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Alteration of microRNA expressions in the pons and medulla in rats 
after 3,3′-iminodipropionitrile administration
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Abstract: Although 3,3′-iminodipropionitrile (IDPN) is widely used as a neurotoxicant to cause axonopathy due to accumulation of 
neurofilaments in several rodent models, its mechanism of neurotoxicity has not been fully understood. In particular, no information 
regarding microRNA (miRNA) alteration associated with IDPN is available. This study was conducted to reveal miRNA alteration 
related to IDPN-induced neurotoxicity. Rats were administered IDPN (20, 50, or 125 mg/kg/day) orally for 3, 7, and 14 days. Histo-
pathological features were investigated using immunohistochemistry for neurofilaments and glial cells, and miRNA alterations were 
analyzed by microarray and reverse transcription polymerase chain reaction. Nervous symptoms such as ataxic gait and head bobbing 
were observed from Day 9 at 125 mg/kg. Axonal swelling due to accumulation of neurofilaments was observed especially in the pons, 
medulla, and spinal cord on Day 7 at 125 mg/kg and on Day 14 at 50 and 125 mg/kg. Furthermore, significant upregulation of miR-547* 
was observed in the pons and medulla in treated animals only on Day 14 at 125 mg/kg. This is the first report indicating that miR-547* 
is associated with IDPN-induced neurotoxicity, especially in an advanced stage of axonopathy. (DOI: 10.1293/tox.2016-0019; J Toxicol 
Pathol 2016; 29: 229–236)

Key words: 3,3′-iminodipropionitrile (IDPN), microRNA, axonal swelling, axonopathy, neurotoxicity

Introduction

3,3′-iminodipropionitrile (IDPN), an industrial in-
termediate, is known as a potent neurotoxicant. IDPN in-
duces behavioral abnormalities in humans and experimen-
tal animals. The behavioral manifestation referred to as 
“waltzing syndrome,” which includes circling, repetitive 
head movements, and hyperactivity, has been reported in 
IDPN-treated rodents1–3. The neurotoxic effects caused by 
IDPN include proximal axonal neuropathy in the nervous 
system characterized by accumulation of neurofilaments4–7. 
Although IDPN has been widely used in neurotoxic mod-
els, its mechanism for brain impairment has not been fully 
understood.

microRNAs (miRNAs) are small noncoding RNAs 
(−25 nucleotides) that play significant roles in regulating 
a diversity of cellular and biological processes, including 

growth, development, differentiation, proliferation, the cell 
cycle, and cell death8–10. Recently, it has been reported that 
exogenous chemicals can alter miRNA expression profiles 
in the nervous tissues in association with neurotoxicity11–17. 
However, alteration of miRNA expression caused by IDPN 
has not been reported. The aim of this work was to inves-
tigate miRNA expression alterations that contribute to 
IDPN-induced neurotoxicity. Using an IDPN-induced rat 
neurotoxicity model, we observed nervous symptoms and 
performed histopathological examinations including immu-
nohistochemistry for neurofilaments and glial cells in addi-
tion to analysis of miRNA expression alterations in the pons 
and medulla, which are sites highly susceptible to IDPN, by 
microarray and RT-PCR (reverse transcription polymerase 
chain reaction).

Materials and Methods

All experiments were performed in accordance with 
the Guide for Animal Care and Use of Sumitomo Chemical 
Co., Ltd.

Animals and housing condition
Seventy-seven male Crl:CD(SD) rats (6 weeks old, 

specific pathogen free) were purchased from Charles River 
Laboratories Japan, Inc. (Shiga, Japan), and housed individ-
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ually in aluminum cages in a room kept at 24 ± 2°C and 40 
to 70% relative humidity with a 12-hr light–dark cycle. Tap 
water via automatic stainless steel nozzles and CRF-1 pel-
let diet (Oriental Yeast Co., Ltd., Tokyo, Japan) were freely 
available.

Experimental design
After a one-week acclimation period, rats were divided 

into 4 groups (14 or 21 animals per group). Each group was 
given repeated administrations of distilled water as the ve-
hicle or IDPN (>98% purity, Wako Pure Chemical Indus-
tries, Osaka, Japan) at 20, 50, or 125 mg/kg/day via oral ga-
vage. Observation points were set as 3, 7, and 14 days after 
administration for each dose group (4, 6, or 7 animals per 
observation point). Clinical symptoms were observed daily. 
Examination of auditory response by checking animals’ re-
sponses to auditory stimuli (metal clicker) and measurement 
of body weight were performed on Days 3, 7, and 14.

Tissue sampling
After observation periods, animals were anesthetized 

with isoflurane followed by exsanguination. The nervous 
tissues (brain, spinal cord, and sciatic nerve) were imme-
diately collected. The brains were weighed and sagittally 
cut. The left half-brains were fixed in 4% paraformaldehyde 
phosphate buffer solution for histopathology. The right half-
brains were regionally dissected, and the pons and medulla 
were frozen in liquid nitrogen and preserved at −80°C in a 
freezer for total RNA (including miRNA) extraction. Two 
rats from each group were perfused in situ (4% paraformal-
dehyde phosphate buffer solution) under deep anesthesia, 
and their nervous tissues were removed and immersed in the 
same solution for histopathology and immunohistochemis-
try.

Histopathology and immunohistochemistry
Fixed whole brains or half-brains were transversely cut 

at 4 levels (level 1, forebrain; level 2, center of the cere-
brum, including the hippocampus; level 3, cerebellum and 
pons; level 4, medulla), and spinal cords (cervical, thoracic, 
and lumbar) and sciatic nerves were embedded in paraffin, 
sectioned, stained with hematoxylin and eosin (HE), and 
microscopically examined. Paraffin-embedded perfused 
brains from animals sacrificed on Day 14 were subjected 
to immunohistochemistry using anti-glial fibrillary acidic 
protein (GFAP), anti-ionized calcium-binding adapter mol-

ecule 1 (Iba1), anti-Olig2, and anti-neurofilament 68 (NF-
68) antibodies. The staining conditions are listed in Table 1. 
After incubation with the primary antibodies, sections were 
treated with peroxidase-conjugated secondary antibody 
(Histofine Simple Stain MAX-PO, Nichirei, Tokyo, Japan). 
Signals were visualized with a DAB substrate kit (Nichirei).

miRNA microarray analysis
Total RNA extraction from the pons/medulla (Day 7, 

control and 125 mg/kg groups; Day 14, control, 50, and 125 
mg/kg groups) was carried out in accordance with the pro-
tocol for a mirVana miRNA Isolation Kit (Life Technolo-
gies, Carlsbad, CA, USA). Each total RNA sample in the 
control and 125 mg/kg groups on Day 14 was subjected to 
miRNA microarray analysis using a Rat miRNA Micro-
array Kit (miRBase Rel.16.0, Agilent Technologies, Santa 
Clara, CA, USA). The procedure was conducted basically in 
accordance with the manufacturer’s protocol (Version 2.0), 
and the Feature Extraction software (Version 10.7.3.1, Agi-
lent Technologies) was used to generate a quantitative sig-
nal value and a qualitative detection call for each probe on 
the microarray. The 75th percentile was used for per-sample 
normalization. Analysis of miRNA-normalized expression 
data was performed using Welch’s t-test (two-tailed) to ob-
tain the miRNAs that were significantly altered in compari-
son with the expressions in control samples.

Real-Time RT-PCR
The levels of miRNA expression in the pons/medulla 

were analyzed by real-time RT-PCR. Reverse transcription 
and real-time PCR were performed with a TaqMan MicroR-
NA Reverse Transcription kit (Life Technologies) and Taq-
Man Universal PCR Master Mix (Life Technologies), and 
TaqMan MicroRNA Assays (Life Technologies), which in-
clude probes and primers, were used for all target miRNAs 
(miR-547* and miR-135a) and control miRNAs (U6 ncRNA 
for the pons/medulla) in accordance with the manufacturer’s 
protocol. Real-time RT-PCR was performed using a Piko-
Real Real-Time PCR System (Thermo Scientific, Waltham, 
MA, USA). All reactions were run in duplicate. The data 
were calculated using the ΔΔCT method, and then fold 
changes compared with the control group were generated.

Target gene prediction for miR-547*
For prediction of the target genes for miR-547*, the 

TargetScan Human software (http://www.targetscan.org/) 

Table 1. Antibody and Staining Information for Immunohistochemistry

Antibody Marker Host Clone Dilution Antigen retrieval Company

NF 68 68 kDa  
neurofilament

Mouse NR4 × 500 Microwave in tris-edta (ph9.0), 20 min Sigma-Aldrich, St. Louis, MO, USA

Olig2 Oligodendrocyte Rabbit poly × 500 Microwave in citrate buffer (ph6.0), 20 min Immuno-Biological Laboratories, 
Gunma, Japan

GFAP Astrocyte Rabbit poly × 2,000 100 Μg/ml proteinase k, 10 min Dako, Glostrup, Denmark
Iba1 Microglia Rabbit poly × 500 Microwave in citrate buffer (ph6.0), 20 min Wako Pure Chemical Industries, 

Osaka, Japan
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was used. The search term “Rno-miR-547-5p” was used to 
obtain target genes.

Statistical analysis
StatLight (Yukms Co., Ltd., Tokyo, Japan) was used to 

perform statistical analyses. To test for the homogeneity of 
variances among the groups, Bartlett’s test was used to ana-
lyze data for body weight and brain weight for miRNA ex-
pression analysis (miR-547* expression on Day 14), and the 
F-test was used for miRNA expression analysis (miR-547* 
expression on Day 7 and miR-135a expression on Day 14). 
Depending on the results of Bartlett’s test, parametric or 
nonparametric Dunnett’s multiple comparison (two-tailed) 
was performed for the difference among the groups using 
the same software. Depending on the results of the F-test, 
Student’s t-test or Aspin-Welch’s t-test (two-tailed) was per-
formed. Statistical significance was evaluated at p<0.05 and 
p<0.01.

Results

General condition, nervous symptoms, and auditory 
response

Effects of IDPN treatment on body weight and brain 
weight, nervous symptoms, and auditory response are 
shown in Table 2. In the IDPN 125 mg/kg group, body 
weight was significantly decreased on Day 7 and slightly de-
creased on Day 14. Absolute brain weight was not changed 
in any group. Nervous symptoms such as ataxic gait, head 
bobbing, circling, spasmodic gait, and decreased locomotor 
activity were observed in most animals at 125 mg/kg from 
Day 9. Decreased auditory response was observed in ani-
mals at 125 mg/kg on Day 14.

Histopathology and immunohistochemistry for NF-68, 
GFAP, Iba1, and Olig2

The results of histopathological examination are also 
shown in Table 2. Photographs of the pons are shown in 
Fig. 1 (HE and immunohistochemistry for NF-68) and 
Fig. 2 (immunohistochemistry for GFAP, Iba1, and Olig2). 
IDPN caused axonal swelling mainly in the pons, medulla, 
and spinal cord. These changes were slightly observed in 

Table 2. Effects of IDPN Treatment on Body Weights, Brain Weights, Nervous Symptoms, Auditory Response, and Histopa-
thology

Dose (mg/kg) 20 50 125

 Day 3 7 14 3 7 14 3 7 14

No. 7 7 7 7 7 7 7 7 7

 Body weight - ↓2% - ↓1% ↓1% - ↓3% ▼10% ↓11%
 Brain weight (absolute) - - - - - - - - -
 Nervous symptoms

Ataxic gait  0 0 0 0 0 0 0 0 7a

Spasmodic gait 0 0 0 0 0 0 0 0 6a

Decreased locomotor activity  0 0 0 0 0 0 0 0 7a

Head bobbing 0 0 0 0 0 0 0 0 7b

Circling 0 0 0 0 0 0 0 0 6b

Auditory response
Score 0 (normal response) 4 4 6 7 7 7 7 7 3
Score -1 (poor response) 0 0 0 0 0 0 0 0 3
Score -2 (no response) 0 0 0 0 0 0 0 0 1

Dose (mg/kg) 20 50 125

 Day 3 7 14 3 7 14 3 7 14

No. 7 7 7 7 7 7 7 7 7

Cerebellum
Swelling, axon ± 0 0 0 0 0 0 0 0 4

Pons
Swelling, axon ± 0 0 0 0 0 1 0 7 0

+ 0 0 0 0 0 0 0 0 7
Medulla oblongata

Swelling, axon ± 0 0 0 0 0 1 0 7 0
+ 0 0 0 0 0 0 0 0 7

Spinal cord
Swelling, axon ± 0 0 0 0 0 1 0 7 0

+ 0 0 0 0 0 0 0 0 7

 Changes related to IDPN administration. a Day 9–14. b Day 10–14. Percentage values indicate the percentage change com-
pared with the control values (100%). Numbers indicate the numbers of animals showing each finding. Symbols: -, not changed; 
▼, significantly lower than the control values; ↓, lower than the control values; ± , grade = slight; +, grade = mild
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Fig. 1. Microphotographs of the pons in control rats and IDPN 125 mg/kg-treated rats on Day 14. Axonal swellings was noted 
in IDPN-treated rats. Swollen axons noted in IDPN-treated rats showed positive reactions for anti-neurofilament (NF) 
immunohistochemistry (arrows). HE, upper row; NF, lower row. Scale bars = 50 μm.

Fig. 2. Microphotographs of immunohistochemistry for GFAP, Iba1, and Olig2 of the pons in control and IDPN 125 mg/kg-treated rats 
on Day 14. There were no remarkable differences between control and treated rats for any stains. Scale bars = 20 μm.
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all animals at 125 mg/kg on Day 7, and the severity was 
increased on Day 14. On Day 14, these findings were also 
slightly noted in one animal at 50 mg/kg. The same findings 
were also observed in the cerebellum in animals at 125 mg/
kg on Day 14. The swelling of axons was especially noted in 
vestibular, trigeminal, and reticular formation nuclei of the 
pons and medulla, and in the ventral horn and funiculus of 
the spinal cord. No remarkable changes were noted in the 
other sites in the brain or sciatic nerve. Immunohistochemi-
cal stains revealed increased positive reaction for NF-68 in 
swollen axons, suggesting accumulation of neurofilaments 
in axons. There were no apparent differences between con-
trol and IDPN 125 mg/kg animals in immunoreactivity for 
glial cells (GFAP, Iba1, and Olig2).

Alterations of miRNA expression in the pons/medulla
Table 3 shows the results of microarray analysis of the 

pons/medulla. Significantly upregulated or downregulated 
miRNAs with a fold change of 2.0 or more and 0.5 or less, 
respectively, were observed. Twenty-four miRNAs were up-
regulated, and 21 miRNAs were downregulated. miR-547*, 
miR-3594-3p, miR-668, miR-487b*, and miR-760-5p were 
drastically upregulated, and let-7c-1*, miR-190, and miR-
29a* were drastically downregulated, though expression 
levels of these miRNA were extremely low in the control 
animals. Downregulated miRNAs that ranked highly in-
cluded miR-190, miR-135a, and miR-496, which have been 
reported to be altered in the nervous system14, 18–23.

We focused on upregulation of miR-547*, which 
showed the highest fold change compared with control 

animals (224.9-fold), and downregulation of miR-135a (0.3-
fold), alteration of which has been indicated by several re-
ports in association with the nervous system14, 18–20.

The results of RT-PCR analysis for miR-547* and 
miR-135a are shown in Fig. 3. miR-547* was significantly 
increased at IDPN 125 mg/kg on Day 14 (3.6-fold). The 
fold change in comparison with control animals was lower 
in RT-PCR than that in microarray analysis. There were no 
significant differences at 125 mg/kg on Day 7 or at 50 mg/kg 
on Day 14. Alteration of the miR-135a expression level was 
not confirmed by RT-PCR at 125 mg/kg on Day 14. The dif-
ference in the results between microarray and RT-PCR anal-
ysis was considered to be due to the difference in detection 
sensitivity. In target gene prediction analysis for miR-547*, 

Table 3. Up-regulated and Down-regulated miRNAs by Microarray 
Analysis

Up-regulated Down-regulated

miRNA fold miRNA fold

rno-miR-547* 244.9 rno-let-7c-1* 0.0
rno-miR-3594-3p 135.7 rno-miR-190 0.1
rno-miR-668 117.0 rno-miR-29a* 0.1
rno-miR-487b* 116.7 rno-miR-384-3p 0.2
rno-miR-760-5p 51.3 rno-miR-32 0.3
rno-miR-3550 7.4 rno-let-7a-1* 0.3
rno-miR-540* 5.8 rno-miR-24-2* 0.3
rno-miR-1188-3p 5.4 rno-miR-135a 0.3
rno-let-7i* 5.3 rno-miR-496 0.3
rno-miR-504 5.2 rno-miR-494 0.4
rno-let-7b* 3.3 rno-miR-374 0.4
rno-miR-346 3.1 rno-miR-31* 0.4
rno-miR-207 2.9 rno-miR-126* 0.4
rno-miR-328b-3p 2.8 rno-miR-379* 0.4
rno-let-7d* 2.7 rno-miR-30b-5p 0.4
rno-miR-702-3p 2.7 rno-miR-450a 0.5
rno-miR-485* 2.6 rno-miR-222 0.5
rno-miR-764 2.5 rno-miR-350 0.5
rno-miR-3573-3p 2.5 rno-miR-142-3p 0.5
rno-miR-378* 2.5 rno-miR-365 0.5
rno-miR-466b-2* 2.3 rno-miR-22* 0.5
rno-miR-466c* 2.3
rno-miR-483 2.3
rno-miR-347 2.0

Fig. 3. Real-time PCR analysis for miR-547* and miR-135a expres-
sions in the pons/medulla. miRNA levels were expressed as 
relative fold changes compared with the control mean levels. 
Individual data were plotted as points, and mean ± SEM val-
ues were expressed as short and long bars. **Significantly 
different from the control at p<0.01 (Dunnett’s multiple com-
parison).
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genes with nervous system-associated gene ontology, such 
as SNAP23 (synaptosomal-associated protein, 23 kDa), and 
PPT1 (palmitoyl-protein thioesterase 1), were found to be 
involved and to be within the top 30 ranking genes. Within 
the top 100 ranking genes, NTNG1 (netrin G1) was also in-
cluded (Table 4).

Discussion

In this study, we revealed alteration of miRNA expres-
sions in the pons/medulla in IDPN-treated rats. Signifi-
cantly altered miRNAs in the pons/medulla in microarray 
analysis included drastically upregulated miR-547*, miR-
3594-3p, miR-668, miR-487b*, and miR-760-5p and dras-
tically downregulated let-7c-1*, miR-190, and miR-29a*. 
However, these miRNAs showed extremely low expression 
levels in the control animals. Therefore, the fold changes in 
these miRNAs need to be considered carefully. In downreg-
ulated miRNAs that ranked highly, nervous system-related 
alterations were previously reported for miR-190, miR-496, 
and miR-135a. In particular, nervous system-related altera-
tion of miR-135a has been indicated in association with 
synaptic depression in spine remodeling, RDX-induced 
neurotoxicity, corticosteroid dependent stress response, 
cocaine-induced conditioned place preference, and tumori-
genesis14, 18–20.

In these altered miRNAs, we focused on upregula-
tion of miR-547* and downregulation of miR-135a and per-
formed RT-PCR analysis. Consequently, only upregulation 
of miR-547* was confirmed by RT-PCR. In the time-course 
and dose-response analysis, the expression level of miR-
547* was only found to be significant at 125 mg/kg on Day 
14, at which point nervous symptoms such as ataxic gait, 
head bobbing, circling, spasmodic gait, and decreased audi-
tory response were most frequently observed, and the sever-
ity and incidence of axonal changes, mainly in the medulla, 
pons, and spinal cord, were increased. Slight axonal changes 
were also observed at a lower dose (50 mg/kg) on Day 14 
and at an earlier time point (on Day 7) at 125 mg/kg; how-
ever, they were not accompanied by alteration of miR-547* 
expression levels. These results suggested that miR-547* is 
related to an advanced stage of IDPN-induced neurotoxicity 
rather than an onset phase.

Since little is known about the distribution in tissues 
and cells and function of miR-547* in any species, the role 
miR-547* plays in IDPN-induced neurotoxicity remains 
unclear. However, SNAP23, PPT1, and NTNG1, which are 
associated with functions of synapses and axons, were in-
cluded among the potential target genes for miR-547* pre-
dicted by TargetScan. Of the three genes, SNAP23 was 
ranked highest. SNAP23 is a member of the SNAP family 
that is distributed in both non-neuronal tissues and neuro-
nal tissues, and its roles in membrane trafficking have been 
indicated24-34. Regarding neuronal tissues, SNAP23 is dis-
tributed in hippocampal and cortical GABAergic neurons, 
in glutamatergic and GABAergic synapses of the mature 
cerebellar cortex, and in astrocytes. Its function in the brain 
is not fully understood, but it is considered an important 
protein in the exocytotic machinery in neuronal synapses 
and astrocytes24–30. In this study, there was no difference in 
SNAP23 mRNA levels in the pons/medulla between control 
and IDPN 125 mg/kg animals on Day 14 (data not shown). 
However, it remains unclear whether miR-547* regulates 
SNAP23 protein expression by translational repression. 
To clarify this question, analysis of SNAP23 at the protein 
level will be needed. Moreover, accumulation of neuro-
filaments was confirmed by immunohistochemistry in our 
study. Accumulation of neurofilaments has been reported to 
be caused by a deficit in slow axonal transport of neurofila-
ment proteins4, 35. Further study is still needed to determine 
how miR-547* is involved in regulating synaptic and axonal 
function in association with axonal impairment caused by 
IDPN.

The nervous symptoms and histopathological changes 
in the present study are in general agreement with some 
reports on the features of IDPN-induced neurotoxic-
ity1, 3, 4, 6, 7, 36. Abnormal behaviors and decreased auditory 
response might be associated with IDPN-induced vestibular 
and auditory hair cell injuries, as reported in some stud-
ies2, 37–40, although the possibility that decreased auditory 
response might be caused by weakened condition in animals 
could not be ruled out. In contrast to our result, it has been 
reported that IDPN induced sciatic nerve degeneration after 
28-day (at 100 mg/kg) or 5-week (at 125 mg/kg) oral admin-
istration5, 7. Since the observation period in our study was 
shorter than that of the reported studies, no sciatic nerve de-

Table 4. Target Genes Having Nervous System-related Gene Ontology Predicted for miR-547* by TargetScan

Human ortholog 
of target gene Gene name Cumulative weighted 

context++ score Gene Ontology (GO) associated with nervous system

SNAP23 synaptosomal-associated protein, 23kDa −0.69 synaptosome, synapse

PPT1 palmitoyl-protein thioesterase 1 −0.46

neurotransmitter secretion, nervous system development, 
brain development, synaptic vesicle, axon, dendrite,  
neuronal cell body, negative regulation of neuron  
apoptosis, synapse, neuron development, regulation of 
synapse structure and activity

NTNG1 netrin G1 −0.33 nervous system development, axonogenesis

In the top 30 ranking genes ranked by cumulative weighted context++ score, SNAP23 and PPT1 were included. In addition, in the top 100 rank-
ing genes, NTNG1 was included.
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generation was detected in the present study. Setting a lon-
ger administration period may promote progression of the 
pathological changes and lead to sciatic nerve degeneration. 
In addition, glial reactions were not apparent in this study. 
However, it has been reported that an increase in GFAP con-
centration in the pons/medulla, midbrain, cerebral cortex, 
and olfactory bulb was induced by IDPN treatment for 3 
days at 400 mg/kg/day with a peak on Day 7 after admin-
istration36, 41. The differences in dose and period of admin-
istration and the difference in GFAP detection methods be-
tween this study (immunohistochemistry) and the previous 
studies (measurement of concentration) were suspected as 
contributing to the differing results for GFAP. The finding 
that no apparent glial reactions were seen in this study was 
considered to be supportive data indicating that miR-547* 
may regulate genes associated with axonal or synapse func-
tion rather than genes associated with other phenomena 
such as cell death and inflammation.

Regarding the other downregulated miRNAs in micro-
array in this study, miR-190 and miR-496 have also been 
reported to be downregulated in relation to the nervous sys-
tem. In vivo and in vitro analyses indicates that miR-190 is 
associated with μ-opioid receptor agonists-modulated sta-
bility of dendritic spines via regulation of neurogenic dif-
ferentiation 1 (NeuroD) activity22. miR-190 is also down-
regulated in the contused cortex after traumatic brain injury 
in mice23 . Downregulation of miR-496 has been reported 
in microarray analysis using fetal mouse brains exposed to 
ethanol21. Further investigation for these miRNAs will be 
the challenge for the future to clarify the roles of miRNAs 
that contribute to IDPN-induced neurotoxicity.

In conclusion, miR-547* was considered to be associ-
ated with IDPN-induced abnormalities in the pons and me-
dulla. To our knowledge, this is the first report indicating 
links between upregulation of miR-547* and neurotoxicity 
of IDPN in rats. Although the potential mechanisms need to 
be further clarified, miR-547* may provide new useful in-
formation regarding the mechanism of IDPN neurotoxicity 
and the pathogenesis of axonopathy.

Acknowledgment: We wish to express our appreciation to 
Ms. Yamaguchi-Katsura, Ms. Maeda, Mr. Hattori, and Mr. 
Inai for the expert technical assistance they kindly provided.

Disclosure of Potential Conflicts of Interest: The authors 
declare that they have no conflict of interest.

References

 1. Chou SM, and Hartmann HA. Axonal lesions and waltzing 
syndrome after idpn administration in rats. with a concept–
“axostasis”. Acta Neuropathol. 3: 428–450. 1964. [Medline]  
[CrossRef]

 2. Llorens J, Demêmes D, and Sans A. The behavioral syn-
drome caused by 3,3′-iminodipropionitrile and related ni-
triles in the rat is associated with degeneration of the ves-
tibular sensory hair cells. Toxicol Appl Pharmacol. 123: 

199–210. 1993. [Medline]  [CrossRef]
 3. Okazaki S, Takashima H, Yamaguchi M, Hamamura M, 

Yamashita K, Okada M, Sunaga M, Tanaka R, Sato S, Uma-
no T, Tsuji R, Yosioka T, and Fujii T. [Neurobehavioral tox-
icity of acrylamide and IDPN (3,3′-iminodipropionitrile) in 
rats by 28-day oral administration--problems encountered 
in collaborative study and a commentary on conducting 
neurobehavioral testing]. J Toxicol Sci. 28(Suppl 1): 1–14. 
2003; (in Japanese). [Medline]

 4. Griffin JW, Hoffman PN, Clark AW, Carroll PT, and Price 
DL. Slow axonal transport of neurofilament proteins: im-
pairment of beta,beta’-iminodipropionitrile administration. 
Science. 202: 633–635. 1978. [Medline]  [CrossRef]

 5. Schulze GE, and Boysen BG. A neurotoxicity screening 
battery for use in safety evaluation: effects of acrylamide 
and 3′,3′-iminodipropionitrile. Fundam Appl Toxicol. 16: 
602–615. 1991. [Medline]  [CrossRef]

 6. Zhu Q, Lindenbaum M, Levavasseur F, Jacomy H, and Ju-
lien JP. Disruption of the NF-H gene increases axonal mi-
crotubule content and velocity of neurofilament transport: 
relief of axonopathy resulting from the toxin beta,beta’-im-
inodipropionitrile. J Cell Biol. 143: 183–193. 1998. [Med-
line]  [CrossRef]

 7. Yoshioka T, Hamamura M, Yoshimura S, Okazaki Y, Ya-
maguchi Y, Sunaga M, Hoshuyama S, Iwata H, Okada M, 
Takei Y, Yamaguchi M, Mitsumori K, Imai K, Narama I, 
and Okuno Y. Neuropathological evaluation of acrylamide 
and 3,3′-iminodipropionitrile-induced neurotoxicity in a rat 
28-day oral toxicity study-collaborative project for stan-
dardization of test procedures and evaluation of neurotoxic-
ity. J Toxicol Pathol. 14: 279–287. 2001.  [CrossRef]

 8. Ambros V. The functions of animal microRNAs. Nature. 
431: 350–355. 2004. [Medline]  [CrossRef]

 9. Miska EA. How microRNAs control cell division, differen-
tiation and death. Curr Opin Genet Dev. 15: 563–568. 2005. 
[Medline]  [CrossRef]

 10. Kloosterman WP, and Plasterk RH. The diverse functions 
of microRNAs in animal development and disease. Dev 
Cell. 11: 441–450. 2006. [Medline]  [CrossRef]

 11. Kaur P, Armugam A, and Jeyaseelan K. MicroRNAs in 
Neurotoxicity. J Toxicol. 2012: 870150. 2012. [Medline]

 12. Wang X, Zhou S, Ding X, Zhu G, and Guo J. Effect of tri-
azophos, fipronil and their mixture on miRNA expression 
in adult zebrafish. J Environ Sci Health B. 45: 648–657. 
2010. [Medline]  [CrossRef]

 13. Tal TL, and Tanguay RL. Non-coding RNAs--novel tar-
gets in neurotoxicity. Neurotoxicology. 33: 530–544. 2012. 
[Medline]  [CrossRef]

 14. Deng Y, Ai J, Guan X, Wang Z, Yan B, Zhang D, Liu C, 
Wilbanks MS, Escalon BL, Meyers SA, Yang MQ, and Per-
kins EJ. MicroRNA and messenger RNA profiling reveals 
new biomarkers and mechanisms for RDX induced neuro-
toxicity. BMC Genomics. 15(Suppl 11): S1. 2014. [Medline]  
[CrossRef]

 15. Qi Y, Zhang M, Li H, Frank JA, Dai L, Liu H, and Chen G. 
MicroRNA-29b regulates ethanol-induced neuronal apop-
tosis in the developing cerebellum through SP1/RAX/PKR 
cascade. J Biol Chem. 289: 10201–10210. 2014. [Medline]  
[CrossRef]

 16. An J, Cai T, Che H, Yu T, Cao Z, Liu X, Zhao F, Jing J, 
Shen X, Liu M, Du K, Chen J, and Luo W. The changes of 
miRNA expression in rat hippocampus following chronic 

http://www.ncbi.nlm.nih.gov/pubmed/14192310?dopt=Abstract
http://dx.doi.org/10.1007/BF00688453
http://www.ncbi.nlm.nih.gov/pubmed/8248927?dopt=Abstract
http://dx.doi.org/10.1006/taap.1993.1238
http://www.ncbi.nlm.nih.gov/pubmed/12822443?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/81524?dopt=Abstract
http://dx.doi.org/10.1126/science.81524
http://www.ncbi.nlm.nih.gov/pubmed/1842897?dopt=Abstract
http://dx.doi.org/10.1016/0272-0590(91)90099-P
http://www.ncbi.nlm.nih.gov/pubmed/9763430?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9763430?dopt=Abstract
http://dx.doi.org/10.1083/jcb.143.1.183
http://dx.doi.org/10.1293/tox.14.279
http://www.ncbi.nlm.nih.gov/pubmed/15372042?dopt=Abstract
http://dx.doi.org/10.1038/nature02871
http://www.ncbi.nlm.nih.gov/pubmed/16099643?dopt=Abstract
http://dx.doi.org/10.1016/j.gde.2005.08.005
http://www.ncbi.nlm.nih.gov/pubmed/17011485?dopt=Abstract
http://dx.doi.org/10.1016/j.devcel.2006.09.009
http://www.ncbi.nlm.nih.gov/pubmed/22523492?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20818518?dopt=Abstract
http://dx.doi.org/10.1080/03601234.2010.502435
http://www.ncbi.nlm.nih.gov/pubmed/22394481?dopt=Abstract
http://dx.doi.org/10.1016/j.neuro.2012.02.013
http://www.ncbi.nlm.nih.gov/pubmed/25559034?dopt=Abstract
http://dx.doi.org/10.1186/1471-2164-15-S11-S1
http://www.ncbi.nlm.nih.gov/pubmed/24554719?dopt=Abstract
http://dx.doi.org/10.1074/jbc.M113.535195


microRNAs in the Pons/Medulla of IDPN-treated Rats236

lead exposure. Toxicol Lett. 229: 158–166. 2014. [Medline]  
[CrossRef]

 17. Ogata K, Sumida K, Miyata K, Kushida M, Kuwamura 
M, and Yamate J. Circulating miR-9* and miR-384-5p as 
potential indicators for trimethyltin-induced neurotoxicity. 
Toxicol Pathol. 43: 198–208. 2015. [Medline]  [CrossRef]

 18. Hu Z, Yu D, Gu QH, Yang Y, Tu K, Zhu J, and Li Z. miR-
191 and miR-135 are required for long-lasting spine remod-
elling associated with synaptic long-term depression. Nat 
Commun. 5: 3263. 2014. [Medline]  [CrossRef]

 19. Chen CL, Liu H, and Guan X. Changes in microRNA ex-
pression profile in hippocampus during the acquisition and 
extinction of cocaine-induced conditioned place preference 
in rats. J Biomed Sci. 20: 96. 2013. [Medline]  [CrossRef]

 20. Masliah-Planchon J, Pasmant E, Luscan A, Laurendeau I, 
Ortonne N, Hivelin M, Varin J, Valeyrie-Allanore L, Du-
maine V, Lantieri L, Leroy K, Parfait B, Wolkenstein P, 
Vidaud M, Vidaud D, and Bièche I. MicroRNAome profil-
ing in benign and malignant neurofibromatosis type 1-as-
sociated nerve sheath tumors: evidences of PTEN pathway 
alterations in early NF1 tumorigenesis. BMC Genomics. 14: 
473. 2013. [Medline]  [CrossRef]

 21. Wang LL, Zhang Z, Li Q, Yang R, Pei X, Xu Y, Wang J, 
Zhou SF, and Li Y. Ethanol exposure induces differential 
microRNA and target gene expression and teratogenic ef-
fects which can be suppressed by folic acid supplementa-
tion. Hum Reprod. 24: 562–579. 2009. [Medline]  [Cross-
Ref]

 22. Zheng H, Law PY, and Loh HH. Non-Coding RNAs Regu-
lating Morphine Function: With Emphasis on the In vivo 
and In vitro Functions of miR-190. Front Genet. 3: 113. 
2012. [Medline]  [CrossRef]

 23. Meissner L, Gallozzi M, Balbi M, Schwarzmaier S, Tiedt 
S, Terpolilli NA, and Plesnila N. Temporal Profile of Mi-
croRNA Expression in Contused Cortex after Traumatic 
Brain Injury in Mice. J Neurotrauma. 33: 713–720. 2016. 
[Medline]  [CrossRef]

 24. Mandolesi G, Vanni V, Cesa R, Grasselli G, Puglisi F, 
Cesare P, and Strata P. Distribution of the SNAP25 and 
SNAP23 synaptosomal-associated protein isoforms in rat 
cerebellar cortex. Neuroscience. 164: 1084–1096. 2009. 
[Medline]  [CrossRef]

 25. Malarkey EB, and Parpura V. Temporal characteristics of 
vesicular fusion in astrocytes: examination of synapto-
brevin 2-laden vesicles at single vesicle resolution. J Physi-
ol. 589: 4271–4300. 2011. [Medline]  [CrossRef]

 26. Bragina L, Candiracci C, Barbaresi P, Giovedì S, Benfenati 
F, and Conti F. Heterogeneity of glutamatergic and GAB-
Aergic release machinery in cerebral cortex. Neuroscience. 
146: 1829–1840. 2007. [Medline]  [CrossRef]

 27. Stigliani S, Zappettini S, Raiteri L, Passalacqua M, Melloni 
E, Venturi C, Tacchetti C, Diaspro A, Usai C, and Bonanno 
G. Glia re-sealed particles freshly prepared from adult rat 
brain are competent for exocytotic release of glutamate. J 
Neurochem. 96: 656–668. 2006. [Medline]  [CrossRef]

 28. Yamamori S, and Itakura M. [Differential expression and 
function of SNAP-25 family proteins in the mouse brain]. 
Seikagaku. 85: 1016–1020. 2013; (in Japanese). [Medline]

 29. Wilhelm A, Volknandt W, Langer D, Nolte C, Kettenmann 
H, and Zimmermann H. Localization of SNARE proteins 

and secretory organelle proteins in astrocytes in vitro and 
in situ. Neurosci Res. 48: 249–257. 2004. [Medline]  [Cross-
Ref]

 30. Verderio C, Pozzi D, Pravettoni E, Inverardi F, Schenk U, 
Coco S, Proux-Gillardeaux V, Galli T, Rossetto O, Fras-
soni C, and Matteoli M. SNAP-25 modulation of calcium 
dynamics underlies differences in GABAergic and glu-
tamatergic responsiveness to depolarization. Neuron. 41: 
599–610. 2004. [Medline]  [CrossRef]

 31. Weng N, Thomas DD, and Groblewski GE. Pancreatic aci-
nar cells express vesicle-associated membrane protein 2- 
and 8-specific populations of zymogen granules with dis-
tinct and overlapping roles in secretion. J Biol Chem. 282: 
9635–9645. 2007. [Medline]  [CrossRef]

 32. Stoeckelhuber M, Scherer EQ, Janssen KP, Slotta-Huspeni-
na J, Loeffelbein DJ, Rohleder NH, Nieberler M, Hasler R, 
and Kesting MR. The human submandibular gland: immu-
nohistochemical analysis of SNAREs and cytoskeletal pro-
teins. J Histochem Cytochem. 60: 110–120. 2012. [Medline]  
[CrossRef]

 33. Imai A, Nashida T, Yoshie S, and Shimomura H. Intracel-
lular localisation of SNARE proteins in rat parotid acinar 
cells: SNARE complexes on the apical plasma membrane. 
Arch Oral Biol. 48: 597–604. 2003. [Medline]  [CrossRef]

 34. Low SH, Roche PA, Anderson HA, van Ijzendoorn SC, 
Zhang M, Mostov KE, and Weimbs T. Targeting of SNAP-
23 and SNAP-25 in polarized epithelial cells. J Biol Chem. 
273: 3422–3430. 1998. [Medline]  [CrossRef]

 35. Fink DJ, Purkiss D, and Mata M. beta,beta’-Iminodipropi-
onitrile impairs retrograde axonal transport. J Neurochem. 
47: 1032–1038. 1986. [Medline]  [CrossRef]

 36. Llorens J, Crofton KM, and O’Callaghan JP. Administra-
tion of 3,3′-iminodipropionitrile to the rat results in region-
dependent damage to the central nervous system at levels 
above the brain stem. J Pharmacol Exp Ther. 265: 1492–
1498. 1993. [Medline]

 37. Crofton KM, Janssen R, Prazma J, Pulver S, and Barone S 
Jr. The ototoxicity of 3,3′-iminodipropionitrile: functional 
and morphological evidence of cochlear damage. Hear Res. 
80: 129–140. 1994. [Medline]  [CrossRef]

 38. Llorens J, and Rodríguez-Farré E. Comparison of behav-
ioral, vestibular, and axonal effects of subchronic IDPN in 
the rat. Neurotoxicol Teratol. 19: 117–127. 1997. [Medline]  
[CrossRef]

 39. Seoane A, Demêmes D, and Llorens J. Pathology of the rat 
vestibular sensory epithelia during subchronic 3,3′-imino-
dipropionitrile exposure: hair cells may not be the primary 
target of toxicity. Acta Neuropathol. 102: 339–348. 2001. 
[Medline]

 40. Khan HA, Alhomida AS, and Arif IA. Neurovestibular 
toxicities of acrylonitrile and iminodipropionitrile in rats: a 
comparative evaluation of putative mechanisms and target 
sites. Toxicol Sci. 109: 124–131. 2009. [Medline]  [Cross-
Ref]

 41. Seoane A, Espejo M, Pallàs M, Rodríguez-Farré E, Ambro-
sio S, and Llorens J. Degeneration and gliosis in rat retina 
and central nervous system following 3,3′-iminodipropion-
itrile exposure. Brain Res. 833: 258–271. 1999. [Medline]  
[CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/24960059?dopt=Abstract
http://dx.doi.org/10.1016/j.toxlet.2014.06.002
http://www.ncbi.nlm.nih.gov/pubmed/24777749?dopt=Abstract
http://dx.doi.org/10.1177/0192623314530533
http://www.ncbi.nlm.nih.gov/pubmed/24535612?dopt=Abstract
http://dx.doi.org/10.1038/ncomms4263
http://www.ncbi.nlm.nih.gov/pubmed/24359524?dopt=Abstract
http://dx.doi.org/10.1186/1423-0127-20-96
http://www.ncbi.nlm.nih.gov/pubmed/23848554?dopt=Abstract
http://dx.doi.org/10.1186/1471-2164-14-473
http://www.ncbi.nlm.nih.gov/pubmed/19091803?dopt=Abstract
http://dx.doi.org/10.1093/humrep/den439
http://dx.doi.org/10.1093/humrep/den439
http://www.ncbi.nlm.nih.gov/pubmed/22715342?dopt=Abstract
http://dx.doi.org/10.3389/fgene.2012.00113
http://www.ncbi.nlm.nih.gov/pubmed/26426744?dopt=Abstract
http://dx.doi.org/10.1089/neu.2015.4077
http://www.ncbi.nlm.nih.gov/pubmed/19735702?dopt=Abstract
http://dx.doi.org/10.1016/j.neuroscience.2009.08.067
http://www.ncbi.nlm.nih.gov/pubmed/21746780?dopt=Abstract
http://dx.doi.org/10.1113/jphysiol.2011.210435
http://www.ncbi.nlm.nih.gov/pubmed/17445987?dopt=Abstract
http://dx.doi.org/10.1016/j.neuroscience.2007.02.060
http://www.ncbi.nlm.nih.gov/pubmed/16405496?dopt=Abstract
http://dx.doi.org/10.1111/j.1471-4159.2005.03631.x
http://www.ncbi.nlm.nih.gov/pubmed/24364257?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15154671?dopt=Abstract
http://dx.doi.org/10.1016/j.neures.2003.11.002
http://dx.doi.org/10.1016/j.neures.2003.11.002
http://www.ncbi.nlm.nih.gov/pubmed/14980208?dopt=Abstract
http://dx.doi.org/10.1016/S0896-6273(04)00077-7
http://www.ncbi.nlm.nih.gov/pubmed/17272274?dopt=Abstract
http://dx.doi.org/10.1074/jbc.M611108200
http://www.ncbi.nlm.nih.gov/pubmed/22131313?dopt=Abstract
http://dx.doi.org/10.1369/0022155411432785
http://www.ncbi.nlm.nih.gov/pubmed/12828989?dopt=Abstract
http://dx.doi.org/10.1016/S0003-9969(03)00116-X
http://www.ncbi.nlm.nih.gov/pubmed/9452464?dopt=Abstract
http://dx.doi.org/10.1074/jbc.273.6.3422
http://www.ncbi.nlm.nih.gov/pubmed/2427653?dopt=Abstract
http://dx.doi.org/10.1111/j.1471-4159.1986.tb00717.x
http://www.ncbi.nlm.nih.gov/pubmed/8510024?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7896571?dopt=Abstract
http://dx.doi.org/10.1016/0378-5955(94)90104-X
http://www.ncbi.nlm.nih.gov/pubmed/9136128?dopt=Abstract
http://dx.doi.org/10.1016/S0892-0362(96)00216-4
http://www.ncbi.nlm.nih.gov/pubmed/11603809?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19244277?dopt=Abstract
http://dx.doi.org/10.1093/toxsci/kfp043
http://dx.doi.org/10.1093/toxsci/kfp043
http://www.ncbi.nlm.nih.gov/pubmed/10375702?dopt=Abstract
http://dx.doi.org/10.1016/S0006-8993(99)01552-8

