g - . a - Y . .’
Fhe presence of checiric charge and curre requires: divergence 1i= ik el H = (relti =
aﬁ.fa.!. §n addiion, Maxwelfincluded guantity-intensity refations for each field wad relations tor

~Hectrostatic and vector potentials, which hie considescd integral w the theory,
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CELL THEORY AND
DEVELOPMENT

JANE MAIENSCIIEIN

Cell theory has passed through various stages of understanding during the
three centuries since researchers first noticed the existence of cells. Likewise,
the role vl cells in development has also gone through different fnterpretaions,
“Theorics have included an elementary conception of basic microscopic units in
the mid-seventeenth century, a more fully articulated cell theory in the early
ninctecenth century which held that cells are the basic building blocks of tiving
organisms, a later nincicenth-century conviction that ihe actions of ccllular
material actually bring about organic development and ditferentiation, and te
idea that cells hold a key to evolutionary development as well. Controversics
and disagreements about detail have veeurred, but some version of cell theory
and the Tundumental role of cells in development has persisted,

This essay will examine the intersection of studies of cells and studics of
development, which necessarily leaves out much of both cytology and embryo-
logy. Yet the study of cells and their role in individual development has raised
important questions and has shaped both the direction of cytology and the study
of embryology. It is worth focusing on the intersection and on thuse few but
valuable historical examinations of buth ecll theory and development.

1. CYTOLOGY AND CELLULAR STUFPF

hy 1665, Robert Hooke's Micregraphia (1665) Arst brought cells 10 public
attention.' Intended as a popularly accessible book rather than a specialised
report, the Alicrographia lustrated and described cells which Hooke had
studicd with his microscope. Taking a thin slice of cork, for example, he
uhserved whai Jooked like a hioneycomb of pores, which he called cells since
they were essentially spaces surrounded by walls and not unlike the manastic
cells of the time. Then he observed similar textures in a number of other plant
furms as well. Though convinced that these cells must have a proper purpose,
this English obseever was not guite certain what that purpose might be, He con-
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cluded that they might serve as channels to carry Huids through the plant
material in just the way tat anterics and veing move uids through the animal
budy. Houke thus established that structural units called cells exist in some
organisms, but was not confident about further conclusions.

A few years later, other observers turned their microscopes to organic mater-
ial as well. In particular, the Englishman Nehemiah Grew and the lalian Mar-
cello Malpight both began to observe more clearly the detaited structure of
plant cells with their work which they called vegetable anatomy. Because the
cellular structure of plant material is more obvious than that of most aniimals,
they each clearly observed cells. Malpighi's Anatomes plantarim {Losdon, 1075,

~and 1679) referred to the ‘utricles’ (or cells) and to the ‘basic utrical structure’
ol the plants. At the same time, in work also communicated 1o the Royal Society
of London, Nehemiah Grew addressed the question raised by Hooke as to
whether plants have circulatory systems like animals. e did not find any valves
or perfectly analogous vessels Lo answer that question, but he did provide more
detailed and definitive descriptions of the cells in his work which culminated in
The Anatomy of Plamis {(London, 1682). The contemporancous work by NMal-
pighi and Grew set the standard for discussion of cells as structural units fur
some time. It also Jemonstrates the close connection between microscopic
exploration and cell study in the early ycars. _

Since microscopic aid is valuable for seeing most cells, the increasing interest
in microscopy in the seventeenth and eighteenth centurics brought with it an
enihusiasm for describing the structure of materials, inchuding the apparent
cellular structure of living maicrials. Thus, some historians have cited the cru-
cial directive role of technical advances, while others have argued that ideas
preceded: technical innovation. Whatever the technical contribution, questions
arose among the microscopists. While Hooke, Grew and Malpighi located cells
in plants, others questioned what those cells were: whether the basic units of
life or parts of an interconnected fabric; whether accidental and occasional or
ubiquitous structures;.or whether perhaps only unimportant microscopic arti-
facts. Others asked whether cells exist in animals as well, The ke cighteenth
century brought discussion of *globules’, for example, as alternative fundamen-
tal material structures. Others saw ‘fibrilles” as the more proper units of organic
material, and some invested the latter with vital properties such as ‘irritability’.

This prolileration of ideas creates problems for the historian who wants to
examine cell theory, because it remaing unclear what 10 count as cells, 1o we
include only those discussions that actually fabel their entities as ‘cells’, or do
we also include references to ‘globules’ or ‘fibrilles’? When examining cell
theory and development, such work as Caspar Friedrich Wolfl’s scems import-
ant since he regarded embryos as made up from globules, which produced a
“sort of ‘cellutar tissue’ analogous to plant cells. And yet the globules do nat
really correspond to visible cells or 1o basic organic structural units, as Shirley
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Ruoe has claritied in Maiter, Life, and Generation (Cambridge, 1981). I is reason-
:l‘hlc, theretore; o exchude Wolll s belonging 1o a ditferent tradition, \\ilh“dil'-
feremt concerns and comiuitments, and o remain with the microscopic-basal
stucly of what celly are and what their role s in development.

I order to begin addressing those developmental questions and w tarn thwse
slru.cmrgti spaces surrounded by walls into something more functional, it “‘:ls
uschul, lirstly, w (il them with semething and, secondly, 1o determine 'h:m' th::'v
arise. I7elix Dujardin began to answer the fiest question in 1835, 1is “sarcode’
was the material which blls living coells: ‘a glutinous, diaphanous substance
insoluble in water, caontracting fato spherical masses, sticking 1o the disscclin:
needles and letting itsell be drawn out like slime, and, finally, being tound in '1:?
the fusver animals interposed between the other structaral clemensy’* -l)ll'-;r-
din's .\nn'k on infusoria, designed o examine the internal siruclurlc of i’iml
organic group, also raised the question of whether similar substances exist in
other organisims. In 183y, the Bohemian researcher Jan arkinge cunlirmcd‘lhiﬁ
and ientiticd the floid stuffingide the celb wallsas ‘protoplasm’, a cunccpl. \\'hicl-a
l‘h'g" vou Moht extended and developed into its meodern form (Purhinje, (er-
Slf'l” iilu:r dic arbeiten und l'a’r«'inda_"mrg der schlesichen Gesellschafi fiir t'nln‘l{i'm.;'is;'hr
Kudtur im "}tulu'.' 183y (Breslay, 1840); von Mohl, “Uber dic Safibewegung b
bnern der Zellea?, Botanische Zeitug 4 (1846), pp. 73-8 amd pp. 8g-y4.)

Both Duojardin and Pwkinje suggested thar the inernat fluid protoplasm
might be the basic material of fe, but it remained for the German cytole ;Esl
Max Schulize to carey that suggestion into a fully developed dicory — the pniu—
phismy theory, Inoa paper of 1861 direcied ar darifying the naure of 4 ccll
Schulize acknowledged that a cell had been defined as a structure with ‘mcm:
brane, nucleus, and contents’, but tat in fact only the nucleus and prnlupl.asm
appeared as vniversally basic. Thus ‘A cell is a Tump of protoplasm inside of
\?'hicla lies & nucleus™? The membrane or cell wall separates the celt comuens
liu.m the external envivonment but is not, in fact, really necessary since the
unigue protoplismic substance is kept distinet from the surcounding material
simply by the fact that it does pot mix with water. e pointed out, in p;n‘licul-u.r
tha .cclis which are undergoing division have no membranes. i"ur’ Schuhze I.iu_:
cr}n:mi internal contents do not consist of a simple watery fhuid b r;ulu;r‘u!' i
thick vistous mucous substance, eomparable o solt wax, This pl‘ulnvl‘l‘\illli;
nusterisl is lm'sic to life, while the nucleus plays an as yet unhnown rule. 'l']';t;tngln
he worked with s varicty of animals himself, Schulize also cited work on plants -

o demonstrate the uniform protoplasmic basis of all living material in -
phasn. ' ‘ ‘ P

I'ly ! 861, the cel had acquired a very different consistency and nl;!c ascribed
to it frons the one Hooke had suggested nearly two centuries eardier. :l—'hmu-.l:
‘chr.}' Ilu.\lf:y's_|mpui-.er essay of 1BOB suggesting that prmup!;:snil \\us‘ilu.:
physical busis ol lile” brought the protoplasmic view 1o wide aitention {On the
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Physical Hasis of Life’, The Fortnightly Review 5, (1869}, pp. 129—45) and
stimulated further discussion. What was the relative Importance of nucleus and
protoplasm, and in what sense were the cells the units of lile if protoplasm was
the stuff of life? The different lines of rescarch, with respective emphases on
plants or animals, or on adult or dividing embryonic cells, for cxample, gave rise
10 different views of the cells and their importance. Generally, those stressing
the central importance of protoplasm de-emphasised the significance of cellular
units and of what has historically been called ‘the cell theory” which an alterna-
tive tradition stressed. 1t is the latter tradition which provided the strongest
basis for progress in interpreting the ceflular role in development and which
must remain central for historians concerned with both cells and development.

2. CELL THEORY AND CELLULARDEVELOPMENT

At the same time as the theory of cell substance was evolving, in the mid-
nincteenth century, a very different theory of how cells come into existence was
also emerging. The German botanist Jakob Mathias Schieiden and the zoolo-
gist Theodor Schwann collaborated to present what has come to be labelled as
the cell theory. Their theory depended very directly on their definttion of how
cells come into existence as part of their life cycle and it differed from the pro-
toplasm theory in emphasising the essential role of the cell wall for defining this
basic unit of life.

Schleiden was one of those young biologists of the early nincteenth century
who could not accept the then traditional preformationist interpretation of the
origin of organic form.? Preformationists of the previous century had answered
the age-old question: ‘how does an individual come to have his particular dif-
ferentiated form?' with the answer: ‘from pre-cexisting form’. An individual
organism inherits its form from its parent. Logically, therefore, an individual
cell would also inherit its form from carlier cells. But Schleiden and others,
such as the German embryologist Karl Ernst von Baer, had begun to reject
such a preformationist interpretation and to turn instead o epigenesis, (See
art. 13.) An epigenctic position holds that form emerges anew, shaped by the
interaction of living internal material and its external environment. As an epi-
genesist, then, Schividen wanted cells 1o emerge ancw in each generation. [le
maintained that those newly-arising material cells serve as the fundamental
units of both organic structure and organic function for all of organic nature.
Cells are the basic units of life. Schleiden and his collaborator Schwann further
insisted that all cells in both plants and animals originate according to the same
general set of procedures; all cells must therefore be fundamentally the same
_sorts of things. Unity of nature reigned, as it did for most early-ninctecath-
century German naturalists,

360

s i im o 2 ot o me §

Schlviden's theory ol Tree cell formation held that the following process
veeurs for plants: inside the contents ol a cedl a granular substance arises; by |
accumulating susrounding niaterial, this gives rise 0 a nucleus; as the nucleus
grows a ceH lorms and a surrounding membrane appears to set it ol as a new
cell. Schlciden maintined that this process oceurs as an ‘aliogether absoluie
law”. The resolting celt consists almost incidentally of those internal contents
Labelled by others as protoplasay, but also necessarily includes a sucleus and
cell wall.

Stimulated by his diseussions in Berlin with Schlciden, Schwann (urther
developed the *Schilciden-Schwana ccdl theory’ with his animat investgations.®
e suggested thay, beginning with a structureless substance or ‘eyioblastemy’, a
dark geanule arises, which in turn gives rise to a nuclews. Then layers of sub-
stance accumulate around this core 1o produce a full cell. For Schwann, this
process takes place in materia} surrounding, rather than inside, the old cells, so
that in this respect, he differed from Schiciden. For both, nonciheless, the new
cells wre really new and not simply inherited or pre-cxistent in any sense. Fhey
both maintained that cell formation sirictly follows the inarganic and henee

naderialistic process of crystallisation. Then once formed, the cells serve as

structural and functional units for living organisms.

Published ogether and translated in 1847, the claims of Schieiden and
Schwann became the basis for a ‘cell theory’, which held cells 1o be the Funda-
mental organic units common to all living beings and as developed by *free for-
mation’ out of furmless cytoblastemic substance in the same basic way. Some -
challenged the exact dehnition of the cell — whether it requires an enclosing
membrane or wall 1o define it, for example. Others questioned the mode of cll
origin — whether always de novo rather than from pre-existing cellular materiad
in particular. Work on plants and animals also diverged as rescarchers gues-
tioned the respective natures of plant and animal tissues. Yet most researchers
had nonctheless begun to aceept some version of celt theary by the mid-
nincteenth century. The problem remained of sorting out the deils and of clab-
orating the eatent o which cells function as the fundamental units of life and
living processes. 1n particular, Jacob Henle and Albert von Killiker adapted the
theury into classic full discussion within anatomy and histology, but celf theory
as a basis for development ok longer 10 claborate. Maintaining a focus on
cells, the German zoologist Robert Remak and the pathologist Rudelf Virchow
muoved towards a different and eventually more widely acceptable interpretativn
of el theoyy, which proved more usceful for embryology,

In 1855 Remak published the results of his extended study of I'rcshly laid
frogs’ eggs and concluded that the cells in his embryos developed ina different
manney from the one that Schiciden had deseribed for adult plant cells, tn cit-
ing the substantiating support of other researchers’ results as well as his own
carlicy work, Remak endorsed an endogenous thcdry of cell formation, whereby
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cells form only from material internal to other cells, Indeed, all cellubar devel-

opment begins with e fertilisation of the cgg cell, while subsequent celb clea-

vages result from a series of divisions directed by the nucleus (Untersuchungen
iiber die Entwickiung der Wirbelthiere (1850-55))-

Also in an essay of 1855 and with much more detail in his classic work Dre
Cellularpatholugie (1858), Virchow agreed with Remak and other cytotogists who
had begun to question free formation, asserting that ail cells arise only from
other cells: ‘Omnis cellula a ccllula’. Cells do not crystallise in any intereeilular
cytoblastema, and since cells require both a nucleus and membrane, they must
begin as more than tiny material nucleus-producing granufes. Life is continu-
ous as one cell gives rise Lo another, one gencration to another. The complex
and responsive cellular material is not only the basic structurel unit of living
material, it can also be the basic unit of /ife. .

Virchow and others had come to {he conclusion that cells somchow divide.
Rather than new cells crystallising in a strictly materlalistic manner around a
granular corc, Virchow saw the existing cellular material accumulate new
material and grow- larger, eventually reaching a point at which it divides.
According to this vitalistic intcrpretation, living material does not emerge from
non-living material, In fact; the history of the cell theory in the nincleenth cen-
tury became closely ticd with arguments about materialism vs. vitalism. Accord-
ing to Ackerknecht’s (1953) interpretation, Virchow's particular interpretation
of cell theory reflected his political vision of the role of individuals within the
state. '

Not everyone who accepted {he doctrine that cells arise only from other celis
also agreed with Virchow's politics or his form of vitalism. But continuity ol cel-
Jular, living material made the cpigenesist’s task casier. 1T celis provide conti-
nuity from one generation Lo the next, then the epigenesist need not explain the
production of form from completely homogeneous matter. Instead, he may
assume the cxistence from the beginning of something which is already living,
inherited from the past. As John Farley has pointed out, ‘the re-emergence of
sex’ and sexual reproduction as a driving biological problem in the 18705,
accompanicd by improvements in microscopic and cytotogical technigues and
hardware, served to refocus attention on the cells — notably on the egg and
sperm or ovule and pollen cells — and ihieir roles in development.

- What resulted, as rescarchers embraced Virchow's view of cell formation and
substantiated it with obscrvations resulting from improved microscopit wech-
nigues, was 2 move towards emphasis on cell division. As it stood at mid-
century, the celt theory depended on an interpretation of how cells develop, Lut
did not provide significant clarification of how individual organisms develop
and become differentiated. If cach cell grows by accretion of material, then the
question remains of how cells mutate, and in such @ way that a whole organism

" is created. What guides development?
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Purstiing cpigenctic interpretations of develupient, rescarchers began
aceept that el division may be the hey to development of individoal viganisms
and hienee the key 1o what differentiates life from nou-life, namcly, the ability 1o
reproduce suceessive generations of individuals. By the 1870s, enthusias for
the materialistic Sehleiden/Schwann imerpretation of celular developmcnt
and for protoplasm ideas had faded. Research had begun to enter a new stage,
exploring the importance of cell division Tor development. This change in prob-
lems and approaches, with attendant shifis in meanings of words and in
cmphases, creates pitfalls for unwary historians who cast backwards for the
roots uf today’s ideas. Unfortunately, biologists who have written casually about
the history of cell theory have also falien into that trap and have made the pic-

(re seent rather clearer than it was, Ttis impoertant o recall that ‘eddls’ do not.

even refer to the same thing as we move from the seventeenth 1o the niteteenth
century, for example.

Out of the proliferation of studies in the 18705, two very ditferent lines of

rescarch emerged which need to be examined as scparate raditions, One,
growing out of the eytological tradition, carclully examined the struchre of the
cell. Using histological technlques for fixing, staining, prescrving and cutiing
cells, the eytologists began to be able to luok more deeply and 1o discern fine
differences between cells. The nucleus auracted the hirst and most concen-
wrated atiention, but gradually other cellular parts also attracted interest, And
with their discovery, rescarchers began to ask also what the cellutar parts were
for. : '

A second line of rescarch ok a wider look. Instead of focusing down into
smalter and smaller parts, this group asked how the cells fit within Ure whole
organism. Of particular interest for our purposes, embryologists began to see
that distinctions between different cells might begin to explain established Tacts
of hieredity and evolution, sinee an individuad organism begins as a single cgg
cell which is the product of an evolutionary past and of inheritance from its
parent. 'Phat individual cpg cell is also the beginning of a new hndividual and
hence must contain whalever is aceded o pattern that individual. This second
group of rescarchers began o examine more closely what happens in the conrse
ol cell division: what, in fact, happens as the one original egg cell divides? Dil-
ferent groups focused respectively on'the nucleus or on the whole cell.

3. CELL THEORY AND DEVELOPMENT:
' INTO THENUCLEUS
“The cell nucleus seems first to have altracted the serivus attention of British
botanist Robert Brown. In 1831 he determined that the nucleus is, in fact, an
important part of at feast living cells and not just an artifact of microscopic
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observatiun (‘Obscrvations on the Organs and Mode of Fecundation in Orchi-
deae and Asclepiadaca’, Transactions of the Linnacan Svcicty 10 (1833),
pp. 685-742). Brown was the first 1o label this budy the nucleus and w observe
systematically that it occurs in a range of types of organisms. Yet he did not
develop his obscrvations inle 2 more gencral theory, nor did he speculate about
the significance of that nucleus. In time, others did, as they also extended his
sketchy suggestions concerning fertilisation as a result of kinetic interaction of
ovule and pollen in plants.

In Fact, work on fenilisation highlighted the first line of rescarch into cell
theory and development.” Advances in microscopic techniques such as
improved sectioning, fixing, and staining as well as the advent of the oil immer-
sion lens, allowed a closer look at cell contents. Obscrvers could now distinguish
more than just a general nucleus, protoplasm and membranc. Thus, the 1870s
and 1880s brought a flurry of new studies, of which those Ly the Belgian
Edouard van Bencden, the Germans Walther I lemming and Oscar ! leniwig, the
Pulisl/German Eduard Strasburger and the Frenchman !lermann Fol were
particularly important. "I'heir technical disagreements, aggravated by imperfect
microscopic evidence, make it more difficult ~ and also particularly valuable
— Jor historians 10 clarify the threads of thought during this time.

Each of these men declared that the egg and sperm celt — for by then fenili-
sation was generally agreed to involve the union of those two cells — contain a
distinct nucleus. Therefore, the aucleus does not come into being simply for
the purposes of cell division and then disappear, as some believed, but main-
tains its individuality across generations, And yet, IFol, at least, denied that the
structure of the nucleus has any purity or continuity and that the nucleus could
play any significant role in heredity. 1lowever, as he continued work through
the 1880s, Fol began to sce the centrosomes as permanent structures, with cach
parent ccll contributing two centrosomces oF one which divided soon after ferti-
lisation. Centrosomes might play a role in heredity. ertwig disagreed, main-
taining that the nucleus. isell and its components have continuity but that
centrasomes do not. Furthermore, for both Hertwig and Strasburger, the
nuclens served as the bearer of heredity while for Fol it did not. When | ertwig,
Strasburger and others actually saw the nucleus divide during cell division, that
evidence considerubly strengthened their case for a nuclear role in herudity and
subscquent development.®

If the eell, and particularly the nuclear part of the cell, really exists as an
identifiable and continuous enlity, and if fertilisation actually involves the join-
ing of 2 nucleus from each of two parents, then the nuclei must play a basic role
in heredity. But how? And how does the stability between generations, assumed
to be brought by heredity then translate itsell into the differcntiation of individ-
ual development? For this group of rescarchers, Inquiry began to focus on
details of the process of nuclear division. '
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“I'he vecnrrenve ol mitotic nuctear division (or mitosis) had been recognised
as candy as 1873, Many rescarchers immedisely attacked the sulject and deter-
mined that nuchear division is basic 1w cell division. Surasburger insisted that
auclear division oceurs transversely, that is, across the chromosome, dividing it
into two separate picees of different materials, In contrast, van Beneden and
Flemming insisted on longitadinal division. Van Beneden observed the move-
ment of chromosomes as they moved during cell division. Then Flemming pro-
vidud @ stribing set of stadics demonstrating the stages of mitotic division,
which he preseated in three papers published from 1879 10 188 He Delieved
that this indireet division of what he calicd chromatin (the stainable nuclear
material, which Wilhelm Waldeyer labelled as chromosomes in 1888) provided
the basis for the process of cell division in all forms of cells. By the 188os a
group of researchers had decided that the nuclens plays a role, il not the critical
rale, in cell division generally and thus in the development of individuals, Flem-
ming’s Zellsubstanz, Kern und Zelltheilung {1882) provides an excellent review of
work privr 1o that time.

FFurthermore, by the Taie 1880s it began to scem as though the nucleus also
plays a — or the ~ critical role in moving from one generation to the next. Van
Heneden and Theodor Boveri from 1887-8 and ertwig in 1890 had cach
clearly ubserved that something unique kappens during the production of germ
cells.” During this process of maturation division when one cell gives rise to the
ripe germ cells, each chromosone divides once while cach cell divides twice.
“Thus, cach ripe germ has only half the original full complement of chromo-
somes. The chromusomes must play some important role in heredity to result in
this complex process, but what? Farlier, equally careful cytologists such as
Strasburger had insisted on transverse division of chromosumes and did not sce
an important difference between germ cell and adult cell production (or mitosis
and what was kuer ealled meiosis). Only gradually during the 1B8os amd 189os
did researchers work out details of the structural and chemical constitution of
the chromosomes and of the nucleus. And only afier 1goo did thearies begin to
emerge, explaining (he chromosomal role in heredity. {See arl. 33, seet. 6)
“The work of the British rescarchers John Bretand Farmer and Julin . 5. Moore
first explicitly stated what happens in reduction division and the workings of
the ‘maiotic phase”. Their classic paper ‘On the Maiotic Phase (Reduction
Division) in Animals and Plants’ (Quarterly Joumal of Microscopical Seienie 48
(1904), pp. 487-569) also provides a useful survey of material t date.

Yot such deniled researches into the pucleus and nuclear division focused
mure and more marrowly on the fine structure and panty of the cell. This con-
contration drew attention away from development, partly because no sne saw
how nuclear change transtated into epigenetic developmental change. By the
18gos, it was the second line of research, looking at whole eclls, that siifl con-
centrated on cell theory and on development,
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4 CELLS AND DEVELOPMENT:
“PHE CELL'S ROLE IN DEVELOPMENT

Cell theory, as American cytologist Edmund Beecher Wilson wrote in his
classic The Cell in Development and Inheritance (New York, 1890), was the
second great generalisation of biology in addition o evolution theory. e real-
ised that only recently had the two ideas begun to converge in a way that pro-
mised major progress for biology. In addition to those rescarchers
concentrating on applying new microscopic technigues 1o observe more clearly
the fine strueture of intracelular material, others such as Wilson focused un the
cell as 2 whole or on the organism as a whole, A tradition emerged, directed at
showing how the different cells resulting from division of the egg give rise to
different parts of the body. The rescarchers participating in this tradition were
concerned with embryology (and evolution) rather than with the earlicr stage of
fertilisation or with nuclear change. They included especially a group of Ger-
mans and a group of Americans.
In the 1By0s, embryologists had concentrated on the collections of cells
“making up germ layers rather than on particular cells. For one thing, it was
simply too hard to sce individual cells and what they did during developiment.
Furihermore, cvolutionary theory and Ernst Iacckel's particular interpret-

ations of what happens suggested that the broader-reaching germ layers rather

than individual localised cells held significance for understanding evolution and
genealogical relationships. How could the peculiarities of one individual cell be
the product of cvolution, sclectionists would hiave wondered?

Stimulated by improved research techniques, embryologists began to ask
what happens 1o individual cells. Given that the egg and sperm and their union
are all cells, perhaps carcful detailing of what happens to cells in development
could be worthwhile. A group of German physiologists and zoologists began to

study Enwickelungsmechanik or Entwickelungsphysiologie. Alongside the waik of

researchers including Wilhelm His, Eduard Plliiger, Gustay Born and 1ans
Driesch, Withelm Roux devised an claborate theory of the action of blasto-
meres, cleavage and then of cells and cellular parts and their roles in develop-
ment. _

-Roux and other developmental rescarchers studied the factors which cause
the egg cell 1o divide and how this division occurs. They investigated the clleels
on development of conditions such as experimentally-aftered gravitational lickd,
artificial light source, aliered nutrients and chemical manipulations. With imani-
pulative experimental studies, the rescarchers could begin 1o establish that not
only does the individual organism respond to extermal conditions but it alse
exhibits a great deal of internal control over its development and ditferentiation,
Eventually, Roux constructed a theory of mosaic development, according to
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which cuch cell dhvision separates ol cellular matesial which then, because of
its constitucnt material, develops in a unique and appropriate way.

L pacticular, Roux performed a famous experiment in which he used a hot
needle to kil ane of the two cells resubting from the fisst cell division of a frog's
cgg, as discussed in his summary work Die Entwickelnngsmechanik der Organis-
men (1890). e lefi the dead material but it did not grow, so e considered that
the cell had been functionally eliminated. "Flie other celt developed into pre-
ciscly the half embryo that it would have done under perfectly normal con-
ditions, ‘Therelore, Roux concluded, it must have been something inside the
cell itsell, part of its own material which directed it, in this case, 10 develop as a
half embryo. e presumed that the same constituent would also direct a nornml
cell pruduct 1o develop in its appropriate manner. Thus, cdlls are parts of
organisms but develop largely independently, according 1o their own internal
instructions. Those instructions, he decided, eame from the nucleus and speci-
fically lrom the chromosomes.

For Roux, the chromosome is a complex mixture of different chromatin
granules, which represent different gqualities. These align themselves in prep-
aration for cell division and then divide. Division may occur quantitatively, so
that the original granules repraduce and then separate, with all qualities repre-

“sented incach of the two daughier cells. Division may also oceur gualiatively,

so that the two daughiter cells end up with sub-scts of the original marerials and
arc thereby differentinted. The luter precess ocecurs during embryonic devel-
opment. By this process, each nuclens receives its own unigue set of chromatin,
and the course of development involves a successive separating-out of original
picees into the varions cells. Because it contains its own chromatin qua]iiics,
each cell is capable of self-differentiation and experiences some dutonony even
while it is part of the whole, complex organism,

I Das Keimplasm (1892), August Weismann developed a similar theory,
carrying much Turther the idea that separate bits of chromatin represent difler-
ent qualitics. He constracted an claborate hicrarchy of cellular pans with bio-
phores as the basic units. These are then aggregated progressively into
determinants, ids, and idants, the latter of which fimdly represent the visible
chromosomes. The complex chromosome structare is inheriied from one
generation 1o the next because the cells of the germ plasm rewain the fult com-
plement of sub-units, while body cells receive only part amd become difteren-
tinted accordingly. Mitosis serves to distribute the smallest ditfereatiated bits of
chromatin o the dilTerent cells and thus becomes the mechanism for citecting
individual development as well as intergencrationat heredity. Evenuually, cach
cell will Tave ondy one kind of determinant in i, which will give it s specibie
cliaracter,

FFor both Roux and Weismann, whose ideas came 1o be labelled the Rous-
Weismann theory in the mid-18¢os, the cell renained basic. Chronsuwin carries
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the material of heredity, but it is the division into separte cells that brings
development. Cell theory was onct again a basic assumption for these bivlo-
gists, but with a very different emphasis. Roux and Weismann had explained a
mechanism by which individual cells become differentiated and hence by which
complex organisms grow, but many others did not find this explanation satisfac-
tory. The resuling discussions provide valuable material for historians examin-
ing cells and development. _ '

1ertwig and others in Germany rejected the Roux-Weismann interpretation
of development, saying that it really explained nothing. For Hertwig, Weisman-
nism represented a hopeless sort of preformationism which throws everything
back on to the nucleus and chromatin rather than on to preformed linke beings,
but which is preformationism nonctheless (The Bivlogical Problen of Toduy ™
(1894)). Questions of cells and development therefore became tangled with tra-
dJitional debates about whether cpigenesis or prcfuruialiun better explains
development. A further question arose as fo whether perhaps cell theory isedl
had been overtaken. Perhaps the cell is not the smallest basic unit of life after
all. Roux and Weismann expanded discussion about the role of cells in develop-
maent and about their status as the smallest basic functional, structural and even
developmental units of life, but others disagreed.

Reactions became particularly lively among American biologists around the
turn of this century, especially among researchers who gathered at the Marine
Biological Laboratory (MBL) in Woods HHole, Massachusetts, cach sumimer.
The first MBL director, Charles Otis Whitman, dircctly questioned the domni-
nance of the ‘cell standpoint’ in his paper “The Inadequacy of the Cell Theory
of Development’, (Biological Lectures 1893 (1894), pp. 105-24)- In particular,
‘he regarded the cell theory of development as inadequate. ‘The whole individ-
ual organism directs development, he insisted, for the individual has an organ-
isation that the study of cells alone cannot explain. Whitman endorsed
1luxley’s view that cells are like scashells. They are left behind by the Gde and
map the tide’s effects, but the seashells themselves do not represent or record
the tidal process of change, which is ulimately the interesting phenomenon.
Organisation of an individual, then, does not result simply from cell division
but instead precedes and directs cell division. Whitman rejected the {ull impli-
cations of the Roux-Wcismann theory of independent development of individ-

ual cells.

And yet he certainly did not claim that cells have no importance. In fact,
Whitman insugurated a serics of cell lineage studies during the 18yos by his
students and colleagues at the MU and at the University of Chicago, These
studies were designed preciscly to illustrate the paterns of cellular develop-
ment and the way in which the original egg takes on differentiation. Cell lineage
studies consisted of using exacting histological and microscopic technigues to
trace what happens to the ccll and its nuclear and cytoplasmic parts as the cell
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lli\lth.‘ﬁ. What happens inside, and what is the resudtas the cell products cach
begin to assume their own individualities as welli Rescarchers indluding W; i
man, Wilson, Edwin Grant Conllin and 2 host of others carried utl:t i '“'
(!ut:ulcd studies on a varicty of organisms in order to assess similarities and ];!;L
ferences which might reveal ancestieal evolutionary reltionships.'® The :111'-
Sf)lighl to evaluate the extent to which the original cgg cell is alrc.-ul ' Iii'ly- .”"
tated by determining how regular or ‘determinate’ the cleava -cl ):u(c .."‘-"'-"'l
p{'(l.l[ll(:iis are from ong individual 1o another. If every organism ni}'ll:c 51:::: 1‘l'm-
(!wu!cs in the same way, and if each cell produet gives rise to the same .lli['l'critu:
tiwted adule parts as that same cell product in other organisms, then individu:ﬂ
dL:vclupmcm st somchow be strongly determined by the sln:cturc or conte
ol the c!;g cell, If, however, there is considerable variation and Hexibilit lIL:“
the cpg is f!l)l strictly determined; and environmental factors must dirccly.i : *“:!n
npmc;it. (..,cll lineage study, in fact, focuses on cells and cell Fates and rc\t':a\l: .;
“{H Ty spepetdt .y H H ,
:ic::.]la‘:l.::n::::‘r.lqum of external and internal directive l'actn‘rs operating on

\'\’l.nlm.:ln insisted thar it was the whole functioning organism which uli
m:.;tciy directs dilTerentiation. Cell boundaries simply do not follw predet -l-
!umud and invisible lines in the cgg. Nor does celt division respond Liiﬁt ILI 'LP
:ntcrn.ul nuclear directions. Instead, cells respond, following the laws of a :,lnr}i:::
organic physics and chemistry, o the needs of the whele, which in turn resuly
Ir.um tlfc long-term action of evolutionary selection. Conklin agreed, pri ;'_" 4
himsell nn‘his being ‘a friend ol the egg’ as a whole, While some cm.pllrlt:i:;:i;
fh.&: role 'u!‘ clthcl: nucleus or cytoplasm in development, Conklin and :thc:s
lmncd_ \-\Inu‘nan in stressing the significant role of both and of the integrated
arganism. For example, Charles Manning Child stressed that I ois . the
organisin - the individual, which is the unit and not the cedl’.*!

Yot other American rescarchers, including E. B, Wilson who also worked
closcly with Whitmun at the MBI, did vegard the cell as basic. One cuuhl‘:luill'
I]I.(f cel and ity role in directing development and inberitance o prmlu-ciit\-}'
cl'!ccl because cach celt does have signilicant individualiy, even il eo-ordina Li
\\‘l!lll vther cells within a more complex organism. As \\;ilsun interprete !‘l |u'
revised cell theory of 1896, it held tha higher life Torms \\'hclhc:“l'lni::‘l; ;
plant, consist of structural units known as cells. Out ul'thc’su cells ul'i;c l'isl' “r
and the ather body parts, Cells are not hollow, as Hooke's choice of “H'l\
would suggest, butare fifled with protoplasm. The cell ik its proto ﬁh:;m“'u-l'l‘::
us thL" ‘physical basis of life'. Cells are all the basic, clementary .m’li;s ul'hl!;‘:n':lL '
m'g:\nsc structure a-ud function, even though they appear very diverse, In highc:‘
:w}g-.u-;.isnus: fuu{rﬁl::!;; 10 }.Vilsun, ;15 cells I‘u:comc more specialised, they enter a
physiological division of Iubor’. Study of the cells and their actions must pr
vide a basis lor alf study of life, Wilsou felt, for: T
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Each bodily function, and even the dife of the organism as a whole, iy thus in
one sense be regarded as a vesublant arising through the integration of a vasy
number of eell-activities; and it eannot be adequately investigaied without the
study of the individual cell-activitics that lic at its roor.'?

The resuit of the co-existence of these aliernative interpretations and emphascs
on the cell’s importance even at the same summer laboratory resulted in heated
discussion. This discussion, as it found expression in published lectures and
papers, stimulated further attention to the cell.

ly 1900, the cell was generally accepted as a legitinate subject of stindy in

its own right. And yet at least for this group of rescarchers, understanding ol -

cell theory had changed. The cell could still be the most conumeon, funda-
mental unit of life, but rescarchers did not have 1o take the cell as the proper
unit for all analysis. Cells are not completely independent and do not cither
develop or live alone — at least most eclls from multicellular organisms o
not. Cell theary and its role in interpreting development had gained con-
siderable complexity by 1goo, but this complexity complemented and refined
rather than undercut the value of older cell theory. It is the historian’s task 1o
sort out the different traditions, and to assess the influence ol new techs
niques and questions in modifying early observations, in order 10 explain the
move from carly observations of cellular structures to the cell theory and on
into the developmental examinations of the late mincteenth century. So far,
only parts of the story have been told, and 100 often from a retrospective per-
spective, unquestioningly sceking past cquivalents of modern cells and iiss-
ing such important questions as how cell theory influenced theorics of
development.

s. CELLTHEORY INTHE TWENTIETIH CENTURY

In this century, researchers have recognised that the mast serious weakness of
the cell theory is its inability in itsell to explain celi-to-cedl interaction or tha
organisation of many cells which became Whitman’s stumbling-block. By mid-
century, 1lans Spemann and others did, however, begin to anack such inter-
aclions in various ways. Considerable recent work, especially since the Second
World War, has been dirccted at dealing with this weakness. Swudies of
exchanges at cell junctions and across celt membranes have begun'to shuw the
ways in which cells join together into functional multi-celbular units. Advances
in biochemistry and molecular biology, as well as the advent of obscrvation
techniqiies and equipment such as clectron microscopes which allow ever more
detailed resolution, have led the way in this work."3

Since the Swiss physiological chemist Johann Friedrich Micscher thearised
in 1869 that nuclei of cells may all consist of a characteristic substance (which
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e went on o identify as ‘noclein’, later calfed nucleoprowing, bivchemists have
provided increasingly dewiled information about the cell. While the rescarehers
discussed above concentrated on the structural elements: on the nucleus or the
cytoplasm or the whole cell and Bts redation to other cells, a few other
researchers analysed what substance is i the eell. In the twenticth century, it
has gradually beeome elear that cells of different types exhibit remarkable con-
sistency in their celb substances. (Sce art, 32, scet. 5. 1INA material is remark-
ably uniform throughout all living cells, and so is much of the rest of the cellular
muaterial. Phis discovery has reinforced the view of the cell as the basis of ali
lile. T has also returned biologists 10 the sorts of questions about evolution and
the reJationships among cells that earlier cell lincage rescarchers were asking,

IF all cells contain much the same substance, as well as exhibiting similar
structural elements, then perhaps the cell is the ancestral unit of life. Perhaps a
simple cell actually came first, rather than a complex muliicellular and even
muhilayered ancestral organism such as Ernst Haeckel and nost othier nine-
teentl-century nataralists had envisioned. Such a hypothesis certainly satishies
the vlien-repeated call Tor simplicity in science, '

Unicellalar organisms presumably preceded mubiicellular organising, per-
laps (a5 it seems reeently) with the boundary having been crossed several times,
Studying cells and their similarities and subtle differences among ditferent -
types of cells or between cukaryotes and prokaryotes, can provide a key 10 evo-
futionary or phylogenetic development, as Margulis™s recent investigation into
The Origin of Evkaryoric Cells has shown (1970}, The twenticth century has thus
added a new layer of signilicance to the original cell theory. Evolutionary study
has not replaced embryology or the study of cell division or the biochemisuy of
cclls certainly, but has complemented it. ‘The cedl theory - as the statement that
all life consists of basic cellular units, which arise only from other cells - has
gaincd new dimensions and new confirmation,
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