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Abstract

NDR1/2 kinase is essential in dendrite morphology and spine formation, which is regulated
by cellular Ca®*. Lead (Pb) is a potent blocker of L-type calcium channel and our recent
work showed Pb exposure impairs dendritic spine outgrowth in hippocampal neurons in
rats. But the sensitivity of Pb-induced spine maturity with mixed factors (genderxagexbrain
regions) remains unknown. This study aimed to systematically investigate the effect of Pb
exposure on spine maturity in rat brain with three factors (genderxagexbrain regions), as
well as the NDR1/2 kinase expression. Sprague—Dawley rats were exposed to Pb from par-
turition to postnatal day 30, 60, 90, respectively. Golgi-Cox staining was used to examine
spine maturity. Western blot assay was applied to measure protein expression and real-
time fluorescence quantitative PCR assay was used to examine mRNA levels. The results
showed chronic Pb exposure significantly decreased dendritic length and impaired spine
maturity in both rat hippocampus and medial prefrontal cortex. The impairment of dendritic
length induced by Pb exposure tended to adolescence > adulthood, hippocampus > medial
prefrontal cortex and female > male. Pb exposure induced significant damage in spine
maturity during adolescence and early adult while little damage during adult in male rat
brain and female medial prefrontal cortex. Besides, there was sustained impairment from
adolescence to adulthood in female hippocampus. Interestingly, impairment of spine matu-
rity followed by Pb exposure was correlated with NDR1/2 kinase. The reduction of NDR1/2
kinase protein expression after Pb exposure was similar to the result of spine maturity. In
addition, NDR2 and their substrate Rabin3 mRNA levels were significantly decreased by Pb
exposure in developmental rat brain. Taken together, Pb exposure impaired dendrite growth
and maturity which was subject to genderxagexbrain regions effects and related to NDR1/2
signal expression.

PLOS ONE | DOI:10.1371/journal.pone.0138112 September 14,2015

1/19


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0138112&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

@’PLOS ‘ ONE

Interactions of Pb exposure and mixed factors of genderxagexbrain regions on dendrite morphology

Technology (407-037030). The funders had no role in
study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

Introduction

Lead (Pb) is an important metal pollutant in not only natural environment but also
transportation and food processing industry. Pb is very easy to be uptaked into organisms
and developed to be bioaccumulated, further engendering biological toxic effects, like neuro-
developmental and other physical developmental toxic effects [1-5]. The toxicity induced by
Pb exposure is affected by many factors, like different developmental phase, sex and so on. A
large number of studies have shown that developmental Pb exposure can induce impairment
of cognitive function, learning and memory [6-9].) In addition, some studies give scientific
evidence that gender also plays another important role in Pb accumulation [10, 11] and cog-
nitive function [12-16].

Brain is full of networks to maintain its complex function and usually several brain regions
interaction supports one function. Recent study [17] reported the functional connectivity in
cortical-hippocampal network and then the cooperative function in improving associative
memory. It offered a sight of the brain function between brain regions. Previous studies have
shown Pb exposure induced impairment in hippocampus [16, 18], as well as cerebral cortex
[19], respectively. So what is the alternation between these two brain regions in response to
Pb-exposed neurotoxicity? Is cooperative or unrelated?

Dendrite is one or more protrusions originate from cell body, with a function of receiving
stimulation and transmitting impulse to somas. There are spines distribute along dendrites,
which is called as dendritic spine. Dendritic spine is closely related to synaptic strength, which
is regulated by Ca" level [20, 21]. Previous studies showed that Pb affected dendritic spine for-
mation in rat brain [18]. In addition, Pb blocks voltage dependent calcium channel and induces
long term potentiation (LTP) dysfunction [22-24]. So present study regarded dendritic length
and mushroom spine as cognition marker to investigate the neurotoxicity followed by Pb
exposure.

In regard to regulation of spine formation, multiple molecules involved in this process,
including Brain-derived Neurotrophic Factor (BDNF) [25], Wnt related proteins [26], NDR
(nuclear Dbf2-related) 1/2 kinase [27], Shank and Homer [28]. Among these proteins, NDR1/
2 kinase drew our attention because of its regulation of the dynamic change in dendritic spine
morphology and its key role in regulating dendrite growth [27]. It has been demonstrated that
NDR plays an essential role in dendrite maintenance[29]. Other studies have shown NDR and
its substrates were significant for regulating the processes of dendrite growth, dendrite branch,
spine distribution, spine morphologies and so on [27]. Rabin 8, which is one of the substrates
of NDR1/2, participates in regulating dendrite growth, especially spine growth [27]. NDR1/2
kinase family, a kind of NDR protein-kinases, is highly homologous from yeast to humans, and
is responsible for many important cellular processes [30]. This kinase was expressed in mice
brain and human beings tissues broadly [31, 32].Previous studies have shown NDR1/2 kinase
could be activated by calmodulin s100. It was discovered that Ca**, an endocellular second
messager, could regulate the activity of NDR [33]. That indicated NDR probably involve in cel-
lular signal transduction pathways.

In this study, we attempted to investigate the effects of chronic Pb exposure on dendritic
length and mushroom spine formation with mixed factors of different genders (male, female),
different ages (PND30, PND60, PND90) and different regions of the brain (hippocampus,
medial prefrontal cortex). In addition, we explored NDR kinase protein expression, as well as
the NDR1, NDR2 and its substrate Rabin8 transcription mRNA levels
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Materials and Methods
Chronic Pb exposure animal model

Sprague-Dawley (SD) rats were obtained from the Laboratory Animal Center, Anhui Medi-
cal University, P.R. China. Animals were individually housed in a temperature and humid-
ity controlled environment on a 12h-12h light-dark cycle with free access to food and
water. All experimental operations were performed following the guidelines of the National
Institute of Health Guide for the Care and Use of Laboratory Animals and were approved
by the Institutional Animal Care and Use Committee of Hefei University of Technology,
China.

The method for chronic Pb exposure was referred to the previous study [34]. Female SD
rats were raised individually after mating and treated with distilled water before childbirth, and
then the rats were exposed to Pb or not. SD rat dams were randomly divided into 12 groups:
drinking distilled water as control (male, female) at PND30, PND60, PND90, and Pb water
(250 ppm lead acetate in distilled water, 30 ml/day) as Pb-exposed group (male, female) at
PND30, PND60, PND90, respectively (n = 8 per group). The Pb-exposed rat pups acquired Pb
during lactation indirectly through the milk from their mothers and then directly after weaning
at the postnatal day 21 (PND21) until they were decapitated (PND30, PND60 and PND90,
respectively). The rats were monitored every day after treatment and were normal in activity
and diet. There was no unintended death of animals during this study. Fig 1 illustrates the over-
all research design timeline.

Chronic Pb (250ppm lead acetate) exposure timeline

Indirect continuous

Pb exposure Direct continuous Pb exposure
through the milk through drinking Pb water
from their mothers

A A
r T N

PND PND PND PND PND
0 21 30 60 90

I | I

Collecting blood and brain tissue, respectively

Fig 1. lllustration of the overall research design timeline.

doi:10.1371/journal.pone.0138112.9001
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Tissue collection

SD rat pups and rats were anesthetized deeply with Carbon dioxide and then decapitated, then
the brain was removed from the skull quickly [35]. In this study, SD rats were sacrificed at
PND30, PND60 and PND90 after chronic Pb exposure, respectively. Brains were cut into two
hemispheres longitudinally; the right part was prepared for morphological staining, and the
left one for examining special proteins expression and real time fluorescence quantitative PCR
assay.

Blood and brain Pb levels examination

Tissue Pb level assay was performed as follows: brain tissue was added with nitric acid (excel-
lent pure GR, 4 mL) and 30% hydrogen peroxide (AR, 2 mL) in the nitrolysistube overnight at
room temperature. And then, those tissues were nitrolyzed for 30 min in the microwave nitra-
tepyrolysis furnace (EMR marsxpresscertificate, VB 20). Lastly, the Pb level within sample was
detected by the graphite furnace atomic spectrophotometry (the PerkinElmer A Analyst' ™800,
USA).

Blood Pb level assay was performed as follows: 0.5 mL of blood was added into 4.5 mL dilu-
tion liquid (0.2% nitricacid and 0.1% TritonX-100). Each sample was vortexed for 2 min and
the Pb level within sample was detected by the graphitefurnace atomic spectrophotometry (the
PerkinElmer A Analyst™800, USA).

Golgi-Cox staining, dendritic length and the number of dendritic spines
assay

The brain was processed by Golgi-cox staining method as described by Liu et al [36]. Briefly
speaking, the brains were stored in GC solution (37°C) in dark for 36-48 hours. Making brain
slices at the thickness of 200pum with a vibratome (VT1000S, Leica, Germany), fixing them on
2% gelatin-coated slides. Five brain slices were collected from each rat. Then all slices were
stained with following steps: with ammonia for 60 min, water for 3 times, Kodak Film Fix for
30min, after that, with water, dehydrated, cleared, and finally, mounted using a resinous
medium. The neurons in hippocampus and medial prefrontal cortex (mPFC) were imaged
with a Nikon widefield microscope (Eclipse 80i) by using a 10x&100x objectives. For all col-
lected sections, 3~5 neurons were used of each slice with 10x&100x respectively.

Then dendritic length and the number of mushroom spines within those neurons were ana-
lyzed by Matlab software. In brief, dendrite morphology was analyzed across the concentric
10um circles. The dendritic length counted in present study was of the first dendrite, and the
mushroom spines were on 2~3 stretches of the secondary dendrite about 10 um in length.

Western Blotting assay

The tissue hippocampus was collected from rats at PND30, PND60 and PND90, respectively.
The hippocampal protein was obtained by being homogenized in ice-cold lysis bufter (pH7.4;
containing 21pug/ml aprotinin, 0.5pg/ml leupetin, 4.9mM MgCl,, ImM sodium-Meta-vanan-
dante, 1% Triton X-100 and 1mM PMSEF), then centrifugated (14000xg, 7 min), then the
supernatant was collected.

The total protein concentration was assayed by the Bicinchoninic Acid (BCA) method. And
the equal quality protein of every sample was separated by 8% SDS-PAGE gel before transfer-
ring to PVDF membrane. Membranes were blocked with 5% non-fat dry milk, incubated with
primary antibodies (GAPDH was purchased from Abcam, ab9484, monoclonal, 1:5000,
NDR1/2 was from Santa cruz, sc271703, monoclonal, 1:2000), then washed for 3 times,
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incubated with the horseradish peroxidase-conjugated secondary antibody and processed for
visualization by the enhanced chemiluminescence immuno-blotting detection system. All
results were normalized against GAPDH.

Real-time fluorescence quantitative PCR

The total RNAs in developmental hippocampus and mPFC were extracted using the RNA kit
(Axygen, Silicon Valley, USA) from the hippocampus and mPFC of rats (n = 8 per group) with
or without Pb exposure. Subsequently, the primer OligodT were used to complete the reverse
transcription reaction according to the manufacturer's instructions (TransGene, Shanghai,
China), resulting in the first strand of total cDNA.

The 20 pL reaction pool of RTFQ PCR was composed of: 10 uL of SYBR premix Extaq; 0.8 pL
of forward and reverse primer each; 2 pL of cDNA template (10 times dilution) and 6.4 pL of
deionized water. The primers used in this protocol were listed as follows: GGGTTAAGGGTG
ATTGATGTTCG-AGGCACCTCTATCTCCTTCGCA for NDR1, AGACGGAGCCTGGG
TAGTGA- AAAGGTTGTCTGGCTTGATGTC for NDR2, GTTCCAGAGCCAGCATCATCG-
TCATCGTTGCCAGCAGAAGC for Rabin3 (Rabin3, a rat protein homologous to human pro-
tein Rabin8.) and CTGTGCTATGTTGCCCTAGACTTC-CATTGCCGATAGTGATGACCTG
for r-Actin, respectively. The real-time fluorescence PCR system was purchased from Roche
(Roche Lightcycler 96). The reaction procedure was set as one cycle of 95°C for 10 s, 40 cycles of
95°C 10 s, 60°C 30 s, followed by the melting stage of 95°C 10's, 65°C 60 s and 97°C 1 s, then the
cooling stage of 37°C 30s. The transcription levels were calculated as the amounts relative to that
of r-Actin under the same conditions.

Statistical analysis

All data is presented as means + SEM. The statistical differences between groups were analyzed
by Two-way (with factors of age & brain regions) or Three-way (genderxagexbrain regions)
ANOVA followed by a Fisher’s LSD-hoc test. A value of p<0.05 was considered as the statisti-
cal difference.

Results
Blood Pb level and brain Pb level

Pb accumulation within blood and brain was determined by the graphite furnace atomic spec-
trophotometry. Fig 2A showed blood Pb levels at PND30 (control, 13.958+2.188 ug/L; Pb
exposure, 205.575+43.234 pg/L, F(1,6) = 19.593, P<0.01, n = 8), PND60 (control, 15.034
+0.773 ug/L; Pb exposure, 321.963+13.691 pg/L, F(1,4) = 500.975, P<0.001, n = 8) and PND90
(control, 11.845+1.068 pg/L; Pb exposure, 379.167+39.435 ug/L, F(1,4) = 86.697, P<0.001,

n = 8), respectively. Fig 2B showed brain Pb levels at PND30 (control, 0.046+0.015 pg/g; Pb
exposure, 0.812+0.147 pg/g, F(1,6) = 26.832, P<0.01, n = 8), PND60 (control, 0.085+0.024 ug/
g; Pb exposure, 1.611+0.137 ug/g, F(1,4) = 121.036, P<0.001, n = 8) and PND90(control, 0.122
+0.0122 pg/g; Pb exposure, 2.921+0.365 ug/g, F(1,4) = 58.576, P<0.01, n = 8), respectively.
Therefore, in either brain or blood, Pb levels in Pb-exposed rats significantly higher than those
of the controls.

The change of dendritic length in hippocampus and medial prefrontal
cortex (MPFC) at different ages in Pb-exposed rats

Fig 3 showed that chronic Pb exposure decreased dendritic length in both hippocampus and
mPFC at all three age (PND30, PND60 and PND90). Age-dependent differences were
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Fig 2. Pb accumulation in blood and brain in both control and Pb-exposed rats. Blood Pb levels in control and Pb-exposed rats at PND30, PND60 and
PND90 (A). Brain Pb levels in control and Pb-exposed rats at PND30, PND60 and PND90 (B). Data are expressed as mean + SEM. **P<0.01, ***P<0.001,
n = 8 per group.

doi:10.1371/journal.pone.0138112.9002

important in impairment caused by metal in rat brain regardless of sex [15]. The dendritic
length in hippocampus was 211.578+3.063 pm, 205.373+8.865 pm, 197.537+5.841 pum in con-
trol group and 161.133+6.385 um, 193.348+3.940 um, 190.634+9.948 pm in Pb-exposed group
at PND30, PND60 and PND90, respectively (Fig 3A). Significant decrease was observed in
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Fig 3. Effect of chronic Pb exposure on dendritic length in rat brain was subject to brain regions differences and age differences. Dendritic length in

hippocampal neurons at PND30, PND60, PND90, respectively (A). Dendritic length in mPFC at PND30, PND60, PND90, respectively (B). Data are
expressed as mean + SEM. ***P<0.001. n = 16 per group.

doi:10.1371/journal.pone.0138112.g003
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dendritic length in Pb-exposed group compared to control group at PND30 (F(1,72) = 65.308,
P<0.001, n = 16), while the decrease was not significant in either PND60 (F(1,89) = 1.990,
P>0.05, n = 16) or PND90 (F(1,47) = 0.365, P>0.05, n = 16) groups (Fig 3A). No significant
difference was observed in dendritic length in Pb-exposed group compared to control group at
PND30 (control, 231.354+10.810 pm; Pb exposure, 220.457+10.859 um, F(1,63) = 0.410,
P>0.05, n = 16), PND60 (control, 226.910£3.515 pm; Pb exposure, 214.945+6.112 um, F(1,68)
=3.268, P>0.05, n = 16) and PND90 (control, 209.324+4.487 um; Pb exposure, 205.783
+6.222 pm, F(1,78) = 0.223, P>0.05, n = 16) in mPFC (Fig 3B).

These results suggested that the impairment of dendritic length after Pb exposure was
mainly in developmental hippocampus in rat brain.

Effects of gender differences on the alternation of dendritic length in
chronic Pb-exposed rat brain

Gender differences were also important in neurotoxicity caused by multiple metals [11, 37]. On
the basis of the decrease in dendritic length after Pb exposure (Fig 3), we asked whether this
impairment was subject to gender differences. As data shown in Fig 4, there was a decrease in den-
dritic length following Pb exposure in both two brain regions from PND30 to PND90. This
decrease was significant in male hippocampus at PND30 (control, 217.508+4.574 pm;

Pb exposure, 177.573+£12.968 um, F(1,31) = 13.396, P<0.05, n = 8) (Fig 4A), while the difference
in male hippocampus at PND60 (control, 197.603+5.811 um, Pb exposure, 192.367+7.752 um,
F(1,46) = 0.225, P>0.05, n = 8) and PND90 (control, 203.293+6.713 um; Pb exposure, 173.369+
8.406 pm, F(1,22) = 7.891, P>0.05, n = 8) was not (Fig 4A). Similar results were observed in
female hippocampus, the decrease in dendritic length appeared to be more pronounced in Pb-
exposed group at PND30 (control, 206.526+3.941 pm; Pb exposure, 149.390+3.878 um, F(1,39) =
86.047, P<0.001, n = 8) while the data at PND60 (control, 212.468+12.918 pm; Pb exposure,
186.053+3.524 um, F(1,41) = 3.734, P>0.05, n = 8) and PND90 (control, 202.966+15.399 um; Pb
exposure, 190.212+10.096 um, F(1,23) = 0.424, P>0.05, n = 8) was not (Fig 4C).

Although no significant difference was observed in mPFC regardless of sex (Fig 3B), data in
Fig 4B and 4D exhibited gender differences during adolescence. In male mPFC, there was no
significant effect on dendritic length at PND30 (control, 184.493+4.156 pum; Pb exposure,
172.198+2.777 um, F(1,35) = 6.417, P>0.05, n = 8), PND60 (control, 213.145+4.237 pm;

PDb exposure, 201.149+6.592 um, F(1,29) = 2.566, P>0.05, n = 8) and PND90 (control,
200.783+4.910 pum; Pb exposure, 195.698+8.300 um, F(1,41) = 0.296, P>0.05, n = 8) after Pb
exposure (Fig 4B). As shown in Fig 4D, a striking reduction was observed in dendritic length in
Pb exposure group compared to control group at PND30 (control, 306.076+6.992 um; Pb
exposure, 272.405+12.178 pum, F(1,26) = 6.571, P<0.05, n = 8), a reduction trend but not
statistically significant in PND60 group (control, 237.683+4.144 um; Pb exposure, 226.155+
8.9147 um, F(1,37) = 1.671, P>0.05, n = 8) and almost no effect at the age of 90 days (control,
218.389+8.665 pm; Pb exposure, 218.679+7.300 um, F(1,35) = 0.001, P>0.05, n = 8) in female
mPFC (Fig 4D).

These results suggested that chronic Pb exposure decreased the dendritic length in both gen-
ders and this decrease was mainly during adolescence. In addition, difference was observed
about the effect on dendritic length in developmental mPFC between genders.

The alternation of mushroom spines in hippocampus and mPFC at
different ages in Pb-exposed rats

In view of the importance of mushroom spine in synapse [38, 39], we then explored whether
the number of mushroom spines (/10pum) were subject to brain regions (hippocampus and
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Fig 4. Effect of chronic Pb exposure on dendritic length in rat brain was subject to brain regionsxagexgender age interaction. Dendritic length in
male hippocampal neurons at PND30, PND60, PND90, respectively (A). Dendritic length in male mPFC at PND30, PND60, PND90, respectively (B).
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respectively (D). Data are expressed as mean + SEM. *P<0.05, ***P<0.001. n = 8 per group.

doi:10.1371/journal.pone.0138112.g004

mPFC) xage (PND30, PND60 and PND90) effects. As shown in Fig 5A, Pb exposure signifi-
cantly decreased the number of mushroom spines in hippocampus at PND30 (control,
2.295+0.052; Pb exposure, 1.226+0.051, F(1,141) = 189.075, P<0.001, n = 16), PND60 (control,
2.497+0.094; Pb exposure, 1.635+0.062, F(1,151) = 63.149, P<0.001, n = 16) and PND90 (con-
trol, 2.890+0.137; Pb exposure, 2.108+0.152, F(1,67) = 14.065, P<0.001, n = 16).

Chronic Pb exposure also significantly impaired mushroom spine formation in mPFC in
adolescence (PND30) (control, 2.474+0.056; Pb exposure, 1.269+0.047, F(1,157) = 247.451,
P<0.001, n = 16), early adulthood (PND60) (control, 2.569+0.122; Pb exposure, 2.124+0.115,
F(1,132) = 6.834, P<0.01, n = 16) and did not induce considerable decrease at adulthood
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doi:10.1371/journal.pone.0138112.g005

(PND90) (control, 2.547+0.078; Pb exposure, 2.420+0.102, F(1,100) = 0.998, P>0.05, n = 16)
(Fig 5B). Additionally, an increase was observed about the number of mushroom spines in Pb-
exposed groups from PND30 group to PND90 group when the corresponding control groups’
value was almost equal, and the increase was notable between PND60 and PND30 (P<0.001),
between PND90 and PND30 (P<0.001) (Fig 5B). It indicated that the degree of impairment of
spine maturity wore off from adolescence to adult in mPFC after chronic Pb exposure.

In summary, Pb exposure induced impairment in mushroom spine formation in both
mPFC and hippocampus from developmental phase to adulthood, and this impairment was
age-dependent in mPFC.

Effects of gender on the number of mushroom spines in response to
chronic Pb exposure in rat brain

Then we asked whether gender caused differences in mushroom spine formation in hippocam-
pus and mPFC at different ages in Pb-exposed rats. Fig 6A showed chronic Pb exposure
impaired mushroom spine formation in male hippocampus at PND30 (control, 2.091+0.055;
Pb exposure, 1.244+0.070, F(1,72) = 90.591, P<0.001, n = 8), PND60 (control, 2.513+0.193; Pb
exposure, 1.602+0.068, F(1,88) = 31.661, P<0.001, n = 8) and PND90 (control, 2.700+0.148;
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Fig 6. Effect of chronic Pb exposure on mushroom spines in rat brain was subject to brain regionsxagexgender age interaction. The number of
mushroom spines in male hippocampal neurons at PND30, PND60, PND90, respectively (A). The number of mushroom spines in male mPFC at PND30,
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group.
doi:10.1371/journal.pone.0138112.g006

Pb exposure, 2.333+0.136, F(1,33) = 3.167, P>0.05, n = 8). In female hippocampus, significant
impairment was observed about spine maturity in female hippocampus at PND30 (control,
2.509+0.077; Pb exposure, 1.207+0.075, F(1,67) = 124.630, P<0.001, n = 8), PND60 (control,
2.488+0.101; Pb exposure, 1.517+0.143, F(1,54) = 24.967, P<0.001, n = 8) and PND90 (control,
3.475+0.161; Pb exposure, 1.742+0.145, F(1,39) = 64.321, P<0.001, n = 8) (Fig 6C). As shown
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in Fig 6A and 6C, there was difference in hippocampal spine maturity at PND90 between
genders.

In male mPFC, the number of mushroom spines was significantly lower in Pb exposure
group compared to control at PND30 (control, 2.541+0.091; Pb exposure, 1.264+0.062, F
(1,72) = 134.233, P<0.001, n = 8), PND60 (control, 3.201+0.091; Pb exposure, 1.395+0.122,
F(1,72) = 142.345, P<0.001, n = 8) except for PND90 (control, 2.796+0.124; Pb exposure,
2.571+0.149, F(1,48) = 1.335, P>0.05, n = 8) (Fig 6B). Similar results were observed in female
mPFC that the number of mushroom spines was significantly lower in Pb exposure group com-
pared to control at PND30 (control, 2.429+0.071; Pb exposure, 1.276+0.072, F(1,83) = 111.975,
P<0.001, n = 8) and PND60 (control, 2.702+0.104; Pb exposure, 1.426+0.113, F(1,58) =
68.306, P<0.001, n = 8) (Fig 6D), whereas there was little difference at PND90 (control, 2.306+
0.076; Pb exposure, 2.277+0.136, F(1,50) = 0.041, P>0.05, n = 8) (Fig 6D).

Our results showed that Pb exposure impaired mushroom spine formation in both genders.
Furthermore, this impairment was subject to gender differences in hippocampus between male
and female rats during adulthood. It indicated Pb exposure induced enduring impairment on
spine maturity in female hippocampus from adolescence to adulthood while male was just
from adolescence to early adult.

The alternation of NDR1/2 signaling molecules with the interaction of
genderxagexbrain regions in rat brain following chronic Pb exposure

It has been demonstrated that Pb affected cellular Ca** flux [23]. NDR 1/2 kinase protein,
which might be regulated by endocellular second messager Ca>*, played an essential role in
dendrite morphology and spine formation [33]. We then asked whether this dendrite-related
kinase was affected by Pb exposure and whether the alternation of the expression induced by
PDb was subject to the above-mentioned three factors.

First we examined NDR1/2 protein expression in male rats. Pb exposure induced consider-
able decrease in NDR1/2 protein compared to controls at PND30 (control, 1.441+0.019; Pb
exposure, 1.188+0.068, F(1,4) = 12.670, P<0.05, n = 8) and PND60 (control, 1.635+0.022; Pb
exposure, 1.452+0.068, F(1,6) = 6.641, P<0.05, n = 8), except for at PND90 (control, 1.754+
0.301; Pb exposure, 1.636+0.060, F(1,4) = 0.147, P>0.05, n = 8) in male hippocampus (Fig 7A).
In female hippocampus, Pb exposure significantly decreased NDR1/2 expression at PND30
(control, 1.480+0.020; Pb exposure, 1.077+0.096, F(1,6) = 16.899, P<0.01, n = 8), PND90 (con-
trol, 1.541+0.035; Pb exposure, 1.215+0.080, F(1,6) = 14.000, P<0.01, n = 8), and induced
marginally significant decrease at PND60 (control, 1.355+0.080; Pb exposure, 1.105+0.111,
F(1,6) = 3.358, P = 0.06, n = 8) (Fig 7C). It indicated gender differences in NDR1/2 expression
after Pb exposure during early adult and adulthood.

There was also a reduction in NDR1/2 protein expression in male mPFC between Pb-exposed
group and control group, whereas it was considerable at PND30 (control, 1.533+0.006; Pb expo-
sure, 1.137+0.050, F(1,4) = 61.614, P<0.01, n = 8) rather than PND60 (control, 1.869+0.136; Pb
exposure, 1.522+0.011, F(1,4) = 6.449, P = 0.006, n = 8) and PND90 (control, 1.788+0.166; Pb
exposure, 1.667+0.004, F(1,4) = 0.525, P>0.05, n = 8) (Fig 7B). Specifically, it indicated difference
between male hippocampus and male mPFC at PND 60 (Fig 7A and 7B). Data in Fig 7D showed
lower protein expression in female mPFC in Pb-exposed group than control group at all three
age stages, and the reduction was notable at PND30 (control, 1.574+0.040; Pb exposure, 1.187+
0.169,F(1,4) = 4.943, P<0.05, n = 8) and PND60 (control, 1.518+0.0366; Pb exposure, 1.166+
0.115, F(1,4) = 8.499, P<0.05, n = 8) rather than PND90 (control, 1.677+0.148; Pb exposure,
1.468+0.040, F(1,4) = 1.871, P>0.05, n = 8) (Fig 7D). Additionally, difference was observed in

PLOS ONE | DOI:10.1371/journal.pone.0138112 September 14,2015 11/19



@ ' PLOS ‘ ONE Interactions of Pb exposure and mixed factors of genderxagexbrain regions on dendrite morphology

A Male hippocampus B Male mPFC
o 2.5+ D c o 2.5+ D ot
P tr — r
2 X 20 WP 320 M Fb
E 5 * = ‘_U c *%
o .© 1.5 o .O© 15
N 0 N 0
- 8 1.0+ ; e 1.0+
X o ¥ o
=) > 0.5+ o) > 0.5+
=z 9 =9
0.0 0.0
Q Q \) A\ Q N\
%) o ) © O
O Q Y O Q O
& & & & & S

NDR1/2 wew st wnw vy ww ww  NDR1/2 S ww wuw wn vy e

T AT GAPDPH e»e»e» e» av
GAPDH” T Ctr Pb Ctr Pb Ctr Pb

30 60 90 30 60 90

@
O

Female hippocampus Female mPFC

© 2.0 o 2.0- ] Ctr
2 ;\3 *k x*  [] Ctr E &\i x * P
"C-U' ‘51.5- B rFb © 1.54
©.9 © 9
= - /)] -
N O 1.0 N O 1.0
=9 =9
¥ Qo5 X 2 o5
o3 Q3
Z Z
0.0 0.0
N Q N N Q Q
%) © ) $) © )
Y Q Y X Q Y

NDR1/2 #8 o s B g NDR1/2 e snuy shngy gumy sy s

GAPDH .———.—. GAPDH == e amms-cams s
Ctr Pb Ctr Pb Ctr Ctr Pb Ctr Pb Ctr Pb

30 60 90 30 60 90
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doi:10.1371/journal.pone.0138112.g007
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mPFC at PND60 between genders (Fig 7B and 7D). Data from Fig 7C and 7D showed difference
between female hippocampus and female mPFC during adulthood (early adult and adult).

In summary, chronic Pb exposure reduced NDR1/2 protein expression in rat brain. Age-
dependent differences were seen in response to Pb exposure in male hippocampus, male mPFC
and female mPFC. In addition, the alternation of NDR1/2 expression was also subject to gen-
der differences.

The alternation of NDR1, NDR2 and Rabin3 mRNA levels in rat
hippocampus and mPFC following chronic Pb exposure

The above results suggested more developmental impairment followed by Pb exposure. To fur-
ther explore the role of NDR1/2 kinase pathway in regulating dendrite growth by Pb exposure,
we then investigated the alternation of NDR1 and NDR2 mRNA levels in development phase
by real-time fluorescence PCR. As shown in Fig 8A, no difference was seen in NDRI mRNA
level in hippocampus after Pb exposure (control, 1.000+0.000; Pb exposure, 0.969+0.047, F
(1,13) = 0.432, P>0.05, n = 8) while the reduction in NDR2 after Pb exposure was significant
(control, 1.000+0.000; Pb exposure, 0.761+0.031, F(1,10) = 60.565, P<0.001, n = 8). A similar
result was shown in Fig 8B, the decrease in NDRI mRNA level was not obvious (control, 1.000
+0.000; Pb exposure, 0.943+0.118, F(1,20) = 0.211, P>0.05, n = 8) but in NDR2 was consider-
able (control, 1.000+0.000; Pb exposure, 0.710+0.051, F(1,8) = 52.524, P<0.001, n = 8) in rat
mPEC.

In view of the role of Rabin3 in regulating dendrite growth by NDR1/2 kinase, we then
explored the Rabin3 mRNA level. As data shown in Fig 8C, Pb exposure significantly decreased
of Rabin3 mRNA level in both mPFC (control, 1.000+0.000; Pb exposure, 0.731+0.09, F(1,6) =
9.954, P<0.05, n = 8) and hippocampus (control, 1.000+0.000; Pb exposure, 0.575+0.050,
F(1,4) =66.325, P<0.01,n = 8).

In summary, chronic Pb exposure decreased NDR2 mRNA, as well as its substrate Rabin3
mRNA in rat brain. Those results suggested the role of NDR1/2 kinase pathway in the process
of regulating dendritic length and mushroom spine formation by Pb exposure.

Discussion

As is known to all, Lead (PDb) is an important metal pollutant which results in impaired cogni-
tion and working memory function [15, 40-42]. Our recent work showed chronic Pb exposure
impaired spine density [34], which we hypothesized it may be related to NDR1/2 kinase [24,
27,29, 33]. Present study reported the impairment of dendrite growth and NDR1/2 kinase
expression in response to Pb exposure with brain regionsxagexgender interaction, and further
the mRNA levels of key proteins of NDR1/2 kinase pathway based on those results. Our results
raised four points which might be useful for further exploring Pb exposure neurotoxicity. First,
Gender might play an important role in response to Pb exposure. Second, adolescence was
more sensitive to chronic Pb exposure. Third, the impairment induced by Pb exposure was not
parallel in hippocampus and mPFC, hippocampus was more sensitive to the neurotoxicity
than mPFC. Fourth, NDR1/2 kinase expression was also affected by Pb exposure and this effect
was influenced by brain regions, age or gender.

Present study first examined the alternation of dendritic length after Pb exposure. As we all
know, hippocampus is necessary for memory, because of its role of conducting information
processing into memory [43, 44]. Recent study showed cortical-hippocampal networks cooper-
atively contributed to memory [17]. Then what is the alternation of hippocampus and mPFC
cognitive function in response to Pb exposure? Interestingly, although the impairment in both
brain regions, hippocampal dendritic length was more sensitive to Pb exposure compared to
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mPFC during development (Fig 3). Dentritic length is important in synaptic transmission due
to dendritic ability of receiving and transmitting information. Present study showed the hippo-
campal synaptic neurotoxicity caused by Pb, especially in adolescence (Fig 3).
It has been reported developmental chronic exogenous toxic exposure tended to decrease

the number of mushroom spines in adult hippocampus compared to mPFC [45]. Present study
found Pb exposure inhibited spine maturity in both hippocampus [18] and mPFC regardless of
sex (Fig 5). In line with the experiments on animals [46, 47], this study suggested a mushroom
spine explanation of impairment in long term potentiation (LTP) after Pb exposure. LTP is an
important form of synaptic plasticity and a molecular basis of learning and memory [48].
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Recent study demonstrated mushroom spine plays an essential role in LTP [47]. In addition,
the significant inhibition induced by Pb exposure continued into adult (PND90) in hippocam-
pus rather than mPFC (Fig 5). It indicted a more enduring impairment in hippocampal LTP
compared to mPFC in response to Pb exposure. Furthermore, dendrite morphology results
showed developmental phase was more sensitive to Pb exposure [15, 49] (Figs 3 and 5).

Specifically, there showed significant increase of the number of mushroom spines in mPFC
at PND60 compared to PND30, as well as at PND90 compared to PND30 in Pb-exposed
group (Fig 5B). It indicted that the impairment in mushroom spine formation after Pb expo-
sure wore off from adolescence to adult in mPFC. This phenomenon also suggested develop-
mental mPFC was much more sensitive to Pb neurotoxicity and then this toxicity became less
and less. There might be several potential compensation mechanisms so that some impairment
during adult tended to be reduced. As shown in Fig 3A, the impairment of hippocampal den-
dritic length during early adult (PND60) was parallel to that during adult (PND90), this was
consistent with the findings of David et al about behavior level [15].

In considering a widespread phenomenon in brain regions: gender-dependent differences
[50], present study explored whether the cognition neurotoxicity after Pb exposure is different
between genders. Although no significant difference was observed in mPFC dendritic length
after Pb exposure regardless sex (Fig 3B), data from Fig 4B and 4D showed difference in devel-
opmental dendritic length between genders. It suggested female was more sensitive to Pb expo-
sure, which was consistent with Sabrina Llop et al [14, 15]. Interestingly, we failed to see
significant difference in hippocampus between genders (Fig 4A and 4C). But the P value in
development hippocampus in male and female was P<0.05 and P<0.001, respectively (Fig 4A
and 4C). Above-mentioned more sensitivity to Pb exposure in hippocampus than mPFC might
be a reasonable explanation. Results about mushroom spine also showed gender differences
that Pb exposure significantly affected spine maturity from adolescence to adult in female hip-
pocampus while the impairment was not significant in male hippocampus at PND90 (Fig 6A
and 6C). It suggested a more enduring sensitivity to Pb exposure in female (from adolescence
to adulthood) while the sensitivity was not significant when adult in male. It was failed to see
difference in mPFC between genders (Fig 6B and 6D). These dendrite morphology results indi-
cated that both genders suffered from Pb exposure, and a more enduring neurotoxicity was
observed in female. Similar phenomenon was observed in previous studies. Girls were easier to
suffer from impairment than boys following developmental Pb exposure while both genders
were observed a decline in IQ [51]. Tong et al also found Pb exposure revealed a pronounced
impairment in cognition in girls compared to boys [52]. As for animal study, David et al
described Pb exposure affected learning and cognition, what’s more, female rats were more
sensitive to this damage than male rats by behavioral experiment [15].

As we all know, protein kinase plays an important role in corresponding signaling pathway.
Specifically, NDR1/2 protein kinase family was essential for dendrite growth and related signal
transduction in neuronal development in mice and rats [27, 53]. Present study explored the
alternation of NDR1/2 protein expression to investigate the neurotoxicity of chronic Pb expo-
sure from translation level. Our data showed Pb exposure decreased NDR1/2 protein expres-
sion, and this alternation was significant and not influenced by gender or brain regions during
adolescence (Fig 7). In addition, data showed the effect on NDR1/2 kinase expression after Pb
exposure wore off from adolescence to adulthood except for female hippocampus (Fig 7). Spe-
cifically, during adulthood, there was a bit more effect in adult female hippocampus compared
with adult male hippocampus (Fig 7A and 7C) and female mPFC versus to male mPFC (Fig 7B
and 7D). It was reasonable to hypothesize that developmental brain was more sensitive to Pb
exposure and early adult (PND60) might be a transition period (which some underlying
repair mechanism occurred in this time) in response to Pb exposure. Besides, the reduction of
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NDR1/2 kinase expression was correlated with the impairment of spine maturity after Pb expo-
sure (Figs 5 and 7).

To specifically explore the participation of NDR1/2 in the process of regulating dendrite
growth followed by Pb exposure, present study then investigated the NDRI and NDR2 mRNA
levels. It was corresponding to the NDR1/2 protein expression that Pb exposure significantly
decreased NDR2 mRNA levels in both hippocampus and mPFC (Fig 8A and 8B). Thus the
alternation of NDR1/2 protein expression is resulted from the regulation of NDR1/2 mRNA
levels after Pb exposure, especially NDR2. Furthermore, the substrate of NDR1/2, the Rabin3 (a
rat protein, which homologous to human protein Rabin8) mRNA level was significantly
decreased in both hippocampus and mPFC followed by Pb exposure (Fig 8C), which was corre-
sponding to the reduction of dendritic length and mushroom spines.

In conclusion, to our knowledge, this is the first study to explore the brain regionsxagexgen-
der effects on dendrite growth and spine maturity in response to Pb exposure. Furthermore we
also provided translation and transcription evidences that the role of NDR1/2 kinase pathway
in the process of regulating dendrite growth followed by Pb exposure, which may explain Pb
induced dendrite morphology deficits.

Author Contributions

Conceived and designed the experiments: YD MMG HLW. Performed the experiments: YD
MMG WZX QQY SW. Analyzed the data: YD MMG. Contributed reagents/materials/analysis
tools: YD MMG WZX YX. Wrote the paper: YD HLW.

References

1. GrantLD, Kimmel CA, West GL, Martinez-Vargas CM, Howard JL. Chronic low-level lead toxicity in the
rat. Il. Effects on postnatal physical and behavioral development. Toxicology and applied pharmacol-
ogy. 1980; 56(1):42-58. Epub 1980/10/01. PMID: 7444966.

2. Finkelstein Y, Markowitz ME,Rosen JF. Low-level lead-induced neurotoxicity in children: an update on
central nervous system effects. Brain research Brain research reviews. 1998; 27(2):168-76. Epub
1998/06/12. PMID: 9622620.

3. BresslerJ, Kim K-a, Chakraborti T,Goldstein G. Molecular mechanisms of lead neurotoxicity. Neuro-
chemical Research. 1999; 24(4):595-600. PMID: 10227691

4. Lidsky Tl, Schneider JS. Lead neurotoxicity in children: basic mechanisms and clinical correlates.
Brain: a journal of neurology. 2003; 126(Pt 1):5—19. Epub 2002/12/13. PMID: 12477693.

5. YangH, Huo X, Yekeen TA, Zheng Q, Zheng M, Xu X. Effects of lead and cadmium exposure from elec-
tronic waste on child physical growth. Environmental science and pollution research international.
2013; 20(7):4441-7. Epub 2012/12/19. doi: 10.1007/s11356-012-1366-2 PMID: 23247522.

6. Bellinger D, Leviton A, Waternaux C, Needleman H,Rabinowitz M. Longitudinal analyses of prenatal
and postnatal lead exposure and early cognitive development. The New England journal of medicine.
1987; 316(17):1037—-43. Epub 1987/04/23. doi: 10.1056/NEJM198704233161701 PMID: 3561456.

7. Bellinger DC, Stiles KM,Needleman HL. Low-level lead exposure, intelligence and academic achieve-
ment: a long-term follow-up study. Pediatrics. 1992; 90(6):855—-61. Epub 1992/12/01. PMID: 1437425.

8. Lyngbye T, Hansen ON, Trillingsgaard A, Beese |,Grandjean P. Learning disabilities in children: signifi-
cance of low-level lead-exposure and confounding factors. Acta paediatrica Scandinavica. 1990; 79
(3):352—-60. Epub 1990/03/01. PMID: 2333751.

9. Mendola P, Selevan SG, Gutter S,Rice D. Environmental factors associated with a spectrum of neuro-
developmental deficits. Mental retardation and developmental disabilities research reviews. 2002; 8
(3):188-97. Epub 2002/09/07. doi: 10.1002/mrdd.10033 PMID: 12216063.

10. Bjérkman L, Vahter M,Pedersen NL. Both the environment and genes are important for concentrations
of cadmium and lead in blood. Environmental health perspectives. 2000; 108(8):719. PMID: 10964791

11. Vahter M, Akesson A, Liden C, Ceccatelli S,Berglund M. Gender differences in the disposition and tox-
icity of metals. Environmental research. 2007; 104(1):85-95. Epub 2006/09/26. doi: 10.1016/j.envres.
2006.08.003 PMID: 16996054.

PLOS ONE | DOI:10.1371/journal.pone.0138112 September 14,2015 16/19


http://www.ncbi.nlm.nih.gov/pubmed/7444966
http://www.ncbi.nlm.nih.gov/pubmed/9622620
http://www.ncbi.nlm.nih.gov/pubmed/10227691
http://www.ncbi.nlm.nih.gov/pubmed/12477693
http://dx.doi.org/10.1007/s11356-012-1366-2
http://www.ncbi.nlm.nih.gov/pubmed/23247522
http://dx.doi.org/10.1056/NEJM198704233161701
http://www.ncbi.nlm.nih.gov/pubmed/3561456
http://www.ncbi.nlm.nih.gov/pubmed/1437425
http://www.ncbi.nlm.nih.gov/pubmed/2333751
http://dx.doi.org/10.1002/mrdd.10033
http://www.ncbi.nlm.nih.gov/pubmed/12216063
http://www.ncbi.nlm.nih.gov/pubmed/10964791
http://dx.doi.org/10.1016/j.envres.2006.08.003
http://dx.doi.org/10.1016/j.envres.2006.08.003
http://www.ncbi.nlm.nih.gov/pubmed/16996054

@’PLOS ‘ ONE

Interactions of Pb exposure and mixed factors of genderxagexbrain regions on dendrite morphology

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Altmann L, Sveinsson K, Kramer U, Weishoff-Houben M, Turfeld M, Winneke G, et al. Visual functions
in 6-year-old children in relation to lead and mercury levels. Neurotoxicology and teratology. 1998; 20
(1):9-17. Epub 1998/03/25. PMID: 9511165.

Jedrychowski W, Perera F, Jankowski J, Mrozek-Budzyn D, Mroz E, Flak E, et al. Gender specific dif-
ferences in neurodevelopmental effects of prenatal exposure to very low-lead levels: the prospective
cohort study in three-year olds. Early human development. 2009; 85(8):503—-10. doi: 10.1016/.
earlhumdev.2009.04.006 PMID: 19450938

Llop S, Lopez-Espinosa M-J, Rebagliato M,Ballester F. Gender differences in the neurotoxicity of met-
als in children. Toxicology. 2013; 311(1):3-12.

Jett DA, Kuhlmann AC, Farmer SJ,Guilarte TR. Age-dependent effects of developmental lead exposure
on performance in the Morris water maze. Pharmacology, biochemistry, and behavior. 1997; 57(1—
2):271-9. Epub 1997/05/01. PMID: 9164582.

Schneider JS, Anderson DW, Talsania K, Mettil W,Vadigepalli R. Effects of developmental lead expo-
sure on the hippocampal transcriptome: influences of sex, developmental period, and lead exposure
level. Toxicological sciences: an official journal of the Society of Toxicology. 2012; 129(1):108-25.
Epub 2012/05/30. doi: 10.1093/toxsci/kfs189 PMID: 22641619; PubMed Central PMCID:
PMC3499078.

Wang JX, Rogers LM, Gross EZ, Ryals AJ, Dokucu ME, Brandstatt KL, et al. Targeted enhancement of
cortical-hippocampal brain networks and associative memory. Science. 2014; 345(6200):1054—7.
Epub 2014/08/30. doi: 10.1126/science.1252900 PMID: 25170153; PubMed Central PMCID:
PMC4307924.

Kiraly E,Jones DG. Dendritic spine changes in rat hippocampal pyramidal cells after postnatal lead
treatment: a Golgi study. Experimental neurology. 1982; 77(1):236-9. Epub 1982/07/01. PMID:
6177547.

Petit TL,LeBoutillier JC. Effects of lead exposure during development on neocortical dendritic and syn-
aptic structure. Experimental neurology. 1979; 64(3):482—-92. PMID: 467547

Araya R, Vogels TP,Yuste R. Activity-dependent dendritic spine neck changes are correlated with syn-
aptic strength. Proceedings of the National Academy of Sciences of the United States of America.
2014; 111(28):E2895-904. Epub 2014/07/02. doi: 10.1073/pnas.1321869111 PMID: 24982196;
PubMed Central PMCID: PMC4104910.

Paula-Lima AC, Adasme T,Hidalgo C. Contribution of Ca2+ release channels to hippocampal synaptic
plasticity and spatial memory: potential redox modulation. Antioxidants & redox signaling. 2014; 21
(6):892—914. Epub 2014/01/15. doi: 10.1089/ars.2013.5796 PMID: 24410659.

Busselberg D, Michael D,Platt B. Pb2+ reduces voltage- and N-methyl-D-aspartate (NMDA)-activated
calcium channel currents. Cellular and molecular neurobiology. 1994; 14(6):711-22. Epub 1994/12/01.
PMID: 7641231.

Fan G, Zhou F, Feng C, Wu F, Ye W, Wang C, et al. Lead-induced ER calcium release and inhibitory
effects of methionine choline in cultured rat hippocampal neurons. Toxicology in vitro: an international
journal published in association with BIBRA. 2013; 27(1):387-95. Epub 2012/08/28. doi: 10.1016/j.tiv.
2012.06.019 PMID: 22921426.

Peng S, Hajela RK,Atchison WD. Characteristics of block by Pb2+ of function of human neuronal L-, N-
, and R-type Ca2+ channels transiently expressed in human embryonic kidney 293 cells. Molecular
pharmacology. 2002; 62(6):1418-30. PMID: 12435810

Chapleau CA, Carlo ME, Larimore JL,Pozzo-Miller L. The actions of BDNF on dendritic spine density
and morphology in organotypic slice cultures depend on the presence of serum in culture media. Jour-
nal of neuroscience methods. 2008; 169(1):182—90. Epub 2008/02/05. doi: 10.1016/j.jneumeth.2007.
12.006 PMID: 18242714; PubMed Central PMCID: PMC2348185.

Rosso SB, Sussman D, Wynshaw-Boris A,Salinas PC. Wnt signaling through Dishevelled, Rac and
JNK regulates dendritic development. Nature neuroscience. 2005; 8(1):34—42. PMID: 15608632

Ultanir SK, Hertz NT, Li G, Ge W-P, Burlingame AL, Pleasure SJ, et al. Chemical genetic identification
of NDR1/2 kinase substrates AAK1 and Rabin8 Uncovers their roles in dendrite arborization and spine
development. Neuron. 2012; 73(6):1127—42. doi: 10.1016/j.neuron.2012.01.019 PMID: 22445341

Sala C, Piech V, Wilson NR, Passafaro M, Liu G,Sheng M. Regulation of dendritic spine morphology
and synaptic function by Shank and Homer. Neuron. 2001; 31(1):115-30. Epub 2001/08/11. PMID:
11498055.

Jan YN,Jan LY. Branching out: mechanisms of dendritic arborization. Nature reviews Neuroscience.
2010; 11(5):316—28. Epub 2010/04/21. doi: 10.1038/nrn2836 PMID: 20404840; PubMed Central
PMCID: PMC3079328.

PLOS ONE | DOI:10.1371/journal.pone.0138112 September 14,2015 17/19


http://www.ncbi.nlm.nih.gov/pubmed/9511165
http://dx.doi.org/10.1016/j.earlhumdev.2009.04.006
http://dx.doi.org/10.1016/j.earlhumdev.2009.04.006
http://www.ncbi.nlm.nih.gov/pubmed/19450938
http://www.ncbi.nlm.nih.gov/pubmed/9164582
http://dx.doi.org/10.1093/toxsci/kfs189
http://www.ncbi.nlm.nih.gov/pubmed/22641619
http://dx.doi.org/10.1126/science.1252900
http://www.ncbi.nlm.nih.gov/pubmed/25170153
http://www.ncbi.nlm.nih.gov/pubmed/6177547
http://www.ncbi.nlm.nih.gov/pubmed/467547
http://dx.doi.org/10.1073/pnas.1321869111
http://www.ncbi.nlm.nih.gov/pubmed/24982196
http://dx.doi.org/10.1089/ars.2013.5796
http://www.ncbi.nlm.nih.gov/pubmed/24410659
http://www.ncbi.nlm.nih.gov/pubmed/7641231
http://dx.doi.org/10.1016/j.tiv.2012.06.019
http://dx.doi.org/10.1016/j.tiv.2012.06.019
http://www.ncbi.nlm.nih.gov/pubmed/22921426
http://www.ncbi.nlm.nih.gov/pubmed/12435810
http://dx.doi.org/10.1016/j.jneumeth.2007.12.006
http://dx.doi.org/10.1016/j.jneumeth.2007.12.006
http://www.ncbi.nlm.nih.gov/pubmed/18242714
http://www.ncbi.nlm.nih.gov/pubmed/15608632
http://dx.doi.org/10.1016/j.neuron.2012.01.019
http://www.ncbi.nlm.nih.gov/pubmed/22445341
http://www.ncbi.nlm.nih.gov/pubmed/11498055
http://dx.doi.org/10.1038/nrn2836
http://www.ncbi.nlm.nih.gov/pubmed/20404840

@’PLOS ‘ ONE

Interactions of Pb exposure and mixed factors of genderxagexbrain regions on dendrite morphology

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Hergovich A, Stegert MR, Schmitz D,Hemmings BA. NDR kinases regulate essential cell processes
from yeast to humans. Nature reviews Molecular cell biology. 2006; 7(4):253—-64. Epub 2006/04/12.
doi: 10.1038/nrm1891 PMID: 16607288.

Devroe E, Erdjument-Bromage H, Tempst P,Silver PA. Human Mob proteins regulate the NDR1 and
NDR2 serine-threonine kinases. The Journal of biological chemistry. 2004; 279(23):24444-51. Epub
2004/04/07. doi: 10.1074/jbc.M401999200 PMID: 15067004.

Stork O, Zhdanov A, Kudersky A, Yoshikawa T, Obata K,Pape HC. Neuronal functions of the novel ser-
ine/threonine kinase Ndr2. The Journal of biological chemistry. 2004; 279(44):45773-81. Epub 2004/
08/17. doi: 10.1074/jbc.M403552200 PMID: 15308672.

Millward TA, Heizmann CW, Schafer BW,Hemmings BA. Calcium regulation of Ndr protein kinase
mediated by S100 calcium-binding proteins. The EMBO journal. 1998; 17(20):5913-22. Epub 1998/10/
17. doi: 10.1093/emboj/17.20.5913 PMID: 9774336; PubMed Central PMCID: PMC1170919.

Ge M-M, HuF, Lou Z-Y, Xue W, Yu H, Xu L, et al. Role of Wnt/B-catenin signaling in the protective effect
of epigallocatechin-3-gallate on lead-induced impairments of spine formation in the hippocampus of
rats. RSC Advances. 2015; 5(40):31622-8.

Cressey D. Best way to kill lab animals sought. Nature. 2013; 500(7461):130—1. Epub 2013/08/09. doi:
10.1038/500130a PMID: 23925218.

LiuZ-H, Yang Y, Ge M-M, Xu L, Tang Y, Hu F, et al. Bisphenol-A exposure alters memory consolidation
and hippocampal CA1 spine formation through Wnt signaling in vivo and in vitro. Toxicology Research.
2015.

Madison JL, Wegrzynowicz M, Aschner M,Bowman AB. Gender and manganese exposure interactions
on mouse striatal neuron morphology. Neurotoxicology. 2011; 32(6):896—-906. Epub 2011/06/07. doi:
10.1016/j.neuro.2011.05.007 PMID: 21641932; PubMed Central PMCID: PMC3169725.

Dall'Oglio A, Dutra AC, Moreira JE,Rasia-Filho AA. The human medial amygdala: structure, diversity,
and complexity of dendritic spines. Journal of anatomy. 2015. Epub 2015/07/29. doi: 10.1111/joa.
12358 PMID: 26218827.

Medvedev NI, Dallérac G, Popov V, Arellano JR, Davies H, Kraev |, et al. Multiple spine boutons are
formed after long-lasting LTP in the awake rat. Brain Structure and Function. 2014; 219(1):407-14. doi:
10.1007/s00429-012-0488-0 PMID: 23224218

Andrade V, Mateus ML, Batoreu MC, Aschner M,Marreilha dos Santos AP. Changes in rat urinary por-
phyrin profiles predict the magnitude of the neurotoxic effects induced by a mixture of lead, arsenic and
manganese. Neurotoxicology. 2014; 45:168—77. Epub 2014/12/03. doi: 10.1016/j.neuro.2014.10.009
PMID: 25451970.

Mason LH, Harp JP,Han DY. Pb neurotoxicity: neuropsychological effects of lead toxicity. BioMed
research international. 2014; 2014:840547. Epub 2014/02/12. doi: 10.1155/2014/840547 PMID:
24516855; PubMed Central PMCID: PMC3909981.

Seo J, Lee BK, Jin SU, Park JW, Kim YT, Ryeom HK, et al. Lead-induced impairments in the neural pro-
cesses related to working memory function. PloS one. 2014; 9(8):e105308. Epub 2014/08/21. doi: 10.
1371/journal.pone.0105308 PMID: 25141213; PubMed Central PMCID: PMC4139362.

Battaglia FP, Benchenane K, Sirota A, Pennartz CM,Wiener Sl. The hippocampus: hub of brain net-
work communication for memory. Trends in cognitive sciences. 2011; 15(7):310-8. Epub 2011/06/24.
doi: 10.1016/j.tics.2011.05.008 PMID: 21696996.

Eichenbaum H, Yonelinas AP,Ranganath C. The medial temporal lobe and recognition memory.
Annual review of neuroscience. 2007; 30:123-52. Epub 2007/04/10. doi: 10.1146/annurev.neuro.30.
051606.094328 PMID: 17417939; PubMed Central PMCID: PMC2064941.

Bowman RE, Luine V, Diaz Weinstein S, Khandaker H, DeWolf S,Frankfurt M. Bisphenol-A exposure
during adolescence leads to enduring alterations in cognition and dendritic spine density in adult male
and female rats. Hormones and behavior. 2015; 69:89-97. Epub 2015/01/03. doi: 10.1016/j.yhbeh.
2014.12.007 PMID: 25554518.

Florea A-M, Taban J, Varghese E, Alost BT, Moreno S,Bisselberg D. Lead (Pb2+) neurotoxicity: lon-
mimicry with calcium (Ca2+) impairs synaptic transmission. A review with animated illustrations of the
pre-and post-synaptic effects of lead. Journal of Local and Global Health Science. 2013;(2013).

Matsuo N, Reijmers L,Mayford M. Spine-type-specific recruitment of newly synthesized AMPA recep-
tors with learning. Science. 2008; 319(5866):1104—7. doi: 10.1126/science.1149967 PMID: 18292343

Muller D, Nikonenko |, Jourdain P,Alberi S. LTP, memory and structural plasticity. Current molecular
medicine. 2002; 2(7):605—11. Epub 2002/11/08. PMID: 12420800.

Tatsuta N, Nakai K, Murata K, Suzuki K, lwai-Shimada M, Kurokawa N, et al. Impacts of prenatal expo-
sures to polychlorinated biphenyls, methylmercury, and lead on intellectual ability of 42-month-old

PLOS ONE | DOI:10.1371/journal.pone.0138112 September 14,2015 18/19


http://dx.doi.org/10.1038/nrm1891
http://www.ncbi.nlm.nih.gov/pubmed/16607288
http://dx.doi.org/10.1074/jbc.M401999200
http://www.ncbi.nlm.nih.gov/pubmed/15067004
http://dx.doi.org/10.1074/jbc.M403552200
http://www.ncbi.nlm.nih.gov/pubmed/15308672
http://dx.doi.org/10.1093/emboj/17.20.5913
http://www.ncbi.nlm.nih.gov/pubmed/9774336
http://dx.doi.org/10.1038/500130a
http://www.ncbi.nlm.nih.gov/pubmed/23925218
http://dx.doi.org/10.1016/j.neuro.2011.05.007
http://www.ncbi.nlm.nih.gov/pubmed/21641932
http://dx.doi.org/10.1111/joa.12358
http://dx.doi.org/10.1111/joa.12358
http://www.ncbi.nlm.nih.gov/pubmed/26218827
http://dx.doi.org/10.1007/s00429-012-0488-0
http://www.ncbi.nlm.nih.gov/pubmed/23224218
http://dx.doi.org/10.1016/j.neuro.2014.10.009
http://www.ncbi.nlm.nih.gov/pubmed/25451970
http://dx.doi.org/10.1155/2014/840547
http://www.ncbi.nlm.nih.gov/pubmed/24516855
http://dx.doi.org/10.1371/journal.pone.0105308
http://dx.doi.org/10.1371/journal.pone.0105308
http://www.ncbi.nlm.nih.gov/pubmed/25141213
http://dx.doi.org/10.1016/j.tics.2011.05.008
http://www.ncbi.nlm.nih.gov/pubmed/21696996
http://dx.doi.org/10.1146/annurev.neuro.30.051606.094328
http://dx.doi.org/10.1146/annurev.neuro.30.051606.094328
http://www.ncbi.nlm.nih.gov/pubmed/17417939
http://dx.doi.org/10.1016/j.yhbeh.2014.12.007
http://dx.doi.org/10.1016/j.yhbeh.2014.12.007
http://www.ncbi.nlm.nih.gov/pubmed/25554518
http://dx.doi.org/10.1126/science.1149967
http://www.ncbi.nlm.nih.gov/pubmed/18292343
http://www.ncbi.nlm.nih.gov/pubmed/12420800

@’PLOS ‘ ONE

Interactions of Pb exposure and mixed factors of genderxagexbrain regions on dendrite morphology

50.

51.

52.

53.

children in Japan. Environmental research. 2014; 133:321-6. doi: 10.1016/j.envres.2014.05.024
PMID: 24998460

McCarthy MM, Arnold AP, Ball GF, Blaustein JD,De Vries GJ. Sex differences in the brain: the not so
inconvenient truth. The Journal of Neuroscience. 2012; 32(7):2241-7. doi: 10.1523/JNEUROSCI.
5372-11.2012 PMID: 22396398

Baghurst PA, McMichael AJ, Wigg NR, Vimpani GV, Robertson EF, Roberts RJ, et al. Environmental
exposure to lead and children's intelligence at the age of seven years: the Port Pirie Cohort Study. New
England Journal of Medicine. 1992; 327(18):1279-84. PMID: 1383818

Tong S, McMichael AJ,Baghurst PA. Interactions between environmental lead exposure and sociode-
mographic factors on cognitive development. Archives of Environmental Health: An International Jour-
nal. 2000; 55(5):330-5.

Rehberg K, Kliche S, Madencioglu DA, Thiere M, Milller B, Meineke BM, et al. The Serine/Threonine
Kinase Ndr2 Controls Integrin Trafficking and Integrin-Dependent Neurite Growth. The Journal of Neu-
roscience. 2014; 34(15):5342-54. doi: 10.1523/JNEUROSCI.2728-13.2014 PMID: 24719112

PLOS ONE | DOI:10.1371/journal.pone.0138112 September 14,2015 19/19


http://dx.doi.org/10.1016/j.envres.2014.05.024
http://www.ncbi.nlm.nih.gov/pubmed/24998460
http://dx.doi.org/10.1523/JNEUROSCI.5372-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.5372-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22396398
http://www.ncbi.nlm.nih.gov/pubmed/1383818
http://dx.doi.org/10.1523/JNEUROSCI.2728-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24719112

