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Lead-induced changes of cytoskeletal protein is involved
in the pathological basis in mice brain
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Abstract
Lead poisoning is a geochemical disease. On the other hand, lead is highly carcinogenic and exhibits liver and kidney toxicity.
This element can also cross the blood-brain barrier, reduce learning and memory ability and damage the structure of the cerebral
cortex and hippocampus. To further investigate the mechanism of lead neurotoxicity, 4-week-old Kunming mice were used to
explore the effects of different concentrations of Pb2+ (0, 2.4, 4.8 and 9.6 mM) for 9 days. In this study, pathological and
ultrastructural changes in brain cells of the treated group were related to damages to mitochondria, chromatin and the nucleus.
Lead content in blood was tested by atomic absorption spectroscopy, which showed high lead concentrations in the blood with
increasing doses of lead. Distribution of lead in nerve cells was analysed by transmission electron microscopy with energy
dispersive spectroscopy. Data showed the presence of lead in nucleopores, chromatin and nuclear membrane of nerve cells in the
treatment groups, whereas lead content increased with increasing doses of lead acetate. Finally, microtubule-associated protein 2
(MAP2)mRNA and protein expression levels were detected by real-time PCR andWestern blotting, which showed a reduction in
MAP2 expression with increasing lead doses in the mouse brain. These findings suggest that acute lead poisoning can cause
significant dose-dependent toxic effects on mouse brain function and can contribute to better understanding of lead-induced
toxicity.
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Introduction

Lead (Pb) is a well-recognised environmental pollutant and
poses a serious health concern to humans and animals
(Bansod et al. 2017; Shenai-Tirodkar et al. 2017). This ele-
ment can be found in soil, water and the atmosphere (Rosen
et al. 2017); lead contamination will be permanently present in
the environment (Kazemeini et al. 2013). Lead is toxic to

plants and animals, not only affecting normal plant growth
but also threatening the health of humans and animals through
its enrichment in the food chain (Flora et al. 2012). Dietary Pb
intake is the primary cause of human and animal exposure to
this metal (Nascimento et al. 2016; Farzin et al. 2008; Caldas
et al. 2016). Leasure et al. (2008) confirmed that gestational
lead exposure produced permanent male-specific defects.
Lead exposure caused seminiferous epithelium transformation
in all stages of spermatogenesis, with outcomes including
markedly smaller size of sperms, loss of normal spermatogen-
ic cell organisation and disorganisation of basement mem-
brane with vacuolisation (Anjum et al. 2016). Some studies
have shown that Pb exposure is associated with DNA damage
and causes a decrease in DNA repair capacity, indicating a
potential health concern for Pb-exposed populations
(Jannuzzi and Alpertunga 2016; Sohail et al. 2017). Pb was
also shown to alter DNAmethylation inWister rats (Sun et al.
2017). Pb treatment significantly decreased the activity of mi-
tochondrial complexes and increased the expression of
apoptosis-related genes (Jin et al. 2017).
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Various researches have raised people’s awareness on the
dangers of Pb pollution and the harmful effects of Pb on the
central nervous system (Verstraeten et al. 2008; Wagner et al.
2017). Microtubule-associated proteins (MAPs) specifically
combine with microtubules, which constitute approximately
10 to 15% of the microtubule structure, and are in a constant
state of dynamic instability both in vivo and in vitro. MAP2
acts as the most abundant mammalian brain protein that is
specifically expressed in neurons (Suzuki et al. 2011;
Kubatiev and Pal’tsyn 2012). MAP2 is a prominent regulator
of microtubule assembly and dynamic stability, both of which
play significant roles in brain development (Chen et al. 2015).
MAP2 belongs to the MAP family, and it plays an important
role in plasticity and stability of nerve cell axons and dendrites
(Gumy et al. 2017). Zhang et al. observed that the damages of
Pb to cerebral ganglia cells include cell apoptosis, lysosome
proliferation, cytoskeletal disruption and oxidative stress in
the cerebral ganglion (Zhang et al. 2016). The projection do-
mains of MAP2 and Tau are involved in regulation of micro-
tubule spacing within neurons (Chen et al. 1992).
Hyperphosphorylation of Tau is involved in the pathogenesis
of neurological disorders; Pb up-regulates Tau protein levels
and induces Tau hyperphosphorylation in the rat brain cortex
and cerebellum, possibly leading to impairment of cytoskele-
ton stability and neuronal dysfunction (Gąssowska et al.
2016).

To determine the effects of acute Pb poisoning on mice,
morphological changes in mouse brains were examined, and
the role of MAP2 in the mouse brain after Pb poisoning was
explored. The information gained will provide theoretical ba-
sis for further studies of the mechanism of injury resulting
from lead poisoning.

Materials and methods

Animals

This study used healthy Kunming mice, which were provided
by the Animal Center of Xinxiang Medical University
(Xinxiang, China). All mice were maintained at relative hu-
midity of 42–57% and at room temperature (24 ± 2 °C), with
unlimited access to water and food under a 12-h light/12-h
dark cycle. Four-week-old female (n = 20) and male (n = 20)
mice were used for the experiments. The mice were randomly
separated into four groups (5 female and 5 male mice per
group). Each group was provided with water with different
lead concentrations: control group (distilled water), low lead
concentration group (Pb2+, 2.4 mM), moderate lead concen-
tration group (Pb2+, 4.8 mM) and high lead concentration
group (Pb2+, 9.6 mM). Nine days after Pb acetate treatment,
mice were fasted for 24 h, and anticoagulant blood and brain
samples were collected for analysis. All experiments using

mice were approved and performed according to the guide-
lines of the Institutional Ethics Committee on Experimental
Animals.

Determination of blood Pb concentration

After weighing, we enucleated the eyeballs of mice for whole-
blood collection. Values provided (mg/L) represent the mean
± SEM for 5 male and 5 female mice per treatment. Samples
were analysed by atomic absorption spectroscopy (AAS) ac-
cording to the method of de Oliveira et al. (2017).

Histopathological assessment

For histopathological studies, the brains of treated and untreat-
ed animals were kept in 10% formalin in separate glass vials
for fixation by immersion for 24 h. Samples were washedwith
running water for 6–7 h and subsequently dehydrated in a
graded alcohol series. Fixed and dried tissues were rinsed with
xylene twice for 15 min. Paraffin-embedded tissue sections
were cut to a thickness of 5 μm and stained with haematoxylin
and eosin for histological examination to assess brain damage.
Histopathological changes in brain tissues were observed un-
der a standard optical microscope.

Transmission electron microscopy (TEM)

Mouse brain tissues were fixed with 2.5% glutaraldehyde.
After washing thrice with PBS, the tissues were post-fixed
in 1% osmium tetroxide followed by 50% ethanol for
15 min, 70% ethanol for 15 min, 95% ethanol for 15 min,
thrice in 100% ethanol for 15 min and twice in 100% propyl-
ene oxide for 15 min. Embedding of fixed tissues was started
in 1:1 propylene:resin for 1–2 h, followed by 2:1
propylene:resin for 1–2 h and pure resin overnight. Slices
were obtained to observe ultrastructural changes, and scan-
ning and photography were performed using TEM with ener-
gy dispersive spectroscopy (TEM-EDS).

Real-time PCR

Total RNA was extracted from mouse brains with Trizol re-
agent (Life Technology). Total RNA concentration was mea-
sured using a Nanodrop spectrophotometer (Thermo
Scientific,Waltham,MA). First-strand cDNAwas synthesised
from 1 μg of total RNA using the M-MLV reverse transcrip-
tase (Takara, Dalian, China). RT-PCR was performed using a
Quantstudio 5 real-time system (Thermo Fisher Scientific,
Waltham, MA) with SYBR Green PCR Kit (Qiagen,
German). Relative expression of the target gene was normal-
ised to GAPDH, and primer sequences are shown in Table 1.
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Western blotting

Mouse brain tissues (< 100 mg) were lysed with ice-cold
RIPA protein lysis buffer for 30 min, and the supernatant
was then collected after centrifugation at 12,000×g for
10 min at 4 °C. Protein concentrations were determined with
a Bradford assay kit (Bio-Rad). Protein samples mixed with
SDS loading buffer were boiled for 10 min and separated with
10% SDS–polyacrylamide gel electrophoresis. After separa-
tion, the proteins were transferred to PVDF membranes and
blocked in 5% non-fat milk for 2 h at room temperature. The
membranes were incubated with MAP2 rabbit monoclonal
antibody (CST, German, #8707) at 4 °C overnight. After in-
cubation with HRP-conjugated goat antirabbit IgG antibody
for 1.5 h at room temperature, ECL reagent (Thermo Fisher
Scientific, Waltham, MA) was used to visualise the reactive
bands, which were exposed to radiography films. The
resulting protein bands were analysed using Image J software
(National Institutes of Health, USA).

Statistical analysis

Statistical analyses consisted of mean ± SEM and paired-
sample t tests using SPSS statistics software version 17.0
(IBM Corp, Armonk, NY, USA). P < 0.05 and P < 0.01 were
considered significant.

Results

Morphology of brain tissues after lead exposure

Compared with the controls, results of morphological evalua-
tion by light microscopy showed no remarkable difference in
the number of glial and pyramidal cells in mouse brain in the
2.4-mM group. However, in the 4.8- and 9.6-mM groups, the
shapes of pyramidal cells changed from irregular to elliptical,
whereas the number of heterochromatin reduced in pale nu-
clei. Numerous nuclei have also shrunken and presented thick-
ened membranes (Fig. 1c, d). Ultrastructural changes in nerve
cells were determined by TEM. In the control group, abundant
organelles were observed in the cytoplasm, the nuclear mem-
brane and mitochondrial cristae can be observed and ribo-
somes were uniformly distributed in the cytoplasm (Fig. 2a).
No distinct ultrastructural changes were observed in cortex

neurons in the 2.4-mM group (Fig. 2b). However, in the 4.8-
mM group, results showed no evident nuclear membrane
changes, degranulation of endoplasmic reticulum, swelling
of mitochondria nor polymerisation of ribosomes (Fig. 2c).
The most notable changes were observed in the 9.6-mM
group, which exhibited dissolution and thickening of the nu-
clear membrane, fusion or disappearance of mitochondria,
disintegration of endoplasmic reticulum and increased number
of secondary lysosomes (Fig. 2d). These data suggest that lead
acetate affected the morphology of mouse brain tissues and
ultrastructure of nerve cells.

Lead concentration in blood

As shown in Fig. 3, compared with the control group, lead
concentrations of anticoagulated blood in the treatment groups
increased significantly by 29.69, 31.75 and 33.74 times with
increasing doses (P < 0.01). However, no significant differ-
ences were observed among the treatment groups (P > 0.05).
Lead can spread throughout the body via the blood and thus
injure other organs and systems (Jin et al. 2017; Sun et al.
2017).

Distribution of lead in mouse brain cells

TEM-EDS analysis, with 0.5% sensibility, can be used for
semi-quantitative analysis of Pb2+ and its distribution in cell
nuclei of the brain. Percent weight of Pb2+ (wt%), which in-
dicates the proportion of one-point Pb weight in the total
amount, is the most significant feature in this analysis. EDS
analysis failed to detect the spectral peak of lead in the un-
treated and 2.4-mM groups. However, spectral peaks can be
found in nucleopores, chromatin and nuclear membranes in
nerve cells of the 4.8- and 9.6-mM experimental groups
(Fig. 4). In the 4.8-mM group, wt% in nucleopore, chromatin
and nuclear membrane reached 0.41, 0.59 and 1.85, respec-
tively. On the other hand, in the 9.6-mM group, wt% in
nucleopore, chromatin and nuclear membrane totalled 1.48,
1.04 and 0.6, respectively (Table 2). These data indicate that
lead can cross the blood-brain barrier to disrupt the brain, and
that lead content in nerve cells increased with increasing ex-
posure to lead acetate.

Table 1 Primer sequences with
their corresponding PCR product
sizes

Gene Accession no. Primer sequences (5′-3′) Size of productions (bp)

MAP2 M21041 Forward: CAGCAGAGGTCCCAAGTGAG 103
Reverse: GAAACAAGCAGGTCGGAGAT

GAPDH GU214026 Forward: CCTTCCGTGTTCCTACCC 194
Reverse: GCCCTCAGATGCCTGCT
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Effect of lead on MAP2 mRNA and protein expression

MAP2 belongs to the structural MAP family, and reduction in
MAP2 may cause morphological and functional changes in
cells. This study measured the expression of MAP2 in mouse
brain tissues by RT-PCR and Western blotting. As shown in

Figs. 5a and, RT-PCR analysis revealed that expression of
MAP2 mRNA in the brain tissues of mouse treated with 4.8
or 9.6 mM lead acetate remarkably decreased compared with
the controls (65.4 and 72.1%, respectively, P < 0.05), but this
decrease was not significant in the 2.4-mM group (7%,
P > 0.05). Western blotting was performed to determine

Fig. 2 Ultrastructure of neurons
exposed to lead acetate
(× 25,000). aControl group, b 2.4
mMgroup, c 4.8 mMgroup, d 9.6
mM group. Mi, mitochondrion;
NM, nuclear membrane; ER,
endoplasmic reticulum; Ri,
ribosome; Ly, lysosome

Fig. 1 Histopathological changes
of mouse brains exposed to lead
acetate. a Control, b 2.4 mM, c
4.8 mM, d 9.6 mM, × 200. The
arrows imply pyramidal cell
change to elliptic, the triangle
means nucleolus shrunken, and
the five-pointed star is pale nuclei
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MAP2 protein levels (see Fig. 5b). Compared with the con-
trols, MAP2 protein levels decreased by 17.6, 24.3 and 40.4%

in the experimental groups (P < 0.05), and significant differ-
ence was noted in the 9.6-mM group (P < 0.01). These data
suggest that lead acetate treatment caused the decrease in both
mRNA, and protein levels of MAP2 were decreased in mouse
brain tissues.

Discussion

Lead is one of the most well-studied metal elements, and its
accumulation in organisms can cause harmful effects over
time (Flora et al. 2012; Piechnik et al. 2017). Isotopic data
have shown that Pb transfers from the maternal skeleton to
infants via breast milk (Gulson et al. 2016), and younger or-
ganisms accumulate higher amounts of lead compared with
adults (Nascimento et al. 2016). Lead is absorbed into the
bloodstream via the gastrointestinal tract and can be deposited

Fig. 4 The distribution of lead in mouse brains. Energy spectrum analysis
of mouse brain cells exposed to lead acetate (× 80,000). a Control group,
b 2.4 mM group, c 4.8 mM group, d 9.6 mM group. A1–A3, three spots

of the control group. B1–B3, three spots of the 2.4 mM group. C1–C3,
three spots of the 4.8 mMgroup. D1–D3, three spots of the 9.6 mMgroup

Fig. 3 Blood lead levels of mouse. Control represents untreatedmice; LP,
low lead group (Pb2+, 2.4 mM); MP, moderate lead group (Pb2+, 4.8
mM); and HP, high lead group (Pb2+, 9.6 mM). **Significantly
different from the control (P < 0.01)
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in organs, such as the liver, kidneys, lungs, brain, spleen,
heart, muscles and bones (ATSDR US 2007). Various male
and female animals were used for investigation of lead poi-
soning; chronic lead exposure altered DNA methylation in
male Wistar rats (Sun et al. 2017) and impaired vesicle dy-
namics and release in the hippocampus of females (Guariglia
et al. 2016). However, no significant differences were ob-
served between female and male pups in a previous study
(Gąssowska et al. 2016). Therefore, we used Kunming mice
regardless of gender in our study.

Lead can cross the blood-brain barrier and enter the body of
animals, affecting respiration, digestion, immunity and skele-
tal, reproductive, nervous and cardiovascular systems, leading
to growth and development abnormalities in animals (Gillis
et al. 2012). Overwhelming evidence proves the neurotoxicity
of Pb and its detrimental effects on neurons. Lead poisoning
mainly causes brain and neurological defects, including cog-
nitive disorders, coordination impairment, hearing and visual
disturbances (Leasure et al. 2008). In our study, lead acetate
was orally administered to Kunming mice, and histopatholog-
ical results showed the disordered molecular layer of the brain
in the high-dose groups and the significantly decreased num-
ber of granular and pyramidal cells, especially in the 9.6-mM
group. Ultrastructural changes were observed in brain tissues;
these changes include distortion and swelling of the mitochon-
dria, aggregation of chromatin, incomplete nuclear mem-
branes, fractured and lost mitochondria cristae and reduced
number of microtubules. These results offer a histopathologi-
cal explanation for the cerebral cortex damage in Pb-exposed
mice.

Dai et al. (2017) suggested that elevated Pb levels can
result in adverse changes in blood morphology, haemoglobin
synthesis and CR1 expression, which may be a non-negligible
threat to the development of erythrocyte immunity in local
preschool children. In the present study, lead accumulation
in the blood was tested by AAS. Compared with the controls,
a notable increase in lead concentration was observed in the
blood of mice from the treatment groups (P < 0.01). TEM-
EDS is based on X-ray quantum spectral curve and can be
used for qualitative and quantitative analyses of samples at a
general point, in a line or in surface analysis (Verma et al.
2017). In this experiment, lead was not detected in the brains
of mice in the 2.4-mM group, and this result was probably due
to the small amounts of Pb that were removed from the body
during metabolism or lower intracellular Pb levels in compar-
ison with the detection limits of the spectrometer resolution.
Pb2+ was detected in nuclear pores, chromatin and nuclear
membranes of mouse brain nerve cells in the 4.8- and 9.6-
mM groups. Pb2+ was mainly located in the nuclear envelope
in the brain cells of mice from the 4.8-mM group, whereas it
was mainly found in the nuclear pores in the 9.6-mM group.

Lead exposure significantly decreases spine density and
down-regulates the expression of NR2B subtype of N-
methyl D-aspartate (NMDA) receptors, thereby inducing def-
icits in long-term potentiation and spatial learning processes
(Nihei and Guilarte 2001; Neal et al. 2011; Yang et al. 2016).
Lead exposure also altered presynaptic vesicle distribution in
these hippocampal regions (Guariglia et al. 2016). MAP2
plays a role in neuronal polarity and neuronal dendritic
growth, possibly by increasing the growth and repair rate of

Fig. 5 The effect of lead on
MAP2 mRNA and protein
expression levels. a mRNA
expression, b protein expression.
Control represents untreated
mice. *Significantly different
from the control (P < 0.05).
#Significantly different from the
2.4 mM group (P < 0.05)

Table 2 Lead content analysis of mouse brain cells exposed to lead acetate

Group Control group 2.4 mM 4.8 mM 9.6 mM

Spot 1 2 3 1 2 3 1 2 3 1 2 3

Weight% 0.00 0.00 0.00 0.00 0.00 0.00 0.41 0.59 1.85 1.48 1.04 0.60

Aotm% 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.10 0.62 0.24 0.17 0.10

Net strength 0.00 0.00 0.00 0.00 0.00 0.00 7.95 4.34 17.39 39.10 10.19 4.43

Error% 0.00 0.00 0.00 0.00 0.00 0.00 37.72 16.10 12.94 9.38 11.88 25.35
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microtubules (Dehmelt and Halpain 2004). Our study re-
vealed that high doses Pb reduced MAP2 mRNA and protein
expression, especially in the 4.8- and 9.6-mM treatment
groups (P < 0.05). The toxic effects were manifested in a
dose-dependent manner and showed no influence on tran-
scription in the low-concentration group (2.4 mM, P > 0.05).
On the basis of these results, we speculate that Pb exerts direct
toxic effects on neurons, destroying microtubules that cannot
be repaired over time and limits functional abilities of the
brain.

Conclusion

Observations on histopathological and morphological features
of cells suggest that different lead concentrations exert direct
toxic effects on neuronal cells of the brain. Lead not only
circulated in the blood but also accumulated in nuclear pores,
chromatin and nuclear membranes of mouse brain nerve cells.
Expression levels of MAP2mRNA and protein reduced in the
treatment groups with increasing lead dosage. These results
suggest that high lead levels enhance instability of microtu-
bules in mouse brain tissues, affecting cytoskeleton assembly
and mitosis, further damaging brain development and func-
tion. Results of this study provide a theoretical basis for fur-
ther investigation of the mechanism of lead poisoning.
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