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RG2 glioma-like cells grown in in vitro culture can be
inoculated into rat brains using stereotactic surgical
procedures to produce tumors with a diameter of
12-16 mm? in 20-21 days. This system has been used to
evaluate if metoclopramide (MCA) could sensitize the
tumor toxicity of 1,3-bis(2-chloroethyil)-1-nitrosourea
(BCNU). BCNU aione (15 mg/kg, intravenously), and MCA
alone (2 mg/kg, intraperitoneally), and these drug
treatments in combination, were administered so that
BCNU alone was given as a single dose on day 3 after
inoculation of the RG2 cells, MCA alone was given on
day 3 at 0 and 3 h followed by five or six treatments per
week beginning 24 h after the 3 h dose, and BCNU plus
MCA were given according to the combined schedule
where the first MCA treatment was scheduled 30 min
prior to the BCNU infusion. The design of this study
required the drug treated animals to be matched to
untreated animals (controls) at the time of inoculation of
the RG2 cells. Under these experimental conditions,
BCNU alone and MCA alone had no effect on tumor
growth, whereas BCNU plus MCA significantly retarded
brain tumor growth. The normal tissue toxicity induced
by BCNU treatment, evaluated by measurement of body
weight and survival, was not potentiated by the
combination of BCNU plus MCA. These data extend the
previous findings of MCA as a radio- and chemosensi-
tizer to include the sensitization of another cytotoxic
agent (BCNU) and of another type of tumor (malignant
glioma).
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Introduction

There are over 20000 new cases of malignant
tumors of the central nervous svstem diagnosed
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each year in the USA. Despite multimodality
therapy, the prognosis for these patients is very
poor with mean survival ranging between 3 months
and 1 year." One primary factor contributing to the
poor prognosis of brain tumor patients is the lack
of efficacy of conventional chemotherapeutic drug
treatments, because many possess inappropriate
pharmacodynamics to cross the blood-brain bar-
rier. Therefore, thete is a great need to develop new
approaches that will overcome the current limita-
tions in drug development for brain tumor control.
In this regard our approach has been to consider
drug combinations that might sensitize the
chemotherapeutic agents showing some limited
success in the clinic today.

The most conventional chemotherapies given to
brain tumor patients are the class of drugs that can
be chemically characterized in a general way
as nitrosoureas. 1,3-Bis(2-chlorethyl)-1-nitrosourea
(BCNU) is the most common nitrosourea given to
the patients, where more than 060% fail to
respond and, therefore, they require some form of
drug resistance therapy.' > Our laboratories have
been interested in developing a brain tumor model
in the rat, so that comparisons between conven-
tional BCNU chemotherapy and promising new
treatment modalities can be carried out. This has
been accomplished by inoculating RG2 rat
glioma-like cells® into the brain of rats by using
stereotactic surgical procedures and then histo-
pathologically evaluating tumor growth.

Metoclopramide (MCA) is an N-carboxamide
substituted benzamide that is currently being used
in the clinic as an antiemetic.>® MCA antagonizes
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the dopamine-2 receptor® and, hence, it is known
to cross the blood-brain barrier. MCA has also been
shown to be an effective sensitizer of both
radiation™® and cisplatin®'’ therapies when evalu-
ated against human squamous cell carcinomas
xenografted into nude mice. MCA did not enhance
normal tissue toxicity ' and it was effective at
doses currently given in the «clinic as an
antiemetic.'"'> There have been at least two modes
of action identified for MCA that could explain at
the molecular level its ability to sensitize cytotoxic
drugs, i.e. inhibition of DNA repair and direct
induction of DNA damage.”” The properties of
MCA, such as its ability to cross the blood-brain
barrier and to sensitize cytotoxic drugs at clinically
relevant doses, have indicated to us the potential
for its combination with BCNU to sensitize the
toxicity directed toward brain tumors. Here, we
report that MCA given in combination with BCNU
gave greater toxicity against brain tumors in an i
vivo rat model than either drug did given separately.

Materials and methods
Rats

Male and female Fischer 344 rats aged between 10
and 12 weeks and weighing 150-200 g were used.
All animals exhibited progressive weight gain at the
initiation of each experiment. Groups of 10-12
animals were paired so that drug treated animals
always had a matched control designated at the time
of inoculation of tumor cells.

Tumor

The RG2 rat glioma cell line, which was established
in in wvitro culture over 20 years ago from a
ethylnitrosourea induced glioma-like rat tumor, was
used for these studies.* About 3000 RG2 cells,
harvested from » vitro culture in log phase growth,
were injected in a 5 ul volume of culture medium
into the head of the right caudate nucleus using
stereotactic surgical procedures. Well delineated
tumors developed in 100% of the animals within 21

days at which time the tumors reached a diameter
of about 3-6 mm.

Tumor growth measurements

Whenever RG2 glioma cells were inoculated into
rats in groups of 10-12 animals and they began to
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develop neurological symptoms (i.e. after 20-21
days), all animals within the group were sacrificed
by petfusion-fixation of the brains under chlora-
hydrate anesthesia. All brains were examined
histopathologically by one of us (A.B.). Five
coronal slices from each rat brain were studied
microscopically using crystal violet staining. In this
way, the whole telencephalon of the brain was
covered except for the frontal and occipital poles.
The slice with the largest tumor portion was chosen
for a simplified calculation of tumor size. The
largest diameter (mm) was multiplied by its
perpendicular diameter (mm) resulting in the
estimate of tumor size surface as a square (mm?).
No attempts were made to adjust for the exact form
of the tumor as the values of interest were always
paired between drug treated animals and their
controls.

Drugs

Both MCA and BCNU were obtained from the
Lund Hospital pharmacy as commercially available
preparations for human use. MCA was supplied as
Primperan (A Lundbeck A/S, Copenhagen, Den-
mark) in a 5 mg/ml solution. This solution was
diluted to 0.5 mg/ml with sterile saline and injected
intraperitoneally at a dose of 2 mg/ml. BCNU was
supplied as Carmustine (Bristol Myers) in 100 mg
ampoules. Carmustine was dissolved in 3 ml
95% ethanol and then diluted with sterile water to
3.3 mg/ml. The Carmustine (BCNU) solution was
administered intravenously through the femoral
vein at a dose of 15 mg/kg. The BCNU solutions
were made up fresh just prior to injection.

Dose schedule

The dose schedule for BCNU (15 mg/kg) alone was
a single administration of the drug on day 3 after
inoculation of the rats with the RG2 glioma cells.
MCA (2 mg/kg) alone was also given on day 3
followed by an additional 2 mg/kg dose given 3 h
later, and then additional 2 mg/kg doses beginning
24 h later and being repeated five or six times per
week for 20-21 days. The combined MCA plus
BCNU dose schedule was the same as described for
each drug separately where the first MCA
intraperitoneal injection was started 30 min prior to
the intravenous infusion of BCNU.



Toxicity

The toxicity of the various treatment regimens
involving MCA, BCNU or the drugs in combina-
tion was assessed by changes either in survival or
in the body weights of surviving animals.

Statistics

Because the experimental design of our study
requires matching a control animal with a drug
treated animal at the time of inoculation of the RG2
glioma cells by stereotactic surgical procedure, we
have used the paired Student’s rtest as the
appropriate statistical approach. When comparing
the various matched control groups or the drug
treated groups with each other, the unpaired
Student’s #-test was considered appropriate.

Results

MCA sensitization of BCNU tumor
toxicity

Preliminary BCNU dose-response data were
collected using the RG2 brain tumor model in the
rat in order to select a dose of BCNU that would
be just below the concentration which gives
significant reductions in tumor growth. This dose
was found to be 15 mg/kg (data not shown). Using
this standardized dose of BCNU, in vivo compar-
isons of rats treated with BCNU alone, MCA alone,
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in combination (BCNU plus MCA) or untreated
controls, were carried out. MCA was used at a dose
of 2 mg/kg because this dose is routinely given in
the clinic to prevent emesis>®'"'? and it is also
known to sensitize the cytotoxicity induced by both
cisplatin or radiation.” ' The pertinent data are
presented in Table 1. The paired design of this
study has allowed us to show that neither BCNU
alone (7 = 31) nor MCA alone (7 = 14) had any
significant effect on tumor growth when compared
directly with their matched controls. However, the
combination of BCNU plus MCA did give a
significant reduction (p < 0.004) in tumor growth
compared with matched controls. These data clearly
indicate that MCA sensitized the cytotoxic action
of BCNU directed against RG2 glioma cells grown
in vivo in the rat. There is also included an unpaired
analysis of the data in Table 1. Firstly, there were
no significant differences between the various
control groups, indicating that this particular RG2
brain tumor model in the rat is quite reproducible
from one group of animals to another. Secondly,
intergroup comparisons have revealed that only the
BCNU plus MCA group was significantly different
from all the other treatment groups.

Tumor growth effects on MCA
sensitization

The RG2 glioma model in the rat requires
inoculation and subsequent growth of brain tumors
without the possibility of evaluation until the
animals are sacrificed at day 20-21 (see Materials

Table 1. Comparison of the in vivo tumor toxicity of BCNU, MCA and BCNU plus MCA in Fischer rats transplanted with

the RG2 glioma line (3000 cells) for 20-21 days

Treatment Drug dose n Tumor size Paired Student's Unpaired Student’s
(mg/kg) [mean (mm?) + SD) t-test analysis t-test analysis
groups significance groups significance

1 BCNU only 15 31 13.7 + 10.5 — 1to 5 p < 0.004
1102,3,4,6 NS

2 Matched controls 0 31 16.0 + 113 1to 2 NS 2to 5 p < 0.001
2t03,4,6 NS

3 MCA only 2 14 128 + 8.4 — 3to5 p < 0.007
3t04,6 NS

4 Matched controls 0 14 128 + 7.1 3to4 NS 4to 5 p < 0.001
4t06 NS

5 BCNU plus MCA 15+ 2 27 74+39 — 5to6 p < 0.001

6 Matched controls 0 27 13.0 + 91 5t06 p < 0.004 — —
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and methods). Although the data in Table 1 support
the conclusion that brain tumors can be grown in
vivo in a fairly uniform way, there is the problem of
determining if day 3 after inoculation is sufhicient
time to allow the effects of drugs on tumor growth
to be assessed. In order to gain insight into this
problem, we have divided the control groups into
two groups, e.g. one group with small brain tumors
(<10 mm?) and the other group with larger brain
tumors (=10 mm?), and then these groups were
compared for brain tumor size with their matched
drug treated animals. The data presented in Table
2 demonstrate that when the tumors were small at
the time of sacrifice (<10 mm?), indicating poor
tumor growth during the evaluation period of
20-21 days, no effect of MCA plus BCNU on tumor
growth could be observed when compared with
matched controls. However, when the matched
controls had larger tumors at the time of sacrifice,
indicating good tumor growth during the evalu-
ation period of 20-21 days, there was a highly
significant reduction (p < 0.001) in tumor size in
the BCNU plus MCA treated group compared with
the matched control group. These data show that
there is considerable variation in the growth of RG2
glioma cells after 20-21 days in the brain
of rats, so that when the cells grow into tumors

smaller than 10 mm?, they are insensitive in
evaluating the tumor toxicity of drugs. This is true
when the extremes in variability in tumor growth
rate become equal in magnitude to the cytotoxic
effects of the drug. Nonetheless, this analysis of the
data still confirms that BCNU brain tumor toxicity
is sensitized by MCA.

Toxicity

The RG2 brain tumor model in the rat employs
stereotactic surgery on every specimen. All animals
survived the treatments and lived through the
observation period of 20-21 days. In Table 3, it can
be seen that this procedure was undoubtedly
dramatic to the rats, since even the control animals
lost weight during the 3 week observation period.
Moreover, both the doses of BCNU (15 mg/kg) and
MCA (2 mg/kg) used in this study were toxic to the
animals, since the animals in these groups lost even
more weight than did the untreated controls.
However, the BCNU plus MCA combination did
not potentiate the weight loss over that observed
for BCNU alone, indicating that MCA did not
enhance the normal tissue toxicity of BCNU.

Table 2. The effect of initial tumor size, estimated in untreated rats inoculated with 3000 RG2 glioma cells for 20-21
days, on the in vivo enhancement of BCNU tumor toxicity by MCA

Treatment Drug dose n Tumor size Paired Student’s
(mg/kg) [mean (mm?) + SD] t-test analysis
groups significance
1 BCNU only 15 10 85+62
2 Matched controis
tumors <10 mm? 0 10 49+ 30 1to2 NS
3 BCNU only 15 21 16.2 + 11.2
4 Matched controls
tumors > 10 mm? 0 21 212+ 11.2 3to4 NS
5 MCA only 2 4 15.4 + 11.1
6 Matched controls
tumors < 10 mm? 0 4 6.3+ 21 5to 6 NS
7 MCA only 2 10 9.0+ 6.3
8 Matched controls
tumors > 10 mm? 0 10 151 +7.2 7t08 NS
9 BCNU plus MCA 15+ 2 12 6.3+25
10 Matched controls
tumors < 10 mm? 0 12 53+21 91to 10 NS
11 BCNU plus MCA 15+ 2 14 85447
12 Matched controls
tumors > 10 mm? 0 14 197+ 74 11 to 12 p < 0.001
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Table 3. The effect of in vivo exposure to BCNU, MCA and BCNU plus MCA on the body weights
of rats inoculated in the brain with 3000 RG2 cells for 20-21 days

Treatment drug dose n Weight reduction Unpaired Student’s
(mg/kg) [mean (g) + SD] t-test analysis

groups significance

1 Controls 0 60 8 +19 —

2 MCA only 2 14 20 + 14 1102 p < 0.03
2t03 p < 0.007
2to 4 p < 0.001

3 BCNU only 15 28 40 + 24 1t03 p < 0.0001
3to4 NS

4 BCNU plus MCA 15+ 2 21 39 + 17 1to 4 p < 0.0001

Discussion

This study has shown that MCA can sensitize
BCNU cytotoxicity directed against brain tumors
evaluated 77 vivo in the rat (Tables 1 and 2). This
was accomplished without any significant potentia-
tion of normal tissue toxicity above that observed
for BCNU alone (Table 3). These results are
encouraging for the clinical development of more
successful treatment regimens for malignant glio-
ma. As already mentioned, MCA has known
activity on the central nervous system and the dose
used here to sensitize (2 mg/kg) is already given
daily in the clinic to treat emesis.>*'""'? Because
BCNU chemotherapy is known to be effective
against human malignant gliomas,’  there is a
strong logical basis to consider taking this
therapeutic approach to clinical trials.

The normal administration schedule for MCA as
an antiemetic is at doses of 1-3 mg/kg delivered
intravenously and repeated every 2 h up to a total
of three to five doses every 24h to prevent
nausea and vomiting induced by chemotherapeutic
drugs.'™'? MCA as a sensitizer of cisplatin and
radiation therapies was administered at 2 mg kg
intraperitoneally at the time of cisplatin or radiation
therapy, and 24 and 48 h after delivery of the
cvtotoxic agent. '’ There was no evidence in either
the earlier human studies or the animal tumor
model studies that MCA potentiated the normal
tissue toxicity of either cisplatin or radiation.
Moreover, MCA alone given at 0, 24 and 48 h did
not influence weight gain or survival, indicating a
lack of toxicity to normal tissues. " This is in
contrast to this studv where MCA alone induced a
significant increase in weight loss when compared

with untreated controls (Table 3). However, MCA
was administered not only in a similar repeated dose
schedule for the first 48 h but 5-6 times per week
for 20-21 days. Because MCA has never been given
in such a prolonged repeated dose schedule before,
these data could be taken as evidence of MCA
induced normal tissue toxicity. This point needs
further clarification in the future.

This study also broadens the application of MCA
as a sensitizer of cytotoxic agents. Previously, MCA
had only been shown to sensitize the killing of
squamous cell carcinomas, but now we know that
other tumor types such as gliomas can also be killed
by a MCA sensitizing mechanism. In addition,
BCNU can be added to the list of cytotoxic agents
(i.e. cisplatin and radiation) whose action is
sensitized by MCA. BCNU, cisplatin and radiation
are believed to kill tumor cells because treatment
with these agents results in increased cellular DNA
damage that can inhibit cell replication, which in
turn can lead to cell death. MCA must in some way
enhance the DNA damage induced by these agents.
There are only two primary ways a sensitizer can
increase DNA damage: (i) it can interact with the
DNA damaging process induced by the cytotoxic
agent or (ii) it can interfere with the DNA repair
process resulting in the accumulation of DNA
damage (or a combination of both ways). MCA has
been shown to possess both these sensitizing
mechanisms,"” which probably explains its versatil-
ity and effectiveness as a radio- and chemosensitizer.
For example, the extensively studied nitroimida-
zoles are a class of sensitizer where multiple modes
of action have not been identified'*'"” and despite
over 30 vears of research these agents have not
reached the clinic.
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