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Background: Silver nanoparticles (Ag-NPs) are among the most commonly used nanomaterials and may
be exposed to human and ecosystem. Prior in vitro study showed that Ag-NPs compromised neurode-
velopment of PC12 cells. This study aims to investigate the effect of prenatal exposure to Ag-NPs on
spatial cognition and hippocampal neurodevelopment in rats.
Methods: Pregnant rats were exposed by intraperitoneal injection to various solutions during pregnancy,
including vehicle (water and glycerol mixture, 1:1 in volume), uncoated Ag-NPs (0.427 mg Ag per g rat),
polyvinylpyrrolidine (PVP)-coated Ag-NPs (0.407 mg Ag per g rat), silver nitrate (0.013 mg Agþ and
0.007 mg NO3

þ per g rat) and sodium nitrate (0.007 mg NO3
þ per g rat). Pregnant rats without any

injection were used as blank control. Male offspring at postnatal day 35 (PND35) were randomly selected
for Morris Water Maze (MWM) test. After the MWM test, the rats were decapitated and hippocampus
were collected for analysis of tissue structure, silver content, GAP-43 mRNA and protein expressions.
Results: For the spatial learning in MWM test, since the third test day, the escape latency of rats in the
uncoated Ag-NPs group was significantly higher than those in the other groups. The behaviors of rats
were not significantly different among the other groups. The averaged silver content in the hippocampus
of rats in the uncoated Ag-NPs group was 17.51 μg/g, significantly higher than those in the other groups.
The hippocampal structure in rats of the uncoated Ag-NPs group was deformed as compared to those in
the other groups. Compared with the rats in blank and vehicle controls, the levels of GAP-43 mRNA and
protein in the uncoated Ag-NPs, PVP-coated Ag-NPs, silver nitrate and sodium nitrate groups were all
significantly decreased. The levels of GAP-43 mRNA and protein of rats in the uncoated Ag-NPs group was
significantly lower than those in the later three groups, while there was no significant difference among
the later three groups.
Conclusions: Maternal exposure to uncoated Ag-NPs during pregnancy impaired spatial cognition in rat
offspring. GAP-43 reduction might be involved in the cognitive impairment. The toxicity was mainly
associated with release of silver ion. Coating with PVP reduced the toxicity of Ag-NPs.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

Silver nanoparticles (Ag-NPs) are among the most commonly
used nanomaterials because of their strong antimicrobial activity
(Morones et al., 2005; Nel et al., 2006; Pal et al., 2007). The
widespread use of Ag-NPs may lead to increase in human and
ecosystem exposures (Chen and Schluesener, 2008). This raises
concern about the environmental and health consequences of
exposure to Ag-NPs.

Ag-NPs have been reported to be among the most toxic nano-
materials in some studies (Bar-Ilan et al., 2009; Hussain et al.,
x@urban.pku.edu.cn (X. Lu).
2005; Soto et al., 2005, 2007). Prior in vitro studies of Ag-NPs
toxicity revealed toxic effects of Ag-NPs through reduced cell
viability, damage to the cell membrane and other biological effects
on the organism (Hussain et al., 2006; Kvitek et al., 2009; Liu et al.,
2009; Navarro et al., 2008; Lanone et al., 2009). Exposing rat
embryonic cells to Ag-NPs suspension, a total of 279 genes up-
regulated and 389 genes down-regulated were found by global
gene expression analysis. KEGG pathway analysis showed that
there were 23 signal pathways affected in the cells after exposure
to Ag-NPs suspension. The most significant change concerned in-
flammatory signal pathways (Xu et al., 2014). The cytotoxicity of
Ag-NPs has been associated with generation of reactive oxygen
species (Hussain et al., 2005; AshaRani et al., 2009) and release of
silver ions (Kvitek et al., 2009; Navarro et al., 2008). Compared to
in vitro studies, in vivo studies were rare. Stebounova et al. (2011)
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reported that Ag-NPs induced minimal lung toxicity or in-
flammation in a subacute murine inhalation model (mice). How-
ever, longer term exposures with higher lung burdens of Ag-NPs
are needed to ensure that there are no chronic effects and to
evaluate possible translocation to other organs. Korani et al. (2011)
studied the acute and subchronic dermal toxicity of Ag-NPs in
guinea pig. In autopsy studies during the acute test, no significant
changes in organ weight or major macroscopic changes were de-
tected, but dose-dependent histopathologic abnormalities were
seen in skin, liver, and spleen of all test groups. Subchronic test
showed greater tissue abnormalities than acute test. It seems that
Ag-NPs have the potential to provide target organ toxicities in a
dose- and time-dependent manner.

Some studies showed that Ag-NPs exposure via inhalation or
oral routes led to Ag accumulation in the adult rodent brain
(Wijnhoven et al., 2009), altering the expression of genes involved
in neuronal function (Rahman et al., 2009). Powers et al. (2011)
showed that in PC12 cells (a well-established model of neuronal
development) citrate-coated Ag-NPs impaired DNA synthesis and
protein synthesis in undifferentiated cells, and in differentiating
cells citrate-coated Ag-NPs evoked robust oxidative stress and
impaired differentiation into the acetylcholine phenotype. The
effects of polyvinylpyrrolidine (PVP)-coated Ag-NPs showed si-
milarities to those of citrate-coated Ag-NPs, but there were sig-
nificant differences in potencies and differentiation outcomes that
depended both on particle size and coating. Liu et al. (2012) in-
vestigated the effects of the Ag-NPs on hippocampal synaptic
plasticity and spatial cognition in adult rats. After two-week ex-
posure to Ag-NPs through the nasal administration, compared
with the control group, both long-term potentiation (LTP) and
Morris water maze (MWM) results were abnormal in low-dose
group (Ag-NPs, 3 mg/kg) and high-dose group (Ag-NPs, 30 mg/kg),
and the quantity of reactive oxygen species (ROS) in hippocampal
homogenate was increased significantly in low-dose group and
high-dose group. Liu et al. (2013) studied the effects of Ag-NPs on
spatial cognition and adult hippocampal neurogenesis in adult
mice. The mice received intraperitoneal administration of Ag-NPs
(10, 25, and 50 mg/kg body weight) or vehicle every day for 7 days.
Compared with the control group, both reference memory and
working memory were not impaired in Ag-NPs exposed groups,
and no differences were observed in hippocampal progenitor
proliferation, new born cell survival or differentiation. Clearly, the
exposure effects might be influenced by many factors such as
exposure way, time and dose. More studies were needed to further
clarify this issue.

It’s reported that Ag-NPs could be transferred from pregnant rat
to offspring (Lee et al., 2012). Earlier study showed that silver could
cross the placenta and concentrate in the human fetus, achieving
higher concentrations than in the mother (Lyon et al., 2002).
However, the effects of prenatal exposure to Ag-NPs on neurode-
velopment in mammal animals have not been reported yet.

Growth-associated protein-43 (GAP-43) is a neuron-specific
phosphoprotein that plays a major role in initial development and
remodeling of neural connections (Benowitz and Routtenberg,
1997; Perrone-Bizzozero and Tanner, 2006). It’s widely distributed
in hippocampus which is a brain region responsible for learning
and memory (Casoli et al., 2001). GAP-43 is vulnerable to prenatal
stress. Several studies reported that alteration of the GAP-43 ex-
pression in the hippocampus correlated with changes in cognitive
abilities in prenatally stressed rat offspring (Liu et al., 2005; Zhang
et al., 2012).

The objectives of this study were to investigate the effect of
maternal exposure to Ag-NPs during pregnancy on spatial cogni-
tion of rat offspring in MWM test, and to explore its neural de-
velopmental mechanisms including hippocampal structure, silver
content, GAP-43 mRNA and protein expressions.
2. Materials and methods

2.1. Subjects

Male Sprague-Dawley rats served as subjects for this study. All
animals were bred in our laboratory and underwent behavioral
testing by postpartum day 35. Rats were housed under controlled
conditions (ambient temperature 22 °C; 12-hour light/12-hour
dark cycle with lights on at 7.00 am) with ad libitum access to food
and water. All experiments were carried out in accordance with
the guidelines of the Beijing Laboratory Animal Center and the
National Institutes of Health Guide for the Care and Use of La-
boratory Animals (NIH Publications No. 80-23).

2.2. Prenatal treatment

At 3 months of age, female and male Sprague-Dawley rats (Vital
River, a Charles River Laboratory in China) were mated. The first
day after copulation was operationally defined as gestation day 0
(GD0). The pregnant rats were divided into six groups, i.e., blank
control, vehicle control, uncoated Ag-NPs, PVP-coated Ag-NPs,
silver nitrate and sodium nitrate. Each group contained six preg-
nant rats. Every two days from GD10 to GD18, the pregnant rats
were injected intraperitoneally with experimental solutions (1 mL
per time, 5 times, for each rat in the vehicle control, uncoated Ag-
NPs and PVP-coated Ag-NPs groups). The vehicle solution was a
mixture of water and glycerol (1:1, volume). The uncoated Ag-NPs
solution contained 20.0 mg uncoated Ag-NPs per mL vehicle so-
lution. The PVP-coated Ag-NPs solution contained 20.0 mg PVP-
coated Ag-NPs per mL vehicle solution. Originally, the silver nitrate
solution contained 20.0 mg silver ion (Agþ) per mL vehicle solu-
tion. After one injection (1 mL), four of the six pregnant rats in the
silver nitrate group died. After another injection (0.5 mL), the rest
two pregnant rats in the silver nitrate group died. Therefore, the
treatment was redone using lower Agþ concentration (2.0 mg Agþ

per mL vehicle solution). Still, one pregnant rat died after one
injection (1 mL, at GD10). The injection was adjusted, i.e., with
longer injection interval (every four days, 3 times, 1 mL per time,).
At GD12 and GD16, vehicle solution was injected into the rats
instead of silver nitrate solution. Correspondingly, the sodium ni-
trate solution was injected in the same way as that for the silver
nitrate solution (both contained 1.15 mg nitrate per mL vehicle
solution). Uncoated Ag-NPs and PVP-coated Ag-NPs (purities over
99.5%) were purchased from Beijing De Ke Dao Jin Science and
Technology Co., Ltd., China. Glycerol, silver nitrate and sodium
nitrate (guaranteed reagents) were purchased from Sinopharm
Chemical Reagent Co., Ltd., China.

After the offspring were born, the offspring stayed with their
mothers till weaning (three weeks). Then, female pups were cul-
led, and male pups were housed six per cage. These male pups
were raised for another two weeks before testing.

2.3. Morris water maze test

2.3.1. Apparatus
Testing was conducted in a circular pool of 150 cm diameter,

with water that was 22 cm deep (2372 °C). A circular Plexiglas
platform (8 cm diameter) was placed 2 cm beneath the water level
at different locations, depending on which test was currently
employed. The water was made cloudy by adding black ink. A vi-
deo camera was positioned above the water maze. The swim paths
of the rats were tracked, digitized and stored for later behavioral
analysis using Ethovision 3.1 (Noldus). The water maze was di-
vided into four logical quadrants (north, south, east and west) that
served as starting positions for the rats.
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2.3.2. Spatial learning
At PND 35, for each group, 15 male pups were randomly se-

lected for the spatial learning test (2 or 3 pups from each mother).
The test consisted of 5 days of acquisition with the hidden plat-
form, followed by a probe test on the sixth day without the plat-
form. The platform was fixed in the middle of the west quadrant
45 cm from the maze wall. During the first 5 days, four swim trials
were given per day in which each animal was released from a
different quadrant in each trial. This process was performed in a
pseudorandommanner, and the start quadrant varied for each day.
A maximum of 60 s was allowed for each trial. If the rat did not
find the platform within 60 s, it was guided to the platform and
allowed to remain there for 15 s. At the end of the daily session,
the rats were dried with paper towels and returned to their home
cages. Both the latency to escape onto the platform and the dis-
tance traveled were recorded. On the sixth day, one trial was given
in which each animal was released from the middle of the east
quadrant. The time and traveled distance in the west quadrant
where the platform had been set during the training were
recorded.

The MWM test was consistently performed by the same person.
The animals were transported to a testing room for the test. The
animals rested one day before the test in the testing room. The test
was performed from about 9 am to 12 pm each day. This related to
the light time within the colony room. All animals were tested
during the same time of the day. When performing the test, the
room had only faint light from a red lamp.

2.4. Detection of silver in hippocampus by ICP-MS

After the MWM test, from each group, four rats were decapi-
tated, brain tissues were removed from the skulls, and hippo-
campus were carefully dissected on ice. The hippocampus were
weighted and placed in 50 mL digestion tubes. To each tube, 5 mL
HNO3 was added to digest the tissue for 3 h, and then 30 mL
mixture of HClO4 and HNO3 (volume ratio, 5:1) was added and the
tube was placed in a graphite digestion instrument digesting for
3 h; the obtained colorless liquid (about 3 mL) was diluted to
15 mL using 0.1 mol/L HNO3. Blank and a series of silver standard
solutions were prepared in 0.1 mol/L HNO3. Silver was detected by
ICP-MS with the detection limit of 0.05 μg/L.

2.5. Histological assessment of hippocampus by H&E staining

After the MWM test, from each group, three rats were de-
capitated and brain tissues were quickly removed from the skulls.
The brain tissue of each rat was divided into two hemispheres,
fixed in 4% paraformaldehyde solution and processed to prepare 5-
μm-thick paraffin sections for H&E staining (Bancroft and Gamble,
2002). The stained tissues were observed under an optical mi-
croscope (Motic BA400, China).

2.6. Analysis of GAP-43 mRNA in hippocampus by real-time RT-PCR

After the MWM test, from each group, eight rats were decapi-
tated and brain tissues were quickly removed from the skulls. The
hippocampus were carefully dissected on ice and divided into two
parts. The left hippocampus were used for real-time RT-PCR
(fresh) and the right hippocampus were used for Western Blotting
(snap-frozen in liquid nitrogen and stored at �80 °C for later use).
The fresh tissues were homogenized in TRIzols Reagent (Invitro-
gen, USA). Total RNA was extracted from Trizol homogenates fol-
lowing the manufacturer’s instructions. RNA concentration and
quality were evaluated by spectrometry. Reverse transcription (RT)
of total RNA was performed following the procedure of the Go-
Script Reverse Transcription System (Promega, USA). The RT
product was diluted 10-fold and stored at �20 °C. Real-time PCR
reactions were carried out with a real-time PCR System (ABI 7500
Fast, USA). Each reaction (20 μL total volume) contained 0.5 μL
cDNA solution, 0.5 μL 20 μmol/L forward primer, 0.5 μL 20 μmol/L
reverse primer, 8.5 μL milli-Q water, and 10 μL SYBRs Green Re-
altime PCR Master Mix (TOYOBO QPK-201, Japan). No template
controls (NTC) were run to determine the level of primer dimer
formation. PCR program was as follows: an initial denaturation at
95 °C for 300 s followed by 40 cycles of 94 °C for 15 s, 58 °C for
25 s, and 72 °C for 25 s. For each sample, two sets of primers
were used. One was for the growth associated gene GAP-43 (for-
ward: 5ʹ–3ʹ GAGGGAGATGGCTCTGCTAC; reverse: 5ʹ–3ʹ CA-
CATCGGCTTGTTTAGGC), and one was for the housekeeping gene
β-Actin (forward: 5’-3’ GTTGACATCCGTAAAGACC; reverse: 5ʹ–3ʹ
TGGAAGGTGG ACAGTGAG). Primer sequences were obtained from
the literature (Liu et al., 2005). The level of GAP-43 mRNA was
normalized by β-Actin mRNA. PCR products were run on 1%
agarose gels to confirm that the correct band sizes were present.

2.7. Analysis of GAP-43 protein expression in hippocampus by wes-
tern blotting

Frozen tissues were transferred to ice-cold buffer (containing
0.1 mol/L NaCl, 0.05 mol/L Tris–HCl (pH 7.6), 0.001 mol/L EDTA (pH
8.0), 0.1% Tween-20, aprotinin (1 μg/ml) and PMSF (100 μg/ml))
and homogenized on ice. The homogenate was centrifuged at
13,000 rpm for 10 min at 4 °C. Total protein concentrations were
determined with a UV spectrophotometer using a modified
Bradford assay. Equal amounts of protein from each sample
(30 μg) were mixed with 15 μL sample buffer and boiled for 6 min.
Samples were separated by electrophoresis (at 150 V) on 6–15%
polyacrylamide gels. Separated proteins were transferred onto
nitrocellulose (NC) membrane at 35 V for 12 h. The membrane was
blocked with 5% dried, defatted milk in TBST buffer (25 mM Tris,
150 mM NaCl, 0.05% Tween-20, pH 7.5) for 1 h at room tempera-
ture. Blots were probed with specific antibodies against rabbit
polyclonal GAP-43 and β-actin (1:1000, Abcam, UK). After washing
with TBST, the membranes were incubated for 1 h at room tem-
perature with horseradish peroxidase-conjugated anti-rabbit an-
tibodies (GAP-43 and β-Actin, 1:2000, Abcam, UK). Negative con-
trols did not contain primary antibody. The optical densities of the
specific bands were scanned and measured by image analysis
software (Quantity One, Bio-Rad, USA).

2.8. Statistical analyses

The SPSS software (version 17.0) was used to perform the sta-
tistical analyses. The MWM test results were analyzed using two-
way repeated measures analysis of variance (ANOVA) with drug
injection as an independent factor and test day as a within-subject
factor. Following significant analyses of variance, LSD (least sig-
nificance difference) was used as the post-hoc test for the be-
tween-subject factor, and Bonferroni correction was used as the
post-hoc test for the within-subject factor. The results of silver
content, GAP-43 gene and protein expressions were examined
using single factor ANOVA. The significance level was defined as
Po0.05.
3. Results

3.1. Spatial learning ability

The average escape latency traveled for the offspring in all the
tested groups during the spatial learning were summarized in
Fig. 1. Based on two-way repeated measures ANOVA, the main
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Fig. 1. Comparison of the average escape latency for the rat offspring in all the
tested groups (n¼ 15 per group, * denotes Po0.05).
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effect of test day was significant (F¼129.951, Po0.05), reflecting
an overall cumulative learning process, and the main effect of
treatment was also significant (F¼3402.717, Po0.05), but the in-
teraction between test day and treatment was not significant
(F¼0.504, P40.05). Post hoc test analysis of treatment indicated
that at the first two test days, there was no significant difference in
escape latency among rats in all the groups tested. Since the third
test day, treatment became a significant factor, mainly because the
escape latency of rats in the uncoated Ag-NPs group was sig-
nificantly higher than those in the other groups (Po0.05). Among
the other groups, the escape latency was not significantly differ-
ent. This indicated that uncoated Ag-NPs impaired the spatial
learning ability of rat offspring.

Similar result was obtained in the probe test (shown in Fig. S1
in the supplemental materials). Rats in the uncoated Ag-NPs group
had the lowest spatial preference for the target quadrant com-
pared with those in the other groups (Po0.05), whereas the probe
time was not significantly different among rats in the other
groups. The recorded travel distance was not used in the statistical
analysis because some debris floating on the water interfered with
the recording of the data during the MWM test.

3.2. Silver content and hippocampus histology

The silver contents in the hippocampus of rat offspring were
measured and shown in Fig. 2. The averaged silver content in the
hippocampus of rats in the uncoated Ag-NPs group was 17.51 μg/g,
significantly higher than those in the other groups (Po0.05). The
silver contents of rats in the PVP-coated Ag-NPs (4.13 μg/g) and
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Fig. 2. Comparison of the silver content in hippocampus of rats in all the tested
groups. (n¼ 4 per group, n denotes Po0.05).
silver nitrate (5.31 μg/g) groups were not significantly different
from those in the controls (P40.05).

The nerve cells of the hippocampus of rats in the blank control
and vehicle control were well aligned, with distinct structure,
normal intercellular space, clear outlines of the cells and plentiful
Nissl’s bodies. However, for rats in the uncoated Ag-NPs group, the
intercellular space was enlarged due to shrinking of the cells and
the number of Nissl’s bodies seemed decreased. Fig. 3 compared
the hippocampal structure of the rats in the vehicle control and
the uncoated Ag-NPs group. Rats in the other groups had similar
hippocampal structure to those in the controls (shown in Fig. S2 in
the supplemental materials).

3.3. Measurement of GAP-43 mRNA in the hippocampus

There was no significant difference for GAP-43 mRNA levels in the
hippocampus between rats in the blank control group and those in the
vehicle control group. Compared with those in the blank and vehicle
controls, the levels of GAP-43 mRNA in the other four groups were all
significantly decreased (Po0.05). The level of GAP-43 mRNA in the
hippocampus of rats in the uncoated Ag-NPs group was significantly
lower than those in the PVP-coated Ag-NPs, silver nitrate and sodium
nitrate groups (Po0.05). There was no significant difference in the
GAP-43 mRNA level among the later three groups (P40.05). Fig. 4
illustrated the levels of GAP-43 mRNA (normalized by β-Actin mRNA)
in hippocampus of rats in all the tested groups.

3.4. Expression of GAP-43 protein in the hippocampus

There was no significant difference in GAP-43 protein expres-
sion in the hippocampus between rats in the blank control group
and those in the vehicle control group. Compared with those in
the blank and vehicle controls, the levels of GAP-43 protein in the
other four groups were all significantly decreased (Po0.05). The
level of GAP-43 protein of rats in the uncoated Ag-NPs group was
significantly lower than those in the PVP-coated Ag-NPs, silver
nitrate and sodium nitrate groups (Po0.05), but there was no
significant difference in the GAP-43 protein level among rats in the
later three groups (P40.05) Fig. 5 compared the levels of GAP-43
protein (normalized by β-Actin protein) in hippocampus of rats in
all the tested groups. The Western Blotting images were shown in
Fig. S3 in the supplemental materials.
4. Discussion

This study aimed to investigate the effect of prenatal exposure
to Ag-NPs on spatial cognitive in rats and explore its neural de-
velopmental mechanism. Two kinds of Ag-NPs, i.e., uncoated Ag-
NPs and PVP-coated Ag-NPs, were exposed to the pregnant rats at
similar doses. The two kinds of Ag-NPs had similar morphologies,
as shown in Fig. S4 in the supplemental materials. Both had silver
contents over 99.5% and size particles of 20–50 nm. The PVP-
coated Ag-NPs contained about 0.2% (weight) PVP. Silver ion (using
silver nitrate as a source) was applied to examine if the toxicity of
Ag-NPs was due to release of silver ion. Compared to the Ag-NPs,
silver ion displayed acute toxicity. After one injection of silver ion
(dose at about 0.097 mg/g), four of the six pregnant rats were
found dead in the following day, and after another injection of
silver ion (dose at about 0.048 mg/g), the rest two pregnant rats
were found dead in the following day. In the repeated experiment,
even though the silver ion in the injection solution was ten times
lower, one pregnant rat was found dead in the following day after
one injection of silver ion (dose at about 0.009 mg/g). In com-
parison, no pregnant rat was found dead during the study period
for the other groups.
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Ag-NPs displayed chronic toxicity. Prenatal exposure to un-
coated Ag-NPs significantly impaired spatial cognition in rats. Both
the spatial learning test and the probe test showed that offspring
of rats exposed to uncoated Ag-NPs had lower learning and
memory abilities than those in the controls. The impairment in
spatial cognition was not observed in offspring of rats exposed to
silver ion, probably because the exposure dose was low (about
0.013 mg/g, 30 times less than that for the Ag-NPs). Different from
nitrate silver which exhibited acute toxicity at high dose, uncoated
Ag-NPs could slowly and continuously release silver ion at a level
that could sustain the rats. Prenatal exposure to PVP-coated Ag-
NPs also did not cause impairment in spatial cognition, probably
due to the low release of silver ion from the PVP-coated Ag-NPs.
Tejamaya et al. (2012) compared the stability of three coated (i.e.,
citrate, PVP and polyethylene glycol coated) Ag-NPs in ecotox-
icology media and found PVP-coated Ag-NPs was the most stable.
No shape, aggregation, or dissolution change of PVP-coated Ag-
NPs was observed during 21 days of exposure in standard OECD
(Organization for Economic Co-operation and Development)
media used for Daphnia sp. acute and chronic tests (in the absence
of Daphnia). Huynh and Chen (2011) also reported PVP-coated Ag-
NPs was quite stable, likely due to steric repulsion imparted by the
large, non-charged polymers. Nguyen et al. (2013) compared the
toxic effects of uncoated and PVP-coated Ag-NPs in J774A.1 mac-
rophage and HT29 epithelial cells and found that uncoated Ag-NPs
were more toxic than PVP-coated Ag-NPs. Uncoated Ag-NPs, at a
concentration of 1 μg/ml, decreased cell viability by 20–40%. In
exposures to PVP-coated Ag-NPs, cell viability dropped at 25 μg/
ml or higher concentrations.

In this study, the silver content in the hippocampus of rat off-
spring in the uncoated Ag-NPs group was much higher than those
in the other groups. The silver was possibly transferred from the
pregnant rats. In a study performed by Lee et al. (2012), Ag-NPs
(size: 7.970.95 nm) were orally administered to pregnant rats
(dosage: 250 mg/kg) and silver was found accumulated in the
brain of the offspring (31.174.3 ng/g, 5.4 fold as compared to the
control). It remained unclear whether Ag-NPs could penetrate the
blood-brain barrier (BBB). According to a study based on in vitro
BBB model, Ag-NPs induced BBB inflammation and increased
permeability in primary rat brain microvessel endothelial cells
(Trickler et al., 2010). The measured silver in the hippocampus
were likely silver ion, for Ag-NPs were not found in the hippo-
campus by Transmission Electron Microscope (TEM) analysis.
Powers et al. (2010) reported that silver ion has the potential to
evoke developmental neurotoxicity even more potently than
known neurotoxicant such as chlorpyrifos (CPF). In un-
differentiated PC12 cells, a 1-hr exposure to 10 μmol/L Agþ in-
hibited DNA synthesis more potently than did 50 μmol/L CPF; it
also impaired protein synthesis. In differentiating PC12 cells, ex-
posure to 10 μmol/L Agþ evoked even greater inhibition of DNA
synthesis and more oxidative stress. Lowering the exposure to
1 μmol/L Agþ reduced the net effect on undifferentiated cells.
However, in differentiating cells, the lower concentration pro-
duced an entirely different pattern, enhancing cell numbers by
suppressing ongoing cell death and impairing differentiation in
parallel for both neurotransmitter phenotypes.
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Results from GAP-43 mRNA and protein analyses all showed that
rat offspring in the uncoated Ag-NPs group were mostly affected,
which was in agreement with the result from the MWM test.
However, compared with those in the blank and vehicle controls, the
levels of GAP-43 mRNA and protein in the PVP-coated Ag-NPs, silver
nitrate and sodium nitrate groups were also significantly decreased.
This demonstrated that GAP-43 expression was sensitive to prenatal
stress. Change of GAP-43 expression by prenatal stress was also
observed in other studies (Jutapakdeegul et al., 2010; Neeley et al.,
2011). GAP-43 has been termed a “growth” or “plasticity” protein
and is considered a crucial component of the axon and presynaptic
terminal (Strittmatter et al., 1995; Benowitz and Routtenberg, 1997).
It is associated with axonal growth during development, sprouting
and regeneration. It is also involved in intracellular regulatory events
allowing the growing axon to respond to a changing environmental
framework (Gruart et al., 2006). Our study revealed a marked re-
duction in GAP-43 mRNA and protein expression in the hippo-
campus of rat offspring exposed to uncoated Ag-NPs, suggesting a
disturbance in synaptic function and providing evidence for a re-
levance between synaptic plasticity and cognitive impairment in
rats. It seems that when disorders in the development, regeneration
and modulation of synapse are sufficiently large, pronounced im-
pairment in cognition will ensue.
5. Conclusions

This study investigated the effect of prenatal exposure to Ag-
NPs on spatial cognition and hippocampal neurodevelopment in
rats. Maternal exposure to uncoated Ag-NPs during pregnancy
impaired spatial learning and memory ability in rat offspring. GAP-
43 reduction might be involved in the cognitive impairment. The
toxicity was mainly associated with release of silver ion. Coating
with PVP protected from the toxicity of Ag-NPs.
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