


any marker chromosomes, e.g., trisomy 15, was reported for
spontaneous as well as artificially induced mouse thymomas (4,
10, 44). Results are presented here.

MATERIALS AND METHODS

Mice. Experimental mice used in the present study were C57BL/6,
B6C3F,, B10f/Sn-H-2"-777y-7.2, and B10.Thy-1.1-H-2* mice, which were

bred from our specific-pathogen-free colonies at the Animal Production

Facility of this institute and maintained within the microbiologically
"clean" conventional animal facility. The BIO.Thy 1.1-H-2" strain was

recently established in this laboratory by T. Sado, F. Nagasawa, and H.
Kamisaku by introducing Thy 1.1 marker from NRH/Nrs mice (43) into
B10f/Sn mice by 14 repeated backcrosses followed by brother-sister

matings. Spontaneous incidence of thymic lymphoma in B1 Of/Sn mice is
very low (<2%), although nonthymic lymphoid tumors develop in high
frequency late in their life spans, i.e., after 20 months of age.4

MLR. Responding thymocytes (5 x 105) were cultured with equal
numbers of 137Cs--y-irradiated (1500 R) stimulator spleen cells in a final
volume of 0.2 ml modified Eagle-Hanks' medium enriched with amino

acids (7), which was supplemented with 5% fetal calf serum (Flow
Laboratories, Stanmore, Australia) and 5 x 10~5 M 2-mercaptoethanol,

using Falcon Microtest II plates (Becton, Dickinson Overseas, Inc.,
Tokyo, Japan). The cultures were maintained at 37Â°in a humid atmo

sphere of 5% COj and 95% air for 6 days. On Day 6 the cultures were
labeled with 0.25 nC\ [3H]thymidine (specific activity, 5 Ci/mmol; The

Radiochemical Centre, Amersham, England) in a 5-rf volume of 0.15 M

NaCI. After 8 hr, the cells were harvested onto glass fiber filters using a
semiautomatic multiple-sample harvester (Abe Science, Funabashi, Ja

pan). The filters were then dried and processed for liquid scintillation
counting (38).

Experimental Protocol. BIO.Thy 1.2 mice were thymectomized at
the age of 33 Â±3 days. Whole-body X-irradiation was started 5 days
later with 4 doses of 170 R each given at 8-day intervals (Shimadzu
Shinai-lll 250 X-ray generator operated at 200 kVp, 20 ma, with filtration
with 0.5 mm Cu plus 0.5 mm Al, half-value layer, 1.24 mm Cu). Within 3

hr after the last irradiation, the whole thymus glands freshly excised from
7- Â±2-day-old normal BIO.Thy 1.1 donor mice were implanted s.c. in

the right chest. Beginning at 3 months after the treatment, the implan
tation sites were palpated daily, and the mice were sacrificed and
autopsied when tumors became grossly detectable.

Thy 1 Typing of Tumors. Tumors dissected from the implantation
sites as well as mesenterio lymph nodes were teased gently in a mixture
of equal volumes of Eagle's minimum essential medium (Nissui Chemical

Co., Tokyo, Japan) and phosphate-buffered saline (137 mw NaCI:2 HIM
KCI:8 mw Na2HPO4-12H2O:1.47 mwi KH2PO4, pH 7.1) supplemented

with 5% newborn calf serum (Flow Laboratories). Cell suspensions
prepared in this manner were then passed through a stainless steel
mesh and tested for cytotoxicity by using anti-Thy 1.1 or anti-Thy 1.2

antibodies. A microcytotoxicity method described by Shiroishi ef al. (40)
was used to perform antibody-plus-complement-mediated cytotoxicity
assay. Monoclonal anti-Thy 1.2 antibody (F7D5) was purchased from
Olac, Ltd., Bicester, England: monoclonal anti-Thy 1.1 antibody (T-11-

D7) was a kind gift of Dr. H. Ishikawa, Keio University, Tokyo, Japan
(29). Both of these antibodies were used at a final dilution of 1:7500.
Guinea pig serum, which was absorbed 3 times with spleen cells from
B10 mice (2 spleens/4 ml serum for each absorption), was used as
complement at a final dilution of 1:120.

Chromosome Analysis. Mesenteric lymph nodes were removed from
mice that had been transplanted with primary tumors recovered from the
thymus grafts in the above experiments. Cell suspensions were then
prepared by cutting tumor tissues with a scalpel in modified Eagle-
Hanks' medium enriched with amino acids (7), supplemented with 20%

fetal calf serum, and pipeting them in and out of a Pasteur pipet. These
cell suspensions were incubated at 37Â°for 10 min and then treated with

4T. Sado and H. Kamisaku, unpublished observation.
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0.075 M KCI hypotonie solution at 37Â°.After 25 min, 1 drop of fixative

solution (absolute acetic acid:methyl alcohol, 1:3) was mixed with the
hypotonie solution and then centrifuged. Cells were then fixed thoroughly
by changing the fresh fixative solution 3 times. Air-dried slides were
made following our routine method (18), and chromosomes were ana
lyzed with Q- and G-banding techniques (3, 39). Karyotypes were ar

ranged according to the mouse standard karyotype recommended by
the Committee on Standard Genetic Nomenclature system for mouse
chromosomes (6).

RESULTS

MLR of Donor-type Thymus Cells against Recipient-type

Stimulator Spleen Cells. Evidence for a positive MLR by thymus
cells of 11-day-old C57BL/6 mice against 1500 R-treated spleen

cells of B6C3F, mice is shown in Chart 1-4. [MLR is considered
as an in vitro correlate of GVH reaction that takes place in vivo
(41).] It is clearly demonstrated that neonatal thymus cells of
C57BL/6 mice reacted very strongly against B6C3F, spleen cells.
On the other hand, thymus cells from 7-day-old BIO.Thy 1.1
strain mice failed to react against 1500 R-treated spleen cells
from B10.Thy 1.2 mice (Chart 1B). These results indicate strongly
that the use of Thy 1 congenie pairs of mice is superior to the
use of parent-hybrid combinations used by earlier investigators

when one attempts to obviate concern over whether the indirect
induction of radiogenic lymphomas might result from activation
of endogenous leukemia viruses caused by GVH reaction.

Analysis of the Genetic Origin of Lymphomas Developed
in Thymectomized, Fractionally Irradiated BIO.Thy 1.2 Mice
Grafted with Thymuses from BIO.Thy 1.1 Mice. A group of 91
thymectomized, fractionally irradiated BIO.Thy 1.2 mice were
grafted s.c. with 7-day-old thymuses from BIO.Thy 1.1 donor

mice (Group 1). Two other groups of control mice consisted of
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Chart 1. Mixed lymphocyte reactivity of thymus cells. A. MLR of thymus cells
from 11-day-old C57BL/6 mice against 1500 R-treated stimulator spleencells from
C57BL/6, B6C3F,, or B10.D2 mice. B, MLR of thymus cells of 7-day-oWBIO.Thy
1.1 miceagainst 1500 R-treated stimulator spleencells from BIO.Thy 1.1, BIO.Thy
1.2, or B10.D2 mice. For details, see "Materials and Methods." Sample size: 6

mice examined individually for both groups. Bars, S.E. Numbers in parentheses,
mean stimulation indexes.
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(a) 27 intact B10.Thy 1.2 mice which were irradiated similarly
(Group 2, positive control) and (b) 21 thymectomized, fractionally
irradiated BIO.Thy 1.2 mice which were not grafted with the
thymuses (Group 3, negative control). Cumulative lymphoid tu
mor incidence curves for these 3 groups of mice are shown in
Chart 2A. They show that in Group 1 the lymphoid tumors began
to occur at about the same time as did those in Group 2, although
the final incidence was significantly lower in the former. Thus, 37
of 91 test mice (40%) had developed frank lymphomas by 270
days after thymus grafting in Group 1 in contrast to 96.3% (26
of 27) in Group 2. Only one of 21 mice (4.7%) developed
lymphomas in Group 3.

Twenty-eight of 37 lymphomas developed in the grafted thy
muses of Group 1 mice were typed individually with respect to
Thy 1 alloantigens by the cytotoxicity assay using monoclonal
anti-Thy 1.1 and anti-Thy 1.2 antibodies. The results, shown in
Chart 2B, indicate that 21 thymic lymphomas (75%) had arisen
from the cells of the nonirradiated thymus grafts and 5 tumors
(17.9%) from cells of the irradiated hosts. Two thymic lymphomas
(7.1%) manifested no Thy 1 antigens. It may be added that the
tumors recovered from mesenteric lymph nodes of these animals
were also typed at the same time to determine if they had
metastasized from the primary tumors developed in the thymus
grafts. The results indicated that they all manifested the same
Thy 1 antigens as did the lymphomas recovered from the thymus
grafts. From these results and histological examinations (data
not presented), it was concluded that all of the lymphomas
developed in the thymic grafts had invaded the mesenteric lymph
nodes and surrounding tissues. We may also note that the thymic
lymphomas, regardless of their genetic origin, occurred during
140 to 350 days after irradiation and thymus grafting (Chart 2ÃŸ)
and that the tumors from the thymus grafts manifested a large
variation in weight, ranging from 8 to 2725 mg (Chart 2C).

Test for Autonomyof Tumors byTransplantation.Autonomy
of each tumor was tested by its capacity to grow successfully
following i.p. transplantation into normal adult B10 mice mani
festing opposite Thy 1 alloantigens. Transplanted tumors from
each first-passage generation were typed again with respect to
Thy 1 alloantigens to reconfirm their genetic origins. It was shown
that all tumor cells proliferated successfully in normal adults and
invaded mesenteric as well as other peripheral lymph nodes and
surrounding tissues, with survival times ranging from 1 to 2.5
months after transplantation. Results of the typing of Thy 1
alloantigens indicated that in all cases the cells from the enlarged
mesenteric lymph nodes had the same Thy 1 alloantigens as did
the tumors transplanted.

Chromosome Analysis. Ten differenttumorsoriginatedfrom
the nonirradiated thymus grafts, and 2 tumors derived from cells
of the irradiated hosts were examined for the existence of
chromosome aberrations by using tumor cells from the first-
passage generation. Chromosome number distributions among
these cell lines are shown in Table 1. They show clearly that,
except for Tumor 12, which had a normal karyotype, all cases
had a varying proportion of cells with additional chromosomes.
Six cases (Tumors 2, 5, 6, 8, 10, and 11) had a significant
proportion of cells with chromosome numbers in the tetraploid
range. Two cases (Tumors 3 and 8) had cells with chromosome
numbers in the hypotriploid range. An excessive number of
chromosome 15, which is known to be characteristic for mouse
thymomas (4), was found in some (Tumors 4 and 9) but not in
all cases (Fig. 1). Moreover, highly condensed chromosomes,
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Chart 2. Cumulative incidence curves of lymphoid tumors and weights of im
planted thymuses. A. cumulative tumor incidence curves for Group 1, 2, and 3
mice. In Group 1, BIO.Thy 1.2 mice were thymectomized (Tx) at the age of 33 Â±3
days. Beginning at 5 days afterwards, 4 whole-body doses of 170 R (170RX4)
each were given at 8-day intervals. Whole thymus glands from 7- Â±2-day-okJ
normal BIO.Thy 1.1 donor mice were implanted s.c. at the right chest portion within
3 hr after the last irradiation. In Group 2, intact BIO.Thy 1.2 mice received 4 whole-
body doses of 170 R each, beginning at 33 Â±3 days of age, at 8-day intervals. In
Group 3, BIO.Thy 1.2 mice were treated as in Group 1 but were not grafted with
thymuses. 8, cumulative tumor incidence curves for 28 of 37 Group 1 mice which
were successfully typed with respect to Thy 1 alloantigens. a, Thy 1.1-type thymic
lymphomas which arose from the lymphoid precursor cells of the nonirradiated
thymus grafts; b. Thy 1.2-type thymic lymphomas which arose from the cells of
the irradiated hosts; c, Thy 1-negative lymphomas. C, weights of implanted thy
muses at the time of sacrifice. O, Thy 1.1 donor type; â€¢Thy 1.2 recipient type.

which are known as c-mitotic chromosomes (17) and are difficult
to distinguish from each other, were found in a number of cells
with abnormal karyotype (Fig. 2).

DISCUSSION

We have presented evidence for the mixed-lymphocyte reac
tivity of thymus cells of 11-day-old C57BL/6 mice against B6C3F,
stimulator cells in vitro (Chart 1A), which suggested that if mature
T-cells had migrated out of the grafted thymus into circulation of
the irradiated Fi recipients (9) they could mount a GVH reaction,
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Table 1

Distribution of chromosome numbers among leukemic cells

Tumor123456789101112Origin
of

tumorDonorDonorDonorDonorDonorDonorDonorDonorDonorDonorHostHostNo.

of
cells ex
amined442756375050465525550504042011441394511204127342442383212811Chromosome

no. distribution incells43

44 50 51 52 53 54 55 56 57 71 72 73 75 76 777813

8 7 2466113411

111121

214
22

1143321279

80 81822

17

22011

11

1 186

89901

3 2

which is often equated with MLR in vitro (41). It is known that
endogenous leukemia viruses are activated during early phases
of a GVH reaction (19-21, 42) and cause a development of

lymphomas (20, 42). It is also known that similar virus particles
bud from transformed lymphocytes following MLR in vitro (1,
21). Thus, we thought that a possible involvement of GVH
reaction-induced leukemia viruses could not be completely ex
cluded in the type of experiments described by Kaplan and others
(2,16,27,30,31). However, even if these experimental systems
did contain such an immunological drawback, we thought that
the implication of Kaplan's original finding was so important

when one attempts to explore the fundamental mechanisms of
radiation leukemogenesis in mice, that it should be reconfirmed
by using a system which does not introduce any immunological
problems. This is why we repeated this experiment with B10(Thy
1.2) and its Thy 1 congenie (BIO.Thy 1.1) mouse strain, which
was established in this laboratory for this particular purpose. The
results reported in this paper indicated conclusively that lymphoid
precursor cells present in the nonirradiated thymus grafts can
indeed develop into lymphomas under the influence of the irra
diated hosts, indicating that Kaplan's original finding was not an

immunological artifact resulting from the activation of leukemo-

geneic viruses by a putative GVH reaction. Thus, it is now safe
to conclude that leukemic cells can develop from nonirradiated
precursor cells under the influence of irradiated host tissues,
strongly reinforcing a view that some kind of indirect action from
the irradiated hosts is involved during the course of radiation
leukemogenesis in mice. This means that we can start anew
toward a search for the agent(s) responsible for this indirect
action of radiation on leukemogenesis, in spite of the reported
evidence against this view (22, 23, 36). One of the major ques
tions to be resolved is the relation of a putative transmissible
agent, which is considered to be responsible for the development
of primary radiogenic leukemia (13), to the radiation leukemia
virus, which can be isolated from established thymic lymphomas
(32).

The results reported in this paper also show that most, if not
all, of the lymphoma cells, including those originating from both
nonirradiated thymus grafts and irradiated hosts, possessed
aberrations of the chromosome complements. These aberrations
are mainly numerical changes of some chromosomes, such as
chromosome 15, or polyploidizations (Table 1; Fig. 1). Moreover,
highly condensed chromosomes, which are known to appear
frequently at early stages of infection with certain viruses (17),
were found in a number of metaphases (Fig. 2). This observation
also favors a view that interaction between the susceptible

lymphoid target cells of the regenerating thymus and leukemo-

genic agents induced by radiation is an important step for the
development of radiogenic lymphomas.
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Fig. 1. Q-banded karotype from Tumor 3. M, marker chromosome the origin of which is not clear.

Fig. 2. c-mitotic chromosomes from Tumor 3.
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