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Abstract Purpose: The DNA-repair protein, O6-alkyl-
guanine-DNA alkyl transferase, may account for resis-
tance of CNS tumors to DNA-alkylating drugs, such as
bis-(2-chloroethyl)-1-nitrosourea (BCNU). The thera-
peutic effects of BCNU can be potentiated by inhibiting
the repair protein with an alkylated guanine analog, O6-
benzyl guanine (O6BG). To investigate potential toxicity
of this inhibition, we examined the effects of O6BG in
mice treated with intracranial (i.c.) BCNU given via a
biodegradable polymer. Methods: Mice were treated
with escalating doses of BCNU chronically delivered i.c.,
and with chronically delivered O6BG. The O6BG was
delivered via a 7-day intraperitoneal (i.p.) or i.c. osmotic
minipump. Toxicity of the combination therapies was
measured from survival data. Bone marrow response
was estimated from white blood cell counts. Re-
sults: Combining systemic (i.p.) O6BG with locally (i.c.)
delivered BCNU resulted in a decrease in the maximum
tolerated dose (MTD) of local BCNU. With local de-
livery of O6BG, the MTD of BCNU in combination
with O6BG was increased. Conclusions: Based on the
results of this study, a dose escalation study will be
necessary when combining systemic O6BG with the
higher doses of i.c. BCNU.

Keywords O6-benzyl guanine (O6BG) Æ
O6-alkylguanine-DNA alkyl transferase (AGAT,
MGMT) Æ Bis-chloroethyl nitrosourea (BCNU)

Introduction

Nitrosoureas are among the few drugs to benefit brain
tumor patients. Thus it is important to maximize the
therapeutic potential of these agents [12, 15, 17, 23].
Nitrosoureas induce mutations and cell death by
alkylating DNA at the O-6 position of guanine [6, 18,
19]. Tumors resist damage by expressing a dealkylating
repair protein, O6-alkylguanine-DNA alkyl transferase
(frequently abbreviated ‘‘MGMT’’) [4, 11, 18, 24].
Generally, tumors that have high levels of MGMT
(mer+ phenotype) resist alkylating agents, while
tumors with low levels (mer–) are sensitive to these
drugs [13].

Local delivery tools overcome blood-brain barrier
limitations and reduce the toxicity associated with sys-
temic therapy [1, 2]. The benefit-to-risk ratio of BCNU
increases significantly with intracranial (i.c.) delivery
[25]. Clinical trials confirm that local therapy increases
survival in brain tumor patients [3]. Secondly, in vitro
studies have shown that mer+ cells become sensitive to
alkylating agents after MGMT is inhibited with small
molecular weight guanine analogs [20]. In vivo studies
using the MGMT inhibitor O6BG have shown promis-
ing results. Mice with mer+ tumors survive longer when
treated systemically with a nitrosourea plus O6BG
compared to controls treated with BCNU alone [9, 14].
Phase I clinical trials with O6BG and BCNU have
shown no toxicity attributable to O6BG alone; bone
marrow suppression is the primary toxicity in combined
therapy [10, 23].

We have used sustained-release local delivery tech-
nology to further study the effects of O6BG-nitrosourea
therapy. In a 9L glioma brain tumor model, O6BG given
systemically along with BCNU delivered locally in the
brain via a polymer resulted in a significant prolongation
of median survival when compared to BCNU polymer
alone [21]. In this study, we evaluated the toxicity of
combinations of O6BG given i.c. and intraperitoneally
(i.p.) with increasing doses of BCNU given i.c.
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Materials and methods

BCNU was obtained from Bristol-Myers Squibb (Princeton, N.J.).
O6-Benzyl guanine was obtained from Dr. Mary Wolpert, National
Cancer Institute, (Bethesda, Md.). Cell culture supplies were ob-
tained from Gibco (Rockville, Md.). Poly-[1,3-bis(carboxyphen-
oxy)propane-co-sebacic acid] anhydride was supplied by Guilford
Pharmaceuticals Corporation (Baltimore, Md.).

Osmotic pumps (capacity 200 ll) and brain cannula were from
ALZA Corporation (Palo Alto, Calif.). The O6BG solutions were
prepared by mixing 20 mg with 0.2 ml ethanol and 1.8 ml prop-
ylene glycol (Sigma, St. Louis, Mo.). The mixture was sonicated at
50–55�C until the O6BG was evenly dispersed. The maximum
solubility of O6BG in this system was approximately 10 mg/ml.
Dilutions were prepared in propylene glycol. Pumps were loaded
with O6BG solutions and stored for 4 h in phosphate-buffered
saline at 37�C before i.c. or i.p. implantation. The ultraviolet
spectra of O6BG in saline and in propylene glycol for 14 days at
37�C were compared to the respective spectrum of the fresh com-
pound. The similarities between the spectra from the fresh and the
stored compounds indicated no loss of drug activity under the
experimental conditions.

Graded amounts of BCNU were blended with polymer and
2 ml HPLC-grade methylene chloride (Fisher Scientific, Fair Lawn,
N.J.). In a typical experiment, 20 mg BCNU was mixed with
180 mg polymer to afford a 10% (w/w) BCNU polymer. Blank
polymers were prepared without BCNU. The solution was pro-
tected from light, evaporated to dryness at room temperature, and
stored in a desiccator for 1–2 days. Disc-shaped polymers 1.5 mm
in diameter, 0.5 mm high and 5 mg in weight were pressed and
stored desiccated at –70�C for up to 4 days before use. Polymers
containing 0, 3.8, 10, and 20% BCNU were prepared. A 20%
polymer thus contained 1 mg BCNU. All BCNU polymers were
implanted i.c.

Tail blood was used for hematology studies. White blood cell
(WBC) counts were measured in 5-ll aliquots diluted in 200 ll 2%
acetic acid. Erythrocytes were measured in EDTA-anticoagulated
blood. Histology was conducted on 4% buffered formalin-fixed
specimens. Non-surviving animals were examined for signs of in-
fection and hematomas at the polymer and pump sites. Balb/C
female mice 6–12 weeks old were from Harlan (Indianapolis, Ind.).
Mice were housed and treated in accordance with Johns Hopkins
University Animal Care and Use Committee policies. Animals with
i.c. pump implants were housed in individual cages.

Mice were anesthetized with 0.2 ml of a solution containing
8 mg/ml ketamine hydrochloride, 0.8 mg/ml xylazine, and 4.7%
ethyl alcohol in saline. Surgical surfaces were shaved, washed with
70% ethyl alcohol and with Betadyne. To place i.c. polymers and
osmotic pump cannulas, a midline cranial incision was made and
sutures identified. A 2-mm burr hole was made centered over the
left parietal lobe. Pump cannulas were placed to a depth of 3 mm in
the burr hole, and fixed in place with surgical glue. The body of the
pump was implanted subcutaneously on the back of the anesthe-
tized mouse slightly posterior to the scapulae in a pocket created by
inserting a hemostat into a mid-scapular incision, and by spreading
the subcutaneous tissue by opening the jaws of the hemostat. The
pocket was large enough to allow some free movement of the
pump, i.e. 1 cm longer than the pump. The pump with sufficient
catheter tubing to pass through a tunnel created under the skin of
the back and neck to the site of the burr hole was inserted. The
anterior end of the catheter was connected to the brain infusion
cannula. Polymers were placed in an incision 2–3 mm deep made
with a scalpel blade. Wounds were closed with 4.0 vicryl or surgical
staples. When i.c. pump and polymer therapy were combined, the
polymer was placed in a burr hole left of midline, and the pump
cannula was placed to the right of the midline.

For i.p. pump use, the pump was implanted slightly posterior to
the scapulae in a pocket as described above. A 1-cm incision was
made into the peritoneal space through a tented abdominal surface.
Approximately 5 mm proximal the tip of a catheter was secured

with a purse string suture and passed through the viscera under the
skin to connect to the mid-scapular pump body.

Pumps were removed under ketamine-xylazine anesthesia 2–
3 days after their delivery schedule, and examined to verify that the
solution had been discharged. The pump pocket was examined for
signs of infection. Catheter lines were sealed with a suture and left
in place.

Survival was the end-point of the toxicity studies.

Results

The maximum tolerated doses of sustained-release local
therapies were measured in normal mice. For reference,
BCNU and O6BG dose equivalents based on an average
mouse body weight (20 g) and body surface area are
given in Table 1. BCNU was delivered i.c. as a polymer-
bound drug. O6BG was delivered in a single dose i.p.,
and as a chronic infusion i.p. or i.c. Because of its limited
solubility, 2 mg O6BG (0.2 ml of a 10 mg/ml solution)
was the maximum dose tested.

As shown in Table 2, Balb/C mice implanted i.c. with
3.8% BCNU polymers survived a single i.p. injection of
1 mg O6BG for at least 150 days. Intracranial infusions
of 1 and 2 mg O6BG given together with a blank
polymer had limited toxicity. One mouse in the 1-mg i.c.
dose group died on day 29. The cause of death was
unknown. No deaths occurred in groups of five mice
treated i.c. with 3.8% BCNU polymers and i.c. osmotic
pumps containing carrier solution (0 mg O6BG) and
1 mg O6BG (70 lg per day). On day 15, there was one
death in the group dosed with 2 mg (140 lg per day)
O6BG. An autopsy of the animal that died in the 2-mg
group was unremarkable. Single i.p. injections and
chronic i.c. infusions of O6BG in mice with 10% and
20% BCNU polymers resulted in greater toxicity.
Deaths in the 10% and 20% groups occurred as early as
day 4 and day 5 (Table 2).

The bone marrow response of combined therapy
was estimated from peripheral WBC counts. Pilot
studies revealed that i.p. bolus injections of 1 mg
BCNU led to leukopenia on day 3 or 4. The WBC
count rebounded and frequently was elevated on day 8
before returning to normal levels by day 16. Bolus i.p.
injections of 1 mg BCNU and 1 mg O6BG led to a

Table 1. O6BG and BCNU dose equivalents (from reference 5, pp
292–293)

Drug Delivery mg mg/kg mg/m2

BCNU i.c. polymer (%)
3.8 0.19 9.5 28.5
10 0.50 25.0 75.0
20 1.0 50.0 150

O6BG i.c. or i.p. pump (mg)
0.5 0.5 25.0 75.0
1.0 1.0 50.0 150
2.0 2.0 100 300
Single i.p. injection
1.0 1.0 50.0 150
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severe leukopenia on day 3 or 4, which remained de-
pressed on day 8. These animals failed to thrive and
were killed. The WBC counts of mice treated with
combinations of 3.8% BCNU polymers and i.p. pumps
delivering 1 mg O6BG (70 lg/day) were similar to the
counts observed in mice given a single i.p. bolus in-
jection of BCNU. Counts were decreased on day 4,
elevated on day 8 and within normal limits on day 16
(Table 3). However, unlike the mice that received bolus
i.p. doses of combined therapy, the mice that received
combination sustained-release therapy appeared heal-
thy and survived at least 60 days. Groups of mice
treated with i.c. polymers containing10% and 20%
BCNU combined with i.p. pumps containing 1 mg
O6BG had decreased WBC counts on day 4. Two mice
died in the 10% BCNU group before day 6. One
mouse died in the 20% polymer group on day 17.
Significantly less toxicity was observed from the com-
bined i.c. treatment with 3.8% BCNU polymer and up
to 2 mg O6BG (Table 4). These animals had normal
WBC counts on day 3. Counts remained within normal

limits or had become elevated by day 7 or subse-
quently.

Our laboratory normal values for WBC differential
counts in Balb/C mice are 10–15% neutrophils, 10–15%
monocytes, and 70–80% lymphocytes. The percent
monocytes/neutrophils routinely increased to 40–60% in
mice treated with combination O6BG/BCNU doses.
Red blood cell morphology and platelets in the O6BG
plus BCNU-treated leukopenic groups appeared normal
at the time the animals were killed.

The surviving animals treated with 10% and 20%
BCNU polymers (Table 3) were killed on day 16 or 17
for pathology studies. Macrophages, giant cells, frag-
ments of polymer and gemistocytic astrocytes were
present at the site of the blank polymer implant. Other
organs were within normal limits. There was necrosis of
neutrophils adjacent to the polymer site in the BCNU
groups. Minimal inflammation consisting of macro-
phages and a few neutrophils was observed. Occasional
cells were seen with marked karyomegaly which were
not identified. Marked frank necrosis with minimal
inflammatory infiltrate consisting of a few neutrophils
was seen in the BCNU plus O6BG group. In one
animal in the 10% BCNU group there was severe
multifocal necrosis of the liver, and necrosis of multi-
nucleated cells in the bone marrow which were com-
patible with megakaryocytes. A focus of basophilia
near the surface of the polymer site might have
represented bacterial infection. All other organs were
normal.

Discussion

Combination therapy with O6BG and BCNU has the
potential to improve tumor control in patients with
high-grade gliomas. The treatment strategy utilizing lo-
cally delivered intratumoral BCNU via a biodegradable
polymer limits systemic exposure to BCNU. This strat-
egy has been validated in several clinical trials [3, 26],
and has been approved by the FDA. Combining locally
delivered BCNU with O6BG has the potential to limit
systemic side effects, because of the lower systemic
BCNU levels, and to maximize the synergistic effect of
the two drugs in the brain. This study explored the
toxicity of BCNU plus O6BG delivered via systemic and
local routes in a mouse model.

Table 2. Toxicity of combined O6BG plus BCNU therapy in
normal Balb/C mice. Five mice were tested in each group. O6BG
pumps and i.p. bolus injections were given at the time of BCNU-
polymer implantation

BCNU
i.c. polymer

O6BG Survival
150 days

Day of
death

(%) i.p. bolus
(mg)

i.c. pump
(mg)

0 (blank) 1 5/5
3.8 1 5/5
10 1 2/5 6, 8, 25
20 1 1/5 5, 14, 21, 25
0 (blank) 1 (70 lg/day) 4/5 29
0 2 (140 lg/day) 5/5
3.8 0 (blank) 5/5
3.8 1 5/5
3.8 2 4/5 15
10 1 4/5 7
10 2 3/5 4, 4
20 1 1/5 5, 6, 9, 11
20 2 1/5 4, 7, 8, 10

Table 4. Effects of i.c. O6BG and BCNU onWBC in normal Balb/
C mice

BCNU
i.c. polymer

O6BG
i.c. pump

WBC Count (cells/ll ·1000)

(%) (mg) Day 3 Day 7 Day 16 Day 23

3.8 0.02 6.6 11.4 18.0 13.2
3.8 0.2 5.1 6.9 7.8 10.5
3.8 1 4.5 9.9 13.5 15.6
3.8 2 7.2 12.6 8.1 10.8

Table 3. Effects of systemic O6BG and i.c. BCNU on WBC in
normal Balb/C mice. Values are average±SD counts (n=3 mice/
group)

BCNU
i.c. polymer

O6BG
i.p. pump

WBC count (cells/ll ·1000)

(%) (mg) Day 4 Day 8 Day 16

0 (blank) 0.0 (blank) 7.5±2.2 5.2±0.5 14.3±2.6c

0 (blank) 1 6.4±1.1 6.9±0.8 4.8±0.2
3.8 1 2.1±0.3 17.6±5.8 5.3±2.0
10 1 1.7±0.3a 3.1 5.2
20 1 2.3±0.9 3.5±0.3 4.1±2.0b

aTwo deaths on day 5
bOne death on day 17
cLiterature values for WBC counts in mice vary considerably [22].
Repeated sampling can lead to leukocytosis, an effect that has been
attributed to an inflammatory response [22]
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A 20% loaded BCNU polymer implanted in the brain
is the MTD in this animal model [7, 8]. Clinically, a
3.8% loaded polymer is used [3, 26]. In this study, we
found that as the BCNU load was increased from 3.8%
to 20% in the presence of systemic O6BG, toxicity in-
creased, such that with a 20% loaded dose only one of
five animals survived. The toxicity and cause of death
was systemic toxicity, evidenced by the WBC changes
measured. The conclusion from these studies is that the
systemic BCNU levels when the higher loaded polymers
are implanted is significant.

Based on these results, we hypothesized that locally
delivered O6BG may reduce the toxicity of the combi-
nation treatment. When O6BG was delivered i.c. with a
10% loaded polymer, the survival was improved com-
pared to systemic O6BG and 10% loaded BCNU poly-
mer. Toxicity was not reduced when combining i.c.
delivery of O6BG with a 20% loaded polymer. There-
fore, it appears that by delivering O6BG i.c. rather than
i.p., the maximum polymer load can be increased from
3.8% to 10%.

In summary, in this animal model, combining i.p.
O6BG with locally delivered BCNU resulted in a de-
crease in the MTD of the locally delivered BCNU. By
changing the route of delivery of O6BG to i.c., the MTD
of locally delivered BCNU in combination with O6BG
was increased.

These results will be used to plan future clinical trials.
Systemic O6BG plus 3.8% loaded BCNU polymer is in
clinical trials currently [10, 23]. A dose escalation trial
with the BCNU polymer has demonstrated that the
MTD is 20% loaded BCNU polymer [16]. Based on the
results of this study, a dose-escalation study will be
necessary when combining systemic O6BG with the
higher load of BCNU in the polymer. An additional
approach to maximize this potential synergy would be to
deliver both drugs locally in the brain.
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