
Introduction

1-Bromopropane (1-BP) is a solvent substitute with vari-
ous applications, including as a cleaning agent, and as an 
aerosol propellant and adhesive. In fact, in 2016 alone, 4,000 
tons of 1-BP was produced and imported in Japan, with pri-

mary uses as an intermediate for drugs and agrochemicals, 
and as a vapor washing solvent1). Although the American 
Conference of Governmental Industrial Hygienists recom-
mended an 8 h time-weighted average (TWA) threshold lim-
it value of 0.1 ppm 1-BP, in 20142), the Japan Society for 
Occupational Health had previously recommended an occu-
pational exposure limit (OEL) of 0.5 ppm in 20121). Howev-
er, more recently, 1-BP exposure concentrations were inves-
tigated by the Japan Ministry of Health, Labor and Welfare 
in Japanese facilities3), showing that the actual exposure val-
ues of TWA were higher than the OEL in most cases; thus, 
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the risk of occupational accidents and exposures remain 
high. Maintaining the TWA value is recommended as a pre-
cautionary measure against potential neurotoxicity, hepato-
toxicity, reproductive toxicity, and developmental toxicity2). 
However, data on the developmental neurotoxicity (DNT) of 
1-BP are limited despite concerns and increasing interest re-
garding DNT induced by industrial chemicals4). 

To address this issue, we previously reported that prena-
tal 1-BP exposure may induce delayed DNT as the excit-
ability observed in the hippocampal slices of rat pups ex-
posed to prenatal 1-BP vapor was enhanced during the 
lactation period, whereas disinhibition was observed in 
adult rats after reaching sexual maturation5). Moreover, an-
other study reported that Br- readily crosses the placenta in 
dams exposed to sodium bromide in their diet6). In addition, 
we found high concentrations of accumulated Br- in both 
fetus and dam brains exposed to 1-BP vapor during preg-
nancy7). Thus, Br- may represent a marker of both effect and 
exposure during the early postnatal period, including pre-
natal 1-BP exposure. 

Furthermore, in humans, the blood and urine concentra-
tions of Br- in some employees exposed to 1-BP via inhala-
tion were reported as being significantly higher than those 
in the control group and compared to the recommended 
exposure concentrations8–11). In most of these employees, 
1-BP exerted neurotoxic effects. Similarly, in adult rats ex-
posed to 1-BP vapor, the brain Br- concentration was sig-
nificantly higher than that in controls12). 

The net brain excitability is a balance between excitation 
and inhibition. γ-Aminobutyric acid (GABA) is one of the 
most prominent synaptic neurotransmitters; its receptor ac-
tivation has an inhibitory effect on neuronal circuits in the 
adult brain. Br- has been shown to interact with type A 
GABA receptors, allowing Cl- to enter through the pores of 
GABA receptors13, 14), thus demonstrating its antiepileptic 
therapeutic potential14–16). We previously reported that kain-
ite (KA)-induced wet dog shake behavior was inhibited in 
suckling pups [postnatal day (PND) 14] prenatally exposed 
to 1-BP vapor17). 

Thus, the purpose of the present study was to investigate 
the effects of Br- accumulation in rat pups prenatally ex-
posed to 1-BP vapor. We hypothesized that the central neu-
rotoxicity induced by prenatal exposure to 1-BP is partially 
due to accumulated Br- in the brain, which serves to inhibit 
KA-induced brain excitability. To this end, we evaluated 
the effects of Br- accumulation in the brain of rat pups pre-
natally exposed to 1-BP vapor. Pentylenetetrazole (PTZ), a 
central nervous system convulsant with less potency than 
KA18), was used to analyze the changes in brain excitability 

through epileptic behaviors. Thus, behavioral changes in-
duced by the interaction between Br- and PTZ can be ob-
served as PTZ is less potent than KA. In addition, we inves-
tigated whether PTZ-induced epileptiform activity in the 
brain slices is suppressed in the presence/absence of Br-, at 
a concentration comparable with that in the brains of pups 
prenatally exposed to 1-BP. 

Subjects and Methods

Animals 
Fifty-nine (42 females and 17 males) Wistar rats pur-

chased from Kyudo Co. (Tosu, Japan) at 9–11 weeks of age 
were housed in plastic cages with paper-made chips (AL-
PHA-dri; Shepherd Specialty Papers, Milford, USA) under 
a 12/12 h light/dark cycle (light period: 07:00–19:00 h). 
The room temperature was 23 °C ± 1 °C and relative hu-
midity was 40%–70%. The rats had free access to food and 
water. Both breeding conditions and pregnancies in rats 
were achieved as previously described5, 7). In the morning 
after mating day, the presence of sperm in the vaginal smear 
or vaginal plug was verified to confirm gestation day (GD) 
0. The rats and pups were anesthetized with isoflurane va-
por before being sacrificed. All experiments were approved 
by the Ethics Committee for Animal Care and Experimen-
tation in accordance with the University of Occupational 
and Environmental Health, Japan (AE03-065).

Prenatal exposure to 1-BP 
1-BP (CAS No. 106-94-5; Guaranteed Reagent, higher 

than 98% purity) was purchased from Kanto Chemical Co., 
Ltd. (Tokyo, Japan). The exposure dosages were 0 (con-
trol), 400, and 700 ppm. The 400 ppm dosage was the low-
est-observed-adverse-effect level (LOAEL) for neurotoxic-
ity of disinhibition achieved by 12 weeks of exposure in 
adult male rats12). In the 1-BP group, dams were exposed to 
1-BP vapor for 6 h/day over 20 days from GD 1 to 20 in an 
exposure chamber, following a previously described meth-
od5, 7, 17). The day of delivery was defined as PND 0 (GD21). 
1-BP vapor exposure dosage was monitored using a gas 
chromatograph (GC353B FSL; GL Sciences Inc., Japan) 
equipped with a flame ionization detector. Exposure sched-
ule and evaluation of Br- effects are summarized in Fig. 1. 
Nineteen dams were used in the experiment, and were ran-
domly divided into the following three groups: Control (n= 
8); 400 ppm exposure (400 ppm group; n=7); and 700 ppm 
exposure (700 ppm group; n=4). At PND14, 2–5 pups per 
litter were injected (ip) with PTZ (Sigma-Aldrich Corp., 
Tokyo, Japan) to examine brain excitability.
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The brain concentration of Br- was determined as previous-
ly described7). The lowest limit in the quantitative determi-
nation using a gas chromatograph (GC353B FSL; GL Sci-
ences Inc., Japan) equipped with a flame ionization detector 
was 3.87 µg/g tissue. The remaining litters at PND14 were 
injected with PTZ to examine brain excitability.

PTZ administration and behavioral observation
In our previous study, we reported that brain excitability 

induced by KA was significantly inhibited in the 1-BP 
group17). Hence, in the current study, we used PTZ to exam-
ine behavioral changes in the 1-BP, Br-, and control groups. 
PTZ was dissolved in phosphate-buffered saline (pH 7.4). 
PTZ solution was intraperitoneally injected at a dose of 60 
mg/kg to pups on PND 14. The number of PND14 pups 
injected with PTZ is described in Table 1. For the Br- group, 
ten males and ten females from the control group and six 
males and eight females from the Br- group were used. Data 
was collected from both male and female pups as it no sex 
differences have been reported in the severity of PTZ-in-
duced seizures19). PTZ-injected pups are reported to exhibit 
a typical series of epileptic behaviors18, 20, 21). Therefore, the 
dose of PTZ, at which a series of epileptic behaviors was 
observed in more than 50% of the control pups, was deter-

Prenatal exposure to Br- and analysis of brain Br- concen-
tration

Sodium bromide (NaBr; CAS No. 7647-15-6; Guaran-
teed Reagent, >99.5% purity) was purchased from FUJIF-
ILM Wako Pure Chemical Co. (Osaka, Japan). Br- was ad-
ministered to rats via drinking water for 20 days from 11:00 
h on GD1 to 11:00 h on GD21. Pregnant rats were random-
ly divided into the following two groups: Control (purified 
water; n=6) and Br- exposed (Br group; n=9). We estimated 
Br- uptake rate via drinking water so that a similar concen-
tration of Br-, to that of 1-BP, was achieved7); the final con-
centration of NaBr was 20 mM. At GD21, the total Br- ex-
posure was calculated from the water volume consumed. 
We then evaluated whether the brain concentration of Br- 

via drinking water was similar to that via prenatal 1-BP in-
halation7). To accomplish this, brain samples from two 
dams in the control and Br- groups (total four dams), along 
with their fetuses, were cryopreserved at –80 °C until fur-
ther analysis. 

Fetus number, litter size, and body weight (PND 1, 7, 
and 14) of the pups were also recorded. At PND14, brain 
weight was measured in two and four litters from the con-
trol and Br- groups, respectively; the brain samples were 
then cryopreserved at –80 °C to analyze Br- concentration. 
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Fig. 1 
  
Fig. 1. Exposure schedule and evaluation of Br- effects

241ACTION OF BR- IN PUP BRAINS PRENATALLY EXPOSED TO 1-BP



neous and periodic discharge induced by PTZ, as well as 
field potentials evoked via electrical stimulation of Schaffer 
collateral/commissural fibers, were recorded from the CA1 
region. To select the intact slices, an evoked PS amplitude > 
3 mV, the average amplitude in the control group at PND145), 
was used. Our experimental design is shown in Fig. 2, where 
the ability of Br- to inhibit brain hyperexcitability induced 
by PTZ is illustrated. First, we confirmed that PTZ (2 mM) 
induced epileptic discharge (Fig. 2A). Second, we examined 
the effects of PTZ in the presence of Br-. To achieve this, we 
perfused the slices with 2.4 mM Br- to a final concentration 
of 1.2 mM in the slices (Fig. 3A). Br- concentration in the 
artificial cerebrospinal fluid (ACSF) was determined based 
on our results. Finally, after washing Br- from the slices ob-
tained from the Br group (Fig. 2C), we examined whether 
PTZ could induce epileptic discharge in these slices. We an-
alyzed their latency, occurrence rate, amplitude, and dis-
charge duration for comparison. This experimental design is 
capable of determining whether Br- is associated with the 
observed changes in excitability in pup brains prenatally ex-
posed to 1-BP. To ensure that the slice was intact throughout 

mined. The observations were conducted for 15 min fol-
lowing PTZ injection to pups in a clear plastic cage be-
tween 11:00 and 15:00 h, in a silent room maintained at 22 
°C–24 °C. The first epileptic behaviors were body shaking 
and/or rapid backward walking. The pups then exhibited 
myoclonic jerks involving predominantly hind limb exten-
sion, followed by wild running for 1–2 s in the observation 
box; subsequently, the pups showed generalized tonic con-
tractions. After this stage, generalized status epilepticus 
(SE) was observed within 15 min. To identify which sign is 
most effective as an index, we first analyzed the occurrence 
rate of each behavioral change and seizure episode in the 
1-BP exposure groups and compared them with those in the 
control group. The occurrence rate of generalized tonic 
contraction in the Br- group was compared with that in the 
control group. 

PTZ-induced discharges in the hippocampal slices
The hippocampal slices at PNDs 14–16 were prepared as 

previously described5, 22). The concentration of PTZ used in 
vitro was 2 mM, according to previous studies23–27). Sponta-
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Fig. 2 

  

Fig. 2. Experimental design for the in vitro slice study
The experiment was designed to confirm that bromide (Br-) in the brain has the potential to inhibit hyperexcitability induced by 
pentylenetetrazole (PTZ, 2 mM) using the hippocampal slices from rat pups. A) Effects of PTZ on control pups in the absence of 
Br-. B) Effects of PTZ on control pups in the presence of 1.2 mM Br-. C) Effects of PTZ after washing Br- from the slices obtained 
from the Br group. The closed arrows indicate the timing of hippocampal slice preparation, whereas the open arrows indicate the 
timing of evoked potential recording with a stimulation intensity of 600 µA.
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ly, no differences were observed in the litter size between 
the Br- and control groups (14 ± 3 fetuses, 15 ± 3 pups in 
the Br- group; 14 (12 and 15) fetuses, 16 ± 2 pups in the 
control group, p>0.5; Mann–Whitney U test). 

Body weight is an effective index to evaluate develop-
mental toxicity. As shown in the supplemental Fig. S1, pre-
natal 1-BP or Br- had no effect on body weight at PND1, the 
day after birth; however, a significant inhibition of in-
creased body weight was observed at PND 7 and 14, in 
both male and female pups. 

PTZ-induced behavioral changes
The occurrence ratios for each behavioral episode mea-

sured in the 1-BP groups are summarized in Table 1. In the 
1-BP control group, after body shaking and rapid backward 
walking, the first apparent epileptic sign was myoclonic 
jerks predominantly involving hind limb extension. This 
type of seizure occurred once to several times, followed by 
wild running for 1–2 s in the observation box. Subsequent-

the experiment, we recorded the evoke potentials (open ar-
row in Fig. 2). 

All chemicals used in this study were of reagent grade 
and purchased from commercial sources.

Statistical analysis
Mann–Whitney U test and Chi-squared test of indepen-

dence using 2 × 2 contingency table were used to evaluate 
the differences in litter size and the occurrence ratio of 
PTZ-induced generalized tonic contraction, respectively, 
between the control and Br- groups. Mann–Whitney U test 
followed by Steel–Dwass test was used to compare the oc-
currence ratio of a series of PTZ-induced epileptic behav-
iors among the control, 400 ppm, and 700 ppm groups. 

Results

We previously reported no difference in litter size be-
tween the prenatal 1-BP group and control group5). Similar-

Table 1.  Pentylenetetrazole (PTZ)-induced behavioral changes and epileptic seizures 
in PND14 pups prenatally exposed to 1-bromopropane (1-BP) vapor
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Table 1. Pentylenetetrazole (PTZ)-induced behavioral changes and epileptic seizures in 

PND14 pups prenatally exposed to 1-bromopropane (1-BP) vapor 

  

Behavior 1-BP concentration 

0 ppm 400 ppm 700 ppm 

Occurrence rate Occurrence rate Occurrence rate 

Pup 

number 
% 

Pup 

number 
% 

Pup 

number 
% 

Body shaking  

 
28/31 90 17/19 89 16/19 84 

Rapid backward walking 

 
22/31 71 8/19 42 8/19 42 

Myoclonic jerks 

 
26/31 84 18/19 95 14/19 74 

Wild running 

 
17/31 55 6/19 32 0/19 0 

Generalized tonic contraction 

 
20/31 65 7/19 37 0/19 0 

Status epilepticus 

 
20/31 65 6/19 32 0/19 0 
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observed in four of the eight slices with an occurrence rate 
of 28 ± 2/min, an amplitude of 1.3 ± 0.4 mV, and a duration 
of 20–95 s. The duration of the succeeding long-lasting ton-
ic-like epileptiform discharge was 9–22 s with an ampli-
tude of 1.4 ± 0.6 mV. The evoked potential was epileptic in 
all ten slices (Fig. 4C). 

Discussion

Our findings have significant implications for work and 
safety regulations implemented by governments, as well as 
regulations that govern food and drink industries. Further-
more, our study provides insights into the potential mecha-
nisms of neuronal excitability, inhibition, and GABA func-
tion. In the field of medicine, our findings are important for 
the treatment of epilepsy and related neurological disorders 
that involve overexcitation of the CNS. Our previous stud-
ies5, 7, 17, 22) demonstrated the possibility that pathological con-
ditions after birth could be caused by chemicals to which the 
mother might have been exposed to during pregnancy. 

In the current study, we evaluated changes in neuronal 
excitability of the brain caused by Br- in DNT induced by 
prenatal 1-BP exposure. A high concentration of Br- was 
observed in the brain of pups prenatally exposed to 1-BP7); 
thus, in the Br- group, we first achieved the same brain Br- 

concentration as that observed in the 1-BP group. Subse-
quently, we compared the developmental effects of prenatal 
Br- exposure on neuronal excitability with those of 1-BP 
exposure in pups, and found that both exhibited similar ef-
fects in suppressing PTZ-induced tonic contraction in vivo 
and hyperexcitability induced by PTZ, using the brain slic-
es prepared in vitro. 

Exposure of pregnant rats to 1-BP resulted in fetus brain 
Br- concentrations up to ~10 mM at GD20 and ~7.5 mM in 
pups at PND37), which then gradually declined to approxi-
mately 1.3 mM at PNDs 13–15, according to the estimation 
using the one-compartment model. Moreover, the average 
concentration of Br- in the brain of pups at PND14 was 1.9 
mM, which is similar to the 1.3 mM Br- reported to potentially 
enhance GABAergic inhibitory activity13, 14), which, may ex-
plain the inhibition of increased body weight during lactation 
owing to weak suckling caused by the sedative effect of Br-. 

Considering that PTZ-induced epileptic episodes are 
typical (e.g., generalized tonic contraction following sever-
al myoclonic convulsions) in immature animals, the PTZ 
model is commonly used to induce brain hyperexcitability 
during lactation18–21). In this study, PTZ-induced general-
ized tonic contractions were suppressed in PND14 rat pups. 
However, the brain region(s) involved in PTZ-induced ton-

ly, generalized tonic contraction in pups was characterized 
by the loss of postural control and strong contractions in the 
extensor muscles of the fore and hind limbs with cyanosis, 
followed by generalized SE.

The occurrence ratios for body shaking, rapid backward 
walking, and myoclonic jerks remained the same among 
the three groups. The 700 ppm group showed a significant 
decrease in wild running, generalized tonic contraction, 
and SE compared with the control group (p<0.01, Mann–
Whitney U test followed by Steel–Dwass test). 

We also analyzed the occurrence ratio of PTZ-induced 
generalized tonic contraction in the Br- group and found it 
to decrease from 55% to 3% (p<0.01, Chi-squared test of 
independence using 2 × 2 contingency table) following 
PTZ injection in the Br- group (in the control group). 

PTZ-induced generalized tonic contraction was similarly 
suppressed in both 1-BP and Br groups. 

PTZ-induced epileptiform discharges in the hippocampal 
slices 

The brain Br- concentration in the Br- group at PND14 
was approximately 1.9 mM (152.4 ± 28.1 µg/g tissue (n=23 
pups from four litters)). The brain Br- concentrations in pups 
prenatally exposed to Br- were similar to those previously 
reported7). Based on these findings, we selected the Br- con-
centration in ACSF to perfuse the hippocampal slices.

First, we ascertained that PTZ (2 mM) induced charac-
teristic epileptiform discharges in 60% of the tested slices 
(n=10) obtained from nine control pups. PTZ-induced dis-
charges showed an isolated periodic pattern, followed by 
long-lasting tonic-like, epileptiform discharges. The isolat-
ed periodic epileptiform discharges (Fig. 4A) occurred for 
a short duration (0.23 ± 0.03 s), with an amplitude of 1.0 ± 
0.3 mV and an occurrence rate of 13 ± 3/min with a dura-
tion of 60–240 s. Thereafter, long-lasting tonic-like epilep-
tiform discharge (a single curly bracket) proceeded for 
25–45 s with an amplitude of 1.7 ± 0.8 mV. The evoked 
potential was also epileptic with multiple spikes (thick ar-
rows) in all ten slices. Second, the perfusion of 2.4 mM (1.2 
mM in the slices, Fig. 3A) Br- for 30 min before PTZ appli-
cation did not result in PTZ-induced epileptiform discharg-
es in any of the ten new slices obtained from the seven con-
trol pups (Fig. 4B). The evoked epileptic potential was 
observed in eight of the ten slices in the presence of PTZ 
and Br-. Finally, in the absence of Br-, in eight hippocampal 
slices obtained from the four pups prenatally exposed to 
Br- (Fig. 3B), PTZ-induced epileptiform discharges were 
similar to those observed in the control pups (Fig. 4A). The 
isolated periodic epileptiform discharges (Fig. 4C) were 
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Fig. 3. Changes in Br- concentration in the hippocampal slice
Left: Br- concentration in ACSF vs. that in the hippocampal slices. 
Right: Decrease in Br- concentration in the hippocampal slices obtained from the Br- group during ACSF perfusion. 
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Fig. 3 
  

Fig. 4. Pentylenetetrazole (PTZ)-induced epileptiform discharge and evoked potentials in the hippocampal CA1 area slices
Left panels: spontaneously occurring discharge; right panels: evoked potential. A) No discharge in ACSF, and the evoked potential shows an 
intact slice. The lower right panel shows typical epileptiform discharge induced by PTZ in the same hippocampal slice as that in the upper 
panel. The evoked potential exhibits multiple population spikes, indicating a tendency to become epileptic. B) In the presence of Br- (1.2 mM), 
no epileptiform activity is observed; however, the evoked potential exhibits epileptic characteristics. C) After washing Br- from the slices 
obtained from the Br- group, PTZ induces epileptiform discharge. The evoked potential shows epileptic characteristics. The closed circles 
represent isolated periodic discharge, and a single curly bracket represents long-lasting tonic-like epileptiform discharge following isolated 
periodic discharge. Arrows indicate individual population spikes within multiple population spikes. 
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presence of 2 mM PTZ. The suppression potency was sim-
ilar to that in the 1-BP (700 ppm) and Br- groups observed 
in vivo. In addition, after using ACSP to wash Br- from the 
slices obtained from the pups of the Br group, PTZ was 
observed to induce the same pattern of epileptiform activity 
(Fig. 4C), suggesting that PTZ-induced epileptiform was 
independent of accumulated Br- removal from pup brains.

Br- was washed out with ACSF within 30 min (Fig. 3B); 
therefore, we believe that the enhanced excitability that we 
previously reported in the hippocampal slices5) can be at-
tributed to the effects of certain changes in the neuronal 
network observed after washing Br-. During brain develop-
ment, the activation of GABAergic receptors generates de-
polarizing potentials in the central nervous system, includ-
ing hippocampal neurons28, 29), hypothalamic neurons30), 
cortical neurons31), and spinal cord32). The biological signif-
icance of depolarizing GABA action in the developing hip-
pocampus was recently investigated33). A high concentra-
tion of Br- may prevent GABA receptor depolarization, 

ic contraction have yet to be identified. To the best of our 
knowledge, only one mapping study has been reported on 
rat pups at PND10 and PND2120), with no evidence from 
c-Fos mapping or magnetic resonance imaging studies us-
ing PND14 rat pups. 

Finally, in vitro, we confirmed that Br-, comparable with 
the accumulated concentration in the brains of pups prena-
tally exposed to Br-, suppressed PTZ-induced epileptiform 
activities in the CA1 area in the hippocampal slices (Fig. 
4B and Table 2). Considering that we only observed epilep-
tiform activity in 60% of the tested slices (Fig. 4A), hippo-
campal CA1 may be less responsive to PTZ-induced hyper-
excitability, as was also reported in a previous study20).
Additionally, the occurrence rate of generalized tonic con-
traction was 65% and 55% in the control group of the 1-BP 
group and Br group, respectively (Table 1), suggesting that 
the induction rate of approximately 60% may be due to the 
predisposition of PND14 pups. In the presence of 1.2 mM 
Br-, no slices exhibited epileptiform activity, even in the 

Table 2.  Br- concentration in each group and hippocampal slices

Supplementary Fig. S1. Changes in body weight of rat pups on postnatal day (PND) 1, 7, and 14. 
Left: Changes in male pups. Right: Changes in female pups. Open and closed squares represent 
the average values calculated for the body weight of the control and BR groups, respectively. The 
number indicates pup heads measured. * p<0.05 by Student’s t-test. ++ p<0.01 by Welch t-test. 
Data are presented as the mean ± standard deviation. 

 
 

36 
 

 
Supplementary Figure S1. Changes in body weight of rat pups on postnatal day (PND) 
1, 7, and 14. Left: Changes in male pups. Right: Changes in female pups. Open and closed 
squares represent the average values calculated for the body weight of the control and BR 
groups, respectively. The number indicates pup heads measured. * p < 0.05 by Student’s 
t-test. ++ p < 0.01 by Welch t-test. Data are presented as the mean ± standard deviation.  
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natally exposed to 1-BP, affected neuronal excitability 
during lactation. Our findings may serve as a warning to 
women working in industries using Br-. Meanwhile, xeno-
biotic Br- is also found in medications, certain soft drinks, 
as well as dietary and herbal supplements containing bro-
mide salt, which can cause bromism when consumed regu-
larly35). Although some of these products contain warning 
labels, the use of these labels has recently decreased. None-
theless, several forms of bromide are readily available. 
Therefore, quantitative rating of adverse effects induced by 
complex exposure to chemicals is necessary, particularly in 
children and pregnant women.
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Developmental toxicity has been reported in rat dams 
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