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â€œLookfor experimentsof light, not for experimentsof fruit,
for experimentsof light will pull after them whole carloads
of fruit.â€•

FrancisBacon, Novum Organum

In retrospect, it seems to have been my good fortune to
enter cancer research at one of its gloomiest points
although it seemed anything but opportune, considering
the hardships awaiting the initiate. They say the great
German scientist Paul Ehrlich in those days had scribed
above his laboratory door this warning: â€œAbandonhope, all
who enter here.â€•Another caustic offering was posted
inside: â€œManya man has distinguished himself in science,
then made a fool of himself by entering cancer research.â€•

The scientific community in 1919 was still in ferment over
the rediscovery only a few years earlier of Gregor Mendel's
principles of genetics. Brilliant observations by such men as
T. H. Morgan and his Columbia groupâ€”Muller, Sturtevant,
Bridges â€”and controversies boiling on several fronts
furnished exciting stimuli. Yet frustration over the
inadequacy of available tools and methods for cancer
studies set the stage for important contributions.

The potential importance of the mouse as a model system
for experimental research had been recognized as early as
1889, when it was found that malignant tumors could be
successfully transplanted in the species. A period of highly
naÃ¯veoptimism followed. It was supposed by some that,
with such a splendid tool available, all the ails of mankind
might be expected to yield swiftly to science. Particularly
bright was the hope that the great riddle of cancer might
thus soon be resolved.

The â€œmousers,â€•led principally by E. E. Tyzzer and W. C.
Castle at Harvard, were tinkering with various aspects of
mouse genetics. Halsey Bagg at Memorial Hospital in New
York had an interesting albino strain under study, and C. C.
Little carried the mouse model idea to Cold Spring Harbor,
where he continued work on a partially inbred strain of
dilute brown mice but lost his colony in a paratyphoid
epidemic. Maud Slye at the University of Chicago
completed a brilliant study on the dominant-recessive
question of cancer in mice, almost proving the genetic link,
but then drew an upside-down conclusion by misreading
her data.

Optimism gradually faded as it was found that results
from experiments with mice varied so greatly that an

investigator often could not even verify his own
observations, much less expect a second researcher in
another laboratory to do so. Cancer research again fell into
the doldrums.

The trouble with mice was their individuality. Each mouse
had a unique genetic constitution that produced equally
unique experimental results, and there did not seem to be
much hope for remedying these shortcomings. While the
science of genetics furnished the theoretical means of
standardizing animals through intensive inbreeding,
nature's taboos against meddling thus with the order of
things were held by such high authorities as W. E. Castle to
be invincible.

It is certainly true that the natural scheme for preservation
of the species discourages incest in an extremely effective
manner. In the grip of the debilitating ailments that surface
through the pairing of recessive genes, an inbreeding
species grows delicate and sickly, easy prey to disease. For
stragglers able to survive these hazards, a barrier of sterility
looms as the 10th generation of inbreeding is approached.
Few scientists seriously believed that a viable strain of
inbreds could be continued, even if briefly achieved.

In 1919, headed for a career in cancer research, I was a
graduate student at Columbia University under the tutelage
of the celebrated geneticist Thomas Hunt Morgan. Although
Morgan was skeptical about the possible genetic link in the
origin of cancer, I was impressed by the prevalence of the
disease in my own family and by other scattered evidence
and was determined to investigate that link.

At the opening of this article, I quoted an idea from the
great 17th-century philosopher Francis Bacon. Let me
pause here to add some other ideas from Bacon that
became lodged in my mind as I entered cancer research:

â€œItwould bean unsoundfancy . . . to expect that things
which have never yet been done can be done except by
meanswhich have neveryet been tried.â€•

,, . . . for that school [is] so busied with the particles that

it hardly attends the structure; while others are so lost in
admiration of the structure that they do not penetrate to
the simplicity of nature. These kinds of contemplation
should therefore be alternated and taken by turns.â€•

â€œThevery haste with which you go will make you lose
your way.â€•

Taken together, these four aphorisms encapsulate my
scientific philosophy and have dictated the course of my
research career.

In looking for a place to begin my research, I was
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impressed with Professor Morgan's achievements in the
application of statistical methods to biology through the use
of fruit flies. With them, Morgan et al. had, only a few years
earlier, discovered the sex-linked chromosome. I became
obsessed with applying these same techniques of
quantitation to cancer research through the science of
genetics. But the fruit fly would not serve my purpose; I
needed a small mammal in which cancer naturally occurs,
one both plentiful and cheap to maintain.

Except for its cussed variability, the mouse was the best
available candidate, among mammals second only to man
in the frequency and variety of spontaneous cancer.
Regrettably, the frequency of occurrence was still all too
rare; a single mouse with a spontaneous tumor was selling
for $300 in laboratories on the eastern seaboard. The use of
mice in the numbers needed for quantitative research
necessitated a ready supply at minimum cost.

From the outset, I was leery of the transplantation
technique. It seemed to me that the host factor must be of
prime importance in any attempt to understand the nature
of cancer, and with transplants the host was ignored.
Nonetheless, lacking alternatives, I launched an experiment
to measure the effect of castration on the growth of
transplanted tumors.

Actual engagement in the work led me to question anew
the pitfalls of the method. How, I wondered, can you
distinguish between the mechanisms of cancer and the
mechanisms of rejection? Also a matter for concern was the
unpredictable course of transplants; sometimes they grew
and sometimes they did not. Even with the most meticulous
work, the success rate varied between 10 and 40%. If the
tumor did grow progressively, the growth rates of the same
tumor in a series would vary. Could the reason be genetic?

These first gropings spurred a change of direction; work
on the effects of castration was set aside in favor of a plan to
attempt genetic analysis of factors underlying susceptibility
and resistance to transplanted tumors. It had been my intent
to use some of C. C. Little's experimental dilute browns for
my study. Accordingly, I found an opportunity to spend the
summer of 1919 with him at the Carnegie Institute of
Washington at Cold Spring Harbor on Long Island.

After a brief pause during which I married Katherine
Bittner from my native Pennsylvania, a honeymoon
residence was set up in a tent on the Cold Spring Harbor
grounds where married students were being housed for the
summer. The paratyphoid epidemic destroyed Little's
mouse colony just as we were settling in. This forced a
drastic change in plans. I was obliged instead to capture
wild mice and start sorting out their hereditary traits
through the tedious processes of mate, wait, and mate
again.

Out of the fear that contamination would occur in the
blitzed mouse laboratory at Cold Spring Harbor, we kept the
wild mice under the bed in the honeymoon tent. Since
cages were hard to come by, any old wooden box, fitted
with a screen-wire cover, was pressed into use. (As I recall,
wooden cheese boxes were considered prize finds.) The
nutritional program for the mice consisted of bread scraps
begged from the mess hall, combined with wild grass seeds
gathered in the open fields and canned milk purchased out
of a very slender budget.

Later that summer, Little learned that a pair of old dilute
browns survived in Tyzzer's laboratory, where the strain had
earlier been started. Tyzzer obligingly shipped them to Cold
Spring Harbor, but seeing their advanced age, Little
despaired of their breeding and gave them to me. I assigned
them a box and put them into the tent where the wild mice
were now multiplying at a rate gratifying to me and alarming
to Katherine. By a visitation of luck, one last creative spark
ignited in the old pair but, since the resulting litter
contained only one female, this point of revival for the dilute
browns was tenuous.

Meanwhile, my attentions had become engaged with the
fascinating genetic events taking place among the evolving
wild mice. Even before the analysis had been completed, it
was obvious that susceptibility and resistance to
transplanted tumors were genetically controlled. The
unfolding results cemented my distrust of transplantation
as a means of tackling the cancer problem. Unknown
variables in the host and its tumor were being added to
unknown variables in another host and its reaction to the
tumor, and these were hopelessly compounded by adding
the unknown variables of rejection mechanisms to the
equation. Obviously, reliable data could not be obtained or
even expected.

These experimental results and deliberations were potent
forces in bending my mind to the task of remodeling Mus
musculus. I could not see how any real progress could be
made until such a tool was fashioned. The arguments
against such a project had been running through my mind
for a long time. Maybe the much-feared sterility barrier was
not as absolute as assumed. If sufficient numbers of mice
were used, it might be possible to squeak through the
critical generations. As for the predicted fatal delicacy (to
which the experts attributed the fate of Little's colony), it
seemed to me that once all of the debilitating recessive
traits had been bred out, there would be room to suppose
that an inbred strain could be as hardy as needed, provided
adequate standards of laboratory hygiene were observed.

Just how I would finance the project, which would
assuredly take years, I had no idea. At that time there were
no multimillion dollar federal grants or Leviathan
foundations to support research. Private means sustained
some who wanted to do research, but we were as poor as
the church mouse of proverb. Even the educational
program was being completed on borrowed money. But
obsession pays small heed to arguments of reason.
Somehow, a way would be found to do something that
needed doing so much.

Foundations for the development of a better mouse were
laid in the summer of 1920. One of Halsey Bagg's albinos,
which he claimed were inbred but which proved to be
nothing of the sort, was chosen as â€œgreatwhite mother.â€•
Another albino, borrowed from C. C. Little and originating
from a commercial colony at Storrs, Conn. , was sire. The
progeny were labeled simply, alphabetically, the A strain.
Homozygosity was the chief aim. To her lasting credit,
Katherine encouraged the enterprise and never once
flagged in her encouragement and active help throughout
what was to be an extraordinary ordeal in our lives.

In July 1921, doctoral work completed, we took a
proliferating mouse colony to Annandale-on-Hudson in
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upper New York State, where I began my first teaching
appointment in the biology department of St. Stephens
(now Bard's) College. It was an Episcopal institution, and
since the current rector lived on campus our entourage,
now numbering 3 humans and about 400 mice, was
installed in the vacant Episcopal manse at Barrytown-Four
Corners. Because no laboratory was available, the mice
took up residence in the upstairs back bedroom of the
manse. The intense musty-mousy odor that pervaded the
house was no more of an inconvenience than many others
endured during that period. The arrangement was at any
rate convenient, since it allowed Katherine, now expecting
a second child, to care for Leonell, Jr. , while continuing her
services as chief caretaker and statistician for the mouse
colony.

This serendipity was shattered abruptly just as winter set
in. Word had reached local parishioners that the manse was
being profaned by unspeakable creatures. An eviction
notice for the mice was not long in coming, and they were
transferred to the only alternative, an abandoned chicken
coop behind the biology building. By nailing several layers
of tarpaper on the structure to keep out the cold and
installing a galvanized metal floor to keep wild rats out, we
transformed the chicken coop into the first Strong
laboratory for mammalian genetics. Its only refinements
were a single electric bulb powered by a wire strung from
the biology building and a borrowed potbelly stove, which
later proved to be a treacherous villain.

A strict brother-to-sister mating system was adopted for
development of the inbreds, with the exception of a few
mother-to-son matings. The hardiest pair in each descent
was chosen to continue the line. Gradually, the numbers of
shared genes were reduced by this means. As the
inbreeding animals lost hardiness and vitality, I expanded
the number of breeders to increase the margin of safety.
Efforts to guard the mice against disease required stringent
sanitation standards, and the work of caring for the colony
became an increasing burden. Recording of pedigrees was
another ever-expanding chore.

But the mice progressed. Soon they were eating us out of
house and home, quite literally. Often it was only the
college garden that ensured food for our table, and
Katherine had already been scolded by Bernard Iddings
Bell, St. Stephens president, for taking too freely of the
vegetables. Fortunately, recognition of my work had begun
to spread. Through the interest of James Murphy's group I
was invited in the winter of 1922 to lecture at Rockefeller
Institute. As a result, Simon Flexner, Institute Director,
made available a grant of $2,500 for support of the project.

The project, however, kept expanding. Shortly after
initiation of the A strain, an outcross had been made
between one of these albinos and a survivor from Little's
dilute browns. Cancer, although infrequent, was known to
occur in both ancestral stocks. This hybrid cross was
designed to test the idea that an increase in variability ought
to increase the incidence of spontaneous tumors, the
rationale being that cancer is just one more variable.
Continued hybridizing in this stock proved the prediction
true. Subsequent mating of a cancer-bearing mouse with a
normal one produced the disease in the telltale 3:1 Men
delian ratio in the F2 generation, a result that became the

first laboratory proof that cancer is inheritedâ€”and as a
dominant traitâ€”contrary to Maud SIye's conclusion that the
trait was recessive. This historic mating was the start of the
well-known C3H high-tumor subline. At the same time,
selection towards resistance, set up with this stock, pro
duced the C121, the CHI, and the CBA. The latter, selected
for longevity, will still outlive any mouse in the laboratory.

It was impossible to pass up any interesting trait that
appeared in the evolving mice, and thus a great many
descents were set up from mice showing characteristics
that were thought to be of importance for further study. This
haphazard expansion constantly strained the budget. By
the third year of work, application for funds was made to
Columbia. Francis Carter Wood agreed to advance $200 in
exchange for 800 mice of the evolving A strain, to be
delivered over a year's time. To accept meant virtually
giving away all of the animals needed for my own research
program, but the situation was, as usual, desperate, so the
deal was accepted.

As had been expected, a kaleidoscope of congenital
defects began to appear in the mice in advanced
generations of inbreeding. Cleft palate, cranial and skeletal
malformations, blindness, and such lethal defects as spina
bifida began to decimate the ranks of the mice as pairing of
recessive genes opened the Pandora's box of hereditary
disease and disability in the evolving strain.

By the winter of 1924, a critical stage of the inbreeding
experiment had been reached. Numbers dwindled as the
mice moved into the advanced generations, and sterility
became widespread. Even so, a handful of mice of the 7th
generation were successfully mated and their littering was
awaited with high expectation.

It was at this point that the coal-burning potbelly stove
betrayed us. A student helper in the lab, charged with
stoking the fire and banking it for the night, was in a hurry to
get away for some social event on a night when I was
lecturing. He banked the coal too soon, and poisonous
gases escaped into the poorly ventilated shack, wiping out
80% of the mouse colony. Assessment of the damage the
next morning showed that a lone pregnant female of the A
strain had survived. By so slender a thread hung the â€œbetter
mouse,' â€˜ancestor of countless derived sublines used ever
since throughout the world in medical research. It may be
guessed that the days until that mouse littered were tense,
anxious ones. Luckily, none of the sublines was entirely
erased in the disaster, and in due time their numbers were
multiplied to a safer level.

In the spring of 1925, I was offered an appointment at the
University of Pittsburgh through George Gey's interest in
my work. Higher pay and better research facilities made it a
tempting offer, but there were serious drawbacks to moving
the mice, now in the most fragile stage of evolution. I
decided to discuss the offer with Dr. Bell, who assured me
that my best interests would be served by staying at St.
Stephens. Thus, I turned the offer down. It was therefore no
small surprise to discover by way of a note tacked to the
bulletin board at the end of the term that my appointment at
St. Stephens was being terminated.

No satisfactory explanation for this unhappy turn of
events was ever made. My elective classes had more than
doubled in my second year of teaching, and my work had
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been pronounced satisfactory in every way. It was a dismay
ing situation, too late in the year to hope for an appointment
elsewhere. Letters to nearly every university in the country
elicited no offer. Without savings, survival for our family
was problematical; for the mice it was impossible. Contem
plating the awful prospect of killing off the inbreds and
abandoning the work, I considered abandoning science
too. I thought perhaps I should become a missionary.

Help came from an unexpected quarter. Professor Castle
at Harvard, chief scoffer at the folly of trying to establish a
strain of inbreds, sent word that he would take the mice into
his laboratory at Bussey Institute. Sadly, he could offer me
no position. Dean Edsel of the Medical School was abroad,
so no appeal for emergency funds could be made. A request
to the Rockefeller Institute for a grant to support work at
Bussey was deferred because Simon Flexner was also
abroad.

The Strong family stored its furniture and once more
moved into a tent, this one on the grounds of Bussey Insti
tute. With two small children sharing it, it was no honey
moon tent this time. When the winter cold drove us out of it,
we took to sleeping on the benches in the institute audito
rium. Our endurance was pushed to the limit when Kather
me required surgery for a spinal ailment.

Mercifully, Simon Flexner returned from his travels and
quickly approved funds for a one-year fellowship at Bussey
Institute. During the stay at Bussey, the A strain, that ubiqui
tous pink-eyed white mouse of laboratory fame, was fully
inbred. Individual mice were more alike biologically than
identical twins. For the first time, experiments with the
mouse model system returned uniform, reliable, repeatable
results with mathematical precision. As had been hoped,
this blue-blooded mouse race proved the doom criers
wrong by developing a new vigor once the threatening
recessive genes had been bred out. They were more lus
trous of coat, brighter eyed, and livelier than their wild
ancestors.

Even more exciting for cancer research was the fully
inbred C3H mouse. Not only had variability been eliminated,
but in this subline every female developed cancer of the
mammary gland at approximately 6 months of age. By every
known test of malignancy, the C3H is the most cancerous
mouse in existence. Also in the complement of new mouse
tools for quantitative research were the C12l and CHI with
intermediate tumor appearance and the long-lived CBA with
low cancer incidence. Production of this cancer-resistant
mouse had been designed as a means to apply comparative
analysis between the cancer and noncancer states.

Another crop of inbred sublines was begun in 1926, dur
ing the stay at Bussey. These included the F/St whiteface,
valuable for a high incidence of leukemia in the older ani
mals; l/St, recessive; L/St, low in incidence of mammary
gland tumors, with some lymphoblastoma, retinal opacity;
and N/St with low tumor incidence and resistance to chemi
cally induced tumors. Completing the lineup were Little's
lost dilute browns, reconstituted from the ancient remnants
of his colony and now fully inbred and pedigreed. It was my
pleasure to present Little with a gift of breeding stock for his
old line. I told him then that I should not have saved them
because it cinched his place in history as the developer of

the first successful inbred strain of mice. In turn, Little
shared with me his newly established black C57 line, de
scendants of which still exist in my laboratory today.

Little had just become president of the University of Mich
igan, and I accepted his invitation to help build a depart
ment of cancer research. The mouse colony, now com
manding considerable attention in the scientific world, was
moved to Ann Arbor in late June 1927.

Work toward stabilizing the inbred strains, and a half
dozen experiments involving them, continued amidst a ris
ing clamor from other investigators who wanted the mice
for their work. When possible, a breeding pair was sent to
anyone requesting them. Memorably, one of the first such
pairs was a gift to Marie Curie. Keeping up with the demand,
however, was far beyond the capacities of my small labora
tory. When it was impossible to fill requests for the mice,
there were grumblings that Strong was uncooperative. A
few even complained that I was trying to restrict scientific
material for my own selfish use. These charges were never
justified. Few people realized that the inbreds had been
created in the first place as a means of opening my own
scientific line of inquiry into the cancer problem. I was glad
to share the mice, but I had no intention of abandoning my
career in cancer research to become a supplier of labora
tory animals for others.

Transplantation studies, when inbred strains of known
genetic constitution were used, proved valuable in further
analysis of susceptibility and resistance. These studies were
greatly expanded between 1926 and 1930, and several con
clusions were published. Among these was the cautious
statement that â€˜â€˜thefate of the implanted tumor tissue, when
placed in a given host, is brought about by a reaction
between the host, determined to a large extent by its ge
netic constitution, and the transplantable tumor cell, con
trolled to some extent by certain intrinsic factors.â€•

Francis Carter Wood challenged this conclusion, claim
ing that my results had been obtained with special neoplas
tic tissues and could not be duplicated with other better
known transplantable tumors. (At this time, many scientists
were convinced that the process of inbreeding somehow
added something â€œunnaturalâ€• to the constitution of a
mouse.) Wood said that tumors had been known that were
nonspecific, i.e. , they would grow in all mice irrespective of
genetic relationship; consequently, the phenomenon of
Mendelian segregation would probably not apply to them.
He intimated that these nonspecific tissues were nearer to
human cancers than any others found in mice: â€œItlooks as if
all the genetic factors necessary to make mouse might be
sufficient for susceptibility to these non-specific tumors.â€•

After inoculating some 500 mice, derived from as hetero
geneous stocks as I could possibly obtain, I was nearly of
the same opinion myself, since I had obtained only 3 nega
tive ones. Two of these mice died without leaving any prog
eny. The other one, a male, was used extensively for breed
ing purposes. After six years of a tedious grind, using the
selection of negative mice in breeding, I was able to develop
a stock 100% resistant to this transplant. I was satisfied that
all factors that â€œmake mouseâ€•do not control the transplant
ability of this tumor. When I later referred to Wood's â€œnon
specific' â€˜transplant as a â€œbeast,â€•he was puzzled and quite
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amused when I told him it was because it had put me to so observations on spontaneous tumors were already exten
much work to prove him wrong.

By the end of my first decade in cancer research, a suita
ble animal model system for quantitative research had been
developed; a ready and inexpensive source of spontaneous
tumors had been created; principles for mammalian in
breeding were firmly established; analysis of genetic factors
underlying susceptibility and resistance to transplanted tu
mors had been substantially resolved; evidence of a somatic
mutation in the origin of cancer had been published; and

The drawing of Dr. Strong was made during early cancer meetings by the
well-known virologist, F. Duran-Reynals.

sive. Efforts were also being made to devise methods by
which the physiological differences among mice that varied
in relation to transplantable and spontaneous tumors could
be determined.

The impact of the inbred mouse strains on work that took
place within the next few years can be traced to the work of
scores of investigators in many fields of cancer research. In
1930 C. C. Little resigned the presidency at Michigan to set
up an independent cancer research laboratory financed by
the well-to-do in the Detroit automobile industry. Since
most of these donors had summer homes at Bar Harbor,
Maine, the Roscoe B. Jackson Laboratory was established
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there on donated land. Along with others from the cancer
research department of the University of Michigan, I joined
with him in founding the new laboratory.

With the great Depression upon us, however, the ex
pected support from the original donors presently dwindled
to bare trickles. To survive we set up a plan to support the
laboratory and its work through the sale of inbred mice to
other investigators, since demands for them had continued
to grow. The numerous lines I had developed, plus Little's
strains and a few others gathered from various sources,
comprised the inventory.

Intent upon building the institution and its trade, Little
lectured widely on the virtues of the inbreds for research;
his name became so closely associated with inbred mice
that many assumed that he was their sole originator. The
impression was further spread when Professor J. B. Hal
dane of London University paid a visit to The Jackson Labo
ratory to hear about our genetic wonders. I presented Hal
dane with a gift of the best breeding stock in my laboratory
to take back to England. Apparently out of deference to
Little as Director of the Laboratory that housed them, he
introduced the mice into England as the â€œLittle Inbred
Mouse Strains.â€•This error was not corrected until nearly a
decade later when H. B. Andervont of the National Cancer
Institute attempted to set the record straight at a Leeds
genetics meeting.

The early confusion still continues in some quarters.
Some think the credit belongs to Maud SIye; others believe
the inbreds to be the work of John Bittner, a graduate
student of mine who took some of them with him to the
University of Minnesota; and still others continue to sup
pose that C. C. Little was the originator of all inbreds.

At Bar Harbor, the real work for which I had intended my
inbred mice was finally begun. With the strains fully stabi
lized and basic studies on their characteristics complete
along with the development of a systematic means of dis
tributing them so that other investigators no longer needed
to rap at my door for themâ€”the decks were clear.

Much thought had been given to the earlier evidence of a
somatic mutation in the origin of cancer. Extensive glean
ing in the literature brought to my attention an observation
by H. H. Plough showing the effect of temperature in the
genetic phenomenon of crossing over. This clue and others
directed me to studies on metabolic changes and the com
parative analysis of these levels in high-tumor and non
tumor strains of mice. Among the significant observations
was a precipitous drop in hemoglobin before onset of can
cer. Pursuit of this lead called for collaboration with other
specialists, which was a problem since all of us at Jackson
were geneticists. Also needed were better facilities for
measuring small fluctuations in hemoglobin and for study
of oxidative processes.

These requirements prompted a move to Yale University
in 1933. Unfortunately, the higher minds at Yale thought it
unseemly for a geneticist to attempt hemoglobin measure
ment, so the lead that had prompted the move was never
adequately followed up in my own work. Studies on chemi
cal carcinogens, however, soon engaged me in experimen
tation that was to provide fascinating insights into the
fundamental nature of cancer and give further shape to a

view of the cancer problem that is sometimes considered
maverick, if not downright controversial.

The most provocative of these studies was one designed
to construct with mice a model population that, under care
fully controlled conditions, would approximate the cancer
problem in the human population with all of its variations.2
The results of this study, being unexpected and on too large
a scale for easy verification, prompted extraordinary efforts
to substantiate observations by repeating them many times
in very large numbers of animals. I am convinced that im
portant insights into the nature of cancer were obtained
through this series of experiments and that the work merits
thoughtful review, although now it is almost forgotten.

The initial step was to cross two inbred strains. Before
hybridity could be diminished (hence variability), another
outcross to a third inbred strain was made. Theoretically,
the resulting highly heterogeneous state could be gradually
reduced by inbreeding until the biological state in the
mouse population transected the biological state of man.
Induction of tumors was obtained through injections of 20-
methylcholanthrene, effects of which had already been
measured on strains of mice varying in susceptibility and
resistance to chemical tumor induction.

Selection toward resistance to all chemically induced tu
mors was constantly employed. (Without selection the only
chemically induced tumor to be expected was fibrosarcoma
at the site of injection.) Between F and F2,these fibrosarco
mas, as well as lung adenomas, appeared to respond to
selection. However, beginning with F@(presumably the
point at which the cumulative effects of chemical insult in
the descent began to show its effects), there was a reversal
of susceptibility to these tumors in spite of selection toward
greater resistance. Following a period of delayed latency for
the appearance of fibrosarcomas (the result of selection
toward resistance to such tumors), there was a progres
sively earlier appearance of these tumors counter to the
trend of selection. This phenomenon of reversed suscepti
bility occurred in all selected lines and must be considered
the rule.

Another unexpected observation was that the latent pe
nod for the appearance of any specific type of tumor could
not be increased by genetic selection toward resistance to
chemically induced tumors; what actually occurred was that
one type of tumor was replaced by another histologically
different tumor with a longer latency period.

Eventually, a great many of the types of human cancer
appeared each in its turn in the mouse population, even
myelogenous leukemia, which rarely occurs in mice. Be
tween the F4 and F21,generations, the total of induced tu
mors (percentage incidence) did not change; there was
merely a shift in the histological types of tumors. (Adenoma
tous lesions near the pylorus and papillomas of the fore
stomach, over which controversy simmered for some time,
appeared in mice only during intermediate generations F4to
F,4.)

Here was compelling evidence of an organic relationship
among all types of cancer. Combining this finding with
other evidence, I have since come to the view (which turns

2 References for the following discussion are contained in Biological

Aspects of Cancer and Aging (1 ) in the chapter on historical perspective.
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some of my colleagues apoplectic) that cancer is essentially
one disease. I believe the reason that various types of can
cer look and behave dissimilarly lies in the differentiation of
tissues. Lung cancer is not like bone cancer simply because
lung tissue is not like bone tissue. All cancers have at least
one thing in common. The organism has lost control of a
definitive part.

A number of new sublines of inbred mice were estab
lished out of.this series as various types of cancer emerged.
Most were studied and allowed to die out, since it was
impossible to support their sheer numbers. In all, 41 differ
ent sublines have been in existence at one time or another.
Of the methylcholanthrene descents, only the BRS subline,
in which gastric lesions occur, still exists. There is no de
mand for these mice, but I have continued them in my own
laboratory for many years because of their obvious potential
value in heart disease research. They are prone to adiposity
and develop calcium deposits in the heart and arteries.

Earlier experiments in the methylcholanthrene series had
already revealed that the mutation rate greatly increased in
descendants of methylcholanthrene ancestry. Thus a car
cinogen was also found to be a mutagen. Again, the same
phenomenon of variations taking place counter to the trend
of genetic selection had occurred several times in a poly
dactylous descent. An unstable pleomorphic gene has been
implicated in the appearance of polydactyly.

Twelve years and 80,000 mice later, at the close of this
experimental series, I began to suspect that a compensatory
mechanism was at work where biological equilibrium had
been disturbed. Many new leads for further studies had
come out of this series, but my 20 years at Yale were
drawing to a close.

In 1953, I moved the mouse colony to Roswell Park Me
morial Institute's biological station at Springville, N. Y.
There, I began experiments to measure the effect of varia
tion in several fundamental biological processes in which
biological equilibrium might be expected to have great im
portance. The effects of maternal age on fecundity, litter
size, and litter spacing, as well as on the incidence of can
cer, were observed in six maternal-age descents. Once
again, the phenomenon of variation counter to selection
occurred in mice descended from very young and very old
mothers, in all specific types of tumors investigated: (a)
squamous cell carcinoma of the skin; (b) adenocarcinoma
of the lungs; (c) fibrosarcoma; (d) adenocarcinoma of the
mammary gland; (e) mixed tumors; and (f) rarer types of
tumors at other sites.

Mice of the earliest maternal-age descent (less than 100
days) have their litters later than do females of other mater
nal-age descents; they have the poorest litter-spacings
value in the early litters but improve in this characteristic
more than do females of the other classes of maternal-age
descents. Mice of all separate maternal-age descents have
their 14th litters at approximately the same age.

The litter size of mice also demonstrated a compensatory
mechanism. In the F2 generation the average litter size
increased in all six maternal-age descents studied, up to a
maximal value in the fifth litter, then decreased until the
lowest value was obtained in the last litter born to any
female (in the 20th litter).

Mice selected in an early maternal-age descent, when the

litter size was maximal, had smaller litters than did the
females taken from a late maternal-agedescent where the
litter size had been minimal. Here again was evidence of a
compensatory mechanism affecting litter size.

It became clear from the evidence that the characteristics
of the offspring of maternal-age descents in the middle of
the age distribution did not significantly change between
the F and F,0 generations; it was only the offspring of the
two extreme maternal-age descents, that is, the very young
and the very old, that deviated. This deviation was counter
to the trend of maternal-age selection. It is important to bear
in mind that a higher susceptibility to cancer occurred in
mice of the earliest and latest maternal-age descents.

The obvious reason for such compensatory changes as
those enumerated above was to keep the species at equilib
rium. If there were no such compensatory mechanisms, it
would have been relatively easy for a species to drift into
chaos. This would necessarily be true of any characteristic
even partially influenced by parental age. If the practice
were continued for many generations for females to have
their first child (or litter) earlier and earlier, irreparable
damage to the species might result. Similarly, the practice
of bearing young long after the optimum reproductive pe
nod might produce disastrous consequences.

These experiments indicated clearly that if the insult has
not been too great for too many generations, a compensa
tory mechanism corrects for deviation from the norm, and
this variation takes place counter to the trend of selection.
Since so many biological characteristics such as maternal
age at first litter, litter spacing, litter size, and various types
of tumors are influenced by this mechanism, it must be of
extreme biological importance. A species probably could
not remain at equilibrium unless the individuals who corn
prise the species are also at equilibrium.

These studies were among many other elements that in
dined me toward the concept that cancer may be a problem
of disturbed biological equilibrium. If this is so, cancer
might be controllable by a natural compensatory mecha
nism associated with the apparatus that keeps the species
at equilibrium.

All evidence implied that equilibrium was precarious in
the immature individual but was gradually strengthened in
the maturing process, reached its peak in the prime, and
gradually waned with the approach of senescence. A survey
of the literature on biological and genetic equilibrium,
along with a review of the extensive work on the physiologi
cal effects of organic compounds, was made. For reasons
that cannot be detailed here, the evidence forced me to
conclude that the apparent compensatory apparatus must
originate in the liver. (This seemed unfortunate, since an era
of active interest in liver work had just closed, and nothing
is so odious to the funding sources as a vogue recently
abandoned.) Reasoning that the â€œsomethingâ€•in the liver
must be more abundant in animals in their prime (at the
peak of biological equilibrium), I decided to use the livers of
mice in their prime for experimental attempts to isolate the
factor.

A number of years were spent in experimentation with
different methods of extracting various liver fractions and in
the plodding trial-and-error testing of the products on tu
mor-bearing mice. Ultimately, an alcohol-soluble liver ex
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tract was found that significantly altered the growth rate of
tumors in C3H mice (3, 4, 6, 9, 10). The same antitumor
effect was subsequently obtained with the livers of several
mammals and fish (5). The first crude formula was improved
until an average of 38% regressions without recurrence
could be obtained when the material was injected i.p. three
times a week. Among other curious effects, the liver extract
conferred a surprising extension in longevity upon treated
mice.

These fascinating new observations and efforts to inte
grate them with all preceding data on the subject so corn
pletely absorbed my attention that 10 years at Springville
passed swiftly. Before I could believe it, I had reached the
mandatory retirement age of 70. With so promising a vein
tapped, however, I could see no way to quit at this point, so
in 1964 I moved the mouse colony once more, to the Salk
Institute at La Jolla, where I had been offered a 5-year
fellowship.

At La Jolla, the most intriguing and galvanizing observa
tion yet to be found was an unexpected by-product of the
liver injections. The untreated descendants of these liver
treated animals began to regress their tumors sponta
neously, an unprecedented event in C3H/St mice. Animals
two generations removed from a treated ancestor regressed
their tumors with greater frequency than did mice only one
generation removed. After a thorough study was under
taken of any new procedures in the laboratory that might
account for this phenomenon, with none being found, a
carefully monitored experiment was set up to compare the
characteristics of cancer in the liver descent with those of
the control group drawn from â€œzeroclassâ€•animals with no
liver treatment in the ancestry. The only distinction between
the controls and the experimentals was that mother, grand
mother, or great-grandmother of the experimental mice had
received injections of the liver substance while pregnant or
nursing.

Studies on more than 1,000 mice over 9 generations
yielded compelling evidence that injection of the liver ex
tract into an ancestor either introduced or activated a mech
anism that exerted a cumulative tumor-suppressing effect
through succeeding generations of an untreated descent to
the extent of 83.6% regressions (7, 8, 11, 13).

At this point (1968), difficulties arose with the Salk Insti
tute that forced the termination of our association. It looked
as if the work would have to be abandoned after all. I went
to the meeting of the International Union Against Cancer in
Japan with the hope of finding some younger scientist
working along the same lines, to whom I could pass on all of
my data and then retire. But such a person could not be
found. So, with the help of friends, I set up the Leonell C.
Strong Research Foundation at San Diego and went back to
work.

Further experiments on the transmissible entity in ques
tion showed that increased tumor inhibition was obtained
when all generations of the liver-treated descent received
injections of the liver extract. Complete (100%) suppression
of tumor growth was obtained in 9th-generation mice in the
liver descent thus treated.

This study has since been continued through 22 genera
tions. The transmissible entity exerts its most powerful

influence in the first seven generations and then fluctuates
with some evidence of rhythmic activity for at least 22 gen
erations (15). Whether it is a genetic phenomenon or one of
a more transitory nature has not yet been determined. The
outcross necessary for a genetic analysis is unsuited to the
problem since the resulting heterosis would influence the
growth rate of tumors. What is needed is a test for the
presence of the transmissible entity equivalent to the sero
logical tests used in histocompatibility gene determina
tions. Thus far, no such test has been found. (Suggestions
are welcome.)

Extensive studies on this mysterious phenomenon have
established a number of characteristics of the transmissible
entity which have been published in a series of progress
reports begun in 1970. Perhaps a significant clue in this
series was an accidental one. Neomycin introduced into the
drinking water of the experimental liver-descent probands
in an attempt to control secondary infections that interfered
with survival studies inactivated the transmissible entity (2).
Chemical analysis of the liver extract, made in 1971 at
Roswell Park by Arnold Mittelman, revealed that it con
tamed, in addition to fatty lipids, three nucleosides: adeno
sine, 6-methyladenosine, and 5-methylcytidine. This was
exciting news for a geneticist since, although little else was
known of their physiological activity, the nucleosides are
associated with the genetic apparatus, being incorporated
into DNA and RNA.

The presence of these nucleosides in the mammalian
system had been discovered only the previous year and,
according to my old comrade, Michael B. Shimkin, they
were considered â€œthehottest thing in cancer research.â€•
Used in the same molecular concentration as they occurred
in the liver extract, they proved to be very active antitumor
agents. The first two are more effective in different age
related tumor growth stages, while 5-methylcytidine, by far
the most powerful of the three nucleosides, is effective in
both slow- and fast-growth stages (12).

Under certain conditions, however, the nucleosides will
actually stimulate tumor growth, and the means to control
that aspect while retaining the powerful tumor-suppressive
effect is still not completely resolved. An inverse correlation
in dose levels appears to be at least one important determi
nant (14). Stimulation results from relatively large doses
while minimal doses produce increased suppression of tu
mor growth. 5-Methylcytidine, capable of softening a solid
tumor overnight with complete regression within three
days, as has occurred in some experiments, appears to
promote an increase in multiple primary tumors when used
alone. The best results are obtained from a combination of
the three nucleosides, and the three may act synergetically
or in tandem.

Stimulation of tumor growth by the nucleosides has been
gradually brought under control through reduction of dos
age in different combinations. However, under the best of
circumstances, stimulation continues to occur unexpect
edly. In one recent experiment 32 mice regressed their
tumors entirely, and in the 33rd mouse the tumor grew at an
accelerated rate. This stimulation is probably explainable in
terms of a mixed population of cells.

At present, 68% regressions occur in the combined nu
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cleosides experiments when all data on all age-related
classes of experimental mice are averaged. This figure ap
plies only to zero-class mice where the transmissible entity
has not been introduced. Where the transmissible entity is
present, 97% of tumors regress (L. C. Strong, unpublished
data). Similar antitumor activity in urethan-induced lung
tumors of A/St mice, as well as the inverse dose response in
mammary gland tumors, has been obtained by Theiss et al
(Ref. 16; J. C. Theiss, personal communication).

Newexperiments are under wayto determinewhether the
nucleosides, singly or in combination, can activate the
transmissible entry. Although their numbers are still too
small for conclusions, the outlook for the nucleoside de
scents is promising. The evidence strongly suggests syner
getic action between the nucleosides and the liver-induced
transmissible entity, and the idea that this entity is latent in
the biological system and responsive to activative or stimu
lative intervention must be considered. If this hypothesis
proves true, a principle for inoculating against the origin of
cancer may be available.

The work still to be done is greater than my own dwin
dling years can encompass. I have gone about as far as I
can. But I am convinced that a fundamental biological
mechanism for control of cancerous growth has revealed
itself in these experiments. Verification of a research so
multifaceted and time consuming will not be easily ob
tamed. Commitments of large amounts of time, patience,
perseverence, and money are required. Nevertheless, for
the investigator who wants tosolve the cancer problem, not
just work on it, these commitments are necessary.

Perhaps it is time for science to turn away from the
present hurried and limited studies of a few experimental
animals observed over short periods of time. The next age
of advancement will demand a larger perspective; it has
already been abundantly demonstrated that the cause of the
moment may deposit its effects gradually and ultimately,
perhaps many generations hence.

Those willing to look for the larger patterns in nature have
a great advantage; the tools for the jobâ€”descendants of
that hard-won, gene-pure race of miceâ€”areready and wait
ing. For the patient researcher, they constitute a living

computer by which the subtlest biological processes can be
measured. They are a microcosm for probing the macro
cosm.

â€œAnda mouse is miracle enough to stagger sextillion of
infidels.â€•
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