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ABSTRACT
Radiation damage to the dopamine tracts caused by enriched L-'Â°B-p

boronophenylalanine(L-1Â°BPA)-fructose
and the boron neutron capture
reaction was Investigated using the mouse modeL Following various treat
ments with L-@BPA and neutron irradiation of the head, the brain was

tyrosine,which mustbe transportedacrossthe BBB into the neuron.

perfusion fixed and removed; 50-pm frozen sectionswere cut. Dopamin
ergic neurons were visualized using immunohistochemistry

for tyrosine

hydroxylase.The administration of L-'Â°BPAhad no permanent effect on
dopaminergictracts Neutron capture therapy with L-'Â°BPAcauseda
reduction In tyrosine hydroxylaseimmunohistochemicalactivity within 4
h of Irradiation, but by 48 h, this reduction reversed. No damage was
observed at 120 h postirradlation.

INTRODUCTION

1964 (6). The organization

of the central

dopaminergic

system is

supported

in part

by

on central

dopaminergic

neurons

and fibers.

In

MATERIALS

AND METHODS

All chemicals used were of analytical grade, and reagent solutions were
prepared in Millipore-filtered water. L-BPA 95% enriched in â€˜Â°B
(Boron
Biologicals, Inc.) was added to 0.3 M fructose and titrated with 5 M NaOH to
obtain a solution of L-'Â°BPA-fructose at pH 8, with final concentrations 12
mg/mI or 32 mg/mI in terms of L-'Â°BPA. A 1% (w/v) washing solution of

NaNO2in 0.1 Mphosphatebuffer (jH 7.4) anda 4% (v/v) fixative solutionof
formaldehyde in 0.1 M phosphate buffer (pH 7.4) was prepared. For immuno

histochemistry, normal horse serum was obtained from

@SLLtd., Australia,

and the antibodyto tyrosinehydroxylasewas purchasedfrom IncstarCorp.,
Australia.Biotinylated
anti-mouse
IgGandVectastain
ABC kit waspurchased
fromVectorLaboratories,
Inc.,and3,3'-diaminobenzidine
tetrahydrochloride
was obtainedfrom SigmaChemicalCo. The standardhistochemicalstains,
Luxol fast blue and hematoxylin and eosin, were purchased from Gun
Chemicals. This study was approved by the animal ethics committee of the

University of Sydney.
Boron Analysis in Brain Samples

Animals. Threeadult BALB/c mice(6â€”8
weeks)weighing25â€”30
g were
given an i.p. injection

(1 ml) of L-1Â°BPA-fructOSe (12 mg of L-'Â°BPA/mouSe).

Themiceweresacrificed1.5 h afteradministrationof thedrug,andthebrains
weredissectedout for boronanalysis.
inductively

Gross boron analysis in brain samples were performed

coupled plasma-atomic

emission spectroscopy

by

after tissue diges

tion in perchloricacid/hydrogenperoxide,accordingto the methoddescribed
previously (9). Specific boron localization in the brain was analyzed with

neutroncaptureradiographyasdescribed(10).

In this study, central dopaminergicneuronswere visualized using the
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and BNC1'

addition, histochemistrywas used to evaluate the effects of such
treatmentson centralmyelination and on the BBB.

Boron Analysis.

considerably more complex than the main central noradrenergic sys
tem, which largely emanates from a small cell cluster. Not only are
there many more dopaminergic neurons in the brain, but there are also
several major regions containing dopaminergic neurons. These sepa
rate neuronal populations specialize in a diverse range of important

work

The rate-limiting step in catecholamine synthesis is the conversion of
L-tyrosine to L-dihydroxyphenylalanine by the enzyme tyrosine hy
droxylase(TH) (7). This stepcould be affectedby BPA and BNCI'.
To test the hypothesis that BPA accumulates in central cat
echolaminergic neurons which would then be affected by the neutron
capture reaction, a two-phase study was initiated. Phase I was an
investigationof the effect of L-'Â°BPAon central dopaminergicneu
rons and fibers, and Phase II was an investigationof the effect of
L-'Â°BPA

BNCT3 is a binary treatment for cancer which combines neutron
irradiation with a tumor-seeking, boron-containing drug in an attempt
to kill tumor cells without serious damage to normal cells. The amino
acid melanin precursor analogue, BPA, has been tested previously in
melanoma-bearing animals (1, 2) and used in a clinical trial of BNCT
(3). In the case of melanoma, it is a rational biochemical approach to
load the tumor with this precursor analogue, since melanin is synthe
sized from the amino acid phenylalanine. However, it has been found
that BPA can selectively accumulate in tumors other than melanoma,
e.g., in a murine mammary adenocarcinoma, rat glioma, and a xc
nografted human glioma (4). The use of BPA has, therefore, been
proposed for BNCT of high-grade brain cancer, since it can penetrate
the BBB, so that it is possible to load the required concentration of
boron into the tumor cells. Pharmacokinetic studies of D,L-BPA
fructose have been performed in human patients with melanoma or
glioma, and uptake into these cerebral tumors was found to be
adequate (5). Before human trials of BNCT can be commenced, an
important safety consideration should be resolved in that BPA may
also be a precursorfor the catecholamineneurotransmitters.There
fore, it is important to determine whether BPA will accumulate in the
catecholamine-containing neurons in the brain. If this does occur,
unwanted radiation side effects could arise when the concentration of
â€˜Â°B
in the nervous system is of the sameorder of magnitude as that in
the cancer site.
Catecholamines were first localized in specific brain pathways in

I This

brainfunctionsincludingemotionalbehavior,motorcoordination,and
the secretionof varioushypothalamicand pituitary hormones.
Dopamine synthesis, like that of all catecholamines in the nervous
system, originates from the amino acid precursors phenylalanine and

the

Australian

Institute

of Nuclear

Science

and

indirect ABC avidin-biotin immunohistochemical method (8).
Tissue Preparation. The mice were deeply anaesthetized by an i.p. injec

tion of sodiumpentobarbitone(20 mg/kg).After sedation,thechestcavity was

Engineering,the GovernmentEmployeesAssistanceto Medical ResearchFund, the

opened, and a catheter was inserted into the left ventricle of the heart.

National Health & Medical ResearchCouncil, and the Australian ResearchCouncil.

Followingwashingoutofthe blood,fixativewasperfusedthroughthebodyfor

2 To
3 The

whom

requests

abbreviations

for
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reprints
are:

should

BNCT,

be addressed.

boron

neutron

capture

therapy;

BBB,

blood

brain

30 mm. Drainage occurred through the cut right atrium. The head was re

moved,andthebrainwasdissected.Thebrainswerestoredin fixative solution
at 4Â°Cuntil histologicalexamination.
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barrier;BPA,p-boronophenylalanine;
H&E, hematoxylinandeosin;LFB, Luxol fastblue;
NO', neutroncapturetherapy;TH, tyrosinehydroxylase;THIR, TH-immunoreactive.
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EFFECTOF BNCTON NEURONS
Staining PrOtOcOL Brains were cryoprotected in 30% sucrose in 0.1 M
Tris-phosphate buffer (pH 7.4) for 24 h prior to cutting at 50 pm on a Leitz
freezing microtome. Sequential sections were allocated into three pots. The

sum of non-boron

and boron doses, i.e., 4.4 Gy + 4.0 Gy = 8.4 Gy.

BNCT with this average boron concentration was sufficient to cause
the transient changes identified.

first series of sections were stained with Luxol fast blue (LFB) for myelin. The

Phase I: Effect of L-'Â°BPA-fructose. L-1Â°BPA
did not affect the

second series were stained with H&E for histopathology. The third series of
sections were stained immunohistochemically with antibodies to tyrosine
hydroxylase (the rate-limiting enzyme for catecholamine synthesis). Briefly,

normal architecture of the brain as evidenced in myelin and H&E
stains. No behavioral abnormalities were noted in animals injected
The outcomeof the histologicalstainingof the
the immunohistochemicalprotocolwas as follows. Sectionswere washedin with L-1Â°BPA-fructOse.
50% ethanol, then with 3% H202 in 50% ethanol to quench endogenous mouse brain sections is summarized in Table 1. There were no
peroxidaseactivity, prior to incubationin 10%normalhorseserumfor 1 h to significant differences with respect to cell count and staining intensity
absorb nonspecific binding sites. Sections were incubated in the antibody for
tyrosine hydroxylase for 24 h at 4Â°C.The next day, sections were incubated
successively in biotinylated anti-mouse IgG for 1 h and Vectastain ABC for 1

h, with washingin bufferbetweenincubations.Specificstainingwas visual

in the appearance of THIR neurons after dosing mice with 32 mg of
L-'Â°BPA,compared with untreated controls. In addition, no his
topathological changes were observed in either group using LFB and

H&E. However, changes were identified in the terminal fields of the

ized with 3,3'-diaminobenzidine tetrahydrochioride and H202. As a negative

ThIR neurons,in that THIR fiber stainingwas absentin the olfactory
control, in one casethe primary antibody was omitted, with no resultant
tubercle, and only light staining was observed in the accumbens
staining of tissue.
nucleus of group B mice compared with groups A or C. Therefore,
staining was perturbed at 4 h after injection but recovered by 48 h. In
Phase I
contrast, the hippocampus and arcuate nucleus appearedmore densely
Animals. Adult male BALB/c mice (6â€”8weeks) weighing 25â€”30g were
innervated in group B, compared with groups A and C.
randomly allocated into three groups. Group A (three mice) was an untreated

Phase II: Effect of L-1Â°BPA-fructoseand the Boron Neutron

control group. GroupsB and C (threemice/group)were eachgiven an i.p.

Capture Reaction. Table 2 summarizes the histological response to
injection of L-1Â°BPA-fructose (32 mg of L-1Â°BPA/mouse). The mice were
anaesthetized
andperfusedat either4 h (groupsA andB) or 48 h (groupC) BNCF. There was no histological evidence of radiation-induced dam
age to the nervous tissue, myelin, or blood vessels in the brain
after administration of the drug.
sections. Mice behaved normally throughout the experiment period,
Phase II
except for the first one h after irradiationwhen they were under the
influence of anaesthesiaor under the influence of a syndrome char
Animals. Adult BALB/c mice (6â€”8weeks) weighing 25â€”30g were sepa
acterized by depression of neural function (11, 12). There was a
rated into five groups of six (groups Dâ€”H).In each group, three mice were
reduced
cell count and staining intensity of 1'HIR neurons in groups
given an i.p. injection (1 ml) of L-1Â°BPA-fructose(12 mg of L-'Â°BPA/mouse),
D, G, and H. Therefore, 4 h after single or multiple dosesof L-1Â°BPA
while the other three were given i.p. 1 ml of saline solution.
and irradiation there was a significant reduction in THIR of the
Irradiation.
Thermal neutron irradiations were undertaken at the BNCF
facility of the 100 kW Argonaut reactor (Moats) Lucas Height Research dopaminergic neurons. In contrast, THIR neurons in groups E and F
Laboratories,operatedby the Australian Nuclear Scienceand Technology mice had no decrease in TFIIR of the dopaminergic neurons. There
Organisation. Irradiations with thermal neutrons were commenced at 1.5 h
fore, the BNCT effect is reversible by 48 h. Fig. 1 shows THIR cell
after the drug (or saline) was administered to the mice. The reactor facility and
neutron dosimetry has been reported previously (1). The animal irradiation
capsule described formerly for mouse leg irradiation was modified so that only

bodies within the midbrainof mice from groups D and F.

the headof the mousereceivedthe full thermalneutronradiationdose.All
Table 1 Summaryof histologicalstaining outcomesfor animals treated with
L-'oBPA-fructoseÂ°

mice were anaesthetized using ketamine and xylazine before loading into the
irradiation

capsule. The first three groups (groups D, E, and F) were given a

Animal
time
on
on
(mg/mouse)Perfusion
(h after L-'Â°BPA)Anti-Th
cell-bodyAnti-Th
cell-terminalH&ELFBA04++++++++++++B324+++++++i-++C3248+++Ã·++++++++
groupL@WBPA

single dose of L-'Â°BPA-fructose and a single dose of neutron radiation at a
nominal fluence of 1013 @/@2(irradiation time, 22 mm). They were anaes
thetized and perfused at 4 (group D), 48 (group E), and 120 h (group F),

respectively,after the radiation.GroupsG and H were given two and four
dosesof L-'Â°BPA-fructose,
followed by neutronirradiationswith 24-h inter
vals betweenirradiations.The mice were anaesthetizedand perfusedat 4 h
after the last radiation treatment.

a The qualitative cell count and staining intensity in the samplesis shown basedon
+++

as the

normal

or control

response.

Table 2Summar@vofhiStological staining outcomesfor ani

RESULTS

treated wiiii L-10BPA

fructoSe and neutron irradiation0maLe

Boron Analysis and Neutron Dosimetry. Grossboronconcentra
tion in the brain measured by the inductively coupled plasma-atomic
emission spectroscopy method (9) was found to be 4.6 Â±1.3 ppm. In
order to examine whether there was any specific localization of

(mg/mouse)No.
exposures
cell-terminalH&ELFBD12
groupL-@BPA

was used. It was found that this concentration of boron could not be
detected with the methodology used. The absorbed radiation dose in
the brain from 1Â°B(n,a)7Lireaction, based on the dosimetry calcula
tion of Allen et a!. (1), is 0.883 Gy/ppm 1O@/1013
and for an
average â€˜Â°B
concentration of 4.6 ppm, the dose is equal to 4.0 Gy. In
addition, there is concomitantradiation from hydrogen â€˜H(n,y)and
nitrogen 14N(n,p) neutron capture reactions,as well as the reactor
y-ray component. The BNCT facility in the Moats reactor, for one
irradiation in this experiment with no boron in the tissue, gives a

radiation doseof 4.4 Gy. The total radiation doseto the brain is the

irradiation)
4

L-'@BPAinto dopaminergic neurons, neutron capture radiography (10)

@

of Perfusiontime Anti-Th
irradiation
(h after
on

Animal

+

+++E12

01

1

4

++++++

++++++

++++++

+++F12

01

1

48
48

+++
++++++

Ã·+++++

++++++

+++02

01

1

120
120

+++
++++++

Ã·+++++

++++++

+++H4

x 12
02

2

4
4

+
++++++

++++++

+s-++++

++++++

++++++ +++

4

x 12

04
a The qualitative
+++
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as the

normal

4
cell count
or control

+
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and staining

++++++
intensity

in the samples
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No other type of histological damage was observed in the brain
sections stained with LFB or H&E, confirming previous reports.
Morris et a!. (18) reported no long-term

effect in the spinal cord of rats

after i.v. injections of â€˜Â°B-enriched
sodium mercaptoundecahydro
closo-dodecaborate with neutron irradiation. Minimal histopatholog
ical changeswere found following i.p. injections of L-'Â°BPA-fructOse
to nude rats and a radiation dose sufficient to eradicate intracerebral
melanoma (19).
The results of the Phase I study demonstrate that 32 mg L-'Â°BPA
fructose caused a transient change in some terminal fields on THIR
neurons in the mouse. THIR neurons within the olfactory tubercle and
nucleus accumbens became nonimmunoreactive, but THIR neurons
increased within the hippocampus and arcuate nucleus, although such
changes appear reversible within 48 h. These effects were not ob
served within

the neuronal somata and suggests that L-1Â°BPA affects

the proportion of insoluble to soluble Th in the terminal fields (20).
In the second phaseof the experiment, the L-'Â°BPAdose was reduced
to 12 mg/mouse, which eliminated this effect.
No effect on brain tissue was observed if neutron radiation was
given without L-10BPAadministration. However, in groups given both
L-'@BPA and neutron radiation, transient changes were observed. At 4

h after the irradiation, THIR neurons had a reduced staining intensity,
which reverted to control levels by 48 h and remained normal until at
least 120 h postirradiation. In the groups which were given two and
four doses of L-'@BPA and neutron radiation, it was found that the
reduction in THIR neurons was more severethan if only a single dose

SN

was administered.

These results suggest that L-'Â°BPA combined with

neutron irradiation directly affects catecholamine synthesis within
central dopaminergic neurons. Using extraction and iodine oxidation
of catecholamine from brain homogenate followed by spectrofluorim
Fig. 1. THIR cell bodies

within

the midbrain

ofmice

dosed with L-'Â°BPA-&uctose

and

irradiatedwith neutrons.A, 4 h afterirradiation(groupD). B, 120h afterirradiation(group
F). AJO, AlO group of dopaminergiccells; SN, substantianigra; cp, cerebellarpeduncle.

The scalebar is equivalentfor bothA andB.

etry, Afonin et a!. (21) revealed a 25â€”40%
inhibitionof TH activity
in rat brain after 100 Gy electron radiation. Changes in brain enzyme
activity with different qualities of ionizing radiation have also been
documented (22, 23). Radiation rich in neutrons increasedmonoamine
oxidase activity,

DISCUSSION
Our results suggest that L-'Â°BPAcrosses the BBB and transiently
affects catecholamine-synthesizing

pathways in the brain. There was

no overt sign of radiation damage in the mice treated with the BNCT
procedure. Irradiation induces programmed cell death, or apoptosis, a
process which develops 3 to 96 h postirradiation and is characterized
by typical cell morphology and fragmentation of chromatin (13, 14).
Therefore, while our investigations covered only the short period of 4
to 120 h postirradiation, damage to dopaminergic structures would be
expected to become evident within this time. Indeed, such effects,
albeit reversible,

are observed at 4 h with administration

of a high

dose of L-'Â°BPA-fructOSe(32 mg L-'Â°BPA/mouse) alone and also
with the combination 12 mg/mouse L-'Â°BPA-fructOseand neutron
irradiation.
Neurons are highly radiation insensitive because they do not un
dergo mitosis (15). The threshold for irreversible intracellular disrup

but radiation

rich in -y rays decreased this enzyme.

Unlike monoamine oxidase activity, it appearsthat TH activity is not
affected by the quality of radiation. Both high LET radiation (boron
neutron capture reaction in this project) and low LET electron radia
tion (21) decreaseTH activity, confirming past studies where altered
motor behavior was also observed (12).
Conclusion. The administrationof L-1Â°BPAhad no permanent
effect on central dopaminergic neurons. Neutron capture therapy with
L-10BPA caused a reduction

in THIR

within

4 h of irradiation.

This

reduction was reversed after 48 h and did not reappear up to 120 h.
The possibility of longer term effects have not been investigated.
The time frame in these experiments are adequatefor apoptosis to
be manifest (10, 11); therefore, damage to dopaminergic structures
should have become evident within this time. However, for blood
boron concentrations and thermal neutron fluence at a level adequate
for the control of s.c. melanoma by NCT, no evidence of specific
damage to catecholaminergic pathways was found. Furthermore, for
doses up to 4 times the therapeutic dose given over 4 days, no
evidence of sustained damage to these pathways was observed. Thus,

tion during interphase is 50 Gy for the nucleus and 250 Gy for the
cytoplasm (16), which exceeds the nominal maximum absorbed dose
of 4 X 8.4 Gy applied in these experiments. Capillaries and oligo
neutron capture therapy with L-10BPA appears to be a safe procedure
dendrocytes are the dose-limiting organs of the brain, causing delayed in the mouse brain model.
tissue necrosis and demyelination of axons at single doses of 15â€”20
Gy. While these effects are important in radiation therapy, the objec
tive of this work was to determine whether additional damage would
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