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The effect of intracarotid infusion of etopo-
side on the permeability of the blood-brain barrier
(BBB) and brain-tumor barrier (BTB) was inves-
tigated using a model of rats injected with C6
glioma cells. Fifty four glioma-bearing rats were
divided into 3 groups and treated with O, 3, or
15mg/kg of etoposide infused into the internal
carotid artery. BBB or BTB permeability was
evaluated qualitatively by the leakage of Evans
blue (6 animals in each group) or quantitatively by
the diffusion of carboplatin [cis-diammine
(1, 1-cyciobutane-dicarboxylato) platinum(ll);
CBDCA] (12 animals in each group) into the
normal brain or the tumor tissue. BBB and BTB
disruption augmented significantly in proportion
to the dose of etoposide. The degree of disrup-
tion of BTB was greater than that of BBB, but
the rate of disruption of BBB in proportion to
increasing the dose of etoposide was higher than
that in the BTB. Histopathologically, no obvious
changes were observed in the animals of either
the control group or the 3mg/kg group but
degenerative changes in the neurons of the hip-
pocampus of the infused hemisphere were seen in
the 15mg/kg group. This change is thought to
be caused by apoptosis because of the positive
reaction with TdT-mediated dUTP-biotin nick-end
labeling (TUNEL) method. Our results suggest
that intracarotid infusion of etoposide can in-
crease drug delivery of concurrent antitumor
agents into tumor tissue, but cerebral parenchy-
mal cell damage is expected with a higher dosage
of etoposide. Therefore, the dosage of etoposide
for intracarotid infusion should be lower than 15
mg/kg in order to reduce neurotoxicity of both
etoposide and concurrent anticancer drugs.
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O ne of the possible reasons for the limited effects of
chemotherapy on central nervous system (CNS)
malignancies is insufficient drug delivery to the tumor due
to the blood-brain barrier (BBB). It has been reported
that the BBB is completely intact in small CNS neoplasms
and at least partially intact in larger tumors (1). To
enhance the effect of chemotherapy on malignant brain
tumors, several methods have been tried to increase drug
delivery to brain tumors, such as reversible osmotic
opening of the BBB (2, 3), augmentation of cerebral
blood flow by angiotensin II (4), and increasing drug
accumulation by means of calcium channel blockers (5).

Spigelman et al. (6) showed evidence that the intraca-
rotid infusion of an anti-neoplastic compound, etoposide
(4 demethyl-epipodophyllotoxin-43-D-ethylidine glucoside),
could disrupt the BBB in the normal brain without causing
parenchymal damage. On the other hand, Ogasawara et
al. (4) recently reported that intracarotid infusion of high-
doses of etoposide was capable of producing irreversible
neuronal damage in a rat model. There have been few
reports on the effects of etoposide on blood-tumor barrier
(BTB) permeability and the action of the drug on the
BBB and BTB is not yet clearly understood.

The present study was designed to examine the effects
of intracarotid infusion of etoposide on the permeability of
the BBB and BTB in a model of rats injected with C6
glioma cells (rat C6 glioma model). BBB or BTB permea-
bility was evaluated qualitatively by observing the leakage
of Evans blue into the normal brain and tumor tissues (18
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animals) or quantitatively by measuring the diffusion of
carboplatin [ cis-diammine (1, 1-cyclobutane-dicarboxyl-
ato) platinum (IT); CBDCA] penetrated into normal brain
and tumor tissue (36 animals). Both Evans blue and
carboplatin were administered systemically. CBDCA,
which is frequently administered against a variety of
neoplasms in combination with etoposide (7, 8), is report-
ed to show only limited penetration into brain parenchyma
(9). Lastly, we investigated histopathological changes of
normal brain tissue infused by etoposide.

Materials and Methods

Cells and animals. Cells: C6 glioma cells
were maintained as a monolayer culture in Eagle’s mini-
mum essential medium supplemented with 10 % fetal
bovine serum in an atmosphere of 5% CO, and 95 %
room air at 37°C.

Animals: Fifty four male Wister rats (250-350g)
were used for qualitative study (18 animals) and quantita-
tive study (36 animals). All animals were kept in patho-
gen-free animal facilities at Okayama University and were
handled in a humane fashion in accordance with the
university’s modified version of the National Institute of
Health guidelines.

Brain tumor model. Animals were anesthet-
ized by intraperitoneal administration of pentobarbital (50
mg/kg). A burr hole was made at 4mm to the right from
midline and 2mm posterior to the bregma. Suspended
tumor cells of 5X 10° in 5 ul phosphate buffered saline
were implanted into the right frontal lobe at a depth of 5
mm vertically from the brain surface through the burr
hole.

Intracarotid administration of etoposide.
Twelve to 14 days after tumor inoculation, the animals
were anesthetized with pentobarbital. A polyethylene
catheter was inserted retrogradely down the right external
carotid artery to the bifurcation of the common carotid
artery. Etoposide at dosages of 0, 3, or 15mg/kg in 5
ml of normal saline were given at a constant rate for 20
min into the right internal carotid artery through the
catheter. The right pterygopalatine artery was clipped
temporarily during the intracarotid infusion.

Qualitative and histopathological studies
on BBB and BTB disruption. Three group of 6
rats each were used for the control and the above two
etoposide dose in the studies. Immediately after the intra-
carotid infusion of etoposide, 2ml/kg of 2 % solution of
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Evans blue was injected into the femoral vein. Animals
were sacrificed 2h after the end of the intracarotid infusion
of etoposide. The brain was removed and sliced coronally
at the maximum diameter of the tumor. Staining of the
tumor and cerebral hemispheres by Evans blue was
evaluated by direct visual inspection without knowledge of
which group the rat belonged to, and graded as follows:
grade 0, no staining; grade 1+, just noticeable staining;
grade 2 +, moderate staining; grade 3+, dark staining
(10). The sections were then fixed with 10 % formalin,
embedded in paraffin, stained with hematoxylin and eosin,
and observed microscopically. Selected sections were also
processed for the terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP-biotin nick-end labeling (TUNEL)
method, which detects nuclear DNA breakdown, using
an in situ apoptosis detection kit (Takara Shuzo Co. Litd.,
Japan). The TUNEL method is described in detail else-
where (11). Briefly, sections were deparaffinized, protein
was digested with proteinase K, and endogenous perox-
idase was inactivated using 0.3 % hydrogen peroxide.
DNA fragments were then linked to fluorescein isoth-
iocyanate (FITC)-dUTP by TdT and incubated with an
anti-FITC antibody conjugated with peroxidase. The
reaction was visualized using diaminobenzidine (DAB) and
the sections were counterstained with hematoxylin.

Quantitative study on BBB and BTB dis-
ruption using CBDCA.  Three groups of 12 rats
each were used in this experiment. After the carotid
infusion of etoposide, 16 mg/kg of CBDCA was adminis-
tered through the femoral vein. Thirty minutes after the
end of CBDCA injection, specimens of 2ml of blood
were collected from the femoral vein catheter, and then
the rats were sacrificed. Brains were removed and the
right cerebral hemisphere was separated into tumor tissue
and normal tissue. The same was also done for the left
cerebral hemisphere. The CBDCA concentrations in the
tissue and blood samples were measured by flameless
atomic absorption spectrophotometry. The data are ex-
pressed as mean * standard deviation. Statistical compar-
isons among the groups were performed using the Stu-
dent’s #-test or nonparametric methods (Mann-Whitney’s
U test). A probability of 0.05 or less was considered
significant.

Results

Qualitative and histopathological studies
on BBB and BTB disruption. Table 1 presents
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the relationship between the dose of etoposide and BBB
disruption evaluated by Evans blue staining of the tumor
and the normal brain in the right ipsilateral cerebral
hemisphere. While the staining of all the tumors were
graded as 1+, the normal brain was not entirely stained
in the control group. In the 3mg/kg etoposide group, the
tumors were stained as 1 + in one animal, 2 + in four,
and 3+ in one. In the 15mg/kg etoposide group, the
staining of tumors increased and was graded as 2+ in
one and 3+ in five. In proportion to the doses of
etoposide, the staining of the normal brain tissue also
progressively increased. The grade of staining of the
normal brain was 0 in two, 1+ in three, and 2 + in one
in the 3mg/kg group, whereas it was 1+ in one, 2+ in
four, and 3 + in one in the 15mg/kg group. No staining
was observed in the non-infused (left) hemisphere except
for one in the 15mg/kg group.

Microscopically, degenerative changes in the neurons
such as shrinkage of cytoplasm and pyknosis were seen in
the hippocampus in the infused hemisphere of two animals
with 2 + staining in the 15mg/kg group (Fig. 1). Those
cells were positively stained with the TUNEL method and
showed the common morphological features of apoptosis
(Fig. 2).

Quantitative study on BBB and BTB dis-
ruption using CBDCA. Fig. 3 presents the rela-
tionship between the dose of etoposide and the CBDCA
concentrations in tissue and serum. The serum CBDCA
concentrations in the control, 3mg/kg, and 15mg/kg
groups were statistically similar [7.54 + 1.10 ug/g
(mean + SD), 7.56 + 1.29ug/g and 7.88 + 1.70 ug/g,
respectively]. The CBDCA concentrations in the tumors

Table | Etoposide dosage and tissue staining with Evans biue
Site/Etoposide dosage Number Evans blue staining grade
(mg/kg) of rats 0 I+ 2+ 34
Tumor
0 6 0 6 0 0
3 6 0 | 4 |
15 6 0 0 | 5
Ipsilateral hemisphere
0 6 6 0 0 0
3 6 2 3 | 0
15 6 0 I 4 |

Evans blue staining, grade 0: No staining; grade | +: Barely no-
ticeable staining; 2 +: Moderate staining; 3 +: Dark staining.
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of the control, 3mg/kg, and 15mg/kg groups were 2.15
+082ug/g, 343+ 171ug/g and 476 + 1.23 g/,
respectively. As etoposide dose increased, CBDCA con-
centration progressively increased in tumors. Statistically
significant differences were found among them. The ratios
of concentrations in tumor to serum (T/S) were 28.9 +
11.0 % in the control group, and significantly increased to
44,2 +17.2 % in the 3mg/kg group (P < 0.05) and 61.5
+17.0 % in the 15mg/kg group (P < 0.01). The differ-
ence of T/S ratio between the 3mg/kg group and the 15
mg/kg group was also significant (P < 0.05). The
CBDCA concentrations in the normal brain tissues of the
ipsilateral (right) hemispheres in the control, 3mg/kg,
and 15mg/kg groups were 0.66 +0.28 ug/g, 1.58 +
0.90 ug/g and 2.30 + 0.58 ug/g, respectively. The ra-
tios of concentrations in normal brain tissues of the
ipsilateral hemispheres to serum (I/S) were 9.1 + 4.3 %
in the control group, and also significantly increased to
20.6 £ 9.9 % in the 3mg/kg group (P < 0.05) and 29.8
+85% in the 15mg/kg group (P < 0.01). The differ-
ence of I/S ratio between the 3mg/kg and 15mg/kg
group was also statistically significant (P < 0.05). The
concentration of CBDCA was higher in the tumor tissue
than in normal tissue but the rate of increase of the
concentration was greater in normal tissue (from 2.3-fold
to 3.3-fold compared to the control) than in tumor tissue
(from 1.5-fold to 2.1-fold) as the dose of etoposide in-
creased from 3mg/kg to 15mg/kg. The CBDCA con-
centrations in the contralateral (left) hemisphere of the
control, 3mg/kg, and 15mg/kg group were 0.58 £ 0.32
ug/g, 054+ 0.25ug/g and 0.62 + 0.26 ug/g, respec-
tively. The ratios of concentrations in the contralateral
hemispheres to serum (C/S) of the control, 3mg/ke,
and 15mg/kg group were 7.9+ 4.8 %, 7.5+ 25% and
8.2+ 3.7%, showing no significant differences among
the groups.

Discussion

Etoposide is synthesized from podophyllotoxin and
has been used for the treatment of malignant brain tumors
by intravenous or intracarotid administration in recent
years (7, 12, 13). It is difficult for this drug to pass the
BBB because of its relatively high molecular weight
(588.57) and high binding capacity with serum proteins
(14). However, it can alter BBB permeability significant-
ly when infused into the carotid artery. Spigelman ef al.
(6) reported that intracarotid infusion of etoposide pro-
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Fig. | Photomicrographs of brain sections obtained 2h after the intracarotid infusion of 15mg/kg of etoposide. Degenerative changes of
neurons in the hippocampus are seen in the infused hemisphere, specifically cytoplasmic shrinkage and nuclear pyknosis. H & E stain; X 100
(A), X 400 (B).

duced dose-dependent and reversible disruption of the infusion of etoposide induces a dose-dependent disruption
BBB in the normal rat brain. of both the BTB and BBB. The leakage of systematically

Using Evans blue staining and CBDCA-diffusion  administered Evans blue into tumor and normal brain
analysis, the present study demonstrates that intracarotid tissues gives a qualitative understanding of BBB and
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Fig.2  Photomicrograph of the neurons in the hippocampus after intracarotid infusion of 15mg/kg of etoposide. Brown Tdt-mediated dUTP-
biotin nick-end labeling-positive cells are visible and show nuclear condensation and fragmentation. Counterstained with hematoxylin, < {000.
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Fig. 3  A: Carboplatin (CBDCA) concentrations in tissue and serum. As etoposide dosage increases, CBDCA concentration progressively
increases in the tumor and in the normal ipsilateral hemisphere. *P < 0.05; **P < 0.01. B: Ratio of carboplatin concentration in tissue to
serum. The ratios of tumor to serum concentration in the 3mg/kg and 15mg/kg groups were approximately 1.5 and 2.1 times higher than that
of the control group, respectively. Ratios of normal brain concentrations in the ipsilateral hemisphere to serum were approximately 2.3 and
3.3 times control for the 3mg/kg and |5mg/kg groups, respectively. T/S: Ratio of concentration in tumor to serum; I/S: Ratio of concentra-
tion in ipsilateral normal brain to serum; C/S: Ratio of concentration in the contralateral hemisphere to serum, *P < 0.05; **P < 0.0l
[: control (n=12), E3: 3mg/kg (n=12), W: 15mg/kg (n=12).
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BTB disruption. CBDCA, which is also used to treat
malignant brain tumors (8, 15) but shows limited passage
through normal BBB (9), was used as a tool to estimate
the disruption of the BBB and BTB because it contains
platinum and can be measured quantitatively by flameless
atomic absorption spectrophotometry. In this study, the
staining of the tumor and the normal brain tissue with
Evans blue increased progressively in proportion to in-
creases in the dose of etoposide. The concentration of
CBDCA also increased in both the tumor and the normal
tissue of the right (etoposide-infused) hemisphere but not
in the opposite hemisphere. Although the concentration of
CBDCA in the tumor tissue was higher than in normal
tissue, the rate of increase of concentration was greater in
the normal brain tissue than in the tumor tissue. These
results suggest that intracarotid infusion of etoposide can
induce the BBB or BTB permeability and increase drug
delivery to the brain tumor, but may also increase the
exposure of normal brain tissue to anticancer agents and
induce toxic effects in normal cells.

The mechanism of etoposide-induced BBB disruption
is still unclear. Etoposide, utilized in this experiment, is
formulatedas a complex solvent solution containing poly-
solvate 80, alcohol, citric acid and macrogol 300. Be-
cause of the evidence that alcohol alone can affect BBB
permeability, the solvent solution may contribute to en-
hanced BBB permeability. But Spigelman et al. (16)
reported that, while the solvent solution alone is capable
of altering BBB permeability, the major effect is due to
the drug itself.

In intracarotid infusion of anticancer drugs, their
neurotoxicity should be taken into consideration. Savaraj
et al. (17) reported that when 2mg/kg of etoposide was
infused into the internal carotid artery and femoral vein of
normal dogs, the concentration of etoposide in the brain
tissue of the intracarotid infusion group was at least four
times higher than that of the intravenous infusion group.
However, none of the animals in the intracarotid infusion
group showed neurologic toxicity or histopathological
changes in the brain. Spigelman et al. (6) reported that
intracarotid infusion of etoposide of up to 22.5mg/kg
produced a reversible disruption of the BBB without
damage to the cerebral parenchyma except for a mild
perivascular lymphocytic infiltration in the infused hemi-
sphere. However, Hollis et al. (18) reported that when
25mg/kg of etoposide was infused into the internal
carotid artery, a significantly higher incidence of cerebral
edema and increase in the brain water content was
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observed in the infused hemisphere. Recently, Ogasa-
wara et al. (4) reported that intracarotid infusion of
high-dose etoposide (75mg/m?) induced BBB disruption
and irreversible neuronal damage in a rat model without
showing any focal neurological deficits except for some
decrease of daily activity. They observed demyelination
and edema in areas largely concurrent with areas of Evans
blue leakage, as well as degenerative necrosis of neurons
in part of the hippocampus and cerebral cortex. In the
present study, neuronal damage in the hippocampus of
the infused hemisphere was also seen in two animals with
2 + staining in the 15mg/kg group and the mechanism of
etoposide-induced neuronal damage is thought to be
apoptotic cell death.

These results suggest that intracarotid infusion of
high-dose etoposide can cause cerebral parenchymal dam-
age. Therefore, the dose of etoposide for intracarotid
infusion should be lower than 15mg/kg in order to reduce
neurotoxicity of the etoposide itself and concurrent anti-
cancer drugs. Further investigation should be done to
decide the proper dosage of etoposide for intracarotid
infusion in clinical use.
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