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The purpose of the present study was to evaluate the effectiveness
of a 3-carboranyl thymidine analogue (3CTA), 3-[5-{2-(2,3-dihy-
droxyprop-1-yl)-o-carboran-1-yl}pentan-1-yl] thymidine, desig-
nated N5–2OH, for boron neutron capture therapy (BNCT) of brain
tumors using the RG2 rat glioma model. Target validation was
established using the thymidine kinase (TK) 1(�) wild-type, murine
L929 cell line and its TK1(�) mutant counterpart, which were
implanted s.c. (s.c.) into nude mice. Two intratumoral (i.t.) injec-
tions of 10B-enriched N5–2OH were administered to tumor-bearing
mice at 2-hour intervals, after which BNCT was carried out at the
Massachusetts Institute of Technology (MIT) Research Reactor.
Thirty days after BNCT, mice bearing TK1(�) L929 tumors had a 15�

reduction in tumor volume compared with TK1(�) controls. Based
on these favorable results, BNCT studies were then initiated in rats
bearing intracerebral (i.c.) RG2 gliomas, after i.c. administration of
N5–2OH by Alzet osmotic pumps, either alone or in combination
with i.v. (i.v.) boronophenylalanine (BPA), a drug that has been
used clinically. The mean survival times (MSTs) of RG2 glioma
bearing rats were 45.6 � 7.2 days, 35.0 � 3.3days, and 52.9 � 8.9
days, respectively, for animals that received N5–2OH, BPA, or both.
The differences between the survival plots of rats that received
N5–2OH and BPA alone were highly significant (P � 0.0003). These
data provide proof-of-principle that a 3CTA can function as a boron
delivery agent for NCT. Further studies are planned to design and
synthesize 3CTAs with enhanced chemical and biological proper-
ties, and increased therapeutic efficacy.

3-carboranyl thymidine analogues

Boron neutron capture therapy (BNCT) is one of many
experimental approaches that has been used to treat patients

with glioblastoma multiforme (GBM), the most malignant of all
human brain tumors (1, 2). It is a radiotherapeutic modality that
is based on the selective delivery of nonradioactive boron-10
(10B), followed by irradiation with either low energy thermal or
intermediate energy epithermal neutrons to the site of the
tumor. Besides GBMs, BNCT has been used to treat patients
with recurrent malignant meningiomas (3), either cutaneous
primaries or cerebral metastases of melanoma (1), and most
recently, patients with recurrent carcinomas of the head and
neck (4), and hepatic metastases of colon cancer (5). Interested
readers are referred to several recent reviews (1) and mono-
graphs relating to various aspects of BNCT (6, 7).

A prerequisite for successful BNCT is the selective accumu-
lation of 10B within tumor cells. To accomplish this, a wide
variety of low and high molecular weight boron delivery agents
have been designed and synthesized to specifically target malig-
nant cells (8). However, only two agents have been used clini-
cally, a dihydroxyboryl derivative of phenylalanine, referred to as
boronphenylalanine (BPA), and an anionic polyhedral boron
cluster, sodium borocaptate (BSH). Our most recent studies
have focused on two specific molecular targets. The first is the
epidermal growth factor receptor (EGFR), the gene for which is
frequently overexpressed in gliomas (9). In these studies, either

boronated EGF or the anti-EGFR monoclonal antibodies
(mAbs), cetuximab and L8A4, were used as the targeting
vehicles (10–12). The second molecular target is thymidine
(Thd) kinase 1 (TK1), a cytosolic deoxynucleoside kinase of the
nucleic acid synthesis salvage pathway that 5�-monophosphory-
lates Thd and dUrd (13). TK1 activity only is found in prolifer-
ating cells, and it is distributed and expressed in a wide variety
of malignant tumors (13). As recently reported by us (14–17), a
panel of 3-carboranyl Thd analogues (3CTAs) have been de-
signed and synthesized. These are substrates of TK1, and after
5�-monophosphorylation, they are selectively trapped in tumor
cells. Based on earlier in vitro and in vivo studies (14, 15, 17), the
3CTA, designated N5–2OH (Fig. 1), was evaluated as a boron
delivery agent for NCT of brain tumors, and as described below,
our data provide proof-of-principle for its effectiveness in the
RG2 rat glioma model.

Results
Target Validation Studies with the L929 Tumor Model. Labeling of
TK1(�) L929 cells with BUdR, which also is a TK1 substrate as
N5–2OH (18), resulted in 13 � 3%, 22 � 5%, 35 � 6%, and 43 �
6% incorporation at 4, 6, 8, and 10 h., respectively. From these data
the calculated length of the cell cycle (Tc), the duration of S phase
(Ts), the labeling index (LI0), and the growth fraction (GF) were
17.2 h, 5.2 h, 13%, and 45%, respectively. Because BUdR can be
considered a surrogate of N5–2OH, these data suggest that sus-
tained delivery for at least 12 h and possibly longer, would be
required to obtain maximum in vivo uptake of N5–2OH, especially
for human brain tumors that have much lower LI and GF values.
Based on these data, in vivo biodistribution studies with N5–2OH
first were initiated in L929 tumor-bearing nude mice. Four hours
after the first i.t. injection of N5–2OH, the boron concentrations in
TK1(�) wild-type and TK1(�) mutant L929 tumors were 22.8 �
5.0 and 8.4 � 3.6 �g/g, respectively. The significance of this is that
after BNCT the latter would receive a lower physical radiation dose
attributable to the 10B [n,�]7Li capture reaction. Boron levels in the
adjacent normal skin and blood were undetectable (�0.5 �g/g), and
the tumor to blood (T:Bl) ratio for animals bearing TK1(�) tumors
was at least 47:1, which was highly favorable for BNCT. The same
neutron fluence was administered to each mouse during BNCT,
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which resulted in a calculated total absorbed dose (beam only) to
the tumor of 4.50 � 0.16 Gy. The 10B containing TK1(�) and
TK1(�) tumors received an additional 0.55 � 0.03 Gy per �g 10B
during irradiations (17.0 versus 9.1 Gy, respectively). Animals
bearing TK1(�) tumors, which had received 10B-enriched N5–2OH
by i.t. injection followed by BNCT, had an average 15-fold reduction
in mean tumor volume on day 30 after implantation. This was 247 �
151 mm3 compared with 3603 � 1103 mm3 for matched control
animals that did not receive BNCT and 2225 � 1074 mm3 for
irradiated controls that did not receive N5–2OH (Fig. 2). Animals
bearing L929 TK1(�) tumors showed modest reductions in tumor
volumes, which were not significantly different from those of
irradiated animals bearing TK1(�) tumors that did not receive
N5–2OH. Because hypothetically N5–2OH preferentially targets
proliferating tumor cells, these reductions in tumor volumes cor-
related with a marked decrease in the number of proliferating cells,
as evidenced by immunostaining for Ki67, which recognizes a
nuclear protein involved in the proliferative phases of the cell cycle
(Fig. 3). L929 TK1(�) tumors from animals that received N5–2OH,
followed by BNCT, had 1.2 � 1 Ki67 (�) cells per high power field
(hpf) with extensive areas of necrosis. In contrast, tumors from
animals that did not receive N5–2OH, but had been irradiated with
thermal neutrons, had 154.4 � 2.8 cells per hpf without any
necrosis, and those from irradiated control mice had 188.8 � 8.5

cells per hpf, and in both of these groups, there was no evidence of
necrosis.

Biodistribution Studies and Dosimetry in Glioma Bearing Rats. To
determine whether i.c. delivery of N5–2OH was nontoxic, a
group of five non-tumor-bearing rats received 500 �g of N5–
2OH, administered i.c. by Alzet osmotic pumps over 24 h. These
animals were followed clinically for 2 weeks and weighed 3� per
week. Initially there was �10% weight loss, but this was regained
within a few days. There was no clinical evidence of neurologic
deficits, and 2 weeks later, the rats were euthanized and their
brains were removed and processed for neuropathologic exam-
ination. This did not reveal any microscopic findings associated
with the i.c. administration of N5–2OH.

Boron concentrations in tumor, brain, and blood of RG2
glioma bearing rats after administration of N5–2OH are sum-
marized in Table 1. The tumor and normal brain boron con-
centrations were 27.6 � 9.5 �g/g and 2.6 � 2.4 �g/g, respectively,
and the blood value was undetectable (�0.5 �g/g). Because it is
unlikely that any single boron delivery agent could target all
tumor cells, a group of RG2 glioma-bearing rats received i.v.
BPA in combination with i.c. administration of N5–2OH to
target cells that had not taken up sufficient quantities N5–2OH.
The corresponding tumor and normal brain boron values for the
combination at 1 h after termination of delivery of N5–2OH and
2.5 h after i.v. injection of BPA were 45.6 � 14.1 �g/g and 7.3 �
1.0 �g/g, respectively. In contrast, the tumor and normal brain
boron values for BPA alone were 14.2 � 7.7 �g/g and 5.0 � 1.0
�g/g, respectively. Tumor to normal brain (T:Br) boron ratios for
rats that received either N5–2OH or BPA alone were 10.6:1 and
1.9:1, respectively. Based on these boron concentrations, the
unweighted, absorbed physical radiation doses were calculated
(Table 1). Irradiated control animals received the same physical

Fig. 1. Structure of 3-[5-{2-(2,3-dihydroxyprop-1-yl)-o-carboran-1-
yl}pentan-1-yl] thymidine (N5–2OH). Nonenriched and 10B enriched N5–2OH
were synthesized as an epimeric mixture, as previously described by us (17).

Fig. 2. Growth of L929 TK1(�) and TK1(�) tumors after i.t. injection of
N5–2OH and BNCT TK1(�) (F); TK1(�) (�); TK1(�) radiation control (3);
TK1(�) untreated control (‚). The vertical lines indicate the standard devia-
tions (SD) of the mean tumor volumes.

A

B

Fig. 3. Ki67 expression in L929 TK1(�) tumors. (A) A section of L929 tumor
from one irradiated animal that did not receive N5–2OH. (B) Section from an
animal that received N5–2OH. (200� magnification).
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radiation dose as those that received either N5–2OH or BPA
alone, but in addition they received a dose attributable to the 10B
[n, �]7Li capture reaction. This was 8.1 Gy for rats that received
N5–2OH, 5.0 Gy for those that received BPA, and 12.2 Gy for
animals that received the combination.

Responses After BNCT of RG2 Glioma-Bearing Rats. Survival data are
summarized in Table 2, and the corresponding Cox survival plots
are shown in Fig. 4. The longest MST � standard error (SE) was
52.9 � 8.9 days for animals that received the combination of
N5–2OH and BPA compared with 45.6 � 7.2 days for the rats
that received N5–2OH alone and 35.9 � 3.3 d for those that
received BPA alone. The differences between the Cox survival
plots (Fig. 4) of RG2 glioma-bearing rats that received i.c.
N5–2OH vs. i.v. BPA were highly significant (P � 0.0003) while
in contrast, there was only borderline significance in the survival
plots of animals that received i.v. BPA � N5–2OH vs. N5–2OH
alone (P � 0.054). The MSTs of irradiated and untreated
controls were 28.1 � 1.8 d and 23.8 � 2.3 d, respectively. The
greatest percent increase in life span (%ILS) (122%) was seen
in RG2 glioma-bearing rats that received the combination of
N5–2OH and BPA, and this correlated with the fact that the
tumor in these animals received the highest physical radiation
doses. The tumor size indices for all experimental and control
groups were all almost identical and ranged from 3.3 to 3.6.
Neuropathologic examination of the brains of RG2 glioma-
bearing rats showed invasive growth of malignant cells and rare
foci of necrosis and hemorrhage. In some instances, there were
central clear zones in which viable tumor cells were dispersed
and focal areas of leptomeningeal extension of the tumor.

Discussion
The experimental data presented in this study provide proof-of-
principle that a 3CTA can function as an effective in vivo boron

delivery agent for NCT. Ki67(�) immunostaining of L929
tumors indicated that TK1(�) proliferating cells were the pri-
mary targets for N5–2OH based BNCT. The %ILS of BNCT-
treated, RG2 glioma-bearing rats that received N5–2OH was
2.4� greater than in those that received BPA. Kinase mediated
trapping (19) appears to have been an effective mechanism for
the selective entrapment of N5–2OH in the TK1(�) L929 tumor
and the RG2 glioma. However, it was less so in the F98 glioma
(20), which possibly might have been due to differences in TK1
activity and/or the expression levels of multidrug resistance
proteins. Because serum concentrations of Thd, which compete
with N5–2OH at the active site of TK1, are at least 10 times lower
in humans than in mice and rats (21), N5–2OH might achieve
higher tumor boron concentrations in humans than in rodents.

Schinazi et al. (22) have evaluated the efficacy of a pyrimidine
nucleoside analogue, �-5-o-carboranyl-2�-deoxyuridine (D-
CDU) as a boron delivery agent in 9L gliosarcoma-bearing rats.
Non-10B-enriched D-CDU at concentrations of either 30 or 150
mg/kg was administered by either i.p. or i.v. injection, and the
measured tumor boron concentrations at 2 h were 2.3 and 7.4
�g/g of tumor, respectively, with concomitant normal brain
concentrations of 1.13 and 0.17 �g/g. In contrast, by adminis-
tering N5–2OH at a much lower dose (500 �g vs. 30 mg for
D-CDU) i.c. over 24 h by Alzet pumps, we have markedly
increased tumor boron uptake (27.6 �g/gm tumor) with unde-
tectable amounts in normal brain and blood. Furthermore, our
survival data demonstrated that N5–2OH can function as an
effective boron delivery agent, as evidenced by a highly signif-
icant improvement in MST compared with that of irradiated
control rats.

There are, however, limitations and problems associated with
N5–2OH and other currently available 3CTAs. First, the most
promising 3CTAs are not water-soluble and require DMSO for
solubilization. This could be obviated by designing 3CTA-

Table 1. Boron biodistribution and physical radiation doses delivered to tumor, brain, and blood in RG2 glioma bearing rats

Group‡

Boron uptake, �g/g wt Physical dose, Gy†

Tumor Brain§ Blood Tumor/brain conc. ratio Tumor Brain Blood

RG2/CED N5–2OH 27.6 � 9.5 2.6 � 2.4 �0.5 10.6 8.1 2.3 1.9
RG2/CED N5–2OH � i.v. BPA 45.6 � 14.1 7.3 � 1.0 7.6 � 1.9 6.2 12.2 3.4 3.5
RG2/i.v. BPA 14.2 � 7.7 5.0 � 1.0 7.5 � 2.1 1.9 5.0 2.9 3.5
RG2/Irradiation control (CED of DMSO) None None None — 1.8 1.8 1.8
RG2/Untreated control (CED N5–2OH) 17.3 � 4.3 �0.5 �0.5 0 0 0

Boron-10 enriched N5–2OH was administered i.c. by means of convection enhanced delivery over 24 h using Alzet pumps at a flow rate of 8.33 �l/h. BPA was
administered intravenously 2.5 h prior to BNCT.
*Boron content was quantified by means of direct current plasma-atomic emission spectroscopy (DCP-AES) and has been reported as micrograms per gram of
wt.

†Physical dose estimates include contributions from � photons, 14N (n,p)14C, and 10B (n,�) 7Li reactions.
‡RG2 glioma cells were implanted into rats intracerebrally. The rats were irradiated 14 days after implantation.
§Boron concentrations for the tumor bearing cerebral hemisphere after excision of the tumor.

Table 2. Survival times of RG2 glioma bearing rats following CED of N5–2OH with or without i.v. BPA

Group* Number of animals

Survival time, d†

% Increased life
span‡

Mean � SE Median Mean Median

CED of N5–2OH � i.v. BPA 10 52.9 � 8.9 52.5 42–71 122 119
CED of N5–2OH 10 45.6 � 7.2 45 36–61 92 88
i.v. BPA 8 35.9 � 3.3 35.5 32–41 51 48
Irradiated controls 8 28.1 � 1.8 28 26–31 18 17
Untreated controls 10 23.8 � 2.3 24 20–27 — —

*N5–2OH and BPA were administered as described in a footnote in Table 1.
†Mean and median survival times were determined for each group of 8–10 rats.
‡Percent increased life span (% ILS) was defined relative to mean and median survival times of untreated controls.
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specific drug delivery systems based on lipid nanotechnology or
the design and synthesis of water-soluble third generation 3CTA
prodrugs. Second, they appear to be significantly less effective
than Thd in competing for the substrate binding site of TK1-like
enzymes (19). This is a major limitation of the currently available
3CTAs, and could explain their lack of in vivo tumor selectivity
after i.v. administration (W.Y. and R.F.B., unpublished data)
and the necessity to administer them i.c. by means of Alzet
osmotic pumps to produce high tumor drug concentrations.
Third, virtually nothing is known about the metabolism of
3CTAs, including their possible incorporation into DNA. Fourth,
there is very little information relating to the mechanisms of
cellular influx and efflux of 3CTAs, and their metabolites.

On the other hand, the subcellular localization of 3 CTAs
after in vivo administration may prove to be a significant
advantage in their future development as boron delivery
agents. Using the technique of secondary ion mass spectrom-
etry (SIMS), it has been demonstrated that another 3CTA,
designated N4 (14, 15), was distributed throughout interphase
and mitotic T9 glioma cells, including their chromosomes (23).
The latter observation suggests that it possibly was incorpo-
rated into DNA. In contrast, no nuclear localization was seen
in T9 cells that had been exposed to BPA, which is not
incorporated into DNA but whose uptake is increased in
metabolically active, proliferating tumor cells. These observa-
tions support our hypothesis that the 3CTAs have a propensity
to deliver boron to the cell nucleus, where the 10B [n,�]7Li
capture reaction products have a greater likelihood of lethally
damaging cells. In contrast to N5–2OH, i.c. delivery of BPA
resulted in transiently high tumor and normal brain boron
concentrations with rapid clearance, which would have pre-
cluded BNCT (15). The combination of boron delivery agents
that target different subpopulations of tumor cells has been
used by us (24) and others (25). In future studies, it would be
of interest to evaluate 3CTAs in combination with BSH, which
is taken up passively by nonproliferating (quiescent) cells (25),
as well as with BPA. In conclusion, our data have demon-
strated that a carboranyl nucleoside, N5–2OH, can function as
boron delivery agent for NCT of a rat glioma. Based on this,
we plan to move forward with the design and synthesis of
3CTAs with improved physico-chemical and biological prop-
erties and therapeutic effectiveness.

Materials and Methods
Target Validation Studies Using the L929 Tumor Model. Both unenriched and
10B-enriched N5–2OH were synthesized as epimeric mixtures, as previously
described (17). Because N5–2OH was designed to specifically target cells
producing the TK1 enzyme, its potential to selectively accumulate in tumors
was established using the L929TK1(�) wild-type cell line [American Type
Culture Collection (ATCC) #CCL1, NCTC clone 929] and its L929 TK1(�) mutant
counterpart [ATCC#CCL1.3 L-M (TK-)].

To obtain some estimate of the potential maximum in vivo uptake of
N5–2OH, studies were carried out with TK1(�) and TK1(�) L929 cells, using a
standardized labeling procedure with the Thd analogue, 5-bromo-2-
deoxyuridine (BUdR), which is a TK1 substrate and is incorporated into DNA
during S phase of the cell cycle. All animal studies were carried out in
accordance with National Research Council guidelines (26) and approved by
the Institutional Laboratory Animal Use Committee of The Ohio State Univer-
sity. L929 cells were implanted s.c. into the dorsum of NIH NCr-nu/nu nude
mice, and �2 weeks later, when tumors had attained a sufficient size, the
animals were injected i.p. with a mixture of BUdR and 5� fluorodeoxyuridine
(FUdR) at 2- h intervals for a total of up to 6 injections. FUdR was administered
to suppress the de novo synthesis of thymidylate and, thus, DNA by inhibiting
thymidylate synthetase. Two animals were killed by exposure to halothane
vapor 30 min after each injection. The tumors then were excised, fixed in
ethanol, and embedded in paraffin, and then 4-�m sections were cut. These
were immunostained for BUdR (�) cells using a commercially available kit
(ZYMED Laboratory, Inc.) and counterstained with hematoxylin and eosin
(H&E), and the percentage of BUdR(�) cells was determined microscopically
by counting 3–5 medium power fields (mpf).

To validate the hypothesis that tumor cells, which constitutively produced
the TK1 enzyme, would be selectively targeted by N5–2OH, an in vivo biodis-
tribution study was performed in which 106 TK1(�) or (�) L929 cells were
implanted s.c. into the flanks of NIH nu/nu mice. Once the tumors had attained
a size of �0.3–0.5 cm in diameter, in vivo uptake studies were initiated. Non
10B-enriched N5–2OH (250 �g) at a concentration of 31.6 mM (50 �g of boron)
was solubilized in 70% dimethyl sulfoxide (DMSO). Because it previously was
shown by us that systemic injection of N5–2OH resulted in low tumor and high
nontumor boron concentrations (W.Y. and R.F.B., unpublished data), this was
administered by direct i.t. injection in a volume of 15 �l over 2 min, and again
2 h later. Animals were killed at 2 h after the second injection; tumors and
samples of skin and blood were taken, and subsequently processed for boron
determination by means of direct current plasma-atomic emission spectros-
copy (DCP-AES), as previously described (27).

Intracerebral Delivery and Toxicity of N5–2OH in Glioma Bearing Rats. To
determine whether i.c. delivery of N5–2OH was nontoxic, a group of five
non-tumor-bearing Fischer rats received 500 �g of N5–2OH (100 �g of B) at a
concentration of 4.7 mM, solubilized in 200 �l of 30% DMSO. This was
administered over 24 h by means of Alzet pumps (model #2001D, Durect Corp.,
Cupertino, CA) at a flow rate of 8.33 �l/h. After administration of N5–2OH, the
animals were monitored clinically for 2 weeks and weighed three times per
week, after which they were killed. Their brains were removed, fixed in
formalin, and then cut at 2-mm intervals. Selected sections were processed for
microscopic neuropathologic examination and stained with H&E.

BNCT of L929 Tumor-Bearing Nude Mice. One million L929 TK1(�) or TK1(�)
cells were implanted s.c. into NIH NCr-nu/nu mice. Thirteen days later, the
tumors had attained a volume of �80 mm3, as determined by measuring the
greatest length (a) and width (b) [V � a�b2/2]. The mice then were transported
to the MIT Research Reactor (MITR-II), where BNCT was performed by using
the M-011 thermal neutron beam. Anesthetized animals were positioned in a
6Li enriched polyethylene box with a removable lid in which a 13 � 2 cm2

aperture had been machined. This served as a beam delimiter and provided
whole body shielding from the thermal neutrons during an irradiation. Four
mice were secured side-by-side, head-to-tail, to the underside of the box lid
and positioned to align their tumors in the middle of the aperture. 10B-
enriched N5–2OH was administered as previously described. Four hours after
the first dose, the animals were irradiated with a collimated beam of thermal
neutrons at a reactor power of 4.8 megawatts (MW). To determine the
response to BNCT, tumors were removed from L929 TK1(�) tumor bearing
animals, two of which had received N5–2OH followed by BNCT and two of
which did not, but had been similarly irradiated. The tumors were fixed in
formalin, processed for histology, and then immunostained with Ki67 mAb,
which recognizes a nuclear antigen expressed during cell proliferation. Re-
ductions in Ki67 expression have been correlated with the radiochemothera-
peutic response of some neoplasms (28).

Fig. 4. Cox survival plots for RG2 glioma bearing rats. Survival times have
been plotted for untreated animals (F), irradiated controls (�), and animals
that received i.v. BPA (}) or N5–2OH either alone (Œ) or in combination with
BPA ({).

17496 � www.pnas.org�cgi�doi�10.1073�pnas.0809569105 Barth et al.
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RG2 Brain Tumor Model, Biodistribution, and BNCT Studies. The RG2 (CRL-2433,
ATCC, Manassus, VA) rat glioma, which in vitro expressed TK1, was used to
assess the response to BNCT. This was carried out 14 d after stereotactic
implantation of 103 glioma cells (29). One week before irradiation, the rats
were shipped by air to the MIT Nuclear Reactor Laboratory for irradiation at
the MITR-II facility. They were randomized into experimental groups of 8–10
animals each as follows: (1) i.c. delivery of N5–2OH plus i.v. BPA and BNCT; (2)
i.c. delivery of N5–2OH and BNCT; (3) i.v. BPA and BNCT; (4) i.c. delivery of
DMSO and BNCT; and (5) untreated controls. Animals in Groups 1 and 2
received 500 �g of 10B-enriched N5–2OH at the same concentration as that
used in the biodistribution studies. It contained 100 �g of boron, solubilized
in 35% DMSO in a volume of 200 �l, and was administered by means of Alzet
osmotic pumps (model #2001D) over 24 h at a flow rate of 8.33 �l/h, after
which BNCT was carried out. Animals in Groups 1 and 3 received 500 mg of
10B-enriched BPA (Katchem), formulated as a fructose complex (29), and
administered i.v. via the penile vein 2.5 h. before neutron irradiation. All
irradiated rats were anesthetized with a mixture of ketamine and xylazine,
after which they were irradiated at the MITR-II reactor, as previously described
by us (11, 30).

Dosimetry and Clinical Monitoring. Dosimetric measurements were performed,
as previously described (11, 30). The measured absorbed dose rates in mice
(muscle �3.5% nitrogen by weight) at the position of the tumor and normal-
ized to the reactor operating at 5 MW were 0.20 � .01 Gy�min�1 for � photons,
0.13 � 0.01 Gy�min�1 for thermal neutrons (principally capture in nitrogen 14N
[n, p] 14C), and 0.04 Gy�min�1 for neutron capture per �g of 10B in tissue. The
measured dose rates in rats (brain �2.2% nitrogen by weight), normalized to
the reactor operating at a power of 5 MW, were 0.185 Gy�min�1 for photons,
0.08 Gy�min�1 for thermal neutrons, and 0.034 Gy�min�1 per �g 10B in tissues,
which was based on 10B concentrations determined in the biodistribution
studies. After completion of BNCT, the animals were held at MIT for �3 d to

allow induced radioactivity to decay before they were returned to Columbus,
OH. All animals were weighed three times per week, and their clinical status
was evaluated at the same time. Once the animals had progressively growing
tumors, they were euthanized to minimize discomfort. The brains of all
animals in the therapy studies were removed after death, fixed in 10%
buffered formalin, and then cut coronally at the level of the optic chiasm and
2 mm anterior and posterior to it. Representative brains from each group were
processed for neuropathologic examination. The tumor size index was deter-
mined by measuring with calipers the tumor’s greatest cross-sectional diam-
eter in 2-mm coronal sections of brain under a dissecting microscope. As
previously described (30), a semiquantitative grading scale ranging from 0 to
4 was used. The mean survival time (MST), standard error (SE), and median
survival times (MeST) were calculated for each group by using the Kaplan–
Meier method, and simultaneous Cox survival plots also were plotted (31). The
latter performs a simultaneous fit of the survival plots by using all of the data
points using a partial likelihood approach. Therefore, the number of data
points in each plot includes all of the death times, rather than only those
animals in a specific group. Because proportional hazards were satisfied,
pairwise Wald log rank tests were performed comparing the Cox survival plots
of the groups by using a Bonferroni method of adjustment for multiple
comparisons (32).
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