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Abstract
Although numerous studies have examined the neurotoxicity of acrylamide in adult animals, the effects on neuronal development in the 
embryonic and lactational periods are largely unknown. Thus, we examined the toxicity of acrylamide on neuronal development in the 
hippocampus of fetal rats during pregnancy. Sprague-Dawley rats were mated with male rats at a 1:1 ratio. Rats were administered 0, 5, 10 
or 20 mg/kg acrylamide intragastrically from embryonic days 6–21. The gait scores were examined in pregnant rats in each group to ana-
lyze maternal toxicity. Eight weaning rats from each group were also euthanized on postnatal day 21 for follow-up studies. Nissl staining 
was used to observe histological change in the hippocampus. Immunohistochemistry was conducted to observe the condition of neurites, 
including dendrites and axons. Western blot assay was used to measure the expression levels of the specific nerve axon membrane protein, 
growth associated protein 43, and the presynaptic vesicle membrane specific protein, synaptophysin. The gait scores of gravid rats signifi-
cantly increased, suggesting that acrylamide induced maternal motor dysfunction. The number of neurons, as well as expression of growth 
associated protein 43 and synaptophysin, was reduced with increasing acrylamide dose in postnatal day 21 weaning rats. These data suggest 
that acrylamide exerts dose-dependent toxic effects on the growth and development of hippocampal neurons of weaning rats.
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Graphical Abstract

Effects of acrylamide on neuronal development in weaning rats

Introduction
Acrylamide (ACR) is a water-soluble vinyl monomer used 
to synthesize polyacrylamide, which has broad applications 
in the petrochemical, water treatment, paper making, textile 
manufacturing and scientific research fields (Exon, 2006; 
Doerge et al., 2008). Although polyacrylamide is not consid-
ered toxic, ACR compounds can often contain traces of tox-
ic monomers (Lipworth et al., 2012). For example, monoac-
rylamide was reported to exhibit neurotoxicity, reproductive 
toxicity and carcinogenicity in various animal species (Leh-

ning et al., 2003; Sen et al., 2015). This has drawn extensive 
global interest as ACR was detected during the processing 
of starchy food treated at a temperature > 120°C (Lingnert, 
et al, 2002). The average daily intake of ACR for adults is 
approximately 0.5 μg/kg body weight (WHO, 2002; Sansano 
et al., 2017). Interestingly, children may have two to three 
times more ACR than adults, as their relative intake may 
be increased by increased snacking and lower body weights 
(Konings et al., 2003; Svensson et al., 2003; Garey et al., 
2005). Given this increasing risk of ACR exposure in chil-
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dren, it is important to assess the potential toxic effects of 
ACR on nervous system development.

In adult studies, ACR exposure is known to cause axonal 
neuropathy, which can affect both the central and peripheral 
nervous systems, and is associated with ataxia, weight loss 
and skeletal muscle weakness. The main pathological char-
acteristics of ACR exposure involve distal axon swelling and 
degeneration. However, the effects of ACR exposure during 
embryonic mammalian development remain unclear (Exon, 
2006; Manuela et al., 2013).

The neural stem cells in the hippocampal dentate gyrus of 
the adult mammalian brain retain the ability to produce and 
incorporate new neurons, termed adult neurogenesis. The 
process of hippocampal neurogenesis includes the prolifera-
tion of stem cells, differentiation of progenitor cells, migra-
tion of newborn neurons, synaptic growth and axon forma-
tion of pyramidal cells in the cornus ammonis 3 zone (Zhao 
et al., 2006; Toni et al., 2007, 2008). Growth associated pro-
tein 43 (GAP-43) is regarded as a key factor related to neural 
regeneration (Benowitz et al., 1997). Mcphail et al. (2004) 
reported that GAP-43 expression resulted from the recom-
bination of proteins, and was strongly associated with axon 
regeneration and functional reconstruction. As a specific 
molecular marker of synaptic remodeling, synaptophysin 
(SYP), a glycoprotein distributed on the membrane of syn-
aptic vesicles, is strongly associated with neurotransmitter 
release, synaptic vesicle recycling and synaptogenesis (Derk-
sen et al., 2007; Kwon et al., 2011). SYP is important for 
synaptic formation and synaptic maintenance, and its con-
tent reflects the number of synapses (Navratil et al., 2009). 
As such, changes in SYP expression may reflect changes in 
nerve transmission. In the present study, we investigated the 
toxic effects of ACR exposure on neuronal development in 
the hippocampus of weaning rats by measuring GAP-43 and 
SYP expression.

Materials and Methods
Animals and experimental design
Thirty-two male and 32 female specific-pathogen-free 
Sprague-Dawley rats aged 5 weeks and weighing 150–180 g 
were provided by the Guangdong Medical Laboratory Ani-
mal Center, China (license No. SCXK (Yue) 2008-0002). All 
rats were maintained under controlled conditions at 24 ± 1°C 
and a relative humidity of 55 ± 5% in a 12-hour light/dark 
cycle, and were allowed free access to chow and water.
The study protocol was approved by the Animal Ethics 
Committee of Guangdong Pharmaceutical University of 
China (approval No. GDPULAC2012117). The experimen-
tal procedure followed the United States National Institutes 
of Health Guide for the Care and Use of Laboratory Animals 
(NIH Publication No. 85-23, revised 1986). All efforts were 
made to minimize animal suffering and reduce the number 
of animals.

The female rats were mated 1:1 with males after accli-
mation for 1 week. We checked daily for vaginal plugs, the 
presence of which indicated day 0 of pregnancy. Thirty-two 
pregnant rats were randomly divided into four groups (n = 

8 per group) before drug administration. Rats in each group 
were treated by intragastric administration. Control group 
animals received 0.9% saline, while rats in the 5, 10 and 20 
mg/kg ACR groups were treated with 5, 10 and 20 mg/kg 
ACR (analytical grade, 99.9%; Yongda Inc., Tianjin, China), 
respectively. Intragastric administration was repeated daily 
for 15 days from pregnancy days 6–21 (the neural tube is 
generated from the 6th day of pregnancy, while rats are born 
on the 21st day). The optimal dose of ACR was chosen based 
on a previous study, with modifications, which described 
developmental gait disorders induced by exposure to similar 
ACR concentrations in female rats (Takahashi et al., 2008; 
Ma et al., 2011; Yao et al., 2014). After the dams gave birth, 
eight pups were randomly selected from each group for 
follow-up experiments. The general situation of gravid rats 
and offspring was closely monitored, and the body weight 
was recorded weekly during pregnancy and in offspring. At 
postnatal day 21, the weaning rats were euthanized under 
general anesthesia, and in each group, the brains were either 
fixed and paraffin-embedded for immunohistochemistry (n 
= 8 per group) or collected for western blot assay (n = 8 per 
group). 

Gait scores
In each pregnant rat, the gait scores were examined week-
ly for 5 weeks (from the 6th day of pregnancy), following a 
previously described method (Noble et al., 2005; Ogawa et 
al., 2012; Prasad and Muralidhara, 2013). In brief, rats were 
placed individually on an empty flat surface and observed 
for 3 minutes to assign subjective gait scores divided into 
four levels, as follows: Level 1: the rat was active and not 
affected (score 1); level 2: the rat was slightly affected and 
characterized by weakness, mild ataxia and foot splay (score 
2); level 3: the rat was moderately affected and characterized 
by reduced activity and obvious foot splay with limb spread 
during ambulation (score 3); level 4: the rat was severely 
affected and displayed reduced activity, obvious foot splay 
with limb spread during ambulation, inability to support 
body weight, dragging of the hind-limbs and inability to rear 
(score 4). 

Nissl staining of hippocampal neurons
Brain tissues from postnatal day 21 weaning rats were fixed 
in neutral formalin, dehydrated in graded ethanol and em-
bedded in paraffin. Paraffin-embedded brain coronal sec-
tions (5 μm thick) were dewaxed with xylene and rehydrated 
in graded ethanol. The sections were washed three times 
with distilled water, and then stained with 1% toluidine blue 
at 60°C for 40 minutes, or with Cresyl violet at 60°C for 30 
seconds. The stained sections were dehydrated in graded 
ethanol solutions, permeabilized with xylene, mounted with 
neutral balsam (Yiyang Inc., Shanghai, China) and pho-
tographed with a Zeiss microscope (Baden Wurttemberg, 
Germany). Optical density values of positive staining were 
determined and the positive expression area fraction in 
full field image was calculated. These procedures were per-
formed using ImageJ software (National Institutes of Health, 
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Bethesda, MD, USA). 

Immunohistochemistry
Paraffin-embedded brain coronal sections (5 μm thick) from 
postnatal day 21 weaning rats were also used for immuno-
histochemistry. The sections with intact hippocampi were 
dewaxed with xylene and rehydrated in graded ethanol solu-
tions, followed by heat-mediated antigen retrieval using 0.01 
M citrate buffer (trisodium citrate dihydrate, citric acid, pH 
6.0) in a microwave at 95°C. Endogenous peroxidase activity 
was quenched by incubation in 3% hydrogen peroxide in 
phosphate buffer saline (PBS) for 30 minutes, and sections 
were washed in PBS for 5 minutes. Sections were incubated 
for 1 hour in blocking solution (10% albumin from bovine 
serum) at room temperature, and then incubated overnight 
with rabbit SYP polyclonal antibody (A6344; ABclonal Inc., 
Boston, MA, USA) or rabbit GAP-43 polyclonal antibody 
(A6376; ABclonal Inc.) in blocking solution at 4°C (using 
PBS as negative control). Sections were then washed in PBS 
and incubated with horseradish peroxidase AffiniPure goat 
anti-rabbit IgG (Earthox LLC, San Francisco, CA, USA) 
for 40 minutes at 37°C. Sections were washed with PBS, 
incubated for 2 minutes in a solution of 0.02% diamino-
benzidine, rinsed in distilled water, counterstained with 
hematoxylin for 1 minute, mounted with neutral balsam 
and then photographed with a Zeiss microscope (Baden 
Wurttemberg, Germany). The optical density value of pos-
itive expression was measured by ImageJ software, and the 
positive expression area fraction in the full field image was 
calculated. All procedures were performed in three different 
sections for each animal, and the mean value was used for 
analysis.

Western blot assay
For western blot assay, the hippocampal tissues from post-
natal day 1 rat brains were isolated and homogenized in ice-
cold radioimmune precipitation assay lysis buffer (Beyotime 
Inc., Jiangsu, China). The homogenates were centrifuged at 
12,000 revolutions per minute for 15 minutes at 4°C, and the 
supernatants then collected for protein concentration using 
the BCA-100 protein assay kit (KeyGen BioTECH, Nanjing, 
China). An equal concentration of protein (20 μg) from each 
sample was boiled for 10 minutes in 5 × sodium dodecyl 
sulfate buffer (Jetway Biotech, Guangzhou, China), and then 
loaded onto 12% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis and transferred onto polyvinylidene fluoride 
membranes (Bio-Rad, Hercules, CA, USA). The membranes 
were blocked with 5% non-fat milk powder for 60 minutes 
at 37°C, and then incubated overnight at 4°C with rabbit 
SYP polyclonal antibody (1:1,000 dilution; A6344; ABclonal 
Inc.) or rabbit GAP-43 polyclonal antibody (1:1,000 dilu-
tion; A6376; ABclonal Inc.). 

After incubation with horseradish peroxidase AffiniPure 
goat anti-rabbit IgG (Earthox LLC) in a recommended di-
lution of 1:100,000, the relative levels of protein expression 
were detected with the Sper ECL Assay Kit (Earthox LLC) 
using rabbit anti-β-tubulin (AC008; ABclonal Inc.) as an 

internal control. For data analysis, quantification of relative 
protein levels was presented as gray values, and the ratio 
of target protein in each group to β-tubulin was measured. 
The ratio of target protein to β-tubulin in the control group 
was set as a reference, and this ratio was compared with the 
control group. Image analysis was performed with ImageJ 
software.

Statistical analysis
All analyses were performed using SPSS 23.0 statistical soft-
ware (IBM, Armonk, NY, USA).All data are presented as the 
mean ± SEM (n = 8 per group). One-way analysis of vari-
ance followed by Tukey post hoc test was used for statistical 
analysis. Statistical significance was set to α = 0.05. 

Results
Effects of body weight and gait scores induced by ACR
As shown in Figure 1A, there was no difference in body 
weight between the groups at the beginning of ACR expo-
sure (P > 0.05). However, there was a significant decrease in 
the mean body weight in the ACR 20 mg/kg group at week 
3 compared with the control group (P < 0.05). The mean 
body weight in the ACR 20 mg/kg group was significantly 
decreased from 3 weeks until the end of the experiment (P 
< 0.01). At the end of the experiment, the average weight of 
the rats in the ACR 10 mg/kg group was decreased by 15.7% 
compared with the control group, while the body weight of 
rats in the ACR 20 mg/kg group was reduced by 23.7% (P < 
0.01). A similar phenomenon occurred in weaning rats (P < 
0.01) (Figure 1B). 

There was no significant difference in gait scores between 
the control group and the ACR 5 mg/kg group at any time (P 
> 0.05). However, compared with controls, gait scores were 
significantly increased in the ACR 10 mg/kg group (1.50 ± 
0.53; P < 0.01) in the 5th week. Furthermore, in the ACR 20 
mg/kg group, gait scores were significantly increased in the 
3rd week of intragastric treatment (1.63 ± 0.52; P < 0.01), and 
progressively increased with time (5th week: 3.63 ± 0.52; P < 
0.01 vs. control group) (Figure 1C).

Results of Nissl staining on hippocampal neurons
The Nissl body is a specific chromatophilic substance found 
within the cytoplasm of neuronal dendrites. The Nissl bod-
ies generally have a fixed form, although their morphology 
can change or even disappear with brain injury. Thus, the 
presence and distribution of neurons and their pathological 
changes can be identified by the morphology of Nissl bodies 
(Pullen, 1990; Niu et al., 2015). The arrangement of neural 
cone cells which were one of the components of the cerebral 
cortex in the hippocampal dentate gyrus was compact with 
cells for 4 or 5 layers. Furthermore, the neuronal cell bodies 
were large, with pale and uniform staining of the cytoplasm. 
The nuclei were also large and round, and all cells showed 
deep dye staining (Li et al., 2015). As shown in Figure 2, fol-
lowing ARC treatment, hippocampal neurons showed a dis-
ordered arrangement, with fewer layers and less cells com-
pared with the control group. Neurons also showed a ‘fuzzy’ 
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body edge with reduced cellular integrity, mild cell body 
staining and loss of part of the Nissl bodies. The severity of 
these changes increased with increasing ACR concentration.

Dose-dependent changes in hippocampal GAP-43 
expression
GAP-43 is a phosphorylated protein specifically expressed 
on the neuronal cell membrane, and is important for ad-
justing neuronal responses to axonal guidance signaling in 
neuronal development, as well as axon growth and struc-
ture. As such, GAP-43 is a widely used molecular marker of 
neuronal development (Chirwa et al., 2005). There was no 
difference in the volume of GAP-43-immunoreactive cells 
between the control group and ACR 5 mg/kg group in the 
hippocampal dentate gyrus at postnatal day 21 (Figure 3). 
However, GAP-43 levels were significantly decreased in the 
ACR 10 mg/kg group (P < 0.05), and even further reduced 
in the ACR 20 mg/kg group (P < 0.01 vs. ACR 10 mg/kg 
group). Western blot assay results showed a similar trend 
(Figure 4). GAP-43 expression in ACR 20 mg/kg group was 
decreased significantly (P < 0.01 vs. control group).

ACR inhibited SYP expression in the hippocampal 
dentate gyrus
SYP is a calcium-binding glycoprotein (molecular weight of 
38 kDa) that forms an abundant integral membrane protein 
constituent of neural synaptic vesicles (Evans et al., 2005; 
Rossetti et al., 2016). In control animals, SYP immunore-
activity was mainly found in the dentate gyrus granular 
layer of the synapses, but not in the nucleus. Image analysis 
showed that compared with the control group, there was a 
significant reduction in SYP-immunoreactive neurons in the 
hippocampal dentate gyrus in the ACR 20 mg/kg group (P < 
0.05), but not in other groups (Figure 5). Western blot assay 
results showed a similar trend (Figure 6). SYP expression in 
ACR 20 mg/kg group was decreased significantly (P < 0.01 
vs. control group).

Discussion
ACR neurotoxicity has been previously reported in adult an-
imal studies (Lopachin et al., 2012; Tian et al., 2015), which 
leads to axonal lesions in the central and peripheral nervous 
systems, with associated weight loss, skeletal muscle weakness 
and ataxia. The pathological features also include peripheral 
nerve axonal swelling and degeneration (Shi et al., 2012; He et 
al., 2017). In the present study, there were no obvious patho-
logical changes in gravid rats in the ACR 5 mg/kg group, 
while mild ataxia appeared in the ACR 10 mg/kg group and 
typical ataxia and hind limb weakness were observed in the 
ACR 20 mg/kg group. These findings are consistent with the 
clinical symptoms in patients with ACR toxicity and the pa-
thology observed to mature neurons. 

Nissl bodies are a characteristic structure in newborn 
neurons. Nissl bodies are mainly involved in protein synthe-
sis, and are essential for advanced brain activity, including 
learning and memory (Niu et al., 2008; Cheng et al., 2010). 
The expression of Nissl bodies is strongly associated with 

neuronal function. Neurons constantly utilize proteins 
during excitatory transmission, which requires new protein 
synthesis by Nissl bodies to prevent protein depletion. In the 
present study, we found a decrease in the number of Nissl 
bodies, and they showed light staining, after ACR exposure, 
reflecting partial inhibition of neuronal protein synthesis. 
These findings also suggest that the toxic effects of ACR on 
neuronal development may be associated with reduced neu-
ronal proliferation. Thus, a decrease in the number of new 
neurons and decreased protein synthesis may have an over-
all detrimental effect on newborn brain function. 

To verify this hypothesis, we tested two related markers, 
GAP-43 and SYP. Given that the expression level of GAP-43 
is related to neuronal growth (Lai et al., 2011), we used GAP-
43 protein expression to assess the function of hippocampal 
dentate gyrus neurons. Numerous studies have also shown 
that GAP-43 protein is important for promoting axonal elon-
gation and maintaining axonal morphology. Furthermore, 
GAP-43 protein was reported to be widely distributed at the 
tip of the synapse, but rarely in dendrites, suggesting that 
GAP-43 may modulate the transmission of neural signals. The 
axonal length of PC12 cells was also positively correlated with 
GAP-43 mRNA expression (Baetge et al., 1991; Benowitz et 
al., 1997), supporting a role in axonal growth. In the present 
study, the decreased expression of GAP-43 following ACR 
exposure suggests an impairment in neuronal development, 
including effects on axonal growth and synaptic inhibition. 

SYP is a marker of synaptogenesis during embryonic de-
velopmental. SYP is widely used as a specific marker of the 
presynaptic membrane, and for detection of the density and 
distribution of synapses (Cabalka et al., 1990; Dahlqvist et 
al., 2004). Previous studies have also reported that increased 
SYP levels are associated with increased synaptic develop-
ment (Leclerc et al., 1989; Liu et al., 2016). In the present 
study, long-term exposure to ACR may have caused reduced 
axonal and dendritic growth in developing hippocampal 
neurons, with associated functional changes. Indeed, a de-
crease in SYP expression may reflect a decrease in nerve 
transmission, which may have a detrimental effect on cogni-
tive and limb functions (Robinson et al., 2011).

Accumulating evidence also suggests that the proliferation 
and differentiation of neurons during hippocampal neuro-
genesis can be altered by deficits in GAP-43 and SYP during 
development (Groves et al., 2005; Xiao et al., 2015; Sakhark-
ar et al., 2016). Neurites, including axons and dendrites, are 
critical for the morphological and functional development 
of immature neurons. Abnormal expression of GAP-43 and 
SYP were previously reported to reflect central nervous sys-
tem dysfunction during early neuronal development (Wang 
et al., 2014; Williams et al., 2016). In turn, this may result 
in biochemical alterations in neural metabolism and axonal 
transport, as previously reported following ARC exposure 
(Honig and Rosenberg, 2000; LoPachin et al., 2004), which 
may be aggravated by decreased GAP-43 expression.

In summary, we found that fetal ACR exposure during 
pregnancy was associated with reduced expression of GAP-
43 and SYP in the hippocampus of postnatal day 21 off-
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spring, which may be associated with inhibition of neuronal 
proliferation and differentiation and synaptic function.
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Figure 1 Body weight and gait scores changes induced by acrylamide (ACR) exposure.
Gait scores were examined in pregnant rats from all groups from the 6th day of pregnancy for 5 weeks. (A, B) Body weight of gravid and weaning 
rats decreased with increasing exposure time (mean ± SD, n = 8, one-way analysis of variance followed by Tukey post hoc test). *P < 0.05, **P < 
0.01, vs. control group; #P < 0.05, vs. ACR 5 mg/kg group; ††P < 0.01, vs. ACR 10 mg/kg group. (C) Gait scores of gravid rats were increased with 
ACR exposure. The locomotion of gravid rats was impaired by ACR exposure (mean ± SD, n = 8, one-way analysis of variance followed by Tukey 
post hoc test). **P < 0.01, vs. control group; ##P < 0.01, vs. ACR 5 mg/kg group; ††P < 0.01, vs. ACR 10 mg/kg group. Higher gait scores represent 
increased motor function impairment. 

Figure 2 Nissl staining of hippocampal neurons of postnatal day 21 
weaning rats.
(A–D) Nissl staining of control and acrylamide (ACR) 5, 10 and 20 mg/
kg groups. Scale bars: 100 μm. (a–d) Higher magnification for boxes 
in A–D. Scale bars: 10 μm. The number of Nissl bodies decreased with 
increasing ACR concentration. (E) Percentage of positively stained area 
(%) in each field. **P < 0.01, vs. control group (mean ± SD, n = 8, one-
way analysis of variance followed by Tukey post hoc test). 

Figure 3 Percentage of positively stained area for growth associated 
protein 43 (GAP-43) in hippocampal neurons of postnatal day 21 
weaning rats.
(A–D) Immunoreactivity for GAP-43 in the control and acrylamide 
(ACR) 5, 10 and 20 mg/kg groups. Scale bars: 100 μm. (a–d) Higher 
magnification for boxes in A–D. Scale bars: 10 μm. Positively stained 
cells (brown dots) showing normal morphology and function of neu-
rons in the control group. Note that neurons in the ACR groups showed 
lighter staining and reduced GAP-43 numbers. The histogram in (E) 
shows the percentage of positively stained area (%). *P < 0.05, **P < 
0.01, vs. control group (mean ± SD, n = 8, one-way analysis of variance 
followed by Tukey post hoc test).
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