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Abstract The aim of this study was to investigate microstruc-
ture and ultrastructure alterations in the pallium of immature
mice exposed to cadmium. Forty immature mice were ran-
domly divided into control, 1/100 LD50 (1.87 mg/kg, low),
1/50 LD50 (3.74 mg/kg, medium), and 1/25 LD50 (7.48 mg/kg,
high) dose groups. After oral cadmium exposure for 40 days,
the pallium of mice was obtained for microstructure and ultra-
structure studies. The results showed that both microstructure
and ultrastructure alterations of the pallium were observed in
all treated mice and the most obvious alterations were in the
high dose group. Microstructural analysis showed seriously
congested capillary in the pia mater of the pallium in the high
cadmium group. Meanwhile, vacuolar degenerate or
karyopyknosis presented in some neurocytes, capillary quanti-
ty, and the number of apoptotic cells increased, some
neurocytes became hypertrophy, the pia mater separated from
the cortex, and local hemorrhage and accompanied inflamma-
tory cell infiltration were also observed. Ultrastructural analy-
sis showed that rough endoplasmic reticulum was expanded,
heterochromatin marginalized, perinuclear space distinctly
broadened, swelling and vacuolizationmitochondria appeared,
synapse was swelling, presynaptic and postsynaptic mem-
branes presented fusion, and most of mitochondrial cristae
were ambiguous. The results indicated that cadmium exposure
for 40 days induced dose-dependent microstructure and ultra-
structure alterations in pallium of immature mice.
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Introduction

Cadmium, a ubiquitous heavy metal, has been known as an
industrial and environmental toxicant. Since cadmium is not
degraded in the environment [1], natural and anthropogenic
sources of cadmium may lead to the contamination of soils
and water and to the increased uptake of this metal by crops
and vegetables grown for human consumption [2]. Once
absorbed, cadmium is rapidly transported by blood to different
organs in the body, accumulated in various organs, and causes
numerous undesirable effects on animals and people [3]. So it
has beenwidely reported as a risk factor for animal and human
health upon exposure. Today, besides toxicity and mutagenic-
ity, teratogenicity, and carcinogenicity of many organs, cad-
mium is also considered as a neurotoxin. It is well known that
pallium is not only the most important part of the brain but
also the material basis of high nervous activity. It plays a key
role in memory, attention, perception, awareness, thought,
language, and consciousness. Pallium neural cells have been
identified as targets of cadmium-mediated toxicity [4, 5]. In
cortical neuron cell culture from fetal rats, cadmium modified
the neuronal morphology after a 6-h treatment with 10 μM of
cadmium, whereas at 24 h, it showed a great loss of neuronal
integrity mainly evidenced by the almost complete disappear-
ance of the axons [6]. Apoptotic morphological changes in-
duced by cadmium in pallium neurons were assessed in some
studies [5, 7]. However, histopathology alterations of pallium
exposed to cadmium for long term were unclear.

In recent years, the neurotoxic mechanisms through which
cadmium elicits its neurotoxic effects have been revealed in
some papers [8–10]. However, it is still unresolved [8],
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especially in immature population. Normally, cadmium barely
reaches the brain in adults due to the presence of blood–brain
barrier. Nonetheless, this structure is not fully developed in
young animals [11]. Due to differences in the blood–brain
barrier integrity, cadmium is more toxic to young rats than to
adult rats [8]. It has been reported that cadmium can induce its
toxic effects on developing cortical cells and immature hippo-
campal slices in vitro [12, 13] and developing brain in vivo
[14, 15]. It is well known that immature period is an important
period characterized by rapid development of physical growth
and the nervous system. However, very little attention has
been paid to the susceptibility to cadmium during this period.
The aim of the present study was to evaluate cadmium-
induced neurotoxicity of immature mice brain by investigat-
ing microstructure and ultrastructure alterations in pallium.

Material and Methods

Ethics Statement, Animals and Housing

All animal experiments were conducted in accordance with
Measures for Administration of Laboratory Animals of Henan
Province, China (Approval No.1992-24). Forty Kunming im-
mature mice (20 female and 20 male mice), weaned on post-
natal (20 ± 1) days, were obtained from Centre for Laboratory
Animal of Xinxiang Medical University, China. The mice
were housed in plastic cages and maintained under conven-
tional conditions with 12:12 h light/dark cycle and a con-
trolled temperature of 22 ± 2 °C. During the experiment peri-
od, free access to standard commercial rodent diet and water
was allowed.

Treatment

After 5-day acclimation, immature mice were weighed and
randomly assigned to 4 equal groups of 10 animals each.
For the control group, deionized water was given to mice ad
libitum in the same manner as the following cadmium expo-
sure groups. For the low-dose, medium-dose, and high-dose
cadmium group, cadmium chloride dissolved in deionized
water at dose of 1/100 LD50 (1.87 mg/kg body weight, low),
1/50 LD50 (3.74 mg/kg, medium), and 1/25 LD50 (7.48 mg/kg,
high) were orally administered in drinking water to the corre-
sponding animals for 40 days, respectively. LD50, lethal dose
of cadmium chloride by oral gavage administration to mice,
was 187 mg/kg body weight based on our previous study [16].

The oral route is the principal route of cadmium exposure
in humans. After oral cadmium exposure for 40 days, 10 im-
mature mice grew into adult mice and they were perfused
through the heart using cold normal saline solution for sam-
pling. The intact cerebrum was immediately extracted from

the skull, weighed, and preserved in the fixative for the fol-
lowing studies.

Processing for Microstructure Study by Light Microscope

Frontal lobe cortices of the left pallium from three mice per
group were excised, fixed with 4 % paraformaldehyde in
0.1 M PBS (pH 7.2) for 24 h, and then routinely processed
and stained using hematoxylin-eosin staining method. Briefly,
after fixation, the samples were dehydrated in a graded series
of ethanol, cleared with xylene, impregnated in molten paraf-
fin, embedded in fresh molten paraffin, and sectioned to
5-μm-thick sections using a microtome (Leica, RM 2235,
Germany). Sections were then stained with hematoxylin-
eosin and examined with a light microscope (Axiostar plus,
Carl Zeiss, Germany).

Processing for Ultrastructure Study by Transmission
Electron Microscope

Frontal lobe cortices of the left pallium from other three mice
per group were excised, chopped to get pieces of approximate-
ly l mm × 1 mm × l mm, and immediately kept in 2.5 %
glutaraldehyde solution for 4 h at room temperature. Then
samples were washed three times with PBS and then post-
fixed in 1 % osmium tetroxide solution for 1.5h, dehydrated
with graded acetone, immersed in propylene oxide, and in-
cluded in Epon812 at 60 °C. Ultrathin sections (40–60 nm)
were made by Leica EM UC6rt ultramicrotome, placed on
grids, and doubly stained with 0.1 % uranyl acetate and 3 %
lead citrate solution. Subsequently, the grids with thin sections
were examined and photographed in a transmission electron
microscope (Hitachi H-7500, Japan).

Statistical Analysis

The data of weight parameters were expressed as
mean ± standard deviation. Comparison test using Student’s
t test in SPSS 10.0 (SPSS Inc., Chicago, IL, USA) was carried
out to assess any significant differences. P < 0.05 was consid-
ered as being significant statistically.

Results

The Changes of Weight Parameters

Compared with the control mice, the cadmium-exposed mice
showed decreased daily activities, sleepy, and slower response
to outside stimulation with increasing of exposed duration. No
incidence of death was recorded during the experiment period.
The weight parameters were shown in Table 1. Final body
weight of treated mice declined with increasing of cadmium-
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exposed dose, and a statistically significant difference was
found between the high-dose treated group and control group
(P < 0.05). The cerebrumweight and cerebrum to bodyweight
ratio increased with increasing of cadmium dose. However,
there was no significant difference in the cerebrum weight
when all groups were freely compared to each other
(P > 0.05). The difference of cerebrum to body weight ratio
was significant between the medium-dose treated group and
control group (P < 0.05) and highly significant between the
high-dose treated group and control group (P < 0.01).

Microstructure Alterations

Light microscope examination showed no lesions in the pal-
lium of control mice (Fig. 1a). However, in the low dose
group, the pia mater slightly separated from pallium layer,
capillary quantity increased, neurocyte displayed slight vacu-
olar degeneration, and a few granule cells displayed
karyopyknosis (Fig. 1b). Microstructure lesions of the pallium
in the medium dose group were more serious compared with
those in the control group, as a part of the pia mater distinctly
separated from pallium, capillary quantity increased, some
neurocyte were slightly swelled, more granule cells displayed
karyopyknosis, the number of apoptotic cells increased, and
local cortex tissue hemorrhage and neurocyte displayed vac-
uolar degeneration (Fig. 1c, d). The microstructure lesions in
the pallium of mice exposed to high-dose cadmium were the
most serious. The pallium showed seriously congestive capil-
lary under pia mater, vacuolar degeneration, increasing capil-
lary quantity, karyopyknosis, increasing number of hypertro-
phy cells and apoptotic cells, pia mater separating from the
cortex, and local hemorrhage accompanied with inflammatory
cell infiltration (Fig. 1e–g).

Ultrastructure Alterations

The ultrastructure of cerebral cortical neurons and synapse of
normal mice were separately shown in Fig. 2a, b. Electron
microscope examination showed that ultrastructure alterations
of the pallium were all present in each treated group. The
ultrastructure alterations of cerebral cortical neurons from
mice treated with low-dose cadmium were characterized by

swelling and broadened rough endoplasmic reticulum, ambig-
uous mitochondrial cristae and vacuolization mitochondria
(Fig. 2c). However, alterations of synapse structure were not
found (not shown). The ultrastructure lesions in the pallium of
mice exposed to medium-dose cadmium were more serious
compared with control. The rough endoplasmic reticulumwas
swelling, syncretic nuclear membrane of neuron appeared,
some mitochondrial cristae were ambiguous, and some mito-
chondria were swelling and vacuolar (Fig. 2d). Furthermore,
synapse vesicles were fracted and syncretic and reduced in
vesicle numbers (Fig. 2e). In high-dose cadmium group, ul-
trastructure lesions of the pallium were the most serious com-
pared with control. The ultrastructure revealed expanded
rough endoplasmic reticulum, marginalized heterochromatin,
distinctly broadened perinuclear space, swelling and
vacuolization mitochondria, swelling synapse, membrane fu-
sion between presynaptic and postsynaptic membrane, and
most of ambiguous mitochondrial cristae (Fig. 2f, g).
However, no ultrastructure lesions of blood–brain barrier were
found in all treated groups (not shown).

Discussion

Most of body tissues are susceptible to cadmium-induced tox-
icity, including the brain [17]. Various studies reported that
cadmium can enter into the brain and neurons across the
blood–brain barrier [14, 18], produce neurological changes
in humans [19] and adult mice [20], and lead to lower atten-
tion, olfactory dysfunction, and memory deficits [21]. In the
present study, oral exposure to cadmium caused some behav-
ioral aberrations such as decreased activities, sleepy, and
slower response compared with the control, especially in
high-dose cadmium group. The cerebrum weight and cere-
brum to body weight ratio increased with increasing of
cadmium-exposed dose. Moreover, respectively compared
with the control, the difference of cerebrum to body weight
ratio was significant in medium-dose cadmium group
(P < 0.05) and highly significant in high-dose cadmium group
(P < 0.01). The data revealed that cadmium exposure can
influence weight parameters of the brain.

Table 1 Weight parameters of
mice Groups No. of mice Initial body

weight (g)
Final body
weight (g)

Cerebrum
weight (g)

Cerebrum to body
weight ratio

Control 10 13.23 ± 1.11 33.09 ± 6.02 a 0.264 ± 0.045 0.0080 ± 0.0009 Aa

Low 10 13.35 ± 0.92 30.97 ± 4.64 ab 0.267 ± 0.054 0.0088 ± 0.0023 ABab

Medium 10 13.38 ± 1.08 29.28 ± 5.40 ab 0.269 ± 0.028 0.0094 ± 0.0012 ABb

High 10 13.23 ± 1.17 27.72 ± 3.43 b 0.269 ± 0.027 0.0097 ± 0.0006 Bb

Data is presented as mean ± standard deviation. In a column,meanswith different lowercase letters are statistically
significant different (P < 0.05) and means with different capital letters are highly significant (P < 0.01)
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It has been reported that cadmium exposure in critical devel-
opmental periods, at doses much lower than those which affect
adults, can cause damage to the brain [21]. The cadmium distri-
bution in the brain was found to decrease with age [22].
Although the entrance of cadmium in the adult central nervous
system is limited, developmental neurotoxicity has been evi-
denced as a result of the blood–brain barrier (BBB) immaturity

[23]. The neurotoxic effects of cadmium have been indicated to
be different in adult and immature rats, and cadmium was more
toxic to 4-day-old than adult rats [24]. In addition, cadmium is a
specific metal because it produces toxicity even at low dose and
has a long biological half-life and low excretion rate in human
(15–30 years) [2, 25]. Therefore, cadmium exposure even at low
doses can also cause lesions to the brain as well as other tissues
in immature period. In the present study, 40-day exposure dura-
tion is almost equivalent to a whole growth duration of imma-
ture mice and is long enough for the metal accumulation in a
variety of tissues including the brain. The microscope examina-
tion indicated that cadmium could induce microstructure and
ultrastructure alterations in the pallium of immature mice ex-
posed to cadmium for 40 days in a dose-dependent manner.
The microstructures and ultrastructures affected by cadmium
included pia mater, blood capillary, neurocytes, mitochondria,
rough endoplasmic reticulum, nuclear membrane, and synapse
of ultrastructure. However, in our previous study, histopathology
changes of the palliumwere found at medium and high doses of
cadmium exposed to juvenile mice for 10 days [26]. These
alterations not only illustrated that cadmium could enter the
brain but also indicated that long-term cadmium exposure could
lead to microstructure and ultrastructure alterations in the palli-
um of immature mice even at low doses. Themicrostructure and
ultrastructure alterations in the pallium of immature mice may
be an important neurotoxic mechanism induced by cadmium
and might impair physiological functions of the brain.

The blood–brain barrier is a protective barrier which pre-
vents many harmful substances from entering the brain,
protecting the brain from an assortment of potential risks.
High cadmium levels are known to impair the function of
blood–brain barrier [27]. In another study, when rats of 21 days
of agewere exposed to cadmium in drinkingwater for 30 days,
cadmium did not affect the blood–brain barrier permeability,
whereas 90-day exposure increased its permeability [28]. In
this study, ultrastructure lesions in blood–brain barrier of 40-
day cadmium exposure mice were not found in all groups,
which indicated that cadmium at the used doses did not disrupt
the ultrastructure of blood–brain barrier. It is regrettable that
the blood–brain barrier permeability was not investigated.

Increasing evidences indicated that multifactorial mecha-
nisms might be involved in cadmium neurotoxicity. It was
suggested that the effect of cadmium neurotransmitter, oxida-
tive damage, interaction with other metals such as cobalt and
zinc, estrogen-like effect, and epigenetic modification may be
the underlying mechanisms [8]. Cadmium was reported to
penetrate and accumulate in the brain of developing and adult
rats, which led to intracellular accumulation, cellular dysfunc-
tion, and cerebral edema [29]. Cadmium-induced brain dys-
function may be related to the disruption of metal ion homeo-
stasis, reduction of the total brain antioxidant status, inhibition
of oxidative DNA repair systems, alteration in signal trans-
duction, and stimulation in the production of ROS, which may

Fig. 1 Light micrographs of the pallium from each group mice. a
Photomicrograph of the pallium of normal mice. The microstructure of
pallium layer is intact. b Photomicrograph of the pallium of mice treated
with low-dose cadmium. ←: pia mater slightly separated from pallium
layer, ↑: capillary quantity increased, →: cells of the slight vacuolar
degeneration, ↖: a few granule cells of karyopyknosis. c, d
Photomicrograph of pallium of mice treated with medium-dose
cadmium. c ←: pia mater distinctly separated from pallium, ↑: capillary
quantity increased, ↘: slightly swelling cells, ↖: granule cells of
karyopyknosis, ↙: increasing apoptotic cells. d ↗: local hemorrhage,
→: vacuolar degeneration cells, ↑: capillary quantity increased, ↘:
slightly swelling cells, ↙: increasing apoptotic cells. e, f, g
Photomicrograph of the pallium of mice treated with high-dose
cadmium. e ↓: seriously congestive capillary under pia mater, →:
vacuolar degeneration cells, ↑: capillary quantity increased, ↖: granule
cells of karyopyknosis. f▲: some hypertrophy cells, ↑: capillary quantity
increased, ↙: increasing apoptotic cells. g ←: pia mater separated from
pallium, ↗: local hemorrhage, △: inflammatory cells infiltration.
Magnification, ×400 (a–g). Scale bars (a–g), 200 nm. There was HE
staining
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act as signaling molecules in the induction of gene expression
and apoptosis [9]. Biochemical mechanisms were reported by
disturbances of the cellular antioxidant system, generation of
reactive oxygen and nitrogen species, changes in energy pro-
duction in the metabolic pathways, changes in the metabolism
of biogenic amines, neurotransmitter amino acids and calcium
ions, and inhibition of enzymatic proteins [10]. In the present
study, the obtained results suggested that cadmium induced

microstructure and ultrastructure alterations in the pallium of
immature mice, and the alterations incremented in severity as
the exposure dose increased. There is no doubt that alterations
induced by cadmium in the pallium will influence physiolog-
ical functions of the nervous system. In addition, the obtained
results also implied cadmium-induced neurotoxicity may be
associated with microstructure and ultrastructure alterations of
the pallium in immature mice.

Fig. 2 Electron micrographs of the pallium from each group mice. a
Electron micrographs of cerebral cortical neurons of normal mice. b
Electron micrographs of synapse of normal mice. c Electron
micrographs of cerebral cortical neurons of mice treated with low-dose
cadmium. +: swelling and broadened rough endoplasmic reticulum, ↗:
ambiguous mitochondrial cristae, *: vacuolization mitochondria. d, e
Electron micrographs of cerebral cortical neurons of mice treated with
medium-dose cadmium. d +: swelling rough endoplasmic reticulum, ↓:
syncretic nuclear membrane of neuron, ↗: ambiguous mitochondrial
cristae, ↑: swelling mitochondria, *: vacuolization mitochondria. e ◇:
fracted and syncretic synapse vesicle and reduction in vesicle numbers.

f, g Electronmicrographs of cerebral cortical neurons of mice treated with
high-dose cadmium. f +: expanded rough endoplasmic reticulum, ←:
marginalized heterochromatin, →: distinctly broadened perinuclear
space, ↑: swelling mitochondria, *: vacuolization mitochondria. g ↔:
swelling synapse, —: membrane fusion between presynaptic and
postsynaptic membrane, ↑: swelling mitochondria, *: increasing
vacuolization mitochondria, ↗: most of ambiguous mitochondrial
cristae. Magnification, ×12,000 (a, c, d, f); ×25,000 (b, e, g). Scale bars
(a, c, d, f), 833 nm; b, e, g, 400 nm. There were uranyl acetate and lead
citrate staining

Fig. 2 (continued)

Structure Alterations in Pallium of Mice Exposed to Cadmium 109



Conclusions

In summary, the present study manifested that cadmium could
induce dose-dependent microstructure and ultrastructure alter-
ations in the pallium of immature mice exposed for 40 days.
For this reason, measures should be taken to reduce cadmium
exposure in order tominimize the risk of adverse health effects
on immature population.
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