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a b s t r a c t

Lead (Pb) is a developmental neurotoxicant and can cause abnormal development of the nervous system
in children. Hence, the aim of this study was to investigate the effect of Pb exposure on child olfactory
memory by correlating the blood Pb levels of children in Guiyu with olfactory memory tests. We
recruited 61 preschool children, 4- to 7-years of age, from Guiyu and 57 children from Haojiang. The
mean blood Pb level of Guiyu children was 9.40 mg/dL, significantly higher than the 5.04 mg/dL mean
blood Pb level of Haojiang children. In addition, approximately 23% of Guiyu children had blood Pb levels
exceeding 10.00 mg/dL. The correlation analysis showed that blood Pb levels in children highly correlated
with e-waste contact (rs ¼ 0.393). Moreover, the mean concentration of serum BDNF in Guiyu children
(35.91 ng/ml) was higher than for Haojiang (28.10 ng/ml) and was positively correlated with blood Pb
levels. Both item and source olfactory memory tests at 15 min, 5 h and 24 h after odor exposure showed
that scores were lower in Guiyu children indicative of reduced olfactory memory in Guiyu children.
Olfactory memory tests scores negatively correlated with blood Pb and serum BDNF levels, but were
positively associated with parental education levels. At the same time, scores of both tests on children in
the high blood Pb level group (blood Pb levels > 5.00 mg/dL) were lower than those in the low blood Pb
level group (blood Pb levels � 5.00 mg/dL), implying that Pb exposure decreases olfactory memory in
children. Our findings suggest that Pb exposure in e-waste recycling and dismantling areas could result
in an increase in serum BDNF level and a decrease in child olfactory memory, in addition, BDNF might be
involved in olfactory memory impairment.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

With the advance of science and technology around the world,
the quality and performance of electronic equipment has continued
to improve. Satisfying consumer needs, the continual updating of
high-tech equipment at the same time has resulted in the accu-
mulation electronic waste (e-waste), whose components have
e by Prof. W. Wen-Xiong.
ntal Medicine and Develop-
ge, 22 Xinling Rd., Shantou,
become major contaminants. E-waste includes the end-of-life
electronics or electrical equipment for home or office, such as
computers, printers, television sets, mobile phones, refrigerators,
washing machines, and even large electrical products such as
medical equipment and telecommunication equipment (Chen et al.,
2011; Grant et al., 2013). To date, e-waste has become the fastest-
growing stream of solid waste, the accumulation of which has
caused serious environmental pollution and has become one of the
most significant environmental health concerns (Heacock et al.,
2016; Li et al., 2015; Tansel, 2017). Approximately 80% of the
world's e-waste is imported into Asia, with as much as 90% being
deposited in China (Chen et al., 2011; Hicks et al., 2005; LaDou and
Lovegrove, 2008).

E-waste contamination mainly occurs in less developed
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countries, such as Nigeria or Ghana, and developing countries as
India and China (LaDou and Lovegrove, 2008; Suk et al., 2016). In
Guiyu, a small town in southern China and the biggest e-waste
recycling and dismantling area in the world, the irregular disposal
or recycling processes with e-waste is a major concern, for example
the burning, acid leaching, roasting, dismantling and dumping of e-
waste, resulting the release of heavy metals and organic pollutants
to the surrounding air, water, and soil environment, contaminating
food and threatening the health of local residents (Heacock et al.,
2016; LaDou and Lovegrove, 2008; Lin et al., 2017; Ogunseitan
et al., 2009; Schmidt, 2006; CS Wong et al., 2007; MH Wong
et al., 2007; Wu et al., 2011; L Xu et al., 2015; Xu et al., 2013; X
Xu et al., 2015; Yekeen et al., 2016; Yu et al., 2006; Zeng et al.,
2016b).

As one of the major pollutants in e-waste recycling and
dismantling, lead (Pb) is released by the dumping, roasting, burning
and acid leaching of scrap electronic equipment such as Pb-
contained circuit boards, batteries, and TVs, resulting in the liber-
ation of pollutants into air, soil and water (Bi et al., 2015; CS Wong
et al., 2007). The main routes of exposure for Pb are inhalation and
ingestion (X Xu et al., 2015). Due to differences in physiology and
habits, children are more susceptible to the adverse effects of Pb
exposure than adults (Bellinger, 2004; Chen et al., 2011; Lidsky and
Schneider, 2003; Zeng et al., 2016a). Previous studies showed that
1- to 6-year- old children living in primitive e-waste recycling areas
have a higher burden of Pb compared to other toxicants, with mean
blood Pb levels of 15.3 mg/dL, much higher than children from non-
e-waste recycling and dismantling areas (Huo et al., 2007; Zhang
et al., 2016; Zheng et al., 2008). The percentage of children with
blood Pb levels exceeding 10 mg/dL is approximately 81.8%, which is
much higher than the 37.7% found in non-e-waste recycling and
dismantling areas, and continues to rise with age (Huo et al., 2007;
Zheng et al., 2008). Several studies show that Pb impacts the ner-
vous system of children who are at the critical period for neuro-
development. Lower IQ performance, neuropsychological
dysfunction, attention deficit hyperactivity disorder and impaired
cognitive function as memory, language and executive function
have all been demonstrated in Pb-exposed children. A prior study
showed that 6- to 10-year-old children with blood Pb levels of
5e10 mg/dL exhibit mental decline, accompanied with attention
disorders, and decreased memory and executive function
(Bellinger, 2004, 2008, 2011; Lidsky and Schneider, 2003; Zhang
et al., 2015). An increasing number of studies revealed that even
Pb-exposed children with blood Pb levels less than 5 mg/dL are
associated with intellectual impairment (Canfield et al., 2003;
Chandramouli et al., 2009; Lanphear et al., 2005; Lucchini et al.,
2012; Mazumdar et al., 2011; Miranda et al., 2007).

Brain derived neurotrophic factor (BDNF) has been shown to
play an important role in nervous system development and syn-
aptic plasticity, and the BDNF signaling system has been implicated
in the processes of hippocampus-dependent learning and memory
formation (Ninan, 2014; Zagrebelsky and Korte, 2014), which also
can be observed in the induction and formation of olfactory
memory (Tong et al., 2014). The production and release of BDNF
have been shown to be activity-dependent, which can be modu-
lated by N-methyl-D-aspartate (NMDA) receptors through the Ca2þ

signaling pathway (Matsuda et al., 2009; Shieh et al., 1998; West
et al., 2001). Modulating glutamate receptors by BDNF is thought
to play an important role in hippocampal plasticity and memory
formation (Fortin et al., 2012; Slipczuk et al., 2009). Deficiency of
serum BDNF is associated with a reduction in spine density and
dendritic complexity and in hippocampus volume (Erickson et al.,
2010; von Bohlen und Halbach 2010). The insulin-like growth fac-
tor 1 (IGF-1) is a member of the insulin superfamily of peptides and
is mainly produced by hepatocytes, contributing to circulating IGF-
1 (Fernandez and Torres-Aleman, 2012). Serum IGF-1 entries into
brain through brain vessels in an activity-dependent manner and
affects neuronal plasticity and cognition (Nishijima et al., 2010). In
addition, reduction of serum IGF-1 levels results in decreased
hippocampal size and learning deficits (Lopez-Lopez et al., 2004;
Trejo et al., 2007).

Olfactory memory is based on the recollection of odor in the
associated context. Olfactory epithelium perceives the odor signal
and via olfactory bulb projects inputs onto the piriform cortex,
amygdala, and entorhinal cortex. Simultaneously, with the infor-
mation from visual senses, olfactory information converges onto
the orbitofrontal cortex, thalamus, hippocampus and insula cortex,
allowing for the representation of the odor memory in the context
in which it was experienced (Saive et al., 2014). Long-term poten-
tiation (LTP), synaptic plasticity and neurogenesis mediated by
NMDA receptors are involved in the molecular basis for formation
and development of olfactory memory (du Bois and Huang, 2007;
Tolias et al., 2005; Tong et al., 2014; Wang et al., 2011). Olfactory
memory can be divided into two types: odor recognition memory
(item memory) and odor associative memory (source memory)
(Pirogovsky et al., 2006; Saive et al., 2014). Item memory is about
the fact or content of an event, but source memory is the process of
remembering the source or connection of events through specific
projects or facts (Pirogovsky et al., 2006). According to the differ-
ences in storage time, olfactory memory can also be divided into
short-term memory (STM), intermediate-term memory (ITM) and
long-term memory (LTM) (Grimes et al., 2011; Tong et al., 2014).

To date, studies on the effects of lead on olfactory memory are
few, and only in animal experiments. A recent study showed that Pb
induces olfactory recognition memory impairment in rats (Flores-
Montoya et al., 2015). There have been no epidemiological studies
concerning the impairment of olfactory memory caused by Pb
exposure. However it is clear that the relationship between lead
exposure and impaired children's nervous system development is
closely related. During the critical period of development, even low
levels of Pb exposure may have adverse effects on mental devel-
opment, and adverse effects on memory caused by low level Pb
exposure may have profound effects on the health of a child's brain
(Flores-Montoya et al., 2015). Pb blocks NMDA receptors which are
essential for hippocampus-mediated learning and memory
(Baranowska-Bosiacka et al., 2012; Gavazzo et al., 2008; Guilarte
et al., 1995; Morris et al., 1982, 1986; Neal and Guilarte, 2013;
Tsien et al., 1996). Therefore, we hypothesize that olfactory mem-
ory, which also depends on NMDA receptors, may be altered as a
result of Pb-mediated neurotoxicity.

The aim of this study is to detect the level of Pb exposure and the
olfactory memory in children from an e-waste recycling and
dismantling area, to explore the effects of Pb exposure on children's
olfactory memory, and to provide scientific basis for further study
concerning the effect of lead exposure on both child nervous sys-
tem development and the neurotoxicity of Pb.

2. Materials and methods

2.1. Study population

We recruited 118 preschool children approximately 6 years of
age from Guiyu (n ¼ 61) and Haojiang (n ¼ 57), which was selected
as the reference area for the similarities to Guiyu in population,
cultural background and socioeconomic status, and furthermore
without e-waste pollution. All children's parents or guardians gave
written informed consent prior to enrollment. To collect the in-
formation as the general characteristics, health physiological, living
and eating habits of children as well as dwelling environments,
parental education level and jobs whether related to e-waste, a
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questionnaire was delivered to the parents or guardians. Collecting
of blood samples and testing for olfactory memory in childrenwere
preformed after the children's parents or guardians provided the
informed consent. The study protocol was approved by the Human
Ethics Committee of Shantou University Medical College, China.

2.2. Determination of blood Pb

Peripheral blood were obtained from each child between
8:00e10:00 a.m. and collected in blood sample tubes containing
anticoagulant, by trained nurses. The blood was stored at a �20 �C
refrigerator until assay for Pb.

To determine blood Pb levels, 100 mL whole blood and 900 mL of
0.5% nitric acid were mixed and digested for 10 min at room tem-
perature. The detection method for blood Pb levels was in accor-
dance with our previous publication by graphite furnace atomic
absorption spectrometry (GFAAS, Jena Zeenit 650, Germany) (Guo
et al., 2010).

2.3. Measurement of serum BDNF and IGF-1 levels

The blood samples in anticoagulant-free tubes were clotted for
30min at room temperature and then centrifuged for 15min at 4 �C
and 1000 g. Serum was aliquot and stored at �80 �C until assay.

Serum BDNF and IGF-1 concentrations were determined with
Quantikine® quantitative sandwich ELISA kits (R&D Systems Inc.,
Minneapolis, MN, USA). All assays were performed according to the
manufacturer's instructions. Assay sensitivities for BDNF and IGF-1
were 20 pg/mL and 0.056 ng/mL respectively. Respective intra- and
inter-assay precision coefficients of variation for BDNF and IGF-1
were less than 6.2% and 4.3% within-assay, 11.3% and 8.3% be-
tween assays.

2.4. Alcohol sniff test

To assess the differences in olfactory threshold between Guiyu
and Haojiang, we administered an alcohol sniff test (AST)
(Pirogovsky et al., 2006). Children were first familiarized with the
smell of a 70% isopropyl alcohol cotton ball, and then childrenwere
seated in an upright position. A standard tape measure was posi-
tioned downward from each child's nose and the child was asked to
close his or her eyes and mouth, and breathe normally through the
nose. The alcohol cotton ball was placed 30 cm below the nostrils
and with each expiration the cotton ball was moved 1 cm closer to
the nostrils until children detected the odor. The distance (cm) from
the nose to the cotton ball was measured. This procedure was
repeated three times and the mean distance was determined as the
olfactory threshold for each child.

2.5. Olfactory memory test

The olfactory memory test included an odor recognition mem-
ory test (item test) and odor source memory test (source test).
There were two phases in each test, namely the studying phase and
testing phase, and the protocol was performed according to a
previous study (Pirogovsky et al., 2006). A total of 24 odors were
used in the test, 16 odors were used in the studying phase and 8
odors were used as the distractors during the item testing phase.
Most of the odors were common household odors (Jones et al.,
1978; Lesschaeve and Issanchou, 1996; Pirogovsky et al., 2006;
Schab, 1991; Zucco and Tressoldi, 1989), including fruit, flowering
plants, angiosperm, food, condiments and seasoning, which were
presented in white opaque jars.

Wearingwhite lab coats, onemale and one female experimenter
were involved in presenting the stimuli only during the studying
phase of the experiment. At the studying phase, children were
instructed to smell a series of odors, each odor for 5 s. A total of 16
odors were presented in an alternating sequence, as the female
experimenter presented the first odor and the second by the male
experimenter, with finally each experimenter having presented 8
odors. Children did not know the subsequent process during the
whole studying phase.

The testing phase, including an item test and source test, to
separately assess item and source memory, were conducted by
another experimenter and started 15 min (STM), 5 h (ITM) and 24 h
(LTM) after studying. Therewere 16 trials at every time point, hence
8 for the item and 8 for the source test trials. During the item testing
phase, child was presented once for 5 s with 1 odor selected
randomly from the 16 odors previously presented and 1 distractor
odor randomly selected from 8 odors not previously presented, and
was asked to answer that which onewas previously presented. This
was repeated 8 times. Therefore, there were 8 remaining odors
from the studying phase that were not used for the item testing
trials. During the source testing phase, the child was presented
once with 1 odor of the 8 remaining odors from the studying phase
and asked to indicate if the male or the female experimenter pre-
sented it. The correct percentages of the item and source tests,
which served as the scores of tests, were recorded for analysis.

2.6. Statistical analysis

Comparisons between the two populations were performed
using an independent-sample t-test and chi-square test. Mean ± SE
or mean ± SD were used to depict blood Pb levels, serum BDNF and
IGF-1 levels, olfactory threshold, and scores of olfactory memory
tests. Spearman correlation analysis was used to assess the relevant
factors contributing to Pb exposure and the scores of olfactory
memory tests. Univariate linear regression analysis was used to
examine relationships between blood Pb levels and serum BDNF or
IGF-1. The Hotelling T2 test was carried out to examine the differ-
ences of olfactory memory between the two groups. All statistical
analyses were performed with SPSS 19.0 and Graph Pad Prism 6.0
software. A p < 0.05 in a two-tailed test was considered as statis-
tically significant.

3. Results

3.1. Characteristics of the study population

A total of 118 children were enrolled in the study (Table 1). The
mean age of Guiyu children (n ¼ 61) was 5.62 ± 0.66 years, and
5.88 ± 0.71 years of Haojiang children (n ¼ 57) (p < 0.05). Guiyu
children had a lower physical development level in terms of lower
height (p < 0.01), weight (p < 0.05) and chest circumference
(p < 0.05). Parents from Guiyu had a lower education level
(p < 0.01) and lower monthly household income (p < 0.01), with a
higher proportion of fathers whose work was related to e-waste
(p < 0.01) as well. Moreover, Guiyu children had a higher risk of e-
waste contact (p < 0.01).

3.2. Blood Pb levels and related factors

The mean blood Pb level in Guiyu children (9.40 ± 3.72 mg/dL,
from 7.00 to 31.00 mg/dL) was higher than for Haojiang
(5.04 ± 1.65 mg/dL, from 2.59 to 9.93 mg/dL) (p < 0.01). In addition,
the proportion of Guiyu children with a blood Pb level exceeding
10.00 mg/dL was approximately 23% (Table 2).

Spearman correlation analysis was used to estimate whether
certain factors were related with blood Pb level (Table 3). The re-
sults showed that blood Pb levels were positively associated with



Table 1
Descriptive statistics for the study population in Guiyu and Haojiang.

Guiyu(n ¼ 61) Haojiang(n ¼ 57) p - value

Gender 0.708b

Boys 38(62.3%) 33(57.9%)
Girls 23(37.7%) 24(42.1%)

Age (mean ± SD, years) 5.62 ± 0.66 5.88 ± 0.71 0.047a/0.204b

4 1(1.6%) 0(0.0%)
5 26(42.6%) 18(31.6%)
6 29(47.5%) 28(49.1%)
7 5(8.2%) 11(19.3%)

Height (mean ± SD, cm) 107.62 ± 5.97 112.53 ± 5.25 ˂0.001a

Weight (mean ± SD, kg) 17.47 ± 2.91 18.72 ± 2.86 0.020a

Head circumference (mean ± SD, cm) 50.40 ± 1.68 50.19 ± 1.54 0.480a

Chest circumference (mean ± SD, cm) 50.56 ± 2.77 51.80 ± 3.22 0.028a

Father's educational level ˂0.001b

Primary school 4(6.7%) 0(0.0%)
Middle school 38(63.3%) 7(12.5%)
Vocational school 9(15.0%) 13(23.2%)
High school 5(8.3%) 11(19.6%)
Undergraduate 4(6.7%) 25(44.6%)

Mother's educational level ˂0.001b

Primary school 13(21.7%) 1(1.8%)
Middle school 33(55.0%) 10(17.5%)
Vocational school 6(10.0%) 12(21.1%)
High school 3(5.0%) 10(17.5%)
Undergraduate 5(8.3%) 24(42.1%)

Father’ s work relating to e-waste ˂0.001b

Yes 18(30.0%) 0(0.0%)
No 42(70.0%) 56(100.0%)

Mother’ s work relating to e-waste 0.364b

Yes 4(7.1%) 1(1.8%)
No 52(92.9%) 55(98.2%)

Child contact with e-waste ˂0.001b

Yes 25(43.1%) 2(3.5%)
No 33(56.9%) 55(96.5%)

Monthly household income (yuan) 0.003b

˂1500 4(7.7%) 0(0.0%)
1500-3000 5(9.6%) 7(12.5%)
3000-4500 14(26.9%) 9(16.1%)
4500-6000 17(32.7%) 9(16.1%)
˃6000 12(23.1%) 31(55.4%)

Note: a analysis by independent-samples t-test. b analysis by chi-square test. p < 0.05 was considered statistically significant.

Table 2
Comparison of blood Pb levels in children between Guiyu and Haojiang.

Guiyu (n ¼ 61) Haojiang (n ¼ 57) p-value

Blood Pb levels (mean ± SD, mg/dL) 9.40 ± 3.72 5.04 ± 1.65 «0.001a/˂0.001b

�5 0 (0.0%) 31 (54.4%)
5˂&�10 47 (77.0%) 26 (45.6%)
˃10 14 (23.0%) 0 (0.0%)

Note: a analysis by independent-samples t-test. b analysis by chi-square test. p < 0.05 was considered statistically significant.
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children having contact with e-waste, ventilation of housing, use of
residence as a workplace, father's work related to e-waste, and
child eating canned food and negatively correlated with age, child
hand washing prior to food consumption, monthly household in-
come, ventilation of housing, parental education levels, and the
average time of the child eating dairy products and iron rich foods.
3.3. Serum BDNF, IGF-1 levels and the relationships to Pb

The mean concentration of serum BDNF in Guiyu children
(35.91 ± 1.28 ng/ml) was higher than for Haojiang (28.10 ± 1.07 ng/
ml) (p < 0.001) (Fig. 1). Moreover, there was no significant differ-
ence for the mean concentration of serum IGF-1 between Guiyu
(170.41 ± 9.47 ng/ml) and Haojiang (153.90 ± 7.23 ng/ml) children
(t ¼ �1.383, p > 0.05).

Univariate linear regression analysis between blood Pb and
BDNF levels showed that serum BDNF concentration was positively
associated with blood Pb levels (B ¼ 0.683, 95% CI: 0.211, 1.154,
p < 0.01) (Table 4).
3.4. Differences in olfactory memory between Guiyu and Haojiang
children

3.4.1. Comparison of olfactory threshold between the two groups
We measured child odor threshold prior to the olfactory

memory tests. The results showed that there was no significant
difference for olfactory threshold between Guiyu (8.02 ± 1.50 cm)
and Haojiang (8.10 ± 1.82 cm) children (t ¼ 0.269, p > 0.05).
3.4.2. Item and source test on Guiyu and Haojiang children
The scores of Guiyu children in item tests were 58.81 ± 2.60

(15 min), 53.48 ± 2.39 (5 h) and 55.94 ± 2.14 (24 h) respectively, all



Table 3
Spearman correlation analysis of factors related to blood Pb levels in children.

Blood Pb levels (rs)

Age �0.255**
Gender �0.043
Duration of outdoor play �0.141
Child hand washing prion to food consumption �0.422***
Chewing nail habit 0.129
Child contacting e-waste 0.393***
Sources of family drinking water �0.019
Household tobacco smoke exposure 0.026
Monthly household income �0.270**
Residence as workplace 0.297**
Ventilation of house 0.225*
Distance of residence from the nearest road 0.127
Number of e-waste workshops within 50 m of residence 0.139
Years of child residency in Guiyu �0.129
Father's educational level �0.449***
Mother's educational level �0.480***
Father's work related to e-waste 0.301**
Mother's work related to e-waste 0.115
Average time of child eating dairy products �0.253**
Average time of child eating bean products 0.028
Average time of child eating canned food 0.262**
Average time of child eating iron rich foods �0.345***
Average time of child taking supplements with added calcium, iron or zinc 0.075
Average time of chil taking vitamin supplements 0.114

Note: p < 0.05 was considered statistically significant. rs spearman correlation coefficient. *p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 1. Serum BDNF concentration in children from Guiyu were higher than that
from Haojiang. Data are presented as mean ± SE. p < 0.05 was considered statistically
significant. ***p < 0.001.

Table 4
Univariate linear regression analysis of the association between blood Pb (mg/dL)
and serum BDNF (ng/ml) levels in children.

Serum BDNF concentration

B 95% CI for B p-value

Blood Pb levels 0.683 0.211, 1.154 0.005

Note: p < 0.05 was considered statistically significant. B: unstandardized co-
efficients. CI: confidence interval.

Fig. 2. Scores of olfactory memory tests in children from Guiyu were lower than
that from Haojiang. Data are presented as mean ± SE. p < 0.05 was considered sta-
tistically significant. *p < 0.05, **p < 0.01, ***p < 0.001.
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significantly lower than the 71.68 ± 2.64 (15 min), 67.11 ± 2.31 (5 h)
and 64.91 ± 2.37 (24 h) for Haojiang children. Additionally, the
scores of Guiyu children in source tests were 45.70 ± 2.18 (15 min),
48.77 ± 1.84 (5 h) and 48.57 ± 2.21 (24 h), all significantly lower
than the 52.85 ± 2.26 (15 min), 58.33 ± 2.26 (5 h) and 59.87 ± 2.44
(24 h) for Haojiang (Fig. 2).

Regarding the scores of item and source tests as two variables,
the Hotelling T2 test was performed to assess the differences in
olfactory memory ability between Guiyu and Haojiang children.
The results showed that the olfactory memory of Guiyu children
was lower than that of Haojiang (F ¼ 8.060, p < 0.01).
3.5. The association between Pb exposure and olfactory memory

Spearman correlation analysis showed that item test scores
were negatively correlated with blood Pb levels, BDNF levels (5-h
test only) and gender (5-h test only), and positively associated
with parental education levels (Table 5). Except for the 24-h test,



Table 5
Spearman correlation analysis of factors related to olfactory memory test.

Blood Pb levels BDNF Gender Age Father's
educational level

Mother's educational level

5-min item �0.260** �0.083 0.119 0.041 0.290** 0.290**
15-min source �0.237** �0.124 0.240** �0.070 0.236** 0.275**
5-h item �0.292** �0.235* �0.184* 0.012 0.388*** 0.269**
5-h source �0.226** �0.187* 0.006 0.261** 0.199* 0.180*
24-h item �0.163* �0.073 0.034 0.070 0.159* 0.239**
24-h source �0.148 �0.155 0.069 0.027 0.003 0.036

Note: p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001.
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the source test scores were negatively correlated with blood Pb
levels, and BDNF levels (5-h test only), but positively associated
with gender (15-min test only), age (5-h test only) and parental
education levels (Table 5).

3.6. Effect of Pb exposure on olfactory memory

To further investigate the effect of Pb exposure on olfactory
memory, we defined blood Pb levels of less than or equal to 5 mg/dL
as the low blood Pb level group, and blood Pb levels of more than
5 mg/dL as the high blood Pb level group (CDC, 2012), then
regrouped the children from Guiyu and Haojiang for comparing the
serum BDNF, IGF-1 levels and the scores of olfactory memory tests.

3.6.1. Effect of Pb on serum BDNF and IGF-1 levels
The mean concentration of serum BDNF in children from the

high blood Pb level group (33.46 ± 1.06 ng/ml) was higher than
children from the low blood Pb level group (28.20 ± 1.60 ng/ml)
(p < 0.05) (Fig. 3). In addition, therewas no significant difference for
the mean concentration of serum IGF-1 between children from the
high blood Pb level (164.25 ± 7.49 ng/ml) and from the low blood
Pb level group (156.76 ± 9.24 ng/ml) (t ¼ - 0.553, p > 0.05).
Fig. 3. Serum BDNF concentration in children from the high blood Pb level group
were higher than from the low blood Pb level group. Data are presented as
mean ± SE. p < 0.05 was considered statistically significant. *p < 0.05.
3.6.2. Comparison of children olfactory threshold between two
groups

The olfactory threshold did not show significant differences
between high blood Pb level (8.09 ± 1.50 cm) and low blood Pb
level (7.97 ± 2.06 cm) groups (t ¼ - 0.304, p > 0.05).

3.6.3. Item and source test on children from the high blood Pb level
and low blood Pb level groups

Item test scores of children from the high blood Pb level group
were 60.61 ± 2.15 (15-min test), 56.03 ± 2.01 (5-h test) and
57.62 ± 1.89 (24-h test), which were lower than the 77.42 ± 3.45
(15-min test), 71.37 ± 2.91 (5-h test) and 67.74 ± 2.94 (24-h test)
scores of children from the low blood Pb level group. At the same
time, the source test scores of children from the high blood Pb level
group were 46.55 ± 1.85 (15-min test) and 51.44 ± 1.73 (5-h test),
which were also lower than the 56.45 ± 2.83 (15-min test) and
58.87 ± 2.91 (5-h test) scores of children from the low blood Pb
level group. There was no significant difference in the 24-h source
test between children with high blood Pb levels (53.16 ± 2.00) and
low blood Pb levels (56.45 ± 3.32) (t ¼ 0.848, p > 0.05) (Fig. 4).

The Hotelling T2 test showed that the ability of olfactory
memory in children from the high blood Pb level group was lower
than that in children from the low blood Pb level group (F ¼ 5.644,
p < 0.01).

4. Discussion

Referenced to previous research findings, children's blood Pb
Fig. 4. Scores of olfactory memory tests in children from the high blood Pb level
group were lower than from the low blood Pb level group. Data are presented as
mean ± SE. p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01,
***p < 0.001.
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levels in Guiyu showed a declining trend, which could been seen as
well from the related factors to Pb exposure, as were converted to
children contacting e-waste, ventilation of housing, residence as a
workplace, father's work related to e-waste in our study from initial
numbers of e-waste work-shops, location of child residence in
Guiyu, duration of outdoor play, number of e-waste piles or recy-
cling workshops around the house, parent's work related to e-
waste, implying that the extent of environmental pollution caused
by Pb from e-waste dismantling and the risk of children exposure to
Pb were diminishing (Guo et al., 2014; Huo et al., 2007; Liu et al.,
2011, 2014; Yang et al., 2013; Zhang et al., 2016; Zheng et al.,
2008). Even though, local children still under the threaten of Pb
exposure. In the current study, e-waste-exposed children hadmean
blood Pb levels of 9.40 mg/dL, with 23.0% of children exceeding
10 mg/dL. Moreover, physical development indices, for example
height and weight, are lower than children in Haojiang. A recent
study by our laboratory, in younger children, found lower mean
blood Pb levels of 6.00 mg/dL in Guiyu children, and 3.92 mg/dL in
Haojiang children (Zhang et al., 2016). Due to the consumption of
canned foods by older children, the main reason the lower blood Pb
levels in our prior study is likely due to the difference in child ages.
In addition, since 3-to 7-year-olds are not as active as older chil-
dren, younger children normally have outdoor activities within a
small radius from the residence, and as a result have a low proba-
bility of e-waste contact.

Olfactory memory includes item memory and source memory,
and can be divided into STM, ITM and LTM according to the dif-
ference in storage time. Hence, to explore the effect of Pb on child
olfactory memory, we performed both item and source tests at
15 min, 5 h and 24 h after a 5-sec odor exposure. The results
showed that for both item and source tests at all time points, scores
for Guiyu children were lower than Haojiang children, suggesting
that olfactory memory is affected by residence in Guiyu. Analysis of
related factors shows that test scores negatively correlate with
child blood Pb levels and positively associate with parental edu-
cation levels, indicating that Pb exposure is a risk factor that could
interfere with olfactory memory in children. Furthermore, since
parents with higher education may pay more attention to chil-
dren's early education and early intellectual development, children
from such families may have been a better level of intellectual
development, includingmemory, than childrenwhose parents with
lower education, thus Haojiang children showed higher scores of
olfactory memory tests. On the other hand, parental education
levels were negatively correlated with child blood Pb levels. Thus it
can be seen that many factors lead to lower olfactory memory in
Guiyu children. We also found that ability of olfactory memory in
girls was better than in boys, meaning that there might be a gender
difference in olfactory memory, which is similar with a recent study
(Oleszkiewicz et al., 2016). The reason for the gender differences in
olfactory memory may be that females usually more sensitive to
odors compared with males and more important there are large
differences in olfactory structures between females and males,
resulting in a better olfactory performance in females (Ferdenzi
et al., 2013; Garcia-Falgueras et al., 2006). Studies found that ol-
factory memory is better in adult females than in adult males
(Choudhury et al., 2003; Larsson et al., 2003), and a positive cor-
relation between odor identification performance and cortical
thickness of an area around the entorhinal and piriform cortex in
women is observed (Frasnelli et al., 2010). It was noted that test
scores are positively associated with age. This provides evidence
that during growth and brain development, child olfactory memory
gradually strengthens, which makes age to be an influence factor
for olfactory memory tests.

Due to the multi-component complexity of e-waste, there are
many pollutants, in addition to Pb, that might affect child nervous
system development in an e-waste recycling and dismantling area.
Previous studies by our laboratory found blood Pb levels in children
are higher than any other heavy metal developmental neuro-
toxicant tested, none of which have been reported to interfere with
NMDA receptors thus far. To further determine the effect of Pb
exposure on child olfactory memory, according to the blood Pb
levels of children, we categorized children with blood Pb levels
>5 mg/dL as having high blood Pb levels and�5 mg/dL as having low
blood Pb levels, and then compared test scores. The results after the
regrouping showed that the scores of both item and source tests at
all time points, for children in the high blood Pb level group, were
lower than the scores from the low blood Pb level group, indicating
that Pb exposure may decrease child olfactory memory. Together,
the findings above suggest that Pb exposure in e-waste recycling
and dismantling areas result in decreased olfactory memory in
children.

To investigate the biochemical effect indicators of impairment
olfactory memory in Pb-exposed children, serum BDNF and IGF-1
were measured (Klein et al., 2011; Trejo et al., 2007). The results
showed that the mean concentration of BDNF in children from the
high blood Pb level group was higher than children from the low
blood Pb level group. It is well known that at the early stage of
olfactory memory process, odor learning induces glutamate release
from the presynapse, which play a significant role in inducing of
LTP and synaptic plasticity by postsynaptic NMDA receptor acti-
vation and especially downstream Ca2þ pathway (Tong et al., 2014).
It has been proved that Pb inhibits the postsynaptic NMDA re-
ceptors, hence presynaptic glutamate release can not activate
NMDA receptors normally (Morris et al., 1982, 1986). Furthermore,
there is evidence that BDNF released from presynapse induced by
depolarization in the learning process conversely has the presyn-
aptic effect, enhancing neurotransmitter release from presynaptic
terminals (Lohof et al., 1993). Together, in the olfactory memory
process, a compensatory increasing of BDNF release from presyn-
aptic terminals that resulted in more glutamate release appeared in
Pb-exposed children, which could be proved by the positive cor-
relation between serum BDNF and blood Pb levels. In addition,
BDNF was negatively correlated with 5-h item and source test
scores. It is notable that BDNF also plays a critical signaling role in
LTM induction (Bekinschtein et al., 2008). Furthermore, new pro-
tein synthesis occurs in the ITM of 5-h olfactory memory, in which
it is also a critical stage for BDNF synthesis relying CaMKII activated
by Ca2þ at postsynaptic sites, during which BDNF play an important
role in the olfactory memory formation (Bekinschtein et al., 2007;
Bramham, 2008; Tong et al., 2014). Therefore, in the 5-h olfactory
memory, deficiency of BDNF at the postsynaptic sites played the
major role in the impairment olfactory memory in Pb-exposed
children, which could be proved by partial correlation analysis
between blood Pb levels and the scores of olfactory memory tests
(data not shown), showing that there was no correlation between
blood Pb levels and scores of olfactory memory test under variable
controlled for BDNF, furthermore indicating that BDNF also
contributed to short-term and long-term olfactory memory
impairment, in addition to intermediate-term memory. Moreover,
there was no significant difference for the mean concentration of
IGF-1 between children from the high and low blood Pb level
groups, suggesting that Pb might not disrupt the synthesis and
secretion of IGF-1 from hepatocytes. In addition, there was no
relation between serum IGF-1 levels and olfactory memory, indi-
cating that IGF-1 was not involved in olfactory memory
impairment.

Item and source memory rely on different brain structures: the
medial temporal lobes, such as the entorhinal cortex and hippo-
campus, are critical to item memory, but the frontal lobes function
in source memory (Craik et al., 1990; Janowsky et al., 1989;
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Shimamura and Squire, 1987; Stark and Squire, 2000, 2003). Other
reports show that the right anterior hippocampus plays an
important role in the source memory (Goodrich-Hunsaker et al.,
2009; Yeshurun et al., 2009). In these brain structures, NMDA re-
ceptor - dependent synaptic plasticity plays a significant role during
the formation of olfactory memory (Kanter and Haberly, 1990;
Lethbridge et al., 2012; Malenka and Nicoll, 1993; McNamara
et al., 2008). The formation of olfactory memory is usually char-
acterized by a continuous process of STM gradually transformed
into LTM (Tong et al., 2014). The molecular mechanisms in forma-
tion of STM, ITM and LTM differ: STM mainly depends on presyn-
aptic glutamate release, BDNF, NMDA receptors,
aeaminoe3ehydroxyle5emethyle4-isoxazole propionic acid
(AMPA) receptors and activation of PKC and CaMKII, resulting in
modification of synaptic proteins without new protein synthesis.
For ITM, in addition to these processes, new protein synthesis oc-
curs, from pre-existing mRNAs, after which LTM can form, inwhich
the strengthening of new synapses occurs to form neural circuit
(Grimes et al., 2011; Tong et al., 2014). It is believed that Pb disrupts
the learning and memory processes of the brain by inhibiting the
NMDA receptor (Baranowska-Bosiacka et al., 2012; Morris et al.,
1986; Neal et al., 2011; Neal and Guilarte, 2013). According to the
results, we speculate that Pb disrupt the NMDA receptors in ol-
factory memory related brain regions, such as the entorhinal cor-
tex, hippocampus and the frontal lobes, causing abnormal
upstream and downstream molecular event, for example phos-
phorylation of PKC or PKA, BDNF and Ca2þ signaling pathway,
resulting in olfactory memory impairment.

The results of the present study suggest that Pb exposure could
increase serum BDNF levels and decrease olfactory memory in
children. The NMDA receptor plays a significant role in the for-
mation and development of memory, and unfortunately is a target
for Pb-mediated neurotoxicity. Hence future studies should be
carried out to identify Pb-mediated alterations in the formation or
the development of related brain areas related to olfactorymemory.
Furthermore, in addition to NMDA receptors, other ways in which
Pb interferes with olfactory memory need to be explored and
whether such adverse effects persist into adulthood as abnormal-
ities of intellectual development.
5. Conclusion

The present study investigates the effect of Pb exposure on ol-
factorymemory in 6-year-old children from e-waste polluted areas.
The results of the current study suggest that Pb exposure in e-waste
polluted areas results in an increase in serum BDNF levels and a
decrease in child olfactory memory. Moreover, BDNF might be
involved in olfactory memory impairment. The current study pro-
vides a scientific basis for further exploring the effect of Pb expo-
sure on development of the nervous system in children.

Environmental pollution caused by e-waste recycling and
dismantling still threatens the health of children, who are at a
critical period of growth, despite recent reductions in environ-
mental pollution. In order to eradicate the pollution caused by e-
waste so that children can grow up healthily, the related govern-
ment sectors in the e-waste input and output countries should
implement stronger procedures for correct disposal and stan-
dardized recycling and dismantling of e-waste in the future.
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