indicate that these defects might be asso-
ciated with impaired expression of the
tyrosine kinase activity associated with
the receptor.
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Perfluorochemical Emulsions Can Increase

Tumor Radiosensitivity

Abstract. An oxygen-carrying perfluorochemical emulsion enhanced the effective-
ness of radiation therapy in two transplantable solid tumors in mice. The perfluoro-
chemical emulsion had no effect on tumor growth after x-irradiation, but delayed
tumor growth significantly when administered to oxygen-breathing mice before or

during irradiation.

The cytotoxicity of ionizing radiation
is modified by the presence of molecular
oxygen (I). Hyperbaric oxygen treat-
ment augments the therapeutic effect of
radiation in animals and humans (2, 3),
but is difficult to implement clinically (3).
Although several chemicals, including
nitroimidazole derivatives (4) and plati-
num complexes (5), sensitize hypoxic
cells to cytotoxic agents, none has
proved to be clinically useful (6).

In both normal and tumor tissue, oxy-
gen tension is dependent on delivery
through the vascular system and on utili-
zation by tissues (7). Tumors often have
inadequate vasculature and areas of in-
termittent and irregular blood flow be-
cause blood vessels in tumors can con-
strict and collapse (8). This leads to
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zones of necrosis and areas of hypoxia.

Radiotherapeutic efficacy may be lim-
ited by the radioresistance of hypoxic
cells (1). Three times more radiation is
required to Kkill fully anoxic cells than
oxygenated cells. Perfluorochemicals
dissolve large amounts of oxygen (9),
and perfluorochemical emulsions are be-
ing tested as oxygen transport agents for
use during surgery after hemorrhage or
to minimize ischemic damage after
stroke or myocardial infarction (/0). The
volume of oxygen dissolved in perfluoro-
chemical emulsions changes linearly
with the partial pressure of oxygen.
Therefore, to fully exploit the oxygen-
carrying capacity of these materials in
vivo, high partial pressures of oxygen
are used. As with hemoglobin, the up-

take and release of oxygen from per-
fluorochemical emulsions are completely
reversible, and the rate is twice as fast as
that of hemoglobin. Ninety percent or
more of the emulsion particles in the
preparation that we used are less than
0.2 pm in diameter—much smaller than
red blood cells (average diameter, S to 10
wm). We reasoned that these small oxy-
gen-carrying particles would be able to
deliver sufficient oxygen to hypoxic re-
gions of solid tumors to significantly
increase the radiosensitivity of these tu-
mor regions. we report that a perfluoro-
chemical emulsion and a 95 percent oxy-
gen atmosphere markedly delayed the
growth of two solid tumor lines exposed
to x-rays in vivo. Using a tumor excision
assay, we were able to measure the
enhancement of cell killing in one of the
lines.

Lewis lung tumor (/1) was carried in
CS57BL/6J male mice (Jackson Labora-
tory). FSa-II fibrosarcoma (/2), which
had been adapted for growth in culture
(FSa-1IC), was carried in C3H/Be/Fel
male mice (Jackson Laboratory). For the
experiments 2 x 10° tumor cells pre-
pared from a brei of several stock tumors
were implanted intramuscularly in the
legs of mice. The Lewis lung tumor was
grown in B6D2F1/] male mice (Jackson
Laboratory) and the FSa-IIC fibrosarco-
ma was grown in C3H/Be/FeJ] male mice
8 to 10 weeks of age. When the tumors
were approximately 50 mm? in volume
(about | week after tumor cell implanta-
tion), the perfluorochemical emulsion,
Fluosol-DA (20 percent) (/3), in volumes
ranging from 0.2 to 0.5 ml, was injected
into the tail vein. The animal was then
allowed to breathe air or was placed in a
circulating atmosphere of 95 percent ox-
ygen and S percent carbon dioxide. One
hour later the tumor-bearing limb was
given a single dose of x-rays of 1000,
2000, or 3000 rads with a Gamma Cell 40
(Atomic Energy of Canada; dose rate, 88
rads per minute). The shielded portion of
the animal received less than 2 percent of
the delivered dose. Animals were an-
esthesized during the radiation treat-
ment.

In experiments to determine the delay
in tumor growth, the progress of each
tumor was measured thrice weekly until
it reached a volume of 500 mm?>. Untreat-
ed Lewis lung tumors reach 500 mm? in
about 14 days and untreated FSa-lIC
tumors reach 500 mm? in about 12 days.
Statistical comparisons were made with
the Dunn multiple comparisons test (/4).

In experiments to determine the sur-
viving fraction of FSa-1IC fibrosarcoma
cells, tumors were excised 24 hours after
x-ray treatment and single-cell suspen-
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sions were prepared by treating the brei
with trypsin and deoxyribonuclease for
10 minutes. The number of viable single
tumor cells was determined by trypan
blue exclusion (15). Survival of a known
number of tumor cells was determined
with a colony-forming assay. Cultures
were incubated for 8 days in an atmo-
sphere of 95 percent air and 5 percent
carbon dioxide. Only colonies of > 50
cells were counted.

Fluosol-DA and the 95 percent oxygen
atmosphere significantly affected the re-
sponse of both tumors to x-irradiation.
The perfluorochemical emulsion had no
significant effect on the response of ei-
ther tumor to x-irradiation in an air atmo-
sphere. For clarity, results produced
with the various doses of Fluosol-DA
were pooled, since no significant dose-
response effect was observed.

Table 1 shows the results obtained
with the Lewis lung tumor. Oxygen
alone had little influence on the radiosen-
sitivity of this tumor. Tumor growth de-
lay (the number of days beyond 14 days
required for the tumor to achieve a vol-
ume of 500 mm?) was greater in animals
exposed to Fluosol-DA and 1 hour of
oxygen before x-irradiation than in ani-
mals exposed only to oxygen and x-rays,
but the difference was significant only at
the 3000-rad dose. The delay in tumor
growth was still greater when oxygen
was breathed during irradiation. The
greatest delay was observed when Fluo-
sol-DA-treated animals were exposed to
oxygen for 1 hour before and during the
radiation treatment. '

Of the mice given Fluosol-DA and
oxygen before and during radiation at
3000 rads, 70 percent died on or about
day 60 of metastatic disease, with no
tumor palpable at the primary site. With
2000 rads and otherwise identical condi-
tions, 46 percent died. Therefore, 60
days was used as a ceiling point for the
growth delay that causes an artificial
leveling of data obtained at 2000 and
3000 rads. In all other groups there were
no apparent cures by 60 days. On the
basis of data obtained in mice given
Fluosol-DA and 1000 rads, the dose-
modifying factor [DMF (/6)] with oxy-
gen before, during, and before and dur-
ing irradiation was 1.75 * 0.23, 2.58 +
0.47, and 2.76 + 0.56, respectively.

Similar delays were observed in the
growth of the FSa-IIC fibrosarcoma. At
1000 rads the DMF produced by 0.5 ml
of Fluosol-DA and oxygen exposure be-
fore and during irradiation was 1.83 +
0.32. Since the FSa-l1IC fibrosarcoma
is adapted to culture, we were able to
determine the fraction of tumor cells
killed by using a colony-forming assay.
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Table 1. Effect of the perfluorochemical emulsion and the 95 percent oxygen atmosphere on the
growth of Lewis lung tumors treated with various doses of x-irradiation. Values (means * stan-
dard errors; N = 55 for each group) are days beyond 14 days necessary for the tumors to reach

500 mm>.
_ Delay in tumor growth (days)
Fh]])ozol Oxygen exposure -
1000 rads 2000 rads 3000 rads
No Before and during irradiation 1.6 £ 0.5 6.2 + 1.0 8.8 £ 1.0
Yes Before irradiation 3.8 +0.5 10.0 = 0.7 18.8 = 1.5%
Yes During irradiation 8.3 = 1.2} 18.5 = 1.5% 26.5 = 2.0%
Yes Before and during irradiation 8.5 = 1.5t 28.5 £ 2.5¢% 36.3 £ 2.0%

*Significantly different from result for corresponding control group (P < 0.0005, Dunn multiple comparisons

test). - TP < 0.001. P < 0.0001.

The survival of tumor cells from animals
inspiring oxygen for 1 hour before and
during x-ray treatment is shown by the
closed circles in Fig. 1. A larger fraction

of tumor cells died when 0.5 ml of the

perfluorochemical emulsion was admin-
istered and oxygen was given for 1 hour
before and during x-ray treatment (open
circles in Fig. 1). The ratio of the slopes
of the two lines indicates a DMF of 1.41
due to the addition of Fluosol-DA.

These experiments demonstrate that
an intravenously administered perfluoro-
chemical emulsion enhances the effec-
tiveness of radiation therapy when an
oxygen-rich atmosphere is breathed be-
fore or during irradiation. From the data
presented in Fig. 1, it appears that the
most immediate effect of the oxygen-
carrying perfluorochemical emulsion is
to make a previously resistant subpop-
ulation of tumor cells susceptible to the

Surviving fraction

0.01

0.001 L -
o 5 10 15

X-ray dose, rad (x 10~2)

Fig. 1. Mean surviving fraction of FSa-IIC
fibrosarcoma tumor cells at each dose of x-
rays. Mice were given 95 percent oxygen for
1 hour before and during irradiation (@) or
intravenous Fluosol-DA followed by oxygen
exposure for 1 hour before and during irradia-
tion (O). Each point represents the mean
+ standard error for five experiments.

lethal effects of radiation. The discrepan-
cy in the DMF’s between the tumor
growth delay assay and the survival as-
say indicates that some additional cyto-
toxic events, triggered by or involving
the oxygen-carrying perfluorochemical
emulsion, occur later than the first day
after treatment, since the in vitro assay
measures survival at that time. Alterna-
tively, the perfluorochemical emulsion
may alter the regrowth kinetics of sur-
viving tumor cells by retarding cell pro-
liferation, thus implying a greater cell kill
than that measured by the tumor exci-
sion assay.

The small size of the emulsion parti-
cles may allow delivery of oxygen to
sites that red blood cells cannot reach.
Since the overall oxygen concentration
of the body is changed very little by the
perfluorochemical emulsion, x-ray toxic-
ity to most normal tissues should not be
enhanced (/7, 18). These findings are
relevant to cancer therapy because they
suggest a nontoxic method of delivering
molecular oxygen to tissues. Because
the efficacy of several drugs as well as
radiation is enhanced by oxygen and
oxygen-mimicking substances (19), oxy-
gen-carrying perfluorochemical emul-
sions may provide a means of increasing
the effectiveness of radiation therapy
and of certain chemotherapeutic agents.

BEVERLY A. TEICHER
CHRISTOPHER M. ROSE
Dana-Farber Cancer Institute,
Boston, Massachusetts 02115, and
Department of Radiation Therapy,
St. Joseph Medical Center,
Burbank, California 91505
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Partial Characterization of 21.5K Myelin Basic Protein from

Abstract. The 21,500 molecular weight (21.5K) variant of myelin basic protein
(MBP) was isolated from sheep brain and partially characterized. Digestion with
cyanogen bromide and trypsin yielded peptides which showed that approximately 30
additional amino acids were inserted at the equivalent of the amino acid at position

57 in the bovine 18.5K MBP sequence. An unusually hydrophobic peptide Pro, Val,

Leu, Trp, Lys was present in this region. Ornithine was present in hydrolyzates of

In 1977, Barbarese et al. (I) showed

that mouse brain contained four myelin

basic proteins (MBP) with apparent mo-
lecular weights of 21.5K (21,500), 18.5K,

17K, and 14K. Subsequently, these vari-

ants were found in myelin from other

species (2). Originally it was thought that

21.5K and 17K MBP’s were precursors
of 18.5K and 14K MBP’s, respectively
(1). However, studies on the synthesis of
the MBP’s indicated that they were more
likely to be the products of separate
messenger RNA’s (3, 4).

Sheep brain was chosen for the isola-

tion of 21.5K MBP for our study. An
established method (5) for the prepara-
tion of MBP was followed, except that
Sephadex G-75 (superfine) with 0.2M

KCI-HCI buffer, pH 2.0, was used. Sepa-

ration was monitored by gel electropho-
resis and by an immunoblotting tech-
nique (6). A monoclonal antibody (6, 7)
that reacts with the amino acid sequence
Ala-Ser-Asp-Tyr-Lys-Ser in MBP was
used to locate 18.5K and 21.5K sheep

21.5K MBP, but it was not detected in any of the peptides.

MBP in the fractions. From repeated
chromatography on Sephadex G-75 (su-
perfine), approximately 18 mg of 21.5K
MBP was isolated from 200 g of brain.

Duplicate samples of 21.5K MBP were

hydrolyzed and analyzed (Table 1). Sur-
prisingly, ornithine was found in all hy-
drolyzates of 21.5K MBP but not in any
of the peptides (8) nor in hydrolyzates of
sheep 18.5K MBP. The association of
ornithine with 21.5K MBP requires fur-
ther study.

As 21.5K MBP contained three me-

thionine residues, digestion with cyano-
gen bromide (CNBr) was used to ascer-
tain their positions. The digest was frac-
tionated by gel filtration (9). Electropho-
resis of the fractions and transfer of the
peptides to nitrocellulose revealed three
peptides (as seen by staining with amido
black) with apparent molecular weights
of approximately 14K, 6K, and 2K; .
these values were determined from a
comparison with a CNBr digest of myo-

globin. Only the 14K peptide reacted
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