/or insoluble Aβ (Fig. 1C). Compared to control mice, the
levels of both soluble and insoluble Aβ were significantly increased after Pb exposure
(p<0.05) (Fig. 1D).

To examine the formation of amyloid plagues in mouse brains, we performed the
immunohistochemistry (IHC) staining on control and Pb-treated brain sections by using anti-
Aβ antibody 3D6. The data in Fig. 2A displayed the expression of amyloid plagues in
control Tg-SWDI transgenic mouse brain; the plaque staining, however, became more
frequent and wider spread in Pb-treated animals. By counting the number of amyloid
plaques in selected regions in all animals (n=7), Pb treatment increased the amyloid plaques
by 64.3% as compared to controls (p<0.05) (Fig. 2B). The amyloid plaque load in the
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hippocampus was also quantified. After Pb-treated, the amyloid plaque load increased from
0.84% to 1.68% (p<0.05) (Fig. 2C). Moreover, experiments with thioflavin S staining
confirmed that Pb exposure increased not only the diffusive immune-reactive signals, but
also the thioflavin-positive compact amyloid plaques in Tg-SWDI mice (Fig. 2D).

To further examine whether Pb exposure shortened the onset of plague formation, we treated
4-wk-old APP transgenic mice for 4 wk with the same Pb dose regimen or equivalent molar
concentration of Na acetate as control (n=5 per group). Two mice in the Pb group and 3
mice in the control group developed 2-3 amyloid plaques. The onset of the plague
formation, however, was not evidently shortened in Pb-treated mice (data not shown).

3.2. Impaired spatial learning in chronic Pb-exposed mice
Pb exposure-induced Aβ and amyloid plaque deposition may cause the neurobehavioral
chances in Tg-SWDI mice. To test this hypothesis, we used the Morris water maze test to
evaluate the spatial learning ability in these mice at 12 wk of age. After the pre-training for 3
days, the control mice required 3.7±1.0 (SD) sec to find the visible platform during the
initial trial (day 4) and were improved to 3.2±0.5 sec by the third trial (day 6). In contrast,
the Pb-treated mice initially required 5.0±1.8 sec to find the platform and then 4.3±1.6 sec
by the third attempt (Fig. 3A). In the submerged (invisible) platform test, the control mice
found the platform in 5.1±1.8 sec upon the first trial and needed 4.7±2.5 sec for the same
task by the third test, whereas the Pb-treated mice required 8.9±4.3sec for initial trial and
10.0±5.5 sec by the third attempt (Fig. 3B). Clearly, in both testings, the control mice
performed significantly better than did the Pb-treated mice (p < 0.05), suggesting an
impaired spatial learning in Tg-SWDI mice treated with Pb.

Groups of WT mice (n=7 per group) also were treated with Pb or Na acetate in the same
dose regimen by oral gavage, followed by the Morris water maze test. There were no
significant differences between the WT Pb-treated mice and control mice (Fig. 3C&D). The
data support the view that Pb-induced neurobehavioral changes in Tg-SWDI mice may be
due largely to amyloid plaque deposition in brain.

3.3. APP level and activities of β– and γ– secretases in Pb-treated mice were not
significantly changed following chronic Pb exposure

Increased accumulation of Aβ in Tg-SWDI transgenic mice brain could result from the
overproduction of APP and/or Aβ in brain. Thus, we set out to determine brain levels of
APP, a precursor of Aβ, and the activity of β– and γ– secretases, which are responsible for
generation of Aβ from APP. After 6 wks of Pb treatment, there was no significant difference
in APP levels between control and Pb-treated mice (Fig.4A), nor was the difference in
activities of β– and γ– secretases between control and Pb-treated mice observed (Fig.4B.C).
These results suggested that Pb exposure seemed unlikely to affect the Aβ production in
these transgenic mouse brains.

3.4. Aβ fibril formation were accelerated following Pb exposure in vitro
From the mechanistic point of view, the fibril form of Aβ constitutes the amyloid plaques.
Thus, it was reasonable to postulate that the increased amyloid plaque formation in Pb-
treated brain may result from an increased rate of fibril formation. To test this hypothesis,
we incubated the soluble fresh synthetic Aβ1-40 (50 μM) with Pb in vitro and used the ThT
reagent, which binds specifically to the fibrillary structure and then emits the fluorescent
signal, to detect Aβ fibril formation. The data presented in Fig. 5 showed a Pb
concentration-dependent increase in fibril formation by more than 30% in comparison to
controls (p<0.05).
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3.5. Co-localization of Pb with amyloid plaques in Pb-treated mouse brain
To obtain an image of Pb distribution, a thin tissue section was raster scanned across the
focused X-Ray beam. An energy resolving detector recorded the X-Ray fluorescence
spectrum on a pixel-by-pixel basis. The collected spectrum was then subsequently fitted to
quantify the metal concentration. We chose an X-Ray energy of 13.3keV to excite the Pb Lα
transition for control and Pb-treated samples (Fig. 6A). The ratio of Pb concentrations in
non-plaque region in Pb-treated mice to those in control mice was 1.19±0.01. In the plaque
region, however, this ratio was increased to 1.78± 0.28 (p<0.05, n=3) (Fig.6B). More
interestingly, our data showed that high Pb signals were co-localized with the amyloid
plaques (Fig. 6C), further supporting the view that Pb accumulation in mouse brain induced
the amyloid plaque formation.

4. Discussion
Recent animal studies have established a relationship between Pb exposure and the
increased risk of AD (Basha et al., 2005a, b; Huang et al., 2011). Our previous work on
transgenic APP mice, which over-express APP, also indicates a significant increase of Aβ in
the CSF and brain tissues following acute Pb exposure (Gu et al., 2011). The studies
presented in this report took the advantage of the transgenic Tg-SWDI mouse line, which
possesses the unique ability to form the amyloid plaques in brain tissues, allowing to study
the onset as well as the severity of the plaque formation upon exogenous environmental
insults. Our data clearly show that 6-wk Pb exposure in Tg-SWDI mice has led to a
detectable formation of amyloid plaques in brain regions, particularly in hippocampus. The
Pb-induced plaque formation is characterized by the following features: (1) There is an
evident elevation of Aβ in the CSF and selected brain regions after in vivo Pb exposure; (2)
the increased Aβ is unlikely due to the overproduction of Aβ from its precursor APP; (3) the
amyloid plaques contain a significantly high amount of Pb; and (4) the Tg-SWDI mice
exposed to Pb and with the amyloid plaques display the learning deficits.

The Pb concentration in human blood considering neurotoxic is between 10 μg/dL and more
than 70 μg/dL. The CDC National Surveillance Data (1997–2007) show that some children
have elevated blood lead level of ≥ 70μg/dL. In the current study, Pb exposure resulted in a
blood Pb concentration of 29 μg/dL with elevated Pb concentrations in brain tissues about
0.3 μg/g. The Pb treatment dose regimen resulted in a brain Pb concentration about 6-16
times higher than the controls. Under such an exposure condition, we found a significant
increase of Aβ in Tg-SWDI mouse brain.

Our findings on the increased Aβ levels and plaques formation are consistent with the
previous report on monkey (Wu et al., 2008). While the clinical data are still limited, one
early case report has indeed shown that a patient who was exposed to Pb at age of 2.24 and
died at 42 had evident Alzheimer’s neurofibrillary tangles with the gramulo-vacuolar
degeneration in hippocampus (Niklowitz and Mandybur, 1975). Amyloid plaques are
composed of a tangle of regularly ordered fibrillar aggregates, namely amyloid fibers which
are rather insoluble, difficult to remove from the brain, and believed to be a highly
neurotoxic form of Aβ. Basha et al (2005b) report that Pb can promote the formation of Aβ
aggregates. Recent studies by Zhu et al. (2011) show that Pb can also enhance Tau filament
formation. Our in vitro data clearly show an accelerated Aβ fibril formation when the Aβ
molecules were incubated with Pb, suggesting a direct interaction between Pb and Aβ
molecules. More convincingly, our XFR data provide the first-hand evidence that Pb was
co-localized within the amyloid plaques after in vivo Pb exposure. Thus, it seems likely that
Pb facilitates the process of plaque formation, which is brought by the transformation of Aβ
from a soluble form to neurotoxic aggregated, fibrillary structure. The formation of amyloid
fibril is known to require a chemically discriminating nucleation event (Hughes et al., 1998).
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Whether Pb directly affects nucleation event in amyloid fibril formation is unknown and will
be a highly interesting research subject for future investigation.

Pb exposure is associated with both peripheral and central neurological effects including
memory deficits (Shih et al., 2007). Reports indicate that exposure to low levels of Pb
during early development is sufficient to cause cognitive deficits in human and experimental
animals (Moreira et al., 2001; Murphy and Regan, 1999; White et al., 1993). In a rat model,
Pb-induced learning deficits may be restricted to young rats, since chronic Pb exposure in
adult rat does not impair spatial learning (Gilbert et al., 2005). The data from this study
showed that Pb impaired the spatial learning in adult Tg-SWDI mice but not in adult WT
mice when Morris water maze test was performed. It is therefore possible that Pb-induced
neurobehavioral alteration in Tg-SWDI mice was due mainly to Pb-induced amyloid plaques
formation in brain.

Reports in literature show that Pb exposure can increase APP production (Wu et al., 2008;
Huang et al., 2011). Our results did not reveal any significant effect of Pb on APP
production, nor did we find any significant changes in the activities of two enzymes critical
to APP proteolysis in Pb-treated mice. These observations are consistent with the reports by
others (Basha et al., 2005a). Hence, these data indicate that Pb-induced Aβ accumulation in
brain seems unlikely to be due to its effect on Aβ production. In our previous studies, Pb
was found to disrupt the LRP1-mediated removal of Aβ from the CSF; a slowed clearance
thus may be responsible for the Aβ accumulation in brain (Behl et al., 2009a,b; Behl et al.,
2010; Gu et al., 2011). A similar mechanism may apply for the current Pb exposure model.
In addition, our early data have established that Aβ in the CSF is actively removed by the
choroid plexus in brain ventricles, a brain tissue where the blood-CSF barrier reside
(Crossgrove et al., 2005). The process involves the efflux transport of Aβ and enzymatic
degradation by insulin degrading enzyme (IDE), endothelin-converting enzyme-1 (ECE1),
and neprilysin (Crossgrove et al., 2005, 2007). The interactions between Pb and these Aβ
degradation enzymes are currently unknown. In addition, since human APP is controlled by
thymus cell antigen 1 and theta (Thy1) promoter in the Tg-SWDI mouse line (Davis et al.,
2004), it is possible that Pb may increase mouse APP expression by affecting its own
promoter but not the Thy1 promoter fragment used in this transgenic mouse line. These
hypotheses need further experimentation to approve.

In summary, the current data report that in vivo Pb exposure results in Aβ accumulation and
amyloid plaque formation in a transgenic mouse model whose expression of amyloid
plaques are genetically accelerated. The formation of amyloid plaques may underlie an
impaired spatial learning ability in these mice. Chronic Pb exposure does not appear to
affect the production of Aβ, but rather it may directly facilitate Aβ fibril formation. The co-
localization of Pb within amyloid plaques in Pb-treated animal provides a great opportunity
to uncover the mechanism of Pb-induced amyloid plaques formation.
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Highlights

• Chronic in vivo Pb exposure in Tg-SWDI APP mice increases amyloid plaques
in brain

• Morris water maze test reveals impaired spatial learning ability in Pb-treated
mice

• In vitro studies discover that incubation with Pb facilitates Aβ fibril formation

• Synchrotron XRF studies display a high level of Pb in brain amyloid plaques in
vivo

• We provide the firsthand evidence of involvement of Pb in amyloid plaque
formation
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Fig. 1.
Pb exposure increased levels of Aβ1-40 and Aβ1-42 in CSF and brain tissues. Tg-SWDI
transgenic mice received oral gavage of 50 mg/kg as Pb acetate once daily for 6 weeks.
Concentrations of Aβ1-40 and Aβ1-42 in plasma, CSF, and different brain regions were
determined by ELISA. (A). Concentrations of Aβ1-40 and Aβ1-42 in the CSF and plasma in
Pb-treated APP transgenic mice as compared to controls. (B). Concentrations of Aβ1-40 and
Aβ1-42 in brain cortex and hippocampus in Pb-treated APP transgenic mice as compared to
controls. (C). Western blot analysis of soluble and insoluble Aβ expression in mouse brain.
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(D). Band intensities by Western blot were quantified by normalizing to β-actin densities.
Data represent mean ± SD, n=7. *: p<0.05, **: p<0.01.
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Fig. 2.
Formation of amyloid plaques in APP mouse brains following in vivo Pb exposure. The Pb
exposure dose regimen was the same as that described in the legend to Fig. 1. At the end of
Pb exposure, mouse brain sections were stained with 3D6 antibody to detect amyloid
plaques. (A). Representative brain sections from Pb-treated and control mouse brain. Scale
bar denotes 200 μm. (B). Numbers of amyloid plaques counted in the designated area. (C).
Quantification of amyloid load in hippocampus. Surface 3D6 staining was expressed as a
percentage of the total hippocampus surface. Data represent mean ± SD, n=7. *: p<0.05.
(D). 3D6 and thioflavine S positive plaques.
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Fig. 3.
Pb exposure impaired mouse spatial learning ability in vivo. After 4-wk Pb exposure (at 12
wk of age), control and Pb-treated Tg-SWDI and WT mice were evaluated for cognitive and
motor skill performance using the Morris water maze test. Time interval between the start of
the test and the learning to reach the platform (latency) for a visible platform test in Tg-
SWDT mice (A) and WT mice (C). The latency for a hidden platform test in Tg-SWDI mice
(B) and WT mice (D). Data represent mean ± SD, n=7. *: p<0.05.
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Fig. 4.
Effect of in vivo Pb exposure on brain APP levels and β– and γ–secretases activities. The
Pb exposure dose regimen was the same as that described in the legend to Fig. 1. Assays
were performed at the end of exposure. (A). APP protein expression in mouse brain by
Western blot. The band intensities were quantified and normalized to β-actin densities. (B).
Activities of β–secretase in mouse brain. (C). Activities of γ–secretase in mouse brain.
Activities of both β– and γ– secretases in mouse brain were determined by a fluorogenic
substrate assay in brains freshly isolated from animals. Data represent mean ± SD, n=3-4 per
group.
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Fig. 5.
Increased Aβ fibril formation following Pb treatment in vitro. Soluble synthetic Aβ1-40
molecules were incubated with Pb at the concentrations specified. The formation of Aβ
fibril was determined by using ThT reagent. Data represent mean ± SD, n=3 per group
repeated three times with similar results. *: p<0.05.
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Fig. 6.
Co-localization of Pb with amyloid plaques. The Pb exposure dose regimen was the same as
that described in the legend to Fig. 1. After 6-wk Pb exposure, brain slices were made for
XRF measurements. (A). Average pixel spectrum for plaque and non-plaque regions. (B).
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the ratio of Pb concentrations in plaque and non-plaque regions in Pb-treated mice to those
of control mice. Data represent mean ± SD, n=3. *: p<0.05. (C). Arrows indicate that high
Pb signals were co-localized with amyloid plaques.

Gu et al. Page 21

Toxicol Lett. Author manuscript; available in PMC 2013 September 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


