THE DETERMINATION CONCEPT,
MIXED CELL AGGREGATES,
AND THE NEURAL CREST
The Determination Concept
Meanwhile back in New Haven during the fall and winter I began
tussling with the determination concept, threading my way through the complex
literature of one of the significant achievements of the experimental analysis of
Metazoan development. This concept states that during embryogenesis the
various organ and tissue primordia pass through stages of increasing specificity
and stability of differentiation until they finally form characteristic tissue types.
All embryologists of my generation were raised in the aura of this concept, which
had become a kind of sweeping developmental law based on numerous
observations that supported the concept. The basic idea is quite simple. A
receptive (competent) mass of cells receives a stimulus from another mass of
cells called an inducer. The inducer causes the receptive mass of cells to
differentiate in a particular direction to form a certain tissue or organ. The
induced tissue is then determined to differentiate in that particular direction even
after the removal of the inducer or after transplantation to another site in the
embryo. Determination occurs even though the induced tissue has not yet formed
the morphological features characteristic of a differentiated tissue. In other
words, after induction, the responding embryonic structure is "determined" to
form, in due course, a specified type of tissue, such as cartilage, nerve or muscle.
The determination concept arose from a series of brilliant experiments
principally by the German school of embryology and confirmed and refined by
others all over the advanced biological world. Of the myriad of examples of
determination, let me cite just one. As the prospective mesoderm comes to
underlie the dorsal ectoderm during gastrulation of a vertebrate embryo, it
induces the overlying ectoderm to form brain and spinal cord. The walls of
the brain bulge out to form the optic vesicles, still attached to the brain by the
optic stalks (later to become the optic nerves). Almost immediately, these
invaginate to form the optic cups. Each optic cup then induces the adjacent head
ectoderm to form a lens. Once this contact has been made, the ectoderm in

THE DETERMINATION CONCEPT, Q
' .)
MIXED CELL AGGREGATES,
.
139
AND THE NEURAL CREST
question will form a lens even if it is transplanted to the flank of the embryo. It
is therefore determined to form a lens. Notice that there is a cascade of inductive
events involved here.
In my young years, as a graduate student and faculty member, the
determination concept was given a seal of approval and preached as gospel by
Paul Weiss, the most creative, most flamboyant and, we all agreed, the dominant
embryologist of the day. It was he, for example, who proposed the term
"Developmental Biology" for the study of developmental phenomena at all
stages, including in adults. Weiss, often referred to as "The Pope," enunciated
that once a tissue or organ primordium and its constituent cells are determined,
the cells are "irreversibly fixed" and thereafter can no longer be influenced to
change into any other cell type. This principle of irreversible differentiation
found widespread acceptance and for many, including some big names in the
field, served as an established fact of development upon which theorizing on the
mechanism of cellular differentiation could be based. For them, once cells were
determined the process of development was essentially over, except for the
details. Incidentally, my old professor from Hopkins, the canny Boris Ephrussi,
was not one of these. But how then could one explain regeneration in the adult,
both natural, as in skin, feathers and hair, and artificially, induced by amputation
of, say, a limb? What about cancer? What about the "dedifferentiation" of cells
in tissue culture? Some of these changes in culture were shown to be temporary
and reversible and were called "modulations" of the normal, stable,
differentiated state. Others were not.
After I came to Yale and was in frequent contact with Harrison, I
learned that he had long ago concluded that the concept of determination was not
as clean and neat as portrayed in much of the literature. He had expressed some
of his thoughts on the matter in a critique published in 1933 in the American
Naturalist (a distinguished old professional journal that often published critical
or speculative reviews). The title of the article was Some Difficulties in the
Determination Problem. He gave me a reprint of his article, which I have since
treasured. Harrison's well-documented point was that the determination concept,
resting as it does on negative evidence, is necessarily lacking in scientific
certitude. "There is no way of finding out with certainty whether the particular
quality which a cell seems to have is finally fixed, for there always may be new
conditions, not yet tested, under which other potencies may be revealed." This
seminal paper opened my eyes and caused me to examine the literature more
critically. Inexplicably, Harrison's important critique had never been called to my
attention during all my years of graduate study, perhaps attesting to the
dominance of the determination concept. Paul Weiss certainly seemed to have
ignored it. As many great scientists, Harrison had a flair for finding a catching
way of expressing himself from time to time. In referring to "determination" he
wrote,
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"This word has come very much to the fore in the past few
years, born as it were, under an unlucky star and reaching
maturity at a time when physics has nerved itself to cast aside
the notion of causality in a strict sense and to talk
indeterminism-to the comfort, I may add, of those wistful
thinkers who see in this modem development of science a
ground for their belief in the freedom of the will. It is as if a
sort of Presbyterian biology were coming upon the scene just
as physics is about to go over to the Baptists."
This needs to be read aloud. You can imagine my pleasure reciting this passage
to my class each year as I discussed the problem of determination. I also required
the students to read the paper.
As I was pondering the concept of the stability of differentiated tissue
cells, I was struck by some exceptions to the rule of fixity whose significance
was at the time largely ignored. In the annals of pathology, there are many cases
of tissue cell change in both morphology and function under conditions of
disease or after surgery. Most of these exceptions to the dogma of determination
had not yet been analyzed. One such transformation, however, had been
subjected to careful analysis and was being studied right under my nose in the
Department of Anatomy of the Yale University School of Medicine by L.S.
Stone, one of Harrison's former students. "Stoney," a bouncy little man and a
meticulous investigator, showed that when the fully differentiated and visually
functional neural retina in the eye of an adult red-spotted newt (Notophthalmus
viridescens viridescens) is surgically removed, the cells of the epithelial retinal
pigment layer adjacent to the neural retina multiply, depigment, and differentiate
to form a new, functional neural retina, complete with rods and cones. Any such
spectacular transformation of an adult functional tissue is termed metaplasia by
pathologists. Stone's convincing results caused me to wonder whether other, or
even all, differentiated cells could be caused to transform into another tissue type
under certain altered circumstances and, if so, what normally keeps them in their
normal differentiated state. The retinal pigment layer normally remains retinal
pigment layer because of the constant presence of the nearby neural retina. This
unorthodox idea of the potential transformability of differentiated cells rested on
a reasonable but unproved genetic assumption: that each differentiated cell
contains the entire genome, the entire genic complex in a potentially functional
state.
This fundamental supposition rested at that time on some very ancient
experiments by some of the giants of the field. Hans Driesch showed in 1892 that
if the blastomeres of a two-cell sea urchin embryo were separated, each would
develop into a complete (albeit half-sized) embryo. This result demonstrated,
with modem hindsight (since genes were not discovered until long after), that
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each of the two cells possessed the complete genic complex. Soon after, in 1894,
Jacques Loeb observed quite fortuitously that when he ruptured fertilized sea
urchin eggs, the extended cytoplasm, bereft of a nucleus, remained uncleaved
until occasionally a nucleus from the cleaving egg entered it, causing it to cleave
along with the main cell mass. The result was also the production of two
complete embryos. Hans Spemann did a logically equivalent experiment 20
years later in an amphibian embryo. Very cleverly, he constricted the fertilized
egg with a noose of baby hair, causing the egg to assume a dumbbell shape,
isolating the nucleus on one side of the constriction. When the cleaving nuclear
half reached the 8-16 cell stage, he loosened the constriction and permitted a
nucleus to slip into the cytoplasm that had been without nuclei. Here, as in the
sea urchin, the portion formerly without nuclei now cleaved and formed a
complete embryo.
These observations established the genic equivalence of nuclei up to
about the 16-cell stage, but no further. On the basis of these famous, old, really
remarkable experiments, and the consistent chromosomal cytology of dividing
mature cells we all assumed that advanced, fully differentiated cells also
probably possess the complete genic complex; but we certainly didn't know for
sure. What was needed was a definitive experiment in which a nucleus from a
fully differentiated cell of an adult is transplanted to an egg from which the
nucleus had been removed. If this gave rise to an adult animal we would have
definitive proof that adult cells possess all the genes in a potentially functional
state.
With these wild thoughts about the possible developmental potentiality
and genic completeness of differentiated cells rumbling around in my head, I
attended an annual meeting of the Growth Society (whose name had just been
changed to the Society for Developmental Biology) on the lovely campus of
Connecticut College for Women in New London. I have no recollection of the
various papers presented at the meeting but remember vividly a lively
conversation with three friends, all excellent embryologists, all a little older than
I. It was a pleasant, sunny, warm summer day in June. Clifford Grobstein, Ed
Zwilling, Robert Briggs and I were taking a break from the meeting and the old
fundamental question about the genes of differentiated cells came up. Wouldn't
it be wonderful if there were a way of removing a nucleus from a differentiated
cell and then inserting it into a merogone, an egg whose nucleus had been
surgically removed. Bob Briggs in his measured, dry way, and with his strong
Yankee accent, allowed that he was trying to do just that in the common grass
frog (Rana pipiens). His research background was in the study of chromosome
behavior in haploid and triploid amphibian embryos during cleavage, so he had
both the technical and intellectual background for the job. The other three of us
chimed in with vigorous encouragement. I remember pointing out to Bob that he
was precisely the man for this chancy research; he had the background, the
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tenure, and the time. He had a permanent research position at the Institute for
Cancer Research in Fox Chase near Philadelphia, with no teaching. We all
realized that it would take a lot of time, effort and expertise to succeed at this
truly crucial but very tricky experiment.
Briggs quickly attracted a superb collaborator in Thomas King. The two
together were soon successful in transplanting a nucleus from a frog blastomere,
a blastula cell and eventually from an early gastrula cell to a nucleus-free egg.
The result of this important experiment was that a small percentage of the eggs
cleaved and reached the stage of swimming tadpoles with many differentiated
cell types. This was monumental work and appropriately attracted immediate
attention. Nevertheless, however, the big question still remained. Would a
nucleus from a fully differentiated adult tissue cell transplanted to a nucleus-free
egg support full development to a normal adult? This awaited slow, persistent,
step-by-step advances in a number of laboratories in the technology of nuclear
transplantation and in the husbandry of raising the resulting clones. The answer
finally came in 1970. John Gurdon and R.A. Laskey in Cambridge (England),
transplanted a nucleus from a skin epidermal cell of an adult Xenopus laevis (the
South African clawed frog) to a nucleus-free egg and from this finally obtained
a complete normal adult toad. Now, as everyone knows, one can produce a fullygrown sheep ("Dolly") and other mammals, such as cows, goats and mice, by
basically the same technique, transplanting a nucleus from an adult differentiated
cell to a nucleus-free egg of the same species. All of this wonderful
contemporary research on cloning has proved beyond a doubt that what we
believed as an hypothesis a half a century ago and more was really true.
Differentiated tissue cells of animals do indeed possess the complete genic
complex in a potentially functional state. On my enquiry, one of the
embryologists who produced the first mammalian clone admitted that since the
transplanted nucleus came from a cell of the mammary gland, they could not
resist naming her "Dolly," after the legendarily bosomy country music chanteuse
and actress, Dolly Parton.
While all this nuclear work was going on in animals, F.C. Steward of
Cornell University produced spectacular evidence that differentiated plant cells
also possess the complete genic complex. He grew a complete carrot plant,
leaves and flowers and all, from a single, fully differentiated carrot root cell by
persistent punctilious nurture of his clones in tissue culture.
I present this highly truncated version of this long and challenging
series of investigations for two reasons. First, to lay the hypothetical groundwork
for some of my own research at the time and, second, to make a point about how
science progresses. The background leading to current research on the cloning of
domestic animals that has attracted so much popular interest for itself and for its
possible human implications lies in the thinking and research of embryologists
thirty to fifty years ago. These scientists were not reflecting about the possible
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practical applications of their work for the cloning of higher organisms, in so far
as I know. They were consumed by a passion to fmd an answer to an important,
theoretical, developmental question, not by its possible practical applications. I
can say this because I was heavily involved in this research indirectly as a very
interested bystander and intellectual participant, as a fan, as it were, as were
many embryologists of the day. More importantly, I had the good fortune of
interacting personally with two of the original prime movers of this field, Briggs
and Gurdon, and with several of their friends and colleagues.
On a number of occasions I had one-on-one discussions with Bob
Briggs and John Gurdon on the progress of their research and the mitotic and
technical difficulties encountered, such as bow to get a nucleus of a post-mitotic
cell to engage in mitosis. And, they routinely sent me reprints of their papers.
Immediately after Briggs and King published their landmark paper in 1952, I
invited Bob to New Haven to give a seminar on his work done with Tom King,
emphasizing details of their technique of nuclear transplantation and problems
encountered. As in the case of the contemporary cloning of mammals, only a
miniscule fraction of their transplantations were successful. I first met Gurdon in
1960 in Oxford, where be was a graduate student beginning his research on
nuclear transplantation in Xenopus. Two years later he visited me in my
laboratory at Yale, where we spent an entire afternoon together discussing his
research and the problems encountered. He was convinced that Xenopus was
better material than Rana. John was a sandy-haired, handsome, rather dashing
young Englishman with a passion for embryology and sports cars (like Briggs for
motorcycles). He was knighted a few years ago for his superb career in the study
of development and I had the pleasure of meeting him days after the
announcement and addressing him with gusto as "Sir John," to his boyishly
modest embarrassment. Gurdon is certainly among the few best embryologists in
the world. Now it is inspiring to note how, undaunted by all the honors bestowed
upon him, be is still going full steam trying to solve some of the most basic
problems of development. He persists in his drive to excel, in contrast to many
others so honored, who thus reveal that one, perhaps the only, motivation for
their research was precisely to gain such recognition.
In my discussions with Briggs and Gurdon, the entire emphasis was on
how to get at the fundamental biological question of nuclear and genic
equivalence. Never do I recall looking ahead to envision the practical
consequences that might ensue. We were filled with plans as to bow to do
experiments to solve the big embryological and genetic question and with
curiosity about how the results would tum out developmentally. I emphasize this
because I can think of no better example in my life experience of bow basic
research, with no eye to future application, may lay the basis for future
spectacular practical application. Few people nowadays excited by the birth of
Dolly and the intriguing probability of cloning humans in the near future realize
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that the groundwork for this was laid many years ago by research on the embryos
of lowly sea urchins and frogs.

Differentiation of Mixed Cell Aggregates
Our concepts of the process of determination during embryonic
development were based largely on results obtained by extirpation,
transplantation and culturing of intact organ primordia consisting of many cells.
However, the size of the mass, i.e., the number of cells, makes a huge difference
in the results obtained. In a neglected and almost forgotten paper published in
1933 (coincidentally the same year as Harrison's paper), a Russian embryologist,
G. Lopashov, showed that single explants of presumptive head mesoderm of an
amphibian embryo, when cultured in synthetic medium in glass dishes (in vitro),
formed only mesodermal derivatives. In contrast, when larger masses of
identical cells, derived from fusion of several of the same primordia, were
cultured, they formed both mesodermal and ectodermal derivatives, not only
muscle and notochord but also brain and sensory anlagen. This result
demonstrated that culturing a given mass of cells does not necessarily reveal the
potencies of its individual constituent cells. It also raises the possibility that when
an intact tissue mass is judged to be determined by the usual experimental
criteria, individual cells within the mass may well retain wider developmental
potencies. Given this result and our conviction in those days, which turned out
later to be true, that all cells have the complete set of genes, why shouldn't we
try to reprogram cells by some different means to see if they then form different
tissues from those of their normal destiny? Without using the same terminology
and with no medical thoughts in mind, I now realize that by trying to reprogram
advanced differentiated embryonic cells, I was trying to do just what biologists
are trying to do in current stem cell research with far more sophisticated
technology.
While I was mulling over speculations about the stability of the
differentiated state, and pondering how to test it, an opening appeared. In 1952,
an Israeli biologist, Aaron Moscona, from the University of Jerusalem, then
working at The Strangeways Research Laboratory in Cambridge, England,
published an important paper in the Swedish journal Experimental Cell
Research. Moscona showed that cells of embryonic chick organ primordia could
be dissociated from one another to form living suspensions of individual cells by
treatment with trypsin, a strong proteolytic enzyme. Astonishingly, the cells not
only survived this rough treatment but even underwent primitive morphogenesis
when brought together again to form an aggregate in organ culture. This
demonstration was very important for me for two reasons: its timing, just the
right time, and the unexpected possibility it raised for challenging the potency of
cells in a new way. Incidentally, this was not the first time that something
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unexpected had come out of "The Strangeways," an institution often suspected
in the English popular mind to be some sort of insane asylum.
Johannes Holtfreter, in his typical daring way, had already shown that
cells of very early amphibian embryos could survive dissociation by an alkaline
saline solution and then undergo primitive morphogenesis when brought together
again. At the time, neither I nor most other scientists believed that this or any
other means of dissociating cells would work on more advanced embryonic
stages or on the embryos of the evolutionary "more advanced" chickens or mice.
How could one therefore anticipate that fragile, closely united, living cells of
later chick embryos would survive the aggressive treatment with trypsin and
then, when aggregated, go on to reconstitute their tissues! Well, Moscona
showed that it could be done and his work gave me an idea. Here was a new way
of attacking the determination problem. Would "determined" or even partly
differentiated cells be transformed and differentiate differently if brought into
intimate, surface-to-surface contact with cells of a different developmental
origin? My plan was to mix dissociated cells of one histological type with
dissociated cells of another type in the same cell aggregate to see if, with their
immediate environment so altered, they would be induced to change their
direction of differentiation and thus yield important information on the potency
of differentiating cells.
So I got some trypsin and a small grant from the newly founded
National Science Foundation, which gave me enough funds to hire a research
assistant (my first and someone completely essential for the proposed research)
and we went to work. We used the mesonephros (embryonic kidney) and wing
buds from chick embryos. Dissociation of these anlagen into suspensions of
discrete viable cells turned out to be much more difficult than I expected. For
example, the published composition of the calcium- and magnesium-free saline
solution given by Moscona was incorrect and did not work; it killed the cells and
it took some fooling around to get it right. I never considered this deliberate on
his part, just a bit negligent. Ah, how important are the Methods sections of
scientific papers! In addition to trypsin we also added versene (EDTA), a
chelating agent that binds divalent cations such as calcium and magnesium
(cations known to be essential for cell adhesion), that Ed Zwilling had found also
aids cell dissociation. My assistant, Peggy Groves, a fine, young woman from the
South, was excellent and patient, as we progressed slowly in this new area of
research, feeling our way and making our mistakes together.
We dissociated several 5-day chick mesonephroi and limb buds into
suspensions of individual cells, mixed the cells together thoroughly, centrifuged
them to form a large aggregate, and then cultured pieces of the aggregate in organ
culture, a culturing technique that by discouraging cell outgrowth encourages
histogenesis and morphogenesis. After several days in culture we fixed and
sectioned the aggregates to see what had happened inside. It was hard to wait.
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The results would be most interesting, however they turned out. We found that
the original tissue types were restored in the aggregates and reconstituted in both
expected and unexpected arrangements. Limb cartilage ended up in the center (as
it is in a developing limb), keratinized epidermis on the surface (as in the limb),
and mesonephric tubules and loose mesenchyme in between, as if by default
(Figure 7.1). These results were fascinating both because we didn't know what

Figure 7.1. Sorting out in a mixed cell aggregate derived from mixing
approximately equal quantities of dissociated cells from 5-day chick
mesonephros and 5-day wing bud. Note regional differentiation of
cartilage (in the center) and mesonephric tubules (below). Reprinted
with permission of the National Academy of Sciences.

to expect (nobody had done this experiment before) and because they were
consistent; all aggregates showed more or less the same pattern of organization.
Although these results were reproducible, I did not think them ready for
publication, for we didn't know the answer to a very big question-the original
tissue origin of each cell in the differentiated aggregate. Did the tubules arise
entirely from prospective tubular epithelial cells of the original mesonephros or
partially from transformed limb bud cells? Did the cartilage arise entirely from
limb procartilage or partly from transformed kidney cells? Or, did the cells of
each cell type move within the aggregate until they made contact with other cells
of the same type and adhered to them and then differentiated? That is, did the
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cells of each type segregate or sort out within the aggregate according to their
origin and, because ofHoltfreter's "tissue affinity," adhere to other like cells and
reestablish their tissue type? To answer these equally interesting and important
questions we would have to label the original cells in such a way as to be able to
follow their fate in the aggregate. We did not yet have such a label.
While we were in this state of confusion, who should show up but an
old friend from Baltimore, Dietrich Bodenstein, an outstanding insect and
amphibian embryologist and a charming, and spontaneously outspoken man,
who bought his suits a size too large because they were more comfortable that
way. He and Victor Twitty at Stanford had done beautiful work on the
development of pigment patterns in the three species of Californian newts
(Taricha). Dietrich grew up in East Prussia before the War and took delight in
referring to himself as one of the last true "Junkers." I took him to lunch at
Branford College and on inquiry told him about our research on mixed cell
aggregates, the technical problems, the results and the uncertain conclusions, and
my hesitation to publish immediately because of the important but unanswered
questions they raised. He was intrigued about our approach to the problem of
determination and by our results. In his marvelously enthusiastic way he stopped,
as we were walking across the campus, and strongly urged me to publish our
findings and the questions they raised as soon as possible, as work in progress.
He pointed out to me that we had already established something very interesting
and that I was certainly not the only one to have recognized the possibilities
raised by Moscona's work. Dietrich was an older and more experienced scientist
and a warm friend and, in addition to enjoying his refreshing company, I
respected his science very much. He bolstered my self-confidence and brought
me to realize that for the first time I could be entering a competitive area of
research and that I would be wise to react accordingly. So Peggy and I worked
up and published a short paper in PNAS in 1955, complete with illustrative
photomicrographs and some possible interpretations.
Shortly after submitting this paper but before it had appeared, I decided
to give a seminar on this research at one of the regular Tuesday evening seminars
in the big auditorium of the MBL, then a regular feature of the summer season
in Woods Hole. Quite by chance it turned out to be a memorable occasion for me
and for some members of the audience as well, who have occasionally reminded
me of it since (even lately). Last summer at a small dinner, Joel Brown told the
story once again. The person who was chair for the evening asked each of us four
speakers to be sure to repeat each question asked after our presentations so that
the whole audience could participate. He had just reminded me of this after my
talk when his eminence, the esteemed Professor Paul Weiss arose to pose a
question. As was often the case, his "question" was really more of a little lecture
describing how his laboratory had already explored what I was reporting. I was
stymied; there was no short question to repeat. So I simply asked, "Did
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everybody get the question?" The audience burst into sustained laughter. Weiss
was livid and muttered to someone next to him about my "nervy disrespect." I
commented to the effect that I knew about the work he described but it was not
the same as ours. I remember being confident and pleased to realize that I was
not intimidated by the great man, not only because I was a little nervy by nature
but also because I knew what I was talking about. This little interchange and the
audience reaction had two consequences. First, the next day, whenever I bumped
into someone who had been to the seminar, I received congratulations. "Good
seminar (quickly) but that was really great what you did to Weiss!" Ordinary
decent people do not like powerful, pretentious big shots, no matter how
outstanding they may be as scientists, as Weiss certainly was. I was for the
moment a kind of folk hero, Jack the giant killer. Second, for about the next five
years, I was not invited to any small meetings in my area of interest until in 1960.
Michael Abercrombie told me in London about one such meeting organized by
Weiss in Nordweg-am-See in Holland and, surprised that I had not been invited,
extended me an invitation himself. By then Weiss had apparently cooled down
and maybe even forgiven me, for we had a pleasant exchange about mutual
research interests at the meeting. At his best, Weiss could be gracious, brilliant,
and open-minded. He was an exceptionally creative thinker.
Dietrich Bodenstein was right about not waiting to publish our
preliminary results. Our little inconclusive paper, "Trinkaus and Groves,"
attracted considerable attention, more even than my big paper on epiboly in
Fundulus a few years before because, I presume, of the possible general and
heuristic significance of the method and the results, the striking illustrations and
our discussion of possible interpretations. People were fascinated by the
phenomenon. Tangible evidence of this came in a telephone call the next winter
from Elmer Butler at Princeton. He was then President of the American Society
of Naturalists, saying, "I understand that you have some new and interesting
material. " He then extended an invitation for me to read a paper at a symposium
on Problems in Differentiation at the annual meeting of the Society at Michigan
State University in East Lansing. This I did, with joy, and followed it with a
review on the stability of"determined" and differentiated cells under the title The
Differentiation of Tissue Cells published in the American Naturalist in 1956. It
was a pretty good paper, a sort of updated footnote to Harrison's 1933 classic on
determination published in the same journal. It helped establish me as someone
to watch in the area of cell determination, even though as yet I had no conclusive
results to show for my efforts.
In the thinking that led to this research and my essay on the stability of
tissue cells there were two friends who contributed immensely, introducing me
to critical items of literature and sharing with me ideas about cell differentiation,
each with a critical but sympathetic eye. Both were originally from New York
City and were products of its college system in the 1930s when at these free
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public institutions a highly selected student body received an excellent education
from a tough and demanding faculty. Edgar Zwilling went to Brooklyn
College and Clifford Grobstein to the City College of New York (CCNY). They
both had smart, tough, critical, searching minds but differed greatly in
personality. Ed was small and blond, modest in behavior, absolutely
unpretentious and kind and easily approachable but somewhat inarticulate and
sometimes even boring, the kind of person you wouldn't notice in a crowd. I
actually fell asleep on him once at the MBL, my head on his shoulder, during a
one-on-one discussion after lunch one warm summer afternoon (after a late
boozy evening the night before). He woke me up saying, "Trink! Wake up." And
then, self-depreciatingly, "I knew I was boring, but not that bad." I was terribly
embarrassed but with his kind, typically laid-back reassurance, I relaxed again
(but not too much). He was a solid friend and took it as a joke. Cliff Grobstein,
in contrast, was tall, dark-haired, and handsome. He had a precise, clear way of
expressing himself, and altogether, cut quite an imposing figure. He used to say,
"Now, gentlemen, let us get down to the concreta." Both were leading
researchers in embryology but Grobstein had more general impact because he
tackled big issues publicly in his articulate way. Intellectually, they were equally
important to me. Since both were somewhat shy, I believe they enjoyed my wit
and easy, extroverted personality. Zwilling ended up on the faculty of Brandeis
University (by way of the Connecticut Agricultural Experiment Station at Storrs)
and Grobstein at Stanford and later at the University of California-San Diego
(UCSD) in La Jolla. Cliff and I became even warmer friends with the passing of
the years, sharing many aspects of our lives together in spite of the separation of
distance, largely because he married my dear friend and former student Ruth
Beloff. They lived in Rancho Sana Fe near La Jolla, where I spent two academic
leaves at UCSD. We often stayed with the Grobsteins.
At the same time that we were studying the behavior of cells in mixed
cell aggregates of chick organ primordia, Johannes Holtfreter (by then in the
U.S.A. at the University of Rochester), unbeknownst to us, was extending his
studies of reconstitution of the germ layers of gastrulae and neurulae of
amphibian embryos. As I understand it, the bench work was done mainly by an
M.D.-Ph.D student, Philip Townes. The student was so lackadaisical at writing
up his dissertation for publication (like many a graduate student) that Holtfreter,
ever impatient, took over and the result was a monumental paper published in the
Journal of Experimental Zoology that almost immediately became a classic. It
appeared in 1955 soon after the little Trinkaus and Groves paper. In an amphibian
gastrula and neurula one can distinguish the germ layers from each other in situ,
ectodermal cells being small and pigmented and endodermal cells being large
and unpigmented. Townes and Holtfreter took advantage of these natural marker
differences in a brilliant way to provide the first critical evidence of cell origin
in the morphogenesis of mixed cell aggregates and thus begin the analysis of
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their reconstitution. In an extensive series of experiments in which they mixed
cells of different germ layers of gastrula and neurula stages, they found that the
cells moved within the aggregate. Ectodermal cells always accumulated at the
periphery and endodermal cells in the interior. Mesodermal cells, which were
identified by their intermediate size and absence of pigment, likewise segregate,
forming sectors in the interior between the ectoderm and endoderm. Precise cell
origin was not established in all instances, since, in the case of the mesoderm
there were no unequivocal markers and several tissue types resulted from their
differentiation in mixed aggregates. Nonetheless, these experiments provided
conclusive proof that cells of the three different embryonic germ layers, when
dissociated and mixed in aggregates segregated more or less according to their
original germ layer origins, re-establishing their former normal associations and
differentiating in accord with their normal fate. They sort out.
In this masterful study by Townes and Holtfreter it was utilization of the
bounties of Nature that enabled the investigators to take the first steps toward an
understanding of tissue reconstitution in mixed cell aggregates. But the cells
from chick embryos with which we were dealing possessed no such natural
markers. I wish we had thought at the time to use pigmented retinal cells, with
their natural markers of pigment granules. The only way we thought of to
determine whether cells in our aggregates transform into different cell types or
maintain their differentiated state and sort out from each other was to label them
with a radioisotope prior to dissociation. Among the several radioisotopes
available, I chose radioactive sulfur (S 35 ) because sulfur is found in many
proteins. We would label the mesonephroi with S35 , dissociate them, and mix
these cells with cells from dissociated, unlabeled wing buds. After several days
in culture, we would then fix and section the aggregate, and detect the radioactive
cells by a neat technique current at the time called autoradiography. The
technique was simple and elegant. We merely placed a strip of photographic film
or spread a liquid emulsion (of the same material deposited on photographic
film) over the stained tissue sections on a slide in the dark. Black and white
photography is based on exposure of small grains of silver salts to light. The
energy in the light causes the formation of a latent image in the film, which when
developed by chemical solutions, results in the deposition of black silver
particles. When a lot of light hits the emulsion, a lot of silver is deposited in the
negative. When the negative image is projected on a piece of paper containing
similar silver compounds, and the paper is immersed in appropriate chemical
baths, dark areas in the negative become light in the print and vice versa.
Essentially the same process is used in autoradiography, except that the radiation
from the radioisotope in the specimen causes latent grains to form over the
radioactive part of the specimen. When the latent image is developed, black
silver grains appear in the transparent emulsion. In essence, the source of the
radioactivity, a cell or a part of a cell, can be unambiguously located in a tissue
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section. The amount of radioactivity in labeled specimens is often low so they
must be exposed for days, weeks, or even months. So we left them in the dark
room and waited, (easily the hardest part of the experiment) long enough for
silver grains in the film to be activated by the radioactivity emanating from the
labeled radioactive cells. When the films were developed, we could see which
cells were radioactive by the presence of black silver grains above them. With
S35 labeling, it became clear that there was much sorting out. Most silver grains
were over labeled mesonephric tubules. But since there were also some black
silver grains above unlabeled wing bud cartilage cells we couldn't be sure
whether these were transformed mesonephric cells or wing bud cells that had
picked up the label during culturing by transfer of labeled protein end products.
Protein synthesis is a very dynamic process with much turnover, so some of the
S 35 marker may have been released from the labeled mesonephric cells and
picked up by unlabeled limb bud cells. Or some labeled mesonephric cells had
transformed into limb bud cells. In sum, we had clear evidence for much sorting
out of labeled mesonephric cells and maybe for transformation of some
mesonephric cells into limb bud cells as well.
In the meantime, Moscona was not idle. As I learned afterward, he was
stimulated by our 1955 paper to try labeling cells himself. He was now in Weiss's
laboratory at the Rockefeller Institute and hit on the idea of mixing mouse and
chick cells because they could mostly be distinguished from each other by their
different staining properties in ordinary histological sections, a much easier
technique than labeling with radioisotopes. He also found that cells retained their
tissue type and sorted out when in such a preparation. However, since the
staining difference between mouse and chick cells is not always clear, some cell
transformation was not excluded. Clearly what we needed was a stable label that
remained in the cells in question and rendered them unambiguously visually
distinct.
Just as we needed such a label, lo and behold, tritiated thymidine
became available (thymidine W). Because thymidine is incorporated into new
DNA as it is formed and because DNA does not turn over like proteins, we had
a permanent label for any cell that undergoes mitosis and therefore synthesizes
DNA. Fortunately, cells readily take up thymidine. And, moreover, it is a highresolution label. The ~-particles from tritium are of such low energy that only
silver grains directly over a labeled cell are activated in autoradiographs. This
technique had just recently been used at the Brookhaven National Laboratory of
the Atomic Energy Commission to study cell proliferation and migration in
intestinal epithelium, so we decided to use it to trace the migratory and
differentiative history of cells in mixed cell aggregates.
The only possible drawback of this technique was that with the
inevitable small amount of cell death (cytolysis) that occurs during the
dissociation process, the DNA released from necrotic cells might be incorporated
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by unlabeled cells. We had to check on this. When we mixed labeled
mesonephric cells with retinal pigment cells, which can easily be distinguished
by their elongated melanin pigment granules, there was very little transfer of
label. We concluded from this that tritiated thymidine is an excellent marker for
cells and subsequently confirmed the conclusion ofMoscona and our own results
with S35 that cells in mixed aggregates of chick embryonic cells do indeed sort
out from each other. We found no evidence for cell transformation.
This was of course a disappointing setback and led me to abandon the
search for a way to test the potentialities of differentiated cells in spite of my
considerable intellectual and experimental investment in the project. Although
disappointed I had no regrets for this tum of events in my research life. I had
thoroughly enjoyed reading the literature, the many stimulating discussions with
first-rate colleagues and friends like Grobstein, Zwilling, Bodenstein, and with
my students. I enjoyed doing the experiments. I had helped demonstrate that
under the conditions of our experiments, certain advanced tissue cells retain their
cell type; and, in addition, can move within a randomly mixed aggregate, contact
other like cells, adhere to them selectively, and reconstitute the tissue. In short, I
had made contributions to the discovery of the phenomenon of sorting out.
Incidentally, as you might imagine, my research interest in the determination
problem and then the sorting out and reconstitution in mixed aggregates enriched
greatly my teaching, both in Yale College and the Graduate School.
Cell sorting was obviously a fascinating business in itself and
captivated me for some time after I abandoned pursuing the problem of
determination. I was particularly taken by the surprising capacity of normally
topographically stable tissue cells like those of kidney tubules and procartilage
to translocate rather considerable distances (several cell lengths at least) within
the aggregate. How did they do it? Did this involve changes in cell shape? Since
we could not see movement of unmarked cells in a living aggregate we needed
cells whose form would be revealed by easily visible inclusions present
throughout the cytoplasm. Excellent candidates for this were cells of the
pigmented layer of the retina, which we had already shown to sort out when
dissociated and mixed with cells of several tissues. The pigmented retina is a
pure tissue consisting of only one cell type, each of which is densely packed with
black melanin granules. We mixed dissociated cells of the pigmented retina from
5-day chick embryos with cells from the 4-day chick heart ventricle and
observed pigment cells sorting out at the surface of living organ cultures and in
fixed sections. These studies in the living aggregates revealed that pigment cells
begin to move and contact each other very quickly, within a few hours. By five
hours in culture, all pigment cells have contacted other like cells to form small
clusters distributed throughout the aggregate. No individual, separate pigment
cells remained. Since these aggregates are quite opaque, not at all like the semitransparent Fundulus blastoderm, we could observe the shape changes of retinal
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pigment cells during migration only in sections of aggregates fixed during the
first hours in culture. What we found was that as movement begins there is a
striking change in cell form. These pigmented epithelial cells, which in vivo in
the developing eye are cuboidal or columnar in shape and tightly joined to each
other, become elongate and extend delicate processes as they move, demarcated
by the abundant pigment granules within their cytoplasm. They reminded me of
the melanocytes of the feather germs of adult chickens, extending dendritic
processes along rows of barb ridges, during feather regeneration. This
spectacular change in form of retinal pigment cells during the migratory phase of
the aggregate suggests that the dendritic form is a necessary accompaniment of
migratory activity. After these cells have met other pigment cells and formed
clusters within the aggregates, they resume their usual epithelial rounded or
cuboidal form. They are very adaptable, changing form whenever the cellular
environment changes.
It is apparent from these observations and other studies of cell sorting
that a number of tissue cells ordinarily considered to possess complete positional
stability in vivo, i.e., stay in one place, such as various tightly organized
epithelial cells, migrate actively when dissociated and mixed with different kinds
of tissue cells. They retain their early previous capacity for migration during
gastrulation and the presence of a microenvironment of unlike cells seems to be
a stimulating factor. Conversely, the normal topographic stability of these
particular tissue cells within the organism seems likely due to the normal
microenvironment of like cells. The presence of close neighbors, it seems,
suppresses an ever-present latent capacity for migratory activity. On the other
hand, it is possible that the apparent topographic stability we see in fixed
histological sections is statistical, viz., a sort of steady-state stability, with slow
cellular turnover. The principal danger of working with fixed material is that it
can give a false impression of the true dynamics of the living state. When stable
tissues are observed with modem optics, their cells, though staying in place, are
not at all immobile. They often quiver like an excited dog on a leash. Tissue cell
stability is a highly dynamic process.
Around this time I published an illustrated essay summarizing these
observations and thoughts in a French publication, La Vie et L 'Homme, entitled
Mobilite des Cellules et Stabilite des Tissus. Soon thereafter, in collaboration
with my then assistant Judith Lentz, who had come from Cornell University, I
reported our studies of sorting of pigmented retinal cells from heart ventricle
cells. In this work, we tracked the progress of cell sorting in living cell
aggregates hour by hour and day by day. This was the first study of sorting out
where one of the components could be distinguished during the process. It
showed that sorting begins immediately, occurs rapidly, and that once the
pigment cells are bound to one another in homotypic clusters, they remain there.
Like likes like. The clusters are stable and move very little, fusing to form larger

154~

EMBRYOLOGIST

clusters only if they are in close proximity. We published this work fully in
Developmental Biology, the most fashionable journal in the field of development
at the time. As it turned out, this paper was the swan song for my involvement in
this line of research.
I remember well the moment of that decision. One day driving home,
waiting for a red light to change, it hit me that "Dammit, even for the pigment
cells, you can see at best very little and usually nothing of what is going on in
the opaque black box of the aggregate." The toot of a hom behind woke me up.
Once convinced that no cell transformation was occurring, what interested me
most in studying cell behavior in mixed cell aggregates was the migrations of the
cells and we had not gotten very far with this. Besides, as an embryologist, I and
many others had come to have some general misgivings with these studies of
mixed aggregates. After the romance of the discovery of this spectacular
phenomenon was over, many of us came to face up to certain indisputable facts.
Except for the study of Townes and Holtfreter, which involved cells from the
germ layers at the same stage of development, the cells used in these
investigations were derived from tissues and organs that never see each other in
normal development. What can studying the sorting out of cells of liver and
kidney and limb bud and heart tell us about development? Moreover, each of
these organs is composed of a complexity of tissues. What kind of
morphogenetic sense does it make that a diverse population of cells sort out from
one another? For example, kidney cells, consist at a minimum of renal epithelial,
vascular endothelial and various connective tissue cells; or, a similarly diverse
population of cells exists in an embryonic heart ventricle. What can this tell us
about how these organs form during normal embryogenesis? My answer was
simple. Not much! So, I decided to focus instead on real morphogenetic cell
movements.
I abandoned this line of research, leaving the field to others. My
involvement over several years was by no means a waste of time and energy. I
had made some significant contributions to the subject. I enjoyed it until toward
the end. It brought me into contact with interesting embryologists and cell
biologists whom otherwise I would have known only casually. Most importantly,
it led me to a renewed interest in morphogenetic cell movements, especially
during embryogenesis, which, after this episode in my life, became the dominant
theme of my research and that of most of my students.
Among others who remained committed to solving the problem of
reconstitution of aggregates and sorting out, the most enthusiastic were Aaron
Moscona of the University of Chicago, Malcolm Steinberg of Johns Hopkins,
and then Princeton, and Adam Curtis of University College London and later at
the University of Glasgow. They were all entranced by the question of what
makes cells of different organ rudiments come together and then stick together
whether the cause be type specific adhesion, chemotaxis, surface tension, the
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time sorting out takes, or whatever. These were bright, driven, stubborn men so
convinced of the correctness of their own hypotheses that they paid little
attention to the hypotheses of the others. They were therefore doomed to
disagree, often with passion. In addition, they seemed not to have very high
regard for each other personally as well. Aaron and Malcolm had great antipathy
toward one another. Adam Curtis looked down on both of the others with upperclass English hauteur. Actually, I was and am friends with both Mal and Adam
for their many fme personal and scientific qualities but have long had an
unwritten agreement to stay off the subject of sorting out with both of them. I
never considered Moscona a friend. He was too stuffy, unctuous and arriviste.
Anyway, I had lost interest in the subject for reasons I have already
described. I, like many others, was in addition turned off by the acrimonious
bickering and inconclusive wrangling. I give one example. I had known Malcolm
from his student days at Amherst College and Woods Hole and then as a graduate
student at the University of Minnesota with Nelson Spratt and with Ed Zwilling
at Woods Hole, so we were close enough for him to confide in me not
infrequently about his low regard for Moscona personally and scientifically.
Moscona often got invited to present his work in symposia (no doubt in part
because of his connections with Paul Weiss) and Malcolm was often left out in
the audience questioning Moscona's approach and conclusions. One day, after
one of his presentations, Moscona blurted to Steinberg "It does not seem possible
for me to present our research without being pestered afterward from the
audience by little Malcolm Steinberg!"
Eventually, both Curtis and Moscona dropped out of the picture,
attracted by other interests, but not Malcolm. He was and still is wedded to his
"differential adhesion hypothesis" (DAH) and resists vehemently any criticism
of it. When one of his former graduate students, Herbert Phillips, gave a seminar
on it at Yale years ago, two of my then graduate students, Kurt Johnson and
Albert Harris, took him over the coals. The results were upsetting for Phillips,
who, like virtually all Steinberg's students, was a devoted disciple of the DAH.
They also elicited a vitriolic letter to me from Steinberg, severely criticizing and
blaming me for "allowing" Johnson and Harris to treat poor Herb Phillips so
roughly. He incorrectly assumed that I had some control over these rambunctious
characters. I took the trouble to answer his letter sternly, emphasizing that my
students are free agents; they say what they wish. When a few years later one of
Steinberg's former students lectured at a meeting in Louisville, Kentucky, in
support ofthe same DAH, and we dared to raise questions about the hypothesis
and its embryological significance, the result was yet another outraged letter to
me from Steinberg. I started to answer it but then decided enough is enough; this
was a waste of time. So I dropped my draft in the wastebasket. Holtfreter was
also quite annoyed with Steinberg's unyielding stance and once wrote me stating
that Steinberg presents his case like a lawyer defending a client. About three
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years ago, Malcolm sent me a bunch of reprints "proving" the hypothesis.
Without looking at them, I sent them all to Albert Harris (at the University of
North Carolina, where he is on the faculty). Albert is one of the few scientists I
know outside the Steinberg entourage (and a bunch of mathematicians) who is
still interested in the problem of cell sorting. Albert is a very bright and
unrelenting critic, so Steinberg just tries to ignore him (the way Moscona tried to
ignore Steinberg). He rarely sends Harris reprints and he never cites the critical
paper Albert published in the Journal of Theoretical Biology proposing an
alternative hypothesis. Malcolm is wrong to be so stubborn about this because he
and Albert are among the few scientists who believe that the mechanism of cell
sorting overlaps that of gastrulation. If they are right in believing in this overlap,
and this remains an open question, by the way, Steinberg's hypothesis takes on
infinitely more developmental significance.
Through all of this passion Malcolm has remained a good friend, an
enjoyable, humorous companion on occasion, and we've even taken him and his
wife in our boat to dig for clams in Hadley Harbor. And, he is an excellent
scientist but for one thing. He is fanatic about proving that his hypothesis is
correct and simply doesn't want to listen to other possible explanations. It is
rather sad, such a waste of talent and unbounded energy. Unfortunately, he is not
the only biologist I have known that is so committed to his hypothesis that he
becomes seduced by it and defends it against all odds. Just because a particular
explanation is reasonable doesn't prove that it is true. Another "reasonable"
explanation might possibly withstand the test better.
An undeniable consequence for me of the type-specific segregation of
cells in mixed aggregates was a stimulation of renewed interest in the old
problem of the specificity of cell adhesion. How do cells recognize other like
cells when they make contact and adhere? What then keeps them adhering to
each other to form tissues? What keeps tissues together to form organs?
Specificity of cell adhesion is certainly one of the fundamental features of the
development of multicellular organisms at all stages of the life cycle and as such
has been the sole or primary research interest of a myriad of embryologists and
cell and molecular biologists. It is also a difficult and frustrating field of
investigation where the extreme difficulty of asking simple questions that yield
unambiguous answers has rendered it an area where, unhampered by an array of
hard facts, speculation has been rampant and where vision seems to have been
clouded by conviction somewhat more frequently than usual in biological
investigation. For these reasons, and in spite of its undeniable importance, the
mechanism of intercellular adhesion has never been a subject that has absorbed
me per se, as a field of research. Its interest for me has always been ad hoc, in
connection with other problems such as cell movements in vitro, in cell and
tissue culture, and in vivo, during morphogenetic cell movements during
embryogenesis and regeneration. I have been forced, however, to pay attention
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to the large, rather boring and often inconsequential literature of cell adhesion
from time to time and felt compelled to devote considerable attention to it later
on in the two editions of my book Cells into Organs. More about this later.

The Neural Crest
Enough of this at first fascinating but eventually baffiing and often
inconclusive world of cell sorting and selective cell adhesion. It was fun for me
until my interest lagged and it was not without its personal benefits. In part,
because of my involvement in it, I had a good idea on how to attack successfully
a problem of great importance during normal development-namely, the
migration of the cells of neural crest. The neural crest is a strip of cells
surmounting the early neural tube and running the length of it. The neural crest
had been shown by the Harrison school and others by means of extirpation and
transplantation experiments to be composed of a population of what we now call
stem cells. They give rise to numerous important, diverse, and widely dispersed
progeny, e.g., like sensory and sympathetic ganglia, facial cartilage and bone,
cells that produce the bone-like dentin of teeth (odontoblasts), pigment cells and
the medulla (central core) of the adrenal gland. The melanocytes of feather
germs, for example, arise from the neural crest. But nothing was known about
the extensive migrations of these remarkable cells. How do they get from the
dorsal neural folds to their distant final destinations, e.g., in spinal ganglia,
developing teeth, or the adrenal medulla? Do they move only to these distant loci
as arrows to a target or do they wander aimlessly and differentiate and multiply
only in these certain sites? If there are special paths of migration, where are they
located in the embryo?
One day, as we were studying the efficacy of tritiated thymidine for
tracing the movements of individual cells, the neural crest came to mind, perhaps
because of my Yale environment and Harrison's historical influence. I suggested
to James Weston, a new graduate student who had just arrived in 1958, that he
should investigate the problem of neural crest migration, using tritiated
thymidine to tag its cells and then follow them during subsequent development
in autoradiographs. One could transplant radioactively labeled neural crest to an
unlabeled embryo of the same stage and then trace the paths and the destinations
of the labeled cells in the host embryo as it develops. This was a great Ph.D.
problem; it would yield interesting important discoveries however the results
turned out. But it would be tedious. Jim, though a naturally careful and hesitant
young man, was nevertheless convinced. Yes, it was a good project, even though
very difficult to pursue, mainly because, as he quickly discovered, the cells of the
neural crest divide more frequently than expected and, of course, with each
mitosis the radioactivity of each cell is halved. This decreasing degree of
radioactivity with each cell division meant long (3-14-week) exposure of the
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autoradiographs in the dark, depending on the time the radio labeled graft resided
in the host. This required careful planning and much patience on Jim's part.
Already at the beginning of my professorial career I left my graduate students
alone, giving them maximum independence, as was the case in my own research
as a graduate student under Willier. At low moments Jim would lament that "I'm
only confirming what everybody thought." My rejoinder was that that was what
they "thought" but had neither demonstrated conclusively nor did they know
crucial details such as the precise paths followed by migrating neural crest cells.
Fortunately, along with his other fme qualities, Jim has an almost ever present
sense of humor. This helped him carry through the low moments of his work.
Jim's results were splendid. Weston showed for the first time that cells
of the neural crest migrate in two defined streams--one leading ventrally down
the side of the neural tube to form the sensory and sympathetic ganglia and the
other dorsally, directly into the superficial ectoderm to form melanocytes
(Figure 7.2).

Figure 7.2. Migration of fluorescently labeled NC cells (lighter cells at
arrows) in an unlabeled host (darker surrounding cells). Photograph courtesy of Y. Wakamatsu, M. Mochil, K.S. Vogel, and J.A. Weston. Reprinted
with permission of the Company of Biologists Limited.

THE DETERMINATION CONCEPT,
MIXED CELL AGGREGATES,
AND THE NEURAL CREST

Q)

159

The migrations are in no sense helter-skelter or random. They are
precisely directional. The cells remarkably follow favored pathways and then
cease their movements in destined loci far from their origin and in regions
histologically different from their neural beginnings. This was a beautiful study
performed completely by James Weston and completely verifying the correctness
of my idea to attack the problem of migration of neural crest cells with tritiated
thymidine and justifying my encouragement of Jim along the way. His doctoral
dissertation was published in 1963 in Developmental Biology as the important
paper An autoradiographic analysis of the migration and localization of trunk
neural crest cells in the chick. This paper ignited the flame of renewed modem
research on the neural crest. This research today continues at a high peak as one
of the provocative areas of basic research in developmental biologyprovocative because of its intrinsic developmental importance and because of
current widespread medical and human interest in stem cells of all kinds. When
I look back on my idea to use labeled neural crest cells to trace their migration,
I think it represents one of the high points of my research career and is an
innovation for which perhaps I deserve a certain amount of credit

