
In children, brain cancers can be particularly devastating; and
medulloblastoma (MB), a primitive tumour of neuroectodermal
origin, is among the most common. Rare in adults1-5, these
tumours generally account for between 20 and 40% of paediatric
intracranial malignancies worldwide6-12, and have an incidence
of approximately 1-7 per million, depending upon the population
studied and how medulloblastoma and the base populations are
defined11,13-16. They are especially common among
preschoolers17,18, even among infants who are less than 18
months-of-age19,20. Outcomes in paediatric medulloblastoma
patients, relative to those with most other childhood
malignancies, tend to be poor, with five-year survival rates in

ABSTRACT: Objectives: Surgical resection and adjuvant radiation are mainstays of medulloblastoma (MB) patient management. We
utilized a novel 3-dimensional assay to identify how (a) radiation, (b) excision of the primary tumour aggregate, and (c) both treatments
combined influence MB cell invasiveness. Methods: Five MB cell lines (UW228-1, 2 and 3; Daoy, and Madsen) were implanted onto
a 3-dimensional, type I collagen gel assay to assess tumour invasion distance over five days, in response to (1) needle-assisted excision
of the central cell aggregate; (2) pre-exposure to single-dose and fractionated dose irradiation in doses from 6-25 and 8-24 Gy,
respectively; and (3) excision plus either single-dose or fractionated radiation. Results: Within hours, individual MB cells detached from
the surface of the cell aggregates and invaded the collagen matrix, to distances up to 1200 µm and at rates up to 300 µm daily. The
UW228-1 cell line was less invasive than the other cell lines and was dropped from further analysis. In the four remaining lines, a dose-
dependent decline in tumour invasiveness was identified, both for single-dose and fractionated radiation, which achieved statistically
decreased invasion distances at higher doses, especially of fractionated irradiation. Excision of the central tumour aggregate tended
towards exerting a late effect on cell invasion, but exerted no significant influence on the radio-sensitivity of residual cells. Conclusions:
Both single-dose and fractionated dose irradiation appear to inhibit MB cell invasiveness in a dose-dependent manner, whereas excision
of the central cell aggregate exerts no effect on residual invading cells.

RÉSUMÉ: Effets de l’excision chirurgicale et de l’irradiation sur le caractère envahissant du médulloblastome. Objectifs : La résection
chirurgicale et la radiothérapie sont le traitement de base du médulloblastome (MB). Nous avons utilisé une nouvelle méthode d’analyse
tridimensionnelle pour identifier comment l’irradiation, l’excision de la tumeur primaire et les deux traitements combinés influencent le caractère
envahissant des cellules du MB. Méthodes : Cinq lignées cellulaires de MB (UW228-1, 2, 3, Daoy et Madsen) ont été implantées dans un gel de
collagène de type I tridimensionnel pour évaluer la distance d’invasion de la tumeur en 5 jours en réponse à : 1) une excision de l’agrégat cellulaire
central au moyen d’une aiguille ; 2) une pré-exposition à une dose unique et à des doses fractionnées de radiation de 6-25 et 8-24 Gy respectivement ;
et 3) une excision et soit une dose unique ou fractionnée de radiation. Résultats : En quelques heures des cellules individuelles se sont détachées de la
surface des agrégats cellulaires et ont envahi la matrice de collagène à une distance pouvant atteindre 1200 μm et à une vitesse pouvant atteindre 300
μm par jour. La lignée cellulaire UW228-1 était moins envahissante que les autres et nous l’avons exclue des études subséquentes. Chez les quatre
autres lignées cellulaires, un déclin du caractère envahissant de la tumeur qui était proportionnel à la dose administrée a été observé, tant pour la dose
unique que pour les doses fractionnées de radiation, avec une diminution significative des distances d’invasion pour les doses plus élevées, surtout pour
l’irradiation fractionnée. L’excision de la partie centrale de l’agrégat tumoral avait tendance à exercer un effet tardif sur le caractère envahissant des
cellules, mais n’avait pas d’influence significative sur la radiosensibilité des cellules résiduelles. Conclusions : L’irradiation par dose unique ou
fractionnée semble inhiber le caractère envahissant des cellules de MB de façon proportionnelle à la dose administrée alors que l’excision du centre de
l’agrégat cellulaire ne produit pas d’effet sur les cellules envahissantes résiduelles.
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several series less than 50%6,10,14,16,21,22. One likely reason for the
generally poor prognosis associated with these tumours is that
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they are highly invasive, exhibiting a well-known propensity for
leptomeningeal dissemination23-25, and the ability to establish
multiple deposits that are quite distant from the site of the
original tumour23-25. The predominant site for disease recurrence
is in the posterior fossa, due to the presence of residual cells
which have invaded surrounding normal structures. Curative
surgical excision of recurrent tumour rarely is possible, so that
adjuvant therapies are required. However, for a variety of
reasons that include chemo-resistance and the blood-brain
barrier, currently utilized chemotherapy regimens sometimes
have relatively little therapeutic effect. Consequently, radiation
therapy is the mainstay of initial adjuvant treatment, and may be
used in disease recurrence. Unfortunately, normal brain, and
especially the young brain, is highly sensitive to radiation
therapy, so that the long-term sequelae of brain cancer treatment
include progressively reduced intellect and other immediate and
long-term cognitive and central neurological deficits26-33. It is for
this reason that attempts must be made to find ways both (1) to
reduce the inherent invasiveness of these tumours, and (2) to
enhance their responsiveness to adjuvant irradiation.

It was for the specific purpose of studying medulloblastoma
cell invasiveness that we created a specific, 3-dimensional
medulloblastoma model. This model was generated via the
implantation of individual tumour aggregates, derived from
different medulloblastoma cell lines, into a collagen type I gel,
thereby forming a semi-solid matrix at 37ºC. In this model,
following implantation, individual cells detach from the surface
of the cell aggregates to invade the surrounding matrix. The
process of tumour invasion can be monitored under various
conditions, and it can be quantified. The advantage of this system
over monolayer systems for studying invasive behaviour is the
maintenance of complex tumour architecture in vitro. For the
current study, we utilized this novel 3-dimensional assay to
investigate the invasive properties of five human medullo-
blastoma cell lines and their sensitivity to both surgical excision
of the main tumour aggregate and radiation. Our specific
objectives were (1) to obtain quantitative data on the
invasiveness and doubling times of medulloblastoma cell lines
within the model; and (2) to identify how (a) radiation, (b)
excision of the primary tumour aggregate, and (c) a combination
of radiation and aggregate excision, influence the invasiveness of
these cells. Our ultimate objective is to be able to identify
promoters of medulloblastoma radio-sensitivity that might be
useful in actual clinical practise.

MATERIALS AND METHODS
Cell Lines

Five established medulloblastoma cell lines (UW 228-1, 228-
2, 228-3, Daoy, and Madsen) were grown in a monolayer culture
using standard tissue culture techniques. The three cell lines -
UW 228-1, -2 and -3 - were provided generously by Dr. John R.
Silber, from the University of Washington, in Seattle; these lines
were derived from a single patient and exhibit features consistent
with neuronal differentiation34. Daoy, a glial cell-differentiated,
GFAP positive cell line, was obtained from the American Tissue
Culture Collection (ATCC HTB; Rockville, Md.) at passage 3.
The Madsen cell line, at passage 1, was provided as the kind gift
of Dr. Richard Youle at the National Institutes of Health, in
Washington, D.C. These five lines were selected for their proven

ability to grow in a monolayer culture; and, although none will
grow as spheroids, they all readily generate tumour aggregates,
using the methods described below.

Cell Cultures
The five established human medulloblastoma cell lines

detailed above were grown as monolayer cultures in Dulbecco’s
Modified Eagle’s Medium (DMEM; GIBCO BRL, Burlington,
Ontario, Canada), supplemented with 10% foetal calf serum
(Bioproducts Inc., U.S.A.), penicillin, streptomycin and
fungizone (Whittaker Products, Walkersville, MD) at 37ºC in a
humidified atmosphere of 5% CO2 and 95% air (UW series) and
9% CO2 and 91% air (Daoy and Madsen lines). While cells were
growing in monolayer culture, the medium was changed every
three days.

Collagen Matrix Preparation
Collagen type I gel (Vitrogen 100, purchased from Collagen

Corporation, Fremont CA) was combined with 10-fold
concentrated DMEM containing phenol red. The pH was
adjusted via the addition of 0.1 M NaOH. A final collagen
concentration of 2.4 mg/ml was used, having been identified in a
previous study as the optimal concentration for monitoring cell
invasion35. Five hundred µl of this solution was added to
individual wells in NUNC 4 well plates. Single tumour cell
aggregates were implanted into each well, which then were
allowed to gel at 37ºC. The gels then were overlaid with DMEM
and 5% foetal calf serum, after which cellular invasion was
monitored, as described below.

Cell Aggregate Preparation
All cell lines were plated onto 60 MM NUNC tissue culture

plates. Once confluence was achieved in the monolayer, cell
aggregates of approximately 1000µm in diameter were produced
by means of a Falcon cell scraper. The aggregates then were
implanted into NUNC 4 well plates containing liquid collagen
type I gel, as described above.

Monitoring Cell Invasion
In most instances, within hours of implantation, individual

cells had detached visibly from the surface of the tumour cell
aggregate and invaded the surrounding matrix (Figure 1).
Previous observations utilizing a similar model35 had
demonstrated that invasiveness tends to plateau over a period of
five days. Consequently, we restricted our observations for
invasiveness to five days post-implantation. An inverted
microscope fitted with a micrometer eyepiece was used to
evaluate daily invasion distance, measured as the distance in µm
from the edge of the tumour aggregate to the population of cells
which had invaded the furthest distance from that aggregate.

Each day, a Nikon model camera, mounted onto the inverted
microscope, was used to photograph the tumour aggregates that
were embedded within the gels, using Kodak Tech Pan film.

Excision of the Central Tumour Mass
Following implantation into the collagen matrix, tumour cells

were allowed to invade for a 72-hour period, at which time the
central mass of cells was excised from the gel using an 18-gauge
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sterile needle and a dissecting microscope, leaving behind the
population of cells which had clearly invaded the matrix.
Invasion rates and total distances were assessed for the
remainder of the seven-day period, for four determinations per
cell line.

Radiation Treatments
Twenty-four hours after implantation, cell lines were treated

with either single or fractionated doses of radiation using an
Eldorado Co-60 irradiator at a single dose of 200 cGy/min to
total doses of 25 Gy (single doses) or 24 Gy (fractionated doses,
over four days). Control gels containing tumour aggregates from
each cell line received no radiation. Radiation also was delivered
to gels from which the main tumour mass had been excised 24
hours previously, to determine the effect that irradiation might
have on a surgically-treated model. Once again, four replicates
were performed per cell line.

Statistical analysis
As stated above, a total of four replicates were conducted for

each cell line per experiment, from which means and standard
deviations were calculated. Student’s t tests were used to
compare means between treatment (excision; radiation; excision
+ radiation) and control conditions for each cell line and, as
appropriate, for each dose of radiation administered, with all
tests 2-tailed. To adjust for multiple comparisons, because we
used four cell lines and nine doses of radiation (five single doses
and four fractionated doses), a Bonferroni-adjusted p value of
0.001 (0.05 divided by 36; [4 x 9]) was used as the threshold for
statistical significance.

RESULTS
Medulloblastoma Invasion into a Collagen Type I Gel Matrix

Within hours of implantation, individual cells readily
detached from the surface of the cell aggregates and invaded the
collagen matrix, to distances of up to 1200µm and at rates of up
to 300 µm per day (Figure 1). The three-dimensional nature of
the collagen matrix and the morphology of the invading cell
phenotype were demonstrated by scanning electron microscopy
(Figure 2). These invasive patterns, produced by cells migrating
away from the main cell mass, generally assumed the appearance
of a ‘halo’ or ‘sunburst’ for all cell lines; but dissimilarities in the
various cell lines were apparent in both the morphology and the
behaviour of the invasive phenotype. The UW 228-3 cell line
was especially unique, in that a loop of invading cells was
observed consistently, associated with one side of the main cell
mass. In all cases, individual cells that were observed at the
invading margin appeared to display either an elongated, bipolar
morphology or a more rounded configuration.

Overall, however, the main differences between the various
cell lines were their maximal invasion distances and their
doubling times (Table). With respect to the former, average
invasion rates ranged from a low of 93 +/- 9µm/day for the UW
228-1 cell line, to a high of 235 +/- 5µm/day for UW 228-2.
Among the cell lines derived from the same patient, UW 228-1
exhibited very little invasive capacity, having invaded the gels
less than 500µm at five days. Conversely, all of the other cell
lines rapidly invaded the gels to distances of up to 1175µm, and
at rates of 167-235µm per day. Meanwhile, doubling times
ranged from a low of 33.7 +/- 0.4 hours (more rapid doubling)
for the Daoy cell line, to a high of 62.5 +/- 4.2 hours (slower
doubling) for the Madsen line, with the doubling times for all
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Figure 1: Medulloblastoma cell line invasion into the collagen gel.

Single Dose Radiation Fractionated Dose Radiation

Cell line

Radiation 

Dose Net difference % reduction p value

Radiation 

Dose

Net 

difference % reduction p value

UW 228 -2 6 Gy +16 -2% 0.075 8 Gy -168 9% 0.222

9 Gy -243 24% 0.034 12 Gy -606 31% 0.005

12 Gy -406 40% 0.107 16 Gy -773 39% <0.001

18 Gy -374 36% 0.015 24 Gy -799 41% <0.001

25 Gy -359 35% 0.003 - - - -

UW 228 -3 6 Gy -1 0% 0.855 8 Gy -688 42% 0.016

9 Gy -109 12% 0.095 12 Gy -656 40% 0.006

12 Gy -250 28% <0.001 16 Gy -573 35% 0.037

18 Gy -328 37% 0.002 24 Gy -500 30% 0.028

25 Gy -508 57% 0.022 - - - -

Madsen 6 Gy +80 -7% 0.406 8 Gy -350 19% 0.007

9 Gy -31 3% 0.787 12 Gy -500 27% 0.013

12 Gy -191 17% 0.085 16 Gy -560 30% <0.001

18 Gy -235 21% 0.039 24 Gy -830 45% <0.001

25 Gy -336 29% 0.004 - - - -

Daoy 6 Gy +36 -4% 0.618 8 Gy -368 20% 0.121

9 Gy -33 4% 0.671 12 Gy -553 30% 0.015

12 Gy -77 9% 0.147 16 Gy -663 36% 0.003

18 Gy -170 20% 0.032 24 Gy -862 47% <0.001

25 Gy -225 27% 0.002 - - - -

Table: Proportional effect of single-dose and fractionated
dose radiation on medulloblastoma cell invasion distance:
comparisons versus baseline
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three UW 228 lines virtually identical, ranging from 42.0 to 42.8
hours. Although no formal correlation analysis was performed,
upon graphical representation, cell line invasion rates did not
appear to correlate with cell line doubling time.

Because the UW228-1 cell line clearly was less invasive than
all four other lines, it was excluded from all subsequent analyses.

Influence of Surgical Incision on Invasive Behaviour
Surgical incision of the main tumour mass in the collagen

type I model was carried out without difficulty. It was easy to
visualize the residual invading cells and monitor their
movement. No significant difference was identified between the
untouched (control) cells versus the residual cells for which the
central tumour aggregate had been excised, in terms of total
invasion distance over the first two days. However, as shown in
Figure 3, which depicts results obtained for experiments
involving the Madsen cell line, for both the control and excised
conditions, tumour invasion progressed at a rapid, steady rate
over the first two to three days; but then, as invasion started to
decline, the decline appeared more dramatic in the absence of the
central cell aggregate. Across all cell lines, this difference was
not statistically significant, but a graphic trend was observed.

Influence of Radiation on Invasive Behaviour
After 6 Gy of single dose irradiation, and for all cell lines,

there was no apparent decrease and, if anything, a non-
statistically significant slight increase in cell invasiveness;
thereafter, however, with single doses ranging from 9 Gy to 25
Gy, there generally was a dose-dependent decrease in tumour
invasion distance (Table, Figure 4). Relative to baseline, this
achieved a Bonferroni-adjusted level of significance only for the
UW228-3 cell line at a dose of 12 Gy, though statistical
significance (p < 0.005) was approached at the highest doses (18
and/or 25 Gy) for all cell lines.

With fractionated dose radiation, there was an immediate
decline in cell invasiveness, even at the lowest dose of radiation

given (8 Gy), with a Bonferroni-adjusted level of statistically
significant decline achieved at doses as low as 12 Gy for the
UW228-2 and Madsen lines, and at 18 Gy for the Daoy cell line,
but not for UW228-3 cells (Figure 5). As with single-dose
radiation, there was a graphically-apparent trend towards
declining invasiveness for all cell lines.

Influence of Radiation after Surgical Excision
Comparing irradiated cells versus cells that were irradiated

after excision of the central tumour cell aggregate, there was no
detectable influence of surgical incision on the radio-sensitivity
of the residual invasive cells (data not shown).
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Figure 2: Scanning electron micrograph demonstrating
medulloblastoma cell invasion into a collagen matrix.

Figure 3: Effect of surgical excision of the main tumour aggregate on the
invasive behaviour of Madsen, a representative medulloblastoma cell
line.

Figure 4: Effect of single-dose (SD) irradiation on medulloblastoma
invasion distance.
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DISCUSSION
Medulloblastomas are among the most lethal tumours in

children, both because of their intracranial location and their
high degree of invasiveness, one of the major predictors of poor
outcome being leptomeningeal spread36. Because of the way in
which tumour cells invade surrounding normal brain, their
dissemination via the cerebrospinal fluid37, and their resultant
spread distant to the site of the initial tumour, complete surgical
resection often is not feasible. Also, chemotherapy often is
ineffective, both because medulloblastoma cells tend to be
chemo-resistant and because of the blood-brain barrier, so that a
combination of surgical de-bulking and diffuse axial radiation
usually is required37. Unfortunately, progressively reduced
intellect and other cognitive and central neurological deficits26-33

are a none too uncommon consequence of this treatment
combination, especially in the young developing brain. These
consequences even include alterations in the sleep-wake cycle
that persist long into adulthood, up to 30 years post-treatment,
including the requirement for almost one full hour more of sleep
per day38; and the frequent formation of gross anatomical
defects, like cavernomas and cavernous angiomas, that
occasionally require later surgical excision due to seizures,
bleeding and other problems39-41. Some evidence exists that
reduced dose radiotherapy may lessen the risk and extent of
adverse effects42. However, under-dosing of radiation increases
the risk of tumour recurrence and a resultant increase in
mortality37. In addition, even though McMillan et al43

demonstrated in 1993 that medulloblastomas are very
radiosensitive, invading cells seem to be relatively resistant. This
has prompted a few research teams to investigate ways by which
to predict and/or increase the radio-sensitivity of these
tumours44-47. In general these studies have demonstrated (1) that
different cell lines differ in their degree of radio-sensitivity48-50;
and (2) that cell radio-sensitivity can, in fact, be altered by a
variety of external means45,47.

For example, Blazek et al49 sought to characterize the
radiobiological properties induced by the surface marker,
CD133, on medulloblastoma cells from two cell lines, Daoy and
D283, and found that CD133+ Daoy cells are relatively radio-
resistant. Salaroli et al44 studied the gamma-radiation response of
two MB cell lines, both from a cellular and molecular point of
view, and discovered that a p53 wild-type cell line was more
sensitive to ionizing radiation than a p53 mutated line. And
Tsuboi et al50 isolated two mutant clones from a single medullo-
blastoma, one radiosensitive (OS-3) and one resistant (OR-5),
but also found that the administration of 5mM of caffeine
generated greater cytotoxicity in the latter cells.

Meanwhile, Ozawa et al47 investigated the cytotoxicity
induced by sodium phenylacetate (NaPA), both alone and in
combination with exposure to X-rays, in two medulloblastoma
cell lines, Masden and Daoy, as well as in SF-767 human
glioblastoma cells. Pre-exposure of all three cell lines to
relatively low concentrations of NaPA for up to five days failed
to enhance radio-sensitivity; but enhanced radio-sensitivity was
achieved when either oxic or hypoxic cells were exposed to
higher drug concentrations (> 50-70 mM) for one hour
immediately prior to irradiation. The authors cautioned that
central nervous system toxicity could be a problem in vivo, due
to the inherent toxicity of high serum concentrations of NaPA, so
that developing local drug-delivery strategies to achieve
adequate drug concentrations at the specific tumour site remains
a priority of future research. Most recently, Lee et al45 have
demonstrated the anti-proliferative and radio-sensitizing effects
of caffeic acid phenethyl ester, an active component of propolis,
on MB cells of the Daoy cell line, and that these effects are
achievable by various mechanisms, like depleting glutathione,
increasing ROS activity, and inhibiting NF-kappaB activity. To
date, however, attempts to augment the effects of radiation
therapy, either in the lab or during clinical treatment of
medulloblastoma, remain in their infancy, with the combination
of chemotherapy and radiation perhaps doing greater harm than
good30.

For purposes of studying the invasiveness of medullo-
blastoma in vitro, we have created a specific, 3-dimensional
medulloblastoma model, similar to models that already have
been developed for astrocytomas35, generated via the
implantation of individual tumour aggregates, derived from
different medulloblastoma cell lines, into a collagen type I gel,
thereby forming a semi-solid matrix at 37ºC. As previously
stated, because individual cells rapidly detach from the surface
of the cell aggregates in the gel to invade the surrounding matrix,
tumour invasion can be monitored and quantified, the advantage
over monolayer systems being that our model maintains the
tumour’s general architecture. In the current study, we utilized
this novel 3-dimensional assay primarily to identify how (a)
radiation, (b) excision of the primary tumour aggregate, and (c)
a combination of radiation and aggregate excision influence the
invasiveness of various medulloblastoma cell lines. We
demonstrated that tumour invasion is decreased in a dose-
dependent manner by both single and fractionated doses of
radiation, though the latter may be more effective overall. This
dose-dependent effect was apparent among all cell lines, though
to a greater or lesser extent. Excision of the central tumour
aggregate had no observable influence on the radio-sensitivity of
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Figure 5: Effect of fractionated-dose (FD) irradiation on
medulloblastoma invasion distance.
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the invading cells; however, it did tend towards decreasing the
invasiveness of the cells after the first two to three days in the
absence of radiation. The reason for this we only can conjecture,
but it likely relates to the release of invasion mediators by the
centrally aggregated cells.

Clearly, further research is necessary, to validate the use of
this 3-dimensional model, to verify the radio-sensitivity of these
and other medulloblastoma cell lines. We utilized five lines, but
many others have been identified51-57, and the level of tumour
aggressiveness and overall patient outcomes appear to be
significantly affected by the immunohistochemical properties of
the tumour itself. For example, whereas Pfister et al determined
that the addition of either 6q or 17q and genomic amplification
of MYC or MYCN were associated with poor outcomes, all
patients with 6q-deleted tumors survived51. Similarly, Mendrzyk
et al55 reported that gains at 17q23.2-qter, and losses at 17p13.1
to 17p13.3, and over-expression of CDK6 were significantly
correlated with poor outcomes.

For the same reasons, it also will be important to study the
mechanisms behind the apparent eventual inhibitory effect of
surgical excision of the primary tumour aggregate using lines
with different immunohistochemical characteristics. None-
theless, we feel that this model can be of use in the in vitro study
of medulloblastoma; and that it may be of use in the study of
ways by which to positively alter the effects of various types of
radiation on tumour death, growth and invasiveness. In addition,
to date, it is unclear why invading MB cells seem more resistant
to radiation than those within the central tumour aggregate; one
hypothesis is that invading cells remain in the Go phase of the
cell cycle, contrary to the rapidly dividing cells in the central
tumour, but this remains unproven. Ultimately, we hope that
clarification of these issues will translate into improved
treatment of tumours in clinical practise, thereby enhancing
survival and diminishing the untoward effects of high-dose
radiation therapy on the young, developing brain of children.
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