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Fig. 1. (a) The delayed appearance of

tumor nodules, and (b) the prolongation
of life in mice given L1210 cells treated
with thymus DNA.

abolished their inhibitory effect on tu-
mor growth. The temperature denatura-
tion curve for our DNA preparations
was sharp and had a temperature mid-
point at 86°C, as expected for native
thymus DNA (7). Moreover, during the
DNA isolation procedure, the DNA
was extracted repeatedly in a chloro-
form-butanol mixture to remove con-
taminating protein, and ribonuclease
was sometimes used to destroy any
traces of RNA in the DNA prepara-
tion.

It is most unusual that a natural
molecule such as thymus DNA could
prevent the growth of the tumors in
as many as 19 percent of the experi-
mental animals. Even in those animals
that did develop tumors after injection
of DNA-treated cells, the DNA must
have affected the vast majority of the
cells for the following reasons. On the
basis of two cell-generations per day
for L1210 leukemia cells, tumors be-
came palpable in about 14 cell-genera-
tions (7 days) in control animals and in
about 20 cell-generations (10 days) in
the experimental animals (Table 1). Let
us assume that, when first detected,
palpable tumors are composed of a
relatively constant cell number. The
number of cells which must have been
altered by the DNA treatment can now
be calculated. If 21N = 220 (N — n),
then n = 98 percent of N, where N
is the total number of viable cells in-
jected per animal, and n is the number
of DNA-treated cells which do not
form tumor.

Surprisingly, 98 percent of the cells
are susceptible to the action of DNA.
The average lag of 3 days in the ap-
pearance of tumors of DNA-treated
cells in comparison with control cells
can be accounted for by the survival
of only 2 percent of the leukemia cells
following DNA treatment. It is, of
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course, possible that DNA affected all
the cells by temporarily delaying or
permanently lengthening, the cell-gen-
eration time, but this would not readily
explain how tumors were sometimes
completely suppressed. More likely, any
animals that survived free of tumors
did so because most of the DN A-treated
cells were no longer able to form tu-
mors, and because the animals may
have been injected with none or too
few of the unaltered cells.

Apparently, thymus DNA did not
merely destroy the leukemia cells dur-
ing the incubation period, because cell
viability, as determined by the eosin
procedure, was unaffected by DNA.
Eaton et al. (4) had previously demon-
strated, by means of metabolic inhibi-
tors and cell-dilution and cell-respira-
tion techniques, that only nonviable
ascites tumor cells were stained by
eosin. In our experiments, only about
25 percent of the cells that had been
incubated, with or without DNA, were
permeable to eosin. Yet, the DNA-
treated cells may have survived the in-
cubation period only to succumb in
the animal.

We strongly doubt that chromosomal
genetic transformation would explain
our results, since Szybalska and Szybal-
ski (2) found that transformation for a

specific genetic marker was less than
0.1 percent of the total number of
mammalian cells exposed to DNA.
However, the exogenous DNA may
have acted either independently or to-
gether with some endogenous factor(s)
in the cytoplasm or in the extrachro-
mosomal portion of the nucleus in or-
der to prevent the cells from forming
tumor nodules. :
J. LesLiE GLICK
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Department of Biology, Princeton
University, Princeton, New Jersey
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Focal Antibody Production by Transferred Spleen

Cells in Irradiated Mice

Abstract. Lethally irradiated mice were injected with small numbers of normal
spleen cells and then immunized with sheep erythrocytes. Antibody activity was
found in their spleens in localized areas whose number corresponded to the
number of spleen cells injected. When sheep and pig erythrocytes were injected
together, antibody against each was found in separate areas. Each area may
consist of the progeny of a single precursor cell, restricted to forming a single

antibody.

Our understanding of lymphoid-cell
differentiation would be advanced if
the antibody-forming descendants of a
single cell could be tested for their
response to several antigens. In the ab-
sence of an ideal technique for study-
ing antibody-forming cells in vitro,
something may still be learned from
their behavior under controlled condi-

tions in vivo. We now report experi-

ments in which normal (nonimmu-
nized) lymphoid cells were injected
into lethally irradiated syngeneic mice
and then induced to make a primary
response to foreign erythrocytes ().
By using small numbers of donor cells

and studying the distribution of specific
hemolysin in the recipient spleens, we
have shown that the earliest produc-
tion of antibody is localized in a few
small highly active areas, whose num-
ber depends on the number of donor
cells injected. These areas were found
in the central white pulp of the spleen
—ithat is, the mormally lymphopoietic
part—and not in the hemopoietic nod-
ules (2), which do not contain lym-
phocytes or antibody (3). Lymphoid
nodules of the type derived from phyto-
hemagglutinin-stimulated donor cells
(4) were not seen in our experi-
ments.
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Mice, LAF,, aged 12 to 16 weeks
were given a single exposure of either
900 roentgens of 250-kv-peak x-rays or
1260 r of Co®% y-rays; this exposure
was followed by an intravenous injec-
tion of spleen cells from a normal syn-
geneic mouse. These cells were pre-
pared by cutting the spleen in pieces
and teasing out the contents, which
were then made into a single-cell sus-
pension by gentle aspiration through a
series of needles. On the 1st and 4th
days after irradiation, 2 X 108 washed
sheep erythrocytes were injected intra-
venously. On the 8th day the mice were
killed, and their spleens were dissected
under the stereomicroscope. The spleens
were first cut transversely into 12 num-
bered slices, each about 1 mm wide,
and then from each slice the white
pulp was isolated, by trimming off the
red pulp, and cut into about 10 pieces.
Whenever possible the nodular shape
of the white pulp pieces was preserved;
however, since the white pulp is a con-
tinuous tissue sheathing the arterial
tree, discrete nodules or colonies could
not be obtained. The pieces from each
slice were placed on a 1.4-percent
agar layer in a petri dish and overlaid
with 0.7-percent agar containing sheep
erythrocytes, essentially as in the single-
cell hemolysin assay (5). After an hour
at 37°C and the addition of comple-
ment, zones of hemolysis appeared
around some of the pieces, indicating
that antibody had diffused from them.
When the number of active pieces was
small, they were invariably localized to
one or two adjacent slices; in a few
spleens, sliced and numbered in three
dimensions, the activity could often be
localized to a roughly spherical region,
comprising about 2 X 107 to 2 x 1086
cells. When a slice, or slices, contain-
ing one or more active pieces was
flanked by slices without activity, it
was designated as an active area. Be-
cause the original position of each slice
in the spleen was known, we were
able to construct a map of antibody
activity for each spleen, and to esti-
mate the number of active areas.

Mice that were irradiated and im-
munized, but given no spleen cells,
served as controls. Bone marrow was
not given, since prolonged survival was
not required, and all the mice ap-
peared healthy at autopsy.

In 30 spleens from mice receiving
1 X 10% spleen cells, an average of
about two active areas was found, with
a -variation closely fitting the Poisson
distribution (Table 1). No particular
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region of the spleen seemed to be sig-
nificantly favored as the site of ac-
tivity. In another 41 mice receiving dif-
ferent numbers of spleen cells, the
number of active areas was in propor-
tion to the number of cells injected
(Fig. 1). Not more than three active
areas in one spleen could be separately
distinguished with accuracy, on ac-
count of confluence, so that the re-
sults for cell doses above 1 X 10¢ are
not as reliable as those for the lower
doses, where most of the spleens had
either one area or none. In ten mice
receiving 2 X 10° or fewer cells, no
activity was found. Varying the dose
and timing of antigen, the day of assay,
the number of slices cut, the extent of
trimming and the size of white pulp
pieces, or the time of incubation and
concentration of complement, influenced
somewhat the degree of lysis, but these
factors did not alter the average num-
ber of active areas found. The degree
of lysis also varied considerably within
each experiment, and often within each
spleen; however, the distinction be-
tween active and inactive areas was al-
ways clear-cut. Therefore it seems
likely that each active area originates
from some element in the donor inocu-
lum, quite possibly from a single pre-
cursor cell.

If this is so, a method is available
which makes it possible to single out
the precursors of antibody-forming
cells, at least on a functional basis,
and study the immunological responses
of their progeny. Our results (two ac-
tive areas per 1 X 10 spleen cells
injected) refer to all areas with detect-
able activity; about half of these con-
tained pieces with significantly more ac-
tivity, as judged arbitrarily by a zone
of lysis at least 1 mm in radius. These
areas were designated “++4” and are
listed separately in Tables 1 and 2 and
Fig. 1. Whether the distinction de-
pends solely on the numbers of anti-
body-forming cells in each piece, or
whether there are qualitative differences
in the antibodies, remains to be es-
tablished. Great heterogeneity is found
among the antibodies formed against
even a simple determinant (6).

The number of antibody-forming
cells per active area was not mea-
sured directly, but spleen pieces of simi-
lar size from a nonirradiated mouse,
immunized with sheep cells, produced
“++7 lysis by the 4th day. At this
time eight pieces, instead of being
plated, were tested for their content
of single plaque-forming cells, and con-

tained 200 = 117. This, then, may be a
rough indication of the number of
plaque-forming cells responsible for an
active piece in the irradiated animals;
an active area might contain from one
to five such active pieces, and there-
fore, at the most, about 1000 plaque-
forming cells, which would represent
ten divisions of a single cell.

The figure of two areas, and
therefore two postulated precursor

Table 1. Distribution of antibody against
sheep erythrocytes in 30 spleens from mice
receiving 1 X 10° normal spleen cells.

Expected
Active from
areas Sgi,ifr)ls Poisson x°
(No.) : distribution
(No.)
All active areas (mean>1.96 per spleen)
0 3 4.05 0.56
1 6 8.13 0.69
2 10 8.13 0.53
3 or more 11 9.69 0.21

(P=0.3 for 2 degrees of freedom)
“~+ " active areas only (mean> 1.1 per spleen)

9 9.99 0.10

1 10 10.99 0.09

2 9 6.04 1.45

3 or more 2 2.98 0.48

(P=0.3 for 2 degrees of freedom)

Table 2. Calculation of the fraction of the
injected precursor cells that give rise to active
areas in the spleen. For the first irradiated
hosts the numbers show the predicted num-
bers of active areas per spleen; these are
equivalent to the number of precursor cells
in the spleen. For the second irradiated hosts,
injected with half a spleen from the first
hosts, the number of active areas expected
would be equal to the number of precursor
cells injected.

Second host

Active iirstt -
areas 05 Expected  Determined
(No.) (No.) (No.)
Expt. 1: 50 X 10° cells
All 20 10 0.25
+ - 11 5.5 0
Exp. 2: 50 % 10° cells
All 100 50 1.75
+ - 55 27.5 1.0

Table 3. Distribution of antibody against
sheep and pig erythrocytes (rbc) in 20 spleens
from mice receiving various numbers of
normal spleen cells. In each vertical column,
every number represents a single mouse; the
numbers in columns 2, 3, and 4 represent
the same animals.

Cells Number of areas
injected active against rbc of:
(No.) Sheep Pig  Sheep--pig
4 X108 0,1,1 1,1,2 0,0,0
1,0,1 1,1,0 0,0,0°
1 x10° 1,0,2,0 1,1,1,1  0,0,0,0
1,2,2,0 2,2,2,1 0,1,2,0
1.5 x 10° 32,1 02,2 0,1,1
2,3,3 1,2,2 0,1,1
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sheep erythrocytes in 81 spleens from
mice receiving various numbers of normal
spleen cells.

cells, per million injected spleen cells,
is clearly a lower limit, since not all
the injected cells can be expected to
settle in the spleen. The fraction which
does can be estimated by reinjecting
the whole or a part of a spleen whose
content of precursor cells is already
known. For example, in one experi-
ment 50 X 10 normal spleen cells
were injected into four irradiated mice,
and | day later their spleens were
pooled and reinjected into another
eight irradiated mice, which were then
immunized and assayed as usual. As
Table 2 shows, a considerable reduc-
tion in activity resulted from the trans-
fer, and therefore presumably from
any such transfer, so that only about
4 percent of the injected precursor
cells settle in the spleen. Thus the two
active areas of antibody against sheep
erythrocytes normally derived from a
million spleen cells represent about 50
precursor cells in the inoculum, which
is equivalent to 1 per 20,000 cells, or
about 5000 per normal spleen.

A major question at this stage is
whether the active areas discussed
above contain all the antibody activity
in the irradiated spleen, or only the
activity against sheep erythrocytes. To
investigate this, the response to a sec-
ond, noncross-reacting antigen was si-
multaneously measured. The mice were
immunized with 2 X 108 pig erythro-
cytes at the same time as with the
sheep erythrocytes. For the assay a
second agar overlay, containing pig
erythrocytes, was poured on top of the
first, which contained the sheep cells

1000

(or vice versa). The layer in which
lysis occurred could be identified by
focusing up and down with the stereo-
microscope, or by peeling off the top
layer to reveal the lower. In nonir-
radiated mice injected with sheep cells
or pig cells or both and assayed on
double-overlay plates, lysis consistently
developed in the appropriate layer or
layers, regardless of which layer was
on top; no cross-reaction was detect-
able under these conditions. In the
nonirradiated, doubly immunized ani-
mals, killed on the 4th day after im-
munization, essentially every piece of
the spleen white pulp (300 to 400
pieces) produced lysis of both types
of erythrocyte. In 20 irradiated ani-
mals given normal spleen cells and then
doubly immunized, activity against both
sheep and pig erythrocytes was detect-
able, but in different areas (Table 3).
With the larger spleen-cell doses there
was occasional overlapping, but maxi-
mum activity against both antigens was
never found in the same piece. Five
spleens had active areas against pig
cells only; two had activity only against
sheep cells.

We conclude that if single precursor
cells are in fact responsible for the
areas of localized antibody formation,
which are apparently of a single spe-
cificity, the progeny of each precursor
must be restricted to forming exclu-
sively, or predominantly, a single type
of antibody. Whether this restriction is
imposed by contact with the antigen,
or whether it is inherent in the pre-
cursor cell itself, remains to be demon-
strated.

JouN H. L. PLAYFAIR
BEN W. PAPERMASTER
Department of Bacteriology and
Immunology, University of California,
Berkeley
LEONARD J. COLE
U.S. Naval Radiation Defense
Laboratory, San Francisco, California
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Interocular Transfer in Goldfish:
Color Easier than Pattern

Abstract. Goldfish were trained to
monocularly discriminate different pat-
terns that also differed in color. When
tested with reversed combinations of
color and pattern cues, the fish re-
sponded on the basis of pattern while
using the trained eye but on the basis
of color while using the untrained eye.
Interhemispheric transfer of color in-
formation was therefore more effective
than that of pattern.

Binocular integration of visual be-
havior has special application among
those vertebrates whose optic pathways
are completely crossed. In the fish,
visual input is projected from each eye
only to the contralateral optic tectum
(/). However, visual information must
reach the ipsilateral half of the brain,
because fish trained to discriminate
colors or shapes monocularly can dis-
criminate effectively when tested while
using the untrained eye alone (2). The
phenomenon of interocular transfer im-
plies that each half of the brain has
access to visual information that reaches
it by way of two separate channels:
(i) the direct retinotectal input and (i)
information arriving by way of certain
unspecified commissural pathways. The
function of these commissures is anal-
ogous to that of the corpus callosum
of mammals, which relays visual infor-
mation between the cerebral hemi-
spheres of cat and monkey (3).

The intact fish apparently behaves
much like a mammal with a split optic
chiasma, in which visual input travels
to only one-half of the brain. Like
mammals prepared in this - way (3),
goldfish show definite limits to interocu-
lar transfer (4) and also can learn to
discriminate opposing shapes by way of
opposite eyes (5). Neither in fish nor
in mammals do the commissural path-
ways transmit an identical copy of the
visual world as viewed by the directly
stimulated half of the brain. For these
reasons, new paradigms developed for
analysis of interocular equivalence in
fish should prove useful in exploring
the functions of the more complex
mammalian brain.

Most investigations of interhemi-
spheric relations in various mammals
have been concerned with measure-
ment of interocular transfer after vari-
ous midline surgical transections. The
extent of transfer varies with the meth-
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