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Abstract Occupational exposure to 1-bromopropane (1-
BP) induces learning and memory deficits. However, no
therapeutic strategies are currently available. Accumulating
evidence has suggested that N-methyl-D-aspartate recep-
tors (NMDARSs) and neuroinflammation are involved in the
cognitive impairments in neurodegenerative diseases. In
this study we aimed to investigate whether the noncom-
petitive NMDAR antagonist MK801 protects against 1-BP-
induced cognitive dysfunction. Male Wistar rats were
administered with MKS801 (0.1 mg/kg) prior to 1-BP
intoxication (800 mg/kg). Their cognitive performance
was evaluated by the Morris water maze test. The brains
of rats were dissected for biochemical, neuropathological,
and immunological analyses. We found that the spatial
learning and memory were significantly impaired in the
1-BP group, and this was associated with neurodegenera-
tion in both the hippocampus (especially CA1 and CA3)
and cortex. Besides, the protein levels of phosphorylated
NMDARs were increased after 1-BP exposure. MK801
ameliorated the 1-BP-induced cognitive impairments and
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degeneration of neurons in the hippocampus and cortex.
Mechanistically, MK801 abrogated the 1-BP-induced dis-
ruption of excitatory and inhibitory amino-acid balance and
NMDAR abnormalities. Subsequently, MK801 inhibited
the microglial activation and release of pro-inflammatory
cytokines in 1-BP-treated rats. Our findings, for the first
time, revealed that MK801 protected against 1-BP-induced
cognitive dysfunction by ameliorating NMDAR function
and blocking microglial activation, which might provide a
potential target for the treatment of 1-BP poisoning.
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Introduction

Chlorofluorocarbons have been implicated in the depletion
of the stratospheric ozone layer, and also increase the
incidence of cataract formation and skin cancer [1]. As an
alternative to ozone-depleting solvents, 1-bromopropane
(1-BP; Chemical Abstracts Service Registry No. 106-94-5)
is widely used in industry, for example in spray adhesives,
metal and electronic component cleaning, and dissolving
fats, waxes, or resins [2, 3]. With the expanded application,
the adverse effects of 1-BP exposure have gained increas-
ing attention. Studies in experimental animals and workers
have revealed severe toxic effects of 1-BP in the central
nervous system [4-6]. We recently reported that 1-BP
poisoning in rats results in learning and memory deficits
and hippocampal neuronal damage [7, 8]. Workers exposed
to 1-BP display depression, anxiety, reduced short-term
memory, headaches, confusion, and loss of consciousness
[9-12]. Cognitive impairments occur in patients poisoned
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by 1-BP, and these have gradually been recognized to be
key factors that decrease their quality of life [13].
However, therapeutic strategies aimed at blocking 1-BP-
induced cognitive impairments and the related neurode-
generation remain to be investigated.

N-methyl-D-aspartate receptors (NMDARSs) are gluta-
mate-gated Ca?" channels that play pivotal roles in
physiological and pathological conditions, such as neuronal
communication and synaptic plasticity [14-16]. In the
brain, NMDARs are expressed in neurons and glial cells,
including microglia, astrocytes, and oligodendrocytes [17].
Activation of NMDARs contributes to the induction of
long-term potentiation [18]. However, dysregulated acti-
vation of NMDARs may trigger neuronal death and
associated cognitive impairments in neurodegenerative
disorders, such as schizophrenia and Alzheimer’s disease
(AD) [15, 19-22]. Pioneering studies reported that expo-
sure to 1-BP increases the neuronal excitotoxicity in the
CA1 and the dentate gyrus (DG) areas of the hippocampus,
and this is suppressed by an NMDAR antagonist [23],
indicating the involvement of NMDARs in 1-BP-induced
neurotoxicity.

Neuroinflammation mediated by microglia has been
identified as a key factor driving the neurodegenerative
process in many neurological disorders [24, 25]. Activated
microglia generate a detrimental microenvironment for
neurons by secreting a variety of factors, such as reactive
oxygen/nitrogen species, prostaglandins, and inflammatory
cytokines, which work in concert to cause neuronal damage
[26, 27]. Recent studies have suggested cross-talk between
NMDARs and microglial activation. Chronic NMDA
administration increases the protein and mRNA levels of
pro-inflammatory factors, including inducible nitric oxide
synthase, interleukin-1beta (IL-1B), and tumor necrosis
factor alpha (TNFa) in rat frontal cortex [19]. Moreover,
MKS801 and dextromethorphan, two widely-used NMDAR
antagonists, inhibit microglial activation and protect
against methamphetamine-elicited neurotoxicity [27, 28].
Studies have shown that 1-BP exposure is capable of
inducing the activation of microglia in rat cerebellum
in vivo and promoting the release of pro-inflammatory
factors in mouse macrophages in vitro [29, 30]. However,
whether the disruption of immune homeostasis induced by
1-BP is related to the activation of NMDARs remains
unknown. Therefore, in this study, we gave Wistar rats the
noncompetitive NMDAR antagonist MK801 prior to 1-BP
intoxication. The effects of MK801 on 1-BP-induced
cognitive dysfunction, NMDAR subunit expression and
phosphorylation status, microglial activation, and the
production of pro-inflammatory cytokines in the hippocam-
pus and cerebral cortex were investigated.
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Materials and Methods
Reagents

1-BP (> 99.99% purity) was from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). MK801 and 3,3-
diamino-benzidine-tetrachloride (DAB) with metal enhan-
cer were from Sigma-Aldrich Chemical Co. (St. Louis,
MO). The monoclonal antibodies anti-GluN1 (ab109182),
anti-GluN2A  (ab124913), anti-phospho-GluN2A  (p-
GIluN2A, abl6646), anti-phospho-GluN2B (p-GluN2B,
ab81271), and anti-NLRP3 (ab4207), and polyclonal anti-
GIluN2B (ab65783) were from Abcam (Cambridge, UK).
Anti-caspasel antibody (sc56036) was from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA) and anti-IL-1
(12507) from Cell Signal Technology (Danvers, MA).
Anti-ionized calcium-binding adaptor molecule-1 (Iba-1)
was from Wako Pure Chemical Industries, Ltd. The
monoclonal anti-neuronal nuclei (NeuN) (cat# MABA377)
was from Millipore (Darmstadt, Germany). f-Actin mon-
oclonal antibody (clone AC-15) was supplied by Sigma.
The BCA™ protein assay kit was from Pierce Biotech-
nology (Rockford, IL). Secondary antibodies horseradish
peroxidase (HRP)-linked IgG and biotin-conjugated IgG
were from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). The chemiluminescence detection kit for HRP was
from Biological Industries Israel Beit Haemek Ltd. (Kib-
butz Beit Haemek, Israel). Polyvinylidene difluoride
(PVDF) membranes were from Merck Millipore (Billerica,
MA). All chemicals used were of the highest grade
commercially available.

Animal Treatment

The entire study was conducted according to protocols
approved by the Ethics Committee for Animal Experiments
of the School of Public Health, Shandong University, in
accordance with the NIH Guide for the Care and Use of
Laboratory Animals. Forty-eight specific pathogen-free
male Wistar rats (body weight 220 g-240 g) were pur-
chased from Vital River Laboratory Animal Technology
Co., Ltd. (Beijing, China). All rats were housed and
maintained under controlled conditions with a 12 h/12 h
light/dark cycle (lights on at 08:00 and off at 20:00) at
22 + 2°C and 50%—-60% relative humidity. Drinking water
and commercial animal feed were provided ad libitum.
After 5 days of acclimatization to the new environment,
the rats were randomly divided into four groups
(n = 12/group) as follows: control, 1-BP, MK801 + 1-BP,
and MK801 groups. 1-BP was dissolved in corn oil and
orally administered at 800 mg/kg body weight for 14
consecutive days, based on previously-published data
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[7,8,31]. In the MK801 + 1-BP group, MK801 (0.1 mg/kg
body weight) was injected intraperitoneally (i.p.) 30 min
prior to 1-BP for consecutive 14 days. The dose of MK801
was chosen according to previous reports [27, 28]. In the
control group, rats were orally given an equivalent volume
of corn oil. In the MK801 group, rats were injected with
MK&801 (0.1 mg/kg body weight, i.p.) alone. Cognitive
dysfunction was assessed in the Morris water maze (MWM)
from experimental day 10 to day 14. At the end of the MWM
test, 8 randomly-selected rats from each group were
sacrificed by decapitation after 5% chloral hydrate
anesthesia. The cerebellum was dissected out, then the
cerebral cortex and hippocampus were immediately sep-
arated on ice, frozen in liquid nitrogen, and stored at
— 80°C until use. The remaining rats in each group were
anesthetized with intraperitoneal injection of 5% chloral
hydrate and perfused intracardially with saline followed
by a solution of 4% paraformaldehyde (PFA) in 0.1 mol/L
phosphate buffer saline (PBS). The brains were used for
morphological assessment. The body weight was recorded
on days 1, 7, and 14.

Morris Water Maze Tests

The MWM was used to measure spatial learning and
memory. The apparatus and protocols were as previously
described [7, 8, 32]. The movement path was recorded and
analyzed using a computerized tracking system consisting
of a camera and video-tracking software (Huaibei Zhen-
ghua Biological Instrument Equipment Co., Ltd., Suixi,
China). The rats were tested on experimental days 10-14.

Spatial Navigation Test

Throughout the spatial navigation test, the platform was
always located in the south-west quadrant. The rats
received four daily trials for 4 consecutive days. During
a trial, animals were gently put into the water facing the
pool wall in one of the four quadrants, and allowed to swim
until they reached the platform. They were given 120 s to
find the hidden platform, and if they failed to find the
platform within 120 s, the rats were guided to the platform
by the tester and the latency recorded as 120 s. Between
trials the rats remained on the platform for 20 s. The
swimming times and distances to find the platform are
referred to as the escape latency and swimming distance,
respectively, and were used to evaluate spatial learning.

Spatial Probe Trial
To assess spatial memory, a probe test was performed on

day 5 after the 4 days of spatial navigation tests. During the
probe trial, the hidden platform was taken away, and rats

were released into the water in each quadrant for a 90-s
free-swimming period, with a break of 20 s in a clean cage
between trials. The number of times of the rat crossing the
previous location of the platform and the percentage of
time spent in the original platform quadrant were recorded
and analyzed using tracking software.

Analysis of Amino-Acids

High performance liquid chromatography (HPLC) was
used to evaluate changes in the levels of the amino-acids -
amino butyric acid (GABA), aspartate (Asp), glutamate
(Glu), glycine (Gly), and taurine (Tau) in the cerebral
cortex and hippocampus. This was based on previously-
published methods that are highly reproducible and have
been validated in terms of accuracy, precision, linearity,
sensitivity, and stability [33].

Briefly, selected brain tissues were extracted, weighed,
and added to HPLC-grade water-methanol solution
(m:v = 1:9), then the samples were homogenized for 90 s
by a biological homogenizer (AO Sheng Equipment Co.,
Ltd., Hangzhou, China). The homogenates were cen-
trifuged at 12000 g for 10 min at 4°C and the supernatant
was filtered through a 0.22 um filter. The standard solution
or sample solution was reacted with NaHCO; and 4-fluoro-
7-nitrobenzofurazan, and then injected into the HPLC
system. HPLC was performed using a Waters 2998
Photodiode Array Detector (Waters Corporation, Milford,
MA). The HPLC separation was achieved using a C;g
column (5 pum, 250 mm x 4.6 mm) maintained at 40°C,
and the amino-acid components were eluted by gradient
elution with 0.5 mol/L sodium acetate solution (solvent A),
acetonitrile (solvent B), and water (solvent C). The
gradient was as follows: 88% A, 88% B, 6% C at 0 min;
65% A, 17.5% B, 17.5% C at 5.0 min; 40% A, 30% B,
30% C at 14.0 min; and 88% A, 6% B, 6% C at 25 min.
The flow rate was 1.0 mL/min and the UV detection
wavelength was set at 350 nm.

Histological and Immunohistochemical Analysis

Four rats from each group were anesthetized by i.p.
injection of 4% chloral hydrate and intracardially perfused
with 0.9% saline, followed by 4% paraformaldehyde (PFA,
ice-cold) in 0.1 mol/L phosphate buffered saline (PBS, pH
7.4). The brain was removed and fixed in 4% PFA (4°C)
for 48 h, transferred to 30% sucrose, and then left until it
sank to the bottom. Coronal frozen sections (40 pm)
including cerebral cortex and hippocampus were cut on a
freezing microtome (HM525, Thermo, MA) and mounted
on Thermo SuperFrost Plus slides (Sigma). Two series of
adjacent sections (two sections per rat) with similar parts of
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the cerebral cortex and hippocampus were selected for
thionin staining and immunostaining.

Immunostaining was performed as previously described
[7, 32]. Briefly, free-floating sections were blocked with
1% bovine serum albumin, 4% normal goat serum, and
0.4% TritonX-100 in PBS for 30 min at room temperature,
then incubated with primary anti-NeuN or anti-Iba-1
antibody (1:2000 dilution) overnight at 4°C. The next
day, the sections were incubated in biotin-conjugated
secondary antibody for 2 h at room temperature. Then the
sections were further stained using an ABC Kit (Vector
Laboratories, Inc., Burlingame, CA) and DAB with metal
enhancer. After mounting on slides, the sections were
observed under a light microscope, and images were
captured to count the number of NeuN-immunopositive
neurons and Iba-1-immuopositive microglia using ImageJ
software (NIH, USA).

Western Blot Analysis

The brain samples were weighed and homogenized using a
motorized homogenizer in ice-cold lysis buffer containing
the following: 50 mmol/L NaCl, 1% Triton X-100,
50 mmol/L. HEPES, 0.5% deoxycholate sodium, 0.1%
SDS, 2 mmol/L Na3;VO,, 1 mmol/L NaF, 1 mmol/L
EGTA, 12 mmol/L B-mercaptoethanol, 1 mmol/L. PMSF,
and 1% protein protease inhibitor cocktail. The homo-
genate was kept at 4°C for 30 min and then centrifuged at
1,000 g for 15 min. The supernatant was collected and
further centrifuged at 12,000 g for 20 min. Then, the
protein concentrations in the supernatants were determined
with a BCA protein assay kit. Next, the protein samples
were mixed with loading buffer and boiled for 10 min.
Equal amounts of protein (20 pg) were separated by 7.5%
or 10% SDS polyacrylamide gel electrophoresis, then
transferred to a PVDF membrane. After blocking with 5%
skim milk in TBST for 1 h at room temperature, the
membranes were incubated with the primary antibodies
anti-B-actin, anti-GluN1, anti-GluN2A, anti-GluN2B, anti-
p-GIluN2A, anti-p-GIuN2B, anti-NLRP3, anti-caspasel,
and anti-IL-1p overnight at 4°C. Then the membranes
were incubated with HRP-conjugated secondary antibodies
for 1 h at room temperature (1:5000). After washing, the
proteins were visualized using the chemiluminescence
method. The bands on X-ray film were scanned, then
integral optical density analysis of proteins was performed
with the Kodak Imaging Program and Image-Pro Plus
(Eastman Kodak Co., New Haven, CT), with normalization
to B-actin.
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Statistical Analysis

All data are presented as mean + SD and were analyzed
using the Statistical Package for Social Sciences (SPSS)
version 23 (SPSS Inc., Chicago, IL). The data from the
MWM test and body weight were analyzed by repeated-
measures analysis of variance (ANOVA). Other data were
compared using one-way ANOVA followed by the LSD
post-hoc test. P < 0.05 was considered statistically
significant.

Results
Changes in Rat Body Weight

To investigate the effect of MK801 on the physical
development of 1-BP-treated rats, the body weight was
recorded at 1, 7, and 14 days after initial 1-BP intoxication
with or without MK801 pre-treatment. The body weight of
all groups gradually increased (Table 1). At 14 days, the
weight had increased by 30.92% in the control group, and
this was reduced to 20.38% in 1-BP-intoxicated rats.
Interestingly, the weight in rats with combined MK801 and
1-BP treatment recovered to a level comparable to controls
(27.75% + 3.85%). MK801 alone did not affect the body
weight gain compared to control rats. No deaths were
recorded during experiments.

MKS801 Treatment Ameliorated the 1-BP-Induced
Impairments in Spatial Learning and Memory

In the place navigation test, the performance of all groups
improved as the training continued. Compared with the
control group, 1-BP exposure markedly increased the
escape latency and swimming distance (Fig. 1A, B), which
were significantly reduced by pre-treatment with MK801,
indicating that MK801 effectively improved the learning
and memory of 1-BP-treated animals. Consistently, the
1-BP rats showed a random type of underwater platform
searching profile, the control rats exhibited an effective
exploratory profile, while co-administration of MKS801
significantly improved the 1-BP-induced change in
exploratory profile (Fig. 1D). Administration of MKS801
alone had no effect on memory compared to the control
group. There were no significant differences in swimming
speed among the groups (Fig. 1C).

In the probe trial, the platform was removed from the
maze, and the rats were allowed to swim freely for 90 s.
Compared with the control group, 1-BP exposure signif-
icantly reduced the number of platform crossings, which
was recovered by pre-treatment with MK801 (Fig. 2A).
Rats in the 1-BP group spent a smaller percentage of time
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Table 1 Body weight gain in
the four groups

Group (n = 12)

Body weight (g)

Body weight gain (%)

Day 1 Day 7 Day 14
Control 237.25 + 8.40 284.00 + 17.17 31042 £+ 10.57 30.92 £+ 4.78
1-BP 241.85 £+ 9.06 267.54 £ 10.37 291.08 £ 13.07 20.38 £ 3.82%*
1-BP + MK&01 238.92 + 8.45 274.83 + 10.74 305.25 £ 14.76 27.75 + 3.85"
MK2801 238.25 + 8.08 280.75 + 11.54 313.50 £ 14.63 31.63 £ 5.51

##P < 0.01 compared to control; *P < 0.05 compared to 1-BP group
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Fig. 1 MKB8O01 protects against 1-BP-induced spatial learning deficits
in rats. The spatial learning of rats intoxicated with 1-BP with or
without MK801 pre-treatment was tested using the Morris water
maze. A Time to find the platform (escape latency). B Total distance

in the quadrant with the platform than those in the control
group, while pre-administration of MKS801 resulted in
longer time in the target quadrant than the 1-BP alone
group (Fig. 2B).

MKS801 Attenuated 1-BP-Induced Neuronal Damage
Consistent with the cognitive dysfunction, 1-BP exposure

damaged neurons in rats (Fig. 3). Thionin staining revealed
swollen and sparse cells in both the hippocampus and
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to find the platform (swimming distance). C Average velocity among
groups (swimming speed). D Typical exploratory profiles of rats in
the different groups. n = 12, *P < 0.05, **P < 0.01 vs control group;
##p < 0.01 vs 1-BP group.

cortex of 1-BP-intoxicated rats compared with vehicle
controls. In addition, 1-BP treatment resulted in smearing
of the cell layers in the hippocampus, especially in the CA1
and CA3 areas (Fig. 3B). In contrast to 1-BP alone,
combined MK801 and 1-BP treatment restored neurons in
cerebral cortex and hippocampus.

To further confirm 1-BP-induced cell loss in the
hippocampus, we performed immunohistochemical stain-
ing using the neuron-specific antibody NeuN. The density
of NeuN immunostaining in the CA1 and CA3 regions of
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Fig. 2 MK&801 protects against 1-BP-induced spatial memory impair-
ments in rats. The spatial memory of rats intoxicated with 1-BP with
or without MK801 pre-treatment was tested using the Morris water

the hippocampus in the 1-BP-treated rats was significantly
down-regulated (Fig. 4A). Measurement of the numbers of
NeuN-immunoreactive cells revealed 42.3% loss of neu-
rons in CAl and 81.0% loss in CA3 in 1-BP-treated rats
compared with the control group (Fig. 4B). Interestingly,
the neuronal loss in CA1 and CA3 in 1-BP-intoxicated rats
increased by 36.5% and 79.1%, respectively when they
were supplemented with MK801, suggesting that MK801
protects against 1-BP-induced neurotoxicity.

Effects of 1-BP on Amino-Acids in the Brain

To determine the role of NMDARs in 1-BP-induced
neurotoxicity, we initially measured the levels of the five
amino-acids Asp, Tau, GABA, Glu, and Gly in the
hippocampus and cerebral cortex of 1-BP-intoxicated rats
with or without MKS801 pre-treatment. A mixture of
purified Asp, Tau, GABA, Glu and Gly was used to
determine the elution time in the HPLC analysis. The
results showed that the five amino-acids were completely
separated within 15 min (Fig. S1). Specifically, Asp, Glu,
Gly, Tau and GABA were separated at 6.105, 7.372,
12.611, 13.410, and 13.865 min, respectively. Exposure to
1-BP significantly increased the levels of Asp and Gly in
the hippocampus and cortex compared with vehicle
controls (Fig. 5). The levels of GABA in the hippocampus
as well as Tau in both the hippocampus and cortex in 1-BP-
intoxicated rats were lower than those in the control group.
The Glu content remained unchanged. In addition, the
1-BP-induced increases in Asp and Gly were markedly
reduced by MKS8O0I.
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maze. A Number of platform crossings. B Percentage of time spent in
the target quadrant. n = 12, *P < 0.05, **P < 0.01, vs control group,
#P < 0.05, vs 1-BP group.

Effects of 1-BP Exposure on Expression of NMDAR
Subunits

Next, we investigated the effects of MK801 on 1-BP-induced
NMDAR subunit expression and NMDAR phosphorylation
in both the hippocampus and cortex of rats. Western blots
showed that, compared with vehicle controls, the level of the
NMDAR subunit GluN1 was significantly increased in the
cortex but not the hippocampus of 1-BP-intoxicated rats
(Fig. 6C, D). The levels of GluN2A and GluN2B were lower
in both the cerebral cortex and hippocampus of the 1-BP
group (Fig. 6) than in vehicle controls. In contrast, the
phosphorylation of GIuN2B was increased in both the
cerebral cortex and hippocampus as well as GluN2A in the
hippocampus of 1-BP treated rats (Fig. 7). The alterations of
NMDAR subunits induced by 1-BP were abrogated by
MKS801 pretreatment.

MKBS801 Treatment Significantly Decreased
Activated Microglia and Inhibited Inflammatory
Cytokine Release in the Hippocampus and Cerebral
Cortex

To determine whether the protection afforded by MK801 in
1-BP-intoxicated rats was associated with an attenuation of
microglial activation, we performed immunostaining with
antibody against Ibal, a microglial marker. The density of
Iba-1 staining and the number of activated microglia were
analyzed. The activated microglia, characterized by bushy
morphology with increased cell body size, along with
contracted and ramified processes were observed in the
hippocampus and cortex of 1-BP-intoxicated rats. How-
ever, such activated microglia were rarely detected in
1-BP-intoxicated rats pretreated with MK801 (Fig. 8A).
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CA1

Fig. 3 MK801 reverses 1-BP-induced morphological changes of
neurons in the cerebral cortex and hippocampus of rats. A Represen-
tative images of thionin staining in the cortex in the different groups
(right panels, magnified images). B Representative images of thionin

Analysis of the density of Iba-1 staining supported the
morphological observations. The density of Iba-1 staining
was increased by 55.2% in cortex, 52.7% in CAl, and
59.3% in CA3 of 1-BP-treated rats compared with vehicle
controls; this was significantly reduced by MKS801 pre-
treatment (Fig. 8C). No difference was found in the
numbers of Iba-17 cells among these groups (Fig. 8B).

1

staining in the hippocampus in the different groups (lower panels,
magnified images of CAl and CA3). Scale bars A left, 50um; right,
20um; B upper, 200pm; bottom CA1 and CA3, 20um.

The nucleotide-binding oligomerization domain-, leucine-
rich repeat- and pyrin domain-containing 3 (NLRP3) inflam-
masome plays a critical role in regulating microglial activa-
tion. To determine whether the inhibitory effects of MK801 on
1-BP-induced microglial activation are associated with inac-
tivation of the NLRP3 inflammasome, the levels of NLRP3,
caspase-1, and IL-1f in the hippocampus and cerebral cortex
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Fig. 4 MKB801 attenuates 1-BP-induced neuron loss in hippocampal
CAl and CA3 in rats. A Representative images of anti-NeuN
immunostaining in each group. Scale bars upper, 200pm; bottom

of rats were measured using Western blot. In 1-BP-treated
rats, the levels of NLRP3 protein (Fig. 9A, D) were signif-
icantly higher than in controls and these effects were inhibited
by MKS801 pretreatment. Furthermore, Western blot analysis
revealed increased levels of mature caspase-1 (casepase-
1p10) (Fig. 9C,F) and IL-1 (Fig. 9B, E) in 1-BP-intoxicated
rats, which was also mitigated by MK801, suggesting that
MKSO01 attenuates the activation of the NLRP3 inflamma-
some induced by 1-BP.
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CAl and CA3, 20um. B Quantitative measurement of NeuN-
immunoreactive neurons in each group. n = 4, **P < 0.01 vs control
group. ##p <0.01 vs 1-BP group.

Discussion

The MWM test is a major tool for measuring spatial
memory in rats, and is widely used in behavioral neuro-
science [34]. Previous studies have demonstrated that
impaired performance in the MWM test is associated with
distinct brain regions including the striatum, hippocampus,
basal forebrain, cerebellum, and cerebral cortex [7].
Among these regions, the hippocampus and cerebral cortex
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play important roles in processing and retrieving memory
[35, 36]. In addition, previous work has revealed that the
hippocampus is one of the areas sensitive to 1-BP-induced
toxicity [37]. Hence, here we focused on the hippocampus
and cerebral cortex to investigate the protective effects of
MKS801 against 1-BP-induced neurotoxicity. Our results

Hippocampus

Concentration in hippo (umol/g)

O

Concentration in hippo (umol/g)

-

0.0- e T

Concentration in hippo (umol/g)

Gly in hippocampus

and GABA (C, D) in each group. E, F Gly levels in each group.
n=4; *P<0.05, **P <0.01l vs control group; #p < 0.05,
##p <0.01 vs 1-BP group.

showed that exposure to 1-BP for 14 consecutive days
significantly impaired the spatial learning and memory in
rats, and this impairment was attenuated by MKS8O0I.
Mechanistic investigation revealed that the interactions
between NMDARSs and microglial activation are essential
for the neuroprotection afforded by MKS801.
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Information processing requires a delicate balance of
excitatory and inhibitory signaling during memory encod-
ing [38]. It is known that NMDARSs, via excitatory
signaling, play an important role in learning and memory
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formation [39, 40]. However, dysfunction of NMDARs is
detrimental to learning and memory behaviors, and this has
been implicated in the pathophysiology of brain disorders
including AD [15, 18] and Parkinson’s disease (PD) [41].
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The function of NMDARs is regulated by the balance of
endogenous excitatory and inhibitory amino-acids. Glu and
Asp are excitatory neurotransmitters that can bind to
NMDARSs, resulting in an increased intracellular Ca®"
concentration and thus, excitotoxicity, a common mecha-
nism shared by several neurodegenerative disorders
[42, 43]. GABA and Tau are the main inhibitory transmit-
ters in the brain, and can modify neuronal responses to
excitatory inputs by reducing cell excitability [43, 44].
Both GABA and Tau are capable of antagonizing Glu-
mediated excitatory responses by reducing the binding of
Glu to NMDAR subtypes [45]. Previous studies have
shown that 1-BP exposure enhances neuronal excitability
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in the hippocampus through the over-activation of
NMDARs [23, 46]. Consistent with previous reports, we
found that the concentrations of GABA and Tau were
significantly decreased in 1-BP-intoxicated rats [47].
Meanwhile, 1-BP intoxication increased the levels of
excitatory Asp in rats, although the levels of Glu remained
unchanged. Notably, the Glu content measured in the brain
tissue of rats may not be able to exactly reflect the
functional Glu in synaptic junctions. Unfortunately, detect-
ing Glu in synaptic junctions using micro-dialysis was not
available to us. In contrast to the unchanged Glu, we found
that the concentrations of Gly were markedly elevated in
1-BP-intoxicated rats. Gly is a co-agonist required for the
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Fig. 8 MKB801 attenuates 1-BP-induced microglial activation in rats.
(A-C) Representative images of anti-Iba-1 immunostaining (A),
numbers of Iba-1-immunoreactive cells (B), and integrated density of

activation of NMDARs, apart from Glu and Asp. Gly is
also known to decrease the desensitization of NMDARs
[48]. Interestingly, in mice treated with both 1-BP and
MKSO01, the changes in Gly and Asp induced by 1-BP
recovered to a level similar to the control group.

We also assessed the expression of the NMDAR
subunits GluN1, GIuN2A, and GIuN2B. Consistent with
the increase in Gly, the expression of GluN1 was higher in
1-BP-treated rats. The GluN1 subunit is essential for
channel formation and is the binding site for Gly, which is
a co-agonist for NMDAR activation [49, 50]. Functional
NMDA channels are heteromeric tetramers of GluN1 and
GluN2A-D subunits. Different NMDAR isoforms formed
by diverse combinations of GluN2 subunits serve unique
roles in the brain. GluN2A/B is critical for synaptic
plasticity and memory formation, and the phosphorylation
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of GIluN2A/B enhances the ability of NMDARs to regulate
Ca®" influx [40]. Here, we found that 1-BP treatment
resulted in decreased of GluN2A and GluN2B expression,
but increased their phosphorylation levels in the brains of
rats. These alterations in NMDAR subunits were abrogated
by MKS80I1 pretreatment. The results suggested that the
effects of MK801 might be mediated partially by reducing
NMDAR activation.

Mechanistically, the protection against 1-BP-induced
neurotoxicity by MKS801 might be related to its anti-
inflammatory effect. Neuroinflammation mediated by
microglia is gradually being recognized to be essential
for neurodegeneration in response to exogenous insults
[51]. In response to stimulation, microglia are readily
activated and release pro-inflammatory cytokines, prosta-
glandins, and reactive oxygen/nitrogen species, which
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Fig. 9 Effects of 1-BP on NLRP3 inflammasome, IL-1B, and
caspase-1 expression in rat hippocampus and cerebral cortex. A,
G Western blots of NLRP3 expression in each group and (D,
J) quantification of blot density. C, I Activation of casepase-1 and (B,
H) maturation of pro-IL-1f in each group, and (E, K, F,

work together to cause neuronal damage [52]. Recent
studies have demonstrated that microglial over-activation
accounts for the cognitive dysfunction in patients with
chronic neurodegeneration such as PD and AD [53, 54].
Accumulating evidence suggests cross-talk between
NMDARs and microglial activation. NMDARs are
expressed in microglial cells and have been implicated in
their activation. Studies have shown that administration of
NMDA to rats stimulates microglial activation and the
secretion of pro-inflammatory factors, such as IL-1B and
TNFa [19]. Blockade of NMDARs has been found to

L) quantification of blot density. B-Actin served as an internal
control. Data are expressed as a percentage of control (mean == SEM)
for four mice/group. n = 4, **P < 0.01 vs control group; *P < 0.01
vs 1-BP group.

decrease microglial activation in a rat model of peripheral
inflammatory pain [55]. In turn, activated microglia can
stimulate the NMDARs expressed in both microglia and
neurons through the release of a variety of pro-inflamma-
tory factors [56], leading to further microglial activation
and neuronal excitotoxicity. It has been demonstrated that
MKS801 protects against lipopolysaccharide-induced neu-
ronal damage by inhibiting microglial activation [27].
Thus, we speculated that 1-BP exposure might trigger
microglial activation and propagate a toxic interaction
between NMDARSs and activated microglia. The beneficial
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effects of MK801 against 1-BP-induced neurotoxicity
might be attributed to the alleviation of neuroinflammation.

The pro-inflammatory cytokine IL-1f is critical for the
activation of NMDARs and microglia [57]. IL-1 is a potent
agonist of microglial activation that can stimulate the
abundant production of nitric oxide and TNFa, as well as the
activation of NMDARs [58]. Moreover, an in vitro study
revealed that neurons exposed to IL-1B show increased
postsynaptic entry of Ca?* [57]. The NLRP3 inflamma-
some, a multiprotein complex, can sense various stimuli and
form a molecular platform for caspase-1 activation, which
leads to the production and release of IL-1f [59]. As
illustrated in the present study, 1-BP intoxication resulted in
increased NLRP3 expression and the cleavage of both pro-
caspase-1 and pro-IL-1f, which was abolished by MK801.
The results suggested that the NLRP3 inflammasome and
related production of IL-1B might bridge the interaction
between NMDARs and activated microglia.

In summary, the present study revealed that MK801
protects against 1-BP-induced cognitive dysfunction by
ameliorating NMDAR action and blocking microglial acti-
vation. This expands the understanding of the pathogenesis
of 1-BP-induced neurotoxicity and provides potential targets
for the treatment of 1-BP poisoning. However, other
mechanisms cannot be excluded in the protection afforded
by MK&801, since MK801 has versatile pharmacological
properties. Further mechanistic studies are needed.
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