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distinguish high grade glioma from low grade glioma. This
may be useful in deciding the surgical strategy or selecting
the site of stereotactic biopsy.
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Abstract

Objectives/purposes: Postoperative vomiting occurs more frequently in patients after intraventricular surgery than after other intracranial
surgeries. This has been attributed to intracranial air. Carbon dioxide gas (CO,) has properties beneficial to the treatment of some medical
disorders, displaying a higher specific gravity and more rapid absorption into surrounding tissues than air. We therefore, attempted to replace
air with CO, during intra- and paraventricular tumor resections. The aim of the present study was to elucidate whether intracranial air after
intraventricular surgery could be alleviated safely using CO,, and investigate its clinical usefulness.

Patients and methods: CO, was introduced into the subdural space at 2 1/min through a silicon tube from time of dural incision to closure.
Subjects comprised 40 patients alternately assigned to one of two groups: the trial group (n=20) receiving CO, treatment; and controls (n =20)
without CO» treatment.

Results: Intra- and postoperatively, no patients showed complications caused by CO- treatment. Postoperatively, intraventricular gas shown
on CT scans disappeared significantly sooner in the trial group than in controls. Frequency of postoperative vomiting was significantly lower

in the trial group than in controls.

Conclusion: Intracranial air after intraventricular surgery can be safety alleviated using CO,.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Intraventricular surgery; Intracranial air; Carbon dioxide gas

1. Introduction

Intracranial air collection, or pneumocephalus, is a com-
mon occurrence after craniotomy, with asymptotic pneu-
mocephalus reported at a frequency of 100% |[1—4]. The
amount of intracranial air may vary between individual
patients postoperatively, and approximately 2-3 weeks is
typically required for complete re-absorption |3|. Intracra-
nial air rarely presents a clinical problem, but can potentially
develop into tension pneumocephalus [4,5]. In particular,
more cerebrospinal fluid (CSF) is drained during intraventric-
ular surgery than during other intracranial surgeries, thereby
creating more space for accumulation of intracranial air.

The specific gravity of carbon dioxide gas (CO,) is higher
than that of air at 1.54:1. In addition, CO, is more rapidly
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absorbed by surrounding brain tissues than air |6,7]. CO,
is commonly used for insufflation of the pneumoperitoneum
during laparoscopic surgery for three reasons: high solubility;
combustion suppression properties; and lack of toxicity |8}.
Postoperative vomiting occurs more frequently in patients
after intraventricular surgery than after other intracranial
surgeries and has been attributed to intracranial air |9]. In an
attempt to alleviate intracranial air induced intraoperatively,
we exploited the beneficial properties of CO; by replacing
intracranial air with CO; during intraventricular surgery. The
results are reported herein.

2. Patients and methods
2.1. Patients

The study protocol was approved by the Ethics Commit-
tee of Iwate Medical University. Patients recruited to this

CLINEU-1511; No. of Pages 6
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study were hospitalized in the Department of Neurosurgery
at Iwate Medical University between January 1998 and June
2003. Entry criteria for this study comprised: (A) a diagnosis
of intra- or paraventricular tumor based on the findings of
preoperative computed tomography (CT) scans or magnetic
resonance imaging (MRID); (B) a tumor bulk with a diameter
>2cm on CT or MRI; and (C) provision of written informed
consent. Fourth ventricular tumors were limited to tumors
originating from the cerebellum. Patients with tumor origi-
nating from the medulla oblongata were excluded from the
present study. A total of 40 patients with newly diagnosed
intra- or paraventricular tumors were subsequently enrolled
into this study. Patients were assigned alternately to one of
two study groups: the trial group, with CO; treatment; and the
control group, without CO, treatment. The trial group com-
prised 20 patients (12 men, 8 women; mean age, 26.1; range,
1-71 years) with diagnoses of subependymoma in the lat-
eral ventricle (LV) (n=3), astrocytoma in LV (n=2), central
neurocytoma in LV (n=1), germinoma in the third ventri-
cle (3rd V) (n=4), astrocytoma in the fourth ventricle (4th
V) (n=6) and ependymoma in 4th V (n=4). The contro!
group comprised 20 patients (10 men, 10 women; mean age.
20.3; range, 4-62 years) with subependymoma in LV (n=2).
astrocytoma in LV (n=3), central neurocytoma in LV (n=1).
germinoma in 3rd V (n=4), astrocytoma in4th V (n = 6), and
ependymomain4thV (n=4). Obstructive hydrocephalus was
present in 13 patients in the trial group (60%) and 12 patients
in the control group (65%). Preoperative nausea and/or vom-
iting was identified in 11 trial group patients (55%) and ¢
control group patients (45%).

2.2. Anesthesia and operation

Anesthesia was maintained using one of two methods:
inhalation of 50% nitrous oxide gas (N,O) with intravenous
administration of sevoflurane (1-3%); or total intravenou:
anesthesia using propofol and fentanyl. Type of anesthesiz
was sclected based on the needs of individual patients b
anesthesiologists. NoO was continuously supplied until skin
closure. No patients underwent any drainage or shunt of CSF.
such as ventriculoperitoneal shunt prior to surgery or continu-
ous spinal CSF drainage during surgery. All patients received
osmotic diuretics to relax the cerebral cortex before dural
incision. Temperature in the operating room was keptat 27 °C
using an air conditioner. All patients underwent surgery in the
supine or prone position only. Routine craniotomy was then
performed according to suitable approaches for each tumor
site.

2.3. Introduction of CO;

For patients in the trial group, CO, was introduced into
the surgical field using the techniques described by Kitakam:i
et al. [6] with some modifications. Briefly, a sterile silicon
tube connected to a CO, gas cylinder via an air filter wa.
used to continuously introduce CO; at 21/min between the

Fig. i. Surgical field in prone position for a patient with 4th ventricle tumor.
The tip of silicon tube carrying CO» gas is fixed at the edge of incised dura.
Arrow, tip of silicon tube; arrowhead, edge of incised dura.

time of incision and closure of the dura into the intradural
surgical field. The tip of the silicon tube was fixed at the edge
of the incised dura in the surgical field using a silk string. The
tube was positioned to avoid disturbance of the microscopic
field (Fig. 1). PaCO, of arterial blood was recorded at 15-
min intervals from the introduction of CO, until completion
of surgery. Moreover, CSF of each patient was obtained from
the surgical field immediately before dural closure, and pH
of CSF was immediately measured.

For patients in the control group, operations were per-
formed using standard techniques without introduction of
CO». When suturing the dura, patients in both groups under-
went flushing of the dural space using physiologal saline
solution.

2.4. Statistical analysis

Several factors relating to intracranial condition were mea-
sured before surgery and then compared between groups:
age; level of consciousness; tumor site; tumor size, pres-
ence of nausea and/or vomiting; and presence of obstructive
hydrocephalus. Level of consciousness was estimated using
the Glasgow Coma Scale (GCS). Tumor size was defined
as the maximum diameter of tumor on CT or MRIL The
Mann-Whitney U-test was used to evaluate differences in
age, level of consciousness, and tumor size, while the chi-
square test was used for tumor site. In addition, frequency of
preoperative nausea and/or vomiting, anesthetic use of NoO
and frequency of hydrocephalus were compared between
groups using Fisher’s exact probability test. The values of
PaCO> and pH of CSF were also compared between groups
using Student’s t-test.

Postoperatively, all patients underwent unenhanced CT
immediately after surgery with sequential unenhanced CT
performed every day until complete disappearance of the
intracranial gaseous body. Mean duration until complete dis-
appearance of intracranial gas collection on unenhanced CT
was compared between groups using the Mann—Whitney U-
test. Moreover, volume of intraventricular gaseous body was
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Table |
Comparisons of preoperative and intraoperative conditions between the trial group and the control group
Trial group Control group p-value Test

Age (mean + S.D.) 26.1+£197 203+ 18.0 0.26 MW
GCS (mean + S.D.) 145+ 1.1 142414 0.56 MW
Tumor site

LV 6 [ 0.92 CS

3rd V 4 5 ’

4th Vv 10 9
Tumor size (cm) . 34408 3.2+08 0.37 MW
Presence of hydrocephalus 13 12 >(.99 FEP
Presence of nausea and/or vomiting before surgery 11 9
Use of N»O anesthesia 7 10 >0.99 FEP
PaCO, (mean + S.D. mmHg) 34.643.6 339432 0.78 ST
pHofCSF(mean + S.D.) 7.5+0.1 76+02 0.16 ST

S.D.: standard deviation; GCS: Glasgow Coma Scale; LV: lateral ventricle: V: ventricle; MW: Mann-Whitney U-test; CS: chi-square test; FEP: Fisher's exact

probability test; ST: Student’s r-test.

measured for all patients using unenhanced CT immediately
after surgery, calculated using the following simple formula
[10]: intraventricular gaseous body volume (cm?)=ABC/2,
where A represents maximum diameter of gas accumulation
and B represents maximum diameter perpendicular to A, on
an axial slice showing maximal gas accumulation, and C rep-
resents the numbers of 1 cm thick CT slices on which the
gaseous body is visualized. When more than two gaseous
bodies were observed on CT, gas volume was determined
as the sum of all gaseous bhodies. Differences in gaseous
body volume between groups were also analyzed using the
Mann-Whitney U-test. Frequency of vomiting after surgery
was compared between groups using Fisher’s exact probabil-
ity test. Period of vomiting incidence was also documented,
and compared between groups using the Mann~Whitney U-
test. For patients displaying postoperative vomiting, meto-
clopramide was administered intravenously as an anti-emetic
two to three times per day until vomiting disappeared. Total
cost for use of CO, and anti-emetics in each group was
estimated. Values of p<0.05 were considered statistically
significant for all analyses. The same investigator (K.O.),
who was blinded to subject grouping, visually assessed all
CT findings and observed whether patients vomited within
24 h after surgery.

3. Results

No significant differences in patient characteristics or pre-
or intraoperative findings were identified between trial and
control groups (Table 1), No patients displayed any com-
plications likely to be attributable to CO, during surgery.
PaCO, and pH levels of CSF during surgery in the trial
group were within the acceptable ranges of 25.0-35.0 mmHg
(mean: 34.6 £ .3.6 mmHg) and 7.3-7.8 (mean: 7.5+ .0.1),
respectively. Neither value varied significantly from those in
the control group.

The CT scans immediately after surgery revealed gaseous
body collection filling the ventricles and subdural spaces in

all patients in both groups (Fig. 2), Mean period required
for complete disappearance of intracranial gaseous bodies
was 2.3+ 1.0 days in the trial group (range, 1-4 days)
and 5.3 £ 1.6 days in the control group (range, 3-9 days),
representing a significant difference between the 2 groups
(Fig. 3). Intraventricular gaseous body volume immedi-
ately after surgery was 4.2 £2.5cm’ for the trial group and
6.7 + 3.5 cm? for the control group, again representing a sig-
nificant difference between groups (Fig. ).

Vomiting occurred within 24 h after surgery for 5 of 20
patients in the trial group (25%) and 14 of 20 patients in the
control group (70%). Frequency of postoperative vomiting
was significantly lower in the trial group than in the control
group (p=0.04). The 5 patients presenting with postoperative
vomiting in the trial group comprised 4 of 10 patients with 4th
V tumorand 1 of 6 patients with LV tumor. Conversely, the 14
patients presenting with vomiting in the control group com-
prised all 9 patients with 4th V tumor, 3 of 5 patients with 3rd
V tumor and 2 of 6 patients with LV tumor. Patients display-
ing vomiting after surgery were not the same patients who
displayed vomiting before surgery. When limited to patients
with 3rd V or LV tumor, numbers of patients presenting with
vomiting after surgery tended to be smaller in the trial group
than in the control group, although no significant differences
were identified (Fisher’s exact probability test; p=0.14). The
mean period of vomiting was 1.4 £ 0.5 days for the 5 patients
in the trial group and 2.6 -+ 1.2 days for the 14 patients in the
control group, representing a significant difference between
groups (p=10.02). Mean daily cost for use of CO; and anti-
emetics was 170 Japanese Yen (1.2 EUR) for the trial group
and 620 Japanese Yen (4.4 EUR) for the control group. Costs
were small and not significantly different between trial and
control groups (Mann—Whitney U-test; p=0.052).

4. Discussion

Several contributing factors associated with surgery have
been recognized as readily introducing considerable amounts
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(A)

)

Fig. 2. Representative unenhanced CT scan of a CO;-treated patient immediately after surgery, showing accumulation of gas in ventricles and subdural spaces

(A), and 1 day later showing complete disappearance of the gaseous body (B).

of air into the cranium |1.4,11-17]. Excluding trauma and
infection not associated with surgery, these include: (A) N,O
anesthesia; (B) posterior fossa craniotomy in the sitting posi-
tion; (C) intracranial surgery following CSF drainage; (D
use of osmotic diuretics during intracranial surgery; and (E:
hydrocephalus. In the present study, anesthetic use of NoC
and the frequency of hydrocephalus did not differ signif-
icantly between the trial and control groups. In addition
no patient underwent surgery in a sitting position or with
CSF drainage, and all patients received osmotic diuretic:
intraoperatively. Furthermore, no significant differences i1
preoperative conditions (age, tumor site or tumor size) werc
found between groups. Pre-and intraoperative intracrania
conditions were thus similar for patients in each group. Thi:
allowed for comparison of the folfow-up CT and immediatc
postoperative vomiting between groups.
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Fig. 3. Postoperative period for complete disappearance of gas on postop
erative CT scans for trial (CO2) and control (air) groups.

The CT obtained immediately after surgery showed that
gaseous accumulation continued to fill the intracranium of
patients treated with CO,. This suggests that the collected
gas would likely represent a mixture of CO, and air, as gas
should be absorbed completely and almost immediately if
the pictured gas represented 100% CO;. However, sequential
CT indicated that accumulated gas disappeared significantly
sooner in the trial group than in the control group. Further-
more, gaseous body volume immediately after surgery was
significantly smaller in the trial group than in the control
group. This suggests more rapid absorption of the gaseous
body in the trial group than in the control group, imme-
diately after surgery. Higher patient body temperature than
operating room temperature may have caused expansion of
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Fig. 4. Volume of intraventricular gas measured by CT immediately after
surgery for trial (CO») and control (air) groups.
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the intracranial gaseous body. However, temperatures were
the same for patients in both groups, which indicate that the
rapid alleviation of gaseous volume in the trial group was due
to properties of the CO, gas itself. No patients showed any
complications likely to be attributable to CO, during and after
surgery. PaCO; levels and pH levels of CSF during surgery in
patients treated with CO, were within acceptable levels, and
did not differ significantly from levels in the control group.
We believe that intracranial air after intraventricular surgery
can be safety alleviated using CO,.

Examination of postoperative symptoms in this study was
limited to the presence or absence of vomiting, as other symp-
toms such as vital signs, recovery of consciousness; cranial
nerve palsy or transient hemiparesis of the extremities are
greatly influenced by anesthetic technique and type of sur-
gical procedure. Subjective symptoms such as headache and
nausea without vomiting were also not examined, because
estimation of these symptoms was difficult under the unstable
level of consciousness displayed by patients during first 24 h
after surgery. In the present study, frequency of postoperative
vomiting was significantly lower for the trial group than for
the control group. Rapid absorption of CO; gas and the small
volume of gas accumulation in the trial group may have pre-
vented postoperative vomiting. At fime of the study, vomiting
was a common complication in pneumoencephalography, in
addition to headaches, changes in pulse and body temperature
[18,19). An earlier study suggested that air entering the 4th
V produces irritation of the medullary centers [19]. Recent
studies have suggested that the essential region for coordinat-
ing vomiting is located in the brainstem between the levels
of the obex and the retrofacial nucleus [20-2<|. The area
postrema is one vomiting sensor on the dorsal surface of the
medulla oblongata, and is positioned to detect emetic agents
in both blood and CSF, due to the lack of a blood-brain bar-
rier |21]. In the present study, alleviation of intraventricular
air using CO, might have mitigated direct irritation of the
vomiting coordinating circuitry on the dorsal surface of the
medulla oblongata in patients with 4th V tumor. Although
no significant differences were noted between groups, use
of COy tended to be associated with decreased frequency
of vomiting in patient with supratentorial intraventricular
tumor in the trial group. Neurosurgeons frequently encounter
postoperative vomiting in patients undergoing supratentorial
intraventricular surgery. The mechanisms underlying postop-
erative vomiting after supratentorial intraventricular surgery
remain unclear |9]. Fujimura et al. [25] reported that malig-
nant astrocytoma patients with dissemination to CSF display
intractable vomiting, but MRI could not detect any lesion on
vomiting centers of the medulla oblongata. In that report, a
small population of tumor cells was considered likely to have
contributed to biological stimulation of the vomiting center.
The vomiting coordinating circuitry on the dorsal surface of
the medulla oblongata might perceive changes in pressure and
biological characters of CSE. Use of CO; rapidly alleviates
intraventricular air accumulation in patients with supratento-
rial intraventricular tumor, thus mitigating stimulation to the

vomiting-coordinating circuitry on the dorsal surface of the
medulla oblongata. Patients who display vomiting immedi-
ately after surgery are in danger of aspiration pneumonia. The
present technique may contribute to decreased postoperative
vomiting in patients undergoing intraventricular surgery. Fur-
thermore, the cost for use of C(Os is as low or lower than the
cost for use of anti-emetics.

Numerous techniques have been used to prevent accu-
mulation of intracranial air including flushing a physiolog-
ical saline solution into the surgical field |26], alteration of
anesthetic technique [ 14], and temporarily blockage of CSF
drainage during surgery [<}]. The present technique, although
still in the trial stages, does appear (0 safety alleviate intracra-
nial air with CO», as no patients showed obvious complica-
tions during surgery.

Given these findings, our technique may offer a method
for alleviating intracranial air after intraventricular surgery.
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Downregulation of laminin a4 chain expression inhibits glioma invasion

in vitro and in vivo
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The laminin family is a structural constituent of the extracellu-
lar matrix that plays an essential role in promoting the motility
of infiltrative tumor cells, We investigated the role of laminin
o4 chain, a subset of laminin-8, -9 and -14, in the motile and
invasive activities of human glioma cells. All malignant glioma
cell lines examined expressed more mRNA for the laminin ad
and Bl chains than for the f2 chain, indicating that these cells

predominantly express the laminin-8 isoform. Introducing an

antisense oligonucleotide for laminin a4 chain (AS-Ln-ad) into
the glioma cells resulted in downregulation of laminin «d
expression. AS-Ln-u4 also significantly suppressed glioma cell
adhesion and migration. Furthermore, invasiveness was signifi-
cantly reduced in cells transfected with AS-Ln-04 compared to
those transfected with the sense oligonucleotide (S-Ln-ad).
Indeed, when glioma spheroids were implanted into rat brain
slices, AS-Ln-ad-transfected cells failed to invade surrounding
normal brain tissues. In addition, intracerebral injection of
glioma cells transfected with AS-Ln-u4 into nude mice resulted
in the formation of a noninvasive tumor, whereas injection of
cells transfected with S-Ln-04 resulted in diffuse invasion of
brain tissue. These results suggest that mainly laminin-8 is
essential for the invasive activity of human glioma cells; thus, a
novel therapeutic strategy could target this molecule to treat
patients with malignant glioma.

© 2005 Wiley-Liss, Inc.
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Almost all primary brain tumors of glial cell origin, espe-
cially malignant gliomas, are characterized by high invasive-
ness. This invasive property of gliomas usually prevents com-
plete remission as infiltrative growth into the surrounding nor-
mal brain is responsible for the ineffectiveness of traditional
therapeutic modalities. Various therapeutic protocols, including
radiotherapy and chemotherapy, have been attempted to treat
malignant gliomas; but the overall prognosis remains poor,
with median survival of about 1 year.! The failure of glioma
therapy results from resistance of invading cells to irradiation
and anticancer drugs and leads to tumor recurrence. Therefore,
an essential problem presented by gliomas is the tendency of
malignant cells to diffusely invade the adjacent normal brain
tissue. To establish an effective strategy to overcome glioma
invasion, the molecular and cellular mechanisms of tumor inva-
sion must be understood in detail. However, the molecular fea-
tures underlying malignant - glioma invasion remain obscure.
Cell motility with local degradation of the ECM is essential
for tumor cell invasion. The ECM can be defined as a complex
mixture of proteins, proteoglycans and adhesive glycoproteins
that grovides structural and mechanical support to cells and tis-
sues.” However, the structural and regulatory proteins of the
ECM function cooperatively to regulate a variety of cellular
processes, including cell migration and adhesion. Therefore, the
biologic interactions between ECM components and glioma
cells should be clarified to elucidate the mechanism of glioma
invasion.

Expression of ECM proteins such as fibronectin, laminin and
various types of collagen has been augmented both in vitro
and in vivo in human malignant gliomas compared to benign
brain tumors.*® Laminins, as heterotrimeric glycoproteins com-
prising o, B and +y chains, are biologically active in neoplastic
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tissues and promote cell motility and growth, angiogenesis and
metastasis.” > To date, 5 «, 3  and 3 v chains have been
identified; and combinations of these chains constitute 15 dis-
tinct laminin isoforms.>'?'? Since cellular responses to the var-
ious laminin isoforms are cell- and tissue-specific, laminin
expression is dependent on the type of neoplasm.”!? Ljubi-
mova ef al.'* reported that amiong the many genes overex-
pressed in various glial tumors and tissues adjacent to malig-
nant gliomas, the laminin o4 chain is specifically upregulated
compared to normal brain tissue. They also confirmed that lam-
inin a4 chain mRNA is significantly increased in high-grade
gliomas compared to low-grade gliomas and normal brain tis-
sue. ° Moreover, upregulated laminins containing an o4 chain
play important roles in the development of angiogenesis and
tumor progression in human glial tumors."® However, little is
known about the relationship between o4 chain—containing
laminins (laminin-8, -9 or -14) and glioma cell invasion. In the
present study, we examined the biologic significance of lami-
nins containing an a4 chain with respect to human glioma cell
migration and invasion. The results showed that downregulation
of laminin a4 chain expression decreased tumor cell motility
and invasion in vitro and in vivo. Targeting the laminin o4
chain might have novel potential as an antiinvasive therapy for
patients with malignant gliomas.

Material and methods
Cell lines and cell culture

Human malignant glioma cell lines U251 and U373 were
generously provided by Dr. N. Arita (Hyogo College of Medi-
cine, Hyogo, Japan); T98G was obtained from the HSRRB; and
LN18 was generously donated by Dr. M. Tada (Hokkaido Uni-
versity School of Medicine, Sapporo, Japan). Human adenocar-
cinoma cell line HSG was obtained from the HSRRB (Osaka,
Japan). All cell lines were maintained in DMEM with 10% heat-
inactivated FBS containing 100 units/ml penicillin, 100 pg/ml
streptomycin and 0.25 pg/ml amphotericin (GIBCO, Grand
Island, NY) and incubated at 37°C under standard conditions of
100% humidity, 95% air and 5% CO,.

Abbreviations: AS-Ln-ad4, antisense laminin a4 chain; ECM,
extracellular matrix; EPEI, ethoxylated polyethylenimine;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; H&E, hem-
atoxylin and eosin; HEPES, 4-(2-hydroxyethyl)-1-piperazine etha-
nesulfonic acid; HSRRB, Health Science Research Resources
Bank; MAb, monoclonal antibody; MMP-2, matrix metalloprotei-
nase-2; PVDF, polyvinylidene difluoride; S-Ln-a4, sense laminin
o4 chain.
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RT-PCR

Total RNA extracted from 4 human malignant glioma cell lines
using acid guanidinium isothiocyanate phenol chloroform was
used as the template for cDNA synthesis.'”” Human laminin o4,
Bland B2 chains were analyzed by RT-PCR using the following
primer pairs: laminin a4 chain forward 5’ —CTCCATCTCACTG—
GAT AATGGTACTG-3 and reverse 5-GACACTCATAAAGA-
GAAGTGTGGACC-3',"* laminin B1 chain forward 5'-TTGGAC-
CAAGATGTCCTGAG-3 and reverse 5-CAATATATTCTG-
CCTCCCCG-3""® and laminin B2 chain forward §'-CACTGTG
AGCTCTGTCGGCCCTTC-3" and reverse 5'-CAAGGAGTGCT-
CCCAGGCACTGTG-3"."? Each cycle consisted of 30 sec of
denaturation at 94°C, 60 sec of annealing at 60°C and 60 sec of
elongation at 72°C, with 32 cycles performed.'* GAPDH was used
as the endogenous control. RT-PCR products were analyzed by
electrophoresis on 2% agarose gels.

Antisense oligonucleotides

Gene Tools (Eugene, OR) custom-designed the morpholino oli-
gonucleotide (M-oligo) of laminin a4 chain using the a4 antisense
5-AGCTCAAAGCCATTTCTCCGCTGAC-3" (EMBL accession
number for laminin a4 gene X91171) and the o4 sense 5'-
GTCAGCGGAGAAATGGCTTTGAGCT-3' sequences with the
2-component special delivery protocol. One component is a paired
duplex of M-oligo and a partially complementary DNA oligo
(morpholino/DNA). The other is the weakly basic delivery reagent
EPEIL Morpholino/DNA (0.5 mM) was incubated with EPEI at
room temperature for 20 min. Glioma cells were cultured with the
morpholino/DNA/EPEI mixture in a CO, incubator for 3 hr, and
then the mixture was replaced with fresh medium containing
serum. Glioma cells could be assayed from 16 hr thereafter. The
medium was aspirated and replaced with medium without serum
every 2 days, and the inhibitory effect of M-oligo was assessed at
3,5 and 7 days.

Western blots

Serum-free conditioned medium (5 ml/10 cm culture dish) con-
taining S-Ln-a4 or AS-Ln-a4 oligonucleotide or neither was con-
centrated by ammonium sulfate precipitation. Protein (10 pg) from
cach sample was resolved by 6% SDS-TRIS glycine gel electro-
phoresis and transferred to a PVDF membrane (Bio-Rad, Her-
cules, CA). Membranes were incubated with a primary MAb
against laminin a4 chain (clone 2-11H; provided by Drs. K.
Sekiguchi and H. Fujiwara, Institute for Protein Research, Osaka
University, Osaka, Japan) or laminin $1 chain (Santa Cruz

ILN18

TI8G

UZ’: 1

Biotechnology, Santa Cruz, CA), followed by horseradish peroxi-
dase—conjugated sheep antimouse IgG antibody (Amersham,
Piscataway, NJ). Band intensities were determined using NIH
image analysis software (National Institutes of Health, Bethesda‘
MD), and the ratio to laminin 1 chain was determined.

Cell viability assay

Three days after treatment with S-Ln-a4 or AS-Lin-ad, 3-4,
5-dimethylthiazol-2,5-diphenyltetrazolium bromide was added to
each well of a 6-well plate. Cells were trypsinized and viable cells
assessed by trypan blue exclusion.” Glioma cell viability was
compared with that of cells without any treatment.

Adhesion assay

Cell adheelon assays were performed as described.”! Bueﬂy,
4 x 10* glioma cells/well in 96-well culture plates cells were incu-
bated f01 24 hr at 37°C in serum-free conditioned medium with
AS-Ln-a4 or S-Ln-a4. Plates were washed with PBS to remove
unattached cells; then, attached cells were fixed with 3.7% formalde-
hyde and stained using toluidine blue (Sigma, St. Louis, MO). There-
after, cells were washed with PBS and dissolved in 100 pl of 1%
SDS. Absorbance was measured at 620 nm using a microplate reader
(ImmunoMini NJ-2300; System Instrument, Chiba, Japan).

Migration assay

Migratory responses of glioma cells to their own conditioned
medium were assessed using the modified Boyden method with
48-well mIClochemo[axm chambers (Nucleopore, Pleasanton, CA)
as described.??? In brief, glioma cells transfected with AS-Ln-o4
or S-Ln-a4 were harvested and lesuspended in DMEM containing
0.1% BSA at a density of 8 X 10%ml. Cell suspensions (30 ul)
were placed in the upper well of the chamber, and serum-free con-
ditioned medium was placed in the lower well as a chemoattrac-
tant. The filter was a polyvinylpyrrolidone-free polycarbonate
membrane with 8.0 pum pores (Millipore, Bedford, MA). The
chamber was incubated for 4 hr at 37°C under the standard condi-
tions described above, and cells that had migratéd to the lower sur-
face of the filter were fixed and stained with Diff-Quik (Scientific
Products, Harleco, Gibbstown, NJ). Cells were counted in 4 inde-
pendent fields (0.25 mm?/well).

Invasion assay

The invasive activity of glioma cells was assayed in vitro using
Falcon cell culture inserts and a reconstituted basement mem-
brane, collagen type 1V (both from Becton Dickinson, Bedford,

U373 HSG

FIGURE 1 — Expression of laminin a4, B1 and $2 chain mRNA in human glioma cell lines T98G, LN18, U251 and U373. Total RNA
extracted from glioma cells was amplified by RT-PCR to obtain transcripts of a4 (362 bp), B! (679 bp) and 32 (299 bp) chains. Products of
PCR resolved by electrophoresis on 2% agarose gels were visualized by ethidium bromide staining. Expression of laminin @4, 81 and $2 chains
in human adenocarcinoma cell line (HSG) was used as a positive control. GAPDH was the internal control.
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MA), as described.”*’ Briefly, glioma cells treated with AS-Ln-
a4 or S-Ln-a4 in DMEM containing 0.1% BSA were seeded onto
the upper sides of insert filters coated with collagen IV (60 pg/
insert) gel at a density of 1 X 10°/insert. The lower compartments
of the Falcon 24-well plates contained 500 pl of conditioned
medium as a chemoattractant. After 1, 2 or 3 days at 37°C under
the standard conditions, the lower surfaces of culture inserts were
fixed and stained with Diff-Quik. Invasive activitics were quanti-
fied as described for migration assays.

Invasion assay in brain slice model

All animal experiments were conducted in accordance with the
guidelines for animal experiments of the Ehime University Com-
mittee for Ethics of Animal Experimentation.

Brain slice cultures were obtained by modifying the Stoppini
method®® as described.?*0 Briefly, whole brains were removed
from 2-day-old neonatal male Wistar rats (Kurea, Kagawa, Japan)
under sterile conditions and placed in HBSS (Sigma). Brains were
mounted on the stage of a microslicer (Dosaka, Kyoto, Japan) and
cut into 500 pm coronal slices, which were transferred onto 30 pm
Millicell-CM inserts with 0.4 pum pores (Millipore) in 6-well cul-
ture plates. Wells contained 1.0 ml of 50% EMEM (Sigma) with
HEPES (Sigma), 25% HBSS, 25% heat-inactivated horse serum
and 6.5 mg/ml glucose. Brain slices were incubated at 37°C in a
humidified atmosphere of 95% air and 5% CO,, and the culture
medium was replaced with fresh medium twice each week.

Glioma cells transfected with AS-Ln-a4 or S-Ln-a4 were fluo-
rescently labeled with PKH26 (rhodamine) using a kit (Zynaxis,
Cell Science, Malvern, PA) as described.”' In brief, 1.0 X 107 har-
vested glioma cells in serum-free DMEM were resuspended in
1 ml of diluent C, and then PKH26 dye in 1 ml of diluent C (2 X
1076 M) was added. After incubating the cells at room temperature
for 4 min, the labeling reaction was stopped by adding 2 ml of
FBS. After adding 4 ml of DMEM containing 10% FBS, free
PKH26 dye was removed by thoroughly washing the cells.

Rhodamine-labeled glioma cells (5 X 10%) seeded into 1.25%
agar-coated 10 cm culture dishes were continuously agitated on an
XR-36 mixer (Taitec, Saitama, Japan) at 37°C under the standard
conditions to form 300400 um spheroids. One rhodamine-labeled
glioma cell spheroid was put on a rat brain slice and cocultured at
37°C under the standard conditions for 3 days. Cell invasion was
observed by fluorescence microscopy on days 0 and 3.

U373 glioma transplantation model

Nude mice (6-8 weeks old) anesthetized with 0.9 mg/kg of pen-
tobarbital sodium (Sigma) were held in a stereotactic frame. A
midline skin incision was made in the head, and a burr hole was
drilled in the skull 1 mm anterior to the coronal suture and 1.5 mm
lateral to the midline to expose the dura. Rhodamine-labeled U373
human glioma cells (5 X 10%) treated with AS-Ln-a4 or S-Ln-ad
in 3 pl of PBS were injected to a depth of 3 mm from the dura
mater using a Hamilton (Reno, NV) syringe connected to the ster-
eotactic frame. The needle was retained for 2 min and slowly
withdrawn over a 2 min period.

Three days after tumor transplantation, rats were decapitated.
The whole brain was removed, plunged into isopentane at —80°C
and cut into frozen blocks, which were further sectioned into 20
pum coronal slices. The invasive activity of rhodamine-labeled
U373 glioma cells in coronal sections was observed under a fluo-

rescence microscope and then histologically assessed by staining
with H&E.

Statistics

_ Results are representative of experiments repeated at least 3
times, and values are expressed as means = SD. Statistical com-
parisons between groups were carried out using Student’s t-test
(Stthiew; SAS Institute, Cary, NC). p < 0.05 was considered
statistically significant.

Results
Expression of laminin o4, 1 and 2 chain mRNA in human

‘glioma cells

Laminin a4 chain is a constituent of laminins-8 (a4B1vy1), -9
(a4B2vy1) and -14 (x4B2v3). To assess the expression profiles of
laminins containing the o4 chain in human glioma cell lines, we
initially investigated the mRNA levels of the laminin a4, B1 and
B2 chains. Figure 1 shows the constitutional mRNA expression of
these laminin chains, as determined by RT-PCR. We detected
laminin a4 and B1 chain mRNA in all cell lines. However, lami-
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FIGURE 2 — Effects of AS-Ln-a4 on the protein expression of lami-
nin a4 chain. Total proteins were obtained from serum-free culture
medium from glioma cells treated with S-Ln-a4 or AS-Ln-a4. Equal
amounts of protein from each treatment group were subjected to West-
ern blotting using antilaminin «4 chain antibody. (a) Expression of
laminin @4 chain in 4 glioma cell lines incubated with S-Ln-a4 for 3
days. (b) Effects of AS-Ln-a4 on expression of laminin a4 chain at 3,
5 and 7 days. Expression of laminin B1 chain was used as an internal
control. (¢} Colummns represent densitometric quantification of a4
chain band from each time point of cells treated with AS-Ln-a4 in
each cell line. Ratios of faminin «4 chain to B1 chain are presented as
means & SD of 3 independent experiments.
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Figure 3 — Cell viability after treatment with sense or antisense oli-
gonucleotides was assessed using trypan blue exclusion in each
glioma cell line. Values shown as means = SD were percentages for
the viability of untreated cells.
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Figure 4 — Effects of AS-Ln-a4 on glioma cell adhesion. Glioma
cells treated with S-Ln-a4 or AS-Ln-a4 seeded on 96-well culture
plates were incubated for 24 hr at 37°C. Adherent cells were stained
with toluidine blue, washed with PBS and resolved in 100 pl of 1%
SDS. Absorbance was measured at 620 nm using a microplate reader.
Values represent means *= SD of 8 experiments. *p < 0.01, **p <
0.0001 vs. sense.

nin B2 chain mRNA was undetectable in T98G, and levels were
extremely low in LN18, U251 and U373. These findings suggest
that laminin-8 is predominantly expressed compared to laminin-9
or -14 in the 4 glioma cell lines.

Downregulation of laminin o4 chain expression
by antisense oligonucleotide

Laminin a4 chain protein levels in conditioned medium atter
introducing AS-Ln-a4 or S-Ln-a4 were assayed by Western blot-
ting. Although there were some differences in expression of lami-
nin o4 chain among the cell lines, glioma cells treated with
S-Ln-a4 clearly expressed o4 chain proteins (Fig. 2a). S-Ln-a4
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FiGURE 5 — Effects of AS-Ln-a4 on migration activity of glioma
cells. Cells that had migrated to the lower surface of the membrane
were counted. Cells were incubated with S-Ln-«4 or AS-Ln-a4 imme-
diately before assay. Values represent means * SD of 8 experiments.
#p < 0.0001 vs. sense.

was therefore used as a control for AS-Ln-a4. To confirm the
effective period of AS-Ln-o4 on laminin o4 chain expression,
glioma cells transfected with AS-Ln-a4 were cultured for 3, 5 and
7 days. On day 3, laminin a4 proteins were not detected, whereas
emergence of the proteins was apparent on days 5 and 7 in all cell
lines (Fig. 2b,c). As a consequence, we performed subsequent
studies on day 3 after the antisense treatment.

In addition, we examined the influence of AS-Ln-a4 or S-Ln-
o4 on cell viability and proliferative potential using trypan blue
exclusion. Cell growth and viability did not differ between the
treatment with AS-Ln-a4 and S-Ln-o4. (Fig. 3).

Decrease of laminin o4 chain suppresses glioma cell adhesion,
migration and invasion in vitro

To examine the effects of laminin o4 chain on glioma cell adhe-
sion, cell lines were cultured in serum-free conditioned medium, with
cells treated with AS-Ln-a4 or S-Ln-a4 on uncoated plastic plates
for 24 hr. Adhesion of cells treated with AS-Ln-a4 was significantly
repressed compared to cells treated with S-Ln-a4 (Fig. 4).

We examined the effects of laminin a4 chain on the migratory
ability of glioma cells using the modified Boyden chamber
method. Conditioned medium of glioma cells containing AS-Ln-
a4 or S-Ln-a4 was employed as a chemoattractant in the lower
wells of microchemotaxis chambers. Glioma cells treated with
S-Ln-od migrated to the lower side of the membrane, whereas the
migration of those treated with AS-Ln-a4 was suppressed. AS-Ln-
a4 significantly inhibited the migration of all glioma cell lines
compared to S- Ln-a4 after incubation for 4 hr (Fig. 5).

To investigate whether the downregulation of laminin a4 chain
expression impairs cell invasion, we examined the effects of AS-

- Ln-a4 on glioma cell invasion through collagen IV gel. U373

glioma cells treated with S-Ln-a4 invaded through the collagen
IV gel. By contrast, virtually none of the cells treated with AS-Ln-
a4 invaded the collagen 1V gel (Fig. 6a). Invasive celis treated
with AS-Ln-04 or S-Ln-a4 were counted at 1, 2 and 3 days after
incubation. After 3 days, the invasive ability of glioma cells trans-
fected with AS-Ln-a4 was significantly reduced compared to cells
treated with S-Ln-a4 (Fig. 6b).

FIGURE 6 — Effects of AS-Ln-o4 on glioma cell invasion in vitro. (a) Microphotographs show that U373 glioma cells invaded collagen IV gel
to the lower side of the insert filter with 8 pun pores on days 1, 2 and 3. Conditioned medium from U373 glioma cells incubated with S-Li-a4 or
AS-Ln-a4 served as chemoattractant in lower wells of Falcon 24-well plates: Filters were stained with Diff-Quick. Original magnification
X200. Left, S-Ln-a4. Right, AS-Ln-a4. (b) Number of invading cells of 4 glioma cell lines with or without antisense treatment counted after 1,
2 and 3 days’ incubation. Values represent means * SD of 8 experiments. *p < 0.0002, *#p < 0.0001 vs. sense.
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Suppression of 0d chain—containing laminin expression inhibits
glioma cell motility in brain slices and an animal model

To evaluate the effects of AS-Ln-«4 on cell motility under more
physiologic conditions, we examined how far glioma cells trans-
fected with AS-Ln-a4 or S-Ln-a4 could migrate on organotypic
rat brain slices. We implanted rhodamine-labeled spheroids of
each glioma cell line in the corpus callosum of the cerebral hemi-
sphere (Fig. 7a). Glioma cells treated with S-Ln-o4 actively
migrated toward and invaded brain tissues around the tumor sphe-
roids, whereas cells treated with AS-Ln-a4 hardly migrated or
invaded beyond the spheroids in any cell line (Fig. 7b,c).

To assess the effect of a reduced amount of laminin a4 chain in
vivo, we transplanted rhodamine-labeled U373 glioma cells that
had been transfected with AS-Ln-a4 or S-Ln-a4 into the brains of
nude mice. Three days later, whole brains were removed and seri-
ally cut into coronal slices. Tumor volume, as assessed by H&E
staining, did not differ between the AS-Ln-od-treated group and
the S-Ln-a4-treated group. Fluorescence microscopy revealed that
cells harboring S-Ln-od invaded diffusely into the brain tissue
around the tumor. In contrast, glioma cells treated with AS-Ln-a4
formed noninvasive solid tumors (Fig. 8).

/
Discussion

In the present series of experiments, downregulated laminin o4
chain expression reduced the motility of human malignant glioma
cells both in vitro and in vivo. Laminin o4 chain is a component
of laminin-8 (4B 1v1) and laminin-9 (x4B2v1), both of which are
overexpressed in some malignant neoplasms.” In one report,
high levels of laminin-8 expression were recognized in approxi-
mately 75% of glioblastoma cases, whereas laminin-9 was mainly
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expressed in low-grade gliomas and benign brain tumors. The data
also suggest that laminin-8 may contribute to tumor recurrence
after thenpy of malignant gliomas by facilitating tumor inva-
sion.' Therefore, we hypothesized that specific inhibition of lami-
nin-8 might present a novel therapy for high-grade glioma.

We analyzed the expression profiles of a4 chain—containing
laminins in human malignant glioma cell lines. PCR data showed
that levels of laminin a4 and 31 mRNA were higher than that of
laminin B2 chain mRNA in all cell lines tested. This indicates that
laminin-8 is synthesized rather than laminin-9 or -14 in glioma
cells and that the glioma cell lines used here have the same proper-
ties as human malignant gliomas with respect to laminin isoforms.

To investigate the role of laminin a4 chain in glioma cell motil-
ity, we assayed cell adhesion, migration and invasion by inhibiting
laminin a4 chain with an antisense oligonucleotide. The antisense
to laminin a4 chain, which was designed in the present study,
completely suppressed explession of the laminin a4 chain protein,
proving that AS-Ln-a4 is an extlemely effective tool for assessing
intracellular events. Migration and invasion were 31gn1ﬁcantly
inhibited by downregulation of laminin a4 chain expression.

The biclogic significance of o4 chain—containing laminins in
invading tumor cells has been obscure. It has been reported that
laminin-8 potently promotes cell mlgxatlon comgared to other iso-
forms of laminin and fibronectin in vitro. However, in
vitro studies alone could not assess glioma invasion because this
process is extremely complex and intimately involves the ECM
intrinsic to the brain and normal brain architecture. To overcome
these problems, we established organotypic brain slice cultures
that are analogous to the conditions of the normal brain in vivo.*
The model is nonimmunogenic, and the intrinsic ECM structme is
preserved along with the normal brain architecture.’*** We there-

Glioma spheroid

foocccccnosanssasd

Corpus callosum

FIGURE 7 - Invasive behavior of glioma cells treated with AS-Ln-a4 on rat brain slices. (a) Spheroids (300-400 pum in diameter) of glioma
cells labeled with fluorescent PKH26 (thodamine) were cocultured with rat brain slices (550 pm thick) for 3 days. (b) Fluorescent microphoto-
graphs with brightfield overlay show the cell invasion of U373 glioma spheroids (arrows) treated with S-Ln-ae4 (upper) or AS-Ln-a4 (lower) on
a sliced brain tissue. Left, day 0. Right, day 3. Original magnification X40. (c) Fluorescent microphotographs show the cell invasion of T98,
LN18 and U251 glioma cells treated with S-Ln-od (upper) or AS-Ln-a4 (lower) on day 3.
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FIGURE 7 — CONTINUED.

fore investigated glioma cell migration and invasion using this
model. Cocultures of glioma spheroids and rat brain slices demon-
strated that the motility of glioma cells was apparently inhibited
by downregulation of laminin 4 chain expression. In addition,
our in vivo study demonstrated that AS-Ln-ad prevented U373
glioma cells from developing into invasive brain tumor in nude
mice, whereas S-Ln-a4 permitted these cells to form invasive

tumor. These findings indicate that an a4 chain—containing lami-
nin, perhaps laminin-8, plays an essential role in glioma cell inva-
sion in vitro and in vivo.

The ECM creates a dynamic environment with an indispensa-
ble function in regulating cell behavior during pathologic
remodeling processes such as tumor invasion and metastasis. In
contrast to other organ systems, the structure and functions of
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Sense

FiGure 8 — Effects of AS-Ln-a4 on invasive activity of glioma cells transplanted into nude mouse brain. Rhodamine-labeled U373 human
glioma cells treated with S-Ln-a4 or AS-Ln-ad were stereotactically injected into the brains of nude mice. Three days after glioma cell trans-
plantation, cell invasion was observed. () Microphotographs showing invasive tumor after intracerebral transplantation of S-Ln-a4-treated
glioma cells. Left, H&E. Right, fluorescent microphotograph. () Microphotographs show relatively solid noninvasive tumor mass after intra-
cerebral transplantation of glioma cells treated with AS-Ln-a4. Original magnification X100.
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the ECM in the nervous system remain unknown, and the
molecular mechanisms of interaction between glioma cells and
the ECM remains unclear. In general, cancer cell motility
involves integrin signaling, focal-contact formation and acto-
myosin-dependent contractility controlled by Rac, Rho or myo-
sin light-chain kinase signaling pathways.zs' 5-38 Laminins affect
cell functions, including adhesion, migration and differentiation,
through binding to integrins. Integrins 061 and «3f1 are lami-
nin-8 receptors. One report indicated that Rac was activated dur-
ing endothelial cell adhesion to laminin-8 and pivotal for a6f1
integrin-mediated cell spreading and migration on laminin-8.%
Other studies have demonstrated that high levels of B1 integrin
subunit are expressed in glioma cells,’! and stimulation of the
B1 integrin subunit increases the activation of MMP-2, which is
the most crucial proteinase in the invasiveness of glioma
cells.*>** We reported that cells migrating from malignant
glioma spheroids can be stained with anti-MMP-2 antibody,
despite poor staining of the spheroid itself.?* We have not fully

clarified the biologic mechanism through which glioma cell
motility is suppressed by the downregulation of laminin «4
chain expression. Further studies are required to elucidate the
relation between a4 chain—containing laminins and glioma inva-
sion from the aspect of intracellular signaling events,

In conclusion, the present results show that downregulation of
laminin a4 chain using antisense oligonucleotides inhibits the
motility of human glioma cells. Laminin a4 chain thus appears to
be an important factor in glioma migration and invasion, both in
vitro and in vivo. More detailed understanding of the function and
regulation of a4 chain—containing laminin, laminin-8, should
ensure the development of effective antiinvasion therapies for
patients with malignant glioma.
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