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F O R E W O R D

The Biology Colloquium is conducted in a
spirit of informal discussion and provides oppor-
tunity for participation from the floor. The collo-
quium is sponsored by the Oregon State Chapte r
of Phi Kappa Phi with the collaboration of Sigm a
Xi, Phi Sigma, and Omicron Nu . Sigma Xi as-
sumes special responsibility for the colloquium
luncheon. Phi Sigma and Omicron Nu provide
afternoon tea . The College Library arranges spe-
cial displays of the writings of colloquium leaders
and notable works on the colloquium theme.

Grateful acknowledgment is made of the co -
operation and interest of the several faculties of
Oregon State College that are concerned with
biology, of those biologists contributing to th e
program, of Chancellor Charles D . Byrne, Presi-
dent A. L. Strand, and other executives of Ore-
gon State College .

The first Biology Colloquium was held March
4, 1939, with Dr . Charles Atwood Kofoid of
the University of California as leader, on th e
theme "Recent Advances in Biological Science."
Leaders and themes of succeeding colloquiums
have been : 1940, Dr. Homer LeRoy Shantz, Chie f
of the Division of Wildlife Management of the
United States Forest Service, Theme "Ecology" ;
1941, Dr. Cornelis Bernardus van Niel, Profes-
sor of Microbiology, Hopkins Marine Station,
Stanford University, in collaboration with Dr.
Henrik Dam, Biochemical Institute, University
of Copenhagen, theme "Growth and Metabolism" ;

1942, Dr. William Brodbeck Herms, Professor o f
Parasitology and Head of the Division of Ento-
mology and Parasitology, University of Califor-
nia, theme "The Biologist in a World at War" ;
1943, Dr . August Leroy Strand, Biologist an d
President of Oregon State College, theme "Con-
tributions of Biological Sciences to Victory" ;
1944, Dr. George Wells Beadle, Geneticist and
Professor of Biology, Stanford University, them e
" Genetics and the Integration of Biological Sci-
ences" ; 1945, Colloquium omitted because of
wartime travel restrictions ; 1946, Dr. Robert C.
Miller, Director of the California Academy o f
Sciences, theme "Aquatic Biology" ; 1947, Dr.
Ernst Antevs, Research Associate, Carnegie In-
stitution of Washington, theme "Biogeography" ;
1948, Dr. Robert R. Williams, Williams-Water-
man Foundation, theme "Nutrition" ; 1949, Dr.
Eugene M. K. Gelling, Head of the Department
of Pharmacology, University of Chicago, theme
"Radioisotopes in Biology" ; 1950, Dr. Wendel l

M. Stanley, in charge of Virus Laboratory, Uni-
versity of California, theme "Viruses" ; 1951, Dr.
Curt Stern, Professor of Zoology, University of
California, theme "Effects of Atomic Radiation s
on Living Organisms" ; 1952, Dr. Stanley A.
Cain, Conservationist, University of Michigan ,
theme "Conservation" ; 1953, Dr. Wayne W. Urn-
breit, Head of the Department of Enzyme Chem-
istry, Merck Institute for Therapeutic Research ,

"Antibiotics . "
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Opening of the Colloquium
DR. DORNFELD : Ladies and Gentlemen, the

Fifteenth Biology Colloquium is now in session
and I am pleased to introduce Dr . A. L. Strand,
President of Oregon State College.

PRESIDENT STRAND : Dr. Dornfeld, Dr. Mazia,
Dr. Moore, other Distinguished Visitors, Ladie s
and Gentlemen : We ' re very happy to welcome yo u
to the 15th Biology Colloquium of Oregon Stat e
College . A colloquium is a discussion . Any discus -
sion, of course, to have any order and continuity,
must have leaders . They will doubtless take u p
most of the time, but all of us are participants an d
questions will be welcomed at any time .

Although the Colloquium deals with biological
subjects, it is unique in the variety of major inter-
ests represented by those in attendance, namely ,
biologists, chemists, physicists, mathematicians ,
geologists, engineers, etc ., and of course teachers
of many different subjects who lay no claim to
any particular field except that of teaching . In
short, it is a meeting of scientists, teachers, an d
laymen who are generally interested in biologica l
matters . We try to make this fact plain to th e
leaders .

Last year the subject, as you have noted fro m
your program, was "Antibiotics . " This year th e
subject is "Cellular Biology . " I doubt if a more
important subject, from the standpoint of the wel-
fare of human beings, could be named. The con-
cept of the cell as the basic unit in the organiza-
tion of life certainly constituted a major epoch in
the history of biological thought . Now sometimes
when you get specialists into a meeting they are

strongly inclined to get their noses right down
into their particular little frontiers of knowledge
and fail to orient their listeners by taking a pre-
liminary look at the whole field . One little incident
of my graduate-student days sticks in my mind .
One day when an eminent scientist was to speak
on the "genealogy of ideas, " I went into the nex t
laboratory where another student by the name o f
Shepherd was working. He was quite a specialist
himself and had to be, as anyone who has tried t o
work up a doctor's thesis in parasitology will ap-
preciate, for that was his field . "Come on, Shep-
herd, " I said, "Let's go over to that lecture ; we 're
supposed to go to those things ." He was silent for
quite a spell and then said : "No, I don 't think I'll
go. Do you know what a lecture is ?" I waited .
"A lecture," he said, "consists of a narrowminded
man, with a lot of degrees and a good job, talkin g
to a lot of broadminded people with no degree s
and not nearly such good jobs, if any." I should
add quickly that the only part of that story that 's
appropriate here concerns the broadminded
audience . We have that. And so, out of such
regard, I'd like to list the great epochs in the
history of biology. If the cell theory was one ,
what were the others ?

If I were going to list them, to be honest with
you, the first thing I'd do would be to turn t o
some books like Locy's "Biology and Its Makers"
which is, in fact, what I did . All of us will recog-
nize that too much simplification of history result s
in injustices to many worthy minds whose contri-
butions are passed over. The emphasis is on the

i
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8 ideas, not on the names in all cases . At any rat e
here are the great epochs :

1 . The overthrow of authority from which the
name of Andreas Vesalius cannot be separated .

I J

	

his great anatomist of the 16th Century, by his%

	

rst-hand study of the organization of the human
• '--"body, re-established observation as the tool of

science, rather than seeking answers in ancient
manuscripts and books . This was an epoch for all

• - ,

	

cience, not just biology.
F 1

	

2. Discovery of the circulation of the blood .
. ,] William Harvey in the 17th Century founded

'1
- human physiology by his discovery of the circula-

tion of the blood. Thus very early the two coor-
dinate branches were united-morphology and
physiology.

3. The introduction of the microscope which
1 ' . ,‘ brought a "new world " into view, which had

~ never been observed before. Here the work o fL ...Grew, Hooke, Malpighi, Leeuwenhoek, an d
-Swammerdam composes an epoch in the progres s

-- of independent inquiry .
4. The binomial nomenclature of Linnaeus, in

the 18th Century, brought system and order into

▪ the classification of plants and strongly influence d
the naming of animals .

5. The rise of comparative anatomy and th e
overall organization of animals by Cuvier, in th e
late 18th and early 19th Centuries .

6. The beginnings of histology, which carrie d
the analysis of organisms to a deeper level, that is ,
to the tissues . Bichat. 18th Century .
- 7. The founding of physiology as an inde -
pendent subject by Haller and Johnannes Muller .

- 1 "(Haller in the 18th Century and Muller in th e
• nth. )

■

	

8 . Next comes our epoch of the cell as the
basic unit in the structure and function of all
biological forms . Schwann and Schleiden in 1838 .
Later, joined with this, may be placed the concep t
,of protoplasm of Max Schultze .

9. The founding of embryology by Von Baer
(19th Century) through his study of the develop-
ment of the individual organism .

-
10 . The doctrine of organic evolution as an-

nounced by Darwin in 1859 .
11. The germ theory of disease and the role o f

insect vectors through the work of Pasteur, Koch ,
Theobald Smith, Reed, Ross, and others . 19th

I --Century.
12. The science of inheritance as founded by

Mendel in the 19th Century but which remained

A-
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Whitehead characterized as "an orgy of scientifi c
development . " A unity was brought about and
important relationships became apparent . That i s
why it would be dangerous to point to one epoch
as being more important than another . However ,
if one 's criterion is the welfare and happiness of
man, and with an eye to the future, I believe w e
would be on safe ground to choose the cell theory
as the one that holds the greatest promise . The
nucleus of the atom and its energy potential ma y
be the most spectacular field of modern research,
but the nucleus of the cell and the complex energ y
mechanisms of the cell (which are probably fa r
more intricate than the "innerds" of the atom ,
because proteins are involved) are more importan t
to the welfare of mankind. That is, unless w e
blow ourselves to pieces in the meantime .

This has been recognized for a long time .
You need only glance through the list of th e
recipients of Nobel prizes to gain this opinion .
In the field of biology and medicine, you find th e
names of Hopkins, Warburg, Wieland, and Will-
statter, all of whom made contributions to our
knowledge of the energy relationships in the cell .
I am sure there are others with whose work I a m
not as familiar . And so at this Biology Colloquium
we have a great subject . It' s too big for any
number of experts to cover, but the distinguishe d
leaders we have here can focus our attention on
important parts of it.

I say again that we welcome you to the Col-
loquium and to the campus of Oregon Stat e
College, and we feel sure that the meetings will be
as profitable and enjoyable as they always have
been in the past .

DR. DORNFELD : Thank you, President Strand.
I now turn the chair to Dr . Arthur Russell Moore.
Dr. Moore really doesn ' t need an introduction to
an Oregon audience ; he's a long time resident o f
our state, and one of the elder statesmen of biol-
ogy. Dr. Moore .

DR. MOORE : Dr. Dornfeld, Ladies and Gen-
tlemen : Broadly speaking, the chemistry of th e
cell has been tackled from two angles, one fro m
the outside and one from the inside . The easies t
was first . Fifty years ago and down to about 25
years ago most of the attack was made from th e
outside . Thanks to the climate created by tha t
pupil of Gowland Hopkins, Joseph Needham, th e
emphasis has been increasingly on the chemistry
of the inside of the cell, and one of the foremos t
young exponents of that method of attack is our
speaker of this morning, Dr . Mazia. Dr. Mazia
took his doctorate at the University of Pennsyl -

1 L.

1 1 :•
unrealized until the 20th .

' 'A- ' The wide gaps in biological thought were large -
I 1 ly filled in during the 19th Century, a time which

ti
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vania, and proceeded to a professorship at th e
University of Missouri, which he occupied for ten
years . Then he no longer could resist the lure o f
Strongylocentrotus purpuratus, the purple sea ur-
chin of our coast, and took the road to Californi a
where he has been professor for the last three
years. Dr. Mazia will give us an exposition of hi s
recent, very meticulous studies on the events that

go on in the cell : the events that lead to cell divi-
sion. The question of what causes cell division
has puzzled biologists for many years . Whether
the forces come from the outside or the inside ,
somehow that cell within a few minutes gets di-
vided into two cells . And Dr. Mazia now wil l
discuss this question from the inside . I take grea t
pleasure in introducing Dr . Mazia .

Studies on Cell Division
DANIEL MAZIA

Dr. Moore, President Strand, Dr. Dornfeld ,
Members of the Colloquium : Before I come t o
the cell, I cannot help congratulating you and you r
institution on this series of colloquia of which thi s
is now the fifteenth . They must, it seems to me ,
represent not only great interest in the subject
matter of biology, but a very high level of cooper-
ation among the biologists on your campus and a n
unusual, very unusual, level of support from your
administration .

President Strand introduced our Colloquium ,
and the part to which I wish to contribute, ver y
aptly by developing the analogy between the cel l
in biology and the atom in physical science . The
analogy is a close one ; the cell is the atom o f
living material . For better or for worse, in deal-
ing with a great many biological problems w e
have to take into consideration first the fact that
our system, whether it is a bacterium or an ele-
phant, is composed of very small packages of lif e
which we call cells . The limitations that are place d
on life are often limitations of the life of the cells .
If we observe the biological part of our planet ,
the thing that differentiates it from the rest, th e
physical part, is its continuous, relentless tendenc y
to increase, to increase in amount . But if it i s
composed of cells, it must cope with the fact that
cells are small, and cells have a limited capacity
for growth . Typically a cell can grow during it s
life only to twice its original mass, although ther e
are exceptions . Then the increase in living matte r
must represent a continuous cycle of this limite d
growth followed by multiplication by cell division ,
followed by more growth, followed by cell divi-
sion. And in this cycle the major limiting factor
is cell division . It is the rule of life that cell s
perpetuate themselves through their progeny i n
such a way that their progeny inherit all of th e
genetic determiners of the parent cell . A device
must be provided, as all of us know, for multipli-
cation of these hereditary units, and to guarantee

an equal dowry of these units to daughter cells .
This device is what we call mitosis . It is neces-
sarily complicated because there is a complicate d
job to do . One of the problems of the cellular
biologist is to learn how this job is done, ho w
mitosis is carried out . A great many methods may
be applied to this, but in the long run, one of th e
things we have to know is the material composi-
tion, the material changes of the machinery o f
mitosis . The subject of my report will be re-
searches done in our laboratory initiated in col-
laboration with Professor Dan, of Tokyo, on the
chemistry of the mitotic apparatus .

Consider the first figure (Figure 1) . This
will be a familiar diagram of mitosis which I in-
troduce because I am told that not everyone her e
is a biologist . Here we see the mother cell, with a
nucleus and two centrioles . A little later the chro-
mosomes which carry the hereditary determiner s
have condensed in the nucleus, the centrioles ar e
at the poles, and, between them, there develop s
this very elaborate, symmetrical machine that w e
call the mitotic apparatus . This is what we cal l
metaphase . Up to this the events are preparatory .
Now the mitotic apparatus goes to work and yo u
can see that its work, its achievement of its mis-
sion of equal separation of the chromosomes, fol-
lows just about automatically from the way th e
elements lined up in the first place . Once you
have the arrangement, then when the apparatus
operates the chromosomes are pulled apart an d
each daughter cell ends up, as you see, with th e
same genetic endowment as did the mother cell .

We are going to focus our attention on thi s
symmetrical machine, the mitotic apparatus, an d
we begin a study of what it is composed of agains t
an historical background of investigation cloude d
by doubt and skepticism . There were periods
when the mitotic apparatus was thought not eve n
to exist . It was thought to be an artifact of th e
technique and the imagination of the cytologist .
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can be induced to divide synchronously . We use
the eggs of sea urchins . You will see this material
alive in the demonstrations outside, but permit m e
to show some photographs . Figure 2 is a pictur e
of a dividing cell, stained and sectioned . In Fig-
ure 3 we see a population of Strongylocentrotus
eggs, unfertilized. Figure 4 shows them dividing ,
after fertilization, and shows how synchronou s
the division is . So here one can secure many
grams of cells all in the same stage of division .
They all have a mitotic apparatus and the proble m
is essentially to unscramble the eggs, to take th e
eggs away and collect the mitotic apparatus fo r
further study. Let us see how we may go about it .

We know from the work of our honored guest
today, Dr . Chambers, that the mitotic apparatu s
in the living cell is extremely fragile . Just minor
mechanical disturbances of the cell will cause it t o
break down. So our first job is that of stoppin g
mitosis without destroying the mitotic apparatus ,
and Dr. Dan and I have found a means of doin g
this in a relatively simple, relatively gentle way .
We treat the cells with very cold alcohol, 30 %
ethyl alcohol, at minus ten degrees . This is neces-
sary, as even a temperature of zero is too hot ; the
eggs simply become hard-boiled eggs and we ca n
no longer get out the mitotic apparatus . It took a
good deal of work to find this first step. In Fig-
ure 5 we see such an egg in the cold alcohol and
we can make out the mitotic apparatus . These are

If it does not exist we,aiv, isolateda s ie`cter . But
I think it does .

The job we set • for 'ourselves was: to _.isolat e
from the dividing ce$ .the mitotic apparati ts, _No t
only that, but to isolate it' frb'rr7. •largebpulation s
of dividing cells so that . we can :get ;if :in• milligram
amounts, relatively ilute, a9d .- ,#inef out =. at least
what it is composed pft, b'ikausle .thhis •isth kkin d- o f
information most d ult' . • 061aai•ri''IFom- th e
microscope. Better e w e_eam-f9ope . toend ou t
how it is put togethec ;,possibl'y we'4an 4.iitirthe en d
find out how it works . ' I;Io . dial : we: gcn~labi5ip,,~
this job of mass isolation of'f -th QM

	

ra` f-tals'.r
The first consideratigin ; i8 t1ie. choice' ; ef material .
This, as Dr. Moore• i lieated, was_c thhr obvious .
Of course one would use t_4 .eggs of marine ani-
mals which can be of ained -h quatrtity And which
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Figure 5 . Figure 6.

all phase-contrast pictures . Here are the asters ,
the chromosomes, the spindle fibers, and so on .
So we stop the process without destroying th e
apparatus, or cooking the egg .

The next problem is to get it out . The tech-
nique we developed for this purpose was a tech-
nique of selective solubilization ; it was not a me-
chanical technique but a chemical technique . The
idea was that if the mitotic apparatus is chemi-
cally different from the surrounding material we
ought to find some agent which would essentiall y
dissolve the surrounding material without touch-
ing it. After some exploration we found that
certain detergents, certain natural detergents (th e
one we used is digitonin) did this job. Figure 6
shows the egg after treatment with digitonin . The
cytoplasm is beginning to appear pale and dis-
solved, and you can see the mitotic apparatus i n
the center. Now we shake these eggs . In Figure
7 we see what happens . This is at lower power .
Here are the little mitotic apparatuses with a back -
ground of dispersed egg cytoplasm. Now we
merely have to collect them by centrifuging them
out, and in Figure 8 we see our final purifie d
preparation . These divisions, as you can see, are
relatively synchronous . Most of these figures are
metaphase figures . Even at this low power one
can see the asters, the mitotic centers at the pole ,
the chromosomes . We can isolate this material in
milligram quantities so that we can apply bio-
chemical methods which nowadays only requir e
such quantities . Figure 9 is a metaphase figur e
shown at higher magnification . Again this is just
fresh material seen with the phase contrast micro -
scope. Figure 10 is an anaphase figure, also seen

at high power . Thus, we can obtain mass prepara-
tions of isolated, purified mitotic apparatus . We
console ourselves that the chemical treatments we
used were not too drastic, were not too violent ,
and we can proceed now to the next question ,
which is, how is this mitotic apparatus put
together ?

To a physiologist, this is a peculiar structure .
It is very .elaborate, does a very elaborate job, bu t
the cell makes it only when it needs it, and afte r
it has worked just once it disappears . If the cell
is going to divide again a new apparatus is made .
Traditionally, since it does the job of pullin g
chromosomes apart by what appear to be con -
tractile fibers, it has been considered to be analo-
gous to a muscle . If it is, it is a muscle that i s
created at the moment when a contraction is abou t
to take place, and disappears when the contractio n
is over, and is recreated for the next contraction .
Since this is the case, the problem of the mode o f
formation, or mode of assembly, becomes a seri-
ous one. Let us proceed to consider this problem .
We ask ourselves what kind of material object i s
this, and we turn to various tools for an answe r
to this question .

First we turn to the electron microscope, which
will enable us to define the physical setup a little
better . Figure 11 is an electron microscope view
of a thin section of isolated mitotic apparatus, no t
at very high magnification. One can see th e
chromosomes separating, the asters at the tw o
poles, the so-called chromosomal fibers, astral rays ,
and a good bit of material in the background. But
the thing that impresses us, and we could very
well be wrong, is that the fibers that we see with
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Figure 9 .

	

Figure 10 .
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the light microscope are not distinct ropes with
walls, but are merely regions where the long
threads that make up the background materia l
have come together side by side, have become ori-
ented and condensed . We describe this mitotic
apparatus physically as a gel whose larger fiber s
represent regions of greater condensation an d
orientation . In Figure 12, where we see part o f
this at higher magnification, the same thing i s
true. Here we see the chromosome and the
chromosomal fiber connected to it, and if we look
carefully we can see that the chromosomal fiber i s
composed of subfibrils and these subfibrils weave
in and out of the background . And so I make thi s
proposal for later discussion : That the mitotic ap-
paratus may be relatively homogeneous chemically ,
and that the differentiation into starlike fibers and
the spindle fibers is essentially a matter of orien-
tation, an arrangement within a chemically homo-
geneous system .

The next question we should consider is :

What is the chemical composition of the mitotic
apparatus and how is it put together ? These tw o
questions go hand in hand, because we canno t
study the chemistry unless we can put this struc-
ture into solution. That is the way chemistry is .
Familiar methods do not permit us to learn muc h
about solid state systems . But to get the system
into solution, we must break chemical bonds tha t
hold it together and perforce we have learned a
little bit about how the structure is put together .
Let me summarize our experiences with dissolvin g
the mitotic apparatus . We find that there are two
ways of getting it into solution. One is by the use
of means that split sulphur-to-sulphur bonds, an d
such means are the use of reducing agents such a s
thioglycolic acid and oxidizing agents such as per -
formic acid . The fact is that if we split sulphur-
to-sulphur bonds under proper conditions we ca n
dissolve the mitotic apparatus, and we immediatel y
deduce, therefore, that the sulphur-to-sulphu r
bonds have something to do with holding it to-
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Figure 12 .

gether . But we can also dissolve the mitotic ap-
paratus by means which split hydrogen bond s
extensively, such as strong urea solutions or ver y
strongly alkaline solutions . Therefore, we hav e
another class of bonds which we shall call sec-
ondary bonds, and these two classes of bonds w e
shall say are responsible for the physical integrity
of the organization of the mitotic apparatus . In
either case we can obtain a solution and can stud y
the solution chemically . We find by simple mean s
that the mitotic apparatus contains mostly pro-
teins, but it does have a small amount of ribonu-
cleic acid . If we study this protein solution b y
the technique of electrophoresis, we make an ob-
servation (Figure 13) that may or may not b e
surprising : That the composition of this elaborat e
structure is relatively simple . Most of the mate-
rial is accounted for by one peak, as though th e
structure were relatively homogeneous chemically ,
and there is a second fast moving peak . If we

separate these two components for chemical an-
alysis now, we find that the major peak represent s
a simple protein . This simple protein accounts fo r
most of the material of the mitotic apparatus . The
minor peak is a ribonucleoprotein ; it might be a
contaminant, but on the other hand it might be
functionally rather important. We have done a
complete amino acid analysis of this major protei n
and find that it is a relatively simple protei n
containing for every molecular weight unit o f
20,000 just one pair of disulfide bonds . Thus
we have a system chemically composed mostly o f
relatively small molecules of relatively simple com-
position. Our problem is, how are these units
polymerized, assembled into a structure as elabo-
rate as the one we see ?

First let us consider the possible role of th e
sulphur. We know that it is essential for the
structure . Therefore, we consider the possibility
that these sulphur linkages are used to link the
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Figure 13 .

small molecules and to form the long chains which
constitute this gel . The problem is, how is this
polymerization process carried out? In Figure 1 4
we turn to a relatively old piece of informatio n
and to the story of the role of glutathione, whic h
President Strand has already mentioned, in th e
cell . The distribution of glutathione in the divid-
ing sea urchin egg was studied some 20 years ag o
by Rapkine. He observed the very interesting
cycle shown in Figure 14 where the glutathion e
content went down, then went back to its origina l
value. The point of inflection in this curve wa s
just the time when the mitotic apparatus becam e
fully formed at metaphase, the time when th e
chromosomes lined up, the nuclear membran e
broke down and the mitotic apparatus was read y
to go to work. It looks as though glutathione i s
being oxidized during the preparation of th e
mitotic apparatus and being reduced during it s
growth . What can this mean? The biochemist s
have concentrated on the possible relationship be-
tween glutathione and enzyme function. But in
our situation where we have a clue as to the pos-
sible significance of disulfide bonds in structure ,
we ask ourselves whether glutathione may no t
have something to do with linking the proteins to-
gether through disulfide bonds . To answer this
question we next consider what is the behavior o f
the sulphur in the protein of the cell over this

cycle . Such measurements are shown in Figure
15 . The time scale is different because th e
Strongylocentrotus eggs divide more slowly than
the eggs that Rapkine used, but we can see tha t
the behavior of the protein sulphur is essentially a
mirror image of the behavior of glutathione, a s
though there were an oxidation 	 reduction rela-
tion between the two, one serving as an oxidizing
or a reducing agent for the other . On the basis of
this I propose the mechanism for the polymeriza-
tion of the protein in the mitotic apparatus that i s
illustrated in Figure 16 . During the first phase ,
the glutathione is oxidized, reducing the disulfid e
bonds within the proteins. During the second
phase this process is reversed, so far as the glu-
tathione is concerned . But when the protein sul-
phur is reoxidized, it is reoxidized as intermolec-
ular disulfide bonds . And so the significance-this
is just an hypothesis-of the sulfhydryl cycle tha t
I have just shown you (which looks rather silly,
since its over-all chemistry ends up just where i t
started) seems to be that it represents a means of
converting intramolecular disulfide bonds to inter-
molecular disulfide bonds, thereby converting a
solution of free molecules to a gel composed o f
chains of molecules . This, I think, gives us a basi s
for discussing how the disulfide bonds are forme d
in the mitotic apparatus .

What of the other bonds? These, represent a
little greater difficulty, but I shall describe som e
experiments which may give us a clue . The mate-
rial shown in Figure 17 looks like nothing at all .
But what it is, is mitotic apparatus that has bee n
put in thioglycolic acid, which is a sulphur reduc-
ing agent, at a pH that is too low to split all o f
the secondary bonds . This is at pH 10 .5 . What
we notice is that the mitotic apparatus tends to b e
split in the middle, and tends to be chewed awa y
around the periphery . Figure 8, at a little highe r

Figure 14 .
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agents, agents which stop mitosis . One of the most
interesting of the antimitotic agents, not particu-
larly effective against cancer, but widely used i n
agricultural work on chromosomes, is colchicine .
Colchicine has the property of preventing th e
mitotic apparatus from working, and one of th e
interesting problems that one who is studying
mitosis would naturally attack is what is th e
mechanism of the action of colchicine? Colchicine
could act by preventing it from working even
though it were there . But if this proposal of a
dual mechanism is correct, it could conceivabl y
act by preventing one of the two fiber-formin g
processes which I have discussed. What we hav e
done is to block the division of sea urchin egg s

pH, shows what ultimately happens. We have with colchicine and pretend there is a mitotic ap-
chewed away the middle of the spindle and we paratus there, and having so pretended apply ou r
have chewed away the periphery of the asters and isolation procedure to see what it looks like if it

end up essentially with a preparation of isolated is there . Figure 19 shows the mitotic apparatus of

mitotic centers . You will recall my first figure in a colchicine-blocked cell . You see the typical pic-
which the mitotic centers were the two dots at the ture of the chromosome approaching metaphase .

poles, the centers of symmetry of the mitotic ap- This is not the whole cell, it is a specific part o f

paratus . What does this mean? We think it the cell that is isolated by our isolation procedur e

means that there is a gradient of this secondary -a mitotic apparatus without any fibers, withou t

bonding extending outward from the centers into any orientation . We can say that the process o f

the mitotic apparatus . It is our working guess the formation of a gel, which is the foundation o f
that the symmetry of the mitotic apparatus, the the mitotic apparatus, and the process of imposin g

form and the fibrous orientation that we observe, structure and form upon this gel, are two differ-

are accounted for by the fact that the secondary erocesses . Whether or not our particula r

bonding agent, the agent that produces the sec-
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tentatively conclude that agents like col -
act on those parts of the cell I happen to

ire the mitotic centers which are responsibl e
ing down the secondary bond in the mitoti c

apparatus. Colchicine will not affect the disulfide
mechanism, but will affect the secondary bondin g
mechanism .

Now let me summarize by trying to unravel
fact from hypothesis in this story . The isolation
of the figure is a fact . The resemblance betwee n
the isolated figure and what is seen with the
microscope in classical procedure is a fact . The
essential protein composition is a fact . The rela-
tive simplicity chemically is a fact . That disulfid e
bonds are partly involved in the assembly of th e

SH

	

H5-^

5G + GS-5-■__/
O-S -Sr

t 2G5N
5

Figure 16 .

20 -

,,,,.

12 -
w
'0
x 8
M

4 -
a

0 0

	

10 20 30 40 50 6 10 70 80 90
MINUTE S

Figure 15 .

old experiments show that if one permits a'bond- chi
ing agent to diffuse from a center into a gel or

yV~,
.~ • -firinto a protein solution it will precipitate it or con -

dense it in the form of just such star-shape d
figures as we actually observe . So I propose to
account for the symmetry of the mitotic appara-
tus by a two step mechanism. The sulphur mech-
anism, that I mentioned before, gives rise to a
disorganized gel composed of these long chains o f
disulfide bonded fibers arranged at random an d
something comes from the centers into this gel ,
causing the chains to lie side by side in the sym-
metrical arrangement that we actually observe .

Now by this time I have admittedly indulge d
in considerable hypothesis, but I think I can show
you an interesting consequence of this reasoning .
even if it is completely wrong . One of the prac-
tical reasons, applied reasons, why we are inter-
ested in mitosis is because we are interested i n
finding means of stopping it, especially as an ap-
proach to cancer. A large area of cancer research
is devoted to the study of the so-called antimitotic
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mitotic apparatus is a fact . The particular mech-
anism I propose relating it to glutathione is a n
hypothesis . The existence of lateral bonding su-
perimposed on the disulfide bonding is a fact . The
notion that the mitotic centers are specific source s
of this secondary bonding is very much an hypo -
thesis . But the general notion that we have a
double kind of mechanism, a mechanism layin g
down chains which are oriented at random and a
mechanism which lines these chains up side by
side, seems to follow from the colchicine experi-
ments . This has been a report on the mode o f
formation of the mitotic apparatus, and I nee d
not take very much time to tell you what we
know about how it works, which is the next prob-
lem. The reason why this will not take much tim e
is because we have made no progress, in spite o f
considerable efforts . All I can say is that we hav e
attempted to follow up as far as we could th e
idea that the mechanism of separation of chromo-
somes is closely related to the mechanism of mus-
cular contraction . These experiments followin g
the muscle analogy have generally led to negativ e
results . I hope that this separation of fact an d
hypothesis will help in the discussion . And I hope
very much that there will be a discussion in thi s
Colloquium .

DISCUSSION

DR. MOORE : Thank you Dr . Mazia for thi s
very beautiful and illuminating lecture, and no w
we have a quarter hour for questions, from the
floor, to direct to Dr . Mazia .

DR. MARTIN : I wonder if Dr . Mazia woul d
refer to the centrioles as an organizing influenc e
in the mitotic process ?

DR. MAZIA : Well, that is the weak link, o f
course . The evidence is this . If we use this rather
crude microscopic criterion of the secondary
bonding-namely, the ease of solution under alka-
line conditions-then we find that under weakly
alkaline conditions we dissolve the part of th e
mitotic apparatus most remote from the center s
and as we raise the pH we chew off more an d
more, coming closer and closer to the centers .
This could imply a gradient of secondary bonding ,
extending outward from the centers . Such a
gradient of solubility might mean that the sec-
ondary bonding was a result of the outward diffu-
sion of an agent from the centers . This proposal
is deduced entirely from the observation of thi s
gradient of solubility, which is not rigorous proo f
at all . But this is the evidence and I think, unles s
we are making some very serious mistake in our

chemistry, the idea of such a lateral bonding agent
seems to be a necessity for explaining the large r
fibers in the absence of chemical differentiation .
If the thing really is composed of just one protei n
then its structure has to be the result of orienta-
tion pure and simple . Would you not say so, Dr .
Bennett? I mean, assuming that we do have jus t
the one protein .

DR. BENNETT : I would say that it sounds lik e
a logical argument, but in that connection, I woul d
like to ask, since you have shown only one com-
ponent but for ribonucleic acid, what happens t o
the desoxyribonucleic acid which one would ex-
pect to be present in the chromosomes and whic h
do appear with your preparative material ?

DR . M .-VzIA : The answer to that is that it i s
quantitatively a couple of orders of magnitud e
lower than these components and would not b e
picked up at all . One mitotic apparatus in a sea
urchin egg is about 10- 6 milligrams . In fact, and
this is an interesting point which I did not men-
tion, it is using up 2% of all the protein that is i n
the cell . The desoxyribonucleic acid is down to
10-", at most 10-9 ; 10- 9 , is it not, Dr . Whitely, i n
the sea urchin ? So that we would not be bothered
with it when working at the 10- 6 milligram level .

DR. STRAND : Something that bothered me ,
how could you imply that a protein that break s
down to 15 amino acids is relatively simple ?

DR. MAZIA : A simple protein is a protein com-
posed entirely of amino acids, and not conjugate d
to a pigment or nucleic acid or something of the
sort . However, it is simple in some other respects ,
for instance it is virtually lacking in tyrosine ,
which is very common among proteins . We thin k
it is lacking in tryptophane, but we deduce thi s
only from spectrophotometric data, since we lose
tryptophane in the analyses that we do . We cannot
say whether it is there or not from our analysis .

DR. DORNEELD : I would like to ask Dr . Mazi a
two questions : One is, did you have any sug-
gestions or explanations for the specific attach-
ment of spindle fibers to centromeres, which wa s
hinted at before by Dr . Martin? The other ques-
tion is something entirely different . Do the spindle
fibers or the astral rays under the electron micro-
scope ever show periodicity, such as you get i n
collagen fibers ?

DR. MAZIA : On the first question, there is evi-
dence, again from the microscopic solubility data,
that the centromeres on the chromosome are play-
ing the same part as the centrioles . This, of
course, is an idea very acceptable to the classica l
cytologist, and one for which there is a good bit
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of cytological evidence . Our evidence, although i t
did not show here, is that the chromosomal fiber s
are more stable in the solubility experiments than
are the astral rays ; and the notion would be then
that both the chromosome and the centriole ar e
sending this agent into the gel and tying up in tha t
way. Because there is no evidence cytologicall y
that a fiber spins out of the centriole and come s
in and hooks onto a chromosome, or vice versa, i t
is much more reasonable to suppose that a connec-
tion is laid down from the two ends simply by th e
oriented condensation of material that is alread y
there . The second question will not take me muc h
time-our electron microscopy is not that good . I
do not mean that these are not good pictures from
the standpoint of what they show, but our section s
are not thin enough to work at the highest resolu-
tion of the microscope .

DR. ALFERT : I would like to elaborate on th e
first part of the question, and then refer back to
Dr. Martin's original question . There are som e
cases of chromosomes which Dr . Hughes-Schrader
has worked on in which chromosomal fibers ap-
pear to be laid down from the chromosomes . One
can see fibrils arise from chromosomes, which i n
the beginning are disoriented completely and the n
become parallelized and form a regular spindle .
So there are at least a few odd cases in which on e
could make a good case of such fibers arising an d
being organized entirely from the centromere o f
the chromosomes . And there are other instance s
in which cytologists have been able to demonstrate
a close similarity between centrioles on the on e
hand and centromeres on the other . One case i s
in the spermatogenesis of a snail described by the
Pollisters, where these chromosomes break dow n
and what you might call naked centromeres appea r
in the cytoplasm ; and when they appear they be -
have like centrioles normally would and organiz e
tail filaments which grow out from the snai l
sperm. So there is very good evidence on variou s
grounds that centromeres and centrioles are very
closely related ; one just happens to be localize d
on the chromosome and the other one in the
cytoplasm .

DR. R. CHAMBERS : Listening to the talk, I
noted that a very interesting side issue in th e
matter might be to make a similar study on eggs
which have been treated for artificial partheno-
genesis, where we do not have the so-called peri-
nuclear centriole from the neckpiece of the sper-
matozoan which plays such a prominent role i n
the formation of the aster ; so in artificial par-
thenogenesis you are getting away from one very

important feature in the division of the egg ; thi s
is just a suggestion to make an artificial partheno-
genesis comparison in the same way .

DR. MAZIA : It is a good suggestion .
DR. MOORE : I do not know whether this wa s

heard in the back of the room . Dr . Chambers sug-
gests that studies on the artificially activated egg
without the intervention of the cellular element s
of the sperm might be rewarding . Are there othe r
questions ?

DR. E. L. CHAMBERS : I want to say that it
seems quite extraordinary that the whole mitotic
apparatus comes out intact, by virtue of the fac t
that microdissection reveals that the mitotic ap-
paratus is actually a highly continued structur e
with a central "lake," a highly fluid substance, and
channels of fluid radiating from it .

DR. MAZIA : I think these are matters of de-
gree, Dr . Chambers. If you look at the electro n
microscope views in the sections, you will indee d
see that in the center there is much less electro n
scattering material than anywhere else, so tha t
this lake might be a little muddy ; but you can stil l
call it a lake if you wish . As for the channels, I
am afraid I just do not think that is so, in vie w
of the fact that we can isolate this figure as a
very substantial entity .

DR. WHITELY : In view of the similarity be-
tween centromeres and centrioles, and in view o f
your suggestion that the centriole might be an
orienting influence for the formation of a second-
ary bond, would you not expect a comparabl e
center formation around each of the centromeres
-astral formation in the center of the spindle as
well as at the centrioles ?

DR. MAZIA : Well, maybe you do . Of course
this will depend on concentrations and what not .
As a matter of fact, I have never thought of i t
before, but the second electron photomicrograp h
did show these fibers radiating off the chromo-
somes (Figure 12) . The condensed region closes t
to the chromosomes does seem to flare off . I ap-
preciate your pointing this out. It had never oc-
curred to me that this had any such significance .

DR. ALFERT : This would be in accord with a n
observation made many years ago by King, who
described formation of asters around the cen-
tromeres of degenerating chromosomes in toad
eggs .

DR. MOORE : Anyone wish to ask further o f
the speaker? Then we will close this part of ou r
program and thanks again, Dr . Mazia, for this
very beautiful lecture and demonstration .
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DR . MOORE : We now come to the second part
of our program, and I shall introduce Dr . Rober t
Chambers . Dr. Chambers' work on the physical
examination of the interior of the cell has been a
notable achievement over the past forty years . Dr .
Chambers, as is well known, is a Turk by birth .
It's always interesting to understand how a ma n
came to do the scientific work he does, and I re-
cently got a very illuminating piece of informatio n
about Dr . Chambers' early years . As a boy in
Erzerum he was intrigued by the mosques, those
strange temples of a foreign faith, and alway s
wanted to know what was going on inside . By
boyhood ingenuity he did get in and saw what the
Muslems were doing inside ; and this thrilled hi m
so that he spent the rest of his life trying to get
inside of things and see what was going on . An-
other thing, which I should mention in a word, i s
his intellectual ancestry . Educated at Robert Col-
lege in Constantinople, he went from there to
Europe to work with the aging Haeckel, who com-
mented that the day of the old biology is past ,
"I'm a has-been, but you go to the new biologists ,
the Hertwigs and Boveri ." And so he did, wind-
ing up with work with Dr . Wilson of Columbia
on the cell . And I must mention this, which is th e
most critical part perhaps of Dr. Chambers' work ,
that just at this time, shortly after he finished hi s
work at Columbia, Dr . Kite had perfected the
Barber pipette for microdissection, and Dr . Cham-
bers became the enthusiastic pupil of Dr . Kite .
Unfortunately Dr . Kite died very shortly after ,
and Dr . Chambers has in a way carried on the
work of Dr. Kite during these years . I take great
pleasure in introducing Dr . Chambers .

DR . CHAMBERS : The lecture I have just been
listening to with the greatest of interest has mad e
me feel that the time I have spent on micromanip-
ulation has not been lost . Dr. Moore speaks o f
Kite, who was a student at the University of Chi-
cago . Professor Mathews had taken a specia l
interest in young Kite. He was sent to the Rocke-
feller Institute, where Marshall A . Barber had hi s
pipette method, essentially a mechanical contriv-
ance for moving a micropipette in three possibl e
directions . Kite learned the technique from Bar-
ber, and then came to Woods Hole . I had jus t
come from Wilson, full of chromosomes, grass -
hopper spermatozoa, and all that sort of thing . I

was very eager to see what we could manage, i n
some way, to handle them . It is very interesting
in considering techniques, that Kite and I worked
all the time with hollow glass tubing drawn ou t
to a point, simply because Barber used hollo w
glass tubing . He drew the tubing to a fine poin t
in the microflame, and for some reason or other ,
for years after, we always used hollow tubing ,
because we just simply assumed that you can draw
a point from a tube better than you can from a
solid rod . It is interesting that hangovers wil l
carry on, just because you do not happen t o
think .

Dr. Mazia's talk, as I just said, made me al l
the more convinced of the usefulness of micro -
manipulation . The micromanipulation has to be as
perfect as possible . It depends on adequate light ,
on proper resolution . I was very much interested
in getting an objective which had a long working
distance . For micromanipulation one has to us e
high power objectives, and there is no space be-
tween the coverslip and the objective for insertio n
of a microneedle to be used in operating . It has
to be done from below, which means that one ha s
to use an objective that has a working distance
that will go through the coverslip and into th e
hanging drop, where the operation is performed .
I remember devising with Sigmondy, the physicis t
of Carl Zeiss, to build up a proper objective wit h
a very wide aperture and a long working distanc e
so that we could work from above down . The
micromanipulator which I have been working o n
all these years has had improvements from year
to year ; there is still much to be desired .

Those of you who are interested in microma-
nipulation might consider that the essential thing
is to do away with friction . I published an articl e
at an early period in the Biological Bulletin, call-
ing it "The Microvivisection Method ." The edito r
at that time was a little squeamish about the use
of that word in the title . We had considerable
conversation with the editor . I finally succeeded
in persuading him, because I pointed out, that i n
order to operate on an amoeba with best result s
one should anesthetize it . I have sat down and
anesthetized my amoebae plenty of times. There
are stimulatory reactions, such as the punch o f
the microneedle into the cells, which one can de-
tect if one is on the lookout . And so that article
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was published . The preliminary sentence was :
You operate with a Barber instrument, and whe n
you see the point of the needle moving into th e
field of the microscope you'll have no idea that it' s
going to get across the field ; it meanders, ver y
much like a man who's drunk trying to cross th e
street . The Barber instrument was based o n
gears. It was simple to think out the scheme
because you can set the gears at right angles so
that you can get a movement horizontally or ver-
tically . But because of the gear action the smooth-
ness of the movement is lost . A gear motion with
high power gives a jerky action .

Cellular biology is becoming definitely an ex-
perimental science. Dr. Mazia's talk is a brilliant
exposition of a method for experimenting wit h
material rather than just simply looking at i t
through a microscope . It is essential for any biol-
ogist to be sure that the structures he sees are
not artifacts due to fixation methods . A big
trouble in cellular biology has been the use o f
fixatives without proper understanding of ho w
these fixatives are operating .

I have stood up for the absence of spindl e
fibers for many years and it has almost become, I
suppose, a fetish with me . "Chambers? oh yes ,
that's the man who doesn't believe in spindl e
fibers ." There is no question about the interzona l
material . In a living cell you can insert the needl e
into an anaphase figure, bring the tip of the needl e
to the region between the chromosomes, and pul l
the whole two plates out of the dividing cell . It
is a strand to which the two sets of chromosome s
are attached, a gel which is so solid that when
pulled out it will twist the chromosomes, and they
will all come out as a whole . There are certain
hybrid potatoes where there is a lagging of th e
chromosomes . In the area between the two pole s
of the telophase, there are some chromosomes stil l
in early anaphase that have not moved to th e
poles . These get caught when I stick the needl e
between the two plates ; the needle drags every-
thing out, including those chromosomes which
have not arrived at the poles .

I have been very much interested in the ex-
traneous coats of cells, so this takes me a little
away from the inside . I think one of the majo r
results of micromanipulation is that we can tel l
when we are at the protoplasmic surface film . The
protoplasmic surface film is the barrier betwee n
the living protoplasm and the outside . It is the
layer which determines the selective permeability ,
and its loss means the destruction of the proto-
plasm . Now with many eggs, particularly starfis h
and sea urchin eggs, we can rip off the extraneous

coats, vitelline membranes, various and sundry
external layers, without any effect ; but if we once
teach the protoplasmic surface film, a slight tea r
with the needle produces (and we always use thi s
as a criterion) an acid reaction . The hydrogen-ion
concentration, determined by the injection o f
sulfo-phthalein indicators, gives a relatively alka-
line reaction for the interior of the cell, whethe r
of the amoeba, the muscle fiber, or the echinoder m
egg ; but if there is the slightest tear of the needle ,
by punching and pulling a little bit, we get an
acid of injury of the value of 5 .2 to 5 .3. If the
acid of injury persists for more than a second o r
two, then the result is irreversible .

There are some cells which are very heavil y
yolk laden, and that is the kind that Bodine use d
,hen he employed the electrometric methods for

determining the hydrogen-ion concentration of th e
Fundulus egg. The Fundulus egg has a very
tough chorion, and one can very easily break th e
chorion and flush out the contents . It is relativel y
easy to make an electrometric determination o f
the soup that results . Bodine obtained a pH of 7 ,
which was neutral . In working with Fundulus
years later, I could find that where he was gettin g
a pH of 7 it was because of the inert state of th e
large amount of yolk . One can get a pH of 7 i n
the completely destroyed mass of protoplasm .
Protoplasm giving the acid of injury of 5 .2 has
to be in the living state, and the very great amoun t
of yolk in the fish eggs quite swamps it out ; as
also in the frog egg .

A very telling way of determining the hydro-
gen-ion concentration of amoeba is by injectin g
picric acid . Picric acid has no deleterious effec t
on the interior of the amoeba as long as it doe s
not upset the buffers with which the cell i s
equipped. Let us consider the injection of picri c
acid together with brom cresol purple . Brom
cresol purple is an acid indicator which wil l
change color at values below 6 . If we make a
mixture of brom cresol purple and picric acid w e
get a brilliant yellow solution . The brom cresol
purple turns blue at pH 6 . If the mixture when
injected into the cell goes green, that means tha t
the .buffers in the cell have not been affected by
the picric acid, which is a weak acid anyway ; th e
color green indicates an innocuous state . I had a
film that I intended to show you this afternoon o f
an amoeba that was injected with brom cresol
purple plus picric acid, and it was moving around
very happily, in color, because the buffers had no t
been affected . The important feature of doing any
microinjection into cells is that we maintain the
buffers . The buffers serve to hold the condition
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of the protein in what appears to be an aqueou s
continuous phase. Injection of pure aqueous solu-
tions will spray through the cell without any hesi-
tation. Inject a muscle fiber with phenol red, an d
the color just diffuses through the muscle fibe r
evenly in all directions, up and down the cylinder .
In all cells, as far as I find, the continuous phas e
of the interior of the protoplasm is aqueous . The
living proteins are on the alkaline side of thei r
isoelectric points .

There are possibilities for acidity being ex-
hibited in the cell in the less buffered aqueou s
vacuoles . An interesting thing that I should lik e
to bring out is that we have evidence that the
vacuole of the plant cell does a good many of th e
duties of a kidney. Phenol red, injected into th e
blood stream, was used long ago as a very goo d
indicator for the functioning of a kidney . Now a
plant cell has a large central vacuole . When phenol
red is injected into the protoplasm which sur-
rounds the very large, centrally located vacuole, i t
is removed by the vacuole . In sea urchin eggs, o r
an amoeba, the phenol red is permanently held i n
the protoplasm, whereas in these plant cells the
vacuole is an excretory organ . I have tried to se e
if I could not get some action by using an anes-
thetic to prevent that vacuole membrane fro m
passing phenol red . Phenol red works against a
gradient when it is injected into a vacuole . We
filled up the vacuole with a lot of phenol red, bu t
in spite of that the phenol red passed throug h
from the protoplasm. I have done some wor k
with the anesthetic to see if there could be an y
reaction, but I have not obtained any satisfactor y
result .

So to rehearse, the value of micromanipulatio n
has been, for one thing, to demonstrate just when
we are at the protoplasmic surface film . This film
is mostly covered over by extraneous coats so tha t
what we call the cell membrane may not neces-
sarily be the actual cell membrane. It may be a
composite of the protoplasmic surface film, whic h
is the essential part of the membrane, and the ex-
traneous coats which will stiffen in calcium an d
will react in certain ways. When we get an egg
that is completely naked and mounted in eithe r
sea water or pure calcium chloride, we have a
liquid surface, the protoplasmic surface film . As
long as it remains intact, life is continued and th e
structure of the internal protoplasm is maintained ;
whereas if the surface is pricked ever so slightly
so as to expose the interior protoplasm, death re-
sults . The concentration of calcium in the interna l
protoplasm must be extremely low, and when it i s
present it is in a state which is not an active ionic

calcium. Sodium alizarinate, when injected into
an amoeba, will diffuse readily, giving to the entir e
amoeba a diffuse purple color . But gradually all
motion ceases ; the protoplasm begins to becom e
crystalline, apparently spontaneously . Then the
color gradually gets less and less deep, fades, an d
finally there is no color left in the fluid cyto-
plasm ; it has been taken up by the very purpl e
crystals . That is the time when motion begin s
again, so that the presence of motion in amoeba i s
dependent apparently on the existence of calciu m
in some form . The amoeba will then crawl around
very happily .

I think that I have discussed sufficiently cer-
tain features of micromanipulation . As you can
readily see, micromanipulation is the checking o f
a lot of things without any particular confinement .
Micromanipulation is a technique . We can work
with it as long as we have a light microscope . The
completely dehydrated, evaporated material em-
ployed by the electron microscope is beyond th e
scope of the micromanipulator . I think we have
to have protoplasm containing its proper quantit y
of water before we can have it in a condition
where we can operate .

DISCUSSION
DR. MOORE : Thank you, Dr . Chambers, fo r

this very interesting discussion of your apparatus .
And now I think there will be questions from th e
floor .

DR. MAZIA : First I'd like to disagree with
one of the remarks that Dr . Chambers made ear-
lier in his talk when he said he is for better micro-
manipulators . Micromanipulators have improved .
The difficulty is that there hasn't been anothe r
Robert Chambers, and that is why micromanipu-
lation hasn't progressed as it should have . This i s
an art . Dr. Chambers has been the great maste r
of this art, and there have been few others . Now
I just want to ask you a question, Dr . Chambers ,
regarding some work you were doing two year s
ago on a study of cell structure through observin g
the pattern of ice crystallization in cells . Can you
tell us something about that ?

DR. CHAMBERS : You mean the ice in the pro-
toplasm ? I had an opportunity when I was i n
England to work in Hardy's cold temperatur e
laboratory, where they had rooms varying fro m
15° below zero up to zero . I found that I coul d
work very nicely with the micromanipulator in a
room with a temperature of -5 degrees by usin g
the London Times . I found that with a heavy
overcoat and big boots and a fur cap it was pos-
sible to carry on for quite a time . The trouble was



18

	

CELLULAR BIOLOGY

that I was heating up the microscope and the hea t
of the microscope was warming up the microma-
nipulator . We had a thermocouple for tempera-
ture control, and that would keep going up ever y
time I walked up toward the machine to operate .
It was the London Times which saved the clay . I t
was large enough to encompass the body whe n
held with strings . You can see me standing there
with a huge fur cap, completely covered over . I
didn't have a mustache, so 1 didn't need to worr y
about that feature-but everything else was cov-
ered over. Those great big boots and mittens ! I
just hoped for the best, but the micromanipulato r
worked all right because one could operate wit h
mittens .

DR. BERG : I would like to ask Dr. Chambers
several points on technique . One is, that we've
seen several of your papers on the effects of lo w
temperatures that produce injury to cells . l won -
der, since you have studied these various tempera-
tures, what would he the proper temperature to
work at? The second thing I want to ask is that
for some time now I've been trying to bring abou t
fusion of cells ; not merely sticking the cells to-
gether, but actually causing the cytoplasmic con -
tents to mix . I've tried the micromanipulator, but
so far have not been successful . I wonder if yo u
have .

DR. CHAMBERS : In regard to the use of the
low temperature, an amoeba doesn't freeze, in any
case no cell will freeze, until below minus 10 de-
grees . The cell will not freeze unless it is seeded ,
or vibrated ; that is, subcooling occurs . That ac-
counts, naturally, for the living condition of s o
many of our plants, under freezing conditions ,
except when they're vibrated . You've seen bough s
of trees which have been smashing around wit h
the wind, and on certain portions of the bough s
they look black ; here they are frozen . That i s
because of the friction and the sudden vibrator y
action which will start internal freezing . You
don't get internal freezing because of the sub -
cooling tendency .

The amoeba would be the natural thing i n
which to try to bring about union, or fusion, an d
deFonbrunne tried it . He claimed that he got a
nucleus from one amoeba into another . But I've
worked on it for years, long before Danielli an d
Lorch came out with their account in which the y
were able to cause a fusion ; they were able t o
transfer the nucleus from one amoeba into an -
other and to get it to live . Poor Dr. Lorch appar-
ently worked for a year or more keeping clones ,
because she was so sure that she had started with
an amoeba with a nucleus transferred from an -

other species . My son is working on micromanip-
ulation himself, and we both agree that the likeli-
hood of Dr. Lorch having her amoeba underg o
division was because another nucleus was already
present . The one that was injected was ejected ,
because every time that we got a nucleus trans-
ferred into an amoeba, even of the same species ,
the conditions were such that this nucleus wa s
ejected. As far as fusion is concerned, you've
simply got to get material that naturally fuses .
I'm a great believer in what nature has already
done ; what we do is merely repeat what natur e
has done . Certain types of cells will allow for
fusion, but others never . I've never been able to
get sea urchin eggs to fuse . You can get a fusion
by having a blastomere undergo cleavage, and be-
fore the cleavage is completed work with micro-
needles and prevent the stalk from closing down .
Then you have two blastomeres converting into
one. That's the only sort of thing that I've bee n
able to do .

QUESTION : Concerning injury to the cell, do
I understand correctly that if you work fas t
enough you might pierce the surface protoplasmi c
membrane, and then remove the instrument an d
have the cell still survive? And then another
question is, if you do not remove the extraneou s
coats, do they, to a certain degree, preserve th e
cell against death if you pierce the cell ?

DR. CHAMBERS : A cell in a way is like a soap
bubble . If you puncture a soap bubble, you ca n
move the needle and nothing happens . It's jus t
like that as far as the protoplasmic surface fil m
is concerned . My impression is that the proto-
plasmic surface film is a liquid . You can rende r
an egg naked by removing the extraneous coats .
Then you can apply a drop of olive oil and if i t
has the right surface tension it will stick to th e
surface of the naked egg ; you can move the oi l
from one place to another, just as you can a dro p
of oil on a tank of water . You can move the oi l
drop as it flattens out into a lenticular shape, but
you would have a lot of difficulty lifting the drop
out ; you would carry water with it . The proto-
plasmic surface behaves just like that . The diffi-
culty with the Barber machine was that when w e
punctured the cell we never knew how the needl e
was going to come out, whether it was going to
come out where we put it in ; and the amount o f
injury is dependent upon the puncture. If you
make a big puncture, you have produced a lot o f
injury ; with a smaller puncture, it becomes evan-
escent ; but you want to be certain that you can
come out again where you put it in, so that you
have little trauma in the action .
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: x= H1TEIE1:: Hav •,you observed any re- plasmic nature . In plant cells there are vacuoles ,
ions in the : cell-' inwy ich ,#tte 3,•x glat-ibe. ioaa-, but most of them are acid . Curiously enough, i n

the amoeba we have had the most difficulty in de-
termining the pH, because the amoeba has numer-
ous vacuoles which are less buffered than the
cytoplasm. If you use neutral red you can get
vital staining, and the vital staining of cells i s
generally due to the vacuoles . So if you can cen-
trifuge away the vacuoles and get down to th e
protoplasmic matrix, you can get a much more
definite value . I've never obtained 9 ; pH 9 i s
pretty alkaline, a good deal of protoplasmic solu-
bility occurring at that value .

DR. MOORE : Dr. Chambers, if you attempt an
experiment on dumbbell-shaped centrifuged eggs ,
do you get a difference in pH in the two halves ,
the light half and the dark half ?

DR. CHAMBERS : There is no difference in the
homogeneous cytoplasm. Whenever we get away
from the granules, we've never been able to deter-
mine any difference in pH on the heavy end o r
the light end.

s i derably dififei--ont' I■rmrnt tl P ri'f '̀t}ia gene 1''a1 ybo

plasm? Spe'c'ifically- ,' are there any regions- 'tha t
you noticed whd theipH might be very alkaline ,
say around 9? '

1 DR. C Xiva'r S : At ':he time of vies and
Reiss (wha-wrote the Frer ch book "Le pH In-
terieur Celluilaire") 'a?very ingenious method wa s
u ed, that of colleetir'jg: all the echinochrome in th e

urchin and-det4rmining the pH of that colo r
e, which•was :5.-6 or 5 .3 . Now, at that time

`°"ust got my - •mad ae- from Leitz, the new one
hich has tkie-rriiriidiuin frictional distance wit h

which you cari do' extraordinarily fine things . I
was able to puncture 'tie pigment"\ uole . of -th e
sera- ,urchin egg under' the oil immersion . The
vacuole had a ruddy,=rown color . When you ex-
amine the color virage of a amass of eggs .; you get
a pH of about 5 .6 or 5 .8 . Upon-ptiinctur-ing -th e

r ._ vacuole there was an instantaneous disappearanc e
I :of the vacuolar membrane and • spreading ,of the
color into the surrounding h

a
ornogenedt's; -cyto -

plasm ; the color went to a dirty brown :wj'4gh?~ we-, , DR . MOORE : Thank you very much Dr . Charn-
have since determined to be pH 6 .8 or• ;r'. ' , - 1Nl~ N - -:'h8rclI, »Oti r time has come to amend. The after-
vacuoles do exist which are alkaline . In the.,kidne};-;4nàon'.session will1e resumed at 1 :00 o'clock in
tubule, for example, there are beautiful'•vacuoles'' this {-glace, with Dr . A. W. Martin presiding .
which are definitely alkaline, but not of a proto- Thank you .
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H. STANLEY BENNET T

DR. MARSH : I believe we should come to
order and proceed with our afternoon program .
The first talk this afternoon is considered part o f
the luncheon program, and therefore is still unde r
the sponsorship of Sigma Xi . That is why you see
me here. Our luncheon speaker this afternoo n
obtained his Bachelor of Arts degree at Oberli n
College . Later, at Harvard, where he finished hi s
M.D., he was a research fellow in anatomy, afte r
which he served as assistant professor of cytology
at the Massachusetts Institute of Technology . For
the past six years he has been professor and chair -
man of the Department of Anatomy at the Uni-
versity of Washington . His fields of study have
included cellular chemistry, cellular physiology ,
polarization microscopy, and electron microscopy .
I take great pleasure in presenting to you Dr . H .
Stanley Bennett .

DR. BENNETT : It is evident that we stand on
the threshold of a new classical period in cytol-

ogy-one comparabl e - in in•Lptae and scope to
that involving the applicatipn• .Sif t ie light micro -
scope to study of tisSUg tune, itxe during the nine-
teenth century, or to the . osalian period in gros s
anatomy during the s` t.qenth and seventrit h
centuries .

	

-

	

• *+..tf • • Y = tip + + k ~
The principal instrurnW.:,mv't7NS'itrae open-

ing of our new classical.e'rb~d~_{, tie electron
microscope . The field s-6 okposai to xploitation
can be called submicrosc p}L,asiatgmy- l mol tide s
the study of tissue and c-61:'Strfa tia`t IAtails which
are too fine to be revealed -b'q ilZQitg : icroscope .
It implies correlations &f 'stria uzps

	

-di' ; ayed
with biochemical and functio ad"~a~, the
cell, for the electron microscapei .g
microscope, can be used as a,,phss
biochemical tool .

The particular virtue of the electron micro -
scope is its high resolving power (1) . Whan prop-
erly applied, it provides a resolving power



20

	

CELLULAR BIOLOGY

ing over a hundred times that of the light micro -
scope. This superiority is well demonstrated b y
Figure 20. Figure 20A shows an electron micro-
graph of a thin section of mammalian skeleta l
muscle . Myofibrils, sarcoplasm, and myofilament s
are clearly resolved . Figure 20B displays a pho-
tomicrograph of a section of similar muscle, at th e
same magnification . The myofibrils can be distin-
guished but are not sharply delineated. No hint
of myofilaments appears, nor can sarcoplasm b e
distinguished . A comparison of these figures
emphasizes the great amount of additional infor-
mation to be gained by exploiting the superio r
resolving power of the electron microscope .

In order to achieve this resolving power ,
which, under favorable circumstances can ap-
proach 10 A, a distance which corresponds ap-
proximately to the long diameter of a naphthalen e
molecule, it is necessary to prepare the specime n
so that its thickness does not greatly exceed th e
desired resolution . Five methods of preparatio n
have achieved importance . These are chemical

separation, fragmentation, replication, spreads ,
and sectioning.

The first of these involves chemical separatio n
and purification of some constituent of the tissue,
such as a type of protein molecule, mitochondria ,
viruses, secretion granules, or the like, followe d
by depositing the separated particles on the speci-
men screen and photographing them in the elec-
tron microscope . Utilizing this technique Farran t
(2) has published very remarkable high resolution
pictures of ferritin, some of them at magnifica-
tions of 900,000 diameters, showing four ferri c
hydroxide micelles in the center of each ferriti n
molecule .

Fragmentation, implying the use of cruder
methods of tissue break-up, such as teasing, blend-
ing, or homogenization, is useful for obtainin g
fibrillar components, such as collagen fibrils o r
myofibrils . This technique has been applied suc-
cessfully to collagen by Gross and Schmitt (3) ,
demonstrating that collagen displays a comple x
polarized periodicity of 640 A .

Figure 20 . Electron- and photomicrographs of sections of muscle at the same magnification .
A represents an electron micrograph, in which arc resolved many details of fin e

structure, including myofilaments and sarcoplasmic details .
B, a photomicrograph, shows only the coarser details visible in 20A .

Figure 20A, unpublished from Bennett and Porter .
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Replication is a process wherein a cast is made
of a free surface presenting fine structure detail
of interest . The cast is then usually shadowe d
with metal from an oblique angle in order to brin g
out the hills and valleys . A thin film supportin g
the cast and metal shadowing is then photo -
graphed . Hall (4) has obtained micrographs o f
the surface structure of edestin crystals using thi s
method . The micrographs show excellent resolu-
tion, and reveal the individual edestin molecules ,
which show less asymmetry than had been as -
signed to them on the basis of indirect determina-
tions . Replication can also be applied to tissu e
components, and was used to study wet collage n
structure by Gross and Schmitt (3) .

Spreads can be used for electron microscopy
under conditions where sheets of cell processes ,
or cell products, can be induced to spread thinl y
over a supporting membrane . Cells in tissue cul-
ture have been studied extensively in this way by
Porter (5), who found that the delicate extended
edge of many cells at the edges of tissue culture s
were sufficiently thin to be studied profitably with
the electron microscope . Blood cells, platelets, and
fibrin clots also lend themselves to investigation
by this approach .

The queen of tissue preparation procedure s
for electron microscopy is sectioning . Method s
and instrumentation now successfully applied in a
leading laboratory are ably summarized by Porte r
and Blum (6) . The essential features involve th e
application of fixation methods which preserve
tissue detail faithfully, followed by embedding an d
cutting of sections at a thickness of 500 A or less .
For the highest resolution, sections less than
200 A in thickness are necessary . Few worker s
are skilled enough to obtain them, except as re-
sults of rare fortune. Although several method s
can often be combined profitably in a study o f
the fine structure of tissues, sectioning ha s
achieved a position of foremost importance be -
cause it preserves the basic organization of th e
tissue to the greatest degree .

What problems confront one who embarks
upon tissue exploration with the electron micro -
scope? Apart from technical problems involve d
in tissue preparation and in microscope mainte-
nance, alignment, compensation, and operation, th e
greatest challenges lie in the interpretation of th e
images obtained . The very wealth of detail newly
revealed is itself the greatest obstacle to satis-
factory interpretation . As shown in Figure 21 ,
nucleus and nucleolus can easily be recognized .
Cytoplasm displays granules, vesicles, filaments ,
vacuoles, particles, or other structures, in great

variety and apparent confusion . We are just be-
ginning to recognize, classify, and correlate th e
most conspicuous and general features of cyto-
plasmic structure . It is clear that a completion o f
this task may consume several decades . Even
though this heroic task is in its infancy, a numbe r
of triumphs aid us in further exploration .

One of the most noteworthy contributions
which electron microscopy has made to cytology i s
the recognition and characterization of the endo-
plasmic reticulum, or ergastoplasm, by Porter (5) .
This accomplishment may well come to rank with
the discovery of the nucleus by Brown, or th e
recognition of mitochondria by Regaud . Porter
recognized a delicate network of vesicle-like struc-
tures connected by fine strands, occupying baso-
philic portions of the cytoplasm. In sections, thi s
component displays a characteristic bi-laminat e
appearance, and is associated with numerous fin e
particles about 100 A in diameter . In fragmente d
cells fractionated by centrifugation, broken u p
pieces of this component can be recognized in th e
microsome fraction . There is abundant reason to
consider this component as representing the baso-
philic, ribose-nucleic acid containing, cytoplasmi c
component which cytologists have studied ove r
many years, and which Caspersson has associate d
with protein synthesis . The endoplasmic reticulum
of Porter is basophilic. Upon centrifuging cells ,
it sediments with the basophilic portion which
absorbs strongly in the ultraviolet, and which lose s
its basophilic and ultraviolet absorption proper -
ties upon treatment with ribonuclease . Weiss has
shown the endoplasmic reticulum and the baso-
philia of pancreatic cells to vary together in a spec-
tacular manner with variations in pancreatic acina r
cell activity. Recently Petermann, Mizen, an d
Hamilton (7) have isolated from the microsom e
fraction of cells a particulate component consistin g
of about 50% RNA, and composed of particles
about 100 A in diameter. This appears to be a
successful chemical isolation of the granular com-
ponent associated with the endoplasmic reticulum .
If these presumptions should be sustained by
further work, the biochemical and physiologica l
implications would seem to be of considerable im-
portance .

A second triumph with the electron microscop e
has been the recognition of the detailed interna l
fine structure of mitochondria by Palade (8) . The
mitochondrial membrane, precisely described b y
Kolliker in 1857 in the large mitochondria of in -
sect flight muscle, is now firmly established as a
constant and well-defined aspect of mitochondria l
morphology. In addition, Palade has brought to



Figure 21 . Electron micrograph of a section of a cell in the nerve cord of an earthworm . Nu, nucleus . No, nucle-

olous. M, mitochondria. 1/, large vacuole. The cytoplasm shows many small granules, filaments, vesicles, or othe r

structures, many of which are not yet classified in a satisfactory manner . Unpublished, from DeRobertis and Bennett .
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light a set of shelflike projections or laminae
which extend inward into the matrix of the mito-
chondrion from the membrane, and which he ha s
named the cristae mitochondria/es . These crista e
exhibit a characteristic bilaminar structure, as doe s
the outer membrane . Palade suggests that thes e
cristae might provide a firm framework for or-
ganized systems of enzymes, which have bee n
postulated by a number of biochemical worker s
to be characteristic of mitochondria . The morpho-
logical features of mitochondria have by now been
defined sufficiently well so that they can be recog-
nized with ease as characteristic structures in
electron micrographs of many types of cells .

One encounters a considerable variety of cyto-
plasmic structures which are at present less wel l
defined and understood . For example, De Roberti s
and Bennett (9) have found in ganglion cell s
from the earthworm nerve cord a complex system

of parallel dense tubulelike structures, which ar e
associated with small granules or vesicles 200-
300 A in diameter . These masses are distinct
from the Pndoplasmic reticulum, and it has bee n
suggested that they may be centers of synthesis
producing the granular or vesicular components
with which they are closely associated . In some
respects they resemble the structures identified as
Golgi apparatus in electron micrographs of epidi-
dymal epithelial cells by Dalton and Felix (10) .
Porter has pictured a poorly defined particulat e
component of cytoplasm of tumor cells, which h e
has termed "growth granules ." Secretion granule s
are often encountered . But the task of identify-
ing, classifying, and understanding in physiologi-
cal and biochemical terms the complex and mani-
fold structure of cytoplasm as revealed by th e
electron microscope is indeed formidable .

The electron microscope has added little to ou r

Figure 22 . Electron micrograph of section through a nucleus (Nu) of a
cell in the nerve cord of an earthworm. The nuclear membrane is clearl y
double along the convexity to the right . The nucleolus (No) is close to th e
edge of the nucleus, and appears to be pressing on or passing through th e

nuclear membrane . Unpublished, from De Robertis and Bennett .
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knowledge of the nucleus . The nuclear membran e
is characteristically double in section. In plan
view the membrane frequently shows closely
packed patches of low density which soiree authors
have regarded as actual pores or perforations . As
yet, no important contributions to chromosomal o r
genic structure have emerged from electron micro -
scope studies . Chromosomes are not recognized
in ordinary interkinetic nuclei . The nucleolus can
be identified readily in electron micrographs (Fig-
ure 22) . Sometimes it is seen to be close to th e
nuclear membrane, and even appears to be passin g
through it . At times, nucleolarlike structures ca n
be identified in the cytoplasm, suggesting that the
nucleolus may indeed in some cases pass intac t
from nucleus to cytoplasm, as postulated by man y
cytologists, providing a mechanism whereby the
nucleus can contribute to or influence cytoplasmi c
activity .

The electron microscope has clarified a numbe r
of less general aspects of cell structure . One o f
these concerns the nature of fine cytoplasmi c
process associated with absorptive epithelial cel l
surfaces . Cytologists in the past have been con -
fused about these structures, to which the term s
"brush border," "straited border," or "cuticula "
have been applied . It is evident from electro n
micrographs that all of these various structure s
are essentially similar . Processes of this kind,
moreover, have been noted in areas where they
had not previously been identified, as on the sur-
face of the mesothelial cells of the peritonea l
cavity, where they have been found by Odor, o n
the inner surface of capillary endothelial cells ,
and on various cells in other places . In all in -
stances these processes appear to be simple finger-
like extensions of the cell about 600 A in diame-
ter, showing little organized internal structure .
These processes are sparsely distributed in th e
mesothelial cells, where they can be seen in fres h
living state with the phase microscope . The
processes are long and slender in the brush borde r
of the kidney, even and densely packed in th e
striated border of the intestine . They have bee n
called "micro-villi " by Borysko . It is clear tha t
they differ distinctly from cilia, which are coarser ,
being about 2,400 A in diameter, and which sho w
two axial filaments surrounded by nine circumfer-
ential filaments, which are in turn ensheathed in a
sleeve which sometimes appears as a tightly woun d
spiral of threads . Sperm tails have a very similar
structure .

A most interesting recent development has
been the discovery by Palade of tiny vesicles in
the endothelial cells of capillaries . These vesicles

are concentrated along the inner and outer capil-
lary cell membranes, where many appear to open
through minute stomata into the capillary lume n
or the intercellular space, as the case may be .
Palade has postulated that these vesicles migh t
represent fluid in process of transport across th e
capillary cell . He invokes the observations o f
Lewis, who, using the light microscope, observe d
cells in tissue culture to engulf globules of flui d
from the surrounding culture medium and to
move the fluid so engulfed in a fluid-filled vacuol e
or vesicle to another portion of the cell . Lewis
gave the name of "pinocytosis " to this process ,
and Palade regards it as reasonable to sugges t
that a similar process may take place on a submi-
croscopic scale . The discovery of these vesicle s
throws a cloud of doubt on the pore theory o f
capillary permeability, now ably espoused by Pap-
penheimer . The phenomenon of submicroscopi c
pinocytosis may be of rather general importance ,
as similar vesicles have been found in Schwan n
cells and in nerve satellite cells by De Roberti s
and Bennett (11) .

Another electron-microscopic finding whic h
may prove to be of considerable physiological an d
biochemical interest is the simultaneous discover y
by Palade (12) and by De Robertis and Bennet t
(13) of a submicroscopic vesicular component i n
the synapse. Palade and Robertson have inde-
pendently discovered a similar vesicular compo-
nent in the motor nerve ending . This vesicular
component is found only on the presynaptic sid e
of the synapse . Those immediately adjacent to
the synaptic membrane itself are in some case s
seen to be elongated in a direction normal to th e
synaptic membrane, and often touch or even per-
forate the presynaptic membrane . Portions of th e
vesicles can then be seen lying in contact with th e
postsynaptic membrane. No evidence is availabl e
concerning the chemical nature of the contents of
these vesicles, nor concerning their role in th e
physiology of the synapse . One cannot lightly
assume that they contain a chemical synaptic me-
diator such as acetylcholine . Experiments designe d
to test the physiological role of these vesicles ar e
under way, and a clarification of their nature can
he hoped for. So far, they have been found i n
synapses in mammalian brain, in frog sympatheti c
ganglia, and in the earthworm nerve cord .

Some cytologists using the electron microscop e
have been impressed at the celerity at which eve n
a low-power electron micrograph of a familia r
structure will modify his views regarding th i
object . For example, a cross section of a Schwann
cell shows it to contain nerve processes tunneling
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right through it . Occasionally one may encounter
a Schwann cell with several unmyelinated an d
small myelinated nerve fibers encased in it s
cytoplasm . Clearly in vertebrate peripheral an d
sympathetic nerves, the nerve fibers are com-
pletely surrounded by a continuous Schwannia n
sheath . Again, a capillary may show itself as a
tubular cell, with a distinct inner and outer capil-
lary cell membrane, varying in thickness, the inner
being much more delicate . The cytoplasm is a
resolvable entity, with mitochondria, endoplasmi c
reticulum, capillary vesicles, and other minut e
organelles in considerable complexity . No pores
continuous from lumen to periphery can b e
found to account for permeability, either in th e
capillary endothelial cells themselves, or betwee n
them. Clearly this is no simple semipermeabl e
membrane, whose behavior can be explained o n
the basis of ready assumptions and a few equa-
tions .

Thus we see some of the yield of the firs t
efforts to explore cell structure with the electro n
microscope . It is a heady aperitif . We have pow-
erful tools at our disposal, and a new unknow n
world before us . Let us get on with the explo-
ration .

DISCUSSIO N
DR. MARSH : Thank you, Dr . Bennett . For

the period of questioning I will turn the micro -
phone over to Dr . Arthur W . Martin, who is your
chairman for the afternoon session .

DR. MARTIN : Thank you very much Dr.
Marsh. I would like to entertain some question s
from the audience . I don't know where one ca n
begin with this tremendous out-pouring, but I see
that Dr . Alfert has a question right away .

DR. ALFERT : I have a question about the nu-
cleoli of earthworm cells . They seem to me to be
somewhat different in structure from nucleoli a s
they are demonstrated in vertebrate tissues wher e
they usually appear quite homogeneous in section .

DR. BENNETT : If I understand Dr. Alfert
correctly, he commented that the earthworm nu-
cleoli which were shown here were not uniforml y
dense, whereas he thinks of nucleoli in vertebrate
tissue as uniformly dense . In my experienc e
nucleoli cut sufficiently thin and studied in the
electron microscope are not uniformly dense, re-
gardless of vertebrate or invertebrate origin . They
always show structure, but the dense structure i s
not always peripherally arranged, as in the earth -
worm nucleoli which I showed you . Very fre-
quently the image suggests the presence of a ver y
extensive coiled thread inside the nucleolus . We

have observed this in the nucleoli of frog sympa-
thetic nerve, and in many other cells, and we
believe it corresponds to the so-called nucleolo-
neme which has been described on the basis o f
light microscope studies by Professor Estable a t
Montevideo .

DR. DORNFELD : I would like to ask abou t
some pictures of mitochondria published by Allar d
and others about two years ago . They showe d
spherical mitochondria from liver . These pictures
are different from the kind with which we are
now familiar through Palade's work . Their mito-
chondria remind one more of Stanley's picture s
of certain viruses .

DR. BENNETT : I am familiar with many pic-
tures of mitochondria which do not look like thos e
which Palade and Porter showed . I might say
that if one looks through the early light micro -
scope literature one may find many pictures o f
cells which do not resemble what we think of a s
cells now. I do not, however, recall the particula r
pictures to which you are referring . Published
pictures of mitochondria include both sectioned
ones and ones which have been separated and per-
mitted to settle on the screen . The appearance o f
those which have been separated by chemical sep-
aration, which Dr . Cheldelin uses, do not show
this internal structure because the mitochondrion
dries down and flattens out so that internal organ-
ization is lost . In the sectioned material, however ,
it is very common in material which has bee n
improperly fixed to obtain a very marked an d
noticeable swelling of the mitochondria . Appar-
ently, through some process we don't understand ,
the mitochondrion can be distended, a large vacu-
ole-like area can appear in the middle, and th e
structure appears only in the peripheral portio n
of the mass, suggesting that most of it is attache d
to the membrane and pulled away as the mito-
chondrion swells . All of us who have dealt with
sectioned material are familiar with this phenom-
enon. We dismiss it as artifactual .

DR. DORNFELD : The pictures I was referring
to were from homogenized tissues ; the mitochon-
dria were isolated .

DR. BENNETT : I might say that Dr . Palade,
who has made an effective correlation between th e
electron microscope appearance of homogenate s
and the biochemical activity of the homogenates ,
has found that it is possible by sucrose separatio n
and careful control to obtain a very pure separa-
tion of mitochondria in which the internal struc-
ture is well preserved. However, he says this i s
not ordinarily achieved .
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DR. CHAMBERS : How much does shrinkage
account for modification of the material? A slide
you showed indicated a number of parallel tubules .
I was wondering whether it is possible that in the
preparation of the material shrinkage could pro -
duce hollowing-out, so that you get the effect o f
parallel tubules .

DR. BENNETT : Perhaps you mean the slide o f
the liver which contained the endoplasmic reticu-
lum. First I might say that I can't answer spe-
cifically with respect to that slide, but I am happy
to make a comment about the general problem o f
shrinkage . It is very evident that it can occur i n
material which we prepare for the electron micro -
scope. In a paper which Dr . Porter and I pub-
lished on muscle, for example, we showed i n
contrast on the first plate two pictures, one o f
which we interpreted as showing evident shrink-
age, another one which we interpreted as no t
showing shrinkage. The one which I showed you
in the first slide of muscle would represent one
which we say would show no evidence of shrink -
age within the cell so far as we can see . All the
spaces are filled and the general architecture seem s
well preserved. There certainly is not gross dis-
tortion of many of the structures with which w e
are dealing . For example, those myofilament s
which I showed-those very fine delicate molecu-
lar strands in muscle-in cross section these ap-
pear in very regular hexagonal array . The fila-
ments are packed just as rod-like crystals woul d
pack . The distance separating these can be meas-
ured. Dr. Huxley has taken X-ray diffractio n
patterns of living muscle in which the X-ray dif-
fraction pattern is interpreted as indicating a
hexagonal array with essentially the same spacing .
So in this case we have confidence that this hexa-
gonal spacing has some reality . Moreover, ther e
are many other checks which we can impose . For
example, I showed you the picture of a plasma
cell with a circumferential arrangement of endo-
plasmic reticulum . Using Dr . Inoue's polarization
microscope, Dr . Thornburg in our laboratory ha s
been able to demonstrate that the peripheral por-
tion of the plasma cell is birefringent and show s
the polarization optical properties which would b e
explainable on the basis of an arrangement suc h
as the electron microscope reveals . There are
many instances where it is possible to check, eithe r
with a polarizing microscope or by X-ray, th e
structure which one sees with the electron micro -
scope. In many instances such checks are reassur-
ing . Yet it is evident that many of the preparations
which we make show such obvious distortion that
we discard them. Such is the case when we en -

counter great big gaps here and there, or defect s
in the architecture of the tissue, which we do no t
think reasonable to attribute to the living tissue .
Dr. Chambers has pointed up a problem whic h
faces us all the way, the problem of trying to sep-
arate fact from artifact . Sometimes it is very
easy to identify artifact . In other cases it is not
so easy to be sure that something that you see i s
fact . So whenever we can check an electron mi-
croscope observation by some other optical metho d
we are reassured. We have had enough confirma-
tion to lead us to believe that we can progress i n
this field cautiously, and with care, with du e
realization that sometimes we may be led into
error, but feeling that it is still most important t o
progress and to obtain such information as w e
can, evaluating critically as we go along.
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Quantitative Cytochemistry of Nucleic Acids and Protein s
MAX ALFERT

DR. MARTIN : Nucleic acids have been increas-
ing in importance, biologically, with the passin g
of time . This afternoon we're to hear from a ma n
who has had considerable experience in thei r
study. He took his degree with Dr . Schrader an d
Dr. Pollister at Columbia University, came di-
rectly from Columbia to the University of Cali-
fornia . It's a pleasure then to introduce Dr. Max
Alfert.

DR. ALFERT : I should like to review recen t
discoveries about the quantitative composition o f
single cell nuclei, especially with reference to
nucleoproteins . Special methods are necessary i f
we wish to get information about the compositio n
of particular cells since tissues are generally com-
posed of many different cell types . With the
exception of blood-, egg-, and sperm-cells, it i s
usually impossible to obtain a sufficiently large
number of cells pf one type necessary for direct
chemical analysis . Therefore, analysis performed
on a heterogeneous population of cells, such as a
piece of tissue, can only inform us about the
average composition of the tissue ; such an aver -
age need not represent any one of the cell types
present in the tissue . To get around this difficulty ,
Caspersson l in 1936 developed a method which
permits analysis of single cells within a micro-
scopic preparation . This method is based on the
ability of various cell components to absorb ligh t
selectively . Although only few cellular compound s
have visible color, such as the red color of haemo-
globin or the green color of chlorophyll, th e
nucleic acids and proteins which make up th e
major fraction of cell mass possess chemica l
groups which absorb at well defined regions i n
the ultraviolet part of the spectrum : Such sub -
stances can consequently be identified on basis o f
their spectral properties . Since the amount of
light absorbed is a function of the number of ab-
sorbing molecules, it is also possible to find ou t
how much absorbing substance a particular cel l
volume contains .

Instead of measuring the natural absorptio n
of certain chemical components in microscopi c
images, one can add artificial color to microscopi c
sections by performing chemical color reaction s
on such preparations . This is commonly don e
when a section is stained for observation. Expe-

rience has shown that certain staining reaction s
can be standardized in such a way that the
amount of dye bound, or color produced, is quan-
titatively related to the stained substrate . One can
then measure the stain by means of visible col-
ored light, which is technically much easier tha n
the quantitative use of ultraviolet light as require d
in the Caspersson method. One of the pioneers
of this simplified spectrophotometric method i s
Professor A . W. Pollister 2 at Columbia Univer-
sity, where I was trained . This technique ha s
become very popular in recent years, and som e
important findings have been made by its appli-
cation .

Some of the color reactions that are being use d
for quantitative studies are the following :

1 The Feulgen reaction is a procedure by mean s
of which desoxyribonucleic acid (DNA), a
permanent and important chromosome constit-
uent, can be visualized and measured .

2 The Millon reaction allows the detection o f
tyrosine and tryptophane, two amino acids
which are usually present in various protein s
in a much less variable proportion than other
amino acids . Tyrosine and tryptophane con-
tent can consequently be used to provide a n
estimate of the total mass of protein . 3

3 Certain dyes, such as the widely used Fas t
Green, can be made to combine selectively wit h
basic proteins, of which histones are impor-
tant nuclear components . '

The apparatus' needed for such measurement s
of stained sections consists of a source of light o f
specified wavelength which is used to illuminat e
the microscopic preparation and a photoelectri c
measuring device which permits determination o f
the amount of light absorbed by a particular cel l
part, such as a stained nucleus . Knowing the op-
tical density and the size of the nucleus, one can
then compute the amount of dye contained in it ;
this dye content in turn is proportional to th e
amount of stained substrate .

Let us now consider some applications of thi s
Lechnique . Several years ago, three French scien-
tists, the late Professor Boivin and the Vendrelys 6 ,
had the idea that DNA might be part of the
genetic equipment of cells . They tested this by
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chemical analysis and comparison of the DNA
contents of haploid and diploid cell nuclei, to fin d
out whether nuclear DNA was quantitatively re-
lated to the chromosome complements . For the
reasons mentioned earlier, one cannot get very fa r
with such a problem by direct chemical methods .
Ris and Mirsky7 subsequently applied chemica l
analysis and a photometric study of Feulge n
stained nuclei to the same cell types in order t o
test the reliability of the Feulgen reaction for such
a purpose. Swift' finally improved the photo -
metric procedures and obtained the first extensive
and unequivocal data in support of the hypothesi s
originally advanced by Boivin and the Vendrelys .
Since then many workers have contributed to
this problem .

Measuring nuclear DNA in this fashion by
use of the Feulgen reaction, one has found tha t
1?NA has a constant quantitative relationship t o
the chromosome complement of a species . A sin-
gle chromosome set present in a haploid germ cel l
carries a certain amount of DNA, and diploi d
body cells contain twice that amount . Correlated
with chromosome reproduction, nuclear DNA
doubles prior to mitosis in dividing cells . As a
consequence prophase nuclei contain twice a s
much DNA as telophase nuclei, and intermediary
DNA contents are always found in some cells of a
mitotically active tissue, for instance in cleaving
embryos . '

In many animal and plant tissues one also find s
nuclei whose chromosomes have undergone one t o
several cycles of duplication in absence of mitosis .
The presence of such polyploid nuclei has bee n
established by laborious chromosome counts in a
number of cases where it was possible to observ e
the chromosomes . Microphotometric measure-
ments of Feulgen stained nuclei provide us no w
with a much simpler chemical measure of the de-
gree of polyploidy in a tissue, even in cases wher e
chromosome counts cannot be made . Previously a
shortcut has been used in such cases, and thi s
consisted in measuring nuclear volumes in orde r
to determine the degree of ploidy . This is base d
on the observation that in many instances nuclea r
volume is correlated with nuclear chromosom e
content . 10 We should therefore expect to find, and
this is the case, that nuclear volume and DN A
content are also correlated when nuclei of differen t
degrees of ploidy are compared within one tissue .

It is unlikely, however, that DNA content b y
itself is a determining factor for nuclear volume .
The reason for this is that DNA represents onl y
a small fraction-perhaps 10% in liver nuclei-
of the solid nuclear substance which consists

mainly of protein . But proteins as well as DN A
increase proportionally when the chromosome
complement reproduces, and it appears that nu -
clear volume reflects the total protein content o f
the nucleus .' 1

Photometric measurements performed in a fe w
instances so far indicate a rather strict quantita-
tive correlation between DNA and the basic pro-
teins of the nucleus . 12 Other protein fractions o f
the nucleus are not always as closely correlated
with nuclear DNA content . This fact seriously
impairs the usefulness of nuclear size as a genera l
criterion of polyploidy .

Nuclear volumes often change in a character-
istic fashion during functional cycles of cells . This
is the case in uterine glands of castrate mice
where estrogen administration, which prepares
these glands for secretion, induces a doubling o f
the nuclear volumes . 13 Similar changes occur in
nuclei of rat thyroid epithelium under various
types of endocrine stimulation . 14 Such changes
have in the past been attributed unhesitatingly t o
changes in ploidy . Photometric measurements o f
various nuclear fractions, however, do not sup-
port this view . Such functional changes in nu -
clear size which may lead to the appearance o f
definite volume series, and thereby simulate poly-
ploid relationships, are apparently due to quanti-
tative changes in some other nuclear protein
fraction, while histones as well as DNA remai n
unchanged .

In this connection it may be useful to mention
another cytological problem which has been re -
solved only by application of photometric proce-
dures . The variations of nuclear size and protei n
content can lead to striking differences in th e
apparent staining intensity of nuclei . In growing
oocytes Feulgen stained nuclei become progres-
sively fainter as they increase in size, and man y
observers have attributed this to a decrease o r
loss of DNA from such nuclei . This is not the
case, however, since objective photometric meas-
urements indicate that a constant quantity o f
DNA undergoes a gradual dilution in the growin g
nucleus whose protein content increases wit h
size . 1 5

These few examples will serve to illustrate th e
general usefulness of microphotometric proce-
dures . At present progress in such work is mainl y
limited by the number of microchemical reaction s
available for particular cell components . We have
reasons to hope that new reactions will be devel-
oped and applied to extend our knowledge of cel l
composition .

1



CYTOCHEMISTRY OF NUCLEIC ACIDS

	

29

DISCUSSION

DR. MARTIN : We now throw the paper open
for discussion and question . I should like t o
start the discussion with a question which ha s
come from one participant in this Colloquium wh o
has come from perhaps the greatest distance . Dr .
Nichols of the Brigham Young University has
directed this question to no specific one of the
speakers, and so we shall ask them to voluntee r
as the spirit moves them. The question is, what
is the opinion of this board of experts on wha t
happens to the chromosome during interphase ?
Does the chromosome fragment, is it generall y
distributed, or is there any evidence coming fro m
one of these various lines as to what becomes o f
the chromosome during interphase ?

DR. ALFERT : I think there is good cytologica l
evidence in some cases that the chromosomes d o
not become dispersed, since they disappear fro m
view at telophase but reappear in exactly the sam e
position at the onset of the next prophase . Certain
regions of the chromosomes remain condense d
and maintain their relative positions throughou t
interphase . The fact that chromosomes cannot or-
dinarily be seen in the interphase nucleus does no t
mean that they are necessarily absent . Mirsky and
Ris have proposed a theory according to whic h
some of the chromosomal material simply expand s
and becomes evenly distributed throughout th e
nucleus while the fine threadlike components o f
the chromosome are too small to be seen .

DR. MARTIN : What is your evidence, sinc e
you would have to look at the chromosomes be -
fore interphase and then again afterwards, tha t
they are in the same position ?

DR. ALFERT : In Ascaris the ends of chromo-
somes during the cleavage stages stick out of th e
nucleus in a certain position, and they are hetero-
chromatic or condensed . They remain heterochro-
matic throughout interphase and the whole chro-
mosomes reappear in the same position at th e
next prophase . In many plant chromosomes cer-
tain dense regions are present at well defined posi-
tions when the chromosomes lose their apparent
structure at telophase, but the relative positions o f
these dense regions do not change in the inter -
phase nucleus . So if the contents of the nucleus
were simply dissolving, there would be no reaso n
why these structures should maintain that position .

DR. MAZIA : On one of his slides Dr . Alfer t
shows how, with a moderate increase in volume
without a corresponding increase in absorbing ma-
terial, optical contrast falls off very rapidly, and

if a set of chromosomes fills the body of the nu-
cleus whether by unrolling, uncoiling, whateve r
the means-we don't know those yet-the inter -
phase would be expected to look exactly as it does .

DR. CIIAMBERS : Would you expect to be able
to distinguish the protein which specifically goe s
into the make-up of the chromosome from other
proteins present in the nucleus ?

DR. ALFERT : No, I don't think we can by
these methods . The best of the three method s
about which I have spoken is undoubtedly th e
Feulgen reaction . The protein methods, for in -
stance the Millon method, can give us no mor e
than a rough estimate, since this estimate depend s
on the fairly constant proportion of tyrosine an d
tryptophane in various proteins . If this propor-
tion deviated in an unknown protein we shoul d
get a wrong estimate . As far as histones are con-
cerned, these are believed to be intimately associ-
ated with DNA in the chromosomal substanc e
itself, and I think we can, until contrary evidenc e
is presented, reasonably make the assumption tha t
they are chromosomal proteins .

DR. CHAMBERS : Is that a goal, to be able to
distinguish between them ?

DR. ALFERT : It definitely is . It might perhaps
become possible by selectively dissolving out cer-
tain protein fractions to leave others behind an d
measure them separately . For instance, there is a
protein fraction that is known as the residual
chromosome . which has been proposed by Mirsky
to be something like the backbone, as well as a
very important functional component of chromo-
somes . And in addition nuclei contain larg e
amounts of soluble proteins which can be ver y
easily washed out and which perhaps are no t
chromosomal proteins at all . We don't know any-
thing about these .

DR. DORNFELD : I noticed in your plotting o f
the DNA associated with three polyploid groups ,
that the scattering of the points increased as th e
polyploidy rose . Is that due to errors of sampling ?

DR. ALFERT : No. If these were plotted loga-
rithmically, then you would notice that this scat-
tering is the same in all three plots . A linear plot
does not do justice to the real situation, becaus e
the variation is a certain percentage around th e
mean and that percentage remains fairly constan t
as you go up into higher classes .

DR. BEN N ETT : Now, maybe we can get a n
argument, Dr . Alfert . If we grant for the mo-
ment the quantitative nature of the Feulgen reac-
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tion which you utilized, it puzzles me as to wh y
the dyed portion from a whole nucleus should
represent the amount of DNA in it, since the
DNA is not homogeneously distributed through -
out the nucleus but is coagulated or present i n
certain areas of high density and absent fro m
others . You could have all your DNA in one
small spot and very little likely to be absorbed .
Since it is not homogeneously distributed, I don' t
quite see how you get such nice data .

DR. ALFERT : I have not talked much about
the method . There are considerable technical de -
tails that go into making such measurements . Dr.
Bennett is quite right, when we measure staine d
nuclei we do something radically different from
what a chemist does if he measures a substance i n
solution. All the measurements of such stained
nuclei contain a certain inherent error due to th e
nonhomogeneous distribution of the material .
There are ways, however, of testing whether thi s
error is present to greater or smaller degrees i n
various kinds of nuclei which one compares . Now
this is a technically difficult point on which tw o
papers appeared a couple of years ago, one by
Patau at Wisconsin and one by Ornstein fro m
Professor Pollister's laboratory. What happens
is the following : The error, which is due to in-
homogeneous distribution, always causes a devia-
tion in one way, namely a depression of the tru e
absorption values, and this depression is the
greater, the greater the optical density and th e
degree of inhomogeneity of the structure . By
making measurements at different wave lengths ,
however, one can determine the ratio of the ab-
sorptions at these wave lengths and can thereby
recognize the so-called distributional error, be -
cause if one compares structures in which distri -

butional error is present to different degrees the n
the ratio of absorption values at different wav e
lengths will be different . If, in all the nuclei you
compare, this ratio is the same, this does not
mean that they are free of this error, but it mean s
that this error affects them to the same exten t
and that we are still able to obtain valid data a s
long as we only compare these nuclei to each
other. We have, as you have seen here, made n o
attempt to convert these data into absolute amount s
of DNA. Such attempts have previously been
made, and some authors have gone very wrong i n
making such conversions . But we still feel justified
in believing that nuclei can be compared to one
another in terms of arbitrary units if one make s
appropriate tests, and these have been made in
these cases .
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Investigations of Cytoplasmic Determination in Mosaic Eggs
WILLIAM E. BERG

DR. MARTIN : Now we reach another ap-
proach to the study of the cell . As some types o f
living cells divide, the fractions of the n$w or-
ganism have taken on specific properties . The
two daughter cells may not be alike, and so if w e
could hear from someone who has taken apar t
these fragments of cells we might have a very
powerful approach to what is going on in th e
cells . We are going to hear next from a nativ e
Californian, a man who took his undergraduat e
work at the California Institute of Technology ,
his Ph.D . at Stanford, went then to the Donner

Laboratories at the University of California, and
finally joined the zoology staff at the University
of California . Dr. William Berg .

DR. BERG : An early determination and segre-
gation of developmental factors, as shown by th e
development of egg fragments or isolated blasto-
meres, is particularly evident in the eggs of an-
nelids and mollusks . It has been nearly sixty years
since Crampton shook apart the first cleavage
blastomeres of the gastropod, Ilyanassa, and ob-
tained partial larvae . The mosaic nature of an-
nelid and molluscan development was later more
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firmly established by Wilson's classic studies o f
determination in the limpet, Patella, and the sca-
phopod, Dentalium . The development of isolate d
blastomeres of Patella corresponded to their pre-
sumptive fates as determined by cell lineage, and
Wilson concluded that the development of Patella
represented a "mosaic-work of self-differentiating
cells ." Lack of various larval structures of Den-
talium after removal of the polar lobe, a purely
cytoplasmic structure, suggested that cytoplasmic
rather than nuclear factors were involved .

More recent studies have extended and in gen-
eral confirmed these early results . It should be
pointed out that the distinction between mosai c
and regulative development is not as clear-cut as
was originally thought . Thus the sea urchin egg ,
a classic regulative type, exhibits an early invisibl e
cytoplasmic differentiation as shown by the exten-
sive experiments of Horstadius (1939) . Further -
more, instances of regulation in mosaic eggs ar e
becoming more numerous . Nevertheless, the term ,
mosaic, is convenient for characterizing thos e
forms, such as the annelids and mollusks, where
cleavage separates precociously determined region s
of cytoplasm .

The mosaic egg has in the past been referre d
to as containing "chemo-differentiated" substance s
or "organ forming" materials which supposedly
become parceled out during cleavage and eventu-
ally effect differentiation. It is evident that the
nature of these developmental factors is a problem
of fundamental importance in the field of cellula r
biology ; however, progress in studying these fac-
tors in mosaic eggs has been slow .

Often associated with specific regions of th e
egg are a variety of microscopically visible inclu-
sions, mitochondria, pigment granules, yolk, etc . ;
however, displacement of these from their norma l
locations in the hyaloplasm does not necessarily
alter subsequent differentiation . Microscopic ex-
amination of the cytoplasm thus gives limited
information, and it has been necessary to searc h
for physiological and chemical differences in th e
hyaloplasm . Awareness of the importance of the
"ground substance" of the egg in subsequent dif-
ferentiation is evidenced in the writings of many
pioneer investigators in this field .

Spek (1930), using vital dyes acting as p H
indicators, described a pH gradient, supposedly a
property of the hyaloplasm, along the polar axi s
of the Nereis egg. This "bipolar differentiation"
was claimed to be significant in the subsequent
differentiation of ectoderm and endoderm . Both
the use of intracellular pH indicators and the in-
terpretation of bipolar differentiation have been

questioned ; nevertheless this discovery led to fur-
ther work on mosaic eggs .

Ries (1937) investigated by cytochemica l
methods the localization of ascorbic acid, gluta-
thione, benzidine peroxidase, and indophenol oxi-
dase, in addition to measurements of redox
potential by oxidation-reduction dyes . In some
mosaic eggs a localization of these 'substances or a
difference in redox potential could be demon-
strated . For example in Aplysia ascorbic acid ,
although scattered homogenously in the immatur e
egg, becomes localized in the mature egg as a rin g
of granules which later pass into specific cells .
Indophenol oxidase and benzidine peroxidase dif-
fuse in early stages, become localized in specifi c
cells, the former into micromeres, the latter int o
macromeres . Certain regions of cytoplasm als o
exhibit a greater ability to oxidize reduced methy-
lene blue .

A striking localization of substances was found
by Ries (1939) in the eggs of the tunicate, Ciona.
The myoplasm, known from cell lineage to b e
morphogenetically significant in the formation o f
larval muscles, may be characterized shortly after
fertilization by three reactions, peroxidase, indo-
phenol oxidase, and oxidation of reduced methy-
lene blue .

Similar cytochemical studies have been carried
out more recently by other investigators . It is
interesting that in Nereis (Reverberi and Pitotti ,
1940), Myzostoma (Pitotti, 1947), and Tubifex
(Lehmann, 1941) the oxidase and peroxidase re -
actions become segregated by cleavage to the firs t
and second somatoblasts, cells which are known t o
have an important role in later development .

Thus even with a limited number of cytochem-
ical methods a degree of chemical complexity can
be demonstrated in mosaic eggs . The significance ,
however, of these chemical characteristics is as ye t
unknown. Displacement of the reactive cytoplasm
by centrifugation (Ries, 1939) or development o f
egg fragments (Reverberi and Pitotti, 1939) have
led these authors to ascribe a morphogenetic sig-
nificance to them . One cannot exclude the possi-
bility of other as yet unknown factors being
disturbed in such experiments . That they are of
primary or general significance is questionable i n
view of the failure to demonstrate similar locali-
zations in other mosaic eggs . Raven (1950) for
example, found no localizations of these sub-
stances in the typically mosaic egg of Sabellaria .
It must be admitted that cytochemical methods ,
although demonstrating interesting localizations o f
substances, are subject to a variety of criticisms .
The information they yield is mainly qualitative
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and gives a rather static picture of cellular activi-
ties . Also considerable controversy exists in in-
terpretation of results (Brachet, 1950) .

Recent investigations of a different nature ma y
prove to be of importance in understanding cyto-
plasmic determination. Lehmann (1950), empha-
sizing submicroscopic structure, has used th e
electron microscope to reveal the presence of sub -
microscopic granules in the cytoplasm of Tubifex
eggs . Furthermore, granules of different size an d
shape become segregated during cleavage into the
two somatoblasts . It is tempting to ascribe t o
these granules, as does Lehmann, a role in sub-
sequent differentiation of these cells . Concepts of
cellular differentiation based on segregation o f
specific particulate inclusions of the cytoplasm ar e
becoming increasingly popular and recent compre-
hensive theories of development assign causal role s
to microsomes, "plasmogenes," "RNA granules, "
etc . In this light, cytochemical methods thus ma y
be revealing segregation of particulate elements b y
rendering visible a single component which i n
itself may have little significance in differentiation .

From either cytochemical studies or observa-
tions of submicroscopic structure it is difficult to
derive certain kinds of biochemical or physiologi-
cal information as regards cellular differentiation .
Turning to other modes of attack it would be o f
obvious value to carry out quantitative biochemica l
and physiological studies of ooplasmic regions .
Continued advances in microchemical technique s
increase the feasibility of this approach. It was
with this aim that the present studies were initiate d
on the eggs and embryos of the pelecypod, illytilu s
edulis, a short progress report of which will b e
presented below .

The eggs of Mytilus are typically mosaic . The
first cleavages are similar to those of Dentaliurn
(Wilson, 1904) ; a bulge of cytoplasm, called th e
polar lobe, forms at the vegetal pole of the fer-
tilized egg and is subsequently incorporated into
the CD blastomere. Development of isolated bias- -
tomeres and eggs lacking polar lobes demonstrate s
a segregation of developmental factors (for apica l
tuft, shell gland, etc .) into the CD blastomere ,
some of them via the polar lobe . Taking advan-
tage of this natural segregation of odplasm a
study of the physico-chemical characteristics o f
isolated blastomeres should give some insight int o
cytoplasmic determination.

Fortunately the separation of blastomeres i s
easily accomplished by Ivsins obtainable fro m
11 lytilus sperm (Berg, 1950) . A discovery of
equal value is the constriction of polar lobes fro m
eggs in hypertonic salt solutions, a method which

may be used for obtaining large numbers of iso-
lated polar lobes (Berg, 1954) . The polar lob e
cytoplasm, being of considerable morphogeneti c
significance, is a focal point of interest in the
present investigations, Constriction of lobes an d
separation of blastomeres thus makes available
several types of cytoplasm for study .

The amount of cytoplasm in an isolated blas-
tomere or polar lobe (app . 10-5 mm 3 ) is far below
that necessary for microchemical methods, an d
therefore segregation of cells is a necessary opera-
tion. Initial studies were carried out by segre-
gating several hundred cells with a micropipet ;
however, this is tedious and the total amount o f
cytoplasm obtained is still extremely minute . Re-
cently automatic and continuous segregation ha s
been accomplished by applying the elutriation
principle used in sediment analysis . Basically thi s
consists of an ascending column of water whic h
segregates the cells according to their respectiv e
fall velocities (Berg, 1954) .

At the present time, although several charac-
teristics of the cytoplasm have been studied, th e
differences which have been found are of metab-
olic nature . A comparison of respiratory metabo-
lism of AB and CD blastomeres, by means of the
Cartesian diver microrespirometer, indicates a
significantly lower oxidative metabolism of CD
cytoplasm (Berg and Kutsky, 1951) . Also isolate d
polar lobes have a low metabolic rate as compare d
to AB cells or whole eggs . The difference i n
metabolic rates of first cleavage blastomeres there -
fore may be attributed, in part, to the polar lob e
cytoplasm which becomes incorporated into th e
CD blastomere . It is interesting that the morpho-
genetically important polar lobe cytoplasm shoul d
exhibit the lowest rate of oxidative metabolism .

More recent information (unpublished) on the
uptake of radioactive phosphorus in the form of
phosphate conforms to the data on oxidative me-
tabolism. Allowing for differences in amounts o f
cytoplasm, AB blastomeres incorporate Paz from
the surrounding solution at a much faster rate
than either CD blastomeres or polar lobes . It i s
interesting that a further segregation of incorpo-
ration rates occurs at the cleavage of the CD cell .
Thus isolated C blastomeres take up P32 more
rapidly than do their sister blastomeres, the D
cells . Partial fractionation of the compounds into
which the P 2 enters shows that about 95% is in-
corporated into the labile (acid soluble) com-
pounds . Differences between blastomeres in up-
take of P32 are found, however, even if only th e
remaining 5% nonlabile compounds are consid-
ered .
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Whether incorporation rates of P32 reflect
levels of metabolism or some other characteristi c
of the cells is not yet clear . The parallel between
the oxygen and P32 uptake data is striking ; how -
ever, oxidative metabolism and incorporation o f
P32 are not necessarily coupled . Fertilized
Chaetopterus eggs exhibit a drop in oxidative
metabolism, whereas uptake of P32 greatly in-
creases (unpublished experiments) . Surface-vol-
ume ratios as an influencing factor perhaps can b e
ruled out . Polar lobes have a higher surface -
volume ratio than AB cells yet the latter take in
P32 at a more rapid rate . Also no increase i n
uptake rate of P 32 occurs at cleavage, although
there is a change in surface-volume ratio . Pene-
tration through the plasma membrane and cortex
may be a limiting factor .

The previously described cytochemical studie s
supposedly demonstrated a higher indophenol
oxidase (presumably cytochrome oxidase) con -
tent of CD blastomeres and their somatoblas t
derivatives . To check this, quantitative measure-
ments of cytochrome oxidase in isolated blasto-
meres of Mytilus have been carried out by a
microspectrophotometric method . The enzyme, al -
though present in measurable amounts, is rather
unstable and the results were extremely variable .
If a coupling of oxidase content (as reveale d
cytochemically) and metabolism exists, however ,
as has been suggested (Ries, 1942), we migh t
expect a higher rate of oxidative metabolism i n
CD blastomeres of mosaic eggs . Contrary result s
in Mytilus suggest caution in deducing physiologi-
cal activities from cytochemical data . In this con-
nection it might be mentioned that Holter an d
Zeuthen (1939), using Ciona eggs, failed to find
a relation between oxidase content, cytochemicall y
demonstrated, and respiratory metabolism .

The regional differences demonstrated in early
development of Mytilus might reflect a localiza-
tion, in gradient or non-gradient form, of particu-
late elements of the cell . It is well known tha t
many oxidative enzymes occur in cellular inclu-
sions . In addition to such problems we also face ,
with difficulties no less than those of the cyto-
chemists, questions regarding the morphologica l
significance of our findings, an aspect which mus t
await further investigations . The results, how-
ever, have some bearing on general concepts o f
the mechanism of embryonic development . Many
investigators have looked upon the organized com-
plexity of the embryo as gradually arising fro m
simple quantitative gradients or fields of the egg .
Child, for example, has stressed for many year s
physiological or metabolic gradients as controlling

factors of differentiation . Qualitative difference s
would arise along and as a result of the origina l
quantitative gradient . Although the data do no t
indicate a gradient of metabolism in the Mytilus
egg, it is of interest that regional differences occu r
in a mosaic egg .

DISCUSSION
DR. MARTIN : Thank you very much, Dr .

Berg. This very interesting paper is open fo r
discussion now .

DR. ALFERT : Is it in any way possible to ex-
clude the possible effect of the nucleus on thes e
reactions ?

DR. BERG : It is true that the polar lobe cyto-
blast has no nucleus, but there are, I think, several
lines of evidence that would indicate that perhap s
the nucleus has no influence . One is that if you
measure the respiration or the uptake of P 32 of
the polar lobe you find that it remains constan t
over a long period of time, or at least for som e
hours, and you would think that if this were due
to lack of nuclear materials you might get a steady
drop, at least right at the beginning. The other
thing is that there is this difference between th e
AB and CD blastomeres, and both of these hav e
nuclei .

DR. DORNFELD : Instead of looking for nuclear
relationships, how about mitochondrial relation -
ships, thinking of the mitochondria as associate d
with respiratory activity . Do you find, or have
you looked for anything of that sort, viz ., that
the blastomeres differ with respect to mitochon-
drial activity ?

DR. BERG : No, I haven't studied mitochondria .
I carried out a study of the cytochrome oxidase
between the blastomeres, but the micro-metho d
which I was using gave such variable results that
I couldn't really decide whether there was a dif-
ference in cytochrome oxidase, which presumably
would be in some of the particular elements . Ap-
parently cytochrome oxidase is a very unstable
enzyme and is a rather difficult one to measure, a t
least on a microscale .

DR. CHAMBERS : I am interested in Dr . Al-
fert's question about the nucleocytoplasmic ratio ,
and wondering if there is any way of being abl e
to determine differences between cells during th e
interkinetic period when presumably the nucleu s
might not be functioning as well as during th e
period when the nuclei are undergoing cleavage .

DR. BERG : I think this would be extremel y
difficult as far as measuring oxygen consumption
is concerned, because this has to be done with the
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Cartesian diver method, and it requires severa l
hours . In other words, you have a period o f
equilibration of the diver, and then you have to
measure the respiration for quite a period of tim e
to get accurate results . So, at least with that tech-
nique, I don't think you could choose a very shor t
period of time and measure the respiration ac-
curately.

DR. GILCHRIST : I wonder if Dr. Berg woul d
comment on the thought that greater or lesse r
amounts of ontogeny take place in the ovary be -
fore the egg is laid, before it is fertilized ; and
that the central difference between a mosaic an d
regulative egg is that in a mosaic egg more devel-
opment has taken place, so that if you take a
mosaic egg at its first stage after fertilization you
have an egg which is comparable to a regulative
egg perhaps well along in cleavage . Therefore i t
seems difficult to get at the problem of the initia l
stages of ontogeny by the use of mosaic eggs .

DR. BERG : I think your interpretation o f
mosaic and regulative is one which I can agree
with . However, I would look upon this in another
way : that the mosaic eggs offer certain advan-
tages, because one can separate blastomeres . In
other words, the cleavage gives you a natural seg-
regation or separation of types of cytoplasm, an d
by separating blastomeres you can get the type s
of cytoplasm in fairly large amounts . In a regula-
tive egg you would have to wait to a later stag e
and you wouldn't be able to do this . So I would
say that the mosaic egg, due to its early deter-
mination, gives one certain advantages in this type
of study .

DR. E. L. CHAMBERS : I was just wondering
whether the yolk or inert material in the pola r
lobe or other regions of the egg plays any part .

DR. BERG : As far as I can determine, the
yolk is very evenly distributed throughout the egg ,
and as far as I can tell the polar lobe has no more

or no less yolk or inert material than the remain-
ing part of the egg .

DR. E. L . CHAMBERS : How do you determin e
the volume of the polar lobe ?

DR BERG : The volume is determined in th e
same way as with the blastomeres, by measure-
ment of diameters ; the polar lobes are spherical .

DR. MAZIA : The last question asked centere d
around the use of a base line for calculation o f
concentration . But is it not an assumption tha t
the differences you are looking for would be ex -
pressed through concentr4jon differences? Coul d
it be that the -diffo -tti absolute amount s
would bj - chat' is developmentally significant ?
Therefcpse-. I would be curious to see the same
data-silly expressed in absolute amounts . Do
you havk use data- ?
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Mitochondria and Energy Sources of the Cel l
VERNON H . CHELDELIN

DR. MARTIN : I present now the speaker of the
last session of the afternoon . We're going to hea r
from a citizen of Oregon, a derivative of Oregon ,
who was raised in Clatskanie . He took his un-
dergraduate work at Reed College, his Master' s
degree from Oregon State, pursued a distin-
guished professor from Oregon State to Texas

for his Ph .D., and is now back at Oregon State
College, active in the biochemistry program .

We are changing the approach again now to
the cell . In biochemistry for the past few years ,
almost the only approach that has been permissibl e
has been the molecular approach, and in som e
quarters any other approach than the molecular
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has been unpopular . To those of us more broadly
trained in biology, we have been able to regard
this with some amusement because we know tha t
after the molecular approach to biology has laid
the ground work, the very next thing biochemist s
are going to do is to synthesize the things that
they worked out on the molecular level, so tha t
biochemists will soon be working on whole cell s
again and after a while the biochemists will b e
back to the entire body . A thought will then be -
come three million ATP molecules going to pieces ,
and we shall be back where the psychologists are
beginning their work.

It is a great pleasure at this time to introduce
a man who started at the molecular level, has see n
the light at a time when the light is fairly faint
for a good many biochemists, and is going to talk
to us on his conversion . Dr. Cheldelin .

DR. CHELDELIN : Dr. Martin, Ladies and
Gentlemen, I thank you for your kind remarks
about my past and for the confidence that you
have placed in my future . Speaking candidly, w e
have been privileged to hear some very fine talks
today and to see some beautiful pictures showin g
the magnificent detail of subcellular particles . It
is now my privilege to discuss some of the fea-
tures of the chemistry of certain of these subcellu-
lar particles. Speaking facetiously, I must say ,
however, that the conversion to which Dr. Martin
has just referred has not been an easy one. The
traditional biologist, chemist, and physicist vie w
experimental matter in quite different ways . We
might, for example, view the manner in which
the three respective scientists would approach a
beauty contest . If the three of them were sitting
in this front row, just outside the guardrail be-
yond the stage where the beauties are parading ,
the biologist, monastic fellow that he is, would b e
satisfied to sit and study them from a distance an d
comment upon the perfection, the symmetry, and
other obvious, describable aspects of the morphol-
ogy of these creatures . The traditional chemis t
would feel only frustration at being prevented
from getting up on the platform and getting a
firmer grasp on the experimental subject . The
physicist, like the biologist, would sit and look, bu t
he would be satisfied when, and only when, he wa s
able to retire to a corner and calculate the angle
of inflection of the curves that he was able to
behold .

Foolish as it may be to reduce this to it s
obvious finality, there is something about the phil-
osophy of the physical scientist that impedes hi s
ready attack on a biological problem . And I think
that for the chemist at least this innate desire to

get his hands on the subject of his experiment and
to see the whole thing, constitutes a real mental
block for him . The fact that you can show him
something in a microscope is more likely to lead
him away from biology than to entice him towar d
it, because of the fact that he can not come to
grips with it . I want to cite for an example th e
average chemist's reaction toward this first slide ,
which is a section of a mammary gland, which I
think you'll all agree is a perfect mess . I believe
I could convince any student in chemistry or
physics right here and now, that biology is not the
field for him, if it were not for the fact that thi s
picture is actually a soil conservation map of th e
area around Redmond, Oregon. And this next
slide is again a physical picture, an aerial map of a
highway between Corvallis and Eugene.

I introduce these two pictures just to convinc e
ourselves and for others to remind themselves tha t
sciences other than biology also have a proble m
of matching detail with a broad perspective of th e
whole subject . Biologists are not alone in th e
problem of trying at one time to visualize th e
whole experimental subject and at the same tim e
to look at the details . Realizing that, I believe
that we may take the next bold step, namely t o
try to get a perspective of what a cell is . The dia-
gram on the following slide was kindly furnishe d
to me by Dr . Dornfeld . I had to twist his arm a
little to get it, because he's a biologist and h e
doesn't like the idea of discussing things from
diagrammatic structures . He didn't say so spe-
cifically, but I got the definite impression fro m
him that this is what he introduces to his fresh-
men, in an effort to get across to them an outline
of a liver cell . It was just about my measure, an d
I want to reproduce it here so that those of yo u
who are not biologists can share with me an over -
all perspective of what a liver cell actually is like .
The large body up at the top, of course, is th e
nucleus ; we see all around it the cytoplasm, which
is mostly protein material in which the chemist i s
interested . Today, however, we are going to talk
about one of these smaller bodies, which is th e
mitochondrion . This chart goes on to talk abou t
glycogen microsoines, although I believe that i s
not a good term . Microsomes, as I understand
them, are probably not composed of glycogen ; but
the mitochondrion can be seen here as a body tha t
is certainly visible under the ordinary microscope .
It is quite small with respect to the rest of the cell ,
but nevertheless visible . Of course, even at thi s
point, and despite the fact that there is cross-
hatching in the picture, you do not see cross-hatch-
ing when you look at the mitochondrion under the
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microscope, as many of you who have seen mito-
chondria during the last half hour in the exhibi t
room, already realize . Under ordinary magnifica-
tion in a microscope you can probably at best se e
only the outline of the mitochondria and agai n
satisfy yourselves that they are small bodie s
within the larger cell . We may examine briefl y
some pictures taken under ordinary magnificatio n
which show the outlines of mitochondria . As you
shift your view from right to left along any give n
line, you can see that there are changes occurring ;
the mitochondria themselves appear to grow an d
fragment and generally increase the amount o f
substance that they have . In the next slide we
observe an electron microphotograph very simila r
to one of those that Dr . Bennett showed earlie r
today. Here is a longitudinal section of a mito-
chondrion. In this slide for the first time we are
able to see some detail within the mitochondria l
body. You notice ridges which according to ou r
best ideas would constitute protein material . From
a comparison with the scale shown, this particular
mitochondrion appears to be some half dozen
microns in length, which is relatively great ; many
of them are of the order of one to three micra .
The next slide shows additional examples of mito-
chondria as seen through the electron microscope ,
at magnifications up to 45,000 . In these pictures
we can observe cross sections of mitochondria l
bodies .

Having seen the mitochondria, we shall return
to the thesis that the chemist would like if he coul d
to get them out where he could handle them . The
first question that comes to our minds, then, i s
how can we separate these out of the cell? Th e
answer is that it is a surprisingly easy task . Al l
that is required is differential centrifugation. If a
liver cell or a kidney cell is broken up by homog-
enizing, either by one of the true homogenizers o r
by a Waring blender, which exerts a certai n
degree of shearing action, we can break down th e
cell wall, and the mitochondria are then able t o
exist out in solution. As long as we keep the
solution cold, it is possible to dilute them eithe r
with isotonic saline or with sucrose solutions and
centrifuge them out . Cell debris and nuclei wil l
centrifuge down most readily and at gravitationa l
fields of some 1,000-2,000 x G, during the firs t
few minutes . The supernatant solutions then con-
tain, among other things, mitochondria, which
can be decanted, recentrifuged, and obtained a s
precipitates in relatively high yield, using gravita-
itonal fields of 3,000-6,000 x G. This requires ten
to twenty or thirty minutes time . At this point
the mitochondria are not at all pure, nevertheless

the preparations represent a very high degree o f
concentration of mitochondrial material . One can
obtain at least a fair amount of quantitative in -
formation on their behavior .

The next slide is taken from the work o f
Lehninger . In it we summarize some of the be-
havior of the cell particles . The nuclei, you can
tell, are relatively large, as we have already note d
in the diagrams we have been examining. Their
sedimentation rate is rapid . Their nitrogen con -
tent is not very different from that of the othe r
separable portions of the cell . Pentose nucleic
acid is low in the nuclei ; it is rated here as abou t
25% of the total in the mitochondria, but I be-
lieve that this may be an overly generous figur e
that is based partly on contaminating nucleic aci d
from other sources in the cell . The microsomes ,
whatever they may be (and I do not want t o
venture to say what they are because I do no t
know) nevertheless seem to be characterized by
the fraction that precipitated at 40,000 x G. They
are also characterized by a relatively high conten t
of pentose nucleic acid . Finally, there is the solubl e
fraction, which would mean crystalloid or subcol-
loid types of materials, as well as smaller wate r
soluble proteins .

Let us refer to the last column, labeled suc-
cinoxidase . You will note that the ability of th e
nuclei, and of the microsomes and the remaining
soluble materials to oxidize succinic acid is ex-
tremely low, whereas the bulk of the activity with -
in the cell resides in the mitochondrial fraction .

Let us turn to the next slide for a moment
before we consider this last evidence . This is a
table that will provide an idea of the numbers o f
mitochondria that one will find per gram of tissue
or per cell . There are nearly a hundred billion
per gram, or a thousand or more per liver cell-a
very substantial number .

As we noticed on the last column of the previ-
ous slide, the ability of the mitochondrial fraction
to oxidize succinic acid is very high . This is a
significant observation, for it means that thes e
particles can oxidize succinic acid and a variety o f
functionally related compounds that constitut e
what the biochemist calls the Krebs cycle . In the
following slide we have reproduced schematicall y
what the Krebs cycle substrates are : a closely co -
operating family of compounds that are somewhat
similar structurally . I do not want to burden you
with a lot of chemical formulas, so for those o f
you who are not familiar with the Krebs cycle
itself, let us take a hypothetical compound which
we will call A, which in turn is converted to B . B
combines with C to give another product D . D re-
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acts in turn to produce E, F, G, H, I, J, and so on ,
but the interesting feature of J is that it is conver-
tible back to C . Compound C is thus able to com-
bine with a second molecule of B, which of course
comes from a second molecule of A. What we
have, then, is an operating cycle, which has bee n
called the Krebs cycle, after Hans Krebs who
discovered it some sixteen years ago . This cycle
furnishes a means whereby compound A can be
utilized . Compound A is pyruvic acid, which is a
key breakdown product of carbohydrates ; and B
is acetic acid or, more properly, acetyl coenzyme
A. Compound C combines with it, and we observe
a cyclic oxidation . Now succinoxidase, which you
saw on the previous slide, is a protein catalys t
which is able to initiate and continue the oxidation
of succinic acid . On the chart before you, succinic
acid corresponds to compound I . The fact that
succinic acid can be burned is due to the fact tha t
it can go to J and to C and then combine with a
new molecule of B coming out of the reserve o f
carbohydrates in the cell and go on through thi s
cycle. So, reminding ourselves again that th e
mitochondria seem to contain about 90% of th e
activity for the oxidation of succinic acid, the bio-
chemist will then immediately turn his attentio n
to further investigation of related compounds tha t
are able to be oxidized .

In the next slide we have rewritten the Kreb s
cycle a little less schematically . Pyruvic acid is
our compound A, and we have listed it here as C 3
to indicate a three carbon fragment, giving ris e
to acetic acid (or acetyl coenzyme A) and at th e
same time giving off a C l fragment . That CI frag-
ment is CO2, which is evolved as the final product
of this portion of the oxidation . The oxalacetic acid
with which it combines is a four carbon fragment .
C 2 plus C4 of course equals C 5 , and C6 undergoe s
some transformations along the way to give a C5
compound . At the same time we lose another
single carbon, which goes off as carbon dioxide .
This undergoes further degradations to a C4 acid
which again happens to be succinic acid (anothe r
molecule of CO 2 is also produced) ; so that by th e
time we have traversed this cycle the original C3
compound has disappeared and in its place ar e
three molecules of CO2 . Along with that there i s
a yield of 278,000 calories of energy per mole o f
the C 3 compound .

The last point is perhaps the most important
one that is relative to this part of the discussion .
The energy yielding functions of the cell are very
largely concentrated in the mitochondria, becaus e
this oxidation, as it proceeds, gradually consum-
ing the C 3 units that are becoming available from

the breakdown of carbohydrates (starch, glycogen ,
glucose) evolves 278,000 calories of energy pe r
turn of the cycle . If we were to burn pyruvic aci d
in a calorimeter we should find that the same
amount of energy is given off : 278,000 calories
of energy per mole . Since two molecules o f
pyruvic acid correspond to one molecule of glu-
cose, the two pyruvic units represent some 90 %
of the total energy that is available in the glucos e
molecule . So we have a very important operation
unfolding before us, and the prospect that it migh t
be in the mitochondrion is of course interesting
to consider .

Let us examine the next slide for a moment .
To satisfy ourselves that the previous informatio n
on succinoxidase activity was not an anomaly, w e
have reproduced here some data by Lehninger i n
which he oxidized the other members of the citri c
acid cycle : citric, a-ketoglutaric, pyruvic, oxalace-
tic, succinic, and malic acids . You will note tha t
the microsomes and other soluble cellular material
have practically no oxidizing capacity . The nuclei ,
likewise, despite the fact that they are of unques-
tioned importance in determining our ancestr y
and in getting us here in the first place, do no t
seem to contribute so much to keeping us here-i n
the sense that the cell must obtain energy to sta y
alive . These important compounds of the Krebs
cycle do not appear to be oxidized by nuclear frac-
tions . The mitochondrial extract, on the othe r
hand, contributes a much more significant oxida-
tion-i .e ., there is a high consumption of gaseous
oxygen when these compounds are brought into
contact with the mitochondrial extract from ra t
liver tissue . In the next slide, similar data ar e
presented from Green 's Laboratory, where we
showed that the members of the citric acid cycle
are completely oxidized by the mitochondria, with
a theoretical consumption of oxygen and a quan-
titative production of CO 2 as well . We can con-
clude from this that not only does the mitochon-
drion carry the bulk of the oxidizing capacity for
members of the citric acid cycle, but more tha n
that it is able to burn them completely to carbo n
dioxide and water . Of course we have alread y
said that the Krebs cycle functions to burn thes e
compounds completely, but we now have definit e
proof that the mitochondria are doing it .

Let us now recall one of the previous slides ,
where we noted the production of 278,000 calorie s
of energy per mole of pyruvic acid burned. That
energy, Mother Nature has thoughtfully capture d
in the form of a compound which has been abbre-
viated ATP (for adenosine triphosphate) . It is a
compound of a particular structure, namely a
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combination of a purine (adenine), which is es-
terified with a sugar (ribose) and again with
three consecutive molecules of phosphoric acid .
Because of the peculiar chemical structure o f
ATP it is able to trap the energy that comes ou t
from the burning of carbohydrate. Trap it fo r
what purpose? In order to keep it from coming
off as heat, because if all the pyruvic acid were
generating heat in our cells, we would literally
burn up. Our cooling system would have to be
far more effective than it is . Moreover, the body
is not a heat engine, despite the fact that we fre-
quently find it convenient in our beginning classe s
to compare the body to a heat engine when w e
want to show that about the same energy is ob-
tained from glucose whether it is burned in th e
body or in a heat engine . In the gasoline engine ,
the bulk of the expansion in the piston comes
from the heating of the gases . By contrast, in th e
body the energy is released in small bursts, som e
12 to 15 of them per 278,000 calories . At each o f
the times that the little energy packets are re -
leased one or more moles of ATP are generated .
We still do not completely understand the manner
of generation of the ATP molecule, but we kno w
that it is used for many energy-requiring proc-
esses . One of these is biosynthesis as shown on
the following slide. When the cell lays down
protoplasm, it requires ATP to synthesize the
protein, to synthesize the fatty acids, and so on ,
and if we consider the highly organized system s
such as our own or those of higher animals, wher e
one or a few organs such as the liver take ove r
the great task of synthesis for the whole body, we
have an example of the broadest imaginable spec-
trum of compounds that are being regularly syn-
thesized for distribution to other parts of th e
body . Most of those syntheses require participa-
tion of ATP to furnish the driving energy fo r
the respective reactions, and most of the ATP
comes from the Krebs cycle in many animal tis-
sues and in many micro-organisms .

ATP is also needed for muscular movement .
The protein myosin, or more properly actomyosin ,
may be considered in one sense as an enzym e
itself, because it combines with ATP, disengage s
itself from ATP, and in the process energy i s
released for the contraction of the elongated mus-
cle, so that we are able to move . We also need
ATP for nerve transmission, and indeed for mos t
of the other processes that go on in life tha t
require energy . Because of this, Claude, who has
done much of the pioneer work on the function o f
the mitochondrion, has referred to it as the intra -

cellular power plant . I believe this is a most ap t
description .

Now I want to detract just a bit from wha t
we have already said about the importance of the
breakdown of sugar going into the Krebs cycle .
The process of glycolysis, which involves th e
conversion of glucose through about a dozen dif-
ferent steps down to pyruvic acid, is largely a
nonoxidative process ; the oxidative portion lie s
in the Krebs cycle . Within the past two years ,
however, it has become increasingly apparent that
many organisms, particularly those that are not
higher animals, such as certain bacteria, fungi ,
green plants, and so on, have other alternat e
means whereby carbohydrate is broken down. As
you may see in the next slide, C 6 (glucose )
is degraded to a C ; compound ; a C, unit (CO2 )
is produced, together with some energy. This
process does not appear to reside in the mitochon-
drion ; instead it is out in the so-called solubl e
fraction of the enzymes in the cell . What rela-
tionship this may have to mitochondrial activity i s
not yet known, but we cannot say at the presen t
moment that this particular oxidation is mitochon-
drially located or connected . To continue with
this degration, the two C 5 sugars can combine an d
rearrange giving a C, and a C3, both sugars . The
C 3 can again go into the Krebs cycle, but there
are many organisms which apparently do not em-
phasize this reaction . Instead, the C, will break
down to a C 4 sugar, and another C3 sugar, and
the two C 3 units will combine to form a Ce
(glucose) derivative . What we have here is an -
other cycle which has been called the hexos e
monophosphate shunt, and which is abbreviated a s
the "shunt, " or as we are calling it, the pentos e
cycle . It would have been simpler to avoid
discussing this series of reactions at all, becaus e
to the extent that the pentose cycle operates i t
may detract from the importance of mitochondri-
ally developed energy. Nevertheless, I think we
have to consider it because I am sure that durin g
the next five years and possibly even sooner, we
are going to see the importance of this new cycl e
developing. We may indeed have to regard some -
thing else in the cell as being important for th e
production of energy in addition to mitochondria .

Now that we have considered carbohydrate
oxidation in the Krebs cycle, we should conside r
the other major foodstuffs . Evidence from our
own work has shown that the ability to oxidize
fatty acids is almost 100 per cent a property o f
the operating mitochondrial fraction ; moreover ,
the oxidation of these compounds correspond s
closely to the theoretical values, with respect to
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oxygen consumed, CO 2 produced, and acetoacetic
acid formed as a by-product . Fatty acid oxidation
does not proceed to a very great extent in the
microsomes or other soluble fractions or in the
nucleus. In the next slide, we have diagramme d
what is called the fatty acid helix . A given fatty
acid, such as octanoic (C 8 H17000H), undergoes
a series of oxidations through a constricting helix ,
whereby at the end of the first turn the C 8 is de-
graded to a C6 acid, and a C 2 acid is also gener-
ated . This is the same C2 acid (acetic) that w e
saw previously in the Krebs cycle . It goes through
the Krebs cycle oxidation, while the C 6 fragment
is further degraded to a C4 acid and eventuall y
(in nonhepatic tissue) to acetic acid . All of these
C 2 fragments go into the Krebs cycle . Thus, we
obtain the energy from our storage or depot fats ,
out of the Krebs cycle, which has its enzymi c
functions residing in the mithchondria .

So much for carbohydrates and fats . What
about proteins ? These, as we note from the next
slide, are hydrolyzed in the digestive tract to thei r
constituent amino acids . There are some twenty
different amino acids so produced. Out of that
group, note how many of them interdigitate di-
rectly with the Krebs cycle . For example, the C3
compound, pyruvic acid, can arise directly fro m
alanine or valine or serine, which are three of th e
common amino acids of proteins . The pyruvi c
acid is then degraded as before to acetic acid ,
which enters the cycle . Likewise, either asparti c
acid or threonine can come into the cycle via the
C4 gateway. Finally, through the C; portal, repre-
sented by glutamic acid, such amino acids a s
arginine, lysine, and leucine can enter . The next
question is, will the mitochondria effect thes e
transformations? The answer is that they do, vi a
the cycle, all the way to CO2 and H 2 O. So when
we are consuming excessive amounts of protein ,
we will be oxidizing all of these amino acids .

A short discussion of the organization of mito-
chondria is in order here. They are extremel y
fragile, swelling and bursting in distilled water o r
hypotonic solutions . When they burst their ability
to produce CO 2 and water is completely lost ; as
is also the ability to generate ATP . Many foreign
reagents that may be added to mitochondria will
either greatly reduce or completely destroy thei r
activity toward Krebs cycle intermediates, an d
will eliminate their ability to carry out what w e
call oxidative phosphorylation . Green has de-
scribed this as due to the existence of a very
highly organized but fragile hierarchy of enzyme s
within the mitochondria . These enzymes are no t
simple proteins, in the sense that they contain

co-enzymes . Incidentally, they contain most o f
the flavin and vitamin B 6 that is in the cell, most
of the co-enzyme A, and half or more of the
pyridine nucleotides . Indeed, all of the co-enzyme s
that are necessary for oxidation are to be foun d
extensively in the mitochondrion . Green's ex -
planation is that there is a "super enzyme" whic h
he has called cyclophorase because it carries these
enzymic activities in a cyclic manner and is re-
sponsible for the complete combustion of various
types of foodstuffs to CO 2 and water . This term
introduced a polemic that lasted for several years ,
but I believe that everyone who works in the fiel d
will now agree that the mitochondrion acts as if i t
were a highly organized, loosely bonded, but func-
tionally closely associated group of enzymes or ,
indeed, a "super enzyme" which is easily frag-
mented. My own feeling is that when a molecul e
of citric acid, for example, becomes attached to
the surface of this family of enzymes, it may b e
passed along from one locus to another on th e
protein surface, perhaps only occasionally or pos-
sibly never being released from combination unti l
it has run the gamut and has been fragmented to
a simpler molecule . If this should be true, the n
one can appreciate the uniquely potent chemical
activity of the mitochondrion and the reason wh y
this small amount of material, packed into thes e
very small granules, is able to carry out such a
significant portion of the total oxidative activit y
of the cell . Certainly the last word on this subjec t
has not yet been written .

I would like finally to show you the last slide,
which we might consider a summary of the tota l
activities of the mitochondria . It is labeled "mito-
chondrial meandering" . Here are shown the op-
tional pathways that foodstuffs may take in becom -
ing oxidized to CO 2 and water. In the Krebs cycl e
we find a 20th century analogy to the old Roman
Colosseum where the main highways all led int o
Rome. In one direction we see the carbohydrate
pathway, which we might call the high road, whic h
can either proceed through glycolysis into th e
Krebs cycle, or can go by the so-called pentos e
cycle . I had a picture of Loch Lomond, for th e
"low road" ; the artist insisted on changing thi s
"shunt" to the Road to Mandalay, but that per-
haps is of lesser importance . Next is the gateway
for fatty acids to enter, and finally we observe
the entry of the amino acids from the proteins .
When the final products (CO 2 and H 2O) are
reached, we must not forget the green plant with
its mitochondria, which is able to effect photosyn-
thesis and return the CO 2 and water to the at-
mosphere as gaseous oxygen ; this is immediately
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made available again for nonplant forms. But the
most marvelous aspect of this picture is that with
the exception of photosynthesis, it is going o n
right now in your own liver .

DISCUSSION

DR . MARTIN : Thank you Dr . Cheldelin . This
paper is now open for discussion .

DR. BENNETT : Dr. Cheldelin has remarked o n
how much the attitudes of the biochemist towar d
cells have changed in the past 30 to 50 years . I
can well remember talking with a very distin-
guished colleague of Dr . Cheldelin, Dr. Oliver
Lowry, who fifteen years ago took the view ,
shared by many biochemists at that time, that th e
cell was a hag of enzymes . They thought of the
cell as a little Warburg bottle . In the usual em-
zymatic studies of the day, a cell was broken tip
and made into a bag of enzymes . By way o f
analogy, if one had an amplifier and asked a bio-
chemist of 15 years ago to ascertain how i t
worked, he would probably proceed by droppin g
it into a bottle of acid, beating it in a Warin g
blender, and analyzing the resulting solution, to fin d
that it contains so many per cent of copper, iron ,
etc . Such approaches are no longer regarded a s
sufficient . This is a happy state of affairs, because
it brings about a fusion between Dr . Cheldelin' s
field and my own and Dr . Martin's . The boundary
between physiology and anatomy and biochemistry
vanishes, and it becomes no longer profitable to
think in terms of sharp divisions between them .
In molecular terms, if one thinks of a phosphat e
group which is removed from a nucleotide and
transfered to a hexose, the phosphate group moves
over an appreciable number of Angstroms . It i s
an anatomical movement, an anatomical change .
It is also the movement of a charged group, an d
hence would involve an electric current . If such
movements of charged groups could be recorded
on an oscilloscope, a physiologist would be inter-
ested. Moreover, it is obviously of biochemical
importance . Thus we see it is not appropriate to
separate these scientific fields today . An anatomis t
has had to learn biochemistry ; a biochemist has
had to learn anatomy : I don ' t know what to call
this field, this area of Cellular Biology, the topi c
of this Colloquium . We are all ostensibly studyin g
the same thing, with very much the same poin t
of view, though with somewhat different tools . So
I submit we should not consider ourselves to be i n
separate fields . I should like to call this fiel d
anatomy !

DR. CIE:LDELIN : Yes, we must realize tha t
the extreme positions of the past have to be

yielded . I saw this carried to an absurd position
a few years ago at a conference where one of th e
men who was holding forth for a study of the
completely organized cell, insisted that the experi-
ments with cell-free systems were only suggestive,
and that until these could be confirmed in th e
whole cell, one couldn't be sure of anything . At
this point, the man who had been conducting th e
cell-free experiments asked him just when w e
were going to start to make progress, because
obviously some of these questions could not b e
solved until the systems were disintegrated . I
would agree wholeheartedly with what you hav e
said, Dr. Bennett ; in fact, I take a few minute s
out of many biochemistry lectures to emphasiz e
the importance of bringing biochemistry an d
physiology into common perspective so that w e
can look at the workings of the cell . Now, so fa r
as the current activities of the biochemist are con-
cerned, in attempting to recreate the mitochon-
drion, 1 think we might go farther than that an d
say that one of our goals eventually is to recreat e
the whole living cell, although I don't want to
start a hot argument on that . The physiologist' s
contention, that the conditions within the living
cell must be obtained in order that the experi-
ments may be meaningful, has much merit ; for
even though the biochemist has proved that a reac-
tion can take place, this does not prove that i t
proceeds in the cell to any significant extent . Even
if it did, this does not prove that a particular com-
pound is on the main highway of metabolism .
These little metabolic "shunts" that we talk about ,
for example, are likely to become more numerou s
and more important to our thinking in years t o
come. We are going to uncover many more inter-
digitating pathways in metabolism . And truly, th e
answer to the question of which is the importan t
one from a quantitative point of view will have
to come from organized systems . It cannot com e
from a study of individual reactions . One can, of
course, prove that the reaction he is studying pro-
ceeds rapidly enough to account for the overal l
reactions within the cell . But even when thi s
hurdle is cleared, it is still necessary to prove
that there is not another pathway standing by
ready to be used. An analogous problem might
be that of trying to answer how many possible
roads there are between Eugene and Portland an d
how much traffic each road carries . This is pretty
hard to answer unless you have actually travele d
them and counted the vehicles . It may not help
much to block one road by means of a flood an d
then count the traffic on the other part of th e
highway, because all this device accomplishes is
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momentarily to divert the travelers . The count
that is obtained during the flood season on bywa y
number one, as compared to highway number one ,
may be completely erroneous because of the fac t
that as soon as the block is removed the traffic will
go back to the original, more heavily traveled road .
It is a complicated problem . However, I hav e
unbounded confidence in the ability of the peopl e
who are working in this field, regardless of thei r
original disciplines, as you suggested, Dr . Bennett ,
to come about gradually from several sides t o
focus upon the true situation .

DR. MOORE : Recent work shows that in th e
beginning gastrula there is a high concentratio n
of mitochondria at the animal pole but a low on e
at the vegetal pole, and that lithium will depres s
the number at the animal pole . The suggestion i s
that the mitochondria may have to do with protei n
synthesis .

DR. CHELDELIN : I suppose that you might get
an argument with Dr . Mazia if you were to hol d
that the mitochondrion is the actual site within
the cell of protein synthesis . How about that ?

DR. MAZIA : That seems very unlikely now .
The evidence is very good that it is not the mito-
chondria that carry out protein synthesis but that
the basophilic material (microsomes) take th e
energy from the mitochondria . As a matter of
fact, a very low level of protein synthesis can be
obtained in the test tube by practical methods, an d
it can be shown that if you have the microsomes
alone you will not get protein synthesis becaus e
you do not have the energy. From mitochondri a
alone you will not get protein just because the y
cannot synthesize protein in vitro.

DR. CHELDELIN : Your mention of supple-
mentary activity reminds me that I have over sim-
plified this picture . The fact that the mitochondri a
can carry out close to one hundred per cent of th e
total oxidative activity of the cell does not neces-
sarily mean that within the cell, mitochondri a
work no more rapidly . In fact there is evidence
that other cell fractions will promote the rate o f
mitochondrial activity . So they are not by any
means completely independent .

DR. DORNFELD : I should like to point out an
observation and ask for Dr . Mazia's opinion abou t
it . It is commonly observed, especially in motio n
pictures under the phase microscope of tissue cul-
tures, that at the time of division the mitochondri a
are very closely appressed against the spindle, a
sort of sheathing, and the idea has been expressed
by Lettre, and I'm sure by others, that the AT P
associated with the activity of mitochondria might

be the source of energy for contraction of th e
spindle .

DR. MAZIA : We know of no other source fo r
any form of work than ATP, but this is no reaso n
to believe that the diffusion mechanism of the cell
is so slow that a flattening of the mitochondria
physically against the structure is necessary for
the energy to be coupled . It does not seem neces-
sary from energy considerations for the mitochon-
dria to get off to one side of the contractile pro-
tein . I am familiar with the observation, Dr .
Dornfeld, but what the explanation of the orien-
tation is I do not know .

DR. ALFERT : One possible explanation coul d
be that this provides a single method to ensur e
that the two cells receive approximately equa l
amounts of mitochondria. This might not be the
case if the mitochondria were somewhere around
the cell without relation to the spindle at all .

DR. BENNETT : There are two points that I 'd
like to make in connection with the arrangement
of mitochondria, which hinge on the point Dr .
Mazia made and on Dr . Cheldelin's statement
about the mitochondrion as an important source
of energy. In the first place, please recall the ar-
rangement in the picture by Palade, in which the
mitochondrion was embraced very closely by endo-
plasmic reticulum. It is very common to find
mitochondria and endoplasmic reticulum closely
associated geometrically, separated by distances o f
the order of 100-300 A . Secondly, in striated
muscle the Z bands, which used to be considered
continuous structures all the way across th e
muscle, are in fact discontinuous, but connect i n
the sarcoplasm to strands of material which re-
semble the endoplasmic reticulum, and which we
now think of as the counterpart in muscle of the
endoplasmic reticulum of liver cells . This reticu-
lum in turn connects with mitochondria, so that
very frequently one can see endoplasmic reticulum
lying in a position very close to a mitochondrion ,
whence strands extend leading right into the Z
bands of muscle . The endoplasmic or sarcoplasmic
reticulum seems to contain a nucleic acid or nucle-
otides . The morphology of the reticulum in muscl e
leads to the question as to whether the nucleotide
can in some way function as an energy conductio n
system. My personal view is that the attentio n
which has been focused by biologists on the physi-
ological function of nucleic acid does not neces-
sarily formulate the problem in its most funda-
mental and general form . Perhaps it would be
more interesting to ask what is the basic biochem-
ical function of the nucleotide? Of the nucleo-
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tides, the nucleic acid would then be one special
case, mononucleotides would represent other spe-
cial cases, ATP another, pyridinenucleotides other ,
etc . Clearly the combination of purine and pyrimi-
dine on the one hand, ribose and desoxyribose o n
another, with phosphoric acid esterified to th e
sugar, occurs so frequently and in such variety
that there must be something very important abou t
this combination . The physiological function o f
nucleotides will, I'm sure, eventually have to be
explained in terms of electronic structure, quan-
tum mechanical behavior, and the like . For exam-
ple, in the molecule of ATP, we might expect a
negative charge on the phosphate and a positiv e
charge on the base ring, so that the molecul e
would serve as an electrical condenser . The suga r
would represent the dielectric portion of the con -
denser . The heterocyclic ring structures contain
7T electrons, and have very complex harmonic be-
havior . One may raise a question with respect t o
the electrons in the purine and pyrimidine rin g
which give rise to the ultra-violet absorption .
Can the peculiar behavior of these electrons whic h
give rise to absorption of ultra-violet light also be
important in the physiology of cells? Biochemist s
are by and large reluctant to countenance thi s
view, since the purines and pyrimidines absor b
light of a peak A of around twenty-six hundred A,
which corresponds to electronic transitions wit h
energies of about 5 .4 electron volts, or about 11 0
kilocalories per mole . Many regard this as to o
large a package of energy for cells to handle .
They like to think in terms of packages of energ y
of about a tenth of this value . However, I'm no t
sure that it is safe to dismiss such units of energ y
as too large for the cell to handle . Certainly i f
110 kilocalories per mole were liberated all at
once, such a very large quantum would presum-
ably do damage . But it may well be that cells ar e
nevertheless able to handle energy in large packets ,
as seems evident in photosynthesis where energie s
of this size are delivered to break the water mole -
clue, and in nitrogen fixation where the nitroge n
molecule is split and even larger packets of energy
must be delivered in some way in order to spli t
the nitrogen molecule . In the case of photosyn-
thesis the amount of energy must be sufficient t o
split the OH group or water into two free radi-
cals, the hydrogen atom and the hydroxyl radical .
In the case of nitrogen fixation, the cell must spli t
the N=N bond, which is assigned an energy
value of 170 kilocalories per mole . Whether o r
not quanta of such magnitude could be delivere d
in the cell I don't know, but I suspect they mus t
be . In this connection the nucleic acid structure

as proposed by Crick and Watson is of interest .
They propose a very complex helical structure ,
arranged with the nucleotides in the center of the
helix . Such a helical structure with the nucleo-
tides in the center might function as a wave guide ,
with the negative charges of the phosphates o n
the outside shielding the purines and pyrimidine s
arranged inside. Here excitation of the a elec-
trons in the one purine or pyrimidine might b e
transferred to another sequential unit within the
structure, and so on down the helical tube . In
such cases the resonant frequencies of the purines
and pyrimidines in this tube might function as
band pass filters, thus introducing a high degre e
of harmonic specificity into the system . This seems
to me to be an interesting theory, though it is no t
very profitable to give utterance to such a theory
unless one can find some way of approaching i t
experimentally . I haven't been able to think o f
any promising experimental test, although I'v e
tried a number of approaches . The general
thought that these nucleotide and nucleic acid -
containing components might act as conducting
systems for energy within the cell, from the mito-
chondrion to the myofibrils, for example, or from
one part of the cell to another, even over consid-
erable distances, is one with which I've bee n
toying for a number of years . I would be most
interested if any of you can suggest a way of
approaching it experimentally .

DR . CHELDELIN : This is indeed an interesting
suggestion . Experimental evidence on energy
yielding, or energy participating compounds, i s
not in general favorable toward this idea . That
is, while it is quite true that the adenosine poly-
phosphates are active collectors and transfer
agents for the so-called high energy packets tha t
are obtainable from oxidation, our best informa-
tion would seem to assure us that those transfer s
occur within the phosphate groups, and that in
any of the compounds that participate in energy
transfer, there is no involvement of the purine
structure itself . Personally, I would be a little mor e
inclined to take a first look at some of the newl y
described sulphur compounds, such as coenzyme A
or lipoic acid, because there we do have evidence
that there is an interchange of the so-called hig h
energy between the S-acyl bonds of such a com-
pound as coenzyme A, and ATP . The thiol bon d
in coenzyme A and probably also the thiol bond i n
lipoic acid is quite able to take the energy from th e
hydrolyzing terminal phosphate group in ATP
and become a high energy bond at the same time
that an acylation is carried out, so that acety l
coenzyme A, which is the C2 compound going into
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the Krebs cycle for example, is a high energy
compound. This certainly has an interrelation -
ship with ATP. The other ilea that you have
posed cannot be set aside, but I should be more
inclined (being a biochemist as you suggested) to
look for something of this 10,000 calorie orde r
rather than the much larger figure that we should
have to countenance if we were going to imagin e
reactions of the type you suggested . There are
many sulphur compounds in the cell, and I believ e
their potentialities have certainly not at all been
measured and appreciated .

DR. MAZIA : I think there's another approach
to the nucleotide system which does not bring in
energetics at all . If we accept Dr . Alfert ' s report
of the genetic significance of DNA, and agree t o
the current view that the structure of the nucleic
acid is particularly meaningful to the carrying o f
the genetic code of blue print, then if we conside r
any compounds that synthesize part of the cell an d
push back to the question of how the synthesi s
will take place, the ultimate source will be in som e
arrangement of the nucleotides . This would mean
that if our first principle of biosynthesis is nuclei c
acid structure, the easiest thing for a cell to make
would be another nucleic acid or a nucleotide . The
more difficult thing for it to make would be a
protein whose specificity somehow has to be deter -
mined by this code . But it would seem more likely ,
according to this point of view, that a nucleotide

zstructure would be used wherever the cell could
get by with it, rather than considering that th e
cell would have to go out of its way to make th e
nucleotide by virtue of some internal specificity .

I think Dr. Cheldelin's point in the case of AT P
is very relevant . To be sure, in getting these reac-
tions in the cell ATP is used ; but if we carry on
the same reactions in the test tube, very often we
can get the same results with inorganic triphos-
phate . Not always, but there are more cases where
there is no specificity to the nucleotides .

DR. BENNETT : Dr. Cheldelin, in nitrogen
fixation is it not necessary that there be an energ y
input to the nitrogen molecule sufficient to sepa-
rate the two atoms, and that this is one of the
very strongest of bonds, amounting to some 17 0
kilocalories per mole? Thus 14 or 15 times the
energy of the ATP bond would be necessary in
order to split the nitrogen molecule into its two
constituent atoms . Apparently the cell does this .
Hence is it not necessary to say that under certain
conditions a cell must be able to deliver energy i n
such large packages ?

DR. CHELDELIN : Yes, that's perfectly true . It
is unlikely, however, that this is a single ste p
reaction, but rather that several steps are involved, , 1
each of which participates in the transfer of a
part of the necessary total energy for the rupture
of the N 2 molecule .

DR. KING : I should like to point out that
other types of "high-energy" donors may exist ,
such as nicotinamide . The A F for hydrolysis of
this compound, for example, is about 8 kilocalorie s
per mole. Tissues are a very rich source of di-
phosphopyridine nucleotide, and may utilize thi s
compound for various syntheses or even muscula r
contraction .

Biology and the Physical Sciences
DANIEL MAZIA

Dr. Yunker, Ladies and Gentlemen, thoug h
my title is Biology and the Physical Sciences you
hardly expect me to take your time in advocating
more applications of the physical sciences in biol-
ogy or closer relationships between the two, be-
cause this would be like advocating automobile
transportation or monogamy or something equall y
well established. The assimilation of the method s
and ideas of the physical sciences into biology i s
here to stay. If, as in the case of automobiles o r
monogamy, occasionally it does not work, never-
theless we hardly expect any major change in the
situation. You will not expect me to deplore thi s
emphasis of the physical sciences in biology since
this morning I revealed the fact that I am a de-

votee of the physico-chemical attack on biologica l
problems . Therefore, all that is left for me to d o
is to consider the relationship between biology an d
the physical sciences in a critical fashion . I come
from a university where one of the progeny o f
the marriage, biochemistry, has reached the point
where it is at least as important as football . In
some respects the progeny have outgrown the
parent sciences, and we have to ask ourselves t o
what extent it has been worthwhile, or perhap s
better, to what extent it could be made more
worthwhile . The first thought is that it is obvi-
ously worthwhile because the physical sciences ar e
scientific and biology is going to become scientifi c
when it comes to resemble the physical sciences .
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This attitude does not stand up against his-
torical analysis . Let me refer you to President
Strand's remarks this morning . He spoke of a
number of epochs in the history of biology tha t
were truly epochs in the history of science . Such
contributions as those of Darwin and Mendel
certainly had as great an impact on human though t
in general as any of the revolutions in the physica l
sciences . But these contributions were not mad e
by the methods of physics and chemistry, no r
were they made by a highly quantitative approach .
Certainly there is, and it has been successful in
the past, a kind of biology that does not neces-
sarily depend on drawing into its operations a s
much physics and chemistry, physical and chemi-
cal tools, as it possibly can . In our present gen-
eration of great emphasis upon the approach t o
biology via the physical sciences, we do not yet
have to offer any contribution as great as thos e
of Darwin and Mendel . We still are operating
partly on faith and on hope . Let us now examine
why we have this faith and this hope.

You will agree that there are two lines o f
motivation behind scientific research in general ,
biological research in particular. One we can call
practical, the other we can think of as the rewar d
of research in terms of the intellectual satisfaction
both to the creators and to the people who can
understand the creations. These may not alway s
be inseparable, but sometimes they are . Those of
us who are most devoted to what we call funda-
mental biology like to stress the ultimate possible
applications of the things we are doing but i n
perfect honesty we are willing to admit that there
is no necessary sequence . We think that if more
fundamental work is done on growth, for in-
stance, this may contribute to the understanding
of cancer, but none of us feel that we have t o
know everything about growth or even know
enough about growth to satisfy ourselves in orde r
to solve this practical problem. The complete so-
lution to the practical problem can come from a
very partial solution to the fundamental problem ,
and in advocating the practical benefits of funda-
mental research we recognize this .

Now let us consider the applications of biology
in relation to the physical and chemical approach
to biology. Here, I think, there is no question at
all that the physical approach, especially the bio-
chemical approach, presents the greatest promis e
of successful solution of our problems, and ha s
contributed most to the successful solution of ou r
problems . The reason for this is -perhaps so obvi-
ous that it need not be labored . The aims of
applied biology are to perform operations, to exert

control on adverse biological forces around us .
We still face, to a great extent, a biological a s
well as a physical nature that is hostile to us . We
substitute for the demons viruses, bacteria, para-
sites ; and instead of voicing incantations to elimi-
nate these demons we say "penicillin ." The prob-
lems and the operations are essentially thd same ,
but now the exorcism works, while the previou s
magic did not work. Whatever we biologists think
of our colleagues, the medicine men, we are
willing to admit that they are much better as med-
icine men now than were the me-dicine mega o f
neolithic times . The reason is that eontr-olled
physical and chemical operations can be per-
formed on these demons . Penicillin is really very
much better than some sort of incantation. And
the reason why it is much better is because it is a
chemical, it is a material tool ; and the reason why
we have it is because we study biochemistry an d
develop what may be criticized as an intellectuall y
narrow approach to a class of biological problems .
But it is the only one that is worthwhile becaus e
it is the only one that deals with them in terms o f
elements that we can do something about . So i t
seems to me that the relationships . between the
physical sciences and biology are very clear in
applied biology . I must say, however, that one
reason is that the problems in applied biology are
relatively simpler . A good many of them, perhaps
most outstandingly in the field of genetics, ar e
creative problems, but for a great part the ad-
vances have been in finding selective methods o f
destroying life. The fact that the methods have
to be selective because we do not want to destro y
ourselves, do not want to destroy the hosts of- th e
organisms that we do not approve of, makes i t
necessary to carry out our selection of physica l
and chemical agents in a very sophisticated way .
Nevertheless, it may turn out to be true that we
have to know less about living things in order t o
find good ways of destroying them than we have
to know to feel that we really understand an y
biological processes . All of us feel that we are
still in a phase where we do not really understand
anything about any biological process but are just
beginning, perhaps, to see how we can bring thi s
about.

Now let us turn to what some of us might call
nonapplied biology, fundamental biology, which i s
merely those areas of biology where we are inter-
ested in achieving the maximum degree of gener-
alization or what we should like to call laws . I
have already mentioned that historically we have
no reason for thinking that the approach of th e
physical sciences is the only one. Again, all we
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have to think of is the work of Darwin and th e
evolutionists, and the impact it had not only o n
our thinking in biology but on our thinking i n
every science and indeed- our thinking about af-
fairs of every kind, our whole outlook . It did not
depend on physics and chemistry, it was not quan-
titative, it violated all our simple precepts of wha t
we considered good science : Good science is exact,

'good science is quantitative, good science leads t o
quantitative laws, universal constants, and so on.
There is none of this in the theory of evolution,
yet it is biology's great contribution to science.
Yet we are saying that we will hot follow Dar -
win's path in our future development, but we will
attempt to exploit the physical sciences to the fullest .

Now, when did this idea begin, the idea tha t
the physical sciences serve as our model of exact-
ness? It began in the classical period of science ,
either in classical Greek times or in the period o f
rediscovery of ancient science, where the sole
model of reasoning was Euclidian geometry. With
the development of geometry, a little later of alge-
bra, human beings somehow for the first time fel t
that they were reasoning exactly, that there were
things that they could agree upon, that there wer e
conclusions that everyone had to accept . And i t
followed from this that any science, whether it b e
ethics or biology, would become exact only if i t
followed this pattern. So the conception of a
mathematical biology or what is now called mathe -
matical biophysics entered the picture very early
in the history of biology . In the eighteenth cen-
tury, for instance, there was an Italian physiolo-
gist named Borelli who felt that he could solve
the problems of the human body by applicatio n
of geometric principles and wrote the first boo k
on mathematical biophysics ; nobody reads it now .
His idea was just the same as the idea of present
day mathematical biologists, but his mathematics
just was not good enough. In my opinion the
same holds true-for truly mathematical biology .
Since we are all descendents of this cultural back -
ground we all, I think, really feel that the highest
aim of biology, the highest aspiration it could
have, would be to achieve a situation where one
could start from some first principles and derive
exact biological conclusions by some form of
mathematical reasoning. So far all attempts have
failed . We can only conclude, it seems to me, tha t
either the idea is all wrong or that the right kinds
of mathematics have not yet been invented or
applied.

The same sort of history followed the relation
between biology and physics and chemistry u p
till rather recently . President Strand this mornin g
recognized Schwann as the founder of the cell

theory. He was, in the sense that he stated th e
theory. But in addition to this he was one of th e
first of the cellular biophysicists, and certainly on e
of the worst, and the trouble was that he tried too
hard. Having recognized that organisms wer e
composed of cells, realizing that organisms grew ,
the next thing to consider was how new cells
could rise . He knew the basic facts we now kno w
about how new cells arise, because he knew the
work of Robert Brown and many of the micro-
scopists who had preceded him, but he was a n
intellectual sort of fellow and know a good .bit of
physics and chemistry. The idea that a cell . could
arise by the division of another cell seemed un-
necessarily complicated, hence unscientific. And
it was perfectly obvious that the only way i n
which a new organic structure possessing any
degree of orderly pattern can arise is by crystal-
lization . Therefore he proposed, in a very scien-
tific way, against all the microscopic evidence ,
that cells did not arise by the division of othe r
cells . In fact, he rather viciously derided hi s
predecessors among the microscopists . He pro-
posed that cells arose by a process of crystalliza-
tion from fluids in which the elements of the body
were immersed . Very rational, very scientific, en-
tirely untrue ! One can understand his . position
provided one grants that he was right in startin g
from what seemed like the most reasonable physi-
cal premises at the time . In terms of knowing the
right kind of physics we cannot assume that we
are very much in advance of Schwann. I would
propose that the possibility of deriving biological
conclusions from any sort of physical assumption s
has a very small likelihood of success and repre-
sents the way not to work in the borderline field s
between the physical and biological sciences .

Now we come to the point. How shall we go
about the process of deepening our understanding
of biological problems and deepening it in
terms of the units of chemistry and physics? Firs t
of, all, I do not have to state that deepening ou r
knowledge implies moving closer and closer to an
understanding of processes in terms of the mole-
cular units that we recognize as being the building
stones of living things . My first proposition i s
that the application of physics and chemistry in
biology, the way in which biology can best exploi t
physics and chemistry, is in the direction of deep-
ening our knowledge of phenomena that have
already been discovered. Dr. Cheldelin's talk this
afternoon was a good example of this, because h e
showed slides not only of oxidative cycles. but als o
of mitochondria seen through the microscope ,
wriggling around, breaking up, and so forth . The
knowledge that mitochondria exist and are impor-
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tant could have come only from what now seem s
like a simple biological observation . The real step
in our knowledge of the function of mitochondria
in the cell as the power houses of the cell cam e
from following through these observations in
terms of the composition of mitochondria, the
physical structure of mitochondria, analyzing the
network of reactions taking place in the mitochon-
dria. Almost everything' that we are doing about
mitochondria now will be a biophysical or bio-
chemical investigation . But no physicist or chem-
ist could ever have discovered mitochondria . Thei r
existence never could have been deduced from
first principles . Only a simple minded cytologist
could have discovered the mitochondria . Once he
had discovered them, they got out of his hand s
very quickly and into the hands of the chemistry
department, which is perfectly all right because h e
can now proceed to discover something else.

There are other examples of this, even in th e
field of biochemistry . One of the most activ e
fields of biochemical research is the study of th e
structure and biological significance of the nuclei c
acids . This sounds like a straightforward bio-
chemical problem, but I think it is very unlikel y
that chemists would . have discovered the nuclei c
acids within 30 or 40 years-this is just a guess-
of the time they actually were discovered by
Friedrich Miescher. The reason for this was that
he was not yet a biochemist, he was a man trained
in anatomy under Wilhelm His . He was well
aware of the fact that there was something specia l
about the nucleus . He had some idea of the exist-
ence of the hereditary determiners, though he wa s
not sure . He reasoned very simply that if ther e
was something special physiologically there must
be something special chemically. And if there was
something special chemically the first thing on e
has to do is to isolate nuclei from all the other
matter that comprises cells so as to have enoug h
material to work with . He showed even more in-
genuity than this, because it was not so easy fo r
him to find material that was abundant, whic h
contained much of its mass in the form of nuclei,
and relatively little of its mass in the form o f
cytoplasm. But again, as an anatomist he kne w
that the cells found in pus met these requirements ,
and since medicine was not as advanced then as i t
is now, there was plenty of pus available in the
hospitals . So, in fact, the nucleic acids were first
isolated from extracts of bandages from the hos-
pitals of Basel, Switzerland, and would not have
been isolated for a long time had not this chain
of biological and anatomical reasoning gone into
this deliberate discovery. There was no accident
about this discovery and it might have taken a

long time before it was discovered by accident .
Now the point has been reached where biologica l
peasants like ourselves cannot really work o n
nucleic acid chemistry any more, because you hav e
to be a really good chemist. I for one, having
worked on it for some years, have bowed out .

I have made the two propositions that, in the
relationship between biology and the physical sci-
ences, (1) the man who is trained in biology i s
the discoverer of phenomena, and (2) the advance
through the physical sciences is the only way o f
deepening our knowledge of the phenomena . A
third point is-I think you will agree with me on
this-that there are factual discoveries about na-
ture to be made, probably so many of them to be
made, that it is rather pointless and wasteful eve n
to think about deriving biological generalizations

' from first principles . The only thing we can util-
ize in deriving these generalizations is knowledge
of phenomena we already have . We cannot in any
logical process derive more in our conclusion s
than we fed in in the form of information in th e
first place. All we can do is see things a littl e
more clearly. . But as long as we are pretty sur e
that information is lacking because of discoveries
that have not been made-that was true in the
case of Schwann, it is true today-what we prob-
ably ought to do as biologists is either learn t o
apply some chemistry to older discoveries or learn
how to make discoveries .

I thought I would bring in some experiment s
which illustrate a point in the relationship between
biology and the physical sciences that we are only
now becoming aware of. In the treatment of bio-
logical processes, the dimension of time, the di-
mension of history, has been neglected . Now thi s
is very difficult not to neglect, because if we are
going to treat biological systems by the experi-
mental techniques or even the logical technique s
of the physical sciences, the first thing we have t o
do is homogenize them. If we are doing a bio-
chemical experiment on liver cells we literally
homogenize them in some sort of blendor and w e
call this a "liver homogenate." The minute we
call this a "liver homogenate" we imply something
that is not so . We have implied not merely ho-
mogeneity with respect to kind of cell-we ar e
beginning to be aware that this is a mistake-bu t
we have also implied homogeneity with respect to
history . All the cells of the same kind are pre-
sumed to be the same, and we do not distinguis h
between young cells, middle-aged cells, old cells ,
and so on . When we attack biological problems in
a nonexperimental way, in a logical way, we al -
most always perform an act of intellectual homog-
enization which we call statistics .
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When we speak in terms of growth, and
growth is a subject that interests .members of a
campus like this which deals with many aspects o f
the problem, we almost always concern ourselve s
with growth as increase in population, whether it
be a cell population, a bacterial population, a pop-
ulation of cells in a tissue, or something of th e
sort. We are aware of the fact that the proces s
that we are calling growth includes a great man y
different phenomena, but usually we are content
to deal with its overall aspect. In fact, we are so
contented that some of us only recently becam e
aware of the fact thatno one had ever measure d
the growth of a cell, no one had done really accu-
rate work on the growth of a cell . In a cell popu-
lation the cell has a history. We have the cycle of
increase in mass-division--increase in mass-
division, and it would seem as though we would
like to know not merely how fast the populatio n
is increasing, but what is happening between the
time the cell is born as a daughter cell in a mitoti c
division and the time it becomes a mother. The
technical problem is extremely difficult because we
have to do one of two things . We have to devis e
experimental means for making our measurement
on single individuals-and even big cells are pretty
small-or else we have to learn enough about the
control of cell populations to force them to grow
and divide synchronously, so that we can work
with large samples . If the individuals of the large
samples are all in the same stage of their life his-
tory, then we can obtain the same results as we
would obtain from individuals, by methods that
are relatively simpler and easier .

I should like to talk a little about some of the
things we have learned at Berkeley about the
growth of a cell, particularly in relation to the cel l
division cycle . If we have a cycle, cell division-
growth-division again, then presumably the divi-
sion process is triggered by some event in the
completion of the growth process, now defining
growth as increase in mass . One of the things we
are very much interested in, as Di-. Moore men-
tioned this morning, is the triggering of cell divi-
sion. Moreover, if we begin to be interested in
the cell not merely as a machine but as an entit y
that has a history, that may be different at differ-
ent times in its history, we want to know whethe r

' it is behaving differently during the time it i s
growing and during the time it is dividing, an d
how it is behaving differently. We can ask som e
of these questions, deliberately try to seek ou t
phenomena, look for discoveries, so to speak .

In these experiments a familiar cell, th e
amoeba (Amoeba proteus), was used . This has
the advantage that it is big enough for simple

surgical operations freehand, and it has a furthe r
advantage now that we have learned to grow it
synchronously. I might add here that four labo-
ratoriesr in various parts of the world within th e
last year have decided that they wanted to learn
how to grow cell populations in synchronou s
growth for exactly the reasons'that I have given
you. All four succeeded at the same time +Al
using just about the same technique . It turns out
that all you have to do, at least in these four en-
tirely different organisms, is to culture the cell s
not at constant temperature but at a fluctuating
temperature, so that the cell is cold part of its lif e
and warm part of its life. For reasons I shall not
go into (we can discuss them later), you drive
these populations into synchronous . division. We
have worked with the amoeba, and we wanted to
determine (this work was done by a very ingen-
ious graduate student of mine, Mr. Preewt, who
has great experimental .skill as you will see) the
growth curve of the amoeba, just as you deter-
mine the growth curve of your child. What we
used was the so-called Cartesian diver balance .
This was the application of the well known physi-
cal principle of the Cartesian diver . If you have
a bubble of gas floating in a liquid under pressure ,
then the pressure applied tp the surface of th e
liquid will be communicated through the liquid,
will compress the bubble, the bubble will drop,
you can bring the bubble up . by releasing the
pressure ; and so the equilibrium position of the
diver (which is merely a device containing thi s
bubble) is determined by the pressure over the
diver . If you put a weight on this diver rilt'revi4 l
drop down . You can bring it back to its original
position by lowering the pressure over the liquid ,
•and the amount of pressure reduction necessar y
is a measure of the weight . Mr. Prescott has made
divers small enough for weighing one cell : deter-
mining the reduced weight, the weight of the
organism under water .

Consider Figure 23 . This is the diver. There
is a little capillary tube, an air bubble, and a littl e
plastic cup. Sitting in the plastic cup is one cell ,
one amoeba, which will give you an idea of th e
dimensions of this gadget. Mr. Prescott puts the
amoeba in, weighs it, takes it out, fattens it up a
little .bit, puts it back again, takes another weigh-
ing, and so on, until this amoeba divides . In Fig-
ure 24 we have the growth of several amoeba e
throughout their lives . You can see they just
about double in mass in 24 hours. You can se e
the form of the curve and the interesting fact tha t
the curve tends to level off before the cell divides
again .

Earlier today we spoke of the significance .olf
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Figure 23.

Figure 24 .

Figure 25 .

the cytoplasm-to-nucleus ratio, one of the classica l .
ideas of cytology ; and not too far from wrong, as
you will see . There is a certain quantitative rela-
tionship between the nucleus and the cytoplasm .
One nucleus can serve so much cytoplasm . When
the cytoplasm has outgrown the capacity of it s
nucleus, the only thing that it can do is to supply
itself with another nucleus and divide into two .
According to the simple version of this idea, thi s
cell should have divided when it reached its maxi -
mum weight, but it did not. It waited three o r
four hours before entering division, so that th e
stimulus to the next division is not merely th e
achievement of the maximum weight . The cell i s
waiting for something else to happen before she
can become a mother . Our problem is to find out
what this is .

Now I may consider a rather interesting expe-
riment where Mr . Prescott shakes these amoeba e
rather violently just about the time they ar e
dividing. What happens is that they divide un-
equally. We get one big daughter cell and one
small daughter cell and start them off . together.
You notice that the rates are slightly . .different.
The small cell grows faster and ultimately catche s
up' with the big cell, so that the adult mass is not
determined by the initial mass but is determined
by something else, and we do not understand thi s
at the moment.

In Figure 25 we see a curve for increase i n
protein, determined by microanalytical methods ,
and it turns out that the increase in protein follows
the increase in weight quite exactly . In other
words, for this organism the general idea tha t
growth and synthesis of protein are equivalent
phenomena is applicable ; it may not be applicable
in another situation . Again the weight levels off
before division, waiting for something to happen .
You might say it is waiting for the chromosomes
to double, but if Dr. Alfert had had more tim e
this afternoon, he would have told you that ther e
is pretty good information that the duplication o f
the chromosome material is also completed several
hours before division in many cells for which such
information is known . So that is not what th e
cell is waiting for. The question is, is it waitin g
for anything? Maybe this whole idea of a trigge r
to cell division is an incorrect one . We think it i s
a correct one by virtue of a simple experimen t
that does not involve any more physics and
chemistry than a glass needle. It does not even
involve a micromanipulator . Suppose we assume
that the triggering to division depends on th e
achievement of a certain amount of trigger sub-
stance X. The absolute amount of trigger sub-
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stance X has to be achieved before the cell can
divide . We can play a rather mean trick on the
cell . In fact, this experiment was done many ,
many years ago as a test of whether there wa s
something to the idea of the limiting nucleus ,
cytoplasm ratio.

This experiment is very simple . You culture
an amoeba ; the amoeba divides once a day ; but
each day you take your culture out of the incu-
bator and cut this amoeba in half . This amoeba
cannot grow quite fast enough to keep up wit h
the amputation that you are performing, so tha t
it never does reach the full quota of X, whateve r
this is . Patient workers performing this kind o f
experiment-it is a very important point, you se e
-have cultured cells for as long as a year, cutting
off a big piece of . cytoplasm every day . This
amoeba was perfectly normal, happy, but did no t
divide until it was spared one day and allowed to
grow to full cytoplasmic mass, and then it did di -
vide . This was well known and certainly illus-
trates the principle that you have to complete som e
growth . process before division can take place .
But is this a trigger mechanism, or is it merely
that unless you have a certain amount of cyto-
plasm something goes wrong with the division
process ?

This question was answered recentmy by a stu-
dent of ours, Dr . James, very simply . He waited
until the amoeba started dividing, then cut off a
big piece, and the amoeba did not mind at all . She
simply divided into two smaller daughters, but th e
division was perfectly normal, and the smaller
daughters grew up to be full-sized mothers . In
other words, once a certain point has been passed
and the trigger has been pulled, it did not matte r
how much cytoplasm was there, the amoeba would
go through with its division process . So there i s
a trigger to division, and I would like to call you r
attention to what is just an , interesting clue ; it
certainly would be interesting to Dr . Dornfeld and
some of the rest of you, even though there is n o
rigorous evidence that this is the answer.

In Figure 25 you see a graph of the ribonucleic
acid content during the life cycle of the amoeba .
It is an interesting story, because again the ribo-
nucleic acid of cytoplasm has generally bee n
studied statistically in cell populations in tissue
sections, and therefore there was no way o f
knowing how much of this ribonucleic acid was
present in a given cell at a given time . But here
we are following a single cell or a sequence o f
populations of cells through a life cycle, and on e
can obtain this kind of information . For the
amoeba the results are rather interesting because

it turns out that the ribonucleic acid does not in -
crease during the period when the increase i n
mass, volume, protein, and water content is going
on. Just about the time the other phase of growth
is beginning to level off the ribonucleic acid goe s
through an exact doubling, and when this dou-
bling is complete the cell divides . I am not pro-
posing that the synthesis of the ribonucleic acid ,
the doubling of the ribonucleic acid, is the trigge r
to division, I am not even proposing that this is a
general pattern, but it is certainly suggestive o f
the way one can go about looking for this trigger.
In fact, the only reason why I am discussing
these experiments is to illustrate how the dimen-
sion of time is appearing in the study of living
units . Many people are becoming aware of the
problem at the same time. I think that a new
phase in biophysics and biochemistry is develop-
ing, where great efforts will be taken to assig n
observations not merely to a kind of cell but to
the appropriate stage in the life history of thi s
kind of cell . There were some other experiment s
that would illustrate similar things, but our time
is running out, and I think we can see what con-
clusions come from the discussion we have had ,
although no one has to agree with it .

It seems to me that the situation can be sum-
marized in this way . You can ask a biological
question and get a biological answer . This is wha t
Darwin did. It took him rather far, but not as fa r
as we would like to go now with the same problem .
You can also ask a physical or chemical question
of a living system and obtain a physical or chem-
ical answer. This is sometimes all right, but some -
times very wasteful, because very often th e
answer is not very interesting .

When I was a graduate student, the great fa d
was applications of physical chemistry, especiall y
the theory of electrolytes, to biological systems .
Some good work was done of course, as always ,
but some really poor work was done too, becaus e
people decided on what they were going to do, not
on the basis of whether they had a significant
problem or a significant question, but on the ex-
tent to which they could apply the theory of elec-
trolytes, the theory of pH, etc ., to a biologica l
problem. There was a false measure of what wa s
good research and what was not . The thing that
is difficult to do, but the thing I think we shoul d
try to do, at least in cellular biology, and the thing
that has made for great cell biology, is to create
a situation where we can ask a biological questio n
and obtain a physical or chemical answer. That is,
I think, our object and our ideal .
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