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Effects Intracerebral Microinjection and
Intraperitoneal Injection of [60]Fullerene on
Brain Functions Differ in Rats

Takashi Yamada, Duk-Young Jung, Rumi Sawada, Atsuko Matsuoka,
Ryusuke Nakaoka, and Toshie Tsuchiya*

Division of Medical Devices, National Institute of Health Sciences, 1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan

Fullerenes are condensed ring aromatic compounds with extended = systems and unique cage
structures. Fulierenes are used for medical devices such as carbon nanotubes because they are
very flexible and suitable for drug delivery systems. Recently, fullerene derivatives and tube-shaped
materials have been used for neuroregeneration studies, and we expect that fullerenes and carbon
nanotubes have potential uses as materials in novel medical devices targeting the brain. However,
littte information on the effects of fullerenes on brain function is available; thus, we examined the
effects of [60]fullerene (Ceo) on the central nervous system in this study. In a V79 cell colony Asia,
the IC,, of Cg, was 1620 pa/ml. In an in vivo study, 0.25 mg/kg B.W. of Ceo Was injected into the
lateral brain ventricle or abdominal cavity of rats. The intracerebral injection of Cy, increased the
locomotor behavior of the rats on days 1 and 30 after the injection. The intraperitoneal injection
of Cg did not change the locomotor behavior of rats acutely, but it was decreased on day 30.

lar, serotonin turnover rates were increased in the hypothalamus, cerebral cortex, striatum, and
hippocampus, and dopamine turnover rates were increased in the hypothalamus, cerebral cortex,
and striatum. The intraperitoneal injection of Cg, decreased only the dopamine turnover rate in the
hippocampus. These results suggest that intracerebral injection of Cgo had different effects on the
central nervous system than intraperitoneal injection. In conclusion, it was suggested that fullerene
did not cross the blood-brain barrier. The intracerebral injection of Ceo affected neurotransmission
in the brain widely, and the monoamine dysbolism might be related to changes in locomotor activity.

Keywords: [60]Fullerene, Neurotransmitter, Monoamine, Behavior, Intracerebral Injection.

1. INTRODUCTION

Fullerenes are condensed ring aromatic compounds with
extended 7 systems that have unique cage structures.
Recently, fullerenes have been used for medical devices
such as carbon nanotubes because they have useful
properties for biomedical applications.! The biological
attributes of fullerenes include photocleavage,? antiapop-
totic activity,’ drug and gene delivery,** antioxidation,®
chemotaxis,” antibacterial activity,® and enzyme inhibi-
tion.’ In addition, there are reports of neuroprotective
effects of fullerenes. The ability of polyhydroxylated
[60]fullerene (Cy,) to prevent hydrogen peroxide- and
cumene hydroperoxide-induced damage in rat hippocam-
pal slices suggested its neuroprotective potency.' Hexa-
sulfobutylated [60]fullerene had a neuroprotective effect

*Author to whom correspondence should be addressed.
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on focal cerebral ischemia in rats in vivo ! These results
suggest that fullerenes have neuroprotective effects against
oxidative stress. However, examinations of the effects in
normal rats and normal condition in vitro are few. Tsuchiya
et al. evaluated the effects of Ce on normal mouse
embryonic midbrain cells in vitro and mouse embryos
in vivo. They reported that intraperitoneal (i.p.) injection
of Cgq into pregnant mice at 50 mg/kg exhibited a harm-
ful effect on the embryo head region and tail.”? It has
been suggested that different Cso derivatives have differ-
ent biological actions. Thus, Ceo derivatives have different
cytotoxicity potentials depending on the chemical structure
of the derivative, but all Ceo derivatives have same cage
structure and this affects the cytotoxicity of fullerenes.!?
In this study, we used unmodified Cy, and demonstrated
its effects on normal Wistar rats, especially on locomotor
behavior and concentrations of brain neurotransnitters.

doi:10.1166/jnn.2008 414 3973
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2. MATERIALS AND METHODS
2.1. V79 Colony Assay

The cytotoxicity of Cq, was examined by a colony assay
using V79 cells as described in the “Guidelines for Basic
Biological Tests of Medical Materials and Devices-Part I1I:
Cytotoxicity tests” Chinese hamster fibroblast V79 cells
were obtained from Japanese Cancer Research Resources
Bank (Tokyo, Japan) and grown in Eagle’s minimum essen-
tial medium (MEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin in a 37 °C
humidified atmosphere of 5% CO, and 95% air. For the
assay, suspensions of 50 V79 cells/ml were seeded on
24-well plates, and the medium was changed to Eagle’s
MEM supplemented with 5% FBS and 1% penicillin-
streptomycin. After 24 incubation in a 37 °C humidified
atmosphere of 5% CO, and 95% air, 1 ml medium with
Ceo solution (5% Cgy, 2% Tween 80, 93% sterile water)
(Frontier Carbon Co., Tokyo, Japan), 2% Tween 80 with-
out Cg,, or physiolgical saline solution alone (control) was
added to each well, and the cells were cultured for 7 days.
The cell cultures were fixed with 10% formalin solution,
and the colonies formed were stained with 5% Giemsa
solution. The number of colonies in each well was counted,
and the efficiency of the culture material was calculated as
a ratio of the number of colonies in the sample to that in
the control.

2.2. Animals

Male Wistar rats (270 g weight; SLC, Shizuoka, Japan)
were kept in individual wire cages in a temperature- and
humidity-controlled room (24 °C and 55% relative humid-
ity) under regular lighting conditions (12 h light: dark
cycle), and given food and water ad libitum. This experi-
ment was carried out in accordance with the Guidelines for
the Care and Use of Laboratory Animals of the National
Institutes of Health Sciences (NIHS).

2.3. Intracerebral and Intraperitoneal
Injections of Cq,

The rats were anesthetized, and a hole was drilled in the
skull using a stereotaxic high-speed drill (Muromachi Kikai
Co., Ltd., Tokyo, Japan). A microliter syringe was stereo-
taxically inserted into the right lateral ventricle (0.6 mm
posterior to the bregma, 1.6 mm lateral to the midline, and
3.5 mm ventral to the cortical surface) according to the atlas
of Paxinos and Watson."* Cg, (0.25 mg/100 g B.W.) dis-
solved in physiolgical saline solution containing 2% Tween
80 (0.1 ul/100 g B.W.) or physiolgical saline solution con-
taining 2% Tween 80 (0.1 x1/100 g B.W.) was injected at
the rate of 1 ul/min using a brain infusion injector (Muro-
machi Kikai Co., Ltd.). Rats of the contro] group were
injected with the same volume of physiolgical saline solu-
tion. The same volume (0.25 mg/100 g B.W.) of Cgp was

3974

injected intraperitoneally (i.p.) into other rats, and control
rats were injected i.p. with the same volume of physiolgical
saline.

2.4. Open Field Test

Motor activities (total locomotor distance, average locomo-
tor speed, number of sections crossed, and opening latency)
of rats were measured by an open field test. The open field
box was 70 x 70 x 70 cm. Tests were performed at 1, 7,
and 30 days after brain mjection. The rat was placed in
the open field box for 10 minutes, and the behavior was
recorded using a DV-Track video tracking system Com-
PACT VAS/DV (Muromachi Kikai Co., Ltd.). The floor of
the open field box was divided into 16 squares, and one
crossing was counted when the rat stepped over a division.

2.5. Neurotransmitter Concentrations in
Rat Brain Tissue

After the behavioral test, rats were decapitated, and brain
tissues were removed. Wet brain tissue was homoge-
nized in two times the volume of 0.2 M perchloric acid
buffer (pH 2) and kept on the ice for 1 hour. Homogenates
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Fig. 1. V79 colony assay. V79 cells were treated with Cgo and cultured
for 7 days. Data are expressed as mean 4 SD (n=4). Experimental data
showed significant differences from the control group (*; p < 0.05 **;
p <0.01).
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Table 1. Effects of Cy and Tween 80 on the survival of rats. Cg
(0.25 mg/100 g B.W.), Tween 80 (0.1 HI/100 g B.W.), or physiolgical
saline (control) was injected into the right lateral ventrcle or the abdom-
inal cavity. Surviving rats were counted 24 h after injection.

Alive (%) Number of rats
Control 100 (10/10)
[60]Fullerene 100 (8/8)
Tween 80 25 (2/8)

Ceo (0.25 mg/100 g B.W.), Tween 80 (0.1 i/100 g B.W.), or physiolgical saline
(control) was injected into the right lateral ventricle or the abdominal cavity. Sur-
viving rats were counted 24 h after injection.

were centrifuged at 20,000 g for 15 min at 0 °C, then
filtered through a 0.45 wm cellulose acetate membrane fil-
ter. Neurotransmitters were detected with an HPLC Sys-
tem under the following conditions: the mobile phase was
0.1 M sodium acetate citric acid buffer and 15% methanol
containing EDTA-2Na and 1-octanesulfonic acid sodium
salt. The HPLC system was equipped with a reversed-
phase column (MA-50DS, 4.6 x 150 mm; Eicom, Kyoto,
Japan) and an electrochemical detector (HTEC-500;
Eicom,). Chromatograms were recorded and all calcu-
lations were performed using an integrator (EPC-5001S;

(A) Brain injection
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_4gt ' —O- [60)Fullerene icv

Fig. 2. Body weight change and body weight gain due to Cy injection. Cg

Eicom). We measured dopamine (DA), serotonin (5-
HT), and norepinephrine (NE), and the metabolites
3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic
acid (HVA), 3-methoxytyramine hydrochloride (3MT), and
5-hydroxyindole-3-methoxyphenylacetic acid (SHIAA).

3. STATISTICAL ANALYSIS

A Tukey-Kramer test was used to analyze differences in
cell viability between the control and the other groups
in the V79 colony assay. In the in vivo studies, data for
the individual groups are expressed as means, and one-
way ANOVA was performed for statistical analysis. Stu-
dent’s -test was used to assess differences between the
two groups. In all cases, P < 0.05 was considered signifi-
cant. Results are expressed as mean + SD.

4. RESULTS
4.1. V79 Colony Assay

Treatment with Cg, decreased V79 colony formation in a
dose-dependent manner. The ICs, of Cyy in V79 cells was

(B) i.p. injection
(8)
500 1 Body weight change

450 +

400 +

350
300 | —o— Control ip
~0~ [60)Fullerene ip
250 : A . ) : ,
0 5 10 15 20 25 30 day
(2) Body weight gain
100 ¢
5 10 15 20 25 30 day

20 —&~ Conlrol ip
B —O~ [60)Fullecene ip

(0.25 mg/100 g B.W.) was injected into the right lateral ventricle (A) or

ip. (B). Control group rats were injected with the same amount of physiolgical saline. Data are expressed as mean - SD (n = 6). Experimental data

showed a significant difference from the control group (*; p < 0.05).
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Fig. 3. Effect of intracerebral injection of Cg, on locomotor activity of rats. Cg, (0.25 mg/100 g B.W.) was injected into the right lateral ventricle,
Control group rats were injected with same amount of physiolgical saline. Open field tests were performed 1, 7, and 30 days after Cy brain injection.

Data are expressed as mean -+ SD (n = 6). Experimental data showed significant difference from the control group (*; p < 0.05).

1620 pg/ml, and the ICy, of Tween 80 in V79 cells was
1.45 pg/ml (Fig. 1). All data are shown as the average of
four samples.

4.2. Open Field Test

The intracerebral (ic.v.) injection of B.W. Ceo
(0.25 mg/100 g containing 0.1 ul Tween 80) did not cause
acute toxicity, and all animals survived (Table I). How-
ever, injection of Tween 80 (0.1 xl/100 g B.W.) produced
acute toxicity, and 75% of the animals died. The ic.v.
injection of Cg, decreased the postoperative body weight
significantly, but the i.p. injection of Cgo did not change
the rat body weight (Fig. 2). In the open field test, the
brain Cg-injected group (n = 6) showed higher total loco-
motor distance, average locomotor speed, and number of
sections crossed compared with control group (n = 6) on
day 1. On day 7, there was no difference between the two
groups. On day 30, total locomotor distance and number
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of sections crossed of the intracerebral Ceo-injected group
was increased compared with control group (Fig. 3). In
contrast to the brain-injected group, the i.p. Cg-injected
group had significantly decreased total locomotor distance
and number of sections crossed compared with the contro]
group on day 30 (Fig. 4).

4.3. Neurotransmitter Concentrations in
Rat Brain Tissue

The intracerebral injection of Ceo (0.25 mg/100 g con-
taining 0.1 ul Tween 80) decreased NE concentrations
in the hypothalamus and hippocampus. Concentrations of
serotonin or its metabolite SHIAA were changed in the
hypothalamus, cerebral cortex, striatum, and hippocampus.
Concentrations of dopamine or its metabolites DOPAC,
HVA, and 3MT were changed in the hypothalamus, cere-
bral cortex, and striatum. The turnover rates of sero-
tonin were increased in the hypothalamus, cerebral cortex,

J. Nanosci. Nanotechnol, 8, 3973-3980, 2008
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rats were injected with the same amount of physiolgical saline. Open field tests were performed 1, 7, and 30 days after i.p. Ceo injection. Data are
expressed as mean £ SD (n = 6). Experimental data showed significant difference from the control group (*; p < 0.05).

striaturn and. hippocampus. The turnover rates of dopamine
were increased in the hypothalamus, cerebral cortex, and
striatum (Table IT). The intraperitoneal injection of Ceo
increased the NE concentration in the hippocampus and
the serotonin concentration in the striatum. The turnover
rates of dopamine were decreased in the hippocampus.
SHIAA, doparnine, DOPAC, HVA, and 3MT concentra-
tions and the turnover rates of serotonin were not signifi-
cantly different from the control in any region (Table III).

5. DISCUSSION

NOVEL synthesized biomaterials are attractive candidates
for medical devices. In particular, clinical brain and neural
treatments, including implantation techniques, have been
rapidly advancing, and novel medical devices for the brain
are being developed every day. However, adverse events
such as foreign-body reaction, inflammation, and tumor
formation have been reported in clinical human and animal

J. Nanosci. Nanotechnol. 8, 3973-3980, 2008

studies. In addition, because the blood-brain barrier (BBB)
usually protects the central nervous system (CNS) from
harmful materials,'s we consider that the currently avail-
able reports about oral or Lp. injection studies and in vivo
studies are insufficient to establish the effect of the novel
materials on brain function. Therefore, investigation of the
direct effects of these biomaterials on the CNS before
application as medical devices is necessary.

In this study, we demonstrated effects of Cg, on the CNS
and behavior of rats. First, we examined the cytotoxicity
of Cg and its catalyst Tween 80 by a V79 colony assay.
The IC5, of Tween 80 in the V79 cells was 1.45 peglml.
However, ICy; of Ceo in the V79 cells was 1620 pg/mi,
and this result indicated that the cytotoxicity of Ceo On
V79 cells is very weak. In this study, Cey was dissolved
in the culture medium or physiolgical saline solution with
2% Tween 80. Tween 80 is a common detergent, and it has
acute cytotoxicity in high doses. Treatment with Tween
80 presented strong cytotoxicity in the V79 colony assay
treatment, but Cg, did not have distinct cytotoxicity in
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the in vitro study. In addition, intracerebral injection of
0.1 ul/100 g B.W. Tween 80 alone caused acute toxicity
and death of injected rats, but intracerebral injection of
Cgo with 0.1 /100 g B.W. Tween 80 into the rat brain
and intraperntoneal injection did not produce acute toxicity
in vivo. These results suggest that Cg, prevented the acute
cytotoxicity of Tween 80. Some reports have shown that
Cqo has a cytoprotective effect against some toxicants and
oxidative stress in vitro and in vivo, and we assumed that
Tween 80 does not remain long-term in vivo.'% ' These
results suggest that the co-injection of Cg, and Tween 80
did not have cytotoxicity or that it was very weak in this
study.

Intracerebral injection of C4, decreased the postopera-
tive body weight of rats, but i.p. injection did not. The
body weight loss was not fatal, but the result suggested
that brain injection of Cg, decreased food intake. However,
in the open field test, total locomotor distance, locomo-
tor speed, and numbers of sections crossed were increased
significantly by Cg on the day after operation. In addi-
tion, the body weight gain of Cg, injected rats tended to
have increased more than that of control rats by day 30.
These results suggest that brain injection of Cg, affected
neurotransmission-related feeding behavior. Thus, we mea-
sured serotonin (5HT) and norepinephrine (NE), and the
metabolite SHIAA. SHT and NE are found abundantly in
the hypothalamus, which is the main source of neurotrans-
mission. SHT and NE neurotransmissions relate to feeding,
emotion, emotional behavior, stress, hormone secretions;
dysbolisms of these neurotransmitters cause cibophobia,
hyperphagia, dystrophy, or depression-like behavior.!® 1°
Intracerebral injection of Cg, changed the serotonin and
SHIAA concentrations in the hypothalamus, cerebral cor-
tex, striatum, and hippocampus, and SHT turnover rates
were increased in these four regions. The results suggest
that Cg, increased SHT neurotransmission. NE concentra-
tions also changed in the cerebral cortex and hippocam-
pus. It is known that SHT and NE neurotransmissions
are enhanced when homeostasis is in disorder, for exam-
ple, due to stress or inflammation and a variety of other
changes in peripheral conditions.'®!® However, i.p. injec-
tion of Cg, increased the SHT concentration only in the
striatum, and did not affect SHT turnover rates in the entire
region. These results suggest that Cg did not pass the
BBB to affect brain neurotransmission directly. On the
other hand, some substances, for example, the glutamate
receptor agonist kainic acid,”® the gamma-aminobutyric
acid (GABA) receptor antagonist strychnine,”! and other
neurotoxins”? express neurotoxicity at lower doses than
the Cg, concentration used in this study and cause vital
body weight loss and locomotor difficulty or death. These
results suggested that intracerebral injection of Cg, did not
cause acute harmful neurotoxicity, but it did cause inflam-
mation or neurotransmission disability of monoamines in
the brain. The intracerebral injection of Cg, also increased
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* dopamine turnover rates in the hypothalamus, cerebral cor-

tex, and striatum. Dopamine is an important neurotrans-
mitter for behavior in the brain striatum, and dopamine
neurotransmission promoted ambulation or decreased anx-
iety in several rat studies.”2* Dopamine dysbolism is
related to depression, and depletion of dopamine causes
Parkinson’s disease.”*? Infusion of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine, a dopaminergic neuron-specific
neurotoxin, into the brain reduced cognitive and motor
functions in the rat and decreased dopamine concen-
tration in the prefrontal cortex and striatum.?’ Rats
that exhibit depressive-like behavior due to intraperi-
toneal administration of the kappa-opinion receptor ago-
nist salvinorin A had reduced extracellular concentrations
of dopamine within the nucleus accumbens.”® In contrast,
an excess of dopamine neurotransmission induces locomo-
tor hyperactivity.»* Dopaminergic neurotransmission is
closely involved in motor activity and emotional behavior.
In this study, we showed an increase of dopamine turnover
rates that was consistent with the increase of locomotion
on day 30. On the other hand, i.p. injection of Cg, did not
change concentrations of dopamine and its metabolites in
all brain regions examined or the dopamine turnover rate
in the striatum. These results suggest that brain injection of
Cyp increased dopamine neurotransmission similar to sero-
tonin in the brain and that the dopamine neurotransmission
might induce locomotor hyperactivity behaviors.

In conclusion, we investigated the neurotoxicity of intra-
cerebral injection of Cg, and compared it with i.p. injec-
tion of Cg. In the in vitro study, we showed that the
cytotoxicity of Cyz was about 1620 pg/ml (10 ppm) in
V79 cells. In an in vivo study, intracerebral injection of
0.25 mg/ml Cq did not cause acute vital neurotoxic-
ity. However, some neurotransmitter concentrations were
changed in several brain regions. We suggest that chronic
expose of the brain to Cg, may cause serotoninergic and
dopaminergic neurotransmission abnormalities and change
behavior and homeostasis. Recently, medical progress had
produced novel medical devices targeting the brain. We
recommend reexamination of the materials used for med-
ical devices targeting on brain.
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Abstract:

Stannous 2-ethylhexanoate [Sn(Oct),] is used as a catalyst for production of poly-

L-lactic acid and copolymers that are implanted in cranial surgery, but reports on its effects on
the central nervous system are few. We examined the effects of Sn(Oct), on cell viability in
vitro and on neurotransmission and behavior in the rat. Treatment of nermal human
astrocytes with 10 mg/mL Sn(Oct), reduced mitochondrial activity to 16% of the control.
Injection of Sn(Oct), at 6.28 mg/kg BW (2 mg/kg BW Sn) into right lateral ventricle of the rat
brain tended to increase the ambulation distance after 30 days when compared with the
control group. The turnover of dopamine neurotransmission was increased in the cerebral
cortex. These results suggest that Sn(Oct), is cytotoxic to astrocytes in vitro. Injection of
Sn(Oct), into the brain had no or very weak immediate neurotoxicity, but long-term exposure
to Sn(Oct), increased dopamine neurotransmission turnover. © 2008 Wiley Periodicals, Inc.
J Biomed Mater Res Part B: Appl Biomater 87B: 381-386, 2008

Keywords:

INTRODUCTION

Biodegradable polymers are attractive candidates for scaf-

. folding materials because they degrade as new tissues are
formed. However, adverse events, such as foreign-body
reaction, inflammation, and tumor formation, have been
reported in human clinical and animal studies. Therefore,
confirmation that these polymers and related materials used
as catalysts lack toxicity is required.

Stannous 2-ethylhexanoate [Sn(Oct),] is commonly used
as a catalyst in the production of poly-L-lactic acid (PLLA)
and other copolymers that are implanted in cranial sur-
gery.! Food dishes and trays are also made of PLLA, The
toxicity of Sn(Oct), has been examined in in vitro and
in vivo studies.>® Sn(Oct), is resolved into Sn and 2-ethyl-
hexanoic acid in the stomach.* Therefore, the toxicity of
Sn(Oct), depends on the toxicities of Sn and 2-ethyl-

hexanoic acid.’® It is known that 2-ethylhexanoic acid is

metabolized from 2-ethylhexanol in the body and that the
acceptable daily intake (ADI) of 2-ethylhexanoic acid is
0.5 mg/kg BW/day.%" The provisional tolerable weekly
intake (PTWT) of tin is 14 mg/kg BW/week.>®
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Contract grant sponsor: Japan Health Sciences Foundation
Contract grant sponsor: Japanese Ministry of Health, Labour and Welfare

© 2008 Wiley Periodicals, Inc.

stannous 2-ethylhexanoate; open field test; dopamine, serotonin, cytotoxicity

Sn(Oct), has recently been used as a catalyst in the pro-
duction of medical devices. In these cases, Sn(Oct), does
not degrade to Sn and 2-ethylhexanoic acid because it does
not pass through the acidic conditions of the stomach.
However, little information about the effects of the combi-
nation of Sn and 2-ethylhexanoic acid on mammals is
available. It was reported that a combination of harmful
materials increases the materials® toxicity.'® Based on these
reports, we considered that further examination is required
before Sn(Oct), is used as a catalyst in the production of
medical device materials,

Brain and clinical neurology sciences are advancing rap-
idly, and implantation techniques and novel medical devices
for the brain are being developed every day. A synthetic bio-
degradable dura mater has recently been developed using
PLLA and a copolymer of polyglycolic acid or polyéaprolac-
tic acid as the major components. The blood-brain’ barrier
normally protects the central nervous system (CNS) from
harmful materials,'"'? but implantation of the synthetic dura
mater directly exposes the CNS to unknown conditions and
necessitates investigation of the direct effects of biomaterials
used as medical devices on the CNS.

In this study, we examined the effects of Sn(Oct), on
cell viability in normal human astrocytes (NHA) in vitro
and the effects of direct injection of Sn(Oct), into the rat
brain on neurotransmitters and behavior in vivo.
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MATERIALS AND METHODS

Astrocyte Microtiter Tetrazolium Assay

The effects of Sn(Oct), on mitochondrial activity of NHA
were measured using a microtiter tetrazolium (MTT) assay.
NHA were seeded into 24-well plates at a density of 1 X
10%/well in ABM medium supplemented with 5% FBS and
recombinant human epidermal growth factor, insulin, GA-
1000, ascorbic acid, vr-glutamate (ANG bred kit; Sanko
Junyaku, Tokyo, Japan) at 37°C in a humidified atmosphere
of 5% CO, and 95% air. Sn(Oct), were added directly to
the ABM medium. After l-week culture with 2.5, 5, or
10 pg/mL of Sn(Oct),, the medium in each well was
replaced with 300 mL of fresh medium containing 6 mL
TetraColor ONE reagent (Seikagaku, Tokyo, Japan). After
2 h, the absorbance at 450/630 nm was measured using a
plate reader. The data were expressed as averages of five
wells, and the procedures were performed in triplicate.

Animals

Male Wistar rats (270 g weight; SLC, Shizuoka, Japan)
were kept in individual wire cages in a temperature- and
humidity-controlled room (24°C and 55% relative humid-
ity) under regular light conditions (12 h light:dark cycle)
and given food and water ad libitum. Six rats were used in
the experimental group, and six rats were used as controls.
This experiment was carried out in accordance with the
guidelines for the care and use of laboratory animals of the
National Institutes of Health Sciences, which refer to stand-
ards of the American Association for Laboratory Animal
Science.

Intracerebral Injection of Sn{Oct),

Rats were anesthetized, and a hole was drilled in the skull
using a high-speed drill (Muromachi Kikai, Tokyo, Japan).
A microliter syringe was stereotaxically inserted into the
right lateral ventricle (0.6 mm posterior to the bregma, 1.6
mm lateral to the midline, and 3.5 mm ventral to the corti-
cal surface) according to the atlas of Paxinos and Watson,'?
and 6.28 mgkg BW Sn(Oct), (2 mg/kg BW tin) was
injected at the rate of 1 mL/min, using a brain infusion ste-
reotaxic injector (Muromachi Kikai, Tokyo, Japan). Control
rats were injected with the same volume of Ringer’s solution.

Open Field Test

Motor activities (total locomotion distance, average loco-
motion speed, number of sections crossed, and beginning
latency) of rats were measured by an open field test. The
open field box was 70 cm X 70 cm X 70 cm. Tests were
performed 1, 7, and 30 days after Sn(Oct), injection. The
rat was placed in the open field box, and its behavior was
recorded using a DV-Track video tracking system

CompACT VAS/DV (Muromachi Kikai, Tokyo, Japan).
The floor of the open field box was divided into 16
squares, and one crossing was counted when the rat stepped
over the divisions.

Neurotransmitter Concentrations in Brain Tissue

After the last behavioral test, the rat was decapitated, and
brain tissues were removed. Wet brain tissues were homog-
enized in two volumes of 0.2M perchloric acid buffer (pH
2) and kept on ice for 1 h. Homogenates were centrifuged
at 20,000g for 15 min at 0°C, then filtered through a 0.45
um cellulose acetate membrane filter. Neurotransmitters
were detected with an HPLC system under the following
conditions: the mobile phase was 0.1M sodium acetate cit-
ric acid buffer and 15% methanol containing EDTA-2Na
and 1-octanesulfonic acid sodium salt. The HPLC system
was equipped with a reversed-phase column (MA-50DS,
4.6 X 150 mm? Eicom, Kyoto, Japan) and an electrochem-
ical detector (HTEC-500: Eicom, Kyoto, Japan). Recording
of chromatograms and all calculations were performed
using an integrator (EPC-5001S: Eicom, Kyoto, Japan). We
measured dopamine (DA), serotonin (5-HT), and norepi-
nephrine (NE), and their metabolites 3,4-dihydroxyphenyl-
acetic acid (DOPAC), homovanillic acid (HVA), 3-
methoxytyramine hydrochloride, and 5-hydroxyindole-3-
methoxyphenylacetic acid (SHIAA).

Statistical Analysis

The Tukey—Kramer test was used to analyze differences in
cell viability between the control group and the test groups
in the NHA MTT assay. In vivo data were expressed as
means for individual groups, and one-way ANOVA was
performed for statistical analysis. Student’s t-test was used
to assess differences between the two groups. In all cases,
p < 005 was considered significant. Results were
expressed as mean * SD,

RESULTS

Astrocyte Microtiter Tetrazolium Assay

Treatment of Sn(Oct), decreased NHA mitochondrial activ-
ity in a dose-dependent manner (Figure 1). Treatment with
10 mg/mL. Sn(Oct), decreased NHA mitochondrial activity
to 16% of the control. All data shown were thé average of
five samples. T

Open Field Test

The injection of 6.28 mg/kg BW Sn(Oct), (2 mg/kg BW
tin) into the brain did not significantly change the average
body weight, but did reduce the body weight gain (Figure
2). In the open field test, the total locomotion distance and
average locomotion speed were decreased in the rats (n =
6) injected with Sn(Oct),, and the beginning latency was
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Figure 1. The effect of Sn(Oct), on astrocytes. Astrocytes were cul-
tured with 10 mg/mL Sn(Oct), for 7 days, and mitochondrial activity
of NHA was measured by MTT assay. Data are expressed as mean
*+ 8D (n = 5). Experimental data showed significant difference from
the control group {*p < 0.05; **p < 0.01).

increased compared with the control group (n = 6) on day
1. On day 7, there was no difference between the two
groups. On day 30, the total locomotion distance and cross-
ing sections tended to increase in the Sn(Oct),-injected
group, and the beginning latency was decreased. Ambula-
tion decreased in the control group with the repetition of
tests, in contrast with the Sn(Oct),-injected group, in which
it increased (Figure 3),

Neurotransmitters in Rat Brain Tissue

Injection of Sn(Oct), into the rat brain decreased NE con-
centrations in the rat hypothalamus (Table I) and decreased
the DA concentration in the cerebral cortex. Concentrations
of DOPAC and HVA, which are DA metabolites, and the
turnover rate of DA were increased in the cerebral cortex
(Table I). Concentrations of SHT and its metabolite SHIAA
were increased in the striatum by Sn(Oct), injection. In the
hippocampus, the turnover rate of SHT was increased by
Su(Oct), injection.

DISCUSSION

There are many reports of synthesis of novel polymers and
biomaterials using Sn(Oct), as a catalyst, but few studies of
the toxicity of Sn(Oct),. Sn(Oct), is used as a catalyst in
food dish production, but its safety has been examined only
in the case of oral consumption. Almost all Sn(Oct), is
resolved into Sn and 2-ethylhexanoic acid in the stomach.? It
is known that 2-ethylhexanoic acid is metabolized from 2-
ethylhexanol in the body and that the ADI for rats is 0.5 mg/
kg BW/day.>” The PTWI for humans of tin is 14 mg/kg
BW/week (~2 mg/kg BW/day).2® However, the effects of
injection of Sn(Oct), into the brain have not been examined.

In this study, we demonstrated the effects of Sn(Oct),
on the CNS and behavior of rats. Treatment of NHA

Journal of Biomedical Materials Research Part B: Applied Biomaterials

in vitro with 10 mg/mL Sn(Oct), decreased mitochondrial
activity by 16% when compared with the control. It was
suggested that the reduction of mitochondrial activity
decreases ATP production. ATP not only drives energy-
dependent reactions inside cells, but also functions as a
potent signaling molecule in the CNS. Therefore, this result
suggests that Sn(Oct), is cytotoxic to CNS cells'* and that
specific verification of the safety of Sn(Oct), is required
before it is used as a catalyst in the synthesis of medical
devices, especially in the cases of biodegradable and bioab-
sorbable polymers.

Intracranial injection of Sn(Oct), did not decrease the
body weight of rats, but it did decrease the weight gain. In
the open field test, total locomotion distance and locomo-
tion speed decreased, and beginning latency was increased
due to Sn(Oct), injection on day 1. On day 30, in contrast
to day 1, the Sn{Oct),-injected group tended to exhibit
increased total locomotion distance and crossing frequency
and decreased beginning latency. Ambulation decreased in

Body weight change
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200 ¢
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0l - Sn(Oct)2

0 ] 1 | i 1 i
0 5 16 15 20 25 30 (day)

® Body weight gain
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0(\ ! i t i { j
S0 s 0 3 Ny

—0 control
~8- Sn(Oct)2

Figure 2. Changes in body weight and body weight 'gain because
of intracranial injection of Sn(Oct),. Sn(Oct), at 6.28 mg/kg BW 2
mg/kg BW tin) was injected into the right lateral ventricle. Control
group rats were injected with the same amount of Ringer's solution.
Data are expressed as mean * SD {n = 6). *Experimental data
showed a significant difference from the value of day 0 {p < 0.05).
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Figure 3. Effect of Sn(Oct); on locomotion in rat. Sn(Oct), at 6.28 mg/kg BW (2 mg/kg BW tin) was
injected into the right lateral ventricle. Control rats were injected with the same amount of Ringer’s
solution. Open field tests were performed 1, 7, and 30 days after Sn(Oct), injection. Data are
expressed as mean * SD (n = 6). *Experimental data showed a significant difference from the con-

trol group (p < 0.05).

the control group with experience in performing the test,
and, in contrast, ambulation by the Sn(Oct),-injected group
increased. This result suggests that intracranial injection of
Sn(Oct), decreased locomotor activity immediately but
increased it afterwards. Some substances, for example, the
glutamate receptor agonist kainic acid,’ the GABA recep-
tor antagonist strychnine,16 and other neurotoxins'’ produce
neurotoxicity at doses lower than the Sn(Oct), concentra-
tion used in this study and cause body weight loss and lo-
comotive difficulty or death. Sn(Oct), did not have acute
neurotoxicity or it was very weak at the Sn(Oct), concen-
tration used in this study. However, locomotion distance
was increased by Sn(Oct), injection after 30 days. Gener-
ally, locomotion distance in the open field test is decreased
by repeated testing, and the results of our previous tests
corresponded to this observation.'® Thus, we suspect that
Sn(Oct), might produce chronic neurotoxicity.

Because intracranial injection of Sn(Oct), tended to
increase locomotion distance in repeat tests, we measured
brain monoamines of Sn(Oct),-injected rats. The brain
monoamines DA, 5-HT, and NE are major neurotrans-
mitters related to emotion, stress, and several other func-
tions.'®® DA is an important neurotransmitter for
behavior. DA neurotransmission promotes ambulation and

decreases anxiety in the rat.?*?? DA dysfunction is related
to depression, and DA depletion causes Parkinson’s dis-
ease.”>?* Infusion of 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine, which is a dopaminergic neuron-specific
neurotoxin, reduced the cognitive and motor functions of
the rat and decreased DA concentration in the prefrontal
cortex and striatum.”” Administration of the kappa-opioid
receptor agonist salvinorin A to depressed rats reduced the
extracellular concentration of DA within the nucleus
accumbens.?® Therefore, dopaminergic neurotransmission is
closely involved in motor activity and emotional behavior.
In this study, intracranial injection of Sn(Oct), decreased
the DA concentration in the cerebral cortex and increased
concentrations of the DA metabolites DOPAC and HVA
significantly. These results mean that Sn(Oct)£ enhanced
DA transmission and turnover. The increase of DA turn-
over due to Sn(Oct), was consistent with the increase in
locomotion distance observed in this study. On the other
hand, the injection of Sn(Oct), into the brain decreased the
NE concentration in the rat hypothalamus, and increased
concentrations of SHT and its metabolite SHIAA in the
striatum. In the hippocampus, the rate of SHT turnover was
increased by Sn(Oct), injection. NE and SHT neurotrans-
missions are related to emotion, emotional behavior, stress,

Journal of Biomedical Materials Research Part B: Applied Biomaterials
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and hormone secretion, and dysbolisms of these neurotrans-
mitters can cause dystrophy or depression-like behav-
ior.?”?® Based on these results, we suggest that intracranial
injection of Sn(Oct), changed the neurotransmission of DA
and other monoamines and that it affected the motor activ-
ity of rats. In this study, we measured DA and concentra-
tions of its metabolites only 30 days after Sn(Oct),
injection, and all in vivo studies were performed after injec-
tion of 6.28 mg/kg BW Sn(Oct); [2 mg/kg BW (2 ppm)
tin]. However, these results should be compared with the
clinical findings. Therefore, follow-up studies are needed to
examine the effects of different concentrations of Sn(Oct),,
injection times, and observation periods. In addition, it is
necessary to estimate the concentration of tin degraded
from a medical prosthesis, such as a dura mater.

CONCLUSIONS

We investigated the neurotoxicity of Sn(Oct),. The in vitro
study demonstrated that Sn(Oct), is cytotoxic to NHA at
10 mg/mL (10 ppm). The in vivo study showed that injec-
tion of 6.28 mg/kg BW Sn(Oct), [2 mg/kg BW (2 ppm)
tin] into rat brain did not produce remarkable acute neuro-
toxicity. However, we found for the first time that Sn(Oct),
caused dopaminergic neurotransmission abnormalities and
altered locomotive behavior for 30 days after a single intra-
cerebral microinjection. Recent medical progress has pro-
duced novel medical devices targeting the brain, but we
recommend re-examination of medical devices targeting the
brain that use these types of catalysts,

REFERENCES

1. Tsuji H, Nishikawa M, Sakamoto Y, Itsuno S. Novel prepara-
tion method for poly(L-lactide)-based block copolymers:
Extended chain crystallites as a solid-state macro-coinitiator.
Biomacromolecules 2007;8:1730-1738.

2. Ikarashi Y, Tsuchiya T, Nakamura A. Effect of heat treatment
of poly(L-lactide) on the response of osteoblast-like MC3T3-
E1 cells. Biomaterials 2000;12:1259-1267.

3. Ahmed S, Tsuchiya T. A mouse strain difference in tumori-
genesis induced by biodegradable polymers. J Biomed Mater
Res A 2006;79:409-417.

4. Penninks AH, Hilgers L, Seinen W. The absorption, tissue
distribution and excretion of di-n-octyltin dicholoride in rats.
Toxicology 1987;44:107-120.

5. Moody DE, Reddy JK. Serum triglyceride and cholesterol
contents in male rats receiving diets containing plasticizers
and analogues of the ester 2-ethylhexanol. Toxitel Lett
1982;10:379-383.

6. Albro PW. The metabolism of 2-ethylhexanol in rats. Xeno-
biotica 1975;5:625-636.

7. Badr MZ, Handler JA, Whittaker M, Kauffman FC, Thurman
RG. Interactions between plasticizers and fatty acid metabo-
lism in the perfused rat liver and in vitro. Inhibition of keto-
genesis by 2-ethylhexanol. Biochem Pharmacol 1990;39:715-
721.

8. Noel L, Leblanc JC, Guerin T. Determination of several ele-
ments in duplicate meals from catering establishments using
closed vessel microwave digestion with inductively coupled



386

10.

11.

12.

13.

14.

15.

16.

17.

18.

YAMADA ET AL.

plasma mass spectrometry detection: Estimation of daily die-
tary intake. Food Addit Contam 2003;20:44-56.

. Ysart G, Miller P, Croasdale M, Crews H, Robb P, Baxter M,

de L’Argy C, Harrison N. 1997 UK Total Diet Study—Die-
tary exposures to aluminium, arsenic, cadmium, chromium,
copper, lead, mercury, nickel, selenium, tin and zinc. Food
Addit Contam 2000;17:775-786.

Jonker D, Woutersen RA, van Bladeren PJ, Til HP, Feron VI.
Four-week oral toxicity study of a combination of eight chem-
icals in rats: Comparison with the toxicity of the individual
compounds. Food Chem Toxicol 1990;28:623-631.

Yokel RA. Blood-brain barrier flux of aluminum, manganese,
iron and other metals suspected to contribute to metal-induced
neurodegeneration. J Alzheimers Dis 2006;10:223-253.

Zheng W. Neurotoxicology of the brain barrier system: New
implications. J Toxcol 2001;9:711-719.

Paxinos G, Watson C. The Rat Brain in Stereotaxic Coordi-
nates. New York: Academic Press; 1986.

Volonte C, Amadio S, Cavaliere F, D’Ambrosi N, Vacca F,
Bemardi G. Extracellular ATP and neurodegeneration. Curr
Drug Targets CNS Neurol Disord 2003;2:403-412.

Nadler JV. Role of excitatory pathways in the hippocampal
damage produced by kainic acid. Adv Biochem Psychophar-
macol 1981;27:395-402.

Anderson MC, Chung E, Van Woert MH. Strychnine seizure
potentiation by azaspirodecanedione anxiolytics in rats. Eur J
Pharmacol 1988;155:279-283.

Narahashi T, Frey JM, Ginsburg JS, Roy ML. Sodium and
GABA-activated channels as the targets of pyrethroids and
cyclodienes, Toxical Lett 1992;64/65:429-436.

Bouwknecht JA, Spiga F, Staub DR, Hale MW, Shekhar A,
Lowry CA. Differential effects of exposure to low-light or high-

19.
20.
21.

22.

23.

24.

25.

26.

27.

28.

light open-field on anxiety-related behavior: Relationship to c-
Fos expression in serotonergic and non-serotonergic neurons in
the dorsal raphe nucleus. Brain Res Bull 2007;72:32-43.

Liu Y, Nakamura S. Stress-induced plasticity of monoamine
axons. Front Biosci 2006;11:1794-1801.

Chaney DS. Monoamine dysfunction and the pathophysiology
and treatment of depression. J Clin Psychiatry 1998;59:11-14.
Schultz W. Behavioral dopamine signals. Trends Neurosci
2007;30:203-210.

Taylor DP, Riblet LA, Stanton HC, Eison AS, Temple DL.
Dopamine and antianxiety activity. Pharmacol Biochem
Behav 1982;17:25-35.

Blows WT. Neurotransmitters of the brain: Serotonin, nor-
adrenaline (norepinephrine), and dopamine. J Neurosci Nurs
2000;32:234-238.

Tessitore A, Hariri RA, Fera F, Smith GW, Chase NT, Hyde
MT, Weinderger RD, Mattay SV. Dopamine modulates the
response of the human amygdala: A study in Parkinson’s
disease. J Neurosci 2002;22:9099-9103,

Prediger RD, Batista LC, Medeiros R, Pandolfo P, Florio IC,
Takahashi R. The risk is in the air: Intranasal administration
of MPTP to rats reproducing clinical features of Parkinson’s
disease. Exp Neurol 2006;202:391-403.

Carlezon WA, Begin C, DiNieri JA, Baumann MH, Richards
MR, Todtenkopf MS, Rothman RB, Ma Z, Lee DY, Cohen
BM. Depressive-like effects of the x-opioid receptor agonist
salvinorin A on behavior and neurochemistry in rats. J Phar-
macol Exp Ther 2006;316:440-447.

Olson EB, Morgan WP. Rat brain monoamine levels related
to behavioral assessment. Life Sci 1982;30:2095-2100.
Checkley S. Monoamine, depression and antidepressant drugs.
Pharmacopsychiatry 1988;21:6-8.

Journal of Biomedical Materials Research Part B: Applied Biomaterials



Biomaterials xxx (2008) 1-11

Contents lists/available at ScienceDirect. : B 3
" Blomatenals

Py 198 IS R Al

 www.elsevier.com/locate/biomaterials

The effect of sulfated hyaluronan on the morphological transformation and
activity of cultured human astrocytes

Takashi Yamada, Rumi Sawada, Toshie Tsuchiya*

Division of Medical Devices, National Institute of Health Sciences, 1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 4 March 2008
Accepted 26 March 2008
Available online xxx

We demonstrated the effect of synthesized sulfated hyaluronan (SHya), which is composed of a sulfated
group and hyaluronan, and basic fibroblast growth factor 2 (FGF-2) on normal human astrocytes (NHA)
activity and its morphological transformation in vitro study. Astrocyte is a kind of glial cell and stellated
astrocyte (activating astrocyte) supports axons network, neurons survival and synaptic plasticity.
Treatment of SHya hardly affected NHA proliferation. However combination treatment of SHya and FGF-2

g""‘l‘""'"'“ increased NHA proliferation. Treatment of SHya promoted transformation of normal astrocyte into
Yaruronarn a stella morphology (stellation) and combination treatment of SHya and FGF-2 promoted stellation than

Sulfated groups pli A * At P L ¥

Astrocyle that of SHya only. Treatment of SHya increased glial fibrillary acidic protein (GFAP), nestin mRNA and

FGF-2 GFAP protein expression in the stellated NHA. The cell-cell adhesion of NHA increased by treatment of
SHya. Treatment of SHya increased heparin-binding trophic factors FGF-2, midkine, and some other
trophic factors mRNA level in the NHA. These results suggested that the treatment of SHya promoted
NHA activity due to enhancing neurotrophins production and the morphological transformation of NHA
and the effect of SHya on astrocytes partly involved FGF-2 activity. These findings indicate that SHya may
be involved in the astrocyte activity and support neurons survivals.

Neurotrophic factors

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The central nervous system (CNS) comprises neurocytes and
glial cells. Recent studies have suggested that glial cells play im-
portant roles in neuroprotection and neurogenesis [1-3]. Glial cells
not only sustain the neuron network physically but also supply
neurotrophic factors to neurons, modify neurotransmission, and
supporl neuroregeneration. Astrocytes, a type of glial cell, intercede
between neurons and blood vessels and form the blood-brain
barrier. Astrocytes protect axons from injury and promote neuron
plasticity by producing trophic factors, such as basic fibroblast
growth factor 2 (FGF-2) and glia cell line-derived neurotrophic
factor (GDNF) [4,5]. Moreover, astrocytes contribute to neural stem
cell (NSC) proliferation and differentiation and the plasticity of
neurons. Especially in the region of an injury, normal resting as-
trocytes transform themselves into activated astrocytes to perform
their functions. Activated astrocytes themselves, which have
a stellar morphology, increase immunohistochemical reactions of
intermediate proteins such as.glial fibrillary acidic protein (GFAP)
and express the NSC marker nestin, and stellation enhances the
production of neurotrophic factors by astrocytes [6,7]. In addition,
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E-mail address: tsuchiya@nihs.go.jp (T. Tsuchiya).
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activation of astrocytes increases the production of FGF-2, midkine,
nerve growth factor (NGF), insulin-like growth factor-1 (IGF-1),
brain-derived neurotrophic factor (BDNF), and other trophic factors
that contribute to the survival and neurogenesis of neurons and
NSC. These results suggest that the activation of astrocytes to
supply neurotrophic factors may be an effective therapy for central
nervous diseases [4,8] and repair of brain injury.
Glucosaminoglycans have one or more sulfate groups, which
have negative charge, and these sulfate groups attract growth fac-
tors such as FGF-2 and midkine. Several glucosaminoglycans con-
tribute to the activities of neurotrophic factors. Heparin, a sulfated
glucosaminoglycan, binds FGF-2 and enhances FGF-2 bioactivity in
the central nervous system [9,10]. A recent study reported that
chondroitin sulfate, an oligosaccharide that has sulfate groups,
combines with midkine and BDNF to promote neuronal growth in
cultured hippocampal neurons [11]. These pleiotrophin-/heparin-
binding growth-associated molecules, FGF and midkine, contribute
to survival and proliferation of immature and mature central neu-
rocytes and astrocytes. FGF-2 is involved in survival of immature
neural progenitor cells, and FGF-2 (20 ng/ml) and epidermal growth
factor (EGF) (20 ng/ml) maintained neural stem cell proliferation in
vitro [12]. FGF-2 also supported the survival and proliferation of
transplanted progenitor cells in the adult rat striatum [13]. It was
reported that hippocampal cells are generated over the lifetime of
an animal and that FGF-2 stimulates proliferation of these cells to
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