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Summary

Objective The purpose of this study was to examine
whether gestational and lactational exposure to envi-
ronmental endocrine disrupting chemical, nonylphenol
(NP), in pregnant dams would lead to the alterations in
hormone levels in the body, apoptosis and glial fibrillary
acidic protein (GFAP) in hippocampus during weaning
and sexual maturity periods in pups of rats.

Methods Dams were gavaged with NP at dose levels of
25 mg/kg/day (low dose), 50 mg/kg/day (middle dose),
100 mg/kg/day (high dose) and groundnut oil alone
(vehicle control) respectively from gestational day 6 to
postnatal day (PND) 21.

Results At PND 21, serum testosterone (TT) level
significantly decreased in the 50, 100 mg/kg NP-treated
groups compared with the control (p<0.01). Serum
estradiol (E,) level was increased with the increase in
the NP concentration; a dose-effect relationship was
revealed (r=0.462, p<0.01). At both PND 21 and PND
60, pups exposed to 100 mg/kg/day NP had an obviously
higher apoptotic rate than control did. We observed a
significant positive correlation between the dose of NP
and the apoptotic rate (r=0.836, p<0.05). The number
of GFAP-positive cells in rat hippocampus and inte-
gral optical density (IOD) of 100 mg/kg/day NP-treated
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group were much higher than the control group. GFAP
mRNA expressions increased at high dose (100 mg/kg/
day) (p<0.05), and positive correlations between the
GFAP mRNA expressions and NP level was observed
(r=0.586, 0.737, p<0.05). Both the number of growth-
associated protein (GAP)-43 positive cells and IOD were
much lower at high dose (100 mg/kg/day) than the con-
trol at both PND 21 and PND 60 (p<0.05). The number of
GAP-43 positive cells was negatively correlated with the
NP exposure dose (r=-0.562, —0.649, p<0.05) at these
two time points. GAP-43 mRNA expressions in the hip-
pocampus of pups decreased dramatically at high dose
(100 mg/kg/day) at both PND 21 and PND 60 compared
with the control (p<0.05).

Conclusion High exposure to NP might inhibit neuro-
nal development and differentiation as indicated by the
reduction of the neurotrophic factor GAP-43.

Keywords Nonylphenol - Offspring rat - Neurotoxicity -
Hippocampus

Introduction

Nonylphenol (NP) is an endocrine-disrupting chemi-
cal with weak estrogenic activity [1]. NP is a breakdown
product of NP ethoxylates, which are used in a variety of
industrial, agricultural, household cleaning, and beauty
products [2]. Since previous studies have reported that
NP interferes with the development and function of
endocrine-reproductive systems through binding to the
estrogen receptors [3-5], NP and other environmen-
tal contaminants have been recently categorized into
endocrine disrupting chemicals. Accumulating data sug-
gested that NP has adverse effects on the reproductive,
digestive and immune systems in F, generation rats [6-8],
the toxic effects of NP exposure via placenta on central
nervous system (CNS), including disrupting neuroen-
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docrine homeostasis, altering cognitive function, and
neurotoxicity of tissues of offspring in rat, were reported
sparsely, particularly when NP’s disruption occurs dur-
ing critical developmental window of brain.

In recent years, a few studies have reported the effects
of perinatal NP exposure on the behavioral traits in brain
of the offspring of experimental animals [4-6]. In our
previous report using rats, we have demonstrated that
exposure to NP during gestation was shown to lead to
alterations in behavior, learning and memory capacity
in the male offspring of rats [3]. Negishi et al. (2004) [9]
reported the estrogen-like actions of NP, as displayed
by the incapacity of offspring to react to certain behav-
ioral stimuli. The CNS is highly sensitive to exogenous
chemicals. Exogenous chemicals such as NP may break
homeostasis and affect normal brain functions. Prior evi-
dence demonstrated neurotoxicity of NP to mothers and
offspring’ nervous system [4-6], the precise mechanisms
behind the neurotoxicity of NP has not been elucidated.

In the present study, the authors’ focus was to shorten
NP exposure time into the embryo developmental sen-
sitive period of nerve system (from pregnancy day 6 to
postnatal day 21) of filial generation (F) rats. The aim of
the present study was to investigate whether exposure
to NP would induce the alterations in hormone levels,
apoptosis and glial fibrillary acidic protein (GFAP) in
hippocampus during weaning and sexual maturity peri-
ods in F, male rats.

Materials and methods
Reagents

The NP was purchased from the Tokyo Chemical Co.,
Ltd (Tokyo, Japan). The testosterone - 19 checkerboard
was purchased from the Beijing North Biotechnology
Institute (Beijing, China). The TUNEL kit was purchased
from Roche Molecular Biochemicals (Meylan, France).
The rabbit anti-mouse GFAP and GAP-43 were pur-
chased from Beijing Zhongshan Biotechnology Reagent
Company (Beijing, China). The goat anti-rabbit IgG
was purchased from Beijing Zhongshan Golden Bridge
Biotechnology Company (Beijing, China). DAB kit was
purchased from DAKO (Glostrup, Denmark); Trizol was
purchased from Invitrogen (Carlsbad, USA). RNA extrac-
tion and reverse transcription kit was purchased from
Takara (Dalian, China). All other chemicals were com-
mercially available. All chemical purities were at least
99 %.

Animals

Two female rats were mated with one male rat in one
cage. Vaginal smears were examined daily; a sperm-pos-
itive smear determined gestational day (GD) 0. A total of
31pregnant dams were randomly assigned to four groups,
each group had 7-8 dam. The treatment groups received

gavage with NP at dose levels of 25 mg/kg/day (low dose),
50 mg/kg/day (middle dose), 100 mg/kg/day (high dose)
and groundnut oil alone (vehicle control), respectively.
The pregnant dams were housed individually and fed
intragastrically. NP exposure time was limited from ges-
tational day 6 to postnatal day 21. Dams were subjected
to spontaneous parturition, and the pups were breastfed.
After parturition (PND 0), the pups were counted and
weighed. Pups remained with their biological mother.
Male pups in the litter (n4-5/group) were subjected to
the measurement of neurotoxic indicators. Male pups
were selected on the basis of evidences that NP had toxic
impacts on male pups in our prior studies [7-8].

Serum hormone measurement

Blood samples were collected from PND 21 and PND 60
male rats by decapitation and allowed to coagulate on
ice. Serum samples were prepared by centrifuging the
whole blood samples at approximately 1000x g and 4°C
for 30 min and stored below —20°C until hormone assay.
Serum total testosterone was assayed in duplicate by
using a Coat-A-Count radioimmunoassay kit (Diagnostic
Products Corporation, Los Angeles, CA). The concentra-
tion of serum estradiol was determined using the com-
mercial ELISA kit (Alpha Diagnostic, San Antonio, TX).

TUNEL staining

For visualization of DNA fragmentation, a marker of
apoptotic cell death, TUNEL staining was performed
using In Situ Cell Death Detection Kit (Meylan, France).
To begin the procedure, the sections were post-fixed in
ethanol-acetic acid (2:1) and rinsed. Then the sections
were incubated with proteinase K (100 pg/mL), rinsed,
incubated in 3% H,0,, permeabilized with 0.5% Triton
X-100, rinsed again, and incubated in TUNEL reaction
mixture. The sections were rinsed and visualized using
Converter-POD  with 0.02% 3,3’-diaminobenzidine
(DAB). Mayer’s hematoxylin (DAKO, Glostrup, Den-
mark) was used for counter-staining, and the sections
were finally mounted onto gelatin-coated slides. The
slides were air dried overnight at room temperature, and
coverslips were mounted using Permount [12].

Total TUNEL-positive cell numbers were determined
by the average from three different sections of each ani-
mal. Nuclei/field was calculated from nuclei counting
of 20 fields from each animal using the same magnifica-
tion. Apoptotic rate was expressed as the percentage of
TUNEL-positive cells per nuclei.

Immunohistochemistry for GFAP and GAP-43
protein expression

Briefly, the sections were incubated in phosphate-buff-
ered saline (PBS) for 10 min and washed three times
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with PBS, and then incubated in 1% hydrogen perox-
ide (H,0,) for 30 min. Next, the sections were incubated
overnight with mouse anti- GFAP antibody (Chemicon,
Temecula, CA, USA) at a dilution of 1:2,000 for visualiza-
tion of astrocytes. The sections were then incubated for
1 h with anti-mouse secondary antibody (1:200; Vector
Laboratories, Burlingame, CA, USA). Bound secondary
antibody was then amplified with a Vector Elite ABC kit
(Vector Laboratories). The sections were subsequently
incubated with avidin-biotin-peroxidase complex (1:100;
Vector Laboratories) for 1 h at room temperature. Immu-
noreactivity was visualized by incubating the sections in
a solution consisting of 0.05% 3,3"-diaminobenzidine
(DAB) and 0.01% H,0, in 50 mM Tris buffer (pH 7.6) for
approximately 3 min. The sections were then mounted
on gelatin-coated glass slides. The slides were air-dried
overnight at room temperature, and the coverslips were
mounted using Permount [13].

Pictures that were taken under high magnification
fields of view (400 x) were analyzed using the professional
image analysis software, ImagePro Plus 6.0 (IPP6.0).
First, we used IPP6.0 to analyze a group of pictures with
positive staining areas and typical significance. Accord-
ing to the characteristics of positive immunohistochemi-
cal staining of each protein, we chose the definite areas
of these pictures and calculated the IOD in these areas.
After the adjusting for operation, we confirmed and
saved the installation parameters used for measurement.
Then the operative procedure and installation param-
eters would be saved as a “setting” By operating this
setting, we could use the photodensitometry to analyze
all the pictures at the same installation parameters. We
used the IOD to represent the grain density of each pro-
tein in those pictures, so it could reflect and represent the
expression of each protein.

RNA preparation and RT-PCR for GFAP and GAP-
43 mRNA expression

Total RNA was isolated from the brain using the TRIzol
reagent (Carlsbad, USA), then separated with chloro-
form (J.T. Backer) and precipitated with isopropanol
(J'T. Backer). The obtained RNA pellet was washed once
with 75 % ethanol and once with 100 % ethanol to ensure
complete dehydration. The RNA was then dissolved in
diethylpyrocarbonate-treated water, and its concentra-
tion was determined by measuring the absorbance at 260
and 280 nm using a spectrophotometer (ND-1000, Nano-
Drop). First-strand cDNA was reverse-transcribed using
1 mg of RNA template, Moloney murine leukemia virus
reverse transcriptase and appropriate oligo-dT primers.
Quantitative real-time polymerase chain reaction (PCR)
was performed using a Bio-Rad iQ5 real-time detection
machine (Bio-Rad Laboratories Inc., Hercules, CA). The
reactions were carried out in a final volume of 12.5 ml
containing the cDNA template, forward and reverse
primers for each gene and SYBRH Green Real-time PCR
Master Mix (TOYOBO). The primers used for amplifica-
tion were listed in Table 1-2 [14].

Table 1 Primer sequences used for real-time polymerase
chain reaction of GEFAP

Gene Forward primer (5’-3’) Reverse primer (5'-3’)
GFAP GCCCACCAGTAACATGCA CAGTTGGCGGCGATAG
[B-action GCCAACACAGTGCTGTCT AGGAGCAATGATCTTG

Table 2 Primer sequences used for real-time polymerase
chain reaction of growth-assisted protein (GAP)-43 mRNA

Gene Forward primer (5’-3’) Reverse primer (5'-3’)
GAP CCAGCCAAGGAGGAGCCT AGCCTCGGGGTCTTCTTT
B-action  GCCAACACAGTGCTGTGTCT AGGAGCAATGATCTTGAT

Statistical analysis

The statistical analyses were performed with SPSS soft-
ware, version 18.0 for Windows (SPSS Inc., Chicago, IL).
Values of all variables are presented as mean and stan-
dard deviation. One-way analysis of variance (ANOVA)
with Tukey’s HSD as posthoc test and LSD-t test were
used to determine the effects of different treatments. A
P-value <0.05 was considered as the level of statistical
significance. The litter was used as the statistical unit.

Results

Effects of NP on body weight and level of
hemoglobin in pups

Compared with the negative control, the body weight of
pups significantly decreased in the 25, 50 or 100 mg/kg
NP-treated groups on PND 3, PND 7 (week 1), PND 14
(week 2), PND 21 (week 3), PND 42 (week 6), and PND 56
(week 8) (p<0.05) (Fig. 1).

In contrast to the negative control group, the levels
of hemoglobin in pups significantly decreased in the
100 mg/kg NP-treated group on PND 30 and PND 60
(p<0.05) (Fig. 2).

Effects of NP on serum hormone levels in pups

At PND 21, serum testosterone (TT) level decreased
with the increase in the NP exposure dose in a dose-
dependent manner (r=-0.417, p<0.05). Compared
with the negative control, serum TT level significantly
decreased in the 50, 100 mg/kg NP-treated groups
(p<0.01). Estradiol (E,) level was increased with the
increase of NP-treated concentration, a dose-effect
relationship was revealed (r=0.462, p<0.01), oral expo-
sure to NP at doses 100 mg/kg/day showed statistically
significant effect on E, level in pups compared with the
control (p<0.05) (Table 3).

428 Mechanism of nonylphenol-induced neurotoxicity in F, rats during sexual maturity

@ Springer



original article

200
O 1 ,
180 | omg/kg
160 |~ 25me/ke //I
110 | 50me/ke W/
|-~ 100mg/ke] /4

120 /

100 /;,//
e .

60 /

10 A

20 et

day3

weekl week2 week3 weekG week8

Fig. 1 Effects of nonylphenol on body weight in pups
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Fig. 2 Effects of nonylphenol on hemoglobin level in pups

Effects of NP on apoptosis in hippocampus of
pups

Based on visual estimation, at both PND 21 and PND
60, about 90% of the cells stained with trypan blue,
brownish apoptotic cells were rarely present in hip-
pocampus in the control and low-dose NP treatment
group, whereas increased number of brownish apop-

Table 3 The effects of nonylphenol on serum testosterone
level and estradiol in different treatment groups of pups
(x £ s, ng/ml)

Group N Testosterone Estradiol

C 15 0.68+0.33 6.67+2.89

L 15 0.56+0.20 5.87+£3.78
M 15 0.43+0.22° 7.52+3.12
H 15 0.38+0.15" 10.84 +3.45"
Fvalue — 4.657 6.450

Pvalue — 0.006 0.001

C control, L low dose, M middle dose, H high dose
ANOVA: vs control “p<0.05,"p<0.01
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Fig. 3 The effects of nonylphenol on apoptosis expression in
the hippocampus of pups at postnatal day (PND) 21 by TUNEL
(x200) (C-control, L-low dose, M-middle dose, H-high dose)
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Fig. 4 The effects of nonylphenol on apoptosis expression in
the hippocampus of pups at postnatal day (PND) 60 by TUNEL
(x200) (C-control, L-low dose, M-middle dose, H-high dose)

totic cells were present in the high-dose NP treatment
group (Fig. 3-4).

At both PND 21 and PND 60, offspring rats exposed
to 100 mg/kg/day NP revealed higher rates of apoptosis
than the control (p<0.01). At these two time points, both
positive correlations between NP exposure dose and
apoptotic rates were observed (r=0.836, 0.521, p<0.05).
Apoptotic rates in different treatment groups at PND
21 were greater than that at PND 60 (t=3.331, p<0.05)
(Table 4).
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Table 4 The effects of nonylphenol on apoptotic rate in the
hippocampus of pups in different treatment groups by TU-
NEL (x £ 5, %)

C 24 4.45+1.32 3.68+0.34
L 24 4.42+1.06 3.71+.85
M 24 5.05+.92 469+1.4
H 24 8.08+1.27" 5.48+1.25
Fvalue — 18.173 5.329
Pvalue — 0.000 0.000

C control, L low dose, M middle dose, H high dose
ANOVA: vs control “p<0.05,"p<0.01

H

Fig. 5 Effects of nonylphenol on GFAP protein expression at
postnatal day (PND) 21 in the hippocampus of pups by im-
munohistochemistry (200 x) (C control, L low dose, M middle
dose, H high dose)

Effects of NP on GFAP in the hippocampus of
pups

Alterations in GFAP protein expression

GFAP positive cells was rarely present with shorter cell
processes in both control and low-dose experimental
animals. In contrast, the astrocytes in high-dose experi-
mental animals displayed larger cell body, increased
number of GFAP positive cells distributed densely with
spider-like shape, longer cell processes, dark stained
(Fig. 5-6). With the increase of dose, the number of GFAP
positive cells increased gradually with brown stain in
cytoplasm, resembling “spider-like’} at PND 60 com-
pared with PND 21 (Fig. 7).

Both the number of GFAP positive cells and I0D were
much higher in animals exposed to 100 mg/kg/day NP
than that found in the control animals at both PND 21

M
Fig. 6 Effects of nonylphenol on GFAP protein expression at
postnatal day (PND) 60 in the hippocampus of pups by im-

munohistochemistry (200 x) (C control, L low dose, M middle
dose, H high dose)

b

Fig. 7 The comparison in GFAP protein expression in the hip-
pocampus of pups by immunohistochemistry (400x) (21C-
control at postnatal day (PND) 21, 21 H- high dose (100 mg/
kg/day) at PND 21, 60 C- control at PND 60, 60 H- high dose
(100 mg/kg/day) at PND 60)

and PND 60; a dose-effect relationship between NP
exposure dose and the number of GFAP positive cells
was found (r=0.736, 0.679, p<0.05); similarly, positive
correlation between NP exposure dose and IOD was also
observed (r=0.802, 0.603, p<0.05). The number of GFAP
positive cells at PND 21 in different treatment groups was
lower than that at PND 60 (t=-5.525, p<0.05) (Table 5).
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Table 5 The effects of nonylphenol on GFAP protein ex-
pression in the hippocampus of pups by immunohisto-
chemistry (x £s,n=8)

Treat- Positive cell number 21d 60d  Integral optical density 21d 60d
ment

C 10.12+1.72 12.50+1.06 120.00+15.55 166.37+19.74
L 10.75+1.66 14.25+2.81 125.12+15.66 165.62+43.06
M 12.00+2.72 16.37+4.62 150.12+33.47° 178.00+45.03
H 16.12+2.41" 20.25+3.77" 206.62+31.52" 254.75+64.61
F

12.240 7.975 19.369 6.923
value
P 0.000 0.001 0.000 0.001
value

C control, L low dose, M middle dose, H high dose
ANOVA: vs control “p<0.05,"p<0.01

Table 6 The glial fibrillary acidic protein (GFAP) mRNA ex-
pression of in the hippocampus of pups by real-time poly-
merase chain reaction (x s, n=5)

Treatment 21d 60d

(6 2.90+0.85 3.65+1.02
L 2.78+0.57 3.87+0.68
M 3.86+1.54 5.13+2.03
H 4.77+1.36" 6.79+.64"
Fvalue 3.257 6.842
Pvalue 0.049 0.004

Effects of NP on GAP-43
C control, L low dose, M middle dose, H high dose
ANOVA: vs control “p<0.05

Detection of GFAP mRNA expression by real-time
PCR

In contrast to the control group, GFAP mRNA expressions
increased at high dose (100 mg/kg/day) at both PND
21 and PND 60, differences were statistically significant
(p<0.05). There was a positive correlation between GFAP
mRNA expression and NP exposure dose at PND 21 or
PND 60 (r=0.586, 0.737, p<0.05) (Table 6).

Alterations in GAP-43 protein expression

Approximately 80 % of GAP-43 positive cells were present
with brown stain in cytoplasm, distributed densely, in
both control and low-dose NP-treated group. In contrast,
fewer GAP-43 positive cells were present with light stain
in cytoplasm at high doses (100 mg/kg/day). With the
increase of dose, the number of GAP-43 positive cells in
hippocampus of pups decreased increasingly (Fig. 8-9).
Both the number of GAP-43 positive cells and I0D
were much lower at high dose (100 mg/kg/day) than the
control at both PND 21 and PND 60, differences were
statistically significant (p<0.05). The number of GAP-43
positive cells was negatively correlated with the NP expo-
sure dose (r=-0.562, —0.649, p<0.05) at these two time
points. Inverse dose-effect relationships between 10D
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Fig. 8 Effect of nonylphenol on GAP-43 protein expression
at postnatal day (PND) 21 in the hippocampus of pups by im-
munohistochemistry (200 x) (C control, L low dose (25 mg/kg/
day), M middle dose (50 mg/kg/day), H high dose (100 mg/
kg/day))
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Fig. 9 Effect of nonylphenol on GAP-43 protein expression
at postnatal day (PND) 60 in the hippocampus of pups by im-
munohistochemistry (200 x) (C control, L low dose (25 mg/kg/
day), M middle dose (50 mg/kg/day), H high dose (100 mg/
kg/day))

and NP exposure dose were observed at both PND 21 and
PND 60 (r=-0.814, —0.605, p<0.05) (Table 7).

Detection of GAP-43 mRNA expression by real-
time PCR

GAP-43 mRNA expressions in the hippocampus of pups
decreased dramatically at high dose (100 mg/kg/day)
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Table 7 The effects of nonylphenol on GAP-43 protein ex-
pression in the hippocampus of pups by immunohistochem-
istry (x £ 5, n=8)

Treat- Positive cell number 21d 60d  Integral optical density 21d 60d
ment

C 16.37+2.50 14.75+218 141.50+12.00 111.62+9.73
L 15.25+3.15 1537+2.56 142.12+10.31 116.50+17.50
M 13.50+3.96 12.62+2.38 121.00+17.98" 101.00+10.28
H 11.00+£2.92° 10.00+2.26" 97.00+8.29"  90.25+9.00"
F 4.334 8.514 22.652 7.432

value

P 0.012 0.000 0.000 0.001

value

C control, L low dose, M middle dose, H high dose
ANOQVA: vs control "P<0.05,"P<0.01

Table 8 The expression of GAP-43 mRNA in the brain of
pups by real-time polymerase chain reaction (=6, X £ )

Treatment  Hippocampus 21d 60d Cortex 21d 60d

C 490+1.28 4.04+245 557+098 4.47+1.30
L 354+087 427+0.86 5.84+1.75 4.59+0.99
M 3.90+242 306+1.51 357+1.11" 3.32+1.35
H 1.69+0.78 147045 256+0.74 1.64+0.65
Fvalue 4.049 3.500 8.579 7.515
Pvalue 0.026 0.040 0.001 0.002

C control, L low dose, M middle dose, H high dose
ANOVA:vs control ‘p<0.05

at both PND 21 and PND 60 compared with the control
(p<0.05), there was no significant difference between
low- and middle-dose NP-treated groups and the control
(p<0.05). Negative correlations between GAP-43 mRNA
expression and NP exposure dose were discovered at
both PND 21 and PND 60 (r=0.616, —0.598, p<0.05)
(Table 8).

Discussion

In the present study, we carried out a series of toxicologi-
cal tests and demonstrated the weak estrogen-like effects
of NP could induce adverse alterations in brain devel-
opment in F, rats. Exposure to NP can inhibit neuronal
development and differentiation such as neurite growth
and synapse formation, resulting in reductions in neuro-
trophic factor-GAP-43 expressions. Additionally, NP can
cause GFAP overexpression and alterations in the mor-
phological structure of astrocytes, these changes lead
further to neuronal apoptosis in hippocampus of pups.
We conclude that these adverse alterations induced by
NP contribute to NP neurotoxicity in F, rat.

Our findings of a negative effect of NP on sex hor-
mone levels (i.e., E, and TT) in pups were in accordance
with our previous reports [8]. Prior studies [8, 10, 11, 15]
demonstrated that long-term exposure to low-dose hor-
mones could have the potential to perturb neurobehav-

ioral system (e.g., emotion and cognitive behaviors) of
the offspring of experimental animals. Combining the
changes of dam exposed to 100 mg/kg/day with the ear-
lier study we postulate that alterations in TT and E, level
in hippocampus of pups can induce changes in hormone
levels, these changes have further effects on nerve cell
differentiation such as neurite outgrowth, synaptogen-
esis, neurotransmitter expression, and cell proliferation
and death. Changes in hormone levels may contribute to
the abnormal expression of certain genes in nerve cells,
which might be implicated in the CNS dysfunction.

Our results showed that apoptotic rate was positively
correlated with NP exposure dose, whereas an inverse
correlation between NP concentration and learning and
memory capacity in pups was observed. Previous studies
have suggested that NP can cause apoptosis in sperm in
vitro, thymic cells and human embryonic stem cells [16-
18]. NP neurotoxicity was associated with apoptosis in rat
brain cells [19], the deleterious effects of NP on nerve cells
in rat offspring have not been elucidated. The influence
of memory ability is thought to involve the nervous sys-
tem. It is clear that learning and memory and hippocam-
pus appear to be closely associated. The hippocampus
plays an important role in long-term memory, learning
processes and spatial navigation. Increase in apoptotic
rate and decrease in learning and memory capacityin the
hippocampus of pups can be associated with NP expo-
sure [3]. We postulate that NP can pass through the pla-
centa and/or blood-testis barriers to induce impairment
of neurocytes, and result in the influence on learning and
memory function in male offspring rats.

GFAP is a major protein of astrocyte intermediate
filaments and a specific marker for astrocytes. Changes
in levels of GFAP can reflect pathological regulation of
neuronal function, survival and abnormal synaptogen-
esis, and neurotransmission. Exposure to NP can lead to
increase in the number of astrocytes, resulting in astro-
cytes dysfunction. The proliferous astrocytes can inter-
fere with functional interactions between neurons and
astrocytes, which cause signal transmission efficiency
reduction. Previous studies related to the adverse effects
of NP on GFAP were sparse; only one study conducted by
Yokosuka et al. (2008) [20], the results indicated that not
only E, but also the environmental estrogenic chemicals,
NP and bisphenol A (BPA), affect development of fetal
rat hypothalamic cells in vitro. Yokosuka’s study focused
on the effects of the joint exposure of multiple endocrine
disruptors rather than exclusive NP exposure on GFAP in
hippocampus. In our study, the number of GFAP positive
cells in the hippocampus of pups at PND 60 in exclusive
NP-treated groups was higher than that at PND 21; the
results demonstrated that the negative effects of NP on
CNS in F, rats still remain notwithstanding the lack of
NP exposure during the weaning period. NP can cause
irreversible astrocytes damage. Our study observed a
decrease in learning and memory function in pups dur-
ing weaning period. These neurobehavioral changes
were consistent with GFAP positive cells expression alter-
ations in pups. The results have clearly demonstrated
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that neurotoxicity of NP in F, rats following subchronic
(GD6~PND21) high-dose oral exposure might be related
to an increase in GFAP expression.

Many previous studies in animals have reported that
GAP-43 played a major role in neuronal growth, synapse
formation, and signal transduction [21, 22]. GAP-43 was
closely associated with learning and memory function
[23]. However, effects of NP exposure on GAP-43 have not
been reported so far. In order to explore the neurotoxic-
ity of NP to CNS, especially among offspring, from the
perspective of growth-associated nutritional factors, this
is the first study reporting the effects of NP on GAP-43
mRNA expression in hippocampus in F, rats. Exposure to
NP during gestation and lactation induced the decreases
in GAP-43 mRNA expression. A negative correlation
between GAP-43 mRNA expression in hippocampus
and NP exposure dose was discovered. The mechanism
that involves the effects of GAP-43 expression on learn-
ing and memory capacity is still obscure, we postulated
that the mechanism may result from the following: GAP-
43 is an intrinsic determinant of neuronal development
and plasticity. GAP-43 has important roles as a marker of
age-dependent deterioration of synaptic plasticity in the
body, especially in those areas of the brain involved in
memory and emotional behavior [24]. Additionally, GAP-
43 plays an important role in the process of Ca**-induced
noradrenaline release [25]. Exposure to NP during gesta-
tion might interfere with many links of the growth and
development of neurones via inhibiting GAP-43 mRNA
and protein expression. These links include signal trans-
duction, release of neurotransmitters, synaptic plasticity,
Ca* signal transduction, phospholipid metabolism, and
release of monoamine transmitters. These interferences
can lead to learning and memory impairment in male rat
offspring. These impairments induced by NP in CNS in
childhood could persist into adulthood, GAP-43 expres-
sion in hippocampus in pups could not return to the nor-
mal levels after NP exposure has ceased, the learning and
memory capability could not fully recovered either. This
illustrates that at the cessation of NP exposure in pups
after weaning, the accumulation concentrations of NP
in pups’ brains could not be completely removed until
adulthood. The adverse effects of NP on pups’ nervous
systems might persist into adulthood.
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