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Abstract

Clinical manifestations of methylmercury (MeHg) intoxication include cerebellar ataxia, con-
centric constriction of visual fields, and sensory and auditory disturbances. The symptoms
depend on the site of MeHg damage, such as the cerebellum and occipital lobes. However,
the underlying mechanism of MeHg-induced tissue vulnerability remains to be elucidated. In
the present study, we used a rat model of subacute MeHg intoxication to investigate possible
MeHg-induced blood-brain barrier (BBB) damage. The model was established by exposing
the rats to 20-ppm MeHg for up to 4 weeks; the rats exhibited severe cerebellar pathological
changes, although there were no significant differences in mercury content among the differ-
ent brain regions. BBB damage in the cerebellum after MeHg exposure was confirmed based
on extravasation of endogenous immunoglobulin G (IgG) and decreased expression of rat
endothelial cell antigen-1. Furthermore, expression of vascular endothelial growth factor
(VEGF), a potent angiogenic growth factor, increased markedly in the cerebellum and mildly
in the occipital lobe following MeHg exposure. VEGF expression was detected mainly in
astrocytes of the BBB. Intravenous administration of anti-VEGF neutralizing antibody mildly
reduced the rate of hind-limb crossing signs observed in MeHg-exposed rats. In conclusion,
we demonstrated for the first time that MeHg induces BBB damage via upregulation of VEGF
expression at the BBB in vivo. Further studies are required in order to determine whether
treatment targeted at VEGF can ameliorate MeHg-induced toxicity.

Introduction

Methylmercury (MeHg) is a by-product formed during acetaldehyde synthesis. MeHg also
occurs in nature due to the microbial methylation of mercury. Artificially produced MeHg
has caused serious environmental problems over the past 60 years in Japan [1],[2]. Although
extensive artificial MeHg pollution has been reduced, the naturally occurring environmental
form is increasing due to increasing mercury emission into the atmosphere associated with
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human activities [3]. At toxic exposure levels, MeHg causes central nervous system insults
such as Hunter-Russell syndrome [4], Minamata disease [5],[6], and Niigata Minamata disease
[7]. Clinical manifestations of MeHg intoxication in adults include cerebellar ataxia, concen-
tric constriction of visual fields, and sensory and auditory disturbances. The specific symptoms
depend on the location of the lesions induced by MeHg, which often produce damage to the
cerebellum and occipital lobes [8]. However, the underlying mechanism of MeHg-induced tis-
sue vulnerability remains to be elucidated.

Recent studies suggest that certain factors such as oxidative stress and blood-brain barrier
(BBB) damage may modify MeHg-induced neurotoxicity. We previously demonstrated that
anti-oxidative compounds prevent MeHg-induced neurotoxicity in rats [9],[10], and that
decreased expression of anti-oxidative enzymes enhances the vulnerability of cerebellar granular
cells to MeHg toxicity [11]. This observation suggests a crucial role of oxidative stress in MeHg-
induced neuronal toxicity. Furthermore, a recent study demonstrated that MeHg induces the
expression of vascular endothelial growth factor (VEGF), a potent angiogenic growth factor, in
cultured endothelial cells [12]. This report prompted us to investigate whether MeHg causes
BBB damage by inducing VEGF expression in vivo, as increased VEGF expression results in
BBB damage that leads to hemorrhage, edema, and microcirculation failure in a number of con-
ditions [13]. In the present study, we utilized a rat model of subacute MeHg intoxication to
investigate whether MeHg produces BBB damage via upregulation of VEGF expression.

Materials and Methods
Rat model of subacute MeHg intoxication

The present study was carried out in strict accordance with the recommendations of the Guide
for the Care and Use of Laboratory Animals of the National Institutes of Health. All experi-
mental animal protocols were approved by the National Institute for Minamata Disease (Per-
mit Number: 2012,7-1). Six-week-old male Wistar rats obtained from CLEA Japan (Tokyo,
Japan) were housed two to three per cage at 23°C (+3°C) with humidity 55% (£15%) under a
12-h light-dark cycle. All rats were allowed free access to pelleted diet (CE-2, CLEA Japan) and
tap water. The rats were divided into five groups as follows: control, 1-, 2-, 3-, and 4-week
MeHg exposure groups (n = 6 per group). MeHg was administered as previously described
[14]. Briefly, the rats were provided water with or without 20-ppm MeHg from 6 weeks to 9
weeks of age, depending on exposure group, until the end of the experiment at 10 weeks of age
(Fig 1A). Average mercury intake for each rat was 1.0 mg-kg™'-day ", In this condition, mer-
cury content in the brain will be above 10 ppm after 3 weeks of exposure. It is thought that
more than 10 ppm of mercury in the brain is required to cause brain injury in both humans
and rats. Body weight was measured twice a week. Brain tissues were harvested at 10 weeks old
(Fig 1A) and separated into the cerebellum and cerebral cortex, which was then further sepa-
rated into three portions (frontal, central, and occipital; Fig 1B).

Measurement of mercury content

The total concentration of mercury in each section of the brain tissue samples was determined
according to the oxygen combustion-gold amalgamation method [15] using a mercury ana-
lyzer (MA2000, Nippon Instruments, Tokyo, Japan).

Evaluation of neuronal impairment

The “hind-limb crossing sign,” a characteristic sign of MeHg intoxication [16], was used to
evaluate the neuronal impairment of the rats and was determined at 10 weeks according to
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Fig 1. Time course of experiments and sample preparation. (a) Six-week-old male Wistar rats were
divided into five groups as follows: control, 1-, 2-, 3-, and 4-week MeHg exposure groups (n = six per group).
Rats were administered water with or without 20-ppm MeHg from 6 weeks of age. Rabbit anti-VEGF
neutralizing antibody was intravenously administered twice at 6 and 8 weeks of age (arrow) at doses of 10 and
20 pg (42—44 and 5664 pg/kg), respectively, for the low-dose anti-VEGF (L) group or 20 and 100 pg (81-87
and 301-332 pg/kg), respectively, for the high-dose anti-VEGF (H) group. Brain tissues were harvested at 10
weeks of age. (b) Brains were separated into the cerebellum and cerebrum; the cerebrum was further
separated into frontal, central, and occipital regions.

doi:10.1371/journal.pone.0170623.9001

previously described protocols [17]. This sign is considered an expression of limb ataxia caused
by impairments in deep sensation or injury to the cerebellum in animal models of MeHg intoxi-
cation. Briefly, rats were held by the tail, and the posture of both hind-limbs was observed. The
level of neuronal impairment was evaluated using the following scale: (+++), limbs crossed each
other; (++), limbs nearly crossed; (+), limbs did not cross and flexion was observed; and (-),
limbs moved freely and were typically splayed outward.

Immunohistochemistry

Brain tissue samples were prepared from rats at 10 weeks of age following deep anesthesia by
overdose of isoflurane (Wako Pure Chemical Industries, Osaka, Japan). The rats were perfused
with intracardiac cold saline followed by 4% paraformaldehyde in 0.1 M phosphate-buffered
saline (PBS; pH 7.4). VEGF expression was then examined using immunohistochemical (IHC)
staining with rabbit anti-VEGF antibody (A-20, Santa Cruz, CA, USA, 1:100). To investigate
the cellular distribution of VEGF, IHC staining was performed using antibodies against rat
endothelial cell antigen-1 (RECA-1)—an endothelial marker protein (MCA-970R, Serotec,
Oxford, UK, 1:250)—and glial fibrillary acidic protein (GFAP), an astrocytic marker (#3670,
Cell Signal Technology, Beverly, MA, USA, 1:50). The sections were mounted and examined
with a fluorescence microscope (BZ-9000, Keyence, Japan). Horseradish peroxidase-conju-
gated anti-rat IgG antibody (PK-6104, VECTASTAIN Elite ABC Kit (Rat IgG), Vector Labora-
tories, CA, USA) was used to detect extravascular intrinsic serum IgG. All rats in each group
were used for staining, and control tissue sections were run without primary antibody, which
confirmed that there was no specific staining.
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Treatment with anti-VEGF neutralizing antibody

To assess the effect of VEGF in the MeHg intoxication model, we administered rabbit anti-
VEGEF neutralizing antibody (RB-222, Lab Vision-Neomarkers, Fremont, CA, USA), which has
been shown to neutralize VEGF in rat brains [18],[19]. Rats were anesthetized and maintained
under 2.5% isoflurane in air using a face mask. RB-222 was intravenously administered twice at
6 and 8 weeks of age at doses of 10 and 20 pg (42-44 and 56-64 ug/kg), respectively, for the
low-dose anti-VEGF (L) group or 20 and 100 ug (81-87 and 301-332 ug/kg), respectively, for
the high-dose anti-VEGF (H) group. The doses differed between weeks 6 and 8 due to the
weight gain of the rats. Brain tissues were harvested at 10 weeks old (n = six to eight per group).

Statistical analysis

The mercury content among four lesions were statistically compared using one-way ANOVA.
Differences in the frequencies were assessed using Fisher’s exact test. Differences were consid-
ered significant at P < 0.05.

Results
Mercury content of brain tissue samples

We first measured the mercury content of rat brains exposed to MeHg using the oxygen com-
bustion-gold amalgamation method. Our analysis revealed that longer MeHg exposure
resulted in higher mercury content in rat brains (Fig 2). No significant differences in mercury
content were observed among the brain region samples in the same MeHg exposure duration
group.

The mercury content of rat brain samples from various regions (frontal, central, and occipi-
tal regions, in addition to the cerebellum) from control or 1-, 2-, 3-, and 4-week MeHg expo-
sure groups were measured using the oxygen combustion-gold amalgamation method with a
mercury analyzer; n = five or six per group. The total concentration of mercury in the control
group was less than 0.1 ppm in all tissues. No significant differences were observed in mercury
content among the brain region samples in the same MeHg exposure duration group.

Time course of changes in body weight

The body weight of rats increased from 6 weeks to 10 weeks in the control group; however, the
body weight of rats exposed to methylmercury decreased after 2 or 3 weeks of exposure (Fig 3).

Hind-limb crossing sign after MeHg exposure

The neuronal impairment of the rats was evaluated by assessing the presence of hind-limb
crossing signs at 10 weeks of age (n = 6 per group, Fig 4). In the control, 1-, and 2-week expo-
sure groups, no rats exhibited hind-limb crossing. However, in the 3-week exposure group,
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Fig 2. Mercury content in each region of brain based on duration of methylmercury exposure.
doi:10.1371/journal.pone.0170623.9002
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Fig 3. Time course of changes in body weight. Body weight was measured 2 times per week and plotted.
Each line in the same color shown in the explanatory notes represents a single rat exposed to mercury in the
same period. Body weight increased from 6 weeks to 10 weeks in the control group (green) and the 1- or
2-week exposure groups (orange and purple lines, respectively). However, body weight decreased following 2
or 3 weeks of exposure to methylmercury (after 8 weeks: black line, after 9 weeks: blue line).

doi:10.1371/journal.pone.0170623.9003

only one rat exhibited normal hindlimb movement. In the 4-week exposure group, all rats
exhibited complete hind-limb crossing. These findings suggest that longer MeHg exposure is
associated with increased neuronal impairment.

VEGF expression in astrocytes following MeHg exposure

To investigate whether subacute MeHg intoxication increases VEGF expression in the central
nervous system, we performed IHC staining of the cerebrum and cerebellum using an anti-
body against VEGF. VEGF expression in the cerebellum markedly increased in the 4-week
exposure group when compared with that of the control group (Fig 5A), although there was
no apparent VEGF expression until 3 weeks of exposure (data not shown). VEGF expression
was detected in both the cerebellar cortex and medulla, which was evident in the granular cell
layer. VEGF expression increased mildly in the occipital region. In contrast, no significant
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control/1/2wk 3wk 4wk

Fig 4. Incidence of hind-limb crossing signs after methylmercury exposure. Hind-limb crossing signs at
10 weeks of age are shown. Rats were held by the tail, and the posture of both hind-limbs was observed. This
phenomenon was graded according to the following scale: (+++), limbs crossed each other; (++), limbs nearly
crossed; (+), limbs did not cross and limb flexion was observed; and (-), limbs moved freely and were typically
splayed outward. All the rat in control group and the rat in the 1- and 2-week MeHg exposure groups did not
show a hind-limb crossing sign; therefore, the results for three groups are integrated into one bar (n = five or
six per group).

doi:10.1371/journal.pone.0170623.g004
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Fig 5. Vascular endothelial growth factor (VEGF) expression associated with methylmercury
exposure. (a) Immunohistochemical staining was performed using rabbit anti-VEGF antibody to detect
VEGF expression in the frontal and occipital regions and cerebellum of rats in the control and 4-week
MeHg exposure groups (left and right panels, respectively). Scale bar, 50 um. (b) Representative images
of double immunohistochemical staining sections of cerebellum in the 4-week MeHg exposure group.
VEGF (red) and rat endothelial cell antigen-1 (RECA-1, a marker of endothelial cells, green) positive cells
are shown. Scale bar, 20 ym. (c) Double immunohistochemical staining for VEGF (red) and glial fibrillary
acidic protein (GFAP, a marker of astrocytes, green). Scale bar, 30 um. All experiments were performed in
triplicate.

doi:10.1371/journal.pone.0170623.9005

increase in VEGF expression was observed in the frontal and central regions. We also investi-
gated the cellular localization of VEGF using antibodies against the astrocyte marker GFAP
and endothelial cell marker RECA-1. VEGF was expressed on the outer side of the RECA-
1-positive endothelial cells (Fig 5B), and most of the VEGF-expressing cells were GFAP-posi-
tive astrocytes (Fig 5C).

BBB damage in rats exposed to MeHg

We investigated whether MeHg exposure resulted in BBB damage and vascular hyperpermeabil-
ity using sections from the rat cerebellum. IHC staining using an antibody against RECA-1 dem-
onstrated a decrease in RECA-1 expression in the cerebellum of rats exposed to MeHg for 4
weeks relative to unexposed controls (Fig 6A), although no obvious cellular damage was observed
until 3 weeks of exposure. Extravasation of endogenous IgG revealed positive immunostaining
outside of the vessels of the cerebellum only in the rats exposed to MeHg for 4 weeks (Fig 6B).

Effect of anti-VEGF neutralizing antibody on hind-limb crossing sign

Finally, we investigated the effect of anti-VEGF neutralizing antibody on hind-limb crossing
signs at 10 weeks of age (Fig 7). The rate of complete crossing (+++) was reduced from 43% in
the control group to 14% and 13% in the VEGF (L) and VEGF (H) groups, respectively.
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Fig 6. Expression of endothelial cell markers and IgG extravasation in the cerebellum of rats exposed
to methylmercury. (a) Rat cerebellum sections from control and 4-week exposure groups (upper and lower
panels, respectively) were stained using an antibody against rat endothelial cell antigen-1 (RECA-1). Low and
high (left and right panel, respectively) magnification images are shown. Scale bars, 100 and 10 ym (left and
right panel, respectively). (b) Rat cerebellum sections from control and 4-week exposure groups (upper and
lower panels, respectively) were stained using an antibody against rat IgG. Vascular hyperpermeability was
evaluated by immunostaining of intrinsic IgG outside of vessels in control and 4-week exposure groups.
Arrows indicate IgG extravasation in the 4-week MeHg exposure group. No IgG staining outside of vessels
was detected in the control group. Scale bar, 25 ym. All experiments were performed in triplicate.

doi:10.1371/journal.pone.0170623.9006

Discussion

Using a rat model of subacute MeHg intoxication, we demonstrated for the first time that
MeHg causes BBB damage in vivo. The BBB damage in the cerebellum was confirmed by
extravasation of endogenous IgG and decreased expression of RECA-1. In addition, we
observed increased expression of VEGF in the cerebellum and occipital lobe in rats exposed to
MeHg. VEGF expression was detected in rats exposed to MeHg for 4 weeks mainly in astro-
cytes, major components of the BBB. These findings are consistent with the observation that
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Fig 7. Hind-limb crossing signs after 4-week exposure to methylmercury (MeHg) with or without
intravenous administration of anti-vascular endothelial growth factor (VEGF) neutralizing antibody.
Neuronal impairment was evaluated by assessing the presence of hind-limb crossing signs after 4 weeks of
MeHg exposure with or without anti-VEGF antibody treatment. Neuronal impairment was evaluated according
to the following scale: (+++) limbs crossed each other; (++), limbs nearly crossed; (+) limbs did not cross and
limb flexion was observed; and (-), limbs moved freely and were typically splayed outward; n = six to eight per
group. Control, MeHg exposure without treatment; anti-VEGF (L), low dose anti-VEGF antibody group; anti-
VEGF (H), high dose anti-VEGF group.

doi:10.1371/journal.pone.0170623.9007
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edema and hemorrhage are observed in the cerebellum of patients with severe cases of Mina-
mata disease exhibit [20],[21].

Elucidating the mechanism of VEGF upregulation in astrocytes is important for under-
standing the pathophysiological nature of MeHg toxicity. Some researchers have suggested
that VEGF expression may be upregulated by the transcriptional factor hypoxia inducible fac-
tor (HIF)-1o. Reactive oxygen species (ROS) are generated by MeHg in vitro [22] and in vivo
[23]. ROS have been implicated in the regulation of hypoxic and non-hypoxic induction of
HIF-1o under various conditions, including MeHg intoxication [24]. Furthermore, research
has indicated that HIF-1o directly upregulates transcription of VEGF [24]. Therefore, it is pos-
sible that ROS induced by MeHg results in VEGF upregulation via HIF-1o. Alternatively,
VEGEF expression may be induced by MeHg via inhibition of aquaporin (AQP) 4 water chan-
nels, as mercury is a strong inhibitor of AQP4. Indeed, previous studies have demonstrated
that AQP4 inhibition in adaptive astrocytes of the retina known as Miiller cells induces VEGF
upregulation [25].

The results of the present study also indicate that MeHg may produce BBB damage.
Researchers of our group, as well as others, have reported that the cerebellum and dorsal root
ganglion are the most severely injured sites in rat models of MeHg intoxication [9],[26]. The
dorsal root ganglion is not covered by the BBB, and the BBB of the cerebellum is thought to be
more vulnerable to MeHg-induced toxicity than that of the cerebrum [27]. These findings sug-
gest that neuronal damage might occur at regions where the barrier function of BBB is lacking
or relatively weak, and that the BBB may protect against neuronal damage associated with
MeHg. In several diseases such as ischemic stroke, viral encephalitis, and traumatic brain
injury, research has demonstrated that neuronal damage is exacerbated by BBB damage via
non-selective influx of cytotoxic agents or inflammatory cells from the blood into the brain tis-
sue [28],[29],[30]. Based on these findings, we speculate that BBB damage associated with
VEGEF expression facilitates neuronal damage following exposure to MeHg. Therefore, VEGF
may be a potential therapeutic target for the treatment of MeHg intoxication.

In the present study, we also observed that the effect of an antibody against VEGF on neu-
ronal impairment as assessed by hind-limb crossing signs was limited. However, there are two
possible explanations for this result. It is possible that MeHg exerts neurotoxicity via multiple
mechanisms. Alternatively, assessment of hind-limb crossing signs is not necessarily an appro-
priate method for evaluating the effect of antibodies against VEGF, as such signs reflect not
only cerebellar ataxia but also disturbances of deep sensation related to the degeneration of the
dorsal root ganglion. Thus, future studies are preferable to determine effects of combined ther-
apy using a chelating drug/free radical scavenger and vascular protective drugs using more
appropriate testing methods. Moreover, adding another functional test such as the rotarod test
will be helpful in more sensitive evaluation although such tests may not specifically reflect cere-
bellar dysfunction.

In conclusion, we demonstrated for the first time that MeHg induces VEGF upregulation
in the cerebellum as well as BBB damage in vivo. Inhibition of VEGF aimed at protecting the
BBB may represent a promising therapeutic strategy for the treatment of MeHg intoxication.
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