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FOREWORD

Wir . . . machen dic Eutfaltung der Aunlagen abhihgig von Bedin-
gungen oder Ursachen, die ausserhalb der Anlagesubsians . . . liegen,
aber trotzdem in gesetzmissiger Folge durch den Entwicklungsprocess
producirt werden . . . in den Wechselbezichungen, in welche die
Zellen eines Organtsmus, wihrend sie durch Theilung an Zahi suneh-
wen, i einer sich stetig verindernden Weise su eindnder treten. . . .

Oscar Herrwic
Q.

HE Society for the Study of Development and Growth JMeld its

fourteenth Symposium at Amherst College on June 15418, 1935,
and may again congratulate itsclf on demonstrating thapéwistructive
and leisurely scientific communication is possible in t{:lﬁ{ middle of the
twentieth century. The Local Committee at Amhefst, adept in this
variety of sorcery, produced fine weather, matesial comfort, and an
atmosphere of warm friendliness. The Scciety, i’g\\deeply indebted to all
those individuals who made the meeting sas{ictessful, as well as to the
National Science Foundation which gengx‘aﬁsly subsidized it.

The Symposium speakers, amongedieir varied interests and ap-
proaches to the problems of growthvand differentiation, appeared to
have a common focus on the cellifar aspects of these problems. Their -
contributions have accordingly been grouped on the basis of whether
the focus was on events a&d\ structtre within a chosen cell, or on inter-
relations of differing cells. © :

In the first series, &f;chapters, the authors study localized events in
single cells with gefhed tools of a wide variety: rigorous physico-
mathematical aalysis, spectraphotometric and electron microscopy, and
microsurgery, “Thus the pioneering biophysical investigation of Del-
briick ancL:R"eichardt develops manageable methods of expression for
the cafiditions of clongation in the sporangiophore of a mold, Swift and
“his collaborators give quantitative data on changes in localized depots -
of ribonucleic acid as between nucleus and cytoplasm of cells. Manton
demonstrates a remarkably stereotyped geometry in the microstructure
of cilia throughout plant and animal kingdoms; Tartar analyzes a
cortical pattern-system in a ciliated protozoon,

Relations between differing cells offer, in multicellular systems, an
almost limitless field for investigation of mechanics of development, Of
these relations, one of the most basic and puzzling is that of the fusion

[v]



B - FOREWORD

- of differing gametes in the sexual life-cycle. From a wealth of experi-
mental information, which already has transformed (or transduced)
biological thinking on the subject, Lederberg and Lederberg discuss
genetic aspects of sexual and infective phenomena in bacteria.

To advert to ontogeny of many-celled systems, it has long been appar-

_ent that onice even two physiologically different types of cell are present,
one of these may further affect the other either by contact or more re-
motely by production of diffusible substances. Sussman and Sussman
find evidence even in slime molds for physiological differentiation as
well as for mutual influence between cells in their studies of ‘synergy in
mutant strains. The classic two-tissue relationship in vertpbrzite animals,
that of the induction of the Amphibian nervous systemd\by organizer, is

- shown by Niu to be mediated by diffusible substanj'cés operating at the
cellular level; advances in the characterization gf\these substances have

- been made. In higher plants, Wetmore emphasizes the control of growth
and differentiation of axial systems by the/@ukins, Students of plant de-
velopment are fortunate in having fairly '&mplete knowledge of the bic-
chemical characteristics and physiologital action of these substances.

- Maturing, rather than preliminaky, stages in cell and tissue differen-
| tiation in higher animals, Iikpwiéé, offer many situations where inter-
relations between two sorts vf cell can be analyzed. For the case of the
?rertebrate nervous systefih, Hamburger reviews an array of problems,
involving on one hani‘c:dntact effects, as in the control of pattern in the
central nervous system by the periphery through neurons, and on the
other hand a d{ﬁusible agent, probably protein in nature, stimulating
dﬁvelopmenF &b specified ganglionic neurons. Geren shows by electron
{mcroscogy"\a new, specific, and strikingly geometric cell-to-cell relation
i’:s::;\ikn ;L‘:g:gtlgli‘h;f ;lzn m}(rlelin sheath. Finally, for in‘tegume-ntz.ary
D Sntrol o sp;,ciﬁcit gb y advances kn(?wledge of t'he differentiation

A&F ¥ by decistve experiments on higher vertebrates.

o DoroTaEs RUDNICK
Yale University
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I. SYSTEM ANALYSIS FOR THE
LIGHT GROWTH REACTIONS
OF PHYCOMYCES

BY M. DELBRUCK AND W. REICHARDT *

EING organisms have evolved complicated chains of action which
serve to gather information from the environment, to correlate
and to evaluate this information, and to react to it. In some higher
organisms these three functions may be assigned to anatomically,di$tinct
structures: the sensory apparatuses, the central nervous sytem, and
the effector apparatuses. This crude schematization is, of gourse, some-
what arbitrary. The chains of action are often circular in that an effector
(a vertebrate muscle spindle fiber, for instance) ma¥ at the same time
serve as a sense organ. In fact, what we call thé\Stimulus, and what
we call the response depends on our point¢ of view. The impulses
conducted in an afferent fiber constitutesthe reaction to the stimu-
lus which has fallen on the sensory elemtent, and at the same time
they constitute the input, or stimgflts, which carries information
to the next stage. The subdivision“can be carried further, to the
individual cell where we mighs, in principle make the same distinc-
tion between input, evaluatien,’ and output. In lower organisms, in
fact, we may have no -an‘a\ﬁs;r'nical sepa_ration at all, or at least not an
apparent one, and yet eyen on these lowest levels we find realized some
of the features which im‘i?ght seem to require a high organizational com-
plexity. Thus, t}}e\.fea.ture of adaptation to various levels of stimulus
intensity, so d\éfﬁcteristic of every one of the sense organs of higher
organisms, s also found in the lowest forms. The mechanisms by which
the adj\ugt&;‘rrént to various ranges of stimulus intensity is accomplished
may 8iffer greatly from one organism to another. At present we do not
have an understanding of the mechanism for any one case. The reasons
for this are well known to those familiar with the problems of sensory
physiology. For the most part they are connected with the fact that
the systems to be studied are multicomponent systems and that the ex-
perimenter encounters great difficultics in isolating these components

1 California Institute of Technology, This work -was supported by 2 grant from the
National Science Foundation. The senjor author wishes to acknowledge the help he has
received during the earlier stages of this work at various pericds from Dr. Mavis Mid-
dlebrook, Dr, Alex Keynan, and Dr. René Cohen.

[3]



M. DELBRUICK AND W. REICHARDT

in such a fofm that their separate functions can be studied. Before turn-
ing to the subject of our own experimental work, we would like to

* offer, by way of justification for our choice of material, some general

remarks about stimulus-reaction systems.

1. THRESHOLD SYSTEMS VERSUS GRADED SYSTEMS

The stimulus-reaction systems which have been studied most in-
tensively by physiologists during the last hundred years are threshold
systems, or so called all-or-none systems, They show no obvious re-
action for stimuli below the threshold, and a unique reaction when the
stimulus is above the threshold and the system gets excited. Tiet us
consider the nerve fiber, a system most extensively studie@‘a}’ld most
deeply analysed. When a fiber is stimulated in one region and the
response tested in 2 distant region, the system is indeed an all-or-none
system. We either do or do not get the conductiof, 6f an impulse and
the characteristics of the impulse are independentf those of the stimu-
lus. The situation is somewhat different if/the response is tested not
in a distant region but in the immediateyfcinity of the stimulus. Here
we find that stimuli below threshold doyproduce a small response, the
local response, For stimuli below thieshold the response increases at
first more or less proportionallglwith the stimulus, and is still small
compared to full excitation fer*stimuli just below threshold, As we
approach threshold the respbnses increase disproportionately. As we
exceed threshold the chatacter of the local response abruptly becomes
regenerative and iz;c}e\ases to a maximum size. The local response
gives rise to a congducted impulse only if it has this large size, Thus the
'sys.tem which, \m\th respect to the distant test, had an all-or-none char-
acter, could-bédescribed as having an all-or-some character with respect
to the. %cg@test. The notion of threshold is applicable also in this latter
sttuatren.

3 ~The all-or-none character of the conducted impulse for many years
- held a peculiar fascination f

_ | or physiologists. We believe that this was
$0 not only because of its easy access to experimentation, but also be-
cause it was felt that it lent itself particularly well to the scientific ideal
o_*f" objectiveness. A response which is either there or not there is ob-
vlousl%' much less subject to errors of observation and to subjective
deception thari anything that has to be measured quantitatively, It has
an appealing simplicity which easily” deludes one into the b(ﬁief tha;
the underlying mechanism must be sifhple too. Of course it was realized
that there must always exist a finite local response, even hefore ;clhz.s

[4]




LIGHT GROWTII REACTIONS OF PHYCOMYCES

built up to full excitation. However, it was felt that studies which re-
late stimuli with all-or-none reactions should be fruitful for inferring
the mechanism of the local response. Numerous were the theories aim-
ing at this goal, and they all involved 2 number of imaginary time-
dependent variables, supposedly characterizing the instantaneous state
of the stimulated region. The link between thesc hypothetical variables
(degree of excitation and refractoriness, for instance) and the observ-
able reaction was established by postulating that threshold is reached
when one of these variables exceeds the other. Thus, with respect to
the hypothetical local response, the experiments test only one point @i\
the postulated functional relations. In recent years the inadequac, of
this procedure has become very apparent, and great efforts have been
made to study the local reaction as such. Only very recently ,h.g:.?e these
attempts met with any degree of success. The principalsgdifficulty has
been that of devising procedures which would _per1ni{~ﬁ meaningful
quantification of the stimulus and of the response, <Ro accomplish this
it is necessaty to design the stimulus and the apparatus picking up the
response in a manner concordant with the geOmietry of the system. In
other words, the stimulating electrades and the pick-up electrodes have
to be cylindrical and co-axial with the §y§fém. Only in this situation do
- the measured potentials and currentsigive an indication of meaningful
variables. Hodgkin, Huxley, and Katz (1952) have carried out such
an analysis, and their studies, demonstrate the extraordinary complex-
ity of the local response. G@m‘xcal and electrical changes appear to be
intertwined in a most iftricate manner and the mechanisms of. these
chains of action are as(yef quite obscure. It appears that Nature had to
go to enormous lertgth to design 2 system having threshold character-
istics. ’ O '
This finding Is not surprising if one has some familiarity with cor-
respongiir;g(jeﬁgineering problems. If the input and output variables of
such & s:)?s’cem are by their nature continuous variables, the discreteness
characteristic of threshold relations can be brought into the system
only by introducing singularities into their functional relations. This
means, above all, that the relations must be non-linear, and therefore,
enormously more difficult to analyse than are linear ones. Thus we be-
lieve that the preoccupation of physiologists with all-or-none systems
had its motive in a two-fold delusion. On the one hand, we have the
thought that the unambiguousness of the all-or-none reaction presents
a particular advantage, From an experimental point of view this ad-
vantage is enormously outweighed by the disadvantage that the obser-
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M. DELBRUCK AND W. REICHARDT

" yations characterize only a single point in the primary stimulus response
diagram-and that no real progress is made until this primary system
~ is made the object of direct experimental investigation. On the other
hand, such systems, far from being simple, must in fact be particularly
involved from the point of view of the functional relations between the
variables involved in the primary response. A relative simplicity may
only be expected considerably below threshold where the system might
be idealized by a linear one. Thus the most useful region from the point
of view of holding out hope for a real understanding of the underlying
mechanisms is particularly narrow just for these systems and ‘involves
particularly small responses. We believe, therefore, that threshold sys-
tems represent a very poor choice, as far as simplicity \goes, and much
more cffort should be made to study graded systenst"Now it is true
that the primary sensory elements in higher orgahiStns are believed to
_represent such graded systems. Almost invariably, however, the evi-
dence for this is very indirect. For instangepvn the case of the muscle
spindles the gradedness is inferred from‘:m‘easurements of the impulse
pattern in'the attached sensory fiber, and’thus is deduced only after the
hypothetical graded response has heen‘converted into a pattern of all-or-
none responses in a secondary sgstem. Or, in the case of the vertebrate
eye, we have ‘the electro-retiffogram, seemingly a graded response,
which is believed to be a ditect reflection of the responses of the primary
receptors, averaged oyérilarge numbers of these. There seems to be no
hope, however, of;}r\rying the analysis to the level of the individual
receptor. Most dicect is the evidence, perhaps, for the Limulus eye,
v.-rhere the anatp‘gue of the electro-retinogram can be picked up from a
smglg ceI:l .Qf\an ommatidium (Hartline et al.,, 1952). In this system,
hf’we’f’f“%the geometry and the anatomy of the elements involved are
| Egggfoﬁnfgzzngz;tzn; f}?nsiderabl.e doubt attaches to.the questio-n
‘;Iiz{r}"receptors. We will haseo;n;?at;dmm age . bf‘: o e B

~ In the searchfor-a material mofe zniaefl E;Jlmit thlshs}’Stem e it
tive experimental study of the relations b ae fo 2 thorough quant}ta—
and involving a very pronoun o et\VEf:n stimulus and reaction,
ced range adjustment mechanism, we

were attracted by the light growth reactions of the sporangiophores of
the mold Phycomyces. This system has been




LIGET GROWTH REACTIONS OF PHYCOMYCES

IT. MATERIAL AND METHODS

Our organism was a strain of Phycomyces blakesleeanus (strain 1555
of the National Regional Research Laboratory). It was grown on auto-
claved potato slices in aluminum thimbles (test tube caps), 15 mm in
diameter, 20 mm high. For inoculation the spores were heat shocked for
30 minutes at 45°C to insure good germination. Each pot was inocu-
lated with only a small number of spores. This procedure appears to
give each spore a chance 0 form a large mycelium and thereby to pro- -
duce stronger sporangiophores. The sporangiophores come up three
days after inoculation, and a pot can then be used for about a week
thereafter producing a fresh crop of sporangiophores every morning
after being cut back the preceding evening. O

Experiments were conducted in a dark room in which the~tempera-
ture varied between 25° and 26° over the course of days; but never
more than a fraction of a degree during any one rgif, The pots were
mounted on a tray attached to a mechanical mictomanipulator per-
mitting fine motions in three directions. Growthi was measured with a
Zeiss-Opton binocular microscope and oculaimicrometer at a magnifi-
cation 80. One scale division of the microtheter equals .025 mm. Read-
ings were taken to %o of a scale divi‘s’ib‘h: The readings were taken in
red light of a purity to give no photetropic effect in several hours of
exposure. O\ '

The stimulating light sourtedwas a 500 watt projection bulb, air
cooled, mounted in a verticil opaque cylindrical housing with two port-
holes containing lenses gt % cm focal length. The light paths from here
to the specimen are Mdetrated in Fig. 1. The illumination reached the
specimen from the;ﬁﬁht and left, and coming down at an angle of 30°
with the hori‘zﬁﬁtail, for reasons of stabilization, as explained in the
section on .pfmtotropism. The lenses were slightly defocused se as to
produg&\a’,}airly uniformly illuminated spot of about 2-cm diameter at
the spéeitmen. The light was filtered through Corning 5-61 light filters.
These flters transmit between 380 and 480 mp, with a maximum trans-
mission at 425 mp. This transmission curve is very similar to the
phototropic action spectrum as determined by Castle (1931). In addi-
tion to these color filters, there was provision for inserting glass plates
to balance minor inequalities between the illuminations from the right
and from the left. The light source was powered from the 115 volt net
via a voltage stabilizer. Its intensity was regulated with Variacs. Vari-
ous periodic illumination programs could be arranged with the help of

[71
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Fig. 1. Schematic top view and front view of the illumination set-up. B, light sources;
L, lenses; BF, RF, NFE, blue, red and neutral filters; My, mirrors; S, specimen; M,
binocular microscope, The arrows at t i
ment produced by the mechanical mic
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LIGHT GROWTH REACTIONS OF PIIYCOMYCES

on a logarithmic scale, the logarithm being taken to the base two. Thus,
log I = —10 means that the intensity was 21® times smaller than our
unit intensity, or ahout .1 erg/cm?® sec. For purposes of comparison
with earlier work, where white light was used, rated in meter candles,
one should figure 1 MC == 1.6 erg/cm? sec (Westphal, 1947). The
effectivencss of our blue light is about four times greater, per erg, than
that of unfiltered light. Therefore, our unit intensity equals in effective-
ness about 250 MC. At maximum dark adaptation a stimulus size of
2—15 (J = 2713, = .25 min) was the lowest that would give a meas-
urable growth response. This corresponds to about .5 MCS. On cafts
tinuous unilateral illumination tropic responses were obtained ,down
to I == 2—2" = 00025 MC. N

"\
% Y

1. GENERAL CHARACTERISTICS OF THE GROWTH O 'THE
SPORANGIOPHORES OF PHYCOMYCES K4

Phycomyces grows well on a variety of media, Jeluding chemically
well-defined synthetic media. Vegetative spore;.'iﬁt)’culated into such a
“medium produce a dense mycelium, and aftes’a few days sporangio-
phores are formed. These grow straight .up: t0 a height of about 1 cm
and then form a spherical sporangium afthe tip. During the formation
of the sporangium growth in heightois arrested. A few hours after the
sporangium is fully formed growth in height resumes, and within a
few hours a steady growth rafeis attained of about 3 mm per hour.
This steady growth rate §s( maintained for many hours. This is stage
IVL of the ciassiﬁcatio‘ns'%f Errera (1884) and Castle (1942). Tt is
this stage we will be peificipally concerned with, The sporangiophore is
a hollow tube filled'with protoplasm and a vacuole, It is about .05 mim
in diameter. 'Ql?z‘growth is confined to a growing zone about 2 mm
long and logated immediately below the sporangium. Below this zone
the wail,o\fftl"xe tube is secondary wall. TTere the wall grows in thickness,
but Oh i area. In the growing zone the wall is exceedingly thin and
its growth consists of stretching in the vertical direction. The growing
zone stretches without getting longer : for every amount that it grows
in length a corresponding amount at its bottom is converted into sec-
ondary wall which has ceased to grow in length. Similarly, the wall in
the growing zome, as it stretches, does not become thinner: for every
amount that it becomes thinner new wall material is interpolated. The
principal layer of the wall in the growing zone appears to consist of
chitin microfibrils about 200A in diameter, arranged more or less hori-

zontally (Frey-Wyssling, et al, 1050). As the wall stretches these mi-
[91
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croﬁbrils separate from each other, and.new fibrils are laid dol\:r“n tzAﬁ)Il
the gaps. Thus, a steady state is maintained for many hourls (Fig. : b,
Oort ('1931) discovered another feature of this growt 1] termte X g
him “spiral growth.” It becomes obvious when small particles atdac.e
to the sporangium or to the growing zone are watched closely during

.64J-__' | . | (5)\ S~ 7
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(&) J (é):...j( .
bl ‘ \\ >N 1
. ) i

Fig. 2. Two tsSli‘ematic dia

gr.ams of the growing zone, illustrating the kinematics of
growth, (AY“WMstrates

the steady state: the growing zone, GZ, is shown at the left,
and agairn{ the right displaced by an amount A, The picture in the middle decomposes

this configtous process into two partial processes, In process {a) the growing zone is

stretelied, separating the micro-fibrils in the wall. In process (b) these gaps are filled
/by\the interpolation of new fibrils and the bottom section of length A# is converted inte
\se‘mndar}f wall,

(B) illustrates spiral gprowth, The position of 2 row of markers, vertical at time
zero, is shown again after 10 min.

During this interval the growing zone has moved up
by 3 of its length. The top marker has made one half of a revolution, intermediate
markers have rotated less, Their vertical displacement is correspondingly smaller, so
that the tilts of the directions of

motion of the markers are alike,

growth. Such observations show that the sporangium and each section
of the growing zone rotate around the vertical axis during growth. The
rotational velocity is fastest for the sporangium, and decreases to zero
as the bottom of the growing zone is approached, In a typical case a

[ 10 ]




LIGHT GROWTH REACTIONS OF PIHYCOMYCES

sporangium makes a full revolution in about 2o minutes, The path of
any point on the sporangium or on the growing zone during growth
is thus not a straight line, but a helix, a Jeft-handed helix during the
stage we are considering (Fig. 28). For a point just below the sporan-
gium the pitch of this helix, i.e. the angle which a tangent makes with
the vertical, is about 10°. This helical growth is very obvious when
one knows about it, because one can hardly avoid having occasional
dust particles adhering to the sporangium, and these particles can be
seen in the microscope to alternate between the right and left side with -
perfect regularity. It is truly astonishing that this phenomenon was,
not noticed by the several very careful observers who preceded Oort,

' 4 .\' \Q

1v. THE LIGHT-GROWTH REACTION O
The sporangiophores of Phycomyces are positively gltofotropic.
When they are exposed to light from one side they gqg&v'.f0wards the
light. Blaauw (1914) discovered another effect of light Jon the growth
of the sporangiophores, which is related to the photdtropic response in
a manner as yet only partially understood, and @bout which we will
have more to say presently. Blaauw’s effect,the’ light-growth response,
rofers to a situation in which the specimeniis at all times symmetrically
illuminated from two or more sides. Mythe ilumination is symmetric
with respect to the vertical axis, andif the specimen is growing verti-
cally at the start of the experiméht, this illumination will not cause it
to deviate from vertical grov({'tﬁ. In fact, if illumination is kept at a
constant intensity for a ge}t\..{ih length of time, the rate of growth is
also constant and is phetsame whatever the intensity? However, a
striking and transient'change in growth rate occurs when the intensity
of illumination is<dhanged. Fig. 3 illustrates the growth responses 1o
four basic il[gfhﬁié.tion programs. Let us consider here only the first
of these, the $pulse-up” program. The specimen is exposed to a short
periodsof Humination with a higher intensity than that to which it had
previousfy been adapted. After the stimulus growth continues at its
normal rate for 2.5 minutes, then increases for a few minutes to a maxi-
mum which may be twice as high as the normal rate. Presently it de-
creases again, goes below normal, and returns to normal by about 15

2 Blaauw (1018) and Tollenaar and Blaauw (3921) find a very slight dependence of
the growth rate, in the stationary state, on the intensity of illumination. We have not
beer: able to confirm this observation. The effect is a difficult one to establish since
the growth rate; even under the most aniform conditions, is subject to slow variations
of the same order as those claimed by the cited authors. :

[1]
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LIGHT GROWTII REACTIONS OF PHYCOMYCES
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Fig, 1, Growth vetocity v versus time ¢ for various values of S»/Ii. The specimens

were equilibated with [, ==2—3. Stimuli were given at 20 min intervals. The response
curve jorjeach stimulus was measured four times and averaged. Duration of each

stimulus, was .25 min

minutes after the stimulus.? The net gain in grov{rth due to such a stimu-
lus is zero, i.e the transient increase in growth rate is compensated
for by the subsequent fall below the normal level.* The stimulus does

3 Qort (1932) finds that the positive phase of the response has several maxima and
minima, following each other at intervals of less than a minute. We have fiot been
able to confirm this ohservation. Blaauww (19:8) finds that the negative phase of the
response is modulated by slow, damped oscillations, This we were alsc unable to con-
firm. . : s '

4 There are conflicting reports in the literature as to whether the growth response
does or does not involve 2 net gain in growth. Experimentally the question is difficult
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not produce extra growth, it simply alters the distribution in time of
the growth that would have taken place during the same pericd in the
absence of the stimulus. The illumination program controls the rate of
utilization of materials available for growth, but does not alter the
guantity of this material.

If we repeat this experiment, keeping the adapting intensity con-
stant; but varying the intensity or duration of the stimulus, we find
first of all that the reaction is a graded one. With decreasing stimulus
the response changes gradually until it becomes too small to be picked
up by the ohserver (Fig. 4). Secondly, we find that a change\in the
stimulus does not alter the latent period.® This remains always* close to
2.¢ minutes. Thirdly, we find that the shape of the response ‘curve is in-
dependent of the stimulus, except for very large stimuli,for which the
positive phase of the response may be a little and theinegative phase
may be much lengthened. Fourth, we find that Fhé feésponse depends on
the product intensity X time as long as thé\diration of the stimulus
does not exceed, say, one minute {(Fig. 5).

The other three basic programs illugt.ﬁéfed in Fig. 3 give quite dif-
ferent responses. The step-up prograrr}.‘sﬁows only a positive phase in
its growth response, thus involving: a net gain in growth. The step-
down program gives only a neg’ati{?e response which is shallower and
of longer duration than the response to the step-up. The pulse-down
program gives a very slight'response, consisting apparently of a short
negative phase fOHOW’{({‘B_Y a shallow positive phase of long duration.

V. THE PHOTOTROPIC RESPONSE AND THE LIGHT GROWTH
RESPONSE™

A" .. .
We haye~taentioned that the sporangiophores of Phycomyces are
phototropicy We would lfike to insert here a discussion about what we

know .and what we do not know about the interrelationship between

N\
—————T

7\
to'deeide because of the uncontrollable fluctuations cited in footnote 2. We have compared
the ewverage growth rate during a series of periodic stimulations (period 5, 10, 13
minutes} with the average growth rate during constant illumination. If there is a net
gain in growth for every stimulus which produces a growth response this method
should bring it out strongly. However, no effect was found.

8 Castle (1929, 1030) and Castle and Honeyman (1033) report detailed studies of the
dependence of the Iatent period on the stimulus size. We have not heen able to confirm
these results. The measurements depend on fixing the moment of beginning of a change
in growth. rate. In practice that means that one fixes the point at which the change in
growth rate exceeds the error of meastrement. This occurs earlier when the rate
changes faster, even if the true Iatent period is constant. Measurements of this type
Sho}::l:il.’ therefore, not be taken at their face value as indicating changes in the latent
peti :

(4]
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these two responses. It should be noted that for tﬁe'piant the tropic
response is the important one, The growth response as such does not
serve any obvious purpose in the life of the plant. The tropic response
does not serve, as in higher plants, the purpose of seeking light, but

; x : LN\
R+

. '. ._'\-'

/ 2 e )
67 /6 _ - t{_?fq):f\. 4

Fig. s. Rec:promty between time and mtms’lty Two. cxpcriments, each involving
one specimen. In the first experiment stumrh \Ss and 5%, in the second experiment 5%

and $*: were compared, where ™

~ 3

. fg_ . - : Iz . I >< 3
Y 4 seg< T 64
S 1§ séc) 4 64
57 -6&\§ec' : : 1 64

In each experiment the twortypes of stimull were given alternately at 20 min intervals,
each five times. The indiwitits] results are represented by dots, the averages by crosses.
The dot-dash horizontal\lifie indicates the average of all responses. Equlhbratmg in-

tensity =2-3. /"
\s

that of seekm% “the open’ so the spores can be w1dely dispersed. The
light is us@d as a pilot to find this open space. The tropic and the growth
resp@\ses are obviously closely related.® They have the same latent

8 In the older literature the phototropic response is occasionally spoken of as an all-
or-none response and experiments are reported in which the “proportion of responding
sporangiophores” is listed as a function of the illumination program. Also, a great
deal of variability is mentioned. With improved methods of illumination and of ob-
servation ‘and better control of the state of adaptation, it has long become clear
(Blaauw, 1914) that the response is graded and, in fact, very reproducible. Recently,
Wassink and Bouman (1047}, disregarding the later literature on the subject, have
attempted to interpret some very early data of Blaanw (Ig0g) on phototropism in Phy-
comyces in terms of an all-or-mome phenomenon initiated by a one-quantum- per-cell
process, We consider such an interpretation to be at varlance Wlth every fact concerning
phototropism established since 1900 .
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period, the same adaptation curves, and the same action spectrum,” with
a maximum in the blue and a cut-off at around 3,500A {Castle 1931).
Both responses are confined to the growing zone, both as to output
and to input. The tropic response is intimately connected with the diop-
tric properties of the growing zone. The growing zome acts like a
cylindrical lens which focuses laterally incident parallel light on a liné
a little outside the back surface, If this converging lens is converted
into a diverging lens by immersing the sporangiophore in a medium
of higher refractive index than that of the sporangiophore (mineral
oil), then the positive phototropistn is converted into a negativg photo-
tropism (Buder 1918, 1920). We infer that in the tropic response we
are dealing with an altered distribution of growth spabe)y just as in
the growth response we are dealing with an altered{distribution of
growth in time. Up to this point all theories connegting the tropic and
the growth response agree with each other, They differ in details.
- Blaauw (1914) considered that the convergifig lens caused the back
wall to be illuminated with higher intensity-ant invoked this fact to ex-
plain the tropic response. He argued si;Q'pl\)r that the back wall should
give a greater growth response tharmnthe front wall. This argument is
‘somewhat nebulous since the focusing obviously does not increase the
total amount of light received byj‘ﬂlé back wall; it alters only its spatial
distribution. Castle (1933) asstimed that the absorbing pigment was
not located in or near theswall, but distributed uniformly throughout
the protoplasm. He poiuted out that, due to refraction, the average
length of path travessed by the light in the back half is about 20%
greater than that(fraversed in the front half, and that therefore the
-net absorptionXiffthe back half might exceed that in the front half if,
- as 18 plausibl§)the attenuation of intensity during the traversal is slight.
Buder (1946) argued that Castle’s assumption of a uniform volume
distribgtion of pigment was an unlikely one, and reverted to Blauuw’s
original approach. Conceding that the total amount of light striking the
back wall cannot be larger than that striking the front wall, and in
fact, must be somewhat smaller, he argued that the growth response in
the back wall would be concentrated to a narrow zone around the

7 Blaaww and van Heyningen (I923) report on a negative growth response of Phy-
comyces to.exposure to ionizing radiations. We have attempted to verify these ob-
servations, with completely negative results.

_ Added in froof: A. G. Forssberg (Acta Radiologica, Supplement 49, 1943) has pub-
I{shed a d_etzjuled study of the negative growth responses of Phycomyces to ionizing radia-
tions, This important paper has only now come to our attention. According to Forssherg

these lgrowth responses disappear in the presence of very slight air currents, This may
explain our failure to observe these responses. :
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midline, and that this should give the growth response in the back wall
a mechanical advantage over the uniformiy dlstrlbuted one in the front
wall, : : '

Each of these three theorles as well as several other, less respectable
ones, neglect an important fact about the tropic response, namely, that
it oceurs principally in a short section of the growing zone located near
its base. This is a very obvious fact upen inspection, not accounted for
by any of the theorics. Indeed, if the tropic response were not confined
to the base of the growing zone, but distributed uniformly along its
length, spiral growth subsequent to the tropic response would cagsé }he
growing zone to bend into a helix. Consider, for instance, a level'near
the middle of the growing zone. If the sporangiophore aboye ¥his level
at a certain time had a bend to the right, then, due to spu’al “growth of
the section of the growing zone below this level, thig penid would be
carried around into various directions quite unrelatec’f to that of the in-
cident light. It is therefore a necessity for the plautto confine its tropic
response to the base of the growing zone. This/ O‘EVIOUSIY calls for a very
special mechanism about which we have ag ye} o hint,

Prompted by these considerations, we Sere led to study the question
whether perhaps the growth respons&¥oo, might be confined to the
base of the growing zone. A direct; approach to this question involving
markers along the growing zone wonld be technically quite difficult. We
attempted an indirect approagh by -confining the stimulation to short
sections of the growing z e (.25 mm long). This was accomplished
by a collar arrangement, v 1c]1 shielded all but the desired section. Suc-
cessive sections WErg rested with stimuli giving maximum response,
The maximal respbfises to such stimulations were much smaller than
those obtamcd ewith maximal stimulation of the entire growing zotie:
about one-eighith, corresponding to the ratio of the exposed length 1o
the total Iength of the growing zone. Each section gave about the same
Tesponse.. Wwith the possible exception of the top-most one, where the
respohst may be smaller. The shapes of the response curves, partmularly
those indicating their latent periods, were identical. These findings
strongly suggest that the sections respond mdependently of each other,
and that the response of the whole growing zone consists of z simple
superposition of the responses of the various sections. It is, of course,
conceivable that in each case the stimulations were conducted to the
base and produced their response there, but in that case it would be
difficult to understand why the latent periods should all be alike. How-
ever, a more direct test still seems desirable,

[ 17 ]
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We have attempted to decide whether the changes in the level of
adaptation produced by a stimulus are also confined to the exposed
region. Qur experiments suggest that this is true at least to first ap-
proximation, but we hope to explore thIS question with a more reﬁned
technique.

Another aspect of the tropic response concerns its dependence on the
angle of incidence, If the specimen grows vertically and the light comes
from above there is no tropic response. If it comes from the side, the
tropic effect is presumably maximal. How does the eﬂ'ectiver}gss vary
when we change the angle of the incident light with the axis of the
sporangiophore between zero and 9o°? We were led to{ge into this
‘question by the following observations: for the study of the growth
responses we used originally two opposing light sotreds giving incident
light from the right and left. Under these conditi\oﬁs, a specimen grow-
ing vertically is in equilibrium when the twe intensities are exactly
equal. Random disturbarnces, however, do getur, causing slight devia-
tions from vertical growth, and if they(8ccur during measurements
of the growth response, they cause g;‘o‘sé‘ errors in the measurements of
the growth velocities. It is necessary ‘to reduce these deviations from
the vertical as much as possible, At first we did this by inserting glass
plates in the light path of the~r1ght or the left source, imagining that if
the light intensities are equal the sporangiophore should return to the
symmetric position, iewwertical growth. Eventually it was realized,
however, that undet\‘these conditions vertical growth is not a stable
equilibrium but an\éndifferent one. If the specimen is made to have
initially any ot.her direction relative to the line connecting the light
sources, it is }ust as much in equilibrium in these positions. We may
interpret \hls finding by an analysis involving a vector decomposition
of the jtcident light into components parallel and at right angles to the
axig of ‘the specimen (Fig. 64). In the case just- considered of two
hotizontal beams coming in opposite directions and an axis of the
specimen making an angle a with the vertical, the transverse com-
ponents will cancel each other, whatever the angle a. The case is dif-
ferent when the two light sources make an angle of 180° —2b with
each other (Fig. 6B). Under these conditions the transverse com-
ponents will cancel only if the angle of the specimen with the midline
between the two sources is-zero. In any other position there will be
a net component in such a direction as to drive the specimen back to the
symmetric position,

We assume that an illumination with the intensity S, coming from a
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direction making the angle ¢ with the axis of the specimen, exerts a
turning moment on the specimen which is proportional to the transverge
component of the illumination, or to § sin ¢. The axis of this moment is
at right angles to the plane containing the vector .S and the axis of the
specimen. Let us introduce a unit vector P in the direction of the axis
of the specimen. We may then express our assumption by saying that
the turning moment M is cqual to the vector product S X P. Let us
assume further that the turning moments exerted by several light
sources 1llum1nat1ng the specimen simultaneously. add vectonally {0

)

|
!
L
|
|
|
i
!
!
!
i
i

Fig. 6. A vector diagram 1llustraﬁng the net phototropic eﬁect of two equzal light
sources, L and R, on a specimen gvhase axis is deviating from the vertical by the angle
a. In (A) the dircction of 1llum$e 1on is horizontal, In (B} the direction of illumination
makes the angle & with the Wokizontal. In (A} the transverse components of the illumi-
nation, T and Tz, cancel, @hitever the direction of the specimen, In (B) the transverse
components in general do not cancel. They cancel only if the axis of the specimen is
vertical (@ = o).

W

obtain the rgs’&ifng turning moment we may then add the various vec-
tors §; hefre forming the vector product with P. Thus in the case
corregponding to our experimental arrangement (Fig, 6B); where the
two i%ﬁrhination vectors lie in a vertical plane, symmetric around the
vertical, each forming an angle & with the horizontal, and of equal in-
tensity, the resultant illumination vector points vertically down and has
the length 2§ sin b The turning moment exerted by this vector on a
specimen deviating from the vertical by the angle a (in whatever direc-
tion} is equal to 25 sin a sin 4, and is chrected so as to brmg the speci-
men back to the vertical, -

These predictions of the analysis are borne out by the test, Accord-
ingly in our later experiments on growth responses -we arranged the
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light sources to give an angle of incidence of 30° above the horizontal
(Fig. 1). This arrangement very effectively controls the drifting away
of the specimen from the vertical. The control is still not ideal since the

“tropic response has a time delay of 2 few minutes resulting sometimes in
slight oscillations about the equilibrium direction,

V1. TIIE RANGE ADJUSTMENT

So far we have not said anything specific about how big the stimuli
have to be to produce these responscs, i.e. about the sensitivity of our
specimens. It was noted very early that the sensitivity depénds enor-
mously on the intensity to which the specimen had been@dapted prior
to the stimulus, or more generally speaking, on its p\ast'history with
respect to illumination. Roughly speaking, the stimuh have to be in-
creased proportionally to the adapting intensity,ié relation analogous
to the Weber law, valid over a range of foun®r*five powers of 10. To
be able to assess this relation quantitatively;,we have to introduce suit-
able measures of the stimulus and of the géaction. For the stimulus it is
obvious how to do this. Since there egc&s}s a reciprocity relation between
time and intensity we introduce the\product of time (in minutes) and
intensity (in our umits) as a rr}ez{éﬁre of stimulus size and confine our
stimuli to short ones, i.e. less™than one minute. For the response, the

-procedure is not so obvigus® Since the response is a graded one, we
have to choose a particiflar response as a standard of comparison, and
then measure the seqsitivity in terms of the stimulus needed to produce
this response. Eafly observers have chosen as this particular response
the just perceptiBlé response. This is a procedure which suggested it-
self by analogy-with all-or-none systems: one measures whether or not
there is Q"g%s’ponse and then calls the smallest stimulus which produces
a respofise the threshold stimulus. This procedure is guite impractical
for.tx\yci'reasons: in the first place, as we have seen, the threshold is not
& tharacteristic quantity of the specimen, but of the resolving power of
the measuring technique. In the second place, since it means operating
near the limit of the resolving power of the technique, this procedure
introduces exceptionally large errors. For these reasons we have chosen
to use as a standard response not the smallest measurable one, but an
intermediate ome, located in a region in which the measurable response
changes most rapidly with the stimulus and is readily measurable. From
what we have said above about the general characteristics of the re-
sponse as a function of stimulus, it is clear that we do not need to meas-
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ure the entire response curve each time in order to get a measure of the
intensity of the response. We have chosen as a measure of the- respoiise-(
the ratio of the growth during the period from 2.5 10 § minrii\té's' after .

the stimulus to that during the period from o to 2.5 minutes. Tﬁg}pg}-idd o

from 2.5 to 5 minutes takes in most of the positive phase of the'res * °
sponse, and the period from o to 2.5 minutes gives the base line of
normal growth. This ratio will be designated as R. Tig. 7 shows how R

Ry . .ox éoge_z;z—/,_(
. : o 40652;\3;3
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Fig. 7. The respongé\R versus the logarithm of the stimulus §, for specimens previ

ously equilibrated efthey with f: = 2—11 or with J; =28, Each responsc mcasured four

times and avera;%\ ‘Stimulations given at 20 min intervals. All measurements referring

to equilibration 'with a given intensity were taken on a single specimen. The smaller

maxitmmum rc\sp.bhse in the case of Iy —2—3 as compared to [, = 2~ was a character-
istic of ofhsi specimen used. It is not a characteristic of the level of adaptation,”

) 3

varies as a function of log S, for two different adapting intensities 7.
R varies from 1 for no response to about 2 for maximum response. The
curves are sigmoid, and nearly straight for responses between about 1.2
and 1.8, There is a good deal of variation between replicate measure-
ments taken on the same specimen. However, the averages of such rep-
licate measurements are very mnicely reproducible from one specimen
j to another. A single specimen has a uscful life of about 10 hours, and
for measurements of this type a measurement can bhe made every 20

[ 21]
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) ) '.| ] . .
minutes.® The two adapting intensities employed in the experiment rep-

-;.--tgs;‘éhte:d_ in Fig. 7 differed by a factor 256, or eight log 2 units. It will
be seen that the corresponding R (log S) curves are quite similar and

are displaced by eight log 2 units relative to each other. Here, then, we
have the quantitative expression of the Weber relation. We note, fur-
ther, that the R (log §) curve is steepest for about £ = 1.4 and that

our specimens give this response when log (5/1) = 3 or $/1 = 8 min-

utes. Tn other words, the amount of light given in a short stimulus must
be equal to that given by 8 minutes of adapting illumination in order to
produce a response R == 1.4. Finally, we note from Fig. 7 that under
the conditions of this test the response is, in fact, exceedingly graded.
An increase in response from the smallest convenicnbly~measurable
one (about R == 1.2), to maximum size requires an\intrease in stimu-
lus of about five log 2 units, or a factor 32. The mefasﬁrements reported
in this paper are confined to the region of pgﬁf&é‘t range adjustments.
QOur measurements outside this range, near He'Timit of dark adaptation
and under light saturation, are still ingemplete. We hope to report
about these at a later date. o\ '

VIiI. THE LEVEL OF ADAPTATIO%T

The preceding experimenfcsn't'ested the sensitivity of the specimens
after they had been brought\to equilibrium with an adapting intensity
of illumination. This eqbilibration resulted in an adjustment of the
state of the specimeK{n.éuch a manner that the effect of the subsequent
stimulus dependedion®the ratio Sa//,, where Ss is the test stimulus and
I, is the condipi\oﬁing intensity. We wish to introduce a measure for
the level of 'agaptation, i.e. we want to introduce a quantity which in
soirie magmr characterizes the sensitivity of the specimen at any given
moment] whether it is in equilibrium or not. Evidently our measure of
the'l,e(i'ﬂ of adaptation will be most accurate if it utilizes responses in a

NN
£ k- g

) 3/There are numerous reports in the literature to the effect that each growth response
is folllowed by a refractory period of 20-30 minutes. This concept can be defined in a
meaningful manner only for threshold systems. For 2 graded system it is to be replaced
by stating the increase in the level of adaptation produced by the stimulus. Qort (1932)
was the first to show clearly that the stimulus which produces the response also raises
the level of adaptation so that a repetition of the same stimulus after a short interval
need not pi:oduce the same response. When the specimen is highly dark-adapted before
the first stimulus the response to the first stimulus may be much larger than the re-
sponse to a second stimulus given a few minutes later. If the technique of measurement
is crude the first response may be picked up but not the sccond, thus simulating a

. refractory period. The anomalously large increase in A produced by very large stimuli

enhances this effect. Oort showed that stimuli only five minutes apart produce very
distinct responses.,
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region where the response changes most rapidly with the stimulus. ‘A
response K = 1.4 seems a suitable choice for this purpose. Let us agree,
therefore, that we determine the level of adaptation by finding that
stimulus size which gives a response R == 1.4. To do-this we need not
stimulate the specimen with exactly this critical stimulus, but may use
smaller and larger stimuli, measure the response for each, plot these
responses versus the stimulus, and interpolate the critical stimulus from
such a graph. In the preceding section we peinted out that after equili-
bration with the intensity I, the critical stimulus size .is S, z == 81, Our
measure of the level of adaptation should obviously be proportional fo
the critical stimulus, We could make the proportionality factor el to
I, but this would be somewhat arbitrary since the critical stigiulus was -
defined with the aid of an arbitrarily chosen standard re$ponse. We
arrive at a more rational choice by the following line,(:}'ffthought. We
ask ourselves: with which intensity would we have/td equilibrate the
specimen in order to bring it to the same level of @daptation? This we
will call the equivalent intensity. It may be o]j’t}ihed by dividing the
critical stimulus by eight minutes. We will giv} this intensity the name
A. This definition of the level of adaptatiénis independent of the par-
ticular choice of the standard reéponsex.'After equilibration with 7;, the
level of adaptation is by the deﬁnigi@ﬁ ‘A =1I,. We- ate now in a posi-
tion to outline a procedure for detérmining 4 also for some non-equilib-
rium states. The procedure coftsists in. bringing the specitmen into the
particular state, testing i @th various stimuli, determining by inter-
polation the stimulus giging response R = 1.4 and dividing this stimu-
lus by 8, Fig. 8c gives an example of such a determination of 4. The
principal and unavc{iélable limitation of this procedure is that the con-
ditioning programStself may give a response which inferferes with the
measurement ®f the response to the test stimulus, This interference is
particularly¥farge if the conditioning program consists of a strong, short
stimulus,\\In that case we have to wait until the response to the condi-
tioninghétimulus has run its course before we can determine 4, e we
have to wait about ten minutes before 4 can be determined. The inter-
val from o to 10 minutes after a strong stimulus is thus inaccessible to
direct determinations of 4. We may only hope to infer the earlier values
of A by the somewhat dubious procedure of extrapolation backwards
from measutrements of A4 at later times. A similar, but less stringent
limitation is present in the case where the conditioning program con-
sists in a long period of illumination, followed by a step-down to zero
or to some other intensity at time zero, In this case, too, the condition-
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ing program has an output of its own, in the interval between o and 10
minutes after the step-down. Here, however, we are on safer ground
for determining the kinetics of 4 in the inaccessible interval since its
value at time zero is known from equilibrium measurements to be equal
tol,.

Before proceeding with the presentation of our experimental data,
let us briefly restate the immediate goal. Our observational data concern
growth velocities in response to certain illumination programs. We will
speak of the growth output in response to an tHumination tnput. We
have seen that the functional relation between these two is enormously
influenced by a variable describing the internal state of the\specimen,
which we have called the level of adaptation, 4, and er'~tFre measure-
ment of which we have outlined a procedure, The physical nature of
this variable will be left open entirely. We only kuow)that the variable
itself is determined by the illumination progréshy, and it constitutes,
therefore, another and perhaps more immediate’output of the illumina-
tion input. We will refer to it as the adgplotion output, and our im-
mediate concern is a description of thefutctional relations between the
tlumination nput and the adaptatign output. To explore this relation
we measure A4 as a function of .jc.ir'ne" in response to either a short (15
sec) stimulits of various sizespor after equilibration (30 min) with
various intensities, Figs. 8altand b show the results of such measure-
ments, In each case A appears to drop at first exponentially, by a factor
2 in 2.5 minutes aftes {lie' light is turned off. For longer times 4 drops
more slowly. The “&irves were not followed beyond the 3o minute
point for the following reason: the average growth rate of the speci-
mens is 3 iy jp(\:r hour, The length of the growing zone is about 2 mm.
In 30 minetes, therefore, 2 large part (about half) of what was the
growing\zne at time zero has become secondary wall and has been
substitited by the stretching of what was the upper part of the grow-
Jng zone at time zero. This replacement will surely complicate the
Interpretation of the measurements and these longer periods should
therefore be left out of consideration when attempting to analyze the
principal mechanism responsible for the adaptation output,

‘When comparing the changes in A4 after equilibrating with various
intensities (Fig. 8a) we find that the curves run parallel except for
the lowest one which is too close to maximum dark adaptation. The
curves are displaced relative to each other strictly in proportion to the
equilibrating intensity. : :

“The curves referring to a conditioning program consisting of pre-

[24]



"

LIGHT GROWTH REACTIONS OF PHYCOMYCES

) ' T )

J ! I ) T

Log.A
X
)

Fig. 8. The logarithm of the level of adaptation versus time in the dark, (a)} after
DPrevious exposure for 3o min or, {b) for .25 min to various intensities fi. In the case of
the short conditioning exposures the product Sy =1 X #; is indicated in the graph. Each
level of adaptation was determined from a set of measurements as illustrated in Fig, 8c.

equilibration to a very low intensity followed by a short strong stimulus
(Fig. 8b) show the following characteristics: The drop in A between
the 10 minute and 20 minute point is as fast as after equilibrating with
a constant intensity, This suggests that also during the first ten minutes
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whére the changes in A have to be inferred by extrapolation, they are
similar in the two cases. Performing the extrapolation, we arrive ata
value of A4 immediately after the stimulus. Concerning this value we
note, in the first place, that it is proportional to the size of the con-
ditioning stimulus, suggesting that A increases linearly during the

N\
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Fig. 8¢ Re @}rse versus stimulus for a specimen dark adapting for 1o min after
previous equilibration for 30 min with [: =z—2, Equilibration was restarted 1o min after
each test &tipmlus, Thus one cycle consisted of 304 o 10 = 50 min, Test stirmuli
§ —=2° and’ 2—2 were used. Each stimulus was tested four times. The dots represent
individual measurements, the crosses the averages. The line connecting the averages
iffersects the standard response R = 1.4 at the critical test stimulus S* = 2—2.7, From
this/ we obtain A ==2—1.7/8 =2—7, The difference in slope between this line and
those in Fig. 7 is spuricus. Qur experiments have not revealed any systematic trend
in this slope.

short stimulus, at a rate proportional to the intensity. In the second
place, our resulfs enable us to evaluate the absolute value of this pro-
portionality constant. Consider, for instance, the upper curve, where
the conditioning stimulus consisted of an illumination with the intensity
I =27 for 15 sec. The extrapolated value for 4 immediately after the
~stimulus is 2%. We know that if the illumination bad not been a short
“one, but continued indefinitely .4 would have reached the value 2%
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ot 4 times higher than that reached in 15 sec. In other words 4, rising
at first linearly, reaches % of its final height in 15 sec. Its time con-
stant, therefore, is 1 minute. This time constant refers to the witiol rise
in 4 when the specimen is illuminated with.an intensity high compared
to its level of adaptation. This time constant is considerably shorter .
than the time constant measured for the decay of A4, 3.8 minutes. -

This sharp rise in 4 which occurs when the specimens are subjected
to a very strong stimulus (relative to the level of adaptation) is difficult
to fit into any simple scheme describing the kinetics of adaptation. We
suspected that it represented an anomaly, characteristic only of vety
large stimuli, and decided to test the adaptation output in response.to
smaller stimuli. The conditioning program consisted of a 30-midufésex-
posure to fy = 271 followed immediately by a stimulus Sp=72%, fol-
lowed by darkness. The level of adaptation was tested atf 16 minutes
after Sy and was found to be equal to A(10) = 273% “Extrapolated
back to time zero, this gives A (o) = 24 (The tomditioning stimuli
in this experiment were given in half the trials,apith the intensity 2%,
duration 1§ sec, and in the other half of the trialswith the intensity 29,
duration 3.73 sec. These two conditioning stunali resulted in the same
level of adaptation, showing that the reciprocity relation between time
and intensity holds not only for the growth output; but also for the
adaptation output, in the range tested.) The change in 4 produced by
the stimulus (from 27 to 2'*) pérmits us to calculate the time constant
for the rise in A4, and for this ¢xperiment we find the value 4.9 minutes,
close to the time constant of\the decay of 4 in the dark. '

These findings, meaget as they are, encourage us to conjecture the
general functional relatioh between 7 (t) and A (¢), valid for relatively
small variations in /> They are described by the differential equation

§ dd/dt= (I —A)/b D (Iaj

where b isg ‘L\’he'time constant of the system, approximately equal to 3.8
minuteS, This equation obviously satisfies the two basic findings, viz.,
that I = A after equilibration with a constant intensity, and that A4
decreases in the dark exponentially with the time constant b, irrespec-
tive of its initial level, and irrespective of how it'was brought to this
level. , _ : _

For an arbitrary illumination program I(#) this equation has the
integral ' L

AW =A@+ (/) [1meomy )
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Equation 1b implies that during a short stimulus A increases by
(1/b) fI(¥)dtr = S/b. Designating the values of A before and after
the stimulus as A and A+ we therefore have the relation

Ar=A_+S/b (1¢)

The functional relation between input and adaptation output implied
in equations 1a and 1bisa linear one, and one may hope that the true
relation can be approximated by it, at least within limits still to be ex-
plored,

. '\
VIl THE COUPLING BETWEEN ILLUMINATION, ADAPTATION,
AND GROWTH OQUTFUT (\H

R,

The relation between I(#) and A(¢) discussed in thepreceding para-
graphs is by itself hardly verifiable, because the def:fnifion of A involves
the measurement of growth responses to tesp~~§ﬁmuli undisturbed by
growth outputs of the conditioning prograi and this restriction very
severely limits the possibilities for directytests. We must therefore af-
tempt to free oursclves of this restriction by adding another conjecture
regarding the manner in which different growth outputs do or do not
interfere with each other. Herecit¥s clear in the first place that there
exists a level of saturation forithe growth output and that we cannot
expect to find a simple sitiation unless we stay below this level. Sec-
ondly, from the fact thaf stimuli and adaptive levels have to be raised
proportionally to p ‘oziuée the same growth output, we infer that what
is relevant for thégrowth output is the ratio of I to 4. This ratio we
will call the sulbfjective intensity and call it

(o i=1/4 (2)

~C

Let_gsﬁc\@\{sider what happens to the subjective intensity during and

aft;x;a“short stimulus S, superimposed upon a constant background in-

tensity, Jo. During a short square-shaped stimulus of intensity I, and
tration #;, I; X t; = Sy, A increases according to equation 1b lineatly

from A— (=T,) to Ay = A_ -} S,/b. Therefore, during the stimulus

we have the relation
A =A_ L+ St/b 4, (3}

Since this increase of A during the stimulus may represent an increast
by a large factor, the subjective intensity, jumping from unity to a high
yql_u_e at the beginning of a stimulus, may decrease by a large factor
even during the shortest stimulus. This decrease has to be taken into
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account in an evaluation of the spike transient in the subjective inten-
sity, which we conceive to be the quantity immediately responsible for
the growth output. Let us define the subjective stimulus s as the integral
of this transicnt during the stimulus. In the present case this works out
as follows

s:f }I/A dt :f }11/(14_ + St/bty) dt =blog(1 -+ S/bA-) (4)

For small subjective stimuli, i.e. for stimuli which are small compared
to those which give the standard response, the logarithm may be degel-
oped into a power series of S/b4— and the subjective stimulus hecothes
equal to the first term of this series. We then have s = .5 /A'_" and s
is proportional to S. For larger stimuli, however 5 mcreases only as
the logarithm of this ratio. A

Before we procced let us point out and resohe aty apparent pal adox
in this relation between the subjective and the obyetfive stimulus, As
we have seen, this relation is not a proportiopalMone, except for very
small stimuli (ie. doubling of the objective~$timulus does not double
the subjective stimulus), and yet we have)d reciprocity rule between
time and intensity of the stimulus. Tf we double the duration of a stimu-
lus, we get the same effect as by doubling the intensity of the stimulus,
In the first case mentioned, when we double the duration, the subjective
stimulus increases less than proportionally because the second half of
the stimulus finds the specimien at a higher adaptive level than the first
one. Conversely, if wesdowble the intensity of the stimulus, the rate
of rise of the level of gddptation is increased, so that also in this case
the subjective stimdlps increases less than the objective stimulus. Our
formal integration{demonstrates that, in fact, in both cascs the end fe-
sult is the sa@ Tn other words, it shows that the subjective stimulus
is a functioftenly of the objective stimulus and of the initial level of adap-
tationy a\nﬁ does not depend on the shape of the stimulus, as long as its
duratibs is short compared to the time constant of the system

The subjective intensity 4 has another important property. For an
arbitrary illumination program which is preceded and followed by equi-
libration with the same intensity Iy, we have the identity

f(£~1)dt:o_ o o (5)

(This is easily proved by substituting 7/4 for ¢, and then 4 + b dA/d¢
for I, and observing that 4 = I, asymptotically both for large negative
and positive times.) The relation means that the positive and negative
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deviations of i resulting from any program which returns to the original
intensity cancel exactly. :

If the program goes from equilibration with 7o through any inter-
mediate course to equilibration with another intensity Iy, then we have
the relation

f(s' — 1) dt = b log(1/Iy) ©)

Both these relations are of interest in connection with our attempt to
establish a relation between the subjective intensity and the grewth out-
put. For the growth output we know that its net value is 2€ro if the
program consists of a short stimulus and that it is positi‘\he ‘or negative
for a step-up or a step-down program, respectively. |

A similar correlation may be noted between the(stibjective stimulus
and the growth output in their dependence on thé-size of the objective
stimulus. For intermediate stimulus sizes batlivare proportional to the
logarithm of the ratio between the objecpi@s:‘stimulus and the adapting
intensity. These relations suggest thaf, the subjective intensily may
be the important variable which quite Fenerally stands in a linear func-
tional relationship to the growth oufput. By this we mean the following:
at equilibrium the subjective jatensity is always unity. Under the in-
fluence of a given illuminatidh® program it will deviate from unity ina
predictable manner. Let 48 assume that we could design illumination
programs resulting in & subjective intensity which deviates from unity
only during a shoxt b&‘iod. This we will call a subjective pulse. Sucha
subjective pulse,awill lead to a growth output represented by a certain
function of tim:e? ‘We now postulate two things: first, that the growth
output for:si}l}jective pulses of various sizes is equal to the output pro-
duced b‘y§a unit subjective pulse multiplied by the actual size of the
pulse,xdnd secondly, that the growth output for an arbitrary illumina-
t;mg _program can be calculated as a simple superposition of the out-
puts of all the pulses into which the subjective intensity can be decom-
posed. These two postulates are formulated analytically in equation 7,
in which Dz, (#) represents the growth output due to a unit subjective
pulse, Du(¢) represents the actual output resulting from an arbitrary
illumination program, and Di(¢) represents the subjective intensity
outpuit of this program. The letter I? expresses that we are referring

to deviations from the equilibrium values of the velocity and of the
subjective intensity, respectively,

Do(s) = f_mm(‘ — ) Do, () d¥ &)
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Let us test the validity of these postulates at first qualitatively by com-
paring theorctical predictions and the experimental findings in the
growth outputs of the four basic 1llummat10n programs: pulse-up,
step-up, pulse-down, and step-down.

The growth outputs were shown in Fig. 3. The theoretical predic-
tions for the level of adaptation and the subj Jectlve mtenstty are given .
in the upper half of the same figure. :

Comparison of the growth outputs with the subjectwe intensities
shows the following similarities:

I. Step-up. The { output jumps to a hlgh value at the moment 6flte
step and then falls back rapidly to its equlhbnum value. The, .g’r«;)wth
output shows a positive phase only, declining more slowly than in the
case of a short objective stimulus,

2, Step-down. The 7 output drops to near zero at the; moment of the
step and then returns to its equilibrium value, buty only very sIowa
The growth output shows a negative phase only ablich is shallow and
extends longer than in the case of the step- up\\The onset of the re-
sponse cannot be determined reliably since the : amplitude is small, but
the minimum is clearly reached later than{the maximum in the case of
the step-up. o0

3. Pulse-up. The 7 output cons1sts of a sharp positive spike followed
by a shallow negative variation, The growth output starts out like the
output for the step-up, but t}\ e\slow declining phase of the step-up is
replaced by a shallow negative variation. The net output ‘both of ¢
and of v is equal to zero (}’ee equation §5).

4. Pulse-down. Thc P«output consists of a very small negative spike
followed by a smalk and shallow compensating (see equation 3) posi-
tive variation, Thé/growth output is correspondingly small and seems
to consist alsgnof a small negative varlatlon followed by a compensating
positive vai‘ratmn ' :

We hgwe attempted to test the linear functional relatlonshlp between

i(¥) ahd o{t) in another manner which is less direct but more accurate,
involving medium size periodic stimulations superimposed upon a con-
stant intensity, and comparing the growth outputs for two such pro-
grams in which the periods differ by a factor two. The programs, the
v outputs (calculated), and the v outputs {observed) are illustrated in
Fig. 9. We cannot predict the 2 output for either one of these programs
until we know the basic response function ©; (#). However, it can be
" shown very easily that the = outputs of the two programs should be
related to each other by the following equation::

Doy(t) = Dogr(t) + Dosa(t-+T) (8)
[31] o
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where 7T is the shorter of the two periods. This equation may be ex-
pressed by saying that the v output of the T program is obtained from
the v output of the 27 program by superimposing the first and second
half of the Iatter over each other. The circles in the growth output of
the T program were calculated in this manner from the growth output
of the 2T program. They show very good agreement with the experi-
mental curve, Actually the application of equation (8) presupposes that
the specimens come to adaptive equilibrium with I, in the intervals be-
tween stimulations. In our experiments, this condition was met well in
the 2T program, hut somewhat imperfectly in the T progfam. As a
result, the subjective stimuli were probably a little smaller in the T
program than in the 2T program. The v outputs should"Pe proportional
to these subjective stimuli. The size of this corregtion depends on the
precise value of the time constant b of dark adapiation. If we take for
this constant the value estimated from our datk adaptation experiments,
i.e., b = 3.8 minutes, the correction amounts'to about 25%. This seems
rather more than our experimental er oF; and suggests that we may
have underestimated &. One may hqpﬂﬁmt a refinement of this experi-
ment may be useful for determinipg the precise value of 5.

IX. DISCUSSION

™

The theoretical field of\biclogical range adjustment may be said to
consist of a large void~gecupied by a sole highly moribund inhabitant.
This inhabitant is the\theory proposed by Selig Hecht in 1919. It refers
specifically to sersory systems in which the quality of the stimulus is
light and it inkgltes the basic assumption that the sensitivity is directly
related to théConcentration of the light absorbing pigment. It assumes
that the iltmination bleaches the pigment, and that the pigment con-
centljat;{on present at any one time is determined by the balance of the
b_lt:zi“ch’ing reaction and certain dark reactions which cause the pigment

“to)be resynthesized. This theory was set up at a time when physical
chemistry was beginning to make its entrance into biological theories,
and full credit should be given to Hecht for the bold application of the
principles of physical chemistry at a time when exceedingly little was
known of the phenomena to be interpreted. From our present point of
vantage, several exceedingly weak points in this theory are apparent.
The first weak point concerns the fact that range adjustment is not
confined to light sensitive systems, but is a very general characteristic
of zi.lmo-st any sensory system. While it is easy to visualize how illumi-
nation in co.mpetition with dark reactions might shift the concentration
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Fig. 9.¥Superposition of growth outputs. A specimen is subjected to two periodic
stimulation programs {tap row)}, with period T =35 min (left) and 27 =10 min
(right). In both programs Iy = 2—% and Sy —=2—% Duration of stimuli .25 min. The
second and third rows show the calculated values of A(#) and 4(#).. The fourth row
shows the growth responses averaged over five cycles in each case (crosses), The circles
in the left diagram are obtained by superimposing the two halves of the output of the
2T cycle, as explained in the text.

of the primary- receptor substance, there arc no obvious analogous
physical-chemical systems that could be set up in the case of such stimu-
lus qualities as pressure or tension, etc. A second weak point of Hecht’s
approach is a quantitative one which has become very obvious only
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during recent years. In the case of vision in vertebrates, for instance,
the amount of bleaching caused by various conditioning intensities can
be measured. It turns out that conditioning intensities which lower the -
sensitivity by a factor 100, and which therefore should have bleached
99% of the pigment, cause only a negligible amount of bleaching—a
fraction of a percent (Hagins and Rushton, 1953). In this situation
several attempts have been made to rescue the general notion of a rela-
tion between the concentration of unbleached pigment and the sensi-
tivity. It might be thought that only a small fraction of the retinal pig-
ment is functional. This is untenable because it is knowf ‘that the
quantum yield of bleaching for all of the pigment is near unity, and that
in the dark adapted eye every absorbed quantum is fonctional. It has
also been thought that the changes in sensitivity arey not located in the
sensory elements themselves, but at higher statibhs. Tt is known that
several hundred of these primary elements (thie rods of the retina) are
tied together in some kind of coincideneg-counting network which
sums the outputs of the elements, One dght think that the changes in
sensitivity involve changes in the gig'}s of these groups of elements
which are tied together. This is,cofitradicted by direct evidence ob-
tained by Rushton and Cohen_{¥054) who showed that the course of
dark adaptation is not matetia'ily influenced by the size of the group
of receptors put to the test. "Of course, if this interpretation had been
valid, it would have lqegii the final blow to any attempts to establish
simple connection bét¥een pigment concentration and sensitivity. A
curious attempt atyrescuing the basic notion of Hecht’s theory has re-
cently been madéby Wald (1954). Wald assumes that the zo-odd mil-
lion pigme:pt\inblecules contained in one sensory element are organized
into sthﬁousand separate compartments. For this idea there is very
suggqsﬁi% direct morphological evidence obtained in electron micro-
Scqpe studies. Wald assumes further that each compartment is a seps-
Gately excitable unit, that it can be excited when a single pigment mole-
cule within a compartment absorbs a quantum of light, and that the
compartment is excitable only if none of its pigment molecules art
bleacked. Tt is obvious that this set of assumptions helps us out of the
principal dilemma. With only a fraction of a per cent bleaching it gives
11§ enormous changes in sensitivity if the bleaching of a single pigment
molecule in a compartment containing, say, 20,000 pigment molecules
111ake§ this compartment inoperative. We believe, however, that a closer
exanination of _the quantitative aspects of Wald’s theory reveals a fatal
weakness, Consider an intensity of ilfumination which raises the thresh-
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old by a factor ¢®. On Wald’s notions this means that a fraction ¢—*
of the compartments are operative. Since the number of bleached pig-
ment molecules per compartment should be distributed in a' Poisson
manner, this would mean that we have on the average # bleached pig-
ment molecules per compartment. On any reasonable assumption about
the kinetics of bleaching and resynthesis, in the steady state the average
number of bleached molecules per compartment.should go up propor-
tionally with the intensity, at least in the region of very slight bleaching
with which we are here concerned. This should mean:then that when
we increase the intensity of the cond1t1onmg 1llummat10n the sensitivity
should decrease exponentially, in flat contradiction with the facts, S1m1-
lar arguments can be developed regarding the implications o’f‘Wald’

theory with respect to the kinetics of dark adaptation, and‘these too,
lead to flat contradictions with the known kinetics of ddrk, adaptation,

We conclude, then, that there is no basis on whic the notion of
Hecht’s can be supported, and that the mechanism @frange adjustment
must involve other stages of the system rather tQﬁn the bleachmg of the
pigment. \

A very similar argument for ruling oupany theory mvolvmg bleach-
ing of the pigment as a cause for the changes in the level of adaptation
can be used in the case of Phycomyces This argument runs as follows:
although we do not know the pregise nature of the pigment we can be
certain that its molar extinctidn coefficient is not appreciably higher
than that of other strongly absorbing pigments like visual purple, caro-
tine, riboflavin, etc., poés\éssmg an absorption band extending over
several hundred A. Lef s take visual purple as an example. Tts extine-
tion coefficient expresded as a cross section per molecule is equal to
g =.4 X 10718 ém?. On the other hand, the intensities to which our
specimens ac@at" rapidly correspond to a quantum flux of about
B=2.5 X 16'%/cm? see, or higher. At these intensitics, then, any
given, thment molecule will absorb a quantum once in every 1/ng =
10% Sec ) Therefore, even if the pigment were bleached with a quantum
yield of unity it would take of the order of 10 days before an appreci-
able portion of the pigment were bleached, a time scale several orders
of 10 larger than the actual time scale.

Hartline and McDonald {1947} have studied the senc;mwty changes
of a single photoreceptor element in the eye of Limulus. The procedure
here consists in mechanically isolating from the optic nerve a group of
fibers which respond as a single element when the whole eye is illumi-
nated. The criterion for “singleness”-is a very obvious feature: a per-
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fect, simple regularity in the sequence of discharges given in response
to a brief stimulus. It is possible that this regularity means that we
are dealing with the discharges in a single fiber, but this has not been
proved. On the input side we are certainly dealing with a curiously
complex system (Waterman and Wiersma, 1954). A single omma-
tidium contains about a dozen pigmented cells arranged symmetrically
around the axis and lower down a single eccentric cell which is not
pigmented. Fibers extend both from the pigmented ceils and from the
eccentric cell into the optic nerve. The fiber from the eccentric cell is
thicker than the others and appears to be the only one which conducts
impulses. The function of the thin fibers leading off from the pigmented
cells is obscure. It is likely that the retinal potential\'is “principally an
expression of potential differences between different portions of the
eccentric cell, generated by the light stimulus{ Presumably the pig-
mented cells are affected by the light in the first instance. Secondarily
the eccentric cell responds in a graded manteer.® In the third stage this
graded response of the eccentric cell caitses a shorter or longer series
of all-or-none responses in the fibet leading off from the cell. It is
the pattern of responses recorded™rom the third stage of the system
which may be used to assess thgéeﬁsitivity changes of the whole system.

Hartline and McDonald 1047) have shown that there exists a
characteristic relation betWeen the number of impulses and the size
of a test stimulus. Thi§ characteristic curve, if measured after equili-
brating the system_ith a given conditioning intensity, is displaced to
the right or left, i}rs\proportion to the conditioning intensity (Fig. 3)-
Thus their data.permit one to introduce as a measure of the level of
adaptation; (u&t as in our case, the “equivalent intensity,” i.. the it-
tensity, :eqﬁlibration with which gives the same relation between the
number of impulses and the stimulus size as does the particular program
under ‘consideration. Intreducing this measure and evaluating the data

)

0.’\\ -
/ % Mueller (1954) has attempted to interpret the available data on excitation in single
elements of the eye of Limulus in terms of a theory involving the idea that only 3
small number of molecules are brought into an excited state by the stimulus. It is then
pcstulate_d that every transition of an excited molecule A* into a state A’ may initiate an
impulse in the optic fiber. In this theory the primary response of the sensory cell is
not a continuously graded one but is described by a small integer, which is subject to
stat_Isucal fluctuations like 2 Poisson variable, Similarly, the outptjxt of impuises in the
optic fiber resulting from a stimulus is subject to statistical Auctuations both as to
number and as to the time sequence. The author calculates certain time awerages and
number everages and these show good agreement with the observed data. However,
when a comparison is made between the predicted and observed Auctuctions of these

quantiticsf, it is found that the observed fluctuations are much smaller than the predicted
ones, This rules out the basic premise of the theory,
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Flg 10. The 1& \ﬁ‘ of adaptation versus time in the dark after previous exposure for
various duratmns to a constant intensity. Data for Limulus (Hartlme and McDonald,-
1947) evahtatéd as md1cated in the text
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given by the authors in Fig. 4 of their paper we obtain the following
dark adaptation curves subsequent to a series of conditioning programs
involving a constant intensity and periods of exposure ranging from
1 to 1,000 seconds (Fig. 10). The principal point of interest is the great
difference. in the rate of dark adaptation following these different pro-
grams. The longer exposures lead to higher initial levels and slower
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rates of dark adaptation. The principal factor controlling the rate of
dark adaptation does not appear to be the duration of the exposure as
such, but the initial level of adaptation attained during the conditioning
program. This initial level is a function of the product intensity X time
of the conditioning program (Fig. 6), over the impressively wide range
of time from I to 100 seconds. _

" Tt is clear from these results that in Limulus the level of adaptation
is not the only variable characterizing the internal state of this system,
and this appears to be borne out by a lack of homology with respect to
details of the pattern of discharges obtained after different eonditioning
programs. Such differences, the authors state in their 1947 publication,
exist, but details have not yet been made available,

Our experiments have led us to the constructiopaf a relatively simple
picture for the light growth responses of Phyeomyces. In the first
place the connection between input and otfpnt appears to be strictly
local. Each section of the growing zoys, tesponds according to the
illumination program it receives, irKeéf}ebtive of the illumination of
sections located above or below ity and the time course of these re-
sponses appears to be the same at eaeh level. There are thus no complica-
tions from conduction phenoména, at least in the longitudinal direction,
and the responses measurgd};ém' the whole specimen represent a simple
sum of the responses of all the sections, without distortion.

‘We have introducgd:a rational measure of the level of adaptation 4,
the inverse of the génsitivity, as usually defined. Tt is defined as being
equal to the intehsity of illumination with which the specimen would
find itself in e§talibrium. Our measurements of the variations of 4 in
the various)programs have permitted us to conjecture an equation de-
scribing, fhe ‘general functional relation between / and A4, thus enabling
us to :.[:h}lr_t the course of A4 for any program. Inspection of the growth
‘gt;tgut’s in the various programs then showed that there exists a sig-
nificant correlation between the v outputs and the subjective intensity
t=1I/4, suggesting that the v output in the general case might be
con§tructed by a superposition principle from a hypothetical output
v In response to a unit subjective stimulus, This notion has been
subjected to several qualitative and one semi-quantitative test, which
seem to support it, '

I.JP to this peint our analysis has been purely formal. We have re-
fralned. from _giving the variables 4 and i a meaning in terms of con-
centrations f’f hypothetical substances and rates of hypothetical reac-
tions. Our aim has been merely that of creating a conceptual framework
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permitting us to describe the workmgs of the system quantltahvely,
and not to load this frame with prejudices as to the actual mechanism,
However, to help the imagination in the design of further experiments
it may be desirable to show that simple models can be constructed ex-
hibiting at least some of the properties of our system.

In designing models we may. conveniently start from the finding
that the growth velocity at equilibrium is independent of the intensity
of llumination, and that the net gain of growth after a transient change
in intensity is zero. This suggests that the average velocity is deg:p
mined by the rate of supply of a matcrial M, manufactired in thedmy-
celium and brought up with the protoplasmic stream. Let ué 2ssume
that this material is supplied at a constant rate B, and that it§ ¢dncentra-
tion in the growing zone is [A/]. The rate of conversion pf:"this material
into building blocks for the construction of the wall yl"gst now be gov-
erned by the intensity of illumination. The simple$€ Way to accomplish
this is to postulate the existence of an cnzymeE whose activity is
controlled by the light, and a rate of convefgion of M into building
blocks for the wall ¥, which is proportiogd[ito [M] and to the enzyme
activity. If the enzyme activity is held constant, {M] reaches an equi-
librium value such that the converslon rate of M into W eguals the
rate of supply B. This accounts for the constant growth rate, independ-
ent of the intensity of illumination. If the intensity changes transiently
the enzyme activity changes{fransiently, and so does [M], but it re-
turns to its original val (éffer the transient has passed. This accounts
for the zero net gain™Mn growth produced by a transient change in
illumination. This gimple model, while accounting for these qualitative
features of the responscs, fails when the quantitative aspects are con-
cerned. Caleylgtion shows that it does not give the logarithmic de-

pendence of ‘the response on the stimulus size, nor the exponential

course Oﬂthe dark adaptation. To account for these, we may postulate a
mor€ egmplex system illustrated in Fig. 11. This system involves two
enzynfes, E and E’, the activity of both of which are light controlled.
The activity of E adjusts slowly to changes in light intensity, with the
time constant of 3.8 minutes of the real system, It converts the pre-
cursors fif in a rapid reaction to inactive material X. The level of ac-
tivity of this enzyme represents the level of adaptation, 4, and it causes
[M] to be proportional to 1/4. The activity of the second enzyme E’
adjusts instantaneously to any changes in intensity, This enzyme con-
verts the precursors M in a slow reaction. into the wall material W
at a rate proportional to its activity (therefore to I}, and to the con-
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Fig, rr. A ac}\cmatlc diagram iHustrating the model discussed in the text. The thick-
est arrow rgprésents the constant supply of precursors M. The enzymes E and E’ each
exist in agtive’forms (subscript @) and inactive forms (subscript £). The concentrations
of thesesforins are controlied by 11ght and dark reactions. The dark reaction for E has
the tlme ‘constant » = 3.8 min. [E.] is therefore proportional to the level of adaptation
A, The dark reaction for E’ is fast, [E’] is therefore proportional to J. M is converted

rigcipally into the inert material X, the conversion into I (building blocks for the
wiil} constituting a minor side reaction. [M] is determined by the constant supply raté
and by [£.]. It is proportional to 1/4. The rate of production of W is proportional to
[M] and to [E%], ie. to X 1/4 =4i. The modcl does not zccount for the connection
betiveen {(2) and 2 (#).

centration of precursors, [M] (therefore to 1/4). The rate of produc-
tion of building blocks ¥ is therefore proportional to 7/4, i.e. to what
we have called the subjective intensity.

~ Itisnot claimed that this model is anything more than an illustration
of the formal relations we have inferred from our experiments. Many
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other models could be devised to serve the same purpose, and there
would be little ground for preferring one to the others. The principal
thmg that suggests itself from a consideration of such models is a
necessity of assuming in the chain of action starting at the light input
a bifurcation, one branch leading to the setting of the level of adaptation
and the other branch utilizing the light input directly so as to compare
the instantaneous value of the intensity with the level of adaptation.
Almost certainly this means that the system must be governed by more
than one time constant, although only cne has been revealed by the
experiments here reported. These represent only a crude begmmn\g
The most obvious extension will be the study of the limiting, €asés of
light saturation and complete dark adaptation. After the norgial pattern
has thus been mapped out, one may hope to gain furthep mswht from
the study of abnormal situations by changing the bloche:mu:al environ-
ment or the genetic background. \

We will conclude this presentation with a rcstatement of the problem
in very general terms, lr\d

Basic to the functional organization in the \hvmg world is the ability
of the individual cells to respond to stimil. By this is meant that the
stimulus controls the release of metibolic energy into a particular
channel in an amount often dlspraporhonately large compared to the
stimulus. This characteristic of li¥ing cells used to be considered not
only as one of the essential atfributes of life but also as one of the fea-
tures which d1st1ngulshexi\he living from the non- hvmg world. With
the advent of modern physics and its technology we find ourselves sur-
rounded on every hand 4with physical stimulus-reaction systems which
answer exactly the\g'eneral definition of such systems, from the door-
bell to the mogty'eomplex electronic control systems, While life has -
thus been d,::;)%ved of one of its prerogatives by the advance of tech-
nology it, iéf'still true that none of the stimulus-reaction chains of living
orgapisme have been fully interpreted, and this despite very great ef-
forts which have been expended in this direction. In our opinion the
question whether or not the functional properties of any one' cell can
be fully interpreted in physical chemical terms is crucial for clarifying
the relation between the physical sciences and biology. Notwithstanding
the great successes of biochemistry we believe that the true relation
between these two sciences is still obscure and will remain so until a
suitable system has been found for which the analysis can be carned
far beyond its present limitations.
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 X. SUMMARY .

1. A general argument is presented indicating the theoretical and
experimental advantages of graded versus threshold stimulus-reaction
systems. o : ' o

2. The general characteristics of normal growth and of the light
growth responses of the sporangiophores of Phycomyces in stage Vb
are described. . '

3. The interrelations between the phototropic and the light growth
response are discussed. It is pointed out that current theofies fail to
account for the fact that the tropic response is limited toca, region near
the base of the growing zone, AN
_ 4. Short sections of the growing zone have been stimulated and the
growth responses measured. The results suggest that the responses,
both with respect to growth and with respegt\to changes in the level
of adaptation, are confined to the stimulated region. '
© 5. It is shown that the direction of growth is in an indifferent photo-
tropic equilibrium when the resultant~df the illumination vectors (di-
rected from specimen to light source) 1s zero. The equilibrium is stable
when the resultant and the axis%f the specimen are parallel. It is un-
stable when they are antipa.g‘aﬂéi. . ‘

6.- The level of -adaptatiom 4 is defined as the “equivalent intensity,”
ie. the intensity with whiich the specimen will find itself in equilibrivm.

7. A procedure i§‘.g’iven for experimentally determining the level
of adaptation. M X _ :

&. The cha‘nggés.in A occurring as a result of various illumination
progranis gz'\:q,,determined by this procedure. _

9. A differential equation is given describing the general functional
relatioiship between /(¢) and A(#).

. 1\(5.;3Arguments are presented suggesting that the growth oufput

(¢} stands in a linear functional relationship to the subjective in-

\tf:nsity i(t) = I(t)/A(t). This assumption is subjected to a quantita-
tive test, . : :

11. A chemical model is described illustrating the formal relations
deduced from the observations, :
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"Il THE CYTOLOGY OF NUCLEAR RNA

BY HEWSON SWIFT, LIONEL REBHUN, ELLEN RASCH,.

AND JOHN WOODARD *

oME fifteen to twenty years have elapsed since the ear.ly work of -

Caspersson, Schultz, Brachet, and others first clearly suggested that

nucleic acids were related to growth and biosynthesis in cclls. Since -
that time many ways have been suggested in which nucleic acide foty

take part in cell processes: they may be energy donors or electfon ac- |

ceptors in peptide bond synthesis; they may serve a protectivefufiction '

for the genes during self-duplication; or they rhaiy pOssEss a template !

structure on which the building blocks of proteins may:’l:;e ordered and
<28

assembled. .

Many of the earlier concepts, such as that of RNA-DNA inter-

conversion in development or mitosis, have heen™ound untenable. But

the basic assumption, that nucleic acid playg-a\necessary role in protein .

synthesis, is now being put on a sound bigehemical basis, for example, ' -

by the work of Gale and Folkes (1954},:”Webster (1955); Alifrey et al.

(1953), and Zamecnik and Keller {3934). Evidence is now accunmlat- -
ing that ribonucleotides may effectithe incorporation of amino acids into

specific proteins, and that protéins in some cases may go through a

step in their formation in&lich they are hotnd to RNA before they !

are released as tissue pro’kins in the cell,

These findings areslargely biochemical, and much of the work has

been done on i1 vi{pf\o systems. It also seems essential to place these
chemical com Qn@i?ts in relation to the morphological framework of the
cell. It is begoming increasingly clear, for example, in regard to mito-
chondria, ,tﬁat biochemical properties and structure are intimately re-
lated D S o

This paper discusses a few morphological aspects of RNA in several
cell systems, particularly in respect to the nucleus.” The amounts of
RNA have been estimated in growing and synthesizing cells by dye
binding and microphotometry. Certain changes in fine ‘structure of

1 Whitman Laberatory, University of Chicago, Supported by grants from the U.S.
Public Health Service, and the Abbott Memorial Fund. Dy, Woodard is a postdoctoral
fellow, U.S. Public Health Service. The authors gratefully acknowledge the kind-
ness of Dr. Ruth G. Kleinfeld in providing data on rat liver regencration, and to
Dr. Lawrence Herman, Dr. James Lash, and Mr., Etbert Daniel for preparing some of
the microscope slides and electron micrographs. :
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the nucleus have been tentatively correlated with changes in nucleic
acid content. All tissues for photometry were fixed in acetic acid-alcohol
and stained with azure B (Flax and Himes, 1952). Several variables
tend to upset the stoichiometry of dye-nucleic acid binding (Swift
1955). In the present studies, however, absorption curve analysis
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Fig. 1. Cytoplasmic and nucleclar RN A in rat liver regeneration aiter partial hepa-
tectomy. Jfath point represents the mean of from 25 to 65 measurements, on sections
stained \with azure B (.025%). Cytoplasm was measured with the two wavelength
methed 3t 5135 and 534 ma, and values were corrected for distributional error to $50m
Ng’cleoli were measured at 550 me, so that cytoplasmic and nucleolar values are com-

apahle. Cytoplasmic concentration is plotted as the corrected extinction at 550 ¥, pef
mitcron section thickness. :

showed Beer’s law to hold, and dye specificity was checked with ribo-
nuclease. Arcas of cells from 2 to 5 microns in diameter were measured
at various wavelengths, Where dye distribution was markedly irregular
the two wavelength method was used. The photometric techniques em-
ployed are discussed by Swift and Rasch (1956). Standard techniques
were used for electron microscopy, including fixation in buffered ostic
acid (Palade, 1952), and methacrylate imbedding, '
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"1. NUCLEOLI

Nuclear RNA occurs in association with three morphologically dis-
tinct fractions: the nucleolus, the chromosomes, and the nuclear mem-
brane. The nucleolus is the most obvious RN A-containing component
of the nucleus. It is often a sensitive index of cell activity, showing
marked changes in the early stages of cell growth preceding cytoplasmic :
RNA synthesis, as for example in liver regeneration (Fig. 1). It is
thus natural that the nucleolus should be implicated in nuclear RNA
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Fig. 2. Cytaplasmic and nucleolar RNA in oocytes of Arbacia punctulnts. Each point
represents the, mean of from 4 to 7 measurements on sections stazined with azure B
{.025% )¢ade at a wavelength of 550 me. Qocytes in the largest size clas§ were under-
goin '"th\;“ﬁrst maturation division, and nuclecli were ahsent. Concentration is plot_tcd .
as extiuCtion per micron section thickness. i C

synthesis, and farther that Cytoplasmic RNA should be considered as
having its origin in the nucleus {Caspersson, 1941 ; Jeener and Szafarz,
1950}, Several recent findings have cast doubt on this theory. Base

-ratios of RNA’s isolated from nuclei are different from those of the

cytoplasm (Davidson, 1953; Moldave and Heidelberger, 1954), and
incorporation studies strongly suggest that nuclear and cytoplasmic
fractions are independent (Barnum et al., 1953). Also, as shown by
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Brachet and Szafarz (1953), incorporation of labeled orotic acid inte
cytoplasmic RNA. continues in Acetabularia after removal of the nu-
cleus. : '

Information on nuclear-cytoplasmic relations can also be obtained by
examining total amounts of RNA in nucleolus and cytoplasm of indi-
‘vidual cells undergoing protein synthesis, Measurements are shown
for regenerating rat liver (Fig. 1), for growing oocytes of sea urchin
(Fig, 2) and clam (Fig. 3), and for forming Tradescantia pollen
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Fiz. Qri&&bplasmic and nucleolar RNA in cocytes of the surf clam Spisulg solidis-
‘g;gi:f?di point represents the mean of from 4 to 13 measurements, Other details as in
\gfains (Fig. 4). It is impossible from these data to describe any simple
relation between the nucleolus and the various RNA-containing frac-
tions of the cytoplasm. In three cases, namely, those of liver, clam

. oocyte, and pollen grain, the nucleolar RNA increased markedly dur-
ing the early growth stages, and then dropped abruptly, even though
the'_total cytoplasmic RNA continued to increase. This is particularl)r
obvious in the Tradescantic pollen where the nucleolus of the vegetative
nucleus disappeared completely at least a full day before the pollen was
shed, during which time the total cytoplasmic RNA increased 30%. The
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generative nucleus at this time also lacked a visible nucleolus. In Arbacia
oocytes, however, the nucleolar RNA paralleled the cytoplasmic RNA,
and continued to increase throughout the growth period and up to the
first maturation division. The difference in nucleolar behavior between

{TRADESCANTIA

Nucieolar

4,000

4

Anthesis

/s
P

24 M 38 - 72z .

Hours \ fter Microspore Division
Fig. 4. Cytoplasmic, muledlar, and chromosomal RNA in Tradescontic paludosa
pollen, On the ordinatef tight hand scale applies to cytoplasm, and left hand scale to
nucleols and chromdstsnie measurements., Values cover the period from early inter-
phasc immediately 4itef the microspore division, to the time of pollen shedding. Nucle-
ofar and chron@%nal measurements are for vegetative nucleoli only; there was no
measureable RNW in chromosomes of the generative nuclei, and within 2o hours after
the n'ucrospQre “division nuelecli in the generative miclei were oo small to measure.
Valucg/gvawaneans of from 1o to 15 measurements on -sections stained with azure B
(025909, Cytoplasmic RNA was measured with the two wavelength method at 440 and
478 me, and values were corrected for distributional error. Nucleoli were measured at
500 and chromosomes at oo met. All values have heen corrected for a wavelength of
500 me, and are directly comparable.

Arbacia and the clam S'pisule is evident in Plate I. Our data indicate that
cytoplasmic RNA can be synthesized in some cases independently of the
nucleolus. They do not support the concept that the nucleolus is directly
involved in cytoplasmic RN A synthesis.
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\an 5 Chromosomal and eytoplasmic RNA in ococytes of the grasshopper Melanoplss
sﬁeremmlw The logarithm of total RNA is plotted against the logarithm of oocyie
volume in 3. Poeints represent individual measurements made at 500 mp on sections
stained with azure B (.025%).

I, THE CHROMOSOMES

Several workers have described RNA as a component of mitotic

- or interphase chromosomes. Mirsky and Ris (1947) found a small

amount of RNA associated with the residual protein from isolated
_'chromosome threads of beef tissues. Kaufmann et al. (1948, 1951),
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Flax and Himes (1951), and Jacobson and Webb (1952) have de-
seribed RNA. in mitotic chromosomes on the basis of various staining
reactions used in conjunction with ribonuclease and desoxyribonuclease,

The chromosomes of many tissues, however, after DNA removal,
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Fig. ﬁ.ﬂh?omosomal and nucleolar RNA during spermatogenesis in the grasshopper
Roma!&kﬂ\l-fcroptem. Values represent the means of from 6 to 15 measurements made
on sectiofls stained with azure B {.25%6). Chromosomal RN A was measured with the
two wavelength method at 510 and 550 m#, and was corrected for distributional error
to 550 me. Nucleoli were measured at 550 mg, Metaphase values necessarily inctuded
some spindle RNA, and are therefore tos high. :

™

do not stain appreciably with basic dyes, and thus no RNA is demon-
strable. Also, where chromosomes undergo marked changes in protein-
nucleic acid ratios, as in mitosis, the amounts of dye bound do not
necessarily reflect nucleic acid content (Swift, 1953a, 1955). These
factors have made studies on the RNA staining of mitotic chromosomes
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difficult to evaluate. It is possible that RNA is a normal component of
chromosomes, but that it may exist in a form not available for dye
binding. This is supported by ultraviolet absorption studies {Rasch, f.
Swift, 1953b), which indicated the presence of considerable amounts
of RNA in mitotic lily chromosomes, and also by Gay (1949) who
found that RNA in interphase onion chromosomes became stainable
after trypsin digestion.

In some tissues chromosomal RNA is readily available to basic dyes
without any special treatment. The staining is, however, often faint in
comparison with cytoplasmic or DNA staining and thus may(be over-
looked. In some tissues, however, such as Drosophila nuse cells or
grasshopper oocytes, chromosomal RNA becomes interdsély staining,
so that it overshadows the DNA. Measurements on chxofmosomal RNA
are shown for grasshopper cocytes (Fig. 5 and Plate II) and sperma-
tocytes (Fig. 6 and Plate III), for Tradescantigpollen grains (Fig. 4),
and for Ambystoma liver during re- feedmg after starvation (Table I
and Plate I'V).

A

Tasre L. Relative amounts of RN_A in larval Ambystoma liver cells

during re-feeding after 3 weeks_ofiStarvation.*

*

Time Chromosomal s Nucleolar Cytopl.  Cytopl.
in RNA  ~\ RNA corne. RNA
hrs.  mean S.EN . mean SE. 4 E/p  percel
o} 8.59 j_t:\".:’so 15 1.47 %= .07 II 034 70

12 ro.4Q;l: 1.14 10 188+ 10 10 042 182

36 I\Q.?z].i .18 zo 4.56 = .23 10 048 374

2%

* Slides ’.)ire\re stained with azure B (.25%), and were measured at a wavelength of
550 mudlues are expressed as EJ7/d, where E is the extinction, 4 section or structere
thmkn‘css and ¥ the volume of nucleolus, nucleus, or cell. Cell volume was determined
bisthe Chalkley method. Data are from six larvae, all about 3 em in length.

S.E. = Standard error; # = number of cases.

From these data several conclusions can be drawn. (1) The RNA
of the chromosomes, like the nucleolus, appeared to show marked
changes in amount during cell growth. (2) In liver and pollen grains
the chromosomal and nucleolar RNA showed approximately parallel
changes. This also appeared to be true of the 4mbystoma thyroid cells
during stimulation by thyrotropic hormone, shown in Plate IV, ak
thpugh the nucleoli in these cells were too small for measurement. No
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correlation between chromosomal and nucleolar RNA was found in
grasshopper spermatogenesis, where chromosomes showed an abrupt
increase in stain as the nucleolus disappeared. (3) Chromosomal RNA
paralleled the cytoplasmic RNA during grasshopper oocyte growth, but
showed no correlation in the pollen grain. (4) Meiotic chromosomes
showed a marked loss in RNA following metaphase, as also described
by Jacobson and Webb (1952). A similar RNA loss is apparent in
some moth oocytes {Ris and Kleinfeld, 1952). These findings are
preliminary and in need of confirmation by ultraviolet absorption. They
do indicate, however, that chromosomal RNA is an important com-
ponent of the nucleus. It was of greater magnitude than nucleolar R

in the four tissues measured. Like the nucleolus, it appears to beas’ no
direct relation to the total cytoplasmic RNA. _ O

In nuclei of Ambystoma thyroid and grasshopper ooc:gtés, much of
the DN A-containing chromosomal material is condengedd"into clearly
visible blocks. In the oocytes these are the expanding.diakinetic bivalents.
In Ambysioma they are interphase “chromocentqs” and appear com-
monly in many tissues. When chromosomal RNAbegins to form in such
nuclei it appears clearly as an irregular rim‘s(u\ro'unding the condensed
chromosomal material. This relationship js\also evident in electron mi-
crographs of Ambystoma thyroid nuclgi‘.fB’efore stimulation the clumped
chromatin appears as uniformly electton dense, with a very fine filamen-
tous texture, At the time chromogoiial RN A forms, these arcas are sur-
rounded by large granular regiohs containing particles of widely vary-
ing size which frequently shdw 2 linear arrangement (Plate V). Similar
structures were cvidentrn Ambystoma liver nuclei. Because of the
marked similarity befween the cells under the electron microscope
and after RN A staining {Plate IV} it seems likely that chromosomal
RNA is associated with these large granular regions. In the chromo-
somes of amphibian oocytes, RNA has been associated with somewhat
similar g:a{iﬁjes in the lampbrush loops (Gall, 1g955).

IIVNUCLEAR MEMPRANE _ _ :

In cells preparing for synthetic activity, cytoplasmic RNA often first
appears as a ring surrounding the nucleus, later becoming more widely
distributed through the cytoplasm. This distribution oceurs, for ex-
ample, in the pallial layer of young oocytes of many species. It is also
evident in the Ambystoma thyroid and liver nuclei shown in Plate IV.
The perinuclear ring of RNA has been widely considered (e.g. by
Caspersson, 1936, 1941) as evidence for nuclear-cytoplasmic interac-
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tion, and possibly as representing nucl'eoprotein exchange from the
nucleus to cytoplasm. Since evidence is accumulating against this view,
it is of interest to examine this RNA fraction particularly in regard to
its site of origin. \

Cytoplasmic RNA is certainly a heterogenous fraction. RNA has
been associated with mitochondria (Schneider, 1946) and the Golgi
apparatus (Schneider and Kuff, 1954). Probably the largest fraction,
and the one primarily responsible for basophilia has been called the
microsomal fraction or the endoplasmic reticulum. Neither of these
names is generally applicable for the wide variety of basophilic strue-
tures occurring in tissues. Thus the more general term, ergash)plasm, is
used here. O\

In oocytes of the clam Spisula, during most of the growth period, in-
tensely basophilic plate- or brick-like structures lielclose to or against
the nuclear membrane. Often further out in the cytoplasm are baso-
philic cup-shaped or spheroidal structures,-ffeguiently bordering or en-
closing clear areas of cytoplasm free from\basophilia. From a study of
these structures under a light micros.(@p%’it seems probable that they
arise in con junction with the nucleasinémbrane, move peripherally where
they enlarge by becoming cups Qr’sf}heres, and eventually disintegrate
(Plate I). N

The formation of cytopldsthic RNA is markedly different in the
thyroid cells of Ambystome. In adult animals the glandular epithelium
is low cuboidal, contaiting almost no cytoplasmic RNA, Within two
to seven days foII()Q?siﬁg treatment with thyroid-stimulating hormone,
the cell height incteases markedly, and RNA appears first as a cap and
later usually 26@’ cone, on the distal margin of the nucleus (Plate IV).
In later stages the cone is disrupted as secretion products appear.

The ;’{chear membrane in a number of tissues, as viewed under the
electl:tf?l ticroscope, characteristically contains numerous electron dense
anmill, with dimensions characteristic of the tissue or species (Callan

Sand Tomlin, 1950; Gall, 1954; Afzelius, 1955; Rebhun, 1956). In
many preparations annuli appear to be made up of small densely packed
particles, in some cases also surrounded by a few scattered particles of
similar dimensions. Nuclear membranes from oocytes of the land snail
Otala are shown in Plate VI. When the annuli in these preparations are
transected in sectioning they appear as two small parallel lines, travers-
in_g b_Ot}_l osmophilic layers of the nuclear membrane, and projecting
.shghtly into the cytoplasm. On the nuclear side they can be seen to pro-
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ject often a considerable distance into the nucleus, as poorly defined re-
gions containing, the usually particulate and filamentous texture of the
nucleus in slightly higher concentration than the surrounding regions.
The annuli thus apparently occur where rods or cylinders of nuclear
material terminate at the nuclear membrane (Plate VI, 2, 3, 4). Some-
what similar fimdings for echinoderm oocytes have recently been pub-
lished by Afzelius (1955). In sections such as shown in Plate VI, 2,
the inner and outer layers of the nuclear membrane often appear to trav-
erse the annuli without interruption. In other cases they are pinched
together in the annular region, and occasionally appear to beinter-
rupted, apparently forming an opening through the annular cester.

In both Otala and S'pisule oocytes, structures identical tQIt‘he nuclear
membrane lie parallel to it in the cytoplasm. These vafy\in size from
pieces containing only a few annuli (Plate VI, 2) through intermediate-
sized stacks of lamellae (Plate VII, 1 and Plate ¥II, 1) to compara-
tively large areas up to 3 microns thick and 10 amerons long. The larg-
est structures, found only in Spisula, are withdut doubt the basophilie
bricks or plates of ergastoplasm seen in § bisula under the light micro- .
scope. These lamellae appear banded,;,ais’does the nuclear membrane
when the section transects an annuliss, In the lamellae, however, the
annuli appear o be more closely,é;id‘ evenly packed. In some cases the
annuli appear to traverse sevtgarél lamellae, and may be responsible for
holding adjacent lamellae together in a vertical orientation (Plate VII,
1). In tangent view it isditén difficult to distinguish lamellae from the
nuclear membrane, Plate IX, 1 shows a stack of lamellae apparently
twisted so that they\é.ré cut at progressively smaller angles; annuli are
apparent in the 4a8t’ lamella at the bottom. Plate IX, 2 shows what is
probably a t@[{g%ﬁtial section through a single lamella, demonstrating a
hexagonal patking of annuli. In Plate IX; 3 a section tangent to the
nucleatsiembrane is shown. In one region a small lamella appears to
oveflap the membrane. ' - IR

Lamellae are frequently found to be swollen at the ends into small
vesicles lined with particles. These vesicles are variable in size, but
usually smaller in Otale than-in Spisula. It is possible that they are
artifacts produced by osmotic changes in the cell on ﬁx_ation. Since a
number of the vesicles are filled with electron-dense material, however,
this seems unlikely. As shown in Plate VII, 1, vesicles form between
the membranes of a single lamella. In the spherical or cup-shaped ergas-
toplasmic region, evidence of annuli vsually is absent (Plate VII, 2).
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Granules are distributed more or less evenly along the lamellae, and
they resemble the typical ergastoplasm of, for example, mammalian
pancreas (Weiss, 1953).

In Ambystoma thyroid the region of nuclear membrane and forming
ergastoplasm appears as a complex and irregular array of membranes,
Tn a few cases lamellae have been pulled away from the nucleus during
preparation of the tissues, probably due to methacrylate shrinkage dus-
ing plasticizing. In such cases there appears to be an intimate relation
in a few areas between nuclear membranes and ergastoplasm, stch that
the first sac of the ergastoplasm is continuous with the nucleafhembrane
(Plate X, 1 and 2). Our photographs are as yet insufficient to make this
relationship clear, but in general they support the coneept of Watson
(1955) that ergastoplasm of this type may form fxdm outpocketings of
nuclear membrane. K?, \

Nuclear-cytoplasmic exchange is also suggested in the two cells shown
in Plate X, 3 and 4. Blebs in the outer layendf the nuclear membrane are

- visible in certain cells of the ovotestis 65)0¢ala, and vesicles of similar

appearance are evident in the cytoplast. Somewhat similar structures
have been reported by Gay (1955)+Nerve cells from the cerebral gar-
glion of Otala (Plate X, 4),jh;éi'e found to contain numerous large
vesicles, which also appear {0 ‘arise from the outer layer of the mem
brane. Although nucleaxj.m‘émbrane annuli extend through to the outes
layer, they are not appateht on the walls of the formed vesicles. It seems

 likely that during Kééicxle formation the particles in the annuli spread

to form the arraggement of granules shown. This arrangement is cot-
sistent withiri‘l;ne vesicle, but variable between them, suggesting that
the granulegeither undergo a series of changes, or else show some typ¢
of specifiéiy. '
£ spesi

"\'_:I’V"._ CONCLUSIONS

\Cytochemicat studies on the RNA of nucleoli and chromosomes failed
to demonstrate any simple relation with cytoplasmic RNA. In two ¢ast$

-the nuclear RNA fractions were found to decrease or disappear ever
-during periods of rapid cytoplasmic RNA accumulation. This strongly

sugg:est’s that in these tissues RINA is synthesized in the cytoplasm. Itis
possible that the RNA of the nucleolus and chromosomes is active it

_synthesis within the structures in which they occur, and is not trans

ferred to any other cell region (cf. Worley, 1946). The basophilic
structures in Spisula contain high concentrations of RNA organizt
into a complex three-dimensional lattice. Increase in size of these st
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Piate T, Stages in oocyte growth (XI000). I-3. Spisule solidissima. 4-6. Arbacia punctata. All
sections have been stained with azure B after treatment with desoxyribonuclease. Note the
marked reduction in size of the basophilic nucleolus in later cocytes of Spisule, in conirast to
the farge nucleoli of late Arbacie cocytes. Intensely basophilic brick-like or spheroidal bodies
are visible in the cytoplasm of Spisuls cocytes. '



+8 )
Prare IV, Tissues of Ambystoma figrinum stained with azure B after treatment with desoxy
bonuclease (Fig. 3 untreated) {X1000). 1-3. Adult thyroid gland. 4-5. Liver cells from 3 centt
meter Jarvae. 1. Epithglidm of thyroid before stimulation. The cells are low cuboidal with bards
visible nucleoli, and dnly a small amount of faintly staining cytoplasm. 2. Epithelium of thyrot
v days after daily fifgéction of thyrotrophic hormone (Parke, Davis, 0.1 mg). Cells hare ¥
creased in height™\with increase in total cell, as well as cytoplasmic, volume. Nueleoli &
enlarged, and tie\ Yucleus is filled with chromosomal RNA appearing as irregular rims surrouly
ing condensed) N A-containing material. 3. Epithelium of thyroid 15 days after stimulation. I
this prepacation DNA has not been removed and it is characteristically clumped into basophili
masses. Caps of RNA-containing material are visible at distal margins of nuclei (cf. Plate v
4 I_ﬂvengarenchyma of larva after 3 weeks' starvation. Nucleoli are usually small, faintly st
ing, agd in many cases, markedly irregular in shape. An unusually large nncleus is visible 3
right. Nuclel show little or no siaining, and the cytoplasm is only faintly basophilic. 5 13!“,“‘
liver parenchyma 36 hours after re-feeding. Nucleolt are very large and strongly Basophilic
Nuclei are filled with RN A-staining material, and the nuclear membrane is strongly staine
Basophilic inclusions are abundant in the cytoplasm.




Prate V. Electron micrographs of Ambystome tigrinum thyroid. 1. Unstimulated cell (cf. Plate
IV,1). 2. Seven days after start of daily injcctions of thyrotrophic hormone (Parke, Davis, 0.1
mg). A granular component is visible in the nucleus. 3. Fiftcen days after start of daily injec-
tons, showing cap of ergastoplasm adjacent to nucleus (¢i. Plate IV,3). 4. Treatment as in

1g. 2. Note the granular component surrounding areas of less electron-dense chromosomal
material. The convoluted nuclear membrane is typical of this stage.
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PLateE VIIL Electron micrographs of oocytes from the snail Otalz lacied. T. 5 i
he ends. 2. Young 0%

region in cytoplasm. Lamellae contain annuli, and are vesiculate at t
showing large vacuolate nucleolus, with radiating chromosomes. Chromosomes a
associated with the convoluted nuclear membrane. :
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f.lj\m IX. Blectron micrographs of lamellae from Spisule oocytes, as seen in_tangent scctions.
regiorglr?:lhp of lamellae cut in cross section {top) and tangentially (bottom). Note_annulll in If]hc
showip, here the cut is tangential. z. Section through what appears to be a single lamella,
Iofts Dexagonal arrangement of annuli. Nuclear membrane is shown in cross section at

i 3 A section of nuclear membrane, in tangent section, apparently with an adhering small
amelly in center, ) N



Prate X. Electron micrographs suggesting a relation between nuclear membrane and S”’E;
cytoplasmic structures. E, and 2. Ambystoma tigrinum thyroid, after 7 days of ‘th)"'omgig
hormone stimulation. The ergastoplasm has been displaced in preparation, revealing ‘mao[a
which cytoplasmic lamellae apparently form a part of the nuclear membrane. 3. Portion!
cell from the ootestis of Qtale, probably a young occyte, showing blebs in outer layer
nuclear membrane (arrow}. Note vesicles of similar appearance in the cytoplasm. 4. eftg
giant neuron from Ofale ganglion, showing annuli in nuclear membrane, and outlJ'UC,]:‘iSL1E
{arrow) at outer layer. Vesicles of similar structure are numerous in the cytoplast (T
was treated with distilled water before fixation.)
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tures may involve synthesis of RNA, but radicantographic studies are
needed to demonstrate this. If so, then the way in which these structures
form is of importance. Are new materials supplied from the nuclear
side, and the lamellae moved out, or are cytoplasmic components or-
ganized into new outer layers? When lamellae are against the nucleus,
the nuclear membrane is almost always intact below them, although
in a few cases shingle-like overlaps have been found. Also, the smallest
{(presumably forming) lamellae, as in Plate VI, 2, are on the outer sur-
face of a lamellar region. Both thesc observations suggest that lamellar

growth involves an increase in RNA from the cytoplasmic and not the™
nuclear margin, A

Also of interest is the disappearance of annuli when vesmlqs ate
formed from either the nuclear membrane or the lamellag,y ard the
simultaneous appearance of numerous particles lining the smgle layered
vesicle membranes. If these particles obtain their origigifrom the an-
nuli, then a connection is suggested between the chrogdsomal material
and the apparent sites of protein synthesis. It mlgh:tx also be suggested
that lamellar formation of the type found in S¥isula and Otale may
afford a type of duplication of annul, partlcularly in t1mes of rapld cell
growth, independent of the nucleus. . &3

In our present state of ignorance, speculatmns are far too easy. A
great deal of careful work needs to H€%done before the highly complex
interaction of nucleus and cytoplasm is understood.
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III. PLANT CILIA AND
ASSOCIATED ORGANELLES

BY 1. MANTON '

THE work done in Leeds on plant cilia since 1949 has been summar-
ized twice before (Manton, 1952, 1934), and it will therefore be
appropriate to begin at the point where the last summary ended, namiely,
with our reconstruction of the internal anatomy of the cilia of the\mass
Sphagnum, Fig. 1 (after Manton and Clarke, 1952). Before dlscussmg
this diagram, however, it will pcrhaps be appropriate to, outline ‘the

- Fig. 1. Diagr ril.’ltl(: reconstruction {after Manton and Clarke, 1952) of the micro-
anatomy of a Rl:$ ¢ilium based on the evidence from the moss Sphagnum but thought
to be of gcnel;'a] applicability.

-

genera\l‘: scope of the research program, which began with ultraviolet
‘microscopy and led on into electron microscopy and which is still in
progress. In this way, a newcomer to these topics may be able to put the
present position into its proper setting.

Our interest in cilia began, as is weli-known, with a chance chserva-
tion made in 1949 with my ultraviolet microscope; then newly designed
and delivered to Leeds—that the cilia of a fern were many-stranded.
The strands were not fully resolvable, but they were illustrated in the
frontispiece to a book on fern cytology which I published in 1950 and

1 Botany Department, University of Leeds, England.
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in a small paper {Manton, 1950b) published to amplify this frontis
piece. The number of strands was estimated as “of the order of 10
an estimate which proved to be surprisingly accurate since we all now
know that the number in plants and animals generally is exactly 11. As
soon as the paper was published, I was assailed by a flood of corre-
spondence pointing out that many light microscopists had made com-
parable observations before. There is, indeed, considerable literature on
the subject, most of which is summarized in Manton and Clatke
(1951a). Few of these earlier workers, however, had ventured onanex-
act numerical estimate. In a personal communication, J. R. Gy Bradficld !
recently brought to my attention the fact that one zoologist (Ballowitz)
made the exact count of 1T strands in 1888, though 6fly on a single
macerated sperm tail of the Chaffinch for which the“average estimates
were 7-10; this achievement for its date was 2 («efnarkable_one.

With the arrival of the Philips’ electron micfgscope into our own De-
partment in 1950, we set out first to examirie'more exactly the fibriftar
components of cilia. As working botani{ts\ we had considerable experi-
ence in methods of obtaining ciliated #élls from the various plant groups
This experience enabled us to sug¥ey the more important known types
comparatively rapidly. In so c}giﬁg we obtained some surprising obser-
vations on external morphology, some of which will be discussed below,
and we showed in group(after group—with such completeness as t0
admit of no exceptions{i“n\plants—that the number of component fibrils
of even the most dijiéi}é ciliary types was invariably exactly 11. Eatlies
electron microscopists had, of course, begun to make comparable ob-
servations on z{rﬁmals, notably, Jakus and Hall (1946) on the cilia of
Pammoeci:u@\and Grigg and Hodge (1949) on the sperm tails of the
fowl. We\\have naturally never claimed to have been the first to discover
the 11vsttands. On the other hand, we do seem to have been among the
firsf Investigators who deliberately attempted to establish the facts on
sufficient scale to generalize from them. It was therefore no accident
that by the time Dr. D, Fawcett cut the first thin sections of cilia in
animals (Fawcett and Porter, 1954), we had already, without the aid
of sections, arrived at the conclusions assembled in Fig. 1. I can %
without risk of exaggeration, and I hope that I shall be allowed to print
the comment, that the discovery of the close agreement between oUf
reconstruction and Fawcett’s sections was one of the most delightful
anc.i exciting experiences of my life, and that it contributed more than
a little to keeping me alive during a serious illness which at that poitt
had interrupted work for several months, As soon as possible after
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convalescence, I came to America to learn Fawcett s .(i.e. Porter's)
technique, a task completed in the spring of 1954 in Dr. K. R. Porter’s
Laboratory at the Rockefeller institute. This led to the even more de-
lightful discovery that Fawcett and T were probably both wrong in one
rather crucial detail of interpretation to which I will return below. In the
meantime Challice (1954) and Bradfield (1954) had both published
sections of animal sperm tails, thereby completing the demonstration
of the extraordinary uniformity of internal structure among cilia and
flagella throughout the plant and animal kmgdoms above the level of
bacteria. :
With the advent of thin sectioning on a routine bas‘ts a new( ﬁcld of
enquiry has opened up which is still only in the earliest stages. \Our first -
objective has been to confirm the details of our previous work (Fig. 1)
and to extend or correct them if possible, Secondly,,the access to in-
tracellufar structures which sectioning permits hassenabled us to begin
to explore the way in which cilia in plants are atthched to-the cell. We
have not progressed nearly as far in this as Faw‘sktt and Porter (1954)
were able to do in animals, partly because m}alants we have no ciliated
epithelium but usually have to examme our cilia singly or borne in
pairs.or in other simple arrangements. ‘on separate cells. Some prelimi-
nary results will, however, be discusséd below. '
Returning now to Fig. 1, the detailed components are aﬂ labeled, and
since the evidence for them was discussed in detail in 1954, it will not
be recapitulated here. It is¢ SuFﬁment to say that we had direct evidence
for the total number ofsst nds and for their arrangement in a ring of
g around a central gla\rr. {cf. Plate I), but not for the circular cross sec-
tion of the whole Jorgan which was inferred as probable. In the same
way we had evidence for the longitudinal split down each of the g
peripheral ﬁb\}s and some, though less extensive, evidence for a similar
split down each of the central 2; we had, however, no means of know-
ing the plane in which the split might lie, and this part of the diagram
was thérefore also hypothetical. Of the other components we had di-
rect evidence for the ciliary skin and for the fibril sheaths including
the common sheath round the central pair. We had also direct evidence
for a segmentally arranged cross banding material inside and attached
to the tube of g strands and touching, but not-attached to, the central core.
This component is indicated in black in the diagram, but the exact con-
figuration as a spiral rather than as some less regularly banded shape was
hypothetical. This component is difficult to detect since it is by far the
most labile and is only occasionally preserved in dried material and never
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in embedded material. We have, however, seen it sufficiently often in
mosses and algae to make a reasonable claim that it is of regular occar-
rernce.

Fawcett and Porter’s sections of cilia on two molluses, two amphibia,
and two mammals (1954) agreed exactly with the following details of
our diagram: (1) the circular cross section, except when flattening by
the knife had produced deformation; (2) the g plus 2 arrangement of
fibrils within the ciliary skin; and (3), in the favorable case of the frog,
the radial direction of the split down each of the peripheral strands,
Similar observations have since been made in sections of plant-<ilia (d
Manton, 1955, and Plate V of this paper) and on the tails of Eeliinoderm
spermatozoa {Afzelius, 1955). The essential correctnesst ofthe Sphag-
num diagram is therefore substantially confirmed. | >

Fawcett and Porter were also able to observe thé.t”ivhen cilia are ar-
ranged in rows as in the gill epithelium of Mga,"the line joining the
central strands in any one cilium is at right atigles to the direction of
the row. In plants we have found a sipmlar arrangement where cilia
arise in pairs, as in the green algae with'equal cilia (see Plate V, 3} o
even when the pairs are unequal as(in'the flagellate Synura (Manton,
1955). The orientation of cilia g ‘a surface is thus by nc means af
random, and it seemed highlygﬁfobable that the facts of dorsiventrality
and bilateral symmetry conférred by the g plus 2 arrangement wight be
of major functional signifieance for the mechanism of their movement.

But at this point there’was uncertainty as to the interpretation of the
two essential plangs, Both Fawcett and I had at first assumed that the

line joining the @6 central strands would mark the plane of bilateral

symmetry. ItsShbuld, however, have been obvious that the median fine
could equally“well be at right angles to this and pass not through but
betweggs'the two central strands, In a section of a cilium without exter-
nal appendages or other distinguishing marks it is impossible to decide
lfetween these two alternatives by mere inspection, and this is the point
at*which the new work in plants may be said to begin. Before discuss-
ing it, however, it is necessary to give a brief digression on the exter-
nal appendages of plant cilia since without these the problem could
scarcely have been solved on botanical material. -

In plants the cilia of certain groups are as devoid of appendages a5
are those in the majority of animals: these groups include all the fand
plants (Bryophyta, Pteridophyta, and probably Gymnosperms), green
algae, and _certain fungi and flagellates. In other groups, with greater
or less frequency, we find fins, hairs, or spines distributed upon the cilia
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in various arrangements. Fins are uncommon but we have previously
shown what we believe to be a good example in the hind flagellum of the
sccond stage zoospores of the fungus Saprolegnia (Manton, Clarke, and
Greenwood, 1951}, though this has not yet been confirmed by means of
a section. Hairs are highly characteristic-of several important algal and
fungal groups and they are of the greatest interest to botanists for an
entirely different purpose, namely, the tracing of phylogeny. Thus a single
row of hairs is characteristic of the flagellates associated with Euglena,
Two rows of hairs or of tufts of hairs occur on the front flagellum in
brown algae, yellow green algae (formerly called Heterokontae) “dn
certain groups of fungi and flagellates which for that reason are thiought
to be related. Some recently investigated examples are illustrated in
Plates II to IV, the flagellate Synure (Plate IV) being, /giyen in the
fullest detail. Spines are the rarest type of appendage. \rVe have so far
found them in only three cases, all among the spermatozozds of brown
algae. One of the most spectacular of these is the Beitish seaweed Hi-
manthalia lorea (Manton, Clarke, and Gree11w0r'g?1,' 1953} in which the
spermatozoid carries an immense spinc overd hiicron long near; but not
at, the distal end of its front flagellum (Platé. I1I, 4). This flagellum also
carries the two rows of lateral hairs customary in this group which may
be seen at the sides of the dlsmembe‘red specimen in Plate ITI, 5. This
figure also shows clearly that the spine is attached to one particular fibril
of the peripheral series though(it'is not possible to determine exactly
which fibril this is. A similazspine has recently been detected in the New
Zealand fucoid Xiphophara hond?’o phylla, from which, it may be said in
passing, a relationship £6 the European genus Himanthalia may perhaps
be inferred in a way‘ which would have been difficult to demonstrate
otherwise. Since this' work has not yet been published, a visual light view
of the spermat:)%nd (Plate III, 2) has béen reproduced beside the elec-
tron m1croscope view of parts of two front flagelia carrying the single
spine afidMraces of the lateral hairs (after Flint, Manton, and Clarke,
unpublished ). Finally, there is Dictyota with a row of spines (Plate II)
placed in a median position between the two lateral rows of hairs. This
peculiarity is so important that it must detain us a little longer, _
Dictyota was the context in which we first explicitly discussed the
question of symmetry in cilia (Manton, Clarke, and Greenwood, 1953).
The existence of bilateral symmetry as inherent in the numerical rela-
tions of the g plus 2 fibers had been clear to us from the beginning. But
without the evidence from Dictyota, we would have had no means of
demonstrating the existence of a definite morphological differentiation
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in the dorsiventral direction, although this in a less conspicuous way
is also inherent in the fibre numbers. When a cilium has either no ap-
pendages or only ofie row, there is no possibility of distinguishing with
certainty between the various planes. With two rows there are still two
alternatives, namely, that the appendages may either lie in or be sym-
metrically disposed at right angles to the plane of symmetry. With
three, however, the planes can be precisely defined even without the
aid of a section, at least as far as the peripheral fibres are concerned. As
may be seen from the dismembered specimen of Plate 11, the median
fibril of Dictyota is carrying the whole row of spines in a serjal arry,
and if the position of the spines on the intact cilium is then, determined,
it is found to lie outwards relative to the body (Plate II\j&It was thus
clear, in the first place, that the plane of bilateral symmetry in the cilia
of Dictyota is at right angles to the surface of the bédy) along which the
cilium lies; secondly, that the median fibril is gutwards; and, thirdly,
that the two rows of hairs are lateral as they fiad long been thought to
be. _ N
Had we been able at that time to cut :ij\ti'ansverse section through the
critical region of Diciyota, the remaifing details would have been settled
forthwith. We were not in this pp.si'tic;n, and our results were expressed
diagrammatically in the simpl‘iﬁed’ form of Fig. 2A. This diagram is
correct where it is based omgirect observation, i.e. in the position of
the appendages relative o.the fibrils and cell body. Tt is not correct,
however, where it is,hdsed on inference, ie. in the position assigned to
the central fibrils. Eorvthis T must absolve my colleagues and collabora-
tors and take pt?_r\sén’al responsibility, tempered perhaps by the fact that
I was in the hospital at that time. The diagram is a modification of 3
simplified version of the geometry of the 11 strands published in Man-
ton and 4 tke (1952) which we now know to have been in some re-
spectgdnisleading. The diagram which we ought to have published on
thesevidence available in 1953 is shown in Fig. 2B.
¥ order to distinguish between the two alternative positions of the
central fibrils as expressed in Fig. 2B, it is necessary to obtain a trans-
verse section through a cilium in which the central strands can be visibly
related either to an externally marked median fibril, as in Dicfyoia, of
to the two externally marked lateral lines of hairs. Material for the
former has not yet been available since Dictyota itself only liberates its
motile cells at the spring tides in August and September and it failed
to do so in the exceptionally unfavorable weather conditions of 1954
We have therefore concentrated attention on the two lateral lines and,
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after a few false starts, we think we have succeeded. One of the false
starts is represented in Plate IV, 2, included to show one of the rea-
sons why this observation is not as easy to make as it may seem to he. .
The flagellate Synure possesses the necessary lines of hairs but it also
possesses an exceptionally wide superficial sheath within which nothing
is preserved after embedding except the ciliary fibrils themselves. These
commonly lie excentrically within the sheath after sectioning but their
connection if any with the external hairs is then impossible to deter-

A

Fig. 2. Some possible arrangements of the 11 strands of a plant cilitm in relation to
external appendages ; the pairs of lated@hlines in each case indicate alternative positions
for the lateral rows of hairs, the ppmgéms most probable at the date of publication dis-
tinguished by arrow heads. A. Recenstruction of chtyota from morphologlcal evidence
only {after Manton, Clarke, aid Greenwood, 1053). B. A more correct version of (A)
allowing for two alternatwc posmons of the central strands C. Arrangement of the
front flagellum of Fucus aS\ seen in section {plate V, 4); the long arrow marks the..
plane of bilateral symme{(y .

mine. This d1ﬂ>\bulty is not present, however, in Fucus in which the
skin is closegsfitting though liable to disappear. The main difficulty here
is that th{:re is no correspondence in level between the tufts of hairs
emergihg’ on the two sides, and some obliquity of the section is inevi-
table if both are to be traceable simultaneously. This does not necessarily
exclude successful resolution of the central fibrils, and a section con-
taining all the essential information is reproduced in Plate V, 4. This
section shows unmistakably that the lateral hair lines and the two cen-
tral strands are rotighly in line with one another and that the median
plane {marked by the arrow) must therefore pass between but not
through the two central fibrils, The relation of this section to the front
end of the body of the cell also shows that the median fibril of the pe-.
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ripheral ring is outwards as in Dictyota. These facts are summed up in
Fig. 2C, and the only details still remaining in slight uncertainty con-
. cern the exact position of the hairs. If the median fibril is numbered o
and the others I, 2, 3, 4, On either side, there is no doubt that fibril
2 is closely associated with the origin of the hairs both in Dicéyota and
in Fucus. In Dictyota we were, however, uncertain whether the hairs
were borne actually on fibril 2 or between fibrils 2 and 3. At that time
- we were inclined to think the latter the more probable, hence the arrow-
head on the lines depicting this position in Fig. zA. The evidence from
Fucus is now more in favor of the former (Fig. 2C). O

With the knowledge that the plane containing the twg central fibres
in a cilium is at right angles to the plane of symmg:i\ry' of the whole
organ, it is possible to extend these observations yeipfher types of cilia
and flagella. The smooth hind flagellum of the Fulsits spermatozoid may
be quoted as an example. This is held in a fixed position where it passes
over the eyespot and in sections of this fegion it is again found that
the plane of symmetry is perpendicularotb\the body and the median fibril
probably outwards. These findings; S gest that though here the flage-
lum is not externally differentiated dorsiventrally, it is not 2 maiter of
indifference which way up it i8 placed. All this endorses very strongly
our previous view (Manton, Clarke, and Greenwood, 1953) that the
attributes of bilateral symmetry and dorsiventrality are likely to be of
primary importance forsthe functioning of these organs and that they
are intimately coneesned with the numerical stability of the 9 plus 2
arrangement. .

The remaihifig new developments must be passed over more rapidly.
The basal parts of plant cilia have been examined externally in a few
cascs, ‘rQ'tably in the fungi Olpidium and Allomyces (Manton, Clarke,
Gregriwood, and Flint, 1952) ; in greater detail in the brown alga Him-

aithalia (Manton, Clarke, and Greenwood, 1953); and in the green
albae Draparnaldic and Chaetomorpha (Manton, Clarke, and Greet*
wood, 1955 ). Two of our figures for Draparnaldia are reproduced from
the latter paper (Plate VIII) to show the basal bodies of the cilia, the
fibrous connections uniting them, and the fibrillar composition of the
“roots” which arise between them. In sections we have not yet reached
the completeness attained by Fawcett and Porter for animal cells though
a beg_inning has been made. We have sections through the basal bodies
of the ﬂage_llate' Synure (Plate VII), of the zoospores of the brown
alga- Scitosiphon (Plate VI, 2), the spermatozoids of Fucwus, and the
coenozoospores of the filamentous “green” alga Vaucheria (Plate VL
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1). In all these the basal bodies of the cilia are hollow and each is sepa-
rated from the cilium itself by an opaque diaphragm placed exactly at
the level of the cell surface. The walls of the basal bodies vary in-shape
and in thickness but they all show fibrous markings which almost cer-
tainly bear a precise numerical relation to the fibres of the peripheral
ring. The central fibres do not penetrate through the diaphragm but
we are less certain than Fawcett and Porter appeared to be that these
fibres end above the diaphragm. We belicve that in most of our ma-
terial these fibres end in the diaphragm though the evidence is not yet
perfect. - N

Of greater intrinsic interest at the present stage of the enquiryare the
relations between the ciliary bases and other cell organs. In S&iosiphon
(Plate VI, 2) and in Faucheria (Plate VI, 1) the bases dre almost
touching the nucleus which is drawn out into a pea’ked extremity
towards them (most clearly shown in Plate VI, 2)\There is no rea- .
son to suppose that any appendages from the cilia penetrate into these
nuclei though they arc undoubtedly attache('lgsbfth_em. In Synura, in
contrast, ciliary bases are relatively remote~from the nucleus but they
are visibly attached to it by means of obligliely striated “roots” which
can be seen descending from the bagahbodies towards the nucleus in
both the figures on Plate VII (marked by short arrows). Their num-
ber is not less than two per ciliuil at their point of origin though it
may be more and it is cert ly more after contact with the nuclear
surface has been made. Af this point (Plate VII, 1) a.root bends
sharply and branches théugh it may also perhaps branch at carlier
levels. The ultimate branchlets pass down both sides of the nuclear sur-
face closely presseQ ¥oit. In addition there are other non-striated roots
which pass outwards and upwards from the ciliary bases of Synura to
an ultimate @estination which has not yct been traced. '

These gbservations lead on to other types of problem. The relahon
between the hind flagellum and the eyespot is certainly a close one in
severa¥of our forms, e.g. Fucus and Scitosiphon (Plate VI, 2) though
the details differ. The relation to mitochondria is also engaging our at-
tention though again the details differ; in most cases we find a distinct
accumulation of these organelles close to the ciliary bases though in the
special case of Vaucheria, which is peculiar in many ways, there is an
accumulation of mitochondria round the nuclei to which the cilia are
attached rather than explicitly round the cilia. Lastly, there is the very
peculiar organ visible on one side of the cilia in both specimens of
Synure included on Plate VII (marked by the long arrow), composed
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of a stack of oblique and somewhat contorted lamellae apparently joined
together at their edges and always to be found in this particular place,
It seems to resemble an organ described in Euglena by Wolken and
Palade (1953) as a part of the endoplasmic reticulum. Whether this is
sufficient designation we are not prepared to say, but its close associa-
tion with the cilia suggests that it may be metabolically concerned with
them. _

Observations such as these are leading us rapidly away from the re-
stricted topic of cilia to widely different problems of the structure and
function of the different parts of cells. This is therefore petiaps the
moment to conclude this survey and to sum up. A

The use of sections has added clarity and completeness 't our pre-
vious account of plant cilia though some components\can still only be
studied effectively in whole mounts. Qur diagram (Fig. 1) has been
substantially confirmed and the close similarj't)}.'between plants and
animals has been amply demonstrated not ohly for cilia in themselves
but also with respect to their basal parts. With regard to the cilia them-
selves the most important new obsegvation is that establishing the
plane of bilateral symmetry as passitig “between, but not through, the
two central strands. Finally, the«8ese relation of the cilia to the ¢ell
nucleus in plants together with thie presence of other unexplained organs
in their immediate vicinity, 4re raising problems which so far do not
seem to have heen encoufitered to the same extent in animals and on
which enquiry is _cor(i@uing.
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PLawe UL 1, Bart of the from fagellum of the zoospore of the bromn alga Pylodelle [oralis in show Lhe buses of the
laterz] hairs as they emerge in lufts from fhe axis. Ulectron micrograph BL.3015, uranium shadowing, 40 kV, XJ0,000.
[Afeer Manton and Clarke, 1951, 2. Photograph with the Ifght micrescope of Lhe cilin om three spermatoanids of the
brimn alea Xiphophora chondrophvile dried on glass in New Zealand and phatographed without a coverslip. X1,000.
Afier Flint, Manton, and Clurke, unpublished.) 3. Parts of the front fagella of two similar spermatozoids stripped
sum glase and remounted for the electron microscope showing fraces of lateral hairs and z spine-like organ, Electron
micrograph M1%5.68, gald-pullodium shadowing, 60 kV, x}I5000. (After Flint, Manton, and Clarke, unpublished.y 4. Tip
t‘:'l '-1_19 Ireml Aagellum of a spermatosid of the brown alga Hiacuthalie loree shuwing the spine, Electron micropgraph
0629, gold-palladium shadowing, 60 KV, 10000 (After Manton, Clarke, and Creenwood, 1953) 5. Comparable to
the last but fagellum disintegraterd ; Lateral hairs, the TI strands, and the attachment of spine are visible. Electron
Werograph M2 W I0,000. ¢ After MMauton, Clarke, and Greenwood, 19330




Prate TV. 1. Tair of cilin from a cell of the colonial flagellate Synnra carsiiniana showing their u
micrograph M137.20, 60 KV, X&,000, (After Manton, 1956.) 2
larger omex showing fnternal stroclure. Micrograph
York, ®33,000, (After Manton, 1956.) 3. Part of the
sheath on the large flagellum. Electron micrograph

. Section of two parts of cilia of Synurd gamlau
IW0 taken on the RCA microscope at the Rockefell
base of (13 more highly mugnified to show the latera
ML137.21, X10,000.
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1. Seclion of 2 pair of rilia mear the edge of a colony of the green alga Endorine. Electron micrograph R10.19,
taken on the Philips microscope al the Rockefeller Irstitute, 30,000, 2, Longitudinal section of a cilium on the colonial
&un algs Pawndoring, taken on the Thilips microscope at the Rockeleller Institute, 320,000, 3, Transverse section of a
ir of cilia of Punderins showing the parallel symmetry ol the two. Electron micrograph MLIZ3AF, 60 kV, X20,000.
& Slellly oblique transverse section near the base of the front flagellom of the sprrmatozoid of Frens serrgbis showing
e pozitions of the internal fibrils in relation to the lateral hairs and front end of the body of the cell; the arrow
warks the plane of bilateral sytumetry of the cilivm., Electvon micrograph 302136, talien with the Philips microscope of
Taotal Broadkurst Tee Co, Ltd.. of Manchester, 30000,
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Prame VT, 1. Part aof a longiudinal section of a zoospore of Fawckeria sp. in_ the region of th Fp——
protoplasmi© o o
“0.

e main pacuole: e
nuclel, ciliary bases, mitochondria, plastids, lipid Inclusions, the vacuolar membrane and other

Electron micrograph M.211.1, taken with the Thilips electron microscope of Toolal Broadhurst Lee Lo & vig s
chester, 60 kY, xK4,000, 2 Longitndinal scction through a zoespore of the brown alga Scitesiphon Jantnian
ciliary bases, the coll nucleus, posterjor plastid with cye-spot (left), mitochondria, lipid inclusions, and compd
protoplasm ai anterier end (right). Eleclron micrograph M.206.20, &0 kY.



Plar, VL 1, Part of a longitudinal section near the distal end of a cell of Swvewra carolinfanc showing the cell nucleus
B ontained nudeslus, part of the baosxe of a cilium, some crose banded *roots” (short arrgws) descending from the
Ty base onto the surface of the nocleus and a peculiar stack of lamellae (Jong arrow) placed near them. Eleciron
, K15,000, (After Manton, 1936 2. U}‘a,rt of a similar gection, more highly magnified, showing the

et ngTaph AL fa%20
43t uf two cifia. Electron micragraph MLAFULT, 322,500,




FLATE \.u"!TI. 1. Part of a disrupted guadriciliste zoospore of the green al : g the fodt b
7 i ? TOD S s Draparncldia sp. showing Tp
bodies and the origing of the fibrous rools. Electron micrograph L8323, 60 kV.pXID 000, [thcr Maniof, Cl‘?l.kz"
Greenwood, 1955.) 2. Draparnaldin sp. lateral view of the basal parts nE A dismpted’ zoospore Showing detailz %
ciliary bases and roats. Llectron micrograph MS2.22, 60 kV, X13,000. (After Manton, Clarke, and Greenwoed: *




IV. PATTERN AND SUBSTANCE
IN STENTOR

BY VANCE TARTAR?

THE ciliate protozoan Stentor coeruleus presents at least two notable
advantages to the student of morphogenesis. First, there is in this
unicellular organism a visible cytoplasmic pattern which enablessene
to explore rather directly the significance of an orderly cortical stristure
for cell differentiation. Because of certain pigmented str1peq, ‘the dis-
position of this pattern is even observable in the living ammal so that
transformations usually can be followed from experiment t6 some equi-
librium state in a given specimen without sacrificing iffér staining. And
second, the amazing amenability of stentors to graftidg and other dras-
tic experimental manipulations permits one to.sombine and rearrange
cortical or ectoplasmic patterns and other cgll parts in ways which ex--
haust almost all the conceivable possibilities. Included among these
operations are enucleations of the cellland transplantations of nuclei
from one species of Stentor to another Hence, insofar as the nucleus
may be a source of critical substarlces isolated by nature in the prevail-
ing nucleo-cytoplasmic dualityy the experiments here reviewed may be
considered as exploring the(ifiteracting roles of pattern and substance
in the differentiation of B single cell. Most of these experiments are

new and will he subst_an}iated in extended publications soon to appear.
\ \ }

1. MATERIALS\A‘ID METHODRS

A brief othne of the morphology of Stentor coerulens and note on
the methogls;of operation employed will illustrate favorable features of
this matérial mentioned above. Fig. 14 shows the principal parts visible
in th‘é\li\ﬁing animal. At the anterior end is the head or feeding appara-
tus, and at the opposité end is the tail or holdfast which serves for
temporary attachment. Running between head and tail on the surface
is a series of about 100 pigmented stripes between which can be seen
the rows of body cilia. There is evidence that these linear components
of the cortical pattern have an intrinsic polarity which is not easily al-

1 Associate Research Zoologist of the Department of Zoology, University of Wash-
ington. This project was supported by a grant from the American Cancer Society on
recommendation of the Commitiee on Growth of the National Research Council.
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) ciliary plates
ado.‘r‘ a'l :
band adoral field
___cytostome
macromn. buccal cavity |
Zrede i
contraclilevacude |
fineline . : :
|___primordium
<one site\
pigment Slripe
A ____hglci.""asé
N
\

resorbed mouth o

stripes of new ad.f.
l ntew adoral band

new cylosiome

Fig. 1. A. Diagram of Stentor coeruleus showing principal parts visible in the living
animal, B. The same, in mid-phase of recrganization. A new set of oral structures ¥
formed at the primordium site and replaces the old, which are partly dedifferentiated:
Meanwhile the macronuclear nodes temporarily fuse together. i

tered (Weisz, 1951; and vide dnfra). In addition, the cortical patfern
of the cell shows in its pigment stripes a Ieft'-right difference. This cot
sists in a gradual variation in the width of these lines. Beginning some-
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what to the left of the oral meridian the widest pigment stripes are
found and wide striping continues around the back of the cell. As one
approaches the oral meridian again, narrower stripes form what we
shall call the fine-line zone, and finally narrowest stripes meet widest
at 2 juncture which we shall refer to as the locus of contrast in stripe
widths, : .
This juncture or place of maximum anisotropy in the stripe pattern
is important for two reasons. First, it is here that the primordium of a
new head always appears in division, regeneration, and reorganization
(Fig. 18). Initially the oral primordium is evident as a slightly eufved
white line toward the anterior end of the pole-to-pole locus of, stripe
contrast, as if the pigmented striping parted to permit emefg@ice of
the new organelles. Closely-packed oral cilia soon appear in“this open-
ing and begin a slow, rhythmic beating. The posterios- end of the pri-
mordium then coils sharply to form the mouth, ﬁnaﬂy,‘the anlage curves
toward the anterior pole of the original cell or of thie'posterior daughter
cell in division, cutting off and sweeping fine-8t#ipes with it into the
adoral field. This loss of lateral stripes could\aécount for there being a
normal provision for increase in number of s‘trlpes as now described.
The second point of interest about the locus of stripe contrast is that
this appears to be the region where.ftew body stripes are formed, as in-
deed is suggested by Schuberg’s. %x890) originally describing it as a
“ramifying zone.” Here it isArequently observed that the widest pig-
ment stripes split from anteflpr to posterior, each stripe so divided re-
sulting in two or more ﬁp}étripes; and it may be assumed that the rows
of body cilia lying bepweén these stripes also multiply in some manner.
This increase in the stripe pattern is especially noticeable, as might be
expected, in Ionggtudmal -half fragments which set about promptly to
recover the d\ﬁmtwe complement of about 100 stripes, starting with
half that number (see Fig. gc). Stripes, like the whole cell itself, are
apparenﬁl;? “born” in fission and lose their identity by division into
daughter stripes. It is also to be inferred that the body stripes increase
in length as the cell grows in size. -
Underlying the cortex of the cell is the moniliform macronuclens
which is visible in the living animal. Nuclear nodes, of which there are
about 15, are located in a fairly constant position as shown in Fig. 1
and may be excised in part or totally by the use of a glass needle.
Structures not readily visible in the living animal include the mi-
cronuclei, contractile myonemes, and sub-pellicular structures associated
with the origin and co-ordination of the cilia. In regard to the latter,
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which have been called the infraciliature, one can see between each pair
of pigment stripes a row of body cilia which undoubtedly (as in the
silver-staining studies of S. felici n. sp. of Villineuve-Brachon, 1540}
arise from kinetosomes and are joined by connecting fibers which co-
ordinate the cilia in metachronal rhythm (Worley, 1934). Hence the
colored striping may be taken as an adequate indication of the disposi
tion also of the pattern of the infraciliature which is involved directly
in the construction of oral primordia.

Underlying the ciliary fibers are the myonemes which account for
the high contractility of stentor. When attached, the actiye“head can
draw out stentot to perhaps 10 times its diameter whentontracted and
contraction occurs with amazing alacrity. This cell is therefore also 2
good “muscle,” hence it may be of some signiﬁcaf}gé' that muscle and
ciliary functions occur in the ectoplasm close té)morphogenetic events.

“Differentiation” in stentor may be defined$pecificaily as the forma-
tion and development of an oral primordibm; and this process is re-
versible since organelles once formed &an later be dedifferentiated and
resorbed, as oceurs for example in tife replacement of the mouth regions
in reorganizations of the cell (Fig-'1B). The dramatic act of elabora-
tion of the head structures is $ipplemented by less obvious multiplica-
tion and adjustments of tb@létripe pattern in the ectoplasm as well as
differentiation of the holdfast.

Observations on qther species of Stentor show that their mode of
differentiation is theé\same as in coeruleus and is also related to a com:
parable ectoplagfuic pattern.

All the opeérations to be described were performed by hand under a
dissecting. fificroscope using glass needles. Their possibility depends on
the flfﬁf\\b:l}i)ﬁy of naked endoplasms in stentor (Tartar, 1941 ). Thus ifa
sectofyis cut from one cell and an incision made into another to expo¥

’.tlféfehdoplasm, quick apposition of the endoplasm on the inside of the
sgctor with that of the host will result in permanent adherence of the
graft. Similarly, cells can be grafted to other cells after their endoplasms
have been exposed. The animals are quieted mechanically by placing
tl'lem temporarily in a viscous solution of methyl cellulose, and all opera
tions must be done rapidly enough so that a firm membrane will not
have been formed over the exposed endoplasms,

1. ORAL DIFFERENTIATION AND THE ECTOPLASMIC PATTERN

II} dealing with the cortical or ectoplasmic pattern of stentor our at-
tention naturally falls first on the sector where wide meet nartow pig-
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ment stripes, since this is the site where the primordium of the head
normally appears. This region can be excised and implanted anywhere
within the pattern of the same or of another cell. Thus when a primor-
dium site from one cell is grafted into the back of another, this cell has
two sites and when it regenerates, two primordia and a doublet head are

produced (Fig. 2} in which two sets of oral structures are oriented
neatly around the anterior pole.

Fig. 2. Implantation of an extra primerdium site leading to dpnl)lé oral regeneration.
a. The graft (#) is insertcd among the wide stripes of the hdstvto the left of its own
primordium site, b. Two primordia formed, one at each site.c\Resulting doublet stentor
with two sets of {eeding organclles and two primordinm/sités. d. Double regeneration .
of a posterior fragment of a doublet, \S

S 3
NN

Such doublet stentors retain for weeks theé two primordium sites and
they divide, reorganize and regeneratg’ 23 doublets. For example, a small
posterior fragment regenerates as a dlmmutlve doublet since it bears the
posterior portions of two pr1mord1um sites (Fig. 2d). Doublets, how-
ever, can be reconverted mto\«;mgles by the reciprocal experiment in
which one of the prlmordn{m sites is exc1sed even though the bistomial
head is left intact.

It would therefore\appear that the primordium site carries a pre-
cursor of the head pﬁmordmm, yet further experiments indicate at once
that this is no‘t\"the case. For if the site is excised from a stentor this
does not preiraat regeneration of the head, which may even occur as
rapldly aswwhen the normal site has not been removed. Similarly, if
both prﬁnordlum sites of a doublet are removed, the animal still re-
generates doubly. In either case, the primordium now appears at the
suture or line of heal where pigment stripes of different widths come
together,

Similarly, if a sector of fine lines, just to the right but not including
any of the normal primordium site, is implanted into the back of a
stentor among the wide pigment stripes (Fig. 3) it reacts like a normal
site. On regeneration; primordia appear both at the normal site and on
the Jeft side of the implant where its finest stripes meet the wide stripes
of the host, Again, the normal primordium site is shown to be dis-
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pensable in oral differentiation, which arises not from a localized pre-
cursor but appears to be due to a relational property within the cortical
pattern, namely, a condition of which the visible aspect is the juxiapos
tion of wide and narrow pignient stripes.

Fig. 3. Implantation of an extra fine-line zone leading to double regeneration. a

" Qrigin of the implant from one cell, excluding the normal primordinin Site {x).b.The
fine-line sector grafted between wide stripes ef the host. ¢ Regereration primordiaat
both the host primordium site and the locus where the finedt Hnes of the implant e |

adjacent to wide stripes of the host, &0

P\

This empirical correlation between primprdium formations and the
state of the visible stripe pattern can befested by producing all manner
of appositions of wide- and narrow§tripe regions differing from that
which obtains only at the primordiun’site normally. If the fine-line zone
of a stentor is divided by the implantation of a sector of wide striping
from the back of another .cjéoll:,’ three junctures of wide and narrow
striping are evident (Fig, 4 : at the normal primordium site and on

c

_ Bz, Multiple primorditm formation produced by splitting the fine-line zont with
.a.“s?ctor of wide striping. a. The implant (dotted outline) results in two extra foct of
Stripe-width contrast {z and 3) besides the normal host primordium site {1). b. Result-
ing 3-fold primordium formation. c. Doublet stentor produced, with incomplete motith-
formation in the system arising from the joining of primordia at Joci 1 and 2.

each side of the implant. When the mouth is excised to induce regenera
tion, it is generally the case that three oral primordia appear, on¢ at
cach of the loci of stripe contrast. This experiment shows not only that
primordia may form at regions of apposition of wide and narrow pig-
ment stripes even when this leads to supernumerary formations, but
also that it makes little difference in the primary differentiation whether
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the fine-line area lies to the right or to the left of the wide stnpmg In
the further development of the primordia, however, tristomial heads
are not produced because of the tendency of anlagen to join with each
other to formn fewer than three developing systems. :

Control experiments show that it is the apposition of wide and nar-
row stripe areas which is crucial for oral differentiation. If fine-stripe
sectors are implanted in fine-line zones, if wide-stripe sectors are placed
i wide-stripe regions, or if the fine-line zone is split by additional nar-
row striping, no supernumerary primordia are formed.

The relationship between pattern and primordium formation cax('be
explored further by making a circumferential cut arcund the mmiddle
of the cell and rotating the anterior half 180° on the posteriors’ The
primordium site is then divided transversely and its two parts lie on
opposite sides of the cell (Fig. 5). On regeneranon, or‘al differentia-

\

Fig. 5. Effect of rotating the anterior liaiff of the cell 180° on the posterior hali. a.
The operation divides the or:gmal prlmordlum site into two displaced sections. h. Pri-
mordinm formation occurring at bot_k{ parts of the primordium site and in the suture
between where wide abut narrow gfribes end to end. ¢. Resulting regenerate with mouth
supplied only by the posterior ’bé}i and showing displacement of anterior striping by
extension of that of the postérior half. d. Subsequent reorganization with a complete
primerdium forming only, hetwreen posterior stripes, The anterior stripes are now nearly
resorbed and contribute ohly“a notch (.1.-) to the new oral field. Note that a pair of fine
pigment stripes tend t¢'mieet but not to join w1th each wide stripe of the anterior com-
ponent, \: S

’\'\ . - - . - . ’
tion then oeeuts in both halves simultaneously ; but it is especially in-
terestmg that the two primordia usually become connected by a trans-
verse ppimordim which may extend halfway around the cell. This
surplus differentiation outside the parts of the normal primordium site
occurs at the suture between the cell halves where widest stripes abut
narrowest pigment stripes end-to-end. Thus the formative relation be-
tween wide- and narrow-stripe areas is effective even when they do
not lie side by side as in the normal situation. =

Such cases show an additional phenomenon of mterest frorn the
standpoint of what patterns do in stentor. The disharmony in the

stripe pattern is resolved by resorption of the striping of the anterior
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half while that of the posterior component extends and takes over. The
more anterior structures seem therefore to be the opposite of “domi-
nant,” and this is in apparent contradiction of Child’s postulate of an
anterior-posterior gradient of metabolic activity in stentor (for refer-
ences and further criticism, see Weisz, 1948b). This eventuality is fore-
cast by the fact that when a contintious primordium is formed a mouth
appears only at its posterior terminus. In the subsequent reorganization
an adequate oral primordium forms only among the originally posterior
stripes and the anterior primordium is either missing or abortive, ac-
cording to the state of resorption of the anterior striping (Fig. 5@)

Without describing in detail all the permutations of these experi-
ments which have been tested, it may suffice to state that oyl primordia
appear wherever and however wide- and mrrow—st?tipe\ areas of the
ectoplasmic patiern come together to create a locus of shorp contrast
in pigment stripe widths. The contrasting areaglihay abut end-to-end
with opposite polarities, lie side by side in heteropolar orientation, of
rest at right angles to each other—in all cages the number and location
of the primordia is determined by the 11}1f§qber and location of the loci of
stripe contrast, but is independent of {He manner in which wide- and
narrow-stripe regions come to li’ejfbg“ether.

o \y
. Fig: 6. ﬁeftabolar implantation of an cxtra sector of fine striping. 2. The operation
in which they mplant was rotated 180° before graiting. b. Double primordia, one at the
host primghdium site and one where the narrowest stripes of the implant lie next ©0

wi@;zgtqipes of the %losf. c. Resulting product in which the primordium in the heteropolar
fifiedline zone was incompletely developed and of reversed asymmetry.

The symmetry of the oral differentiations, however, often reflects
the polarities and disarrangements of the manipulated pattern, as shown
in the following experiment. A patch bearing the fine-line zone exclu-
sive of the normal primordium site can be cut from one cell and im-
planted with reverse polarity within the wide-stripe area of another
(Fig. 6). When regeneration is provoked by also excising the mouth,
primordia appear both at the normal primordium site and where the
finést stripes of the implant meet wide stripes of the host, which is now

[80]




PATTERN AND SUBSTANCE IN STENTOR

on the right side of the patch (cf. Fig. 3). At first the ectopic anlage
begins a mouth-curl toward the posterior end of the graft, but soon
the polarity of the host predominates and effects an oral differentia-
tion at the opposite end. The ingestive structure is both of reversed
asymmetry and incompletely developed because the wide stripes are
now on the “wrong” side of the narrow. Nevertheless, it is demon-
strated that wide- and narrow-stripe areas interact to determine primor-
dium formation even when heteropolar.

From this experiment one would expect that if the normal stripe pat-
tern could be reversed, with the fine stripes lying to the left instead of
to the right of the wide stripes, heads of reversed asymmetry wodid
always be produced. It has happened in three instances that gcafted
stentors gave rise to products of this type. The case shown @ Fig. 7

~

Fig. 7. A case of reversed asymmetry in stripgtpaftern and consequently also in the
feeding organelles, a. Wide stripes lie to the right'instead of to the left of the narrow
stripes (1). Mouth spiral is reversed and guilet is not coiled (2). b, Subsequel}t reor-
ganization primordium (3) was also of reversed asymmetry and mouth-formation still
less complete.

<\

was half of a fusion mass f'\‘tf:’n aboral, lateral-half fragments grafted
at random. Somehow, inthe realignment of the graft components, this
product was separated @ and had a stripe pattern the reverse of the
normal. It formed aptmouth region of reversed asymmetry which was
not perfect andx{hé’fgullet was an uncoiled pouclT ; on-reorganizing_a
still less perfeet’}nouth was differentiated, also cotling in the “Wrong”
direction. 'Ifl;fe"body-stripe pattern is therefore not only correlated with
the locfs 9t ‘appearance of the oral primordium but also with its sym-
metry, though there seems to be some resistance to forming mouths
of counter-clockwise spiral. '

So far, we have been dealing only with oral regeneration, but the
tail or holdfast is evidently also closely correlated in its formation with
the visible body striping, though its elaboration Is less dramatic, Wher-
ever posterior ends of stripes come together a holdfast is there formed.
More striking is the fact that a new holdfast and posterior pole may be
produced under unusual circumstances which reveal unexpected po-
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tentialities of the cortical pattern as shown in the following experiment,
If stentors are cut in two longitudinally, the aboral halves so produced
usually fold over so that head and tail remnants come together and the
body striping bends sharply at the fold (Fig. 8). Along this bend the
stripes later become severed, much as in the formaticn of a divisin
furrow, and the newly formed termini come together in stellate arrange-
ment to produce a new tail. In the meantime the original half-fail
emerges as a subsidiary center of stripe organization, and a new st
of oral structures is regenerated from the locus of greatest stripe con-
¢rast which now appears to be an apposition of the widest stgipes and
their own more attenuated posterior ends. Quite possibly the. polarity.

N

of part of the original body striping is reversed to accommbdate to the
o )

newly created posterior pole. «
1 1
x oW
O
P\ 2
5. b ¢ W

Fig. 8. Oral and caudal regeueratioﬁ’ in a longitudinal adoral half which folded on
itself in closing the wound snrface. \a% ‘Folding of half-cell fragment to close exposed
surface of endoplasm. a. A primordittm forms at a locus of stripe contrast where wide
stripes lie next to their more atféguated posterior ends (). Original posterior pole (1)
now approximates the oral region; striping breaks at the fold (2). b. Severed ends ¢
body striping come toget er.to form a new posterior pole (2}, while the original ta
(1) organizes striping a nd itself. c. Resulting specimen with two posterior poles ad
two holdfasts and a single head, :

AS

The corrglation of primordium formation with apposition of dis-
tinguishalils “pattern areas at once brings forth the question of how
great the 'difference in those areas must be, as reflected in pigmett
stripeswidths, in order that oral differentiation may occur. The answef
&&¥s to be that any appreciable difference suffices, but that as we shal
sdon see, the presence of other loci of stripe contrast may exert ar it-
hibitory. influence. Thus if aboral longitudinal halves be cut, $0 that
both widest and narrowest stripes are excluded, and if such fragments
do not chance to fold on themselves, there still will be a difference in
the graded widths of the stripes remaining which is maximal at the
line of heal. It is just here that the regeneration primordium forms
(Fig. ob). As mentioned earlier, after regeneration there is a splitting
and multiplication of stripes (¥Fig. gc) which eventually restores the
nofmal number and gradation. '
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Theoretically, one might expect to be able to produce similar but
narrower fragments in which there was not sufficient contrast of stripe
widths, or whatever is correlated therewith, to determine a primordium,
and in fact three instances were found in which such fragments failed

to regenerate at all (Fig. gd) though they were quite large, nucleate,
and survived for many days in healthy condition.

c

Fig. 9. Marphogenetic pcr{ormance of aboral halves. a. The Ionglm&mal half 1s cut
to exclude original primordium site and widest and narrowest steipes. b. A diffcrence
in stripe widths nevertheless appears at the line of heal because}emammg stripes are
of graded widths. The regeneration primordium appears at thé\letus of stripe contrast,
¢. Following regeneration, wide stripes split into narrow stripes, thus regcneratiug both
the normal primordium site and the notmal number of &fsifes. d. A case in which a
fragment of this type failed entirely to regenerate, )régy’mably because of insufficient
contrast in striping.

In certain types of graft (:Omplcxes'ik'here there is more than one
locus of stripe contrast, pr1m0rd1um formation at some may be sup-
pressed. Two aboral halves fuged®in homopolar parabiosis lack both
widest and narrowest stripes. asswell as a normal primordiim site, yet

the lines of heal of the body stripes on opposite sides show stripe-width
contrast of minor grade, (Fig. 10). These combinations always re-

b

Fig. 10. Regeneration in parabiotic grafts of two adoral halves a. The sutures form
locl where wide meet less-wide stripes (1 and 2) and the two sectors of adoral band
join to form one oral field. b. A primordium forms at only one of the Joci and a single
stentor is produced. ¢. Alternatively, if the adoral bands are removed prlrnordium for-
mation oceurs at both sutures and & doublet stenfor is produced.

gererate singly, a primordium appearing only on one side. That both
loci of stripe contrast can give rise to primordia is, however, proved
by the experiment in which the remnants of the adoral bands are re-
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moved since then, for some reason not yet known, double regeneration
occtrs in the majority of cases (Fig. 10¢). ‘When one normal primor-
dium site of maximum stripe-width contrast is grafted to two such
aboral halves this site takes precedence over loei of less contrast and
only one primordium is produced. The same is the case with complexes
of three and even more aboral halves plus one primordium site; i
their initial regeneration a primordium usually appears only at the
normal site and giant singles are formed. But in these cases, in which
the size of the complex is greater than normal, subsequent reorganiza-
tion may show activation at some of the sutures which had¢previously
been quiescent, and doublet or triplet heads then arise. Kig: 11 below

(C\

a b

Fig. 11. Dominance and subordination Su’ multiple loci of stripe-width contrast, a.
Graft of 6 aboral halves and one norm&Rprimordium site of maximum stripe contrast
b. Complete oral regeneration initiallyjonly from the normal site; indications of partial
regeneration at two sutures beiween” the aboral halves. c. Reorganization as a tripht
with 3 loci activated ; resorption ob fine lines (&) of original primordivm site evident. ©
Re-reorganization as a doublet With primordia from two sutures but none where original
primordium site disappeared,

™

illustrates an instance of this type. One normal primordium site was
implanted ingdéa fusion mass of six aboral halves. Complete oral dit
ferentiatiompoceurred initially only at the implant, but in subsequent
rcorganiga’cion a triplet head was produced. Finally, the fine lines of the
original primordium site were apparently resorbed and the next e
oggdnization yielded a doublet with primordia arising only at two of
€ the sutures between the grafted halves.

Hence there seems to become established in any graft complex 2!
intimate_relatedness of the pattern components such that suppression
of oral differentiation at loci of less sharp stripe-width contrast may
occur in certain arrangements because of the presence of regions of
areater contrast, though subsequent release and even exchange of dom!
nance may later take place.

Even when two or three equivalent primordium sites are present ¢
regulation toward the normal single type eventually takes place. This
adjustment is most clearly evident in graft products with doublet o
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triplet heads. These forms may divide, reorganize, and regenerate as
doublets and triplets for a considerable period of time and might there-
fore be called biotypes; but eventually the triplets become doublets and
all doublets finally produce singles. Although it is only by rare chance
that one happens to catch these forms in the act of reducing their oral
valency, the reduction is apparently brought about by gradual resorp-
tion or obliteration of one primordium site (as indicated Fig. 110),
whereby incomplete oral differentiation may then occur at this site
and later none at all. It is certainly the case that singles produced-ffom
doublets and triplets have only one locus of stripe anisotropy.\The
number of oral differentiations is therefore a function both of-fhe“fizm-
ber of loci of stripe contrast and regulative forces within\the pattern
which tend toward recovery of the normal, single type./

Multi-individual complexes in other ciliates, resulting from natural
or induced abortion of cell division, have long b&en“known and have
shown the relative persistence of these complexes’as well as their ca-
pacity often to return to umitary individuality (see Fauré-Fremiet,
1945 and 1948; Sonneborn, 1932; and Kimball, 1941).

IIl. REGENERATION OF FRAGI».’[I":;N:’I‘S'

The relation of oral differentiation to what is empirically observable
as lines of apposition of wide and'narrow pigment stripes will now ex-

plain in terms of cytoplasmi}ct\péi‘ttern why it is usually impossible to cut a
nucleate fragment of stento

which will not regenerate. Since the parent

Ly

«a c d

Fig, 12. Regeneration in a small stentor fragment, a. Origin of fragment: a disc from
the mid-region of the cell (iltustrated in reduced scale)’. b. Folding of striping te cover
wound surface and appearance of regeneration primordium at r_.he remaining, shox_‘t sec-
tion of the original primordium site. ¢, Enlargement of the primordium and beginning
reotientation of striping. d. Regeneration of a normal stentor, one day after the opera-

tion.

pattern consists of polarized stripes of graded widths with a locus of
stripe-width contrast, any such fragment (see Fig. gh) }Vlll also bear a
cortical pattern which can be described in the same words: a patch of po-
larized stripes of graded widths which, on healing, brings wide and less
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wide stripes together in a locus of stripe contrast sufficient to determine a
regeneration primordium. The regenerated head will also be generally
- proportionate to the size of the fragment since the locus of stripe con-
trast will also be shorter in smaller fragments, and there is thus a quanti-
tative relationship between the length of the locus and that of the oral
primordium, For example, in middle slices of stentor (Fig. 12) the small
remaining collar of striping doubles over to cover the exposed wound
surfaces and the primordium appears in the small section of the pri-
mordium site contained in such a fragment. This explanation therefore
removes much of the magic if not the wonder associated with thgregen-
‘erative performance of stentor; for it is clear that althoughsﬁ\fragment
is initially only part of the original individuality, it cartiés with it the
essential features of the pattern of the whole, N

2" £
L N

a \

Iv. MINCED STENTORS

A stentor can be cut into a multitude of yiable pieces if the fragments
are not separated but allowed to adhere by ‘their endoplasm and to par-
ticipate mutually in the support affordett’by the nucleus, but then they
no longer behave independently {Taftar, 1941). With a glass needle the
entire ectoplasmic pattern is cut$ato tiny patches too small for further
sectioning which lie in randomderientation, looking much Jike furrowed
fields seéen from the air (Fig 13a). Yet even such drastic interference
~does not defeat the patteriy factor, which is not dedifferentiated but sets
about to mend itself.\\ '

Fig. 13. Morphogenesis in a minced stentor, a. All of the original oral structures have
been removed except one short piece of the adoral band; pattern cut into many disar-
ranged patches. br Beginning alignment and rejoining of patches with a somewhat ir-
regular primordium appearing at an abnormal locus of stripe-widik contrast. ¢, Further
development of the primordium and realignment of stripes. d. Nearly completed reges-
- eration of a notmal, single stentor with only slight disharmonies in stripes remaining-

‘In these cases the patches slowly reorient themselves with respect to
one another so that areas of parallet striping appear and the stripes then
jo_in_-together. These seem to be the two tendencies at work—reorienta-
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tionand joining—for the patches do not all realign at once like magnets.
After a few hours one, or even two, loci of stripe-width contrast appear.
and oral regeneration begins, though the primordium may follow a
rather devious course owing to the still patchy character of the pattern
(Fig. 13b). Oral individuation may thus be realized even within the
normal regeneration time of 5 hours, but considerable disorientation of
stripes ustally persists in parts of the cell for some time. o _
An orderly pattern of pigment stripes is therefore reconstituted by the
parts of the original pattern realigning themselves with respect to-edch
other and joining together in stripe continuities without losing~their
original character as parts. There is no extensive migration of patches

but only torsion in sitw. Oral regeneration occurs when a sufficient locus .

of stripe contrast has been established, long before all patehes are prop- -
erly organized. How many such loci are formed seems-fo De a matter of .
chance. Usually a single minced stentor will form one only but it can
produce two if the patches are sufficiently displaced in the cutting.
Similarly, minced doublets with two original el of stripe contrast gen-
erally regenerate doubly, apparently for thes reason that in them there is
a greater chance for the fine-line patchqu{:"@ join together in two group-
ings. Polystomial stentors hence doafiot seize the opportunity of the
chaotic and labile state produced by-tincing to integrate into the single;
nermal type. Of interest, too, is {He fact that if a complete head is grafted
onto a minced stentor, 1o, regeneration oceurs, so that even a patchy
pattern can “communicate’ that oral regeneration is not called for,
V. STENTOR MASSES _ _

Anindefinite nm'nﬁer of stentors can be grafted together into one pro-
foplasmic contimisim. As many as 100 individials have been fused into a
single mass, (Fartar, 1954). The viability of these fusion complexes is
not greatly reduced in spite of their large size; for they five about a _
week, the’same as starved normal animals, which is ample time for the
manifestation of considerable morphogenetic: behavior. Though often
much larger than normal, masses do not resort to multiple fission to
$plit up at once, so that the initial situation created by grafting generally
Maintains and can be studied. S :

Stentor pairs have heen grafted together ina variety of arrangements,
bu? there is no orientation which precludes their attaining the single, -
unitary shape. Even cephalobiotics can close jack-knife fashion to form
singles, and in pairs grafted by the tails one member may become largely

Mcorporated into the other, The cortical patterns of the two components
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therefore tend to coordinate to produce a unified shape, and shape at any
time is strictly an expression of the arrangement of the body striping.

Grafted pairs or 2-masses may in oral regeneration produce the
single-headed type at once, but in the majority of cases they regenerate
doubly or produce the doublet type (Fig. 14a). In a few instances hyper-
regeneration occurred, or the formation of three sets of feeding or.
ganelles, This range of morphogenetic behavior may now be interpreted
in accordance with the correlation of oral differentiation with loci of
stripe-width contrast. For in the majority of cases it could be expected
that although the stripe patterns join and become parallel{the two
original primordium sites remain unchanged so that regeneration would
be double; in fewer instances one primordium site may hive been cut
into and used as the line of fusion so that it becarn;:j;}é’graded in stripe
contrast in reference to an undisturbed primordimmy site where oral re-
generation alone occurred; and finally, though more rarely, as in the
experiments already described in which the Jite-line zone was split by 2
section of wide striping, new loci of stripé’contrast in addition to the
original two primordium sites were pf’ébably created which led to the
triple regeneration. O

~ Fig. 14. Forfily produced by fusion masses of stentors. a. Doublet stentor from 2
2-mass, reqrfahizing as a doublet. b. Triplet from a 3-mass, reorganizing as such, Tt
reduced ;\:&é: ¢. A mass of 14 stentors did not recover normal shape and {formed a &
duced atiither (7) of aral structures. . A mags of 55 stentors with no shape regensra
tionyehly 8 oral differentiations and these merely forming garfands of aboral cilia with-
ptit\mouths, : )

The results with 3-masses were similar. Again there wasa correlation
of stripe patterns toward the attainment of unitary shape, but this inte
gration was now more difficult and required a longer period of time
Many 3-masses regenerated at once as doublets, the majority as triplets
(Fig. 14b}, and a few as quadruplets. The doublets and triplets were self-
reproducing and could maintain themselves for weeks as POI)’Stomial
biotypes, but it is interesting that quadruplets were temporary formd-
tions which tended to reduce promptly to triplets. -
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The latter point is emphasized by the morphogenetic performance of
s-masses. Although these complexes could express four-fold regeneration
at first, they then promptly reduced the oral valency. It was also the
case that some regenerated singly at once with only one head primordium
appearing, though this never occurred in the 3-masses. As the number of
components it the mass is increased there is a tendency toward reduction
of heads, and we may infer that the formation of primordia at some of
the original primordium sites was suppressed. Hence grafts of four
stentors may show at once what is only brought about gradually in the
doublet and triplet biotypes, namely, that fusion masses tend to reduce the
number of sets of oral structures to unity by the obliteration of all'but
one primordium site or locus of stripe-width contrast. In the course ‘obthis
reduction a primordium site may form only a short prlmordmm or a
primordium which is incomplete in that it tacks the mouth;\then later
none at all. Masses of more than four stentors never regenérated as many
eads as the number of components but invariably sewed a reduction in
oral valency {Fig. 14¢). N

Grafts of four also inaugurate another tendeficy in fusion complexes: _
a loss of the capacity for complete and nopnial oral differentiation. In
these and even more so in larger aggregates, régeneration often leads only
to the formation of long garlands of oral cilia which lack a cytostome en-
tirely and no longer coil to form typu:a,l adoral bands enclosing an adorat
field (Fig. 14d).

Firmly coalesced fusions of(’ I% or more stentors not only fail to com-
plete the development of théx?* oral primordia but also fail to attain any-
thing like the normal trumpet shape. Body striping of the constituent
patternis does not al;gn.‘parailel throughout and holdfasts are not main-
tained. Evidently sfentor is not capable of organizing a mass and inte-
grating a set of\ctoplasmic patterns far exceeding in size the normal
limits, That thxs breakdown is merely physiological seems unlikely since
there § 15.00 “progressive decrease in viability of masses with increasing
size ang they live as long as or even longer than unfed controls. Rather,
it would appear that strains are placed on the ectoplasmic pattern as such
which it is finally unable to cope with-—possibly involving a mutual can-
cellation of polarities among the constituent patterns. In large stentor
masges, therefore, we see the reverse of the increase in organization wit_h
increasing size of induced explants in amphibia and of dissociated
sponge cells, a contrast which suggests that multicellularity was the
only way of exceeding size limits in the pattern of single cells.
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. VI. NUCLEO-CYTOPLASMIC INTERACTION

. The formation of regeneration primordia is correlated not otly with
the disposition of the cortical pattern but also with some essential con-
tribution of the macronucleus. Early experiments with stentor (see
Balamuth, 1940, Table I, pp. 302-3) were in fact among the first to dem-
onstrate the indispensability of the nucleus for both the morphologicl
regeneration and the continued life of the cell. Even when an oral pri-
mordium has already been formed, removal of the nucleus arrests its
further development. One may suppose.that the nucleus supplies some
substance(s) necessary to differentiation of the cytoplasm and\that this
contribution is not stored, as it seems to be in Acefabulons. (‘Harmner—
ling, 1043), so that the continued presence of the nuclerfs js required. In
support of this assumption Weisz (1949) has obsetrved vesicles in the
macronucleus of stentor which were apparently(btéaking through the
nuclear membrane to liberate their contents iritdvthe cytoplasm.

The presence of the nucleus is, then, essentiabto oral differentiation. By
nucleus we mean the macronucleus, singd Schwartz (1935) has demor-
strated that removal of the micronucleiswithout effect on the vegefative
life of stentor. This circumstanceyds fortunate because the tiny micro-
nuclei are obscure but the chaimef macronuclear nodes, like the outline
of the cortical pattern, can edgily be seen in the living cell. There is no
indication that the macrosiicleus is regenerated from stray micronucle,

By grafting together(@nly those parts of several stentors in which the
nucleus is located, mﬁﬁes can be produced in which the nucleo-plasmic
ratio is many timnes' the normal valte. This hypernucleate condition seems
to be without significant effect : the time required for oral regeneration is
not shortene@\but, if anything, extended, nor is its course in any way
abnormalés"observed Hence the general rule for maintenance of type it
polyplmd cells is followed. But giant cells are not prodiiced ; instead, the
exeqsswe number of nuclear nodes is gradually reduced to normal,
whether by resorption or distribution to daughter cells we do not yet
know.

. The relative proportion of macronucleus can be varied in the other
dn-ectxon by removing all but one or two nuclear nodes from the cell. Even
greater reduction of the nucleo-plasmic ratio is obtained by then grafting
enucleate stentors to this cell. One intact macronuclear bead is sufficient
for regeneration of the head. Dwarfs are not produced and the mueleus
grows and nodulates to form a normal chain, But since this increase
occurs only after a few days regeneration with reduced nuclear comple-
ment can be studled
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Tt was found that oral regeneration is retarded when only one or two
nticlear nodes are present ; both the time for the initial appearance of the
primordium and period required for its complete development are ex-
tended, thus implying not only that the nucleus is required for construc-
tion and efaboration of the primordiunt but also that a reduced source of
the nuclear contribution to this process could decrease the rate. Hence
there does seem to be some significance in the nucleo~plasmic ratio in
ciliates but this effect appears clearly only in the highly exaggeratcd
reduction of the ratio which can be produced in stentors.

VI PERFORMANCE OF ENUCLEATE STENTORS N \

When all macronuclear nodes are teased out of a Stentor comfeus the
cell lives and remains alive for the same period of time as, unfed normal

control animals, i.e. about 5 days. Hence enucleates, ‘aré manifestly
capable of whatever metabolism is associated w1t‘h cxhary activity,
myoneme contraction, and short-term cell mainténatice. The immediate
cause of death therefore seems to be mercly stagvation or the exhaustion
of food reserves. That there are such resetves was shown by Weisz
(194%) : well-fed stentors show distinguighable accumulations at the
posterior pole of the cell which cytochigmiical tests indicated to be para-
glycogen. These reserves are clearlygisible in dark- field illumination as a
milk-white mass. In starving stentofs this mass gradually disappears and
death follows a day or so latef\ Enucleates also utilize these reserves, bit
the rate of disappearance is\about half that in nucleate cells. Hence it is
even the case that enucleates may outlive starving nucleate controls,

The failure of enucleates to form an oral primordium and regenerate
the head is hence Qot due to the absence of all energy metabolism nor to
inability to s¢" fhe carbohydrate reserves which Weisz (1948a) re-
ports to be e letessary for regeneration. It would therefore appear that
the nuclear'contrlbutlon is essential to specific constructive processes.
COnverser, enucleates can dedifferentiate oral structures already present
but fs occurs late and only shortly before death. Nucleates, however,
maintain their feeding organelles into death when starved, so it is in-
dicated that the nicleus also plays a part in mamtammg these differen-
tiations,

* We are particularly interested in any morphogenetic C&pﬂ.CltlES or pat-_
tern activities which may be expressed even in the absence of the nucleus.
From recent experiments it can be stated that enucleate S. coerulens can -
(1) regenerate the holdfast, (2) form a new contractile vacuole, (3) heal
the ectoplasm after cutting or grafting, and (4) align minced pattern
paiches in parallel and rejoin severed pigment stripes. Harmonization
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of disordered striping is, however, not as certain as in nucleate stentors
and some patchiness of the stripe pattern may long remain. Enucleates
can do much with their cortical pattern short of the major structurization
of the oral primordium.

VIIi. INTERSPECIFIC COMBINATIONS

The capacities of the enucleate cell can now be compared with its per-
formance when the nucleus of a different species is added. Nuclear trans-
plantations are made by dissecting and isolating a few macronuclear
nodes which are left enclosed in a thin envelope of endoplasm hywhich
they may be fused to the exposed endoplasm of enucleated cells. Alter-
natively, a nucleated piece of cne species with more théh\hegligible
cytoplasm, may be grafted to the enucleated cell of another; ust then the
effect of the “contaminating” cytoplasm should be seﬁa?étely determined.
Controls in which the nucleus of one race of coetuleus was transplanted
into another with complete recovery showed fhut these operations suc-
cessfully transfer viable nuclei. N

niger

Fig. 15. Diagrams/oiseveral species of Sienfor, S, coerulens, large blue-green steator
subject of most of Wits study. S. pelymorphus, somewhat smaller stentor without pig-
mentation but ith” symbiotic algae (Chlorelia). Species-X, possibly a new species;
blue-green in{talér and like coeruleus in many other respects but much smaller. Nc_rte
similar grsa&aﬁon in width of pigment stripes. 5. miger, yellow-brown stentor with
macronu{ilpus a single sphere. : :

SN
¢’Some of the species of Stentor available for crossing are sketched and
hriéfly described in Fig. 15. In all combinations so far tested the endo-
plasms of different species readily fuse and remain united. Extension of
the work on stentor morphogenesis into this province has so far been
largely exploratory and is complicated by such features as general
necrosis of the material. Nevertheless provisional results are provocative.
Coerulens X species-X. These blue-green stentors are very similar ex-
cept that the unnamed species never attains a size of more than about.
one-sixth the volume of coeruleus. There is a moniliform macronucleus in
both and, unfortunately, the feeding organelles have the same visible
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construction though they are proportionate in size to the respective celis.
The smaller species has about 48 pigment stripes compared with 100 in
coerulens; the stripes are about the same width, however, and species-X
also shows a fine-line zone and a locus of contrasting stripe widths, That

we are dealing with two distinct species is implied by the fact that mixed
grafts did not survive.

Either nucleus when transplanted into the enucleate cytoplasm of th
other species could support complete oral regeneration but these com-
binations did not survive, The reciprocal experiments are illustrated in
Figs. 16 and 17. The size of the head is that of the species furnishing the
ectoplasmic pattern; hence species-X nucleus can contribute to the forma- -
tion of oral structures Jarger than those normally produceri iRits own
cytoplasm. But since the structure of the organelles in the two species
could not be distinguished, one cannot attribute a quaiiti-itive difference

_ to either nuclear or cytoplasmic influence. ‘

Fig. 16, Nucleus of species-X ssupporting regeneration in enucleate coeruleus cyto-
plasm. a. Small patch containing\several macronuclear nodes fused to exposed endo-
plasm of a previously enu es'{!’:cd coerulens. b. Reorientation of coeruleus striping. c. -
Regeneration of the fecdipg wrganclles. d. Eventual dedifferentiation and death of the
combination, showing the persisting foreign nucleus.

A\ ¥

a

Fig. 17. Nucleus of coerwlens supposting regeneration in enucleate cytoplasm of
species-X. a. Epucleated cell with two nodes of coernlens implanted. b. Resulting regen-
erafion of the oral structures. ¢ Subsequent death of the specimen with coerufens nu-
cleus persisting,

When whole cells of both species were grafted together a neat inte-
gration of the two stripe patterns occurred with the result that a single
stentor shape was formed (Fig. 18). The feeding organeclles frequently
met and joined together to form a doublet head, and nuclei of both
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species persisted.in the complex. When the mouths of both components

were removed, regeneration occurred simultanecusly on both sides of
the graft. However, it has been the case so far that these complexes never
survived for long and did not undergo fission or further reorganization
as in homioplastic 2-masses. It appears that a subtle incompatibility even-
tually defeated a system which otherwise functioned very well.

Fig, 18. Coordination of graft of one coertlens and one individual’of species-X. a
Animals fused at the posterior poles. b. Simultaneous reorganigét?ﬁn onh replacement of
oral regions on both sides; beginning integration of shapes. ¢ Dral structures fusing to
form doublet head, stripes parallel and integration to singleptrumpet shape completed
The specimen then died. $

ANY;

Coeruleus X polymorphus. Stentor po&m\orphus has the same formas
coeruleus but is somewhat smaller 2ud is not self-pigmented. Body
striping is therefore not easily visible and the mouth region lacks the
dark pigmentation typical of coerulens. Symbiotic Chlorellae usually
abundant in the cytoplasm, g‘iﬁre. polymorphus a grass-green color and
obsctre the macronucleapdiodes. Many of the experiments combining
these two species have previously been reported (Tartar, 1933)-

Polymorphus nuc‘le}\\with minimum endoplasm were transplanted info
enucleate coerulews b test the capacity of the foreign nucleus to support

~oral regenerati\oiﬁ Polymorphus nucleus did not support successful oral
regenerationil coeruleus cytoplasm; instead there resulted the pronipt
disappearaiice of remaining oral differentiations (the adoral band), as
sho\ygfiﬁ Fig. 1gc. The alien nucleus and cytoplasm were therefore in-
cm@atibie, but the polymorphus nuclear beads persisted in coeruleus
cytdplasm and had an effect there which was the reverse of maintaining
oral structures. This earlier conclusion has now to be supplemented by
results of more recent experiments in which different races of both species
were used. Also, coeruleus animals were selected which had been wellfed
in order to favor regeneration if possible. Great care then had to be
taken to remove all the macronucleus, but controls showed that enuclez-
tion was sticcessful even under these circumstances in at least 80% of

cases. When the test was so repeated it was found that in 8 out of 9 ine -

stances transplanted nuclear nodes of polymorphus did enable coerulens
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cytoplasm to form a regeneration primordium which (Fig. 19b’) how-
ever was then obliterated. This result agrees with the former conclusion
in that pelymerphus nucleus promotes dedifferentiation or breakdown of
oral structures in coeruleus cytoplasm, but now indicates that in combina-
tions of certain races of these species the foreign nucleus can support an
initial effort at regeneration, even to the formation of ciliary plates,
which is later canceled. A situation similar to that in coerulens X
species-X is thus indicated and in stronger degree, viz., that aithough
alien cytoplasm and nucleus interact to make possible the beginning of
oral regeneration, this co-ordination in morphogenesis sooner or later
gives way to an incompatibility, possibly of an immunolfogical htiire,
which results in necrosis. )

o’\' \

c

Fig. 19. Failure of polymerphus nucleus {8 support complete regencration in coeruleus
cytoplasm, a. Transplamation of a few galmorphts macronuclear nodes, surrounded
by endoplasm, into an enucleated coeguletis. b. Recovery of orderly stripe arrangement.
b, Atternatively, a temporary primgrdium also formed, without further development. ¢
Disappearance of oral diﬁerentia.ﬁ’(}ﬁ; persistence without growth of the polymorphus

nucless, \\ .

Many combinaticgq's: Wwere made in which polymorphus and coerulets
were grafted together in varying proportions of the different nuclei and
cytoplasms. g{;‘t‘general conclusion which emerged is that conplete re-
generation and survival of the chimeras ocenr only when there is a
preponde;:aﬁce of the nucleus of one species in a preponderance of _its own
cytgplstn. For example, regeneration is not effected if grafts are pre-
pared’in vrhich coerulens cytoplasm preponderates but only polyniorphus
nucleus is present (Fig. 20). This case illustrates two further points:
(1) the stripe patterns of polymorphus and coerulens can integrate in
such a graft to produce a normal stentor shape and (2) that scattering of
the symbiotic algac attests a uniform mixing of the endoplasms. When
one species predominates in both nucleus and cytoplasm, it regenerates a
stentor of its type which can survive, and the other component is then not
sloughed but somehow worked into the product. However, as the two
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species components approach equality, oral regeneration is increasingly
retarded or incomplete and incompatibilities finally appear which lead
only to resorption of existing feeding organeliles and death of the chimers
(Fig. 21). It is of considerable interest, nevertheless, that the two stripe
patterns reorient and so harmonize as to recover a normal, single stentor
shape.

Fig. 20, Shape regeneration but failure of oral differentiation A\a graft of two enucle-
ate coertdens cells and the posterior half of one nucleated polymorphus. a. Fusion mass
following cperatioti. b, Integration of all components inta Siigle stentor shape; seatter-
ing of Chlorellae thraughout the mass. ¢. Dedifferentiation of pre-existing oral struc-
tures without subsequent regeneration since there is a\)&rbponderance of coerulews cyto-
plasm and only polymorphus nucleus, \ £ .

Ob ¢ d

Fig. 21. Shape regenera\tih'l.in spite of blockage of oral regencratioﬁ in graft of 2
whole coernlens with alwhole polymorphus. a. The operation. b. Integration of shape
though components yv@e"originally at right angles to each other, ¢ Dedifferentiation of
oral structures v\.rit{u“mt regeneration. d. Death of the product. .

This appéatent compatibility of the cortical patterns in effecting an
orderly atfangement together is further emphasized by the finding that
patches'of polymorphus grafted to coeruleus may result in the production
of(an“extra set of oral structures bearing the characteristic blue-greet
coldration of the latter species (Fig. 22). It is possible that the implant
either provides an extra primordium site in itself or causes one {0 be
produced by disturbance of the coerulens striping. We cannot decide
between these alternatives because the stripe pattern was not followed,
yet this much seems certain: that single coerulens could be caused 0
regencrate doubly by addition of a minor polymorphus component. Such
“inductions,” though transitory, suggest that cortical patterns in stentor
are generic and cross-active.
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Coerulens X niger. Stentor niger is characterized by an over-all yellow
coloration not confined to pigment stripes. Body siriping of some sort 1s
nevertheless visible in the living cell. This species is much smaller than
coerulens and the macronucleus is but a single large sphere. Experiments

have been limited by the fact that niger could not be maintained in cul-
ture. ' '

a b ¢ o d X

Fig. z2. Double oral differentiation produced in a coernleus by implimt ‘of a patch of
polymorphus, 2. The operation; mouth removed to cause regeneration b. Initial single
regeneration at the host primordium site. c Reorganization now with the formation of
two sets of feeding organelles. d. Return 1o the single type af Subsequent division,

When niger nucleus was transplanted withitm\ﬁimum cytoplasm into
emucleate coerulents no primordium formati& occurred. This foreign
nucleus was therefore unable to support refeneration in coerulens. The
miger nucleus, uniike that of polymo:rﬁ{ﬁs, did not cause prompt destruc-
tion of adoral bands already prese}ijf ; these were dedifferentiated only
later, before death, as in enuclgaté's ‘of coeruleus. . .

Whole cells of niger and‘.cziemlem did not behave in chimeras as do
combinations with polyw@plms. A minor, nucleate niger component of
only one-sixth or less afthe total volume was sufficient either to block re-
generation or to radder the development of the coerulens primordium
incomplete to the axtent of lacking the mouth or having an oral structure
which was nb{fﬁlly formed. Evidently coeruleus cannot overcome the
influence gfa Contaminating niger graft. In one odd case of this type, the
compl\ieaﬁéd' interactions involved in this combination are suggested by
thé§adt That a division line cutting all stripes in two was produced with-
out subsequent cell fission. : S

Eneuleate cells of niger were implanted as sectors of foreign striping in
the wide stripe region of nucleate coerulens. The implant delayed the
tegencration of the host, but it was most interesting that when regenera-
tion did take place there occurred in many instances the formation of
two primordia, one at the host-primordium site and one where the fine

striping of the niger implant lay adjacent to wide stripes of the coeruleus

[ 97 ]



V. TARTAR

(Fig. 23). In one instance double regeneration was followed by double
reorganization, but in no case was the development of the unusual pri-
mordium at the implant complete, for the mouth was lacking. The
coeruleus nucleus therefore was apparently unable to support complefe
regeneration in the niger patch. Since the extra primordium in these
" cases arose at the edge of the implant, it may be inferred that wide-stripe

c

Fig. 23. Double oral regeneration in a coerulens with implanted patch of siger. a
Enucleate niger graited as a sector in the wide-stripe reghgi\of coeraleus, mouth of the
latter excised, b, Two oral primordia, cne in the host Primiordium site and one at the
edge of the niger implant. < Complete development gi\bbst primordium only, & and &

Double recrganization with still less complete OKL ifferentiation at the miger im-
plant. O\ ;

areas.of coertleus can cause primpji‘di:’t to be formed in narrow-stripe
areas of even a different species\Again, as in the supernumerary head-

- formations found with poiymjd?‘phus implants, these results point fo 2
generic character of the coftical pattern in Stentor.

IX. SUMMARYY \\

Studies on ciliajés have shown that a cell may bear a complex cortical
pattern whichpldys a primary role in its morphogenesis. In stentor this
cytoplasm'\c pattern factor is passed on from generation to generation in
the ectpplhsmic striping which is divided between the daughter cefls,
so that-if need not be derived from some self-aggregating capacity of pro-
t€inimolecules. Other cells and eggs do not show such an explicit archi-
tecture, but it is not impossible to imagine the ciliate pattern being
stripped of its specialized structural units and organelles, leaving a highly
- flexible but determinative nctwork, capable of developing polarities and
anisotropies and of guiding the course of differentiation, which might be
present in all cells. . '

The homoplastic experiments on the cortex of Stentor coeruleus show
~ that a cytoplasmic pattern, in its relational properties, can be crucial in

determining the number and location of ceil elaborations. To the self-
reproducing components of this pattern may also be attributed the
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structural elements of these differentiations, since ciliary basal bodies
and pigmented stripes divide and show genetic continuity. These stripes,
which we can study in the living cell, are capable of growth, multiplica-
tion, sectioning, polarization, reorientation and regulation, which to-
gether constitute considerable morphogenetic prowess. We may anticipate
that many of these performances are shared by the infraciliature of sten~
tor, Therefore it is possible that the complex activities of the cyto-archi-
tecture of stentor may forecast an appreciation that some homologous
cytoplasmic pattern is common to all cells and is as important in its way as
the chromosomal nucleus which also has its orderly arrangements.

The relationship of cortical pattern to cell differentlation reyeaied in
the experiments with stentor is at present a purely empirical \cbri‘elation
between oral primordium formation and theé juxtaposition,cf.areas char-
acterized by wide and by narrow pigment stripes. Preciéely what occurs
_ at these loci of contrast in stripe widths has not yet been determined. It
is of course highly improbable that the pigment stripes are anything
more than the visible markers of differences between different parts of
the infraciliature from which the primoyditim is directly constructed.
Therefore it remains an open question whether wide-stripe areas “induce”
primordia in narrow-stripe regions adjacént to them or whether the two
contrasting regions collaborate in these formations.

Heteroplastic grafting shows that the cytoplasmic patterns of differ-
ent species of Stentor are nofonly visibly similar but can co-ordinate in
shape regeneration and ar€ ‘at least partially cross-active in primordium
formations. I{ may ther‘efore be possible that in these cortical patterns
lies the generic agent' responsible not for the species characterization of
the parts but for th‘a\genm al form of the organism, to which the nuclens
may add an mﬁue}lce which effects species differences while also making
possible any\élﬁerentlatmn at all.

In stendQr, nuclei can often support pnmordmm formations in foreign
cyto;ﬂas?n Whether these elaborations follow the species type of the
nudlests or that of the cytoplasm we cannot yet say since the oral structure
in different species of Stentor is so similar. But it has not been found that
foreign nuclei support continued life of the cell. Hence it would seem that
a common system of nucleo-cytoplasmic interaction in morphogenesis
within the genus is canceled or obscured by subtle and pervaswe con-
flicts between the protoplasms of d1fferent species.
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V. INFECTION AND HEREDITY
BY JOSHUA LEDERBERG AND ESTHER M. LEDERB_ERG’

HE present territorial dispute between infection and heredity might

have been predicted from the bridging of the gap between micro-
biclogy and genetics. Having once learned in bacteriology that “germ”
is infectious microorganism, the student finds in genetics that ‘‘germ”
is hereditary constitution and the confusion persists. Our faptual dis-
cussion will rely upon some recent examples from the genetics ‘ofenteric
bacteria, but many authors could testify against any pretense’of innova-

tion in the theme { Darlington, 1944 ; Medawar, 1947 St)nnebom 1950;
Ephrussi, 1953).2

s

I. GENETIC ANALYSIS IN BACTERIA \‘

A. Recombinatron mechanisms. Enterig bactcrla have joined the list
of model organisms for genetic researchy Much of our story will concern
a particular strain, X-12, of Esche?';qkm coh, which was the first to be
used for cross-breeding analysis i bacteria (Tatum and Lederberg,
1947; Lederberg and Tatum, 1433).

Microscopy is still an unyéliable method for the detection of mating
processes in E. coli, and we)look instead for genetic signs, for cells that
display new combinatigt}s\ of genetic traits where two parents that differ
in a number of charactérs are grown together. It is often convenient to
use genetic markefs\that are easily selected for or against, such as drug
resistance or seGuiirement for growth factors, for they allow recom-
binants to bs\\selected at will from populations in which they are greatly
outnumbEred by unmated parental cells. However, highly fertile stocks
ArenQw. Javailable with which selected markers are no longer requlred to
demonstrate recombination.

Genetic recombination can he achieved by other processes besides sex-
ual fertilization, notably transduciion, which is the transmission of a
small fragment of genetic material from one cell to another. The physical

1Department of (Genetics, University of Wisconsin. Paper No. 586, The experi-
mental work cited in this paper has been supported by research grants (C-2157) from
the National Cancer Institute, Public Health Service, and from the Research Com-
mittee of the Graduate School, University of Wisconsin, with funds allotted by the
Wisconsin Alummni Rescarch Foundation.

2 The literature references in this review are not necessarily primary documentation
and are chosen as most economically leading to the detailed sources.
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and genetic criteria by which these mechanisms can be distinguished are
suminarized as follows:

Recombination Mechanisms

Mechanism Genetic Element Material Agency

Sex Many linked markers Fertilization by an
(whole genome or intact cell (gamete}
nucleus)

Transduction Single marker or Transier of subcel?ular
cluster of closely (filtrable) mat‘erlal
linked markers ( DNA ors ¥irus particles)
(chromosome iragment ) X

. L&

By both criteria, recombination in E. coli KeI2 is sexual {Lederberg,
1955). As our knowledge of these mechabisms increases, it may be-
come advisable to refine our classification (For example, one can conceive
of partial fertilizations that might bé\achieved by subhaploid or partially
inactivated gametes (Muller and Pentecorvo, 1940; Briggs, 1952). On
the other hand, Pontecorvo (‘1'9‘5’4) has proposed the term “parasexual”
for any mechanism of récombination that does not partake of typical
secondary sexual parapliécnalia. The present classification adheres to
nuclear fusion as the st}ntlal element of sexuality (Link, Igzg), which
is indeed the root of\hs genetic significance.

More recent mlCI'OSCOPIC studies have related recombination in K-12
to the formatidiof conjoined pairs of bacterial cells. The conjugants do
not copulatédn their entirety but eventually disjoin (Lederberg, 1956b) ;
the rela.ftonsmp of conjugation to mating type is elaborated in the next
sectiofh,* Direct cytological evidence of karyogamy still remains to be
Obta}ned The current controversy over the cytological definition of
‘bacterial chromosomes will not be reviewed here; they will be postulated
as the material counterparts of genetic linkage.

B. Sexual reproduction and the mating type system. The first attempts
to cross K-12 (Tatum and Lederberg, 1947) were made with some trepi-
dation. So many microorganisms have evolved mating type systems {re-
cently reviewed by Raper, 1954; Neurospora crassa was the immediate
example} that we feared we might have to test many strains in all comn-
binations, a task beyond the technical resources of the fime. But strain
_K—Iz proved to be self-compatible, and the first experiment worked very
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well. Many other strains have been studied since, and, in retrospect, the
chances of that success were only about ©.02. Although such a figure is
usually translated “statistically impossible,” it is only a minor hindrance
to Dr, Tatum’s well-known serendipity. C

That strain K-12 was self-compatible was indicated (Lederberg et al.,
1951) by several facts—mnot only were all the original stocks derived
from this strain mutually compatible, but no segregation of compatibility
preferences was found among their first and second generation progeny.
In hopes of finding a mating type system elsewhere, about 2,000 strains
of E. coli that had been isolated from various sources, from turkegifeces
to human pus, were screened for sexual fertility by a simplified method.
About 40 fertile strains had been found and were about to be\tested fur-
ther when a compatibility pattern emerged in K-12 itselfy At the same
time, we encountered an apparently sterile * mutar;t’“" and Dr. L. L.
Cavalli at Milan, with whom we had been correspouthing, discovered that
one of the original stocks was actually self- sterﬂe Our collaborative -
studies (Cavalli, Lederberg, and Lederber 1595 3; Lederberg, Cavalli,
and Lederberg, 1952) have supported the fg\‘lowmg interpretation

The wild type strain of K-12 is self- cdmpatlble and is de51gnated B,
Most of the derivative stocks are llkﬁWlse F+. However, rare “muta-
tions” for compatibility have led{ 0 the self-sterile type, E~. OFf the
possible combinations, F— » F™ ‘s sterile, while F+ X Ft and F+ X
F~ are progressively more f(srtﬂe A pair of standard F* and F~ strains
can thus be used to type s{g “unknown culture by means.of the test crosses
with it.

As stated before,‘s\egrega’cmn of compatibility, of F+/I"~, had not been :
observed in prevmus crosses, although many of them had been F+ X F~.
Further expefithents confirmed that F+ X F~ crosses gave only Ft’
progeny, ‘a..béhavxor unlike that of any other trait that has been studied .
in E. colfThe answer to this puzzle came from experiments to ook for a -
podsible hormonal stimulus from F+ cells that might allow two otherwise
incompatible F— cultures to mate with one another. This was tested by
mixing genetically labelled cultures so that different matings would give:
different kinds of offspring. In such mixtures, it was found that the F~
strains had been impelled to mate with each other, but this proved to be
much more than a simple physiological stimulus, as the restordtion of
compatibility was permanent, genetically irreversible, That is to say, if
an ¥~ strain is simply grown in contact with-F* cells, the F~ becomes
permanently F+. The conversion is extremely efficient and occurs almost
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as frequently as the F* and F~ cells can be calculated to collide with one
another. It is therefore not surprising that the progeny of F*+ X F-
crosses become uniformly converted as if by venereal infection

The F* quality is extremely contagious—it will eventually spread
through an entire F~ population seeded by an F¥ cell—so that it would
be plausible to suppose that there is an F* agent or virus responsible for
its spread. But repeated experiments have failed to detect any infectious
particle other than the intact F* cell, despite the sensitivity of the test
for a single particle. For example, the two mating types have been grown
on opposite sides of a thin-rolled membrane filter, about 15 thick and
with pores about 1p diameter, barely capable of holding bagkithe bacteria.
Although Dr. Grobstein, who kindly furnished the ﬁ]ters has demon-
strated embryonic inductions through them (195 3)’,‘130 passage of the F
quality could be demonstrated. The F conversmn i addition to its genetic
quality thus appears to correspond to the comtded transformations which
have repeatedly been encountered in developniental studies { Weiss, 1047;
Spratt, 1954 ; Cantino and Horenstein, ‘7954 ; Sussman and Sussman,
1956). In common with these exaniples, it is not known whether there
is a material exchange of matrix, stirface, or cytoplasm, and the ex-
pression F¥ agent or pafffcle must be remembered as being a figure of
speech.? \"S

A number of mating type varlatlons have been discovered in K-12, bt
cross-infection exper:ments have shown these to depend on the genetic
constitution of theStadterium rather than on varieties of the F agent
(Lederberg, unpgblished; Cavalli and Ceppellini, 1953). For example,
F+ stocks vatyin their apparent potency and can be gradated so that the
most fertile c‘@mbmatlons are those most widely separated. However, the
conversrsn bfa given F~ stock by contact with any one of these Ft+ types
results’in '+ derivatives of the same potency. Nevertheless, some evi-
dence for vanabﬂlty in F among different strains, independently isolated
from nature, has emerged from experiments in which K-12 F~ testers

8 M. Delbriick, in discussing this question at the symposium, has brought to mind re-
actions of very high molecular order; for example, the rate of activation of phage T
is proportional to the 5th power of the concentration of tryptophane (Stent and Woll-
man, 1650). Such reactions if they occur between a cell producing the stimulus and
another recciving it will display an equally abrupt dependence on the distance
between the cells, and can thus accomnt for contact transformations. However, ai
organized particle or patch of cell surface can be thought of as a mechanism of ¢
ordinating the elements of a high order reaction so that it will occur at a significant
rate, the probability of random coincidence of the units being otherwise smafl. The
kinetic description is not, therefore, a contradictory alternative to surface inferaction
theories, but it should further attempts to accomplish such transformations by high con-
centrations of cellular fractions, or synthetic analogues.
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had been converted to F+ by the foreign strains. Tt has been repeatedly
noticed that such F*+ stocks lose their compatibility when stored for'a

few weeks on nutrient agar slants, in contrast to the stability of intra-
strain conversions,

TapLe I. Mating types in E. coli.

Compat-
ibility with Canbe® P
standard F~ fected” Zwith  Can infect\

Item Type (W-1177) F* from K-12 standard Bx
1 K-12F~ — - —~ >
z K12 T+ - o A
3 K-1zF+ —_ o LY+

aeration phenocopy v
4 K-12 Hirt 44+ e \4 —
5 Kz F+ L ~Q 4
weakly compatible Y _
6 K-1z and others R -
F- refractory - oD )
7 foreign strains + ¥ o -+ (unstable)
F+ 24 '
8 foreign strain ? "\\— o? +
sterile F'+ ’ N\
g foreign strain ~ -+ -+ —
compatible F“ '
10 foreign strs.m + — —
compa’;r%ﬂe
fractomy F-
11 mos} strains of — — —
. coli ® and

other bacteria
intersterile F—

1The compatibility reactions of these strains is unaltered by exposure to an F+
culture.

2The susceptibility to conversion is tested by passing the F+ quality in turn to a
standard F— unless the strain is already F+, as well as by change of sexual reactl\nty
The symbol O indicates no test.

3Unlike the others, these sirains are infertile in crosses with F+ as well as F—
stocks,

4 (Cavalli, 1950).
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It has heen suggested (Hayes, 1933) that the F.agent functions in
E. coli crosses as an extracellular vector of the gametic genes, by analogy
with the role of phage in genetic transduction in Salmonella. In view of
the abject failure of all attempts to demonstrate an extracellular agent
of ¥ conversion or recombination, this proposal is no longer current in
its original form, though it may be semantically equated to fertilization
by identifying the ¥ converting agent with the F™* cell, which is opera-
tionally correct.

The relationships between compatibility and F status hate) further-
more, proved to be surprisingly complicated for an orgamsm that was
once thought to be homothallic, as illustrated by the mating types listed in
Table 1. These relationships show that an infective \F"™* agent is neither
necessary nor sufficient: the reactivity of a stratns’controlled alterna-
tively by its own constitution and by its I staths. The environment also
plays a role, as is shown by the aeration pt Heftocopy : F¥ cultures can be
made to simulate the reactions of F~ bfctltivating them under strong
aeration. These cells, however, retajd" the F agent and the effect is com-
pletely reversible when clones are regrown under standard conditions. At
first, no method was available for the intentional production of F~ strains,
and the discovery of the systém had to wait upon the sporadic occutrence
of two unselected mutants™P. D. Skaar (unpublished) has discovered,
however, that the passage of motile F* strains through soft agar often
results in the development of F~ variants. The mecharism of this effect,
even whether it #Jinductive or selective, is entirely unknown, but it may
be related toytle continued rapid division of well dispersed bacteria at
the growtlpfrontier in this medium, by analogy with the loss of kappe
from rapidly grown clones of Paramecium (Beale, 1954). At any rate,
the ESstocks obtained by this technique have been mdispensa.ble for
fur(hﬁr analyses (Nelson and Lederherg, 1954 ).

“N“Hifr cultures have also been extremely useful for further studies, owing

to their high frequency of recombination, and the non-contagious controf
of compatibility. It was first thought that Hfr X F~ crosses gave ex-
clusively F~ progeny, but it has since been found (Cavalli and Jinks,
1956) that the two alternatives segregate, with a low frequency of Hir,
and this marker being linked to another locus called Gal, of which more s
to be said, : _

These crosses are also the basis of recent observations of conjugation.
That crosses in E. coli might be physiologically polarized had already
been suggested by Hayes’ (1953) ohservations on the effect of strepto-
mycin, which, in the course of inactivating bacteria for vegetative growth,
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also sterilizes F— cells sexually. F* cells, however, retain some sexual -
reactivity. Although this was initially attributed to the extracellular per-
sistence of postulated, extruded F* agents, it could equally well have
been speculated that the F~ gamete contributes the bulk of the cytoplasm
to the zygote while the F¥ gamete leaves behind the poisoned cytoplasm
at conjugation. : - :
That the differential effect of streptomycin is actually related to sexual
differentiation is now indicated by microscopic study of Hir X F~ con-
jugations. The Hifr exconjugants have given pure, unaltered- clones,
while the recombinants have issued exclusively from the F~ excohju-
gants, together with unaltered F— cells. Fertilization thus appeatsto in-
volve the passage of a nucleus from the Hifr cell to the T~ cally wherein
one fertilization nucleus or zygote is formed. The renlaining nuclei of
the multinucleate parentat cells are unaltered, accounti\né for the persist-
ence of both parental types. In sum, the process is Mot greatly different
from hyphal fertilizations in molds, though no §xua1 spores have been
observed. Previous studies had already de @r@tfated the haplobiontic
life cycle with a haploid vegetative phaseyand a diploid zygote, which
undergoes immediate reduction. ¥ such «concepts are transferable at all,
it may be permissible to regard the E='mating type as female, and the
F+ or Hir as phenotypically detep‘i’i’inéd hermaphrodites. Obligate male
stocks have yet to be found, but could be detected only by attempting
crosses between two males. At present, the Jikely point of difference be-
tween F+ and K~ is at thg(ﬁ’zicterial surface and the ability to pair, but it
may be anticipated thatOther steps of the sexual process are likewise sub-
ject to genetic control/as in other fungi (Wheeler, 1954, and note item
8 of Table I). ) :
The most Perplexing feature of K-12 genetics is the polarized segre-
gation so th:It sexnal progeny tend to resemble the I’ parent more closely
than th¢ ¥+ or Hir parent. A wide variety of suggestions has been ad-
duchd fo explain this fact, but they can be divided into two groups: (1)
that the F+ gamete is already defective, so that the contribution to the
zygote is less from the F* than from the F— side (Hayes, 1953; Woll-
man, 1953) and (2) that the F+ gamete contains a full genetic comple-
ment, but that losses occur later, preferentiaily from the F+ contribution
to the zygote, (Nelson and Lederberg, 1954; Cavalli and Jinks, 1956;
Lederberg, 1955; Cavalli, Lederberg, and Lederberg, 1953). Unfor-
tunately, in most experiments, we can only put the parent cells together
and observe the segregants that issue forth, and it is manifestly impossible
to decide precisely when in the interval the evident losses have occurred.
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For this reason, most of the experirriental data that have been brought
to bear on this problem are indecisive in so far as they deal with haploid
segregants, .

The fortuitous discovery (after calculated searches had failed) of un-
reduced, diploid sexual progeny, and of “Het” stocks that tend to gen-
erate diploids on further crossing, has led to an independent approach
(Lederberg, 1949a; Nelson and Lederberg, 1054 ). Before the compati-
bility system was detected, the peculiarities of these diploids had already
demonstrated that segments of chromosomes were being lost during the
sexual cycle. These segments directly involve only a few markers, but a
chromosome of which a piece is missing will be inviable whan'it stands

alone in a haploid cell. Therefore, not only the deleted taarkers, but any

foci that may be linked to them, will be affected in segfegation. A detailed
study of these diploids has shown (a) that the regicns suhject to deletion
are -quite invariable; (b) that the deletion always occurs; (c) that
although it tends to occur on the F* parental chromosomes, it wil
sometimes occur instead on the F~, fropiwhich it may be concluded (d)
that the occurrence is postzygotic. To-be sure, other aberrations mmay be
postulated, too, but these are suffigient to account for the facts and to
exhaust one’s credulity. Furthermore, no diploids have ever been found
that would correspond to thel variable losses that have been proposed by
other authors. Most recenfly, Wollman and Jacob (1955} have reported
that mechanical disrupfion of a mating mixture at various times wil
influence the segreg;}bion pattern. They deduce that fertilization is nor-
mally fractional and progressive for different parts of the genome. Itis
not cleat, howe}r%r, whether the postulated fractional fertilization occurs
normally ari&artificially induced. Moreover, to explain the haploid seg-
regatio;;r}aftem, indirect effects on chromosome pairing and postzygotic
IoSsc;Efrj’e)uId just as well be supposed. For a definite determination, it will
besnecessary to find unreduced partial diploids, whose occurrence and
striicture can be inferred only ambiguously from seeing only the final
pool of segregants from many zygotes. '

C. Lysogewicity and transduction. A second germinal element of E.
coli K-12 is a bacteriophage, lambda. Like F, this element could be dis-
covered only when a mutant cropped up that was an indicator for it. For
twenty-five years, the bacteria had harbored this phage without re-
vealing it to many students who had examined K-12 as a typical gtrain
of E. coli. That bacteria might be lysogenic, that is maintain phage as 41
intracellular symbiont, had been suggested already by d’Herelle, and in
the early 1930’s, Burnet expressed a clear insight into the genetic -
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plications of the fact of lysogenicity. During the past five years, lysogenic -
systems have again attracted the interest of many virus workers (Lwoff, .

1953; Luria, 1953). Burnet showed, and it was more rigorously con-
firmed later, that lysogenic bacteria do -not contain intact virus particles;
neither do sensitive bacteria soon after they have been infected with the
virus. We therefore assume that the genetic element of the phage can
develop in the bacterium in a latent form, the “prophage” in the lysogenic
bacterium. When, under the influence of the total genotype of the in-
fected cell, the somatic envelope is manufactured, and the virus nucleus
enclosed in it, the latent phage matures into infectious particles, readyfo
reinitiate the parasitic cycle. In lysogenic bacteria, this transition odebirs
only sporadically, so that the over-all viability of the lysogenicteain. is
scarcely affected, but under the influence of ultraviolet light, nea\rly every

prophage can be induced to mature, with concomitant tysis of the

bacterium. &0

The first experimental findings on lembda (Ledé'rf:)crg, L., 1951)
were (1) the parent K-12 strain and most of its des¢endants are [ysogenic
for lumbda; (2) sensitive variants occasiomally appeared among the
survivors of ultraviolet irradiation (seleced’or induced?); (3) sensi-
tive bacteria could be infected with lambda, whereupon most of the bac-
teria would lyse and release 2 new _c.r'@ii’ of the virus; however, perhaps a.
tenth of the bacteria gave viablqjglbhes from which lysogenic strains
could be isolated. L ' :

The demonstration of lysOgenicity in a sexually fertile strain opened
the way to analysis of its genetic basis, that had formerly been the subject
of considerable speculafion. Probably most workers had an a priori con-
ception that lysogendeity was a cytoplasmic infection {Lederberg, T949b),
analogous to the! killer phenotype in Parameciums which depends-on a
factor called kﬁf}pd, However, the results of crosses between lysogenic and
sensitive stigins soon showed (Lederberg and Lederberg, 1953) that
lysogenicity depended on a chromosomal locus-(or segment), Lp, prom-
ineﬁtlytlinked to another locus, Gal {for galactose fermentation).* The.
most striking bit of evidence was the synthesis of diploid heterozygotes
which segregated both factors in linkage, with occasional recombinants.
In addition, crosses of a lambda-lysogenic with another stock, carrying

4+ Some reservations with which this interpretation was first received (based on ques-
tions of F polarity, Wollman, 1953; Lwoff, 1953) appear to have been dispelied (Woll-
man and Jaceb, 1955). They were founded not on any statistically significant dis-
crepancies in experimental results, but upon the ambiguity of haploid segregation data
already discussed. Fortunately, the behavior of heterozypous diploids answers or cir-
cumvents any questions that might pertain to the content of the original gametes..
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a different phage, gave recombinants of all types, including the doubly
sensitive combination. These results were incompatible with the simple
cytoplasmic concept of lambda infection, but they do not rigorously prove
that more than an indispensable component, not necessarily the entire
prophage, is localized at the Ly site. Subsequent experiments by Apple
yard (1953) and others have, however, shown that at least some genetic
markers of the lambde, as well as lysogenicity itself, are localized near
Gal. Tt is a plausible inference that the entire prophage consists of a
chromosome segment of the lysogenic bacterium.

In our experience, the presence or absence of lambda has had no ap-
preciable effect on segregation of Gal and other markers, unlike the de-
cisive role of F polarity. Jacob and Wollman (1954) haj.ré; Bowever, re-
ported a curious interaction among their strains: wlien lysogenic Hir
was mated with “ly~”’ (sensitive?) F'~, most of ﬂflé Zygotes lysed, with
the production of free lambda, as if the prophagé had been induced to
mature in the course of fertilization. This effett) under their experimental
conditions, may possibly be attributed to the-combination of the prophage
from the Hir cell with the fresh sensitivecytoplasm of the F~ conjugant,
which would be comparable to the aétof ordinary infection. Lysogenic X
lysogenic crosses did not show the effect. The suggestion that this syr-
gamic induction may equally-3vell be the origin of anomalies such s
segmental elimination theréfore does not concord with previous studics
by various workers, botlt'en diploids and haploid segregants, which have
almost uniformly inyolved only lysogenic parents, or with similar genetic
results in sensitivjer& sensitive crosses, '

At first, no,genétic correlate of lambda in E. coli was observed. How-
ever, in thegourse of experiments designed to test for recombination in
anotherefitefic bacterium, Salmonella, a mechanism was found that was
distingt from sexual fertilization. This proved to be an example of genetic
trasisduction (defined in a previous paragraph as the transfer of a .

{g&iétic fragment) in which bacteriophage particles conveyed genetic
factors from the bacteria on which they were grown to new hosts (Zinder
and Lederberg, 1952). Contemporaneously, the well-known pneumocot-
cus transformation (Griffith, 1928) had begun to receive close attentioft
in its genetic aspects and to be understood as, in effect, the historically
first example of transduction, though here DN A functions directly with-
out the benefit of a special vector. In Salmonella, the phage stands in
for the biochemist in shattering the chromosomes of the host cell and
introducing them into a recipient bacterium,

The role of phage in Salmonella transduction impelled a renewed study
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of a possible similar role of lambda, in E. coli, notwithstanding the pre-
vious negative results. It was found (Morse, 1954, 1955; Morse, Leder-
berg and Lederberg, 1956) that lambde would transduce the Gal
factor, but no others so far known. The two systems may be contrasted
in several respects: (1) In Selmonella, nothing is known of the localiza-
tion of prophage, and any genetic locus can be transduced; in K-12, the
prophage is located at Lp, and only the Lp-linked factor, Gal, is trans-
duced by lambda; (2) In Salmonella, phage is equally competent for
transduction whether it is grown directly on sensitive hosts or is ob-
tained from the ultraviolet-induced lysis of lysogenic strains; In E. ¢oli,
lombda is competent only when prepated by UV-induced lysisaThese
differences suggest that the relationship of the phage to the tsartsduced
segment is adventitious in Salmonella, but more direct in E‘.."bd{i. A third
difference is of another order: in Salmonella, transductidn is promptly
consummated and the transformed clone shows ne_sésidue of the seg-
ment that had been replaced; in E. coli, the fragshéfit may persist in-
definitely, and reproduce as such side by side mith the homologous re-
cipient chromosome. N ' o

These cells which carry an extra fragm:en’t; are called heterogenotes.
The extra fragment itself is an exogengte. In heterogenotic clones, from
time to time, “crossing-over”’ does take place between the exogenote and
the intact chromosome. Whether this exchange involves physical breaks, -
or a modification of the replig{fion process is no better known for trans-
duction than for crossing—o@f in higher forms. The segregants may then
resemble either the origirétl recipient parent, or the strain on which the
phage had been gro‘fv\n; ‘or both, The persisterit heterogenotes thus give
insight into the infepmediate stages of transduction, which proceed too
rapidly for a aly;sis in Salmonella. - -

-The phage’&%ained from typical haploid lysogenic clones has a trans-
duction'gghjpetence of about 1 per 10° phage particles. By contrast, the
phageabtained from heterogenotes has a competence of from 10 to 100%.
That'§, after correcting for virus that may have issued from segregant . '
bacteria, virtually every phage particle from a heterogenote carries the
genetic qualities of the exogenote with it. From this it can be speculated

that the exogenote is the prophage itself: it is, after all, the direct de-
* scendant of a fragment that had been introduced by a previous phage in-
fection, and which has been stringently selected for its ability to support
the function of the Gal™ gene. We may imagine that the low competénce
of the usual lysates reflects the unlikelihood that a random fragment will
have beeri broken out with the right size and shape.
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On this line of argument, infection and lysogenization may. be con-
sidered a special case of transduction, the prophage having the dual
aspect -of virus nucleus and chromosome segment. Whether lanbds
originated by the mutation of a chromosome segment of an aboriginal
E. coli, or is the reduced and integrated relic of genetic material of ex- '
ternal origin, hybrid or parasitic, is a question in paleobacteriology that
may never be answerable.

D. Gene action and position effect. In the previous discussion, Gal
was referred to as a single locus controlling galactose fermentation, As
seems likely to happen for any genetic locus that is studied closelyepough,
recurrent galactose-negative mutations have proved to be noti~dentical
(pseudoallelic) and a series of closely linked loci can bs;'ft:cﬁgnized by
recombination test, although the mutant phenotypes are virtually if-
distinguishable (E. Lederberg, 1952). In most insfantes, heterogenotes
compounded from two distinct mutants have shoy}ﬁ"ﬁhe normal galactose-
positive phenotype. In some combinations, however, these heterogenotes
are galactose-negative, although, having astructure +—/—- {Gal,*
Gal,~/Gal,~ Gal,*) they bear altogether a full complement of Gal*
genes. Heterogenotes of the structuré 3*--/—-— can also be synthesized,
and these are galactose-positive.{These combinations thus display an
unmistakable cis-trans positignieffect (Lewis, 1955), that is, the two

_Gal* genes can effectively “inferact only in a cfs- and not in a ans
arrangement, as between{exogenote and chromosome { Morse, 1955).

As there are at | &ftén distinct loci in the Gal cluster, and probably
many more, it wilbbe interesting to look for some pattern in the posttion
relationships, and this is currently in progress. A second type of position
effect mightsbe’ thought of, a possible functional distinction between
genes in\thg chromosome as compared to the exogenote. This would
amoun{{{o position effects between the leci in the exogenotic region, and
lociin adjacent regions, but so far has not been detected. Position effects
478 'the most direct manifestations of primary gene interactions and 2r¢
offen hypothetically explained by the interplay of nondiffusible gen
products. Transduction analysis has unexpectedly led to a new approach
to this fundamental problem of genetics. ‘ '

Demerec (1955) has applied similar techniques to the analysis of
pseudoallelic relationships in Selmonelia, having found that mutations
whose cffects are biochemically related are closely linked. The startling
inference that the linear sequence of these mutations corresponds to the
biosynthetic sequence of reactions has also been forwarded, but the de-
tailed numerical data in support of this inference have not yet been pub-

[ 112 ]




INFECTION AND HEREDITY

lished. Similar correlations between the position and function of various
genes have been sought, without success, in several organisms (Cf.
Sturtevant and Schultz, 1931). The examples of psendoalleles in E. coli
(E. Lederberg, 1952; Morse, 1955) and in fungi (Pontecorvo, 1952;
Mitchell, 1955 ) must be distingnished from Demerec’s series, as the same
biochemical defect, so far is known, is associated with all the pseudoaltleles
in these cases. The physiological significance of such correlated sequences
is even more obscure if they are unique for sotne processes in Salmonella.

When the biochemical genetics of Neurospora was first being devel-
oped, ca. 1940-1945, the evidence from nutritional mutants was gonsid-
ered to favor an elementary correspondence between single genes and
single enzymes. However, semantic and experimental amblgultles have
emerged (J. Lederberg, 1951; Wagner and Mitchell, 1955) and many
students have now adopted a more agnostic attitudé te this doctrine.
Therefore, serial correlations between biochemicallesions and mutant
positions (even if more than fortuitous) cannof safely be translated into
an assembly line of enzyme syntheses, and might well have more to.do
with the functional integration of the unit steps than with the specificity of
the catalysts. Whatever final interpretation is placed on these studies,
they illustrate the potency for phenogcnetlc exploratlon 1nherent in the
tools for recombination analys1s ifrbacteria.

II. MODELS QF DEVELQRMENT

The quasi-irreversibiligys of differentiated: clones of cells in develop-
ment has posed a riddle rs provoking to geneticists as it is to embryolo-
gists {Weiss, 194790 Many genetic studies with microorganisms have
been motivated lgy\their application as models of development. The gen-
etic importanéé{')f the cytoplasm has been roundly confirmed by such
studies on Pammemum and on yeast (Sonneborn, 1950, 7954 ; Ephrussi,
1953). Buf the corresponding de-emphasis of the developmental role of
the'hugleus is less warranted. These ancillary studics may help to suggest
some of the possible theories that should be considered for development,
Which are correct must be learned by asking the questions of embryos
-rather than microbes. '

However Salmonella has furnished a probable model example of
quasi-irreversible genic changes. Tt has been known since Andrewes’
work (1922) that the flagella of this genus occur in two antigenic phases.
The antigenic phase is almost stable in clonal multiplication, but an oc-
casional cell in one phase suddenly initiates a clone of the alternative
phase. The rate of transition is highly variable from one strain to an-
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other, from an almost negligible frequency to as high as once per thou-
sand cell divisions {Stocker, 1949). Altogether, some hundred differ-
ent flagellar antigens are known, and occur in various combinations in
different strains, but the phases of a given strain are constrained foa
single pair of alternatives. This restriction already distinguishes phase
variation from ordinary mutation, since we observe no mutation in ant-
genic specificity, only a choice of which of two alternatives will be ex-
pressed. : :

Transduction analysis of the flagellar antigens (Lederberg and Bd-
wards, 1953) has confirmed that two independent loci, H; and ¥, con-
trol the antigenic potentialities of each strain; at each of thesaloci there
are many zlternative alleles, the combination of one Hj and oné H,
allele defining the serological type of any strain. ThusyS almonella typh-
smurim has the immunogenetic constitution Hf\Hf, while Salmonelly
abony is H,* H,™=. Any given clone of S. typhipburinm will, however,
contain cells of either the 1- or the 2- antigen¥¢'type. What is the genetic
basis of the difference between these clones oF differing phase? This ques-
tion can be answered in part by tramsduction experiments on the H,
and H, loci, involving various combitiations of phases of typhimurinsh
and abony. If the phase were ;ad‘r‘itr’olled by a cytoplasmic state, or by
chromosomal factors not Iinkj(ﬂ to H, or H,, then the outcome of these
experiments might depend on the phase of the recipient, but would be
independent of the phz;sgébf the donor. In fact, the outcome does depend
on the phase of both The donor and the recipient. We therefore infer that
whatever element,‘controls the phase is coupled, during transduction,
with either the BT or the H, locus, or both. The details of these exper-
ments are ga@h}r complex, and have not been fully completed or analyzed,
but the}%locus appears to be decisive. That is, which of the two anti-
genic possibilities is realized seems to depend on a quasi-irreversible dif-
femfn%iation of the H, locus. The simplest speculation to rationalize the
~ alérnation of states at FH, is that the local accumulation of the i
~ mediate products keeps this gene active, to produce more of the same,

and suppresses or competes with the H, gene.®

The analysis of this genic. differentiation is too flimsy, by itself, 0
stand as an effective model of differentiation. McClintoek’s (1951) work
on maize has exposed an elaborate system of local genic modification,
and King and Briggs (1955) have recently carried their studies of
nuclear transplantation to the indisputable conclusion that the nuclel of

- 8 A more detailed study which shows that phase variation depends on altémative states
of the H; locus has now been completed (Lederberg and Iina, 1956).
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developing embryonic cells in the frog are genetically altered. By further
elaboration of their techniques and those of microbial genetics, it may
ultimately be feasible to analyse the genctic differences among differen-
tiated tissttes no less exactly than is possible for the clones of mutant
microorganisms {(Lederberg, 1g56a).

11I, GENETIC PARTICLES

The main prop of formal genetic explanation is the “self-reproducing
particle.” In the last century, the problem of growth and reproduction
was transposed from the whole organism to the cell, then regarded as
the ultimate unit of biclogical structure and function. Intracelluldy tonsti-
tuents, most notoriously the genes, arc now assigned the satne role of
the fundamental self-reproductive element of which the. growth of the
whole organism is the summation. But what is a “pdcticle” and what
does “self-reproduction” mean? N '

The structure of an elementary particle is ‘aypatadox the physicists
have ever had to contend with. Likewise, as. ‘the:r instruments achieve
higher resolution, biclogists have had to redoncﬂe themselves to new or-
ders of complexity even in such atomistic units as gencs. In genetics,

“particle” is used in two senses:an abstract inference from breeding data
and a microscopic object. Unforfunately, the correspondence of the
formal and material units has&arely, if ever, been proven.

A. Formal particles. The glieticist usually infers a particle from dzs-
continuities in mherltance segregation In sexual progeny, mutations,
unequal cell divisions, Thus Mendel was able to deduce the hasic laws
of diploid inheritanée from the results of crosses with peas without con-
sidering the maten\l nature of his Anlagen. Mutational discontinuities,
independent i&\ﬁfferent qualities, led many students to adopt a particu-
late theory'of ‘inheritance in bacteria before this could be confirmed by
recor;ﬂ&igizﬁibn technique (Luria, 1947; Lederberg, 1948). In yeast
(Ephtussi, 1953 ; Spiegelman, 1951) particles have been inferred to ex-
plain discontinuities in the transmission of a trait in vegetative repréduc—
tion, after the example of Sonneborn and Preer with Paramecium

(Beale, 1954). The evaluation of target number and size in radiobiologi-
cal experiments has been a fashionable exercise, whether or not the im-
plied targets had any independent standing as real biological units, lead-
ing sometimes to absurd conclusions (Lea, 1947). The outstanding suc-
cess of Mendelian analysis has possibly blunted the general criticism that
-+ these particles are only formal descriptions of cell division, a mathemati-
cal simplification that leaves untouched the question of their materiality.
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This criticism is most realistic for particles that have not been directly
visualized or for which inconsistencies have emerged. For example
Ephrussi’s study (1953) of the induction of respiratory-deficient

" mutants, among the buds of yeast cells exposed to acriflavine, has implied
that little of the cytoplasm of the mother cell is passed to the bud. Froma
technically analogous study of another trait, adaptation to galactose,
Spiegelman {1951) inferred an equipartition of the maternal cytoplasm.

Unequal cell divisions generally (including stem cells, indeed the
primary act of differentiation} have been and are apt subjects of a formal
pasticle analysis, but primarily to suggest material hypotheses that can

“be independently checked. For a microbial example, it experiments on
the transduction of motility to nonmotile strains of Safmonella (Stocke,
Zinder, and Lederberg, 1953; Lederberg and Stdcker, 1953}, cells that
had acquired the motile phenotype could be isolated and followed directly
under the microscope. Only a small fractioh 6f these isolates generafed
simple motile clones, corresponding to the-previous knowledge of trans
duction of other markers. Most of ¢hevinitial motile cells gave clones in
which motility was transmitted 6.2 Timited number of cells, from 110
100. These motile cells in turn.generated unbranched chains of descent,
At each successive fission Qf.tiie motile cell in such a hereditary chait, o2
motile and one nonmotiletdaughter were produced, a segregation 50
sharp that it was at fir§tthought to be certain evidence of the persistence
of a nonreproducing particle. How 1 to 100 such particles would be gei-
erated in one clone will be discussed elsewhere. We may still question
here whethes, e hald description of unequal division is not more inform-
ative thamsthe postulation of a motility-conferring particle. The so-
called 4rticle might simply be the mathematical representation of arule
of celi division, that the locomotive machinery is not randomily divided,

mqrsi,ffft divides at all, the lesser parts are incompetent. The particle hypotb
{8815 does lead to certain lines of inquiry (e.g. whether chain cells are
uniflagellate), but we must also remember how little we know of the
mechanics of cell division as it pertains to cytoplasmic strticture in any
organism.

Unequal division is a regular feature of the vegetative growth of cer-
tain diatoms: the cell wall consists of two rigid half-walls, one fitting
inside the other like the halves of a Petri dish. At cell division, the halk
walls separate, and a new half-wall is secreted within each. The previous
inner half, which is the smaller, thus serves as the outer half-wall at the
next generation, and this cell is therefore smaller than its sister. The
average cell size of a clone thus becomes progressively smaller, but m3¥
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be restored through the sexual auxospore stage (Wiedling, 1948). The .

morphological description of cell division saves us from a rather elaborate
particle formulation which might otherwise be invoked to account for the
size classes and progressive diminution in a diatom culture. Alternatively,

we are reminded that the formal “particle” does not only imply a material
granule, but a polarized process at cell division,

Numerical data on the partition of cellular organelles that might bolster
the usual hypothesis of random partition are unfortunately very scanty.
Wilson (1931) has recorded some figures on the partition of the 24 -
chondriospheres in the spermatocyte to the spermatids, in a scorpion, The
partition is inexact, but aithough Wilson quoted it as random, the fis-
tribution is actually much more compact. "‘ )

Another interpretation of particles is in the chemical terms of a steady
state, alternative chains of reactions being assumed to compete with one
another (as suggested, for example, by Delbriick; sée* Beale, 1954).
This mode of formal description can apply, among bihers, to real parti-
cles too, the mathematical laws of competltlon ~being relevant even to
populations of free living organisms. This formulatlon is therefore not, as
has been erroneously suggested, an alterndtive hypothesis to -particles,
but a more general, and possibly more, fruitful mode of description
{Pollock, 1053). Efforts to find experimental discriminations are there-
fore likely to be foredoomed by taiitology. '

B. Visible particles.. (For deéiimentation of the following sectmn see
J. Lederberg, 1952.) At lcast Sihice Altmann’s bioblasts, various particles
that have been seen w1th1n\s§115 have been imbued with genetic functions.
Unfortunately, the imputation has rarely been backed by critical proof.
Three kinds of inchision may be considered: the chromosomes, mito-
chondria and otha;\organelles and endosymbionts. The last two are dis-
tinguished iny \Mnclp]e by the postulated identity of the latter with in-
dependent grganisms, but as this is a matter of techniques and definition,
all extras chromosomal particles that function in heredity may be clasm-
fred together as plasmids.

That the chromosomes are the material sites of the formal genes is
no longer disputed. There is no question of the exact correspondence be-
tween the two constructs throughout the life cycle of many organisms
and under the most exhaustive experimental stresses. To anticipate the
following discussion of plasmids; can we, however, postulate a third in-
visible element of which the chromosomes and the formal genes in their
linear groups are both subordinate manifestations 7 In-a sense, we do if

we postulate, as many authors have, that only a part of the chromosome
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has genctic functions, the remainder being inessential to its basic eon-
tinuity. If there is a third element, it would have to be'the invariahl
companion of the chromosomes everywhere, e.g. in the compact sperm
head; the most dedicated critics of the chromosome theory have ex-
hausted themselves in efforts to separate the ideal from the real chromo-
somes. :

The genetic quality of the plasmids is much more doubtful. The most
convincing correspondences apply to those plasmids that can be culii
vated outside their usual hosts, such as the rickettsial symbionts of arthro-
pads or the yeast-like symbionts of beetles, though these have gegerally
been remembered for their pathogenic or nutritional rather thangenetic
functions. For other plasmids, formal particles have beg’ri"iﬁferred on
other evidence, but the correspondence rests on very shaky evidence, if
any. The problem is not very different from that gt the etiology of i
fectious disease, which in the early development. &f bacteriology, lay in
chaos before Robert Koch had presented hisfamous four postulates:
(1) The microbe must invariably accompaiy the disease. (2) It must be
isolated from the diseased tissue andgrown in pure culture. (3) The
pure culture must reproduce the disedst When reinoculated in healthy ani-
mals. (4) The same microbe muskbé reisolated from the artificial infec-
tion. If plasmid is substituted fox microbe, and phenotype for disease, the
applicability of these postulates in genetics is obvious. For present day
technology, the second ceiterion may be too stringent, and chemical purt
fication may be subaQ{ﬁtéd for pure culture. In that event, the validity of
the proof will respor the reliability of the purification, and on indirect
evidence that the’particle can grow i zivo. :

Kappa in Bovamecium perhaps best illustrates the use of these criteria
(Beale, 3953 Y. The number and size of (formal) kappe particles was esti-
mated Before they fed the hope that kappa could be yisualized. By mucro-
scopitiobservation, particles were then discovered which satisfied all bt
£he Second criterion, as cross-infection was accomplished only by co-
jugation, not from pure culture. Logically (if not very plausibly), t
can still be argued that the true genetic element is undiscovered, and that
kappa (like paramecin in turn) is an epiphenomenon. More recently, it
has been possible to transmit kappa efficiently by cell-free homogenates,
which if sufficiently purified may serve for the second criterion and
complete the proof (Sonneborn, personal communication).

Other plasmids, especially the chloroplasts, have been identified b¥
less secure inferences. In many plants, breeding tests have shown that the
presence or quality of chloroplasts may be maternally, presumably ¢yio-
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plasmically, controlled. The chloroplasts are the most prominent inclusion
. in'the cytoplasm, but there is no other evidence that they are the genetic
element in question. An analogous statement applies to the respiratory
granules in yeast (Iphrussi, 1953). Since chloroplasts can be removed
from many plants by treatment with streptomycin, there is an attractive
opportunity to try reinfection experiments which have not hitherto been
reported. The mitochondria are still less certain, as cells that have been -
deprived of their mitochondria are not likely to be viable. However,
Lettr¢ has stated that devitalized ascites tumor cells that had been
cytolysed in distilled water could be resuscitated by artificial reinfection
with suspensions of granules. Unfortunately, the experiments could not
be regularly reproduced, and it is too soon to ask further questlons,
whether the granules are “self-reproductive elements” Ot\repair the
damaged cells only in a physiological sense. Where viability is the sole
phenotypic effect, such a distinction may be difficulty Dut one can study
the specificity as to source of the reparative matesial. Another approach
is suggested by LeClerc’s experiments (19 54)@:1 enzymatic stimulation
in chick chorioallantois treated with liver thisrosomes. Her data do not,
however, show whether the granules have "multiphed

C. Self-reproduction. Living and gelf- reproducing -(SR) are prob-
ably synonymous concepts, thougjli‘,'cine is often used to explain the
other; the semantics (meaninglessness) of “life” and “living” has been
ably exposed by Pirie (1937)The prefix “self” is the stumbling block
to useful understanding, $ince to detect reproduction (without self) is
often only a problem in{arithmetic. SR must be interpreted as some de-
gree of self-sufficieney{-but with respect to what? If SR is to have any
material meaning‘, it must apply at least to whole organisms, and these
we know are dependent on the outside world at least for the energy and
substance of\reproduction. :

SR msght as the next resort, mean self-sufficiency in mformatzon or
specificify, but again the least exacting autotrophic organism must ob-
tain its substance in specific chemical forms, and has a negligible prob-
ability of survival if randomly situated in the universe. A great deal of
information is inherent in the specifications of the terrestrial biosphere.
We are accustomed to discounting these nutritional problems, and might -
consider an entity as (almost) SR if it proliferates on a medium whose
chemical composition is (almost) definable. Alternatively, self-sufficiency -
is, at best, a relative concept, the inverse of the least specificity required
of the environment. To date, chromosomes and most plasmids cannot
be cultivated ix vitro, and we know, nothing of their demands on the host
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cytoplasm, whether they are of such a different order from the nutrition
(information input) of more familiar microorganismis to warrant 3
unique classification on other than technical grounds.

If their self-sufficiency is only relative, chromosomes {and plasmids)
are assuredly self-necessary or self-dependent, that is to say the cell fack-
ing a chromosome also lacks af least part of the information to produee
it again. The experimental criteria of infection or disinfection to prove
self-dependence of plasmids have already been discussed, but even if these
are satisfied we still cannot assess the degree of autonomy, the relative
information inherent in the particle and in the cell, and this remajns -
known even for the chromosomes. (There are recurrent hifitsof cyto-
plasmic control of genic specificity, Sonneborn, 1954; Michaelts, 1954.)
Before we can discuss this question meaningfully, wegshall have to fearn
and adopt a plausible measure of biologically signifitant complexity, (Cf
the nature-nurture controversy, Hogben, 19550

~ Self-dependence is not only relative to thé)bther-dependence on tht
cell, but is inherently a statistical concept hat should not be used too
rigidly. Any configuration of mattei\is statistically possible: a self-
dependent particle may be thought\fe”improve the chances of its own
recurrence, but this probability jgofﬁEasured neither o without, nor 1 with,
the particle. In a complex bialogical system, the independent emergence
of a particle or reaction system might be called a mutation from less
differentiated substance,fz% has happened throughout evolution as wel
as in controlled expg‘?i&nénts, (Spiegelman, 1951 ; Pollock, 1953)

Seli-dependent séplication can be attributed to systems that are trivial
models of living erganisms, because the parts and the product are either
both simple Qr\both complex. Crystallization of complex salts and the
autocatalytic”conversion of trypsinogen to trypsin are examples often
quoted}in a universe of IBM machines, a punched card would be 3
Sg:}fv\i'e\producing particle, too, If trypsin resynthesized itself from armino
acids rather than trypsinogen, we would be more impressed. What 18
distinctive about organic reproduction, aside from its chemical rather
than electromechanical workings, is the gap between the simplicity of
the parts and the complexity of the product. Of this, the previousl}'
stated criteria for SR tell nothing. Mutability has been suggested as 2
further criterion, but this is also reducible to a measure of complexity:
a particle with only two components that could be independently lost
already can manifest four alternative states, one of them nufl. The full
meaning of organic SR, short of its complete description, can perhaps
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be developed only in terms of a knowledge of the nutritional;input to
the particle. : ' B N
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In considering the origin of life, and the possibility of CDI',l_'S_tI{' cting” -

useful models, many authors have postulated the unique, su&_é[gﬁ",,_ari’d_ "

improbable creation of a complex living molecule. This macrofntita-

tional hypothesis is contrary to the contemperary trend of thought
which relies upon the concatenation of innumerable, more probable but
less ambitious steps to account for further evolutionary development.

I the distinction of organic SR is complexity, we might suppose that .

simple inorganic systems are potential starting points for organiolevo-
lution though few have progressed far enough to be recogiized as
fiving. The application of binary coding in computing machittes illus-
trates how the most complex information may be cxpressp&aé an array
of the simplest constituents. In searching for workigg/models of SR,
the means by which the autocatalytic units can B¢ shemically coordi-
nated to form SR complexes may be the most urgent basis of choice of
any one among many autocatalytic processes! O '
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VI. CELLULAR INTE_RACTIONS DURING
THE DEVELOPMENT OF THE
CELLULAR SLIME MOLDS

BY MAURICE SUSSMAN AND RAQUEL R. SUSSMAN *

I INTRODUCTION N
o TEE microbiologist, development is essentially a foreign.concept.

JU His unit of experimentation is the individual cell rath\éi*t‘han an
organized, multicellular entity, Phenotypic divergence in representative
microbial populations is considered to be population.a’l"i?ariation, not
development. 'When, however, he encounters prniiStél forms which
surpass their phylogenetic associations by a display of capacities that
to his intuitive sense are developmental, he g\orced to sit under the
Bo tree and contemplate the problem of d@stfiﬁguishiﬁg between popula-
tional variation and developments WV

His trouble stems from the fact that both systems possess common
properties. Thus, in microhial pgpplaitions, one can observe that the
emergence of phenotypic heterog@ieity is strictly ordered in physiologi-
cal time, and that the propetitons of the cell types are precisely con-
trolled through selectiveke{i:inductive effects of the environment and by
interactions between theeelts. One such example is the rough-smooth
variation of Brucell@~tbortus (Braun et al, 1951). As the smooth
inoculum grows 'i:t~\excretes alanine to which the smooth variety is
sensitive but nof/the rough. A progressive selection of the latter type
ensties so thiabit dominates the population during the stationary growth
phase. The proportions of the rough and smooth cells are regulated by
thp'"e{fm\éentration of alanine. Another example is the “long-term”
adaptation of the yeast Saccharomyces chevalieri to galactose utiliza-
tion (Spiegelman et al, 1950). Exposure to galactose induces a small
number of cells to ferment the sugar rapidly and to transmit this ca-
pacity to their progeny. The exact proportion of the colonies displaying
the positive phenotype is determined by interactions between adapted
and unadapted cells. In these cases, intuition tells the microbiologist
that he is not dealing with developmental events.

I Northwestern University, Evanston, Ilfinois. The experimental work was accom-

plished with the aid of grants from the Office of Naval Rescarch and the National
Institutes of Health. i

[ 125 ]



M. SUSSMAN AND R, R. SUSSMAN

A nccessary condition to developmental systems is that there be 3
transient or permanent association of the component cells in compac,
multicellular aggregates. One could very well define development and
populational variation operationally according to the presence or ab-
sence of this condition,? and having done so, slam the conceptual door
between them to study each in comfortable isolation. But this teaches
us nothing about the logic behind this distinction and so lends no i-
sight into development.

Leaving the door slightly ajar however, one may ask what multi-
cellularity contributes to so complicate and refine cell variation as fo
force the introduction of a new name. Multicellularity pravides many
opportunities but perhaps most significant is the scope ¢hdt it lends to
cellular interactions in determining pathways of gii%fe}entiation and
morphogenesis and in controlling their extents. Ii)particular, the fact
that the interactions can proceed under geomiélyic constraints enables
them to attain enormous complexity and spedthicity. F or without spa-
tial separation, the indiscriminate comm'ﬁg\ﬁhg of many chemical mes-
sengers would surely provoke a chaos f effects. Further, the apposition
of effector and responder cells can ‘provide the system with the oppor-
tunity to use direct cell-cell contdet as a regular mode of interaction.
This in turn allows the use ofnondiffusible or highly labile substances
as purveyors of stimuli, and thereby extends the versatility of the
system and the sensitivitys of response. _
~ Perhaps then, only<aquantitative difference exists between the popt-
lationa! variation df ) microbial culture and the development of a chick
~embryo, It manbé that the same elements present in the first system
are greatly gphi_’plicated and extended through the existence of rmulti-
cellularityip-the second so that we are led to establish a qualitative dis-
tinctiqr[;.]Jetween them. In any case, it is clear that investigation of the
gcz;t?{ic" and physiological consequences of cellular interactions must
ségye as a major approach to the definition and understanding of de-
velopment. For this reason we shalt devote the remainder of this dis-
cussion to several cases of cellular interaction that occur during the
development of the cellular slime molds. It should be noted that the
subject matter ‘will be restricted to cases uncovered by work in ouf
' Iabora_tory, thus omitting several of the most important and potentially

2 This definition docs not necessarily exclude the complex Protozoa from the sphere
of developmental study, They may be considered gcelfular counterparts of simple
metazoa and metaphytes; an alternate pathway to attainment of the advantages inherent
in'a high level of somatic organization. ’
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valuable ones indicated by the studies of K. B. Raper (Ig40a, b) and
J. T. Bonner (19350, 51)

II. THE DEVELOPMENTAL CYCLE

Detailed descriptions of the developmental cycle of Dictyostelmm
discoidenm (Raper) and related species have been provided by Olive
(1902), Arndt (1937), Raper (1941, 1952), and Bonner (1944)... -

The individual cells are called myxamoebae and are morphologicalty
and ecologically comparable with true protozoan scil amoebae (Singh,
19472, b). They feed upon bacteria (Raper, 1937, 1939) and proliferate
by binary fission. In the laboratory they may also be cultlvatedsupon a
defined medium containing two vitamins, a purine-pyrimidine Jrnixture,
salts, and a homogenous protein fraction obtained fromgtram negative
bacteria (Bradley and Sussman, 1952; Sussman and Bradley, 19354).
At the stationary growth phase, they come too‘ethc‘r in multicellular
aggregates in response to the production of spegifio attractive substances
generically termed “acrasin” (Bonner, 19479 ¢ fach conical aggregate
is then transformed into a cigar shapeddpséudoplasmodium which in
at least two species (of which D. discoiflesin is one) migrates over the
agar surface through considerable dlstanccs Culmination then follows
wherein the pseudoplasmodium undercroes morphogenetic alterations to
produce in 3. discotdeum a sesile fruit with a spore mass at the top,
a cellulose sheathed parenchy}latous stalk, and a basal disc below. The
form and pigmentation Bfvthe fruit varies with different genera and
species. The spores are ultimately disseminated and, under the proper
conditions, discard?thdir cellulose jackets to germinate into vegetative
myxamoebae A,sg\hemanc diagram of the cycle is given in Fig. 1.

IIT. SX‘BE\RGISTIC AND ANTAGONISTIC INTERACTIO’\IS BFTWEEN
MORPHDGENETICALLY DEFICIENT MUTANTS

When spores or myxamoebae are delivered in low number on an agar
plate and spread with a few drops of Aerobacter aerogenes culture,
plaques appear within the area of bacterial growth after three days
(Sussman, 1g51). These plagues represent clones of myxamoebae and
the cells within them can subsequently aggregate and’ culminate to
produce normal fruits. If the inoculum is irradiated with ultraviolet
50 as to obtain a kill of 93 to 99%, a small proportion of the clones
that appear display aberrant development. These aberrations are gen-
erally heritable and have provided us with a large number of stable,
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developmental mutants (Sussman and Sussman, 1953). Some of the
mutants can complete the cycle and form fruits but these are hizarte iy
appearance. Figures 1-3 on Plate T show wild type D, mucoroides and
two stch mutants. Others are morphogenetically deficient in that they
cannot complete the developmental sequence but instead stop at inter-
mediate stages. Some of them have been classed as “aggregateless”
mutants, those that cannot aggregate at all, remaining as dispersed
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Fig. 1.°A skhematic representation of the developmental cycle of Dictvostolian dis-
coidenm{Baper (Sussman, 1954). :

a{pﬁebae on growth plates and “fruitless,” those that can aggregate and
\héreafter stop-development short of fruit formation. Plate II shows
" the wild type and a fruitless mutant of D. discotdesm.

‘A study has been made of the developmental capacities of 18 deficient
stacks both when maintained alone and when mixed in paired combina-
tions (Sussman, 1954). With regard to the first condition, Fig. 2
shows schematically the levels of development attained by clones ot
growth medium and by cells that had becn washed free of bacterfa and
dispensed on washed agar-distilled water plates (minimai-medium)-
No cell proliferation occurs on such plates, The stocks fell into four

- general classes:
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Fig, 2.;"17Q;:~.éxttnts of development in the four phenotypic classes of morphogeneﬁ_
cally deficient mutants on (A) growth medium and (B) minimal agar (Sussman,
19540\, - _

I Aggregateless on growth medium, aggregateless on minimal.

11 Aggregateless on growth medium, wild type on minimal.
1IL. Aggregateless on growth medium, fruitless on minimal.

IV. Fruitless on growth medium, fruitless on minimal.

Table T shows the disposition of the. 18 stocks among the four_phend_
typic classes. It should be noted that the stocks of class II breed true
after fruiting on minimal agat. Obviously their development is inhibited
by something in the growth medium or the bacteria.

[ 1297]



M. SUSSMAN AND R. R. SUSSMAN

Tapre 1. Disposition of the morphogenetically deficient strains
among the phenotypic classes (Sussman, 1954). i

I II TIT v
Agg-53 Agg-s5 Fr-4 Frr
53A 58 Fr-g Fr-2
57 200 Fr-7 Fr-3
59 205 ' Fr6
204 208 :
206 :

AN
Woashed cell suspension of strains from classes I, Ii and TV; were
mixed and placed on minimal agar. Many of the, pa‘ﬁ-"s could develop
significantly further together than when alone afid could produce ma-
ture fruits with viable spores. Fig. 3 is a sel'flt}natic summary of the

types of synergistic development observed
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Fig. 3. Types of synergistic development (Sussman, 1954)
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or thick-stemmed fruits (type A). Others produced “bushy fruits™
(type B).. The latter occurred in cases where one of the deficient part-
ners had been derived from the bushy mutant, Bu-1, of D. discoideum.
This mutant produces a fruit just like that of type B. Thus the deficient
strains derived from Bu-1 carry the genetic potentiality for construct-
ing bushy fruits although the expression of that potentiality is limited
to occasions where synergism is possible. The third type of development
was restricted to pairs that included strain Fr-1. Alone this strain pro-
duced a flat, loose aggregate. When mixed with certain other deficignt
stocks, the aggregates procecded to migrate over the agar surface mitch
like pseudoplasmodia but fajled to fruit at the end of their trayvéld Ti-
nally, one pair developed synergistically, but not to completion (type D).

Tasre II. The dependence of synergistic developméud'on the pro-
portions of the cell types. Strain Fr-1 combined wi~fh;.\Agg-5 3 (Suss-

man, 1954 ).%

~
 Strain O Flat
Fr-x Agg-53 Mature’ migrating
(No. cells X 107%) j;jﬁlits aggregates
100 X N o "o
100 10 o 4+
100 50 O° ++ -
100 1o\ 4+ +++
50 (300 44+ +++
T \Too +4-+ o
I\;\":. 100 -+ 0

*Comparaﬁvqﬁ}u\mbcr and size of fruits and flat migrating aggregates scored by
number of 4+ 3igns. ' .
AN

-ThN;‘;;;e and intensity of the development depended upon the propor-
tions of the two partners in the original mixture. Table II summarizes
the data for mixtures of Fr-1 and Agg-53. This pair produced flat,
migrating aggregates that did not fruit and pseudoplasmodia that
formed normal fruits. When one partner was in great excess only the
former appeared. When the other pariner was in great excess only the
latter appeared. Both types of development could be produced by inter-
mediate ratios, ' PR

Table 111 summarizes the comparative response patterns of six aggre-
gateless and seven fruitless strains when mixed in all possible combina-
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tions. It may be noted that Agg-53, 533, and probably Agg-57 (which
was lost during the course of the expetiments) showed identical pat-
terns in that they all responded synergistically with Fr-1 and Fr-3 but
with no others, nor was there intragroup synergism. Similarly, Agg-39
and 204 showed identical patterns (despite the fact that Agg-59 was
derived from the wild type and Agg-204 from the bushy variant). The
response of Agg-206 was different from the others. All seven fruttless
stocks gave independent patterns. This would imply that there are af
least three independent metabolic defects that can produce the aggre-
gateless condition and at least seven that lead to fruitlessgess,
: AN

Tapre ITL. The comparative synergistic responsé patierns of the

deficient stocks (Sussman, 1954).*

Fr-1 Fr-z Fr-3 Fr-4 Fr-5 Fr-6 Fr-7"‘5,\\)\ 53A 57 50 204 200
Fr-1 ~-—-X—Xx.\\?§XXXXXa
X ¢ —_ X X -
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#X) synergistic combination; —, non-synergistic combination.
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\

Two other items are of interest here. One is that no two aggregateless
strains were found to synergize in paired combination. Subsequent in-
vestigation to be described later indicated that although alt of the ag-
gregateless stocks can react to acrasin (the chemotatic agent involved
in aggregation), none of them can produce it. Evidently they canot,
when paired, exchange metabolites so as to overcome each other’s defi-
. ciencies in-acrasin production. : '

The second item is the failure of many pairs, whether fruifles
aggregatéless, to syncrgize even though they had independent response
patterns, Ideally, one would expect that only those pairs having identi-
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cal biochemical deficencies would fail to respond to one another, but
that any heterologous pair would respond. The fact that this does not
occur suggests either that the test system is not sensitive enough to de-
tect faint synergistic capabilities or else that these deficiencies lead to
side reactions and the appearance of metabolites in kind or quantity able
to interfere with synergism. :
A number of attempts have been made to distinguish among the pos-
sible mechanisms of synergistic development and the field has been
narrowed considerably. Four mechanisms were originally proposed :

1. Syngamy or heterokaryosis between deficient partners to prodiice

genetically competent individuals. O\
2. The exchange of diffusible metabolites to shunt the bieckemical
blocks responsible for the deficiencies. A

3. The exchange of nondiffusible substances by dircct celleontact.

4 The contribution by the partners of a complete array of cell types
needed for normal development but without exehanges of material
other than those that would normally exist (e ‘acrasin production).

The first of these has been made unlikely by the fact that an. in-
tensive search for recombinant types gy -ixed clones arising from
synergistic developments has not been\sticcessful. Table IV shows the
results of spore analyses of three sgmergistic pairs. Out of 4,085 clones
examined, only the parental types were encountered. Incidentally, it
is of interest that the’ prbp@’n\ﬁons of the partners within the spore
assemblies were deter}nir}éi\hjf the nature of the pair and by the ratios
of cells in the originalamixture. Subsequently, R. R. Sussman (results
unpublished) carricd ®tit a more thorough search for recombinants and
sampled not. onlyul.h\e“ spores but also cells from all stages of the syner-
gistic developmefits without success. The possibility does exist that
transient hétérokaryons formed and broke up before development was
Comg1etﬁd;\'ﬂowever, if such a process affected an appreciable number
of cell§yit would have been detected. : o

The second possibility has been subjected to as crucial a test as we
could envisage (Sussman and Lee, 1955). Preliminary experiments
using a varlety of approaches failed to demonstrate that synergism
proceeded through the exchange of diffusible materials. However, the
objection could be raised in each case that the diffusible substances
might be highly labile and that the test system used could not afford
extensive enough contact between the partners to permit synergism. In
order to provide intimate and continuous contact between the partners
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over a large area the deficient strains were dispensed on both side
of very thin agar membranes. The membranes had been prepared by
dipping a stainless steel cylinder flanged at one end (Plate I, 4) into
molten agar. Upon removal, a film of agar adhered to the flanged end.
After cclls were dispensed on the agar surfaces the assemblies were in-
cubated in sealed jars in a water saturated atmosphere.

TasLE IV. Phenotypic analysis of spores from synergistic fruits
{Sussman, 1954).% : :

N

Number  Number \%
clones aggless’y  aggless

Combination No. cells X 107%  examined ',.clo?les -~ clones
Fr-1 X Agg-204 100 100 778 AN ) 5 06
: 50 50 11370 I 1.0

50 100 ) {26’ I 0.8

Tr-2 X Agg-59 50 50 )27t 12 4
' 50 25 ,\ 203 4 2

50 10, 443 o 0

Fr-2 X Agg-204 50 160+ 582 45 8
' 10 _\\lto 86 36 42

5 100 459 308 b7

* Spores from synergisﬁ&tif?uits were collected and plated on growth medium with
bacteria, The resulting clopes were then scored. Only clones bearing the parental pheno-

types were encountereds

- With one't{'fy\iai exception, the mutants when opposed by other defi
~ cient straims‘or the wild type, developed. precisely as they did alone.

This, ds ite the fact that the average membrane thicknesses were
abouti3ou or 2 to 3 cell diameters. To answer the objection that highly
%“b@le' substances might not penetrate the membranes thin as they were
itMvas shown that acrasin, which has a biological half-life of the order
. of one minute at room temperature, (B. M. Shaffer, private communi-
cation) could penetrate as much as 2o00p of agar thickness. This was
detected by a study of the coincidence of wild type and fruitless mutant
aggregative centers and streams above and below the membranes. Thus
it is probable that for the mutant stocks now at hand, synergistic de-
velopment is not mediated by exchange of diffusible metabolites,
- Another observation of interest was that aggregateless cells, opposed
by the wild type of fruitless variants across a membrane, tended
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cluster opposite aggregative centers and streams. This confirmed the
earlier finding (Sussman, 1952) that these:strains can respond to the
aggregative stimulus imposed in mixtures of wild type and mutant
cells. The fact that the mutant myxamoebae cannot then form their
own aggregate indicates that though sensitive to acrasin, they cannot
produce it. '

The third and fourth explanaﬂonb have not been fully evaluated. The
latter (no material exchange) seems aesthetically unattractive but un-
fortunately can be attacked only by devious arguments. One of these
is raised by examination of the synergistic mixture, Fr-1 X Agg 204.
When alone, Fr-1 aggregates but producés no spores. Yet whef, Jyixed
with Agg-204, it supplies at least g9% of the spore population’ (Table
IV). It is difficult to see how the sporogenesis of Fr-1¢teuld proceed
except by passage of material from Agg-204. D1Higu1t but not im-
possible; and so the argument is indicative rathex than' crucial.

The possibility of exchange by direct contac{ emerges as the most
likely mechanism and also most provocative c{f ghter esting experiments.
A few techniques have been envisaged Whtzreby cytoplasmic exchange
might be demonstrated if such occurs. One that we anticipate attempting
in the near future is to feed each partner on small, nondigestible, and
differently colored particles in thesgianner used by Metchnikoff in his
classical demonstration of phagocytosis. If retained by the myxamoebae,
these would then serve as indicators of cytoplasmic exchange during
synergistic development &f\durmg the normal developmental sequeﬂce
for that matter. : '

It is equally 1mp01’tant to extend this study to a larger collection of
deficient stocks. Pérhaps some can be found that synergize in a specific
manner by e ‘ehange of diffusible agents thus providing an easier en-
trance intq fhe intermediary metabolism of the developmental ‘stages.

The m‘vestlgatlon of the morphogenetically deficient mutants also
reveaie& an example of a specific antagonistic interaction. Agg-208, ob-
tained from the bushy variant, is a stock that falls into category. IL
That is, clones on growth medium are aggregatcless but the washed
cells can aggregate and fruit on minimal agar. Spores taken from such
fruits retain the aggregateless phenotype when plated on growth me-
dium. Agg-206, also derived from Bu-1, is aggregateless under any
conditions but will synergize in mixtures with ¥r-3. When mixtures
of washed Agg-208 and -206 were placed on minimal agar, the latter in-
hibited the aggregation of the former. This inhibition was much more in-
tense than the nonspecific effect of growth medium on Agg-208 aggre-
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gation since a ratio of as little as 1: 10 of 206 to 208 was inhibitor’y,'.
‘The specificity of this interaction was shown Dby the failure of Agg-206
to inhibit the aggregation of Agg-58, a stock whose morphogenetic
capacities paralleled those of Agg-208. Further, no aggregateless stock '
excepting Agg-206 could inhibit Agg-208.

Preliminary experiments have indicated that the 1nh1b1t0ry capamty
of Agg-206 can be dissociated from viability by freezmg and thawmg
of these cells, prior to mixing.

IV. CELLULAR INTERACTIONS DURING AGGREGATION . {\

The aggregation stage of slime mold development has beén descnhed
in detail elsewhere (Raper, 1941; Bonner, 1944, 1947)> 1t5’ main fea-
tures include: (a) a sudden and dramatic elongatien’of the cells ac-
companied by enhanced psendopodial activity; (B)" radial orientation
of the cells and a concerted migration toward thia tenters of orientation;
(¢) formation of radial, branched streams By the incoming amoebae;
and (d) the appearance of a conical agffegate of cells at the center.
The size of the aggregate, length of the streams, and branchmg patterns
‘differ among the species (Raper, 1951)

Several examples of celtular, interaction have been observed during
aggregation, Bonner in an elegant demonstration of chemotaxis (1947,
1949) showed that the cells of D. discoidewm are attracted to the aggre-

~ gative centers by a specifie diffusible substance which he termed-acrasin.
Studies of mixed agg(&gatlons (Raper, 1940a; Raper and Thom,. 1941)
~ and of the effects af‘active material leached from aggregates and pseudo-
‘plasmodia upon\heterologous myxamoebae (Shaffer, 1953) indicate
that the maf@rial is at least genus specific. Acrasin is produced fot
only at th‘Saggregative centér but along the cell streams (Bonner, 1947).
Recent\experiments of Shaffer (private communication) suggest that
the¢ C’e]ls are first sensitized and oriented by the concentration grad1ent .
of acrasin and then start producing acrasin themselves. .
- Another example of interaction is shown in the relationship between
the number of aggregative centers that may be formed by a pop@ilation '
.of constant size and the population density {Sussman and Noel, 1952)"
Fig. 4 illustrates this relation in D. discoideum. Constant nurmbers of
" washed myxambebae were dispensed in drops of different volume on
washed agar. The area covered by a drop being a function of the volume
delivered, control over population density could be achieved. Subse-
quently, the fluid was absorbed by the agar and the cells were found
to be homogenously distributed within the confines of each drop. After
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PLae . 1. The glassy mutant of Dictyestelium mucoroides. 2. The forked mutant of D). mucoro-

ides. 3, Wild type D), mucoroides fruits (Figs. 1-3 from Sussman and Sussman, 1953). 4. The

cylinder used for making thin agar membranes (Sussman and Lec, 1935)- After preparation of
he membrane, the cylinder was incubated flanged end upward, lcaving space for cells on ecither
side of the membrane to construct fruits.



Prate TI. The terminal state of the fruitless mutant Fr- ild type D .i;tyosteiﬁ“"
discoidenn froits. (Sussman and Sussman, 1053.) - ot 2 The wild o7 '



i;’:ﬁ;;g} Fig. 1. Photomicrographs taken at twa fgaéifplanes of an Fty-1 fruit in situ {Suss-

1 fruit (Sussman, 1935). X050

Pras 111, Fig. 2. A photomicrograph in situ of an Fty-



DEVELOPMENT OF THE CELLULAR SLIME MOLDS

16 to 24 hours’ incubation, the numbers of aggregates or fruits (one
from each aggregate) were determined. In Fig. 4 curves for three
population sizes (1 X 10%, 5 X 104 and 2.5 X 10t cells) are shown.
At population densities that were very low (below 80 cells per mm?}, the
cells could not respond to the aggregation stimulus. At high densities,
all the cells aggregated but a submaximal number of centers was formed.

It may be that the close proximity of potential center-forming agencies .

50

30k

dtly

WO. CENTERS /7 ALIQUCT

Y M .
200" 400 €00 800

w7 no. CELLS ¢ MME

Fig. 4. Center i%natmn in Dicivostelium discoidenm as a function of populatlon
density and ccll~numbers {Sussman and Neel, 1952)
o)

results&g tor’npetltmn between them for the same responder cells. Thus,
only the winners in this competition form centers. Alternatively, one
might imagine that the high density of responder cells exerts an inhibi-
tory effect upon the potential center-forming agencies and eliminates

some. At a density of 200 cells/mm?, the maximum number of centers

was formed, proportional to the number of cells present. As seen, in
D, discoidenm a distribution of approximately one center for every
2200 cells was obtained under these conditions. The optimal density

for center formation and the number of centers that appear are char-
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acteristic of the species. In D. purpureum, approximately one center
is formed for every 300 cells present and the optimal density s in this
case about 100 cells/mm?, In general, the performance of D. discoideum
during aggregation is influenced to only a slight extent by changes in
the environment. Most physical or chemical alterations that are not
lethal leave the relations between center formation and cell numbers
or population density untouched. In an extensive survey (Bradley and
Sussman, 1955), only histidine and adenine and its relatives were
found to produce significant effects. The first enormously increased the
sensitivity of the cells and permitted aggregation to proceedhat exceed-
ingly low densities. The second made the cells hlghly Jnsenmtwe and
greatly increased the optimal density.

A variety of independent experimental approaches has mdmated that
‘the proporticnality between the number of aggregatlve centers and the
number of cells results from the presence m\the population of a small
number of “initiator cells,” each of which evokes the formation of 2
center by its neighboring “responder”,¢ells. Further, the proportion of
cells that act as initiators while copgfa.’nt for any one system, depends
upon the inherent sensitivity of the)fesponder cells present and the dis-
tance over which the initiativg,sﬁmu]us must travel. -

TasLe V. Populationdl® distribution of center forming capacity
{Sussman and Noel, \1"952)'*

Number NumbBer ' Ratio of
of of .di:ops Proportion of drops containing: centers
“cells/drop exammined o centers I center 2 centers 3 centers  to cells
2100 A0 83 0.42 0.50  0.07 0012  1:2400
IQ@&\" g1 0.63 0.32 0.044  00IT  1:2200
.§00' 123 0.69 0.29 0.025 00 12400

N\ N VEI’Y small réplicate samples of washed cells were dispensed on minimal agar, Affer
mcubatlon the proportions of samples comtaining o, 1, 2, 3 centers were determined,
The ratio of centers formed to celis present was calculated by means of the Poisson
sel‘lcs

Very small replicate samples of washed D. discoidewm myxamoebae
were dispensed on washed agar at high population density (Sussmann
and Noel, 1952). Samples of 1000 to 2000 cells were employed. Afier
incubation the distribution of samples with no centers, or I, 2, 0f 3
éﬂ.nff?fs was determined. Table V shows the results of three experi-
ments. The fact that a large number of samples contained no centers
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and that all centers appeared before 24 hours and none after, indicates
that only a small proportion of cells could initiate aggregation and that
these were distributed by chance among the samples. The inference of
random distribution was confirmed by an analysis of variance between
the observed fractions of samples with o, 1, 2, and 3 centers and the
theoretical Poisson distribution, The average number of centers per
sample could be calculated from the first expression of the Poisson
series, Po — ¢~ ™ where P, is the proportion of samples with no ecen-
ters, e, the naperian base and #¢ the average number of centers per
sample. The ratios of centers formed to cells present could be calculated
from these values and the known number of cells per sample, and they
are given in the last column of Table V. They are in close Agreement
with the ratios obtained from the curves in Fig. 4. O
Another series of experiments employed mixtures of . discoidenm
wild type and aggregateless mutants that could n\ot mggregate spon-
taneously but would respond to aggregative sfinuli imposed by the
wild type cells (Sussman, 1932}. Replicate 001 cc drops were dis-
pensed on washed agar containing a const At number of wild type and
varying numbers of aggregateless myxdmioebae. In different experi-
ments the numbers of wild type per drbp ranged from 2000 to 8c00:
few enough so that, alone, they wexgtoo dispersed to form any centers
at all at the low extreme or more ﬂlan one or two at the high extreme,
The addition of aggrccrateless cells made it possible for centers to
appear. A progressive incpeast in the number of ceniters coincided with
increases in the numbq v, of aggregateless cells until a plateau was
reached. Iig. 5 showSythe data from three mixtures of wild type with
varying numbershof/Agg-53. It may be seen that the plateau values
were charactensnc of the number of wild type present in the mixture.
. In the pres\mce of excess aggregateless cells, a change in the number
of wild type would affect only the number of initiator cells, not the
quantxty of responders. Under these conditions, were a center initiated
bf\mbre than one wild type cell, the number of centers would vary
exponentially with the number of wild type cells present. In contrast,
if a center were evoked by a single wild type myxamoeba, the number
of centers should vary lincarly with the number of wild type. Fig. 6
shows this relationship and it is seen to be linear. Curve 1 was obtained
in mixtures with excess Agg-53 and curve 2 with Agg-53A, another
strain,- These results therefore buttress the conclusion that single ini-
tiator cells in the wild type popu]atzon evoke the formation of aggrcga«
tive centers, :
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'The question arises as to what is the precise proportion of initiator
to respender cells in the population. Thus far, we have had the con-
fusing experience of obtaining almost as many different answers as
the kinds of experiments that we do. Using the wild type alone as the
test system, a ratio of I : 2200 was obtained. In mixtures with Agg-534
the ratio of wild type initiators to responders was 1:1720 and with
Agg-53, 1:080, Recent experiments with other and more sensitive
aggregateless stocks have provided wild type ratios as low as 1: 250,
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Fig. 5 The relation between the number of centers formed and the number of Agg-53
present in mixtures with Wild Type NC-4. Curve T was obtained for mixtures confain-
ing 8,000 wild type and varying numbers of Agg-53, curve II with 5,000 wild type, and
curve IIT with 2,500 (Susstnan, 1g952).

- At least two explanations can be provided to account for the dis-
crepancies observed through using a variety of aggregateless stocks in
the test system. One is that each aggregateless strain in mixtures with
wild type responds to a different set of “initiators,” Thus, Agg-53 finds
that one peculiar variety of wild type cell can satisfy its requirement
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for an aggregative stimulus and this variety is present in the ratio of
1:9%. In contrast, Agg-53a requires a different and rarer variety of
wild type cell present in the ratio of 1:1720. The trouble with the ex-
planation is the fact that since each aggregateless stock seems to pro-
vide us with a new ratio, a point tnay be reached where there will be
more wild type varieties than wild type cells. A second and more likely
possibility is that the aggregateless stocks respond to different propor-
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Fig. 6. Formatiomdi.\aégregative centers by mixtures of Wild Type NC-4 with excess
mumbers of : I, N§4 ‘Agg-53 (number of centers/cell == 1.02 X 10—%) ; If, NC-4 Agg-
534 (numbe:: Qi nters/cell = 5.8 X 10—4). (Sussman, [952.}
tions\”df}the same class of initiator cells. If the latter displayed a spec-
tram of initiative capacity, the conditions of experiment and the in-
herent sensitivity of the responder cells would determine what propor-
tions of the wild type could be scored as initiators. In this way the
discrepancies observed could be ascribed to differences in the sensitivity
of the aggregateless cells to the initiative stimulus. This postulate im-
plies that in the wild type population the difference between initiator
tells and responders is not genic but reflects random or induced - physio-

logical variation against a constant genic background.
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This interpretation is supported, albeit not crucially so, by unpub-
lished ‘data concerning the aggregative performance of wild type cells
taken from various stages of the growth cycle. Were the emergence
of the initiator cells the result of persistent genetic alteration, one might
expect that the ratio of initiator to responder cells at the stationary
growth phase would have been determined by the comparative selective
pressures for or against the two types during exponential growth. Con-
sequently in the course of the growth cycle, starting with spores and
ending at the stationary phase, the ratio of initiators to responders
should be subject to systematic changes as a result of the §clection
However, the aggregative performances of newly germimated spores,
myxamoehae at the end of the Lag phase and populations'taken from
different parts of the Log phase, when tested on xyaéhéd agar, proved
to be identical within the limits of experimental, é2gor. ' '

It seems more likely that there are no initiator and responder cells
per se during growth but that the cessatioQ bf growth provides condi-
tions that induce some cells to attain '{fﬁ‘izitive capacity while others
must perforce be responders, much iff the same way that the presence
of galactose induces an adaptive \transformation in a few cells in 2
culture of Saccharomyces chew@igzﬁ'. :

Two alternative biochemied] toles have been ascribed to the initiator
cell (Sussman, 1955a). Itmay be merely a super acrasin producer that
can begin acrasin synthesis spontaneously and then sensitize its neigh-
bors. Alternatively, #ie initiator might produce a co-factor distinct from
acrasin but neces§dry to its synthesis. At present there is no evidence
to confirni or fefect either possibility. - ' _

'\ : :
v. THE) DEVELOPMENT OF THE FRUITY MUTANT
_{oF D. DISCOIDEUM

.y \thutant was recently isolated from UV-treated D. discotdeum
Whose study has shed additional light upon both aggregation and the
later phases of development (Sussman, 1955b). The mutant was noticed
because of its ability to produce a huge number of proportionately tiny
fruits on growth plates and was accordingly christened “fruity” and
designated Fty-1.

The aggregative performance of washed Fty-1 cells on minimal agar
is shown in Fig. 7. It differs from that of the wild type (Fig. 4) in
several conspicuous ways. Most evident 1s the much greatet number ©
centers produced by the mutant. At the optimal density, 10,000 mutant
myxamoebae formed 423 centers (See Table VI) for a ratio of centers
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Tig. #. Relation between center formatisﬁ i:y Fty-r and population density ( Sussman,

1035). The upper curve was obtaige;d with samples of 16,000 cells, the middle with
000, and the lower with 4,000, € )
™

to cells of 1: 24 wherea$ the same number of wild type produced about
5. In addition, the theéshold density for mutant aggregation was about
40 cells/mm? tq\ﬁé“&ompared with 8o for the wild type. Finally the
depression of Lenter formation at high densities was only half as in-
tense in thg:»'rr}utant as in the parental stock. . :
AN

TR?E‘E“VI. The relation between center formation and cell number

at the optimal density for strain Fty-T (Sussman, 1935).

Number  Number of Ratio Optimal
of cells centers centers: cells  density
10,000 - 423 1:24 240

6,000 250 1:23 180 -
5,000 . 213 1:24 200
4,000 168 1:24 - 210
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The tremendous increase in aggregative centers was imagined to
arise in at least two ways. If the mutant responder cells were exceed-
ingly sensitive to the initiative stimulus, then many putative initiator
cells, too weak to atiract the wild type responders, might be effective
in exciting the mutants, Alternatively, it could be supposed that the
genetic change from wild type to fruity produced an absolute increase

20 ¢

No. Centers

\J 1 ]
N 200 400
D : No. Cells ~uus

7\

Fig, 8."§én"ter formation by mixtures of Dictyostelum discoidewm wild type a}Td
Fiy-1. T}:}e upper curve was obtained with samples containing oo Fty-r and 16,000 wild
type atdifferent population densities ; the lower with 10,000 wild type alone ( Sussman,

9%
in the number of initiator cells to which any responder, whether wild
type or mutant, could react. These postulates were tested by a study
of the aggregation of mixtures of wild type and mufant myxamoebat.
The mixtures contained a very large proportion of wild type cells to
supply the responder element and a small enough number of mutant
“cells so that their contribution to the assembly if any could ouly be
a supply of initiators. Under these conditions a significant increase in
center formation by the mixture over that formed by the wild type
alone would demonstrate that the mutant population did indeed con-
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tain more inifiator cells than the wild type and, furthermore, that the
former were capable of attracting wild type as well as mutant re-
sponders. :

Fig. 8 shows the data from one determination out of the ¢ performed.
Samples containing 10,000 wild type and 500 T'ty-1 cells were dispensed
over a range of population densities (upper curve). The lower curve
shows the data for the same number of wild type without addition of
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Fiz. 9. Relatio \&{“the number of centers evoked by fruity initiator cells in mixtures

with wild type and'the population density of the mixture (Sussman, 1955)'. The upper

curve was obsaiifed with mixtures containing 1,000 Fty-1 cells; the lower with 500,

the m\ta?nts. Clearly, the mutant did contribute a large number of ini-
tiators to which the wild type responders could react. In order to ab-
stract from these data the precise number of centers evoked by fruity
initiators, the centers produced in the wild type control were subtracted
from those of the mixture at the same density. These resultants pro-
vided points for a new curve relating the number of mutant-induced
centers to the population density of the mixture. Fig. 9 shows two such
curves: one for mixtures containing 1000 fruity cells and the other,
500. With increasing density, the number of centers evoked by mutant
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.initiators increased until a plateau was reached at about 300 cells/mm?,

Note that at higher densities the mutant-instigated centers remained
constant in number while from Fig. 8 it is seen that those evoked by
the wild type initiators declined. In other experiments this constancy
upon the part of the mutants was shown to persist at densities in ex-
cess of 1100 cells/mm? Thus, the effect of high density upon center
formation appears to depend in large measure upon the nature of the
initiator cells.

Taere VIL Centers evoked by fruity initiator cells in dhixtures

with wild type (Sussman, 1953). _ O\
Number of Number of Ratio
Tty-1 cells  centers at plateau  centers: cells

1,000 15.8 ~LV1:63
15.6 " 1:64

N
750 ITg (& 1:63
14.60\ I:50
500 8 8 1157
N8 I:51
~ Mean 1:58

N

Plateau values fol\‘bhe number of mutant-induced centers were found
to be proportional to the number of fruity cells present in the mixture
Table VII sumfharizes numerical data from six determinations. The
ratio of ceg{lﬁérs evoked by fruity initiators to the number of mutant
cells pre was I:58. It is certain therefore that a large part of the
mutagt’ s capacity to produce huge numbers of centers is due to a sig-
nif: Gealtt increase in the number of initiators over the nurber present in
‘bheowdd type populations. However, the fact that when fruity respond\'fTS
served as the test system, a ratio of 1:24 was obtained as compared
with 7 : 60 when wild type so served indicates that part of that increase
is due to superior sensitivity of the mutant responders to the aggregd
tive stimulus. .

Table VIII shows the results of experiments in which different num-
bers of mutants were mixed with 10,000 or 2 5,000 wild type and were
dlspensed at a density of 400 celis/mm?2, more than enough to attaif
the plateau values. The ratic of centers evoked by fruity initiators to
fruity cells present was constant regardless. of the absolute number of
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wild type in the test system. Further, 600 fruity cells if mixed with
25,000 wild type at a density of 400 would be much more separated
from one another than if mixed with only 10,000 wild type at the same
density. The fact that the ratio did not depend . upon the state of dis-
persion of the fruity cells in the mixture indicates that the mutant A
tiators act singly to evoke centers just as do the wild type initiators.

Tapre VIII. Centers evoked by fruity cells in _rrﬁxtures with (A)
10000 and (B) 25,000 wild type at a density of 400 cells/mm?®

(Sussman, 1955). : N,
A B O
Number of Ratio Number of . Rat'io.\
Fty-1cells centers : cells Fty-1 cells  centersycells
1,200 I:59 1,200 .\ T:61
1,100 56 1,700 N\ 59
1,000 62 1,008\ 6o
goo 65 gbs” - 63
oo o1 (\&oo 60
700 . 64 N\ 6oo - 58
600 : 58 ' 23
500 62 N
400 64}
Mean, {61 Mean 60

It is of interesty1& Hote that extracts of the fruity cells, when in-
corporated into streptomycin-fortified washed agar have been found
to augment gedatly the number of centers formed by the wild type. Our
best preparations have yiclded increases up to eleven-fold. Viable counts
of wild,tyi:a’e" on the extract agar showed no increase in the number of
cell ot were any viable fruity carried over in the extract. The bio-
logical and chemical properties of this extract are under current in-
vestigation, but it is still too early to make definite statements abotit
them, '

Plate III shows photomicrographs of two representative mutant
fruits. The latter contained about 50 spotes, 4-6 stalk cells, and 1 or
2 basal disc cells ; the first, 9 spores, 2 stalk cells, and 1 basal disc cell.
A study of the comparative anatomy of these and other mutant fruits
was undertaken (Sussman, 195 sh}. Corresponding data for the wild
type were primarily obtained from the publications of Raper (Ig41)
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and Bonner and Slifkin (r949). The results indicate that the absolyte
numbers of cells in the morphogenetic assembly exert no more than
a very minor influence upon either the cellular morphology of the fruits
or their gross proportions. The presence of rigid regulatory processes
‘is ot unknown in morphogenetic systems as is clearly evident in the
embryological literature. But perhaps the slime molds represent an
extreme case for the constancy of morphogenetic properties. At one
end of the gamut are wild type fruits on growth plates (where the
population density is enormous), containing hundreds of thousands of
cells and measuring several millimeters in height. At the other ¢id are
the Fty-1 fruits on washed agar at optimal density containing 12 cell
or less and measuring 40 to 60 microns in height—a diﬁ&feﬁce of at
least 10,000-fold in cell numbers and of roo0-fold in s;ze

The fruity mutant has special pertinence for the prob]em of regula-
tion. Studies by Raper (19402) and Bonner (1«944) have shown that
the fate of a cell in the ultimate fruiting body 15 ‘determined by ifs geo-
graphical position in the pseudoplasmodmx‘f», twhich in turn is governed
by the relative order in which that cell entered the aggregate, This fate
may be altered predictably by changmg the position of the cell. It would
appear, therefore, that the myxamoebae become spores, stalk or basal
dise cells, and do so in definite’ proportion, by virtue of inferactions
between different parts of the assembly. The question arises as to
whether such interactiond. represent mass effects of one large group of
cells upon another ot &vhether they can be limited to small groups of
effectors and effectees. The fruity mutant tells us that not only can
these interactiong/nivolve limited groups of cells, but in this case they
must. In the fouif pictured in Plate III, 1, nine myxamoebae apparently
informed %0 6thers that they were to become stalk cells or vice-versa.
The mterést in these proccedings springs from the inference that it
such mteractlons the effector cells have to provide a powerful impetus
of &l the effectees must be exceedingly sensitive to the signal. The
possibility then arises that one could conceivably use a micro-system of
this kind with its attendant simplicity to dissect the complex of inter-
actions that occur.

One project looked forward to with great anticipation on our part is
the dissection of the tiny fruits so as to isolate each of the component
cells in a viable condition. The growth of these isolates will yield clones
with which to test whether every component cell in the fruit can pro-
vide its progeny with a complete morphogenetic potential. The transi
tion from stalk or basal disc cell to vegetative myxamoebae should be of
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cytological interest. A corresponding study has already been made with .
the wild type D. mucoroides and D. purpurem (Sussman, 1951). It is
known that at least a good part of the stalk cells in the parent {ruits give
rise to normal clones, but total surveys could not be taken.

VI. DISCUSSION

Demonstrable cases of interactions during development are of course
not tnique to the slime molds, The embryological literature is replete
with similar examples. These include relatively circumscribed effects en-
countered within or between developmental subsystems as, for examp\fe, '
the induction of lens development in ectoderm by the optic veSiele of
the chick embryo {McKechan, 1951), which it is interestifigto note
appears to proceed by direct contact, or the influence of t}le'.méural tube
and notochord of the same organism upon the axial skeleton (Watter-
son et al, 1954 ). More generalized effects are appafent including that
of the disappointing but highly instructive eIQhryonic organizer in
amphibia. In addition, many interactions hay&’been uncovered which
lead to developmental inhibitions. A casejin)point is the existence of
dominance relationships in coelenterates that can be destroyed by erect-
ing barriers against free physiologicalztaﬁtact between component parts
of the organism (Barth, 1938). Afiother is the extremely stimulating
work of Yamada (1940) who established the existence of a morpho-
genetic hierarchy within .thsa.;iesodermai complement of salamanders
and who showed the abiii{fxof notochord in contact with the mesoder-
mal isolates to raise th@,potential of each without disturbing the de-
velopmenta] peck opdef: : '

Indeed, some a.s}sieéts of these interactions have already entered the
kingdom of ds('é:fépmental theory. The role of physiological competi-
tion in detesining dominance relationships and in limiting develop-
mental Pgtéﬁfials within morphogenetic fields has been given an inspired
fornfa] freatment (Spiegelman, 1045). Perhaps developmental experi-
mentation is still not sophisticated enough to take advantage of this ap-
proach but its potential heuristic value is enormous. In this connection
it is noteworthy that several phases of slime mold development, and in
particular the pseudoplasmodial stage, fulfill the requirements of mor-
phogenetic fields. A number of cytological and physiological markers
are available with which to score the individual cells in the assemblies,
and the existence of dominance relationships within the fields has been
established (Raper, 1941, Bonner, 1950). The uncoupling of develop-
ment from net cell growth during many of these phases and the ease of
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mechanical manipulation contribute ‘additional advantages. Tt would
appear therefore that the slime molds can provide 1clcal material for
the amplification of biological field theory.

A great deal of speculation has also been offered- (Weiss, 1949,
1950) to account for interactions that lead not to limitations of de-
velopmental potentials but to the induction of additional heferogeny,
Particular concern has been paid to direct contact phenomena, The ex-
planations are largely based upon the -assumption of stereochemical
reactions at cell interfaces which in turn might lead to progressive con-
straints upon the structure of cell interiors. One could equally el in-
voke the possibility of cytoplasmic exchanges as the basis,gf direct con-
tact inductions. The introduction of persistent phenotypis'determinants
by these means has ample precedent in mlcroblelf)gy (Sonneborn,
1946, 1950, 1953; Ephrussi, 1951; Spiegelman{¥951; Sager, 1954;
Mitchell et al, 1952). Other possibilities exisf¥and only decisive experi-
mentation will reveal whether any or all of\Hiem are valid. The mor-
phogenetically deficient mutants mlght 5€tve as one of the routes to
this decision. PN )

There exists then a most conmdcrable body of data and insight that
may provide lessons to be leamcd in conducting future investigations
into interactional phenomena The first of these is the danger, so clearly
demonstrated in the case ofithe embryonic organizer, of pursuing effects
between intricately organized and extended developmental stthsystems.
Such assemblies are‘l@‘rgel} autonomous in the developmental sense and
apparently requiré ittle nore than a trigger to set them off. Conse-
quently, their $tdy can lead to a great deal of knowledge of the trigger
but little of e gun. The danger would seem to be remote in the case of
the slim \molds The small numbers of cells involved and the relative
samphmty of the morphogenetic product lend a measure of reassurance.
'I,‘hxs‘;s particularly true of the fruity mutant. In addition, the synergis-
tic response patterns of the morphogenetically deficient stocks indicate
a high level of specificity. :

- Second, most of the embryological studies of interaction thus far ac-
complished ‘have been centered upon mass action phenomena. The
stimuli, so far as can be judged, are supplied through the cumulative
efforts of a great many cells and they affect similarly large populatmns
usually in an already advanced state of organization, The attendant
complexity has precluded quantitative study of the kinetics of the in-
teractlon and its extent in terms of the individual cells. It may be argued
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~ that in most dévelopmental systems the organization is not the simple
_ sum of its parts and that the resultant possesses an integrated character
destroyed by fragmentation. Yet, at its base, development involves the
appearance of phenotypic divergence .in celis. Tt would seem therefore
that simpler systems in which a cellular appreoach can now be made
might serve at least as very valuable supplements and perhaps give rise
to fundamental insights. The slime molds may prove of value in this
respect. The ability of the experimenter to separate cells at any stage of
the development and to grow them in clonal isolation opens the way to
the application of the methodology of microbial genctics in attempts to
understand the genetic bases of the differentiation. N

Also readily apparent is the need for complete physiologicalidéscrip-
tions of interactional phenomena: the nature of the chemical agent, the
conditions and biochemical pathways through which ipyis gynthesized
by the effector cells and its mode of transport s w?;vﬁ; the receptor
mechanisms of the stimulated cells and the enzymiatic alterations in-
duced or selected thereby. The direct contact int%'éctions are the knot-
tiest problem in this respect but also the mest challenging. As men-
tioned, specific information about dircct contact exchanges has been
gained in microbiology but with little dnderstanding as yet, excepting
the brilliant investigation of Paramesiipm aurelia by Sonneborn and his
collaborators. : N - C

Judged by these criteria the’ studies of interactional phenomena in
the slime molds are still we\f‘y’primitive. The phenomena have barely
been demonstrated and thgﬁ' genetic and physiological depths have not
been plumbed to any\'&égree. Their potentialities, however, remain
bright. N : o
A last point\géiy e raised concerning the pertinence of the study of

slime molds £0\developmental physiology and epigenctics in general.
The relatiyely feeble morphogenetic capacity of these organisms when
contrgSted” with the complexities of embryogenesis and regeneration
* might ¥ell lead one to conclude that any mechanistic analogies to be
drawn between them would be tenuots at best. And yet, the prodigious
predictive value of comparative biochemistry and apatomy to the bio-
logical discipline encourages the belief that a comparative .approach
ean be equally fruitful to developmental study. Further, the evolution
of stable multicellular existence remains one of the most intriguing prob-
lems in biology. The slime molds and related Protisia provide material
wherein this problem may be faced.
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VII. NEW APPROACHES TO
' THE PROBLEM OF
'EMBRYONIC INDUCTION

BY M. C. NIU

‘AFTER the discovery of the organizer in urodele development (Spe-
mann and Mangold, 1924), embryonic induction has become gne
of the most studied aspects of experimental embryology. During ‘the
past twenty years embryologists throughout the world have'cogti_'ilihted
a large amount of new information to the subject, much of, which has
fortunately been covered in careful reviews (Holtireter, {1951 ; Holt-
freter and Hamburger, 1955). Results reported in thé last few years
have also been brought together by Needham (193 5). According to
these reviews, our information of embryonic indgction, particularly its
chemical aspects, appears diffuse and conclusigu®’can hardly be drawn.
It seems that further progress on the sub jeety’as pointed out by Holt-
freter, may be made only with the devclepment of new analytical tech-
nigque, ' N _
Since this paper concerns new-gpproaches, an explanation of the
conventional methods employed{in the study of embryonic induction.
becomes necessary. Originally) ‘the experiments were performed - by’
grafting the organizer tisg.t}e\s to new sites in host ecmbryos and by im-
planting homoplastically, afid xenoplastically into the blastocoel. Several
years later, a new teclghique was introduced (Holtfreter, 1933) which
involves wrapping{yéuﬁg ectoderm around a piece of organizer, living
o dead, and cylthfing it in standard Holtfreter solution. This technique
has since beenimodified somewhat by “sandwiching” a picce of inductor
tissye jaetz.‘vzgeﬁ two sheets of ectoderm. For testing inductive activity of
aknowhsubstance, the cofnpound"embedded'in agar or albumen (Need-
ham, 1942), or a pellet of the compound (Yamada-and Takata, 1955),
was handled in the same way as inductor tissue. o
These experimental approaches ‘were based upon the hypothesis that
embryonic inductor can act only when in direct physical contact with
. LDepartrment-of Biological Sciences, Stanford University. This investigation was sup-
ported in part by grants from the Commitftee on Growth of the National Research Com_j.-
dl, and the Rockefeller Foundation. The author takes pleasure in acknowledging his
indebtedness to Professor V. C. Twitty for his sustaincd interest and enthusiastic. sup-

port in the work reported here. The latter part of the results were compiled during
ténure of a Guggenheim Fellowship at the Rockefeller. Institute for Medical Research,
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the reacting tissue (e.g. Holtfreter and Hamburger, 1955). Separation
of the two tissues by the smallest gap or the interposition of the thinnest
cellular or artificial barriers has invariably blocked induction (Brachet,
1950; Weiss, 1950; McKeehan, 1951; Grobstein,® 1955). So consist-
ent have been these findings that, in spite of the large amount of work
on the chemistry of inductors, it has not been demonstrated conclu-
sively that diffusible substances {e.g. Tung et al., 1949) are involved
in induction, The work of Barth (1941} and Holtfreter (1944) on
neuralization of young ectoderm ¢» »itro has shown that induction may
occur in the absence of an externally applied inductor. Accafding to
Holtireter (1945 and 1947), however, the induction is prabdbly indi-
rect. Toxic changes from variation of pH, for instance,preduce some
cytolysis, or sublethal cytolysis, and it is the product 6f this cytolysis
which in turn causes adjacent cells to differentiatef Ak long as the in-
duction is produced by indirect means, the prosésé‘; may actually not be
related to what is going on during normal de¥elopment.

The first phase of a renewed attack on/hi€ problem was the study of
differentiation of isolated ectodermalsgells. In capillary tuthes filled with
coelomic fluid drawn from spawning Jemale newts, isolated ectodermal
cells became in a few cases spindlefshaped, presumably myoblasts. Thus,
it appeared that naturally ocensifing substances in coelomic fluid were
evoking a response in ectodermal differentiation. Furthermore, isolated
single tumor cells were fouind to grow only in a medium drawn from
established cultures¢(Sanford, Earle, and Likely, 1948). From these
findings, it was rfea%ned that organizer tissue, grown s witro, might
also condition,thig culture medium. It seemed conceivable that young
ectodermal. ¢ells" might actually be induced to differentiate in the me-
dium with@idwn from organizer cultures. This relationship might thus
be formulated as follows:

Anductor substance in solution -} totipotential ectoderm — differentiation

When presumptive ectoderm remains constant (i.e. using young ecto-
derm of the same age), the type of differentiation is bound to depend
on the nature of the inductors. Specific inductor would produce specific
differentiation. Accordingly the type of differentiation depends upon

2Tt is true that induction occurs in zifro in mammalian tisstes with 2 filter lying
between the inducing and reacting tissues; however, the cytoplasmic processes within
the pores of the ﬁl_ter offer the possibility that contact may again be involved. In fact,
Grobstein (unpublished) has advanced the idea that imduction is mediated through

the matrix of the ground substances produced by tissue cells, Accordingly, contact ina
modified form may indeed be involved in this instance
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the nature of the inductor. This approach may lead us to the achieve-
ment of directed differentiation.

The second phase in formulation of a new approach concerned the
choice of material. Since Holtfreter had found that the cells of Triturus
torosus ectoderm, in contrast to those of Amblystoma punctatum, do
not cytolyse in vitro, torosus seemed promising. It is, however, essential
to eliminate the surface coat of the ectoderm which is known to be non-
penetrable by chemical substances (Holtfreter, 1943). The most effec-
tive method is to cut the thick layer of young ectoderm into very tiny
pieces. When they round up, the surface coat is insufficient to.cgver
even half the outer surface of such ectodermal explants, thus pepmitting -
any agent in the medium to act directly upon exposed cells, Asla matter
of fact, the remmant of the surface coat actually tends to turn inward
into the center of the explant rather than to stay outside (Plate 1, 1).
In brief, the adopted procedure is to culture, in hangiﬁfg”drops at 1g°C,
large pieces of inductor tissue together with tiny pi¢c€s of the presump-
tive ectoderm that can readily be excised by micre-surgical techniques.
It must be emphasized that throughout thege experiments the two tis-
ses were situated separately and had riq physical contact with one an-
other. :

The medinm used for this study @8 ‘modified Holtireter solution de-
veloped by us some eight years ag& for the cultivation of the neural fold -
(published by Flickinger, 1940y Niu and Twitty, 1953). The distin-
guishing features of this\rdeiﬁed solution are: (1) the magnesium
ions promote significaritly “the attachment and spreading on a glass
surface of young gastrula ectoderm (unpublished, Niu and Twitty),
and {2) the phosphdte buffer stabilizes the pH of the medium at
78 + 0.15, ®)

Early in og?\siudy, both inductor and reacting tissues (presumptive
ectoderm of\Stage 10 — beginning gastrula) were taken from forosus
embry68) the inductor being confined to the dorsal half of Spemann’s
organizér area (dorsal lip of the blastopore, stages 10-12). Later, the
source of inductor tissue was extended progressively to the trunk med-
ullary plate including some of the adjacent neural folds (stages 15-17),
the posterior portion of the medullary plate (potential mesoderm, stages
15-16), notochord (stages 16-18), combinations of all of these, and.
finally endoderm (stages 16-19). In addition to T, torosus, T. rivularis,
axolotl (Amblystoma mexicanum), and A. tigrimum were used. It
should be mentioned that the role of endoderm and neural fold as in-
ductors is being studied by Miss L. A. Forkgen.
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I INDUCTION IN CONDITIONED MEDIUMI

The rate and pattern of pigment-cell developrnent in neural fold
(crest) cultures recapitulate those shown in vivo (Twitty, 1945). Sim-
ilarly, the differentiation of the developing inductor tissue in the modi-
fied salt solution is found to keep pace with én vivo development. This
equivalence of i wivo and in vitro development lasts 2 to 4 weeks ac.
cording to the type of the inductor tissue. During this time, the in-
ductor explant differentiates according to its source into various tisstes
and cells, Dorsal lip gives rise to myoblasts, notochordal mags, mesen-
chyme, and sometimes to nerve tissue and pigment cells*,‘ iedullary
plate and fold to neural tissue and an outgrowth of chromatophores,
posterior portion of the medullary plate (PMP) to, myoblasts, and also
frequently mesenchyme, chromatophores, notoc;hordal mass, or evell
some neural tissue; notochord to rod-shapedsgr, 'massive chordal strue-
tures ; nenral fold to neural tissue and an outgtowth of chromatophores;
somitic blocks to myoblasts and somet1me§~mesenchyme and endoderm
to thin endodermal sheets. \ N '

When large pieces of inductor and~’c1ny pieces of young ectoderm are
explanted simultaneously into hangmg drops of modified salt solution
{referred to later on' as o day cultures), both explants attach to the
glass and develop durmg~the first few days. The inductor explant con-
tinues to grow, and to-differentiate according to its source.. “After ini-
tially spreading mt(\t‘hm sheets, at least 95% of the ectodermal explants
soon retract into('§pheres and usually become detached. Cilia develop
and thus the ectodermal explants become free swimming vesicles which
eventually bﬁrSt There are rare instances, however, in'which the ecto-
dermal hgplants behave similarly fo those in the next expf:riment fo
be:degeribed and undergo différentiation, :

When tiny ectodermal pieces are isolated by themselves in the modi-
ﬁed galt solution, ‘there is a greater tendency toward cell dissociation
with 2 small number of loose cells appearing at the margin of the ex-
plant. These cells frequently become detached and soon cytolyse, releas-
ing their contents into the medium. During the past three yeats, more
than 2,000 such controls were made, and in not more than a half-dozet
cases was there the slightest indication of differentiation. Apparently
the products of these few cytolysed cells are msufﬁclent to induce the
neighboring cells to differentiate. S '

If the failure of induction in o day cultures i is due to insufficient con-
ditioning of the medlum during the short period when the ectoderm is
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otill conpetent to react, it should be possible to obtain induction in cul-
tures where the developing inductor explant has been developing over a -
longer period. Young ectodermal explants introduced into 7-10 .day
old cultures of -inductor tissues, were found to undergo differentiation
(Niy, 1953; Niu and Twitty, 1953, and unpublished) in the complete
absence of physical contact between the two explants. The percentage
of induction occurring varied considerably according to (1) the in-
ductor tissue and (2) the species of young ectoderm employed.. The
best series on record shows that ectodermal differentiation in cultures is
as high as g0%. - - ~N

In the most representative cases, the bchavior of the ectodermidl ex-
plant is remarkably similar to that of an explant of the neural fold. The
ectodermal explant becomes intimately attached to the coler slip and
spreads as does the control in the unconditioned salt soltition. Three to
six days later, amoeboid cells begin to emigrate and gtadually a good
sized outgrowth is established. Practically all of thiese cells differentiate
into highly branched pigment cells. Nerve fibgrs yadiate out of the cen-
trzl residual mass (Plate 11, 1). Variations ¢ithis pattern are: (1) the
entire outgrowth of the ectodermal expija.ﬁt differentiates into chro-
matophores only- ( Plate II; 2); (2) the"explant may remain compact
and give rise to radiating nerve ﬁbers only (Plate IIL, 2); (3) occa-
sionally myoblasts develop, and £4) rarely the cells of the whole ecto-
dermal explant become widely scattered and, in a few days, the ma-
jotity of them round up andhgoon detach. The few that remain attached
become pigmented. However, on two occasions several scattered cells
reaggregated info a tini; cluster from which a few nerve fibers emerged.
Regardless of theddtrce of the inductor explant, the young ectoderm
has shown the sduie pattern of behavior. B -

It seems glbar’ that the ectodermal differentiation is attributable to a
conditiorgiﬁé of the medium by the inductor tissue, and not to a non-
specifi Joxic effect of the modified salt solution. The explants appear
to e Eompletely healthy and cell dissociation or other signs of injury
are definitely rarer than in unconditioned medium in which ectodermal
differentiation does not oceur. R ' o

Tt is assumed then that the developing inductor “conditions”- the
medium by releasing inductor substances into it. These substances ac-
ctmulate until a threshold concentration sufficient to exert an influence
on the ectodermal cells is reached. The ectodermal cells; otherwise cap-
able of forming only 2 simple epithelinm in vitro, then differentiate into
2 variety of cell types. The intrinsic factors responsible for ectodermal
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differentiation into simple epithelium are therefore overridden, or in-
hibited, and replaced by extrinsic ones which direct the ectodermal cells
into new channels of differentiation. If true, this would imply that the
inductor substances initiate a series of processes leading to specific his-
tological differentiation. '

Although the agents responsible for induction ¢ vitro appear to be
diffusible substances in the medium, the possibility that the actual physi-
cal presence of the developing inductor is essential remains fo be ex-
cluded. To eliminate this possibility, the medium in which the igductor
explant had been growing for 10 days was withdrawn and usédto cul
ture new ectodermal isolates. These differentiated as if eXpianted into
established cultures of developing inductor. O

et us examine the cell population involved in thesegxperiments. As
shown in Plate I, 1, the tiny explant contains noguore than 15-20 cells,
When larger, the explants tend to be surrounded by surface coat, and
consequently fail to undergo differentiatiom., When induction oceurs in
these small explants the outgrowth may.gontain more than one hundred
pigment cells (see Plate IT). The inerease in number shows that cell
division is active prior to the onsetlof differentiation. Plate 1, 2, shows
in cross section some ectodermat explants that have been developing in -
conditioned medium for abodtthree weeks. Comparing with Fig. 1 on
the same plate, one noticesimmediately the large increase in number and
the small size of the eGnstituent cells. Particular attention is called to
the figure on the Icft\showing that the ectodermal explant is a vesicle
composed of a large number of small cells. Similarly, those ectodermal
vesicles in th ~§c\)ntrols of the modified salt solution are made of small
epitheliageils. It appears that, irrespective of the medium, cells of the
ectoder “explants undergo active division, but the explants in the
conﬁr\él,s’o do not differentiate. To demonstrate this point more crucially,
gingle ectodermal cells were explanted into capillary tubes filled with
coniditioned medium. Again division was frequent (Plate III, 1) and
these cells appear to develop into propigment cells. Accordingly, the in-
ductor substances of the conditioned medium are indeed differentiators
and not growth promoters,

In order to reveal how much the age, or degree of differentiation, of
the inductor explant may affect the induction, older cultures (12-16
days) of posterior medullary plate (PMP) were employed (Table I).
PMP was chosen because it frequently gives rise to an outgrowth of
myoblasts and also because it is a very active inductor i vivo.
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TasLe 1. Induction of myoblasts in older cultures of posterior
medullary plate (PMP). :

Induction *

Series of inductor Total  Mpyoblasts (% of total)
No. 35: torosus PMP (12 days) . 70% 35.7
No. 47 : rivularis PMP (15 days) 70% 38.5
No. 48: torosus PMP (12 days) 66% 73

*Based on 6o cultures per series.

Tn contrast to the rare occurrence (not more than 5%} of induced rr?yo—
blasts in the 7-10 day old cultures mentioned previously, mygblést dif-
ferentiation now increases to as much as 73% of the totahinductions
obtained (Plate IV, 1 and 2). This difference is causgd dpparently by
a difference in age of the inducing culture. The possible’ways by which
the inductor substances of the culture medinm scan’/produce such dif-
ferences in ectodermal differentiation are (I).{diﬁerence in concentra-
tion of a single substance and (2) the existente-of two or more different
substances. For reasons that will be given’later (in connection with
homeogenetic induction and spectropigtometric measurements), it is
believed that the difference is not quantitative in nature.

Recognizable cell-types were dstally seen in the outgrowth of the
developing PMP explants abptit 10 days aiter explantation. It appears
that before the onset of différentiation there is a period in which cell
division 1s active, parti(;usla\rly during the period when cells are emigrat-
ing from the explangy It follows, then, that the inductor substances in
the 10-day-old cuitu:r?:s of PMP are being released by cells in the growth
phase, while im~f2-16 days cultures they are being released by cells
actively engaged in differentiation. Since actively growing tissue is
known tabe rich in nucleic acids, and cells in the process of differen-
tiation;ar\e definitely active in specific protein synthesis, it is quite likety
that @ifferent substances are being liberated by the young and the older
PMP cultures respectively. It is interesting to note that mybolast dif-
ferentiation is seldom induced in young ectoderm by older cultures (12-
16 days) of medullary plate and fold. Instead, neural tissue and pigment
cells are usually induced. Since the medium conditioned by developing
PMP tends to induce young ectoderm to differentiate into muscle cells,
we are apparently dealing with an example of homeogenetic induction
W vitro,
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* The demonstration of homeogenetic induction in witre is significant,
In the first place it suggests to us a simple method by which young
ectoderm may be induced to differentiate in either of two directions,
Secondly, homeogenetic induction implies the presence of specific in-
ductor substances. These specific substances which are released by cells
engaged in specific cytoplasmic synthesis induce the ectoderm to dif-
ferentiate into corresponding cell-types. It appears that the inductor
substances in the medium of older PMP cultures differ from those of
older cultures of medullary plate and fold. The difference may be small,
and therefore not easily detectable biochemically. In passing it sfay be
mentioned that in experiments with fixed adult tissues and with ¥arious
preparations of nucleoproteins and nucleic acids, we have, fréquently
obtained ectodermal differentiation into neural tissues and pigment cells
but we have failed so far to observe the appearance of myoblasts

- That.both inductor and reacting tissues playa\ role in the frequency
of embryonic induction as indicated earlier Jegftires further explana-
tion, The importance of these factors, togebﬁer with the time relation-
ship involved in the induction phenomenoﬁ* will be dealt with separately
in the following sections. o

- A. The potency of various mductor cultures. Inductor cultures used
in this study were made from dorsal lip, posterior portion of the medul-
lary. plate, medullary - plate ; aiid ‘fold, neural fold alone, notochord, so-
mitic blocks, and endodem\ For the most reliable comparison, ectodermal
pieces should be takendrém one embryo. In view of the large number
of cultures involvedhin ‘this analysis, not only is this impractical, but it
is everi impossibl§6 employ ectoderm from embryos of the same egg:
cluster. Undepythese circumstances, it scems preferable to express the
inductive pdteficy in relative rather than absolute terms. A certain
amount of\overlappmg cannot be avoided. This relative potency can
be equ*essed tentatwely as follows: o

£

dorsal lip 2 posterior portion of medullary plate > notochord =
_ medulla_ry plate and fold > neural fold > somites > endod_erm

It should be noted in passing that the more potent inductors, e.g. dorsal
lip or posterior medullary plate, give rise to a greater variety of tissues
and cells than do the less potent, e.g. endoderm. - '

.B. Reactivity of young ectoderm from different sper:@es Ectoderm
: f1om the same embryos of both forosis and rizuloris were each ex-
planted inte 7-10-day-old PMP culiures of toresus and rivularis pre:
viously made under identical conditions. It was found that rivuoris
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ectoderm differentiates in a slightly higher percentage of cases than
does torosus, Similar experiments were performed with axolotl, Hgri-
aum, and forosus ectoderm in torosus PMP cultures. The differentia~
tion of both axolotl and #tigrinum ectoderm is higher than that of tero-
sHS. _

C. Time requived for induction. Ectodermal explants were isolated
in cell-free, conditioned medium. To determine the minimum duration
of exposure necessary to obtain induction, the conditioned medium in
the ectoderm cultures was replaced by fresh salt solution at selected
intervals. Precantions were observed to avoid any possible damage to
the delicate explant during the substitution. It was found that 22\hours’
expostre to conditioned medium was sufficient for rivularis etadermal
differentiation. | A

3

11, IDENTIFICATION OF THE INDUCTOR SUBST.A&NI'CES..

As indicated at the beginning of the paper, the\present confusion con-
cerning the chemical aspect of induction is perhaps due to the lack of a
simple direct technique. With the developiignt of a-new approach, we
have begun a series of analytical experiments on the nature of the in-
ductor ‘substances present in the megdiftm withdrawn from the estab-
lished organizer cultures. The follgwing account is surely not more than
preliminary, but perhaps it indicates that -the chemistry of induction can -
be approached by our techniﬁue with success. Needless to say, much
work lies ahead of us. ™ B '

For microchemical apalysis, at least a few ml of the conditioned
mediym are required./To collect this amount from individual hanging
drop cultures hatihg a volume of 10 pl would require a tremendous
amount of w&(l’«f}‘Besides, it is probable that the active substances are
present in_stch minute quantity that the medium needs to be concen~
trated pefore any analysis could be performed. Fortunately, 20-30
piece's\bf organizer tissues were found to grow luxuriantly in- the well
of a depression slide which has a fluid capacity of 250-300 pl. Twenty:
such slides prepared at one time will yield, after 7-10 days, 5-6 ml of
the conditioned medium, which is enough for analysis (Niu, 1935).
The advantage of this method is that after withdrawal fresh salt solu-
tion may be added to the culture and 7-10 days later the medium may’
be withdrawn again. This process is repcated 4-6 times. The medium_
first withdrawn is designated as “first order” conditioned medium, the
second, “second order” conditioned medium, and so forth. Routinely,
the conditioned medium after withdrawal is centrifuged at low tempeta-~
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ture (2°C) to remove any ccllular debris resulting from damage pro-
duced during withdrawal. On account of the number of the organizer
explants in the deep-well cultures, the occurrence of some cytolysis is
probably more frequent than in the hanging drop cultures. There i,
however, no ground to believe that the medium of the various orders is
not eguivalent to that withdrawn from the hanging drop cultures. In
passing it should be mentioned that there are qualitative differences in
the products of ectodermal differentiation in the successive orders of
conditioned medium, but a systematic study of these differences has
only begun. \

The centrifuged medium is subjected subsequently to,thesfollowing
analyses: O '

A. pH determination. After cach collection, the/pH of the medium
was meastired immediately. It was found that the’pH remains the same
as that of the modified salt solution, i.e., 7.8:3.0.15. Consequently, the
ectodermal differentiation is not caused by a'change of pH, but actually
by substances released into the medium ®y the developing organizer
explant. N\

B. Spectrophotometric measurgméhits. The tissues used for cultiva-
tion in deep-wells were (1) tigeliitm trunk and tail organizers, medul
lary plate and fold, and (2) torosus PMP, and medullary plate and fold.
The medium withdrawn{fsom these cultures was examined with the
Beckman spectrophotoz’ﬂéter. In addition, there were measurements on
the first order mediifcollected from notochord, somite, and endoderm
cultures. The ge}mfal pattern of the curves obtained after plotting these
‘data is represemtiéd by Figs. 1 and 2. From these curves it appears that
the minimal;ﬁl")sorptions of the media from first to fifth order are
around \2@"{31‘ 245 mu, with the maximal at 258 or 265 mg. Apparently
they resémble those given by nucleoproteins .(Caspersson, 19503 and
M@Eham et al, 1048). Without exception, maximal absorptions of
the’ first order in each group studied are around 258 my, while those
of the second are around 265 mu. This difference is significant and it
may represent a difference in inductor substances present in the two
media. Furthermore, these two media are important, when one con--
siders the age factor. Medium of the second order was withdrawn fron
cultures about 20 days old. During these 20 days, the inductor explant
grows and differentiates much as it does in wivo. Energy is derived
from the intracellular food reserves, yolk platelets. Yolk tends to be
exhausted by the end of the third or the beginning of the fourth week.
After exhaustion of yolk the developing inductor explant in the medium
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devoid of nutrients might be expected no longer to behave as n vive.
The substances released then theoretically may be difierent from those
released in wivo. Consequently it seems probable that only conditioned
medium of first, second, and possibly the third order would contain
inductor substances present in normal development,
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Fig. 1. UV absorption spectra of the conditioned media collected from deep-well cul-
tures of fgrinum dorsal Hp (55-263). Ist to 6th, the conditioned media of the first
thl'(_mgh' the sixth order, -

The differences in inductor substances in the medium of first and
second order cultures may well reflect the differences between the young
(7-10 days) and the older cultures (12-16 days) of PMP already dis-
cussed (see pages 160-161). This reflection is further shown by spectro-
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* Fig. 2. UV absarption spectra of the coriditioned media collected from _deep—well cul-
tures of foresus PMP (55-260). 1st fo 6th, the conditioned media of the first through
the sixth order.
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photometric reading of the medium collected from the young {maximal
absorptions around 258 myg) and the older cultures (265 mu). This .
would seem, therefore, consistent with the view that the medium cof the
first order contains a neural inductor while that of the second may pér-
haps contain a homeogenetic inductor substance. '

As long as the chemical constitution of the different inductor .sub
stances is unknown, it could be argued that the induction of neural tis-
sue (including pigment) and of the muscle cells may result from a dif-
ference in concentration of a single substance rather than the presence
of different substances. However, in view of the concentration of stub-
stances in the young (25 pg/ml) and in the older cultures (29 p&/'ml)
of PMP, as given by the spectrophotometric measurements mesjioned
above, it seems unlikely that differentiation of neural tissue, dnd pigment
cells on the one hand, and of muscle cells on the other, € be ascribed
to such a slight variation in eoncentration. It should b&mentioned that
the concentration of the inductor substances is caledlated from the max-
imal absorption at 258 my and 2635 my respectively. _'
- Now the problem is to find whether there 4cttially is nucleoprotein in
the conditioned medium as was suggestediby spectrophotometric exam-
ination. For this, we did the following, axperiments. o

(. Dialysis. The conditioned meﬂiﬂm collected at different times
from dorsal lip and from medullagyplate and fold cultures was dialysed
against salt solution: The lattef was changed four times in three days:
Sterile precautions were obgerved throughout the process. After dialy-
sis, the inductive activity"of the medium was tested and differentiation
was found to occur inlthree of the four series. This demonstrates that
the;inductor substahfes are nondialyzable, macromolecular, and, there-
fore, that they,&dnmot be compounds of small molecular weight with
maximal ab?‘,@}‘pﬁons at 260 mp, but are more probably nucleoproteins.

D. Alcoliol precipitation. Based upon the maximal absorptions of
each médium and assuming that the substance is pure, it was calculated
thaf\tHe concentration of substance varies between 0.0z and 0.047
mg/ml. The medium was centrifuged in a Spinco ultracentrifuge, Model
E, at 59,600 RPM for 2 hours, but no sediments were obtained. To pre-
cipitate active substances, 7 m! conditioned medium collected at various
times was first reduced to I.ml by evaporation. Subsequently 3 volumes
of ethanol (g5%) were added. The conditioned meditm and- ethanol
mixture was stored in a refrigerator over night, and then centrifuged.
The alcohol in the supernatant was removed by aeration and the sedi-
ment redissotved in salt solution. The UV absorption spectrum of the
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redissolved material was similar to that given by the solution from
which it had been obtained. When tfested with young ectodermal ex-
plants, differentiation occurred .in the material that had been precipi-
tated but not in the supernate. Thus the substances are precipitable and
macromolecular, which are properties of nucleoproteins.

E. Color tests. Conditioned medium was tested with different color
reagents for the demonstration of nucleic acids and proteins. The re-
sults were negative until tests were performed on concentrated samples
of the medium. The concentrated medium produced a very faint light
blue with the Dische test, indicating the presence of a slight afgunt of
desoxyribonucleic acid (DNA) and dark greenish brown witl the Bial
test, indicating the presence of ribonucleic acid (RNA)(T febiuret fest
was positive, indicating the presence of proteins. Frem the readings of
color intensity obtained in the Dische and Bial iests, 1t -was caleulated
that the ratio of RNA to DNA is appr oxxmately 6. Since the inductive
substances are discharged from cytoplasn& and DNA is usually not
present in the cytoplasm of somatic cells{the presence of DNA in the
conditioned medium seems to suggest ~that some cytolysis had cccurred
in the deep-well cultures. \ :

The results of the above tlu‘ee experiments provide ev1dence that
nucleoprotein is present in the tonditioned medium. In an attempt to
supply further evidence that the nucleoprotein in the conditioned me-
dium 1s effective in mduét:on the effects of enzymes were investigated.

F. Encyme stua’zé&{\usmg ribonuclease, desoxyribonuclease, trypsin,
and chymotrypsin{ In experiments with forosus ectoderm (20 series)
addition of ribefiiclease to the conditioned medium greatly reduced,
but did not cémplete]y prevent, induction; desoxyribonuclease sfightly
reduced ction; and chymotrypsin had practically no effect. When
the twg\tucleases were added together no induction was obtained. Simi-
la,t\ results were obtained with axolotl ectoderm (6 series). A conclu-
Siod that might be drawn from these experiments is that induction it
torosus and axolotl by the conditioned medium is due mainly to ribo-

_nucleic acid, somewhat to desoxyribonucleic acid, but not to proteir.

Although most of the experiments were done with forosus and
axolot], three series were performed with rizvuleris. In experiments with
rivularis the same médium and enzymes were used, but different results
were obtained : when both nucleases wetre added induction was dimin-
ished but not abolished, and, on the other hand, the addition of either
trypsin or chymotrypsin completely prevented induction. In this species
it would, therefore, appear that protein plays a part in induction. If comn-
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Prate I. Fig. 1, Cross section (8u in thicknessf): wi 3 tiny picces of young
cctoderm, 36 rminutes after cutting in salt sglution. A. Axclotl. B and C.

Triturus torosus. X. Mitctic division.

PLate I Fig. 2. Cross section (8x in thickness) of 3 forosus ectoderm ex-

plants after zo-day cultivation in conditioned medium. A. Ectodermal vesicle,
B. Explant consisting of neural and cctodermal lobes. C. Explant consisting

of a naked hind-brain-like structure.
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Prate II. Fig. 1. Typical culture (levg:l'o)ed from a tiny plece of young

torosits ectoderm after introduction dmte” a 15-day-old culture of forosus
trunk medullary plate and fold. Photographed 26 days after introduction of

the ectodermal explant. .

Prate 1L Tig. 2. An outgrowth of chromatophores developed from young
-axolotl ectoderm in an 11-day culture of #Hgrimwm notochord. The central
residual mass (M) is accomparied by a retracted epithelial sheet (E). Fhoto-
graphed 10 days after introduction of the ectodermal explants.



Prate III. Fig. 1. Top to bottom: 5in‘g’l'e' ectodermal cell isolated into capil-
lary tube filled with conditioned medinm. Photographed at 2nd, 4th, 5th, and
#th day after explantation. }

with radiating nerve fibers formed from a

Prate II1. Fig. 2. Nzural tissue i :
celi-free conditioned medium. Photo-

piece of young rivularis ectoderm in
graphed 11 days after explantation.



Prate IV. Fig. 1. Left, explant of torssus PMP with outgrowth of_diﬁerenzgltfng myahlast,
Right, myoblasts developed from a tiny plece of forosws ectoderm introduved infe the sam
drop 12 days after the isolation of the PMP. Photographed 23 days after introduction of th
ectodermal isolate. ) ¢\

Prare IV. Fig. 2. Myoblasts developed from a tiny pi.ecc of young lorosus ectoderm i a 1408
old culture of terosus PMP. Photographed 25 days after explantation of the ectodernt.
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firmed, this result would support the recent claim of Yamada and his
school that protein is responsible for the ectodermal differentiation.®

To return to the effect of ribonuclease on induction, it can now be
seen that Brachet’s recent experiments (1955) prevent us from drawing
any simple conclusion from the experiments mentioned above. Brachet
mas shown that ribonuclease may act upon ribonucleic acid within liv-
ing cells. It is, thercfore, possible that in our experiments the effect of
rihonticlease was on the ribonucleic acid within the ectoderm cells as well
as on the ribonucleic acid of the medium. Experiments are needed in
- which ribonuclease is removed from the medium before being used. t6™\
cultivate the ectodermal cells, It is, indeed, all too apparent that thesex*
periments on the chemical nature of the materials present in the.gotidi-
tioned medium are merely first steps of a projected investigatiomy

1L, SUMMARY _ R

1. A new technique for study of embryonic induction has been de-

veloped. Tt consists of explanting organizer. tissug jato a hanging drop
of modified Holtfreter solution; 7-10 days laterfa*small piece of young
eetoderm is introduced at a distance from thédeveloping organizer ex-
plant. : -~ _
2, The inductor tissues used are thg’dcjrsal half of Spemann’s organ-
izer area, the trunk medullary plate ineluding some adjacent neural fold,
the posterior portion of the medullary plate, notochord, somitic blocks,
neural folds, and endoderm of§%'tufm torosus and Amblystoma tigri-
num. Reacting tissues are presumptive ectoderm {beginning gastrula)
of torosus, rivularis, axo.l'q’j:l, and tigrinum. :

3. The behavior of’hé ectodermal explant is similar to-that of the
explant of the neq;a}l;fold. Regardless of the kind of inductor, a cul-
ture of pigment'be;llé develops with nerve fibers radiating out of the cen-
tral mass. Induetion “at a distance” occurs in go% of our experiments
in our hest'seties. S . "

4. While young cultures (7-I10 days) of PMP induce young ecto-
derm to differentiate as described above, older cultures (12-16 days)
tend o induce formation of myoblasts (i.e. the same cell type is in-
duced as is present in the outgrowth of the developing hlduc‘;or ex-
plant). Accordingly there is more than one kind of inductor.

® (A.tlded in proof.) After incubation with ribonuclease or trypsin, the conditioned
mediuvm was dialyzed and examined sgectropho‘cometrgcally. It was found_ that the
enzyme does not hydrolyze completely the ribonucleic acid or protein of the ribonucleo-

Proteins, Accordingly, it is not possible to des’igna}te_ which fraction of the inductor sub-
stances is responsible for the ectodermal differentiation.
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5. Young ectoderm differentiates equally well in cell-free medium
withdrawn from established cultures of inductors. 24 hours’ exposare
to conditioned medium is sufficient to induce dlfferentlanon in the ecto-
derm transferred subsequently to a salt solution. _ .
6. The conditioned medium has an absorption spectrum smnlar to
that of a nucleoprotein. The maximal absorption of the first order
medium is at 258 mp, and of the second at 265 mg. The s1gn1ﬁcance of
this difference is discussed. - -

- 7. The results of dialysis, alcohol precipitation, and color tests pro-
vide evidence that nucleoprotein is present in the conditioned medium.
Enzyme studies furnish additional evidence that the nucleopgotein in the
medium may be effective in induction. D

\
\.

Al
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VIII. GROWTH AND DEVELOPMENT
IN THE SHOOT SYSTEM
OF PLANTS

BY RALPH H., WETMORE?

A ROOTED plant is so much a part of its environment, both bictic and
physical, that it can be studied as an entity only under controlled
conditions. If conclusions concerning its continued growth, develgg’zrient
of organs, and induction of reproductive cycle are to stand any\ehiance
of being based on factual evidence, the chosen plant must bg removed
from its usual association with other living beings and st ‘be placed
ina new physical environment as nearly constant as fixed variables will
permit. Even then, quantitative findings on growth«n‘the shoot system
will be difficult to achieve because of photosyn,tl@&is. If one could de-
termine that there was a fraction for plant grogeth which was dependent
only upon incident light, other variables béiltg constant, the quantita-
tive dilemma could be solved. Whether «0ite can find such a fraction is
not clear at present. Y :

To try to control the plant’s environment, however, is not enough
for an investigator concerned yith growth and development of either
the root or the shoot syste Q¥~«{Ya5cular plants. To male his investiga-
tions meaningful, he mugs bécome acquainted with their fundamental
patterns of development(@nd with the range of variations in these funda-
mental patterns undex different environmental conditions. '

The student of(dévelopment should also take into consideration a
major contrast{in embryology between multicellular plants and multi-
eellular aninials, Tt is certainly more than a coincidence that vertebrate
animals: 'Ii“nbtéed to maturity through gastrulation. However varied in
its steps, the end product is an animal whose absorbing and digestive
system is housed within itself. Food must then be ingested. A concom-
itant aftermath of this method of development is the compactness and
the general mobility of the mature animal organism. Attention should .
be called to the fact that no plant is known to reach maturity through a
process of gastrulation. By contrast, the plant embryo retains the earlier,

1 The Biological Laboratories, Harvard University, Original invcs'ﬁgationé reported
OiLin this chapter have been supported in part by a grant from the American Cancer So-

dety, Ine.,, upon recammendation by the Commiitee on G_rowth of the National Research
uncil, and in part by a grant from the National Science Foundation.
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over-all capacity for cell division at its antipodes (Miller and Wetmore,
1945; Allen, 1947; Spurr, 1949). These continuing, actively divid-
ing apical groups of cells or meristems of the embryo, the root and
shoot meristems respectively, leave the cellular products of their
mitotic activity behind them. As will be noted later, the resulting cel-
lular accumulations are biochemically induced to differentiate by the
same meristematic regions which produced them. The entity resulting
from this differentiation is the plant body. Thus, as Bower (1950, and
earlier) pointed out, the vascular plant has the capacity for continued
embryology. ' A

A study of the apical region, root or shoot, will always Hisclose
histological changes accompanying differentiation of theeelfular com-
ponents. Studies by surgical manipulation are as revealing’on the grow-
ing apical region of a tree as on a seedling of that tféE.NAl‘l excised apex
of a half mm or less, planted in viiro on an ade(fu'z’tte nutrient medium
will produce an entire plant, indistinguishableMrom that which earlier
bore the apex (Plate I, 1-6, or other exanx}:lés from Ball, 1946; Wet-
more and Morel, 1049; Wetmore, 19538} 1933b).

The study of development in the éutire plant is essentially the study
of morphogenetic processes proxitital to the root and shoot apices of
that plant. While it has been_eleat that the plant grew by apical accre-
tion of cells and the formation of new appendages (branch roots just
proximal to the root apex,‘and leaves and buds at the shoot apex) little
has been known of tl’\e_i;\i“nf)rphogenetic processes involved. Even less has
been known of thedunderlying physiological steps or of the biochemical
pathways correldted with induction and differentiation. _

If one exanirles the apical meristem of a fern (Plate 11, 1) or an
angiosper {{Plate IV, 1), one is aware of a flatteried or slightly dome-
shaped ~xje§ion (Foster, 1939, 1941 ; Wardlaw, 1945; Philipson, 1647,
Igij.ggReeve, 1048; Ball, 1949; Popham, 1951 ; Gifford, 1954) sur-

- ¢gunded by leaf primordia, each of which appears in the time sticeession
and the regular pattern characteristic of the plant: Much has been writ-
ten on phyllotaxy but little exper’iméntal-w'ork has been done (Snow
and Snow, 1931, 1933, 1935; R. Snow, 31942’, 1951 ; M. Snow, 195%;
Loiseau, 1951, 1954a, 1954b; Millener, 1952). Rather, consideration of
leaf arrangement has been primarily mathematical, and earnest atternpts
have been made to reconcile the pattern of adult arrangement and evert

the spatial incidence of leaves in‘tlie shoot apex with ‘the well-known

Fibonacei Series (Wright, 1873; Schwendeier, 1878; Church, 1904;

van lterson, 1907; Thompson, 1042; Richards, 1948, 1951)- Ord
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narily, one does not find the answer to problems raised in development
by a study of the mature organism. o : '

Six years ago, Wardlaw, at the New: London, Conn., meeting of this
Society (Wardlaw, 1940a), reported on some important. éxperiments
carried out in his laboratory at Manchester, England, in which, by
beautifully planned knife cuts on the apical meristem of a fern, Dryop-
teris oristate, he had isolated certain actual or potential leaf primordia
from the apical meristem itself and from one another (Wardlaw, 1949a,
194gb). He found that orderly development of these primordia was
temporarily lost, Primordia surgically isolated from the seeminglydn-
hibitory influences of the apical meristem itself and of their own meigh-
boring primordia, .outgrew other older primordia. From theseland re-
lated studies he concluded that a new leaf primordium coyld Briginate
only far enough away from the apical meristem and from ‘the adjacent,
recently formed, leaf primordia as to be subjected toJess than threshold
inhibition. Phyllotaxy thus comes anew into the zoné of experimenta-
tion, . . \\ R

Two other facts, concerned with leaf and bud primordia respectively,
have been climed by Wardlaw as a resulb'of these surgical experi-
- ments. When a region on the apex, whiglt'ean be recoguized by its posi~
tion in relation to preceding leaves asia presumptive leaf primordium,
is isclated by deep incisions from its: ndighboring primordia and from the
apical meristem proper, that region continues its development but may
appear as radially-fsymmetr'ﬁﬂi.ahd not as a dorsiventral organ. In other
words, it tends to developaas'a centric leaf, or a bud, or young branch, if
one gives it its usual terminology. Sussex. (1951) and. more recently
Cutter (1954a, 1955{:1'956), Wardlaw and Cutter (1954, 1955, 1956)
and Wardlaw. (1¢%584, xo55b, 1056) have supplemented this early fern
work of Wardldw with more extensive studies. In substance, it looks as if
not only thQ_pﬁsition of a leaf but even its dorsiventral s?rmmetry i.s im~-
posed wponrit by the very nature of the physiological environment m the
apex in Which it develops. Present experimental evidence suggests'tf.n_at
leaf and bud primordia are essentially the same initially except as in-
fluenced by the sum total of factors emanating from the adjacent apical
meristem. If the meristem be isolated by a deep cut irom a present or
immitent leaf primordium, the latter tends to be centric. Further experi-
ments must be carried out to extend our knowledge of thi_‘»‘? phenomenon
and to determine the biochemical nature of the regulatory, hormonal
substance or substances responsible for the usual dorsiventral pa:ttex:n.

. Sussex and Steeves (1953) and Steeves (personal cqmmumcatlon)
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in a fern (Osmunda) have found that leaf primordia which have
achieved a certain age and position—the fifth or older—usually grew
into normal dorsiventral leaves in vitro (Plate 11, 3-5). However, any
of the first five primordia when cut off and planted in zitro usually gave
centric structures of indefinite growth which developed roots: that
is, they were buds. When large enough to plant in soil, these buds be.
came Osmunda plants. Steeves (unpublished) has found that older leaf
primordia of an angiosperm (Lupinus) grew into dorsiventral leaves
in witro. It remains to be determined whether the youngest leaf primor-
dia and the plaque of tissue taken from the position in wliich a new
leaf primordium would have developed will grow in vitPg, and, if so,
whether the resulting appendages will be dorsiventralox cefitric.

Once an apical meristem has produced a successiciglsbf leaf primordia,
it has ail the potentialities of a bud. Ordinarily bud opening ivolves
growth of leaves and elongation of the intefnodes, with the resultant
spacing of the mature leaves on the axis acgording to the genetic phyl-
lotactic pattern of the plant. Many plabts, in their development and
growth, achieve this internodal elongation and become regular long
shoot types. By contrast, some otlters seem to have the leaves develop
as usual, yet little or no intem;‘adél elongation occurs. It is as if the bud
had opened, the leaves had matured, and then growth had stopped. Such
shoots as one finds in the palms, the century plants, the -dandelion, or,
in their first year, some of the common vegetables like the carrot, beet
and celery, are teérned short shoots. It is noteworthy that the short
shoot type ordiftdrily develops large leaves. These two types, geologi-
cally speaking,¢dre essentially as old as vascular plants; they are also
found in dlfnost all living groups of ferns, gymnosperms, and angio-
sperms&l’hey seem to be physiological rather than evolutionary fyps
belqriéing to a special subphylum or group. o

~ ‘When the short shoot type achieves the stature of a tree, it proves to
\be slow growing, e.g. according to Chamberlain (193 5), a 1.5 mekr
cycad, Dioon edule of Mexico, is at least 1,000 years old; it has Jarge
leaves and weak, cylindrical stems resulting from a relatively inactive
cambium layer with almost no normal wood. By contrast, long shoot
trees such as most of our common trees have relatively small leaves—
consider the size of a horse chestnut, a magnolia, or a maple leaf in
terms of that of a tree fern or a palm—an active cambium, and much
wood, the material for which we value trees. :

To study further the contrasts of these short shoot-long shoot orgal
izations, Dr. Gunckel, then of our laboratories, approached the problem
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m Ginkgo, a tree which possesses both short and long shoots. (Plate
HI, 1-5). Interestingly enough, a short shoot can become a long shoot,
or the converse can equally be true. Part of the story proved to be read-
ily understood. With the opening of all buds in the spring, a close cor-
relation exists between the growth of the leaves and the amount of

SHORT SHOOTS
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Fig. 1. Yield of diffusible auxin from short shoot buds of Gf}gkg}.\Solid line : laterals.
Dotted line : terminals. The data for stages o-4 represent pufative short shoots; those
for stage 5 are definite. The figures in squares show the umiher of buds used in each
determination. (Courtesy of the Editors of American Jotrgal of Botany.)
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Fig. 2, ¥ ﬁ{ld of diffusible auxin from long shoot lateral buds of Gink.g_o. The data for
stag g—‘& Yépresent putaiive long shoots ; those for stages 3-7 are definitive, The ﬁgure:s
in S:u}es show the mimber of buds used for each determinatioi. (Courtesy of the Edi-
fors of American Journal of Botany.)

amxin available from the bud, as measured by the usual method of bio-
assay (Went and Thimann, 1937). With the completion of the open-
ing process in the short shoot (Gunckel and Thimann, 1949a), the sup-
ply of auxin ceases (Fig. 1). In contrast, when a terminal bud opens,
which by its position and previous pattern of growth_ gives evidence
that it will probably produce a long shoot, the growth hormone story
is quite different (Fig. 2). Though the carly stages of the long shoot
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provide essentially the same resiilts as in the opening of a short shoot,
the later stages are very different. Instead of a complete cessation of
auxin diffusing from the bud, Gunckel found a second output which
was correlated with the elongation process as the short shoot became
long shoot (Guncke! and Thimann, 19492). Moreover, this second
stage was present even when the top part of the apical meristem was
removed. Accumulated evidence points to its coincidence with the rapid
cell proliferation just proximal to the meristem proper, and suggests
that, at least in Giitkgo, internodal elongation can be correlated with a
net production of auxin which moves downward in polarized faghion to-
wards the region of elongation, where presumably its coneéntration is
raised to the level conducive to cell growth. >
As one might expect, upon removal of a terminal Pud and thetefore

of lateral shoot inhibition, one or more lateral shoft shoots immediately
below the amputated stump (Plate III, 3) tend 1o become long -shoots
(Girrickel, Thimann, and Wetmore, Ig49b) The auxin background for
this type of change is in conformity wit kn\an facts, even though bud
inhibition in correlative growth is notfully understood. The converse of
this phenomenon, why terminal long'shoots become short, is less clear.
Certainly other factors than thelauxin relations are involved.
- For the present, it can be sa:gi ‘that certain other experimental studies
have provided facts as sigaificant in understanding part of the long
shoot-short shoot story~as’ those known from the studies on Ginkgo
(Titman and Wetmore, 1955; Steeves and Wetmore 1933 ), Correla-
tions between the &ize of the leaf, failure to develop a significant cam-
bium with chatateristic pattern and the insignificant seasonal incre-
ment of xy]em\and phloem are not understood (Plate III, 6 and 7; cf
Seward, 1gs9; Titman and Wetmore, 1955). One should realize per
haps tha:t e ordinary flower of an angiosperm or the cones of a pite
t_rgg::’gifé essentially contrivances of the short shoot type. An under-
standing of the mechanisms underlying short shoot formation may help
elucidate the still unanswered questions of photoperiodism and the in-
duction of buds which become floral short shoots from the same apical
meristem which previously gave vegetative long shoots. .
. In this connection I want to comment in some detail on the organiza-

tion of apical meristems. The apical meristem in most ferns (Plate IT,
1) consists of a single layer of cells. In the center of this layer is an
apical cell, somewhat larger than its derivative flanking cells. Longi-
tudinal divisions are infrequent in this layer, except around the pe
riphery where leaf and bud primordia, as indicated eatlier, have’ their
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origins in regions of low inhibition. Beneath this single layer, there is
generally found a cap of potential vascular tissue (Plate 11, 1; Fig. 3),
confluent on the flanks with that of the stem and of the leaves - (Ward-

Fig. 3 Apical view of eap of prestelar tissue underlying the ‘apical meristem of
Qﬁnum‘la cinnamomea, as seen in section in Plate II, 1. The gaps confronting the indi-
\_ndual leaves are already obvious. Courtesy of Professor Taylor A. Steeves.

law, 1944-1947). This cap may cover a complete cylinder of 'v_as_,cular
tissue in the stem behind it (Plate 1, I; Plate 11, 2) or the cells com-
prising its central part may undergo frequent divisions in a plant at
right angles to the axis, so forming a pith or medulla of rows of paren-
chymatous cells, occupying the whole: central region of the vascular
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cylinder (Plate IV, 1). This region of cells characteristically dividing
in a single plane is termed a rib meristent. .

One could show a variety of other histological variants in the organi-
zational pattern of apical meristems. I want to mention only one par-
ticularly, one which I believe is truly different in what it represents,
The apical meristem of an angiosperm, cut in median plane, e.g. Helioy-

:"\.‘. .

Fig. 4..Dissection of center apical bud of Helianthus annuus, showing the three
voungesf\Neaf primordia around the apical meristem. The drawing on the upper right
indicztcﬁ‘how incisions are made in removing the whole apex {cut AA), the ﬂanki‘llg
pmjions {BB), and the central core, The small apical piece denoted by CC has no sig-
“mificance in the present legend in this study. (Drawn by Miss Barbara Donahue).

thus annuus, shows a central portion of large, vacuolated cells, quite dif-
ferent from the surrounding sheath of small, densely cytoplasmic cells
flanking this central portion. From the outer sheath originate the leaves
and the buds. The rib meristem at the base of the apical meristem gives
the pith. -

It can be stated that a piece of an apical meristem of Helianthus o
nuus (Plate IV, 1) from the tip of the axis of a bud and deep enough
to include the pith rib meristem (Fig. 4, that part above cut AA), that
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is, abotit 0.5 mm or so deep, will, on a suitable medium, grow into a
whole new plant (Plate IV, 4). Such a medium of synthetic nature
consists of mineral salts, minor e¢lements, an auxin in physiological
concentration (e.g. 0.05 mg per 1 of indole acetic acid is average for
many plants tried), 15% coconut milk, and ¥ mg per 1 of vitamin-
free casein hydrolysate.

If the flanks are cut from the apical meristem of Helianthus annwuus
so as to exclude the central core or pedestal of large cells (that is, lateral
to cuts BB, Fig. 4), and if these flanks are planted 4n witro, they
characteristically grow (Plate TV, 2). Ordinarily each explant. gro-
duces a leaf, if a leaf primordium were originally included, the, basal
tissue giving a shapeless mass of cells termed callus. Not inf;é’qﬁéntly
this growing explant will root. In no case has a whole platit’resulted
from such a culture but this may yet happen. WG :

T the excised central core (that part between the.fw y cuts marked
BB on Fig. 4), consisting mostly of enlarged celigy s planted on the
same medium as were the whole apices and the\lanks, essentially no
growth occurs (Plate IV, 3}, except that th‘e.‘ft&b meristem at the base,
if present, may produce a mass of unorganized callus.

When one examines histological p‘tj'épa}ations of the whole apex
under conditions favorable to growtifyicell divisions prove frequent in
the peripheral regions, and scarcey0r often absent, in the large-celled
central region (Plate IV, 1). @u the face of it, this would seem to be
contradictory to expectation frbm an apical meristem.

Recent experience with, h’l}ee species of plants —Chenopodium album
(lamb’s quarters), Xasthium saccharatum (cocklebur} and Glycine
sox  (Biloxi soybea:ﬁ), with known photoperiods,? indicates that
towards the close oif‘?he induction period, buds killed, fixed, and sectioned
show the large’-’cxned central region to be cut up into small, actively di-
viding cells,In other words, as the vegetative bud is induced to become a
ﬂoxveri'zrg I;ud, the latent central part of the vegetative bud is activated
and conributes to the inflorescence and flower production. Our work
has not yet progressed far enough to permit me to say whether there is
2 definite contribution to any particular part of the reproductive axis
from that portion of the apical meristem. 1f it is found that a similar situ-
ation exists after investigating more angiosperms with varying patterns
of organization in their apical meristems and with different induction
periods, one may be in a better position to interpret the zonation of the

2 Acknowledgement is made to Dr. H. A. Borthwick of t}}e Upited States Departiment
of Agricalture for seeds of various species of plants used in this study.
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angiospermous apex. If one were rash enough to extrapolate beyond the
existing facts, one might hazard a statement that there is in the center
of the angiospermous apex, and perhaps in the apices of similatly or-
ganized higher gymnosperms as well, a columm of tissue which takes part
in the reproductive phase of the life history only, a kind of Weismann's
Germ Plasm. S '
I had hoped to be able to state whether the apex planted i vifro can
be induced by exposing it alone at least to the requisite number of short
days needed for the induction of the whole plant. However the in vire
growth of the apices of these three species so exposed has‘dot as yet
produced flowers. In any case, the change ‘in topogra’pify from the
more or less flat vegetative apex to the somewhat reunded flowering
apex in the angiosperm can now be understood in(three species at least
as reflecting activity in the central part of the dpex. .
Any consideration of morphogenesis insthie/vascular plants involves
2 consideration of organization, thais, of fundamental patiern.
Throughout the entire groups of ‘vascufar plants, one finds a common
pattern as fundamenta! as that ing the vertebrate animals. A vascalar
system forms a general centra.ké.yﬁnder in all types, root and shoot.
This central cylinder may have a parenchymatous pith up the center,
or it may not; it may ha\:je‘ff in the stem but not in the root; it may have
it in adult form but ngf\when young; it may have it in its horizontal,
underground rhiz%(e.but not in its upright aerial stem; it may have it
when young butif rmay be completcly broken up into separate, scattered
strands when;{iéture; and so on with variations. This vascular cylinder
is.characteriStically surrounded by a cortex and the whole covered with
an epicgfrjn‘is. The epidermis-may have stomata associated with aera-
tion ot ¥ may be aerated through the leaves only as in 'many Conifers,
LYgoﬁodia, etc. So long as the plant has no cambium; that is, has 2
{primary organization only, this is a fundamental-pattern. Few efforts
have been made to inquire into the factors underlying the differentia-
tion of its tisstes in this pattern. o o '
- Tt is clear that the amputation of the apicai meristemn from an axis of
tHe shoot, main or branch, completely stops the differentiation in that
axis. Torrey (oral communication at A.LB.S. meeting, 1954) has 1¢-
cently shown that the same situation prevails in the root. .
Jacobs (1952, 1954) has revicwed the carlier worl concerned with
the differentiation of vascular tissues. ¥e has also reported on somé
clean-cut, experiments which have led him to believe that the differentia-
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tin of xylem is conditioned by at least two recognized variables,
namely, an adequate carbohydrate supply and an auxin in physiological
concentration, In his studies (1952), Jacobs found that when a sizable
Vshaped cut was made in an internode of Coleus below a leaf, any re-
sdlting discontinuity in the vascular tissue was repaired by the forma-
tion of new xylem cells from mature pith cells in a basipetal direction
around the wound. If the leaf was cut off, no such generation of xylem
from pith tissues occurred unless the cut stump of the petiole was cov-
ered with lanolin containing auxin. In these instances, it was clear that
auxin was a limiting factor and, even more, that the critical amoupt, of
auxin was that which was available at the cut area and not the ameunt
supplied. In other words, Jacobs stressed the fact that the tra\ﬁ%ﬁbrt of
auxin to the using area was more important than the absglnté amount

~

available at the source. S O3

In our own studies, significant resuits have been obfainied from apex-
wllus grafts (Plate V, 1-3). Callus of ordinarily homogeneous paren-
chyma obtained from the cambial region of lilqc\\has been. grown in our
laboratories for close to six years. In the colifse of our studies it be-
came apparent that if an apex of lilac wagh\grafted into lilac callus, the
graft being facilitated by filling the V-ghaped cut with agar, the graft
union was effected by an interdigitation resulting from growth on the
part of both scion and callus host‘('Pl‘ate V, 4; Wetmore and Sorokin,
1955). The important thing, HOwever, was that in all cases of active
growth of the scion, an indtiﬁ:?ion of vascular tissue took place in the
otherwise homogeneous t’:a’\ﬂhs' (Contrast Plate V, 6 and 7 with vascu{_ar
tissue, and 5 without).” (Wetmore, 1953; Wetmore and Sorokin,
1953). This vasculat tissue developed in separate strands in basipetal
fashion in that }par}“of the callus close to and immediately below tl'_lf_:
grafted scion;@ig. 5). If nutrient agar containing auxin was .USEd_ to
fill the cut, theé vascular strands appeared as before but at varying dis-
tancg&ﬁqbﬁ‘i the graft union (Fig. 6), the distances dependent upon the
concettration of the auxin in the agar. S o
. With this evidence in hand, experiments were tried in which no scien
was used and only agar containing auxin employed in the cut. In these
instances again vascular tissue appeared, the disposition c.)f tl:le separate
strands depending upon the concentration of . the aux-m_.m- the-- cnt
(Plate V, 6 and 7%, all concentrations employed b’ei.pg HW}tIInn the phys-
iological range. Since sucrose was used in the . medium, it ‘appears that
Uxin was limiting, and that, within the range ’of cogcentratlons.fc').und
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in shoot systems of plants, vascular tissues could be induced in other
wise homogeneous parenchymatous tisstte at almost predrctable posi-
tions.”

1t is important to point out that thus far this induced vascular tHssue
has been comprised of xylem when mature, the elements being vesss
with oblique, parous perforations in the end walls and crowded, circylar-
bordered pits in the side walls, as is characteristic of Syrings. The
elements are shorter, however, than in the plant and they are not
aggregated in the continuous vascular cylinder found in lilac.

Q"

F:g 5. Stereogram B a grafted apex of Syringa into S yrmga callus shomng the dis- ..
position of the vagcular strands in relation to the graft union. The incision was filled -
with 19 agar %ne Note the near continuity of vascular tissue of the seion and a strand
it the callus ediately below. Note the scattered strands also in the proximity of the
graft uni Drawn from serial sections by Mr. Sergei Sorokin. Published with the
permlsqror’r\ f the Editors of the Journal of the Arnold Arboretum)

&3
&

~ Among other observations that may be cited at this tlme, the ﬁrst

"that no phloem has been found in its naturally almost umiversal
association with xylem. Qur evidence, and seemingly that implicit in
the studies of Jacobs (1932, 1954) and Sinnott and Bloch {1944),
suggests that the limiting factors controlling the differentiation of
xylem and phloem are independent. The second observation stresses the
necessity of recognizing that the position of the xylem at least is con-
trollable and is inﬂuenced by the same factor which limits its appear-
ance.

One can question whether a first approach to the problem of the
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 Prati II. 1. Median longitudinal section of cimpamon fern, Osmndn cinname
trally placed apical meristem with layers of somewhat transversely elongate
below it continuous with strands of differentiating vascular tissue on the flanks. X35
longitudinal section of apex of Lycopedium selago. Note central column of vascu

extending within two cells of outermost layer of meristem. Some differentiation is showt It

e, Note cef-
prestelac tissue
2, Median
lar tissi

on sicple

lower part of vascular column. X 105. 3. Cultures of lcaf primordia of cinnamon fern oL o
pritnof

mineral salt—sucrose medinm, after 3 months. X34, 4. Culture of third and fourth leaf
of maidenhalr fern, Adiontum pedatum, on same medium after about 3 weeks, X¥3. 5. Culture
of leaf primordium of cinnamon fern after 5 weeks. % ¥, (I am indehted to Professor ». .
Steeves for the privilege of using Figs. 1, 3, 4, and 5. Acknowledgment for Fig. 2 is made to ¢
Editors of Torreya in which the author had previously used this figtire.)




P 111 1, 2, and 3. Long shoot growth in Ginkga biloba, with lateral short shoots. Note (1)
two lateral I,onlg shogts anc% termin%l short shoot. 4 and 5. Short shoot habits in Grinkgo, both
fetminal and lateral. Note branches bearing ovules in both, 6. Transverse scction of long shoot,

yaars ofd. Note large amount of xylem produced by an active cambium, X6.3. 7. Transverse
section of an old short shoot, thotigh age is unknown. Note little xylem, characteristic of the
mich Tess active cambium of a short shoot. 6.5, (Protessor J. E. Gunckel has provided nega-

tives for 1~5 for which the author is grateful.)
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disposition of vascular tissues in the axes of plants is at hand. Certainly
there is little insight as yet into the development and differentiation of
tissues generally in the vascular plants, but a direction for experimental
work and possible techniques to initiate further studies seem evident.

‘Any attempt at an over-all view of growth and development in higher
plnts and any interpretation of differentiation of cells and tissues in

a .
AN
.\'\u
SYRINGA VUKGARIS .
54 DAYS/)
' M
'\\“

2 8

1 gr3 imi ig. 3 t the incision was
Fig. 6. Steredgram of a graft similar fo that of Fig. 5 except that t v
ﬁlledgwiﬂl"‘b%.gggar containing 0.05 mg/L naphthalene acetic acid. Transyerse scction
below is ?!;pm the 2 mm level as indicated. (Drawn by Mr. Sergei Sorokin, Published
with the permission of the Editors of the Journal of the Arnold Arboretum.}

the development of organs as parts of these plants must ﬁ-rst reﬁfognize
the plant as a generalized organism. It has no vascular circulation, no
nerves, no muscles, no endocrine glands. A vascular plant. grows con-
tinuously at its apices except as limited by its .extcrnal env:ronr_nent, or
by reproduction which utilizes its apical men'stems, f)r by accident or
disease, The organism is never mature unless its continued enjlbryology
is closed by one of the above events. It is true that part; of it may be
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mature in that the component cells may have acquired a seemingly per-
manent, functional state with a characteristic cytology and function. But
it is questionable whether any living plant cell, possessed of a nucless,
is irreversibly differentiated. Epidermal cells may take part in the
formation of a cork cambium (Eames and MacDaniels, 1947) or pro-
duce a bud (Naylor and Johnson, 1937). Collenchyma cells with their
irregularly cellulose-thickened walls may divide and become part of 2
cork cambium. Even thick-walled parenchyma cells in the xylem, pro-
duced by the vascular cambium a number of years earlier, may have
their protoplasts grow, push out of their lignified, cellulose strait Jackets
through pits or pit-pairs into adjacent dead vessels or, dngercellular
spaces and, if a nucleus happens to leave an original cell) the extruded
partial protoplast is said to undergo mitosis. When giiiddéd, the daugh-
ter cells may lay down their own secondary wallg)and become pitted
(Eames and MacDaniels, 1947). Adventitiousdds may generate from
almost any topographical part of a plant, th cells of which may have
been considered already differentiated, Even evanescent organs like the
petals of a flower have been known £6_bud when they have fallen on
moist earth and the environment. remained favorable. T am probably
not overstating my case if I sug‘gés]‘. that all plant cells are capable of
growth and/or cell division, uhléss they be dead like the conducting or
fibrous cells of the xylempqor non-nucleated like the sieve members of
the phloem, or suberizedlike the cells of bark. Here then differentiation
can only connote ché{fg'é, and this may be or need not be followed by
further change. If(fhe change is in the direction of the production of
a meristematic g¥oup of cells, it could without concern be spoken of as
dedifferentiationi. |

Norma@;"the apical meristems add new cells, give rise to new
appendages, and effectively control the differentiation of vascular
tisauéél If the initial short shoot of the bud becomes a long shoot, the
ifitgrnodal elongation seems independent of the apical meristem; such
évidence as we have indicates that an adequate concentration of the
growth hormone necessary to promote this elongation is achieved in
part from the young leaves and in part from the actively dividing por-
tions of the internodes themselves. : :

Much evidence is in hand to indicate that the natural auxins are
hormonal in promoting growth and must be considered as humoral in
that there are no endocrine glands and their availability is general,
especially as they move in a polarized direction. Effective concentra-
tions may depend upon (1) availability, (2) antiauxins or inhihitors,
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and (3) inactivating mechanisms. While chromatography of auxins
tas now shown (Bennett-Clark and Kefford, 1953; Stowe and Thi-
man, 1954 ; Sen and Leopold, 1954 ; Linser et al,, 1954; Fischer, 1954
Nitsch and Nitsch, 1955) that a family of compounds, not a single
atxin, seems to be available in any plant material or tissue investigated,
too little is yet known to justify statements on any specific roles each
might play in growth or differentiation within the plant. The contribu-
tions to many processes which can be ascribed to auxins suggest that the
problems to be solved may be no less difficult than those presented to
students of animal hormones. )
The present program of research, certain aspects of which are fe
ported on here, has suggested some new approaches, or new (teols
conceivably, for tackling old problems. However, the surface #ias only
been scratched. Perhaps the major contribution of this r:eéeafch has
been to teach those involved in it that many problems of fibtphogenetic
nature can be attacked better on the vascular cryptogzi‘r}is than on the
angiosperms. The zoologist has long since emplo ed the approach of
doing fundamental developmental studies on {hé lower groups; the
botanist may well learn it. QO '
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IX. DEVELOPMENTAL CORRELATIONS
IN NEUROGENESIS |

BY VIKTOR HAMBURGER'®

THE foundation of experimental neurogenesis was laid forty years
ago by Harrison and his associates, notably, Detwiler. Three major
problems emerged from their pioneer studies: The determination of the
basic structural pattern of the central nervous system; the developmental™
correlations, hoth intracentrally and between nervous and non-nerveus
structures, which are instrumental in its elaboration; and the determina-
tion of peripheral nerve patterns. The last-mentioned problem‘gg‘rhe into .
focus after the controversy over the origin of the nerve fibexs had been
definitely settled by the classical tissue culture experiment of Harrison
(1907). This problem will not be discussed here beeause it has been a
topic in two previous Symposia : its broader aspecjis’"h\d’ve been dealt with
by Weiss (1941), and the selective affinities bfzt\’«}een nerve endings and
their specific partners, by Sperry (1951). I shall concentrate on the prob-
lem of correlations, but a brief reference tqfﬁe determination of the basic
structure is necessary as a background forthe discussion of these correla-
tions. (For recent reviews see Hambtirger and Levi-Montalcini, 1950;
Hamburger, 1952; and Weiss, 1,9:'55.)

1. DETERMINATION OF,‘h‘I\E BASIC PATTERN OF THE CENTRAL
NERVOUS sxzsrmm\{ﬁ

Asis well known, the-origin of the nervous system can be traced back
to the inductive acfivity of the archenteron roof. Regional differences
inthe inductivi‘t){(?f the archenteron roof account for the blocking out of
the major subdivisions of the central nervous system, the archencephaiocm,
deuterencéﬁﬁaﬂbn, and spinal cord, but the steps immediately following
the induction seem to be brought about by. “self-organization” processes
within the primordium. The early neural tube of the chin?k embryo is
already a highly organized system: a detailed topographic pattern of

stbstructures is laid out along the main axis, and the dorsoventral strati-

1 Washi niversity, St. Louis. The investigations f_rom this_}aboratory are
supported”f;": rEsearch gyrant (PHS B-463) from the National Institute of IINT_IcmioI;
logical Diseases and Blindness, of the National Institutes of Health, Public clea\_t
Service, and by a grant-in-aid from the National Cancer Society, upon recommen ation

. of the Committee on Growth of the National Research Council,
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fication is established in the spinal cord (see Hamburger, 1952). This
information was obtained from transplantation and defect experiments
which reveal differences before they can be detected otherwise. But these
experiments have their definite limitations: They deal with relatively
large units and leave the question of the determination of fine stracture
unanswered, We do not know when and how the cytological specifica-
tions of the different cell strains such as motor, internuncial, and glia
are established. Our ignorance with respect to this point is largely due
to the difficulties involved in designing the appropriate experiments. Tt
would be necessary to trace and handle individual cells and smalleell
groups, for which we are not yet prepared. On the other hand, We ‘are
aware that we have to deal with these problems of differentia\fi'f)n‘%imul-
taneously on two levels of organization, the cellular and the supercellular
—thus adding another complication. Fortunately, thelfc’iire redeeming
features in the picture. The central nervous systemﬁ'émains a relatively
simple tube which undergoes no complex mofphdgenetic changes. By
and large, neurogenesis follows a rather regulap-Sequence of steps which,
though overlapping, can be analyzed sepatafely: (1) the proliferative
activity which is localized near the lunfep of the central canal; (2) mi-
gration and mantle formation; (3 ).dpitial differentiation and fiber for-
mation during or after this migratioh; (4) the formation of cell columns
and nuclei by grouping and segregation of cell clusters, oceasionally ac-
companied or followed by&\second migration; (5) extensive cell and
axon growth, and fina I){‘(.G) the establishment of synaptic connections.

Proliferation doesnot serve merely as a device for the formation of
building stones. THe distribution of mitoses was found to be not at ran-
dom but patterned’in space and time and related to the subsequent mi-
gration, diffeféntiation, and localization processes. This relationship was
brought oiif'in studies on the spinal cord of Amphibian (Coghill, 1933)
and chigk"embryos (Hamburger, 1948). More recently, Bergquist and
Killen(see 1954) have described a metameric distribution of mitoses
undérlying the early brain differentiation. These authors have revived
the controversial issue of the signiﬁcancé of neuromeres. They have
found, consistently, in all lower and higher Vertebrate embryos that were
investigated, not one but three successive sets of metameric swellings of
the brain wall which they call proneuromeres, neuromeres, and transverse
bands, respectively. These swellings are the result of local, metamerically
spaced centers of proliferative activity. The last set, the transverse bands,
are supposed to persist as “migration areas” which give rise to waves of
migration of neuroblasts toward the periphery. Tn the mantle, these
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strands of cells break up into smaller units which the authors have tried
to homologize with specific brain centers. This latter relationship has
been contested and it requires further clarification; but irrespective of
this point, these studies indicate again a close tie-up of proliferation with
subsequent events. If mitotic patterns set the stage for the subsequent
differentiation patterns, then an analysis of the factors controlling pro-
liferation would bring us one step closer to the starting point of the
sequence of causal relations. _
Twotypes of cell migration occur in neurogenesis: the migration of in-
dividual cells from the ependymal layer to the mantle which is part of the\
life history of every neuroblast; and secondary migrations of groups of
more or less differentiated neuroblasts within the mantle (furthég dis-
cussion in Hamburger and Levi-Montalcini, 1950). The latter are per-
haps more frequent than has been realized ; they play a st gniﬁi:é’ﬁt role in
the formation of the complex structural pattern of the ceiitral nervous
system, and particularly of the brain, We cannot discggsthis topic in de-
tail but must limit ourselves to two illustrations. Tleldorsal position of
the neostriatum which is a motor nucleus in tllef\fbrebrain has puzzled
neurologists. Recent studies carried out by Dévi-Montalcini and Wil-
lamson (unpublished) have shown thatethese cells reach their des-
tination by a complicated migration (Eigs 1). In early stages, they are
found in a ventrolateral position typigal of motor cells; later on, they
migrate dorsad and caudad. Simifarly, the preganglionic sympathetic
nucleus of Terni which is locatéd hear the central canal in the thoracic
level of the chick spinal cord fsnot differentiated in situ. Its. cells are at
first part of the uniformywéntrolateral motor column which ffxtends
through the length of tlig)spinal cord. At 5% days, the SYTIllpatheUC con-
ponent splits off frotf the somatic motor componcent; it moves in a
mediodorsal dirgct\\ibh and settles medially above the central canal .(Lev.1-
Montalcini, IQSQ&)). Tn both instances, the cells which participate m't_hls.-
secondary-niigration are bipolar neuroblasts whose axons are trailing
behind while they migrate. S

The phenomenon of secondary migrations confronts us with difficult
problems of correlative mechanisms in early neurogenesis. We -know tI’}at
all neuroblasts are endowed with the structural and physiological equip-
ment for ameboid locomotion, but the directed movement of neurc.)blasts
presupposes, in addition, some guiding mechf,tnisn1s_or tracks in the
underlying substrate (“‘contact guidance,” Weiss) which have not been
studied so far..
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. Fig. 1. Migrations in'neosj;ri’}tum (forebrain} of chick embryo. Figures indicate days
of incubation. Two maj ou}E izrations oceur in short succession (solid and dotted arrows
in lower right figure) s The ‘median cell group which appears on day 13 originates lo-

N

caliy. (Original, Levi-Mentalcini and Williamson, unpublished.}

AN
. . IL DEVEKDFMENTAL CORRELATIONS : INTRODUCTORY REMARKS
- Onee, ﬂ%"basic structural design of an organ is established, the next
step of the analysis is directed at the elucidation of the factors which are
imstrumental in its gradual materialization. In neurogenesis, both i
trivsic correlations and interactions with the extrinsic, non-nervous
milieu play an important role, particularly in the quantitative aspects of
nerve center differentiation and in the maturation and maintenance of
nerve cells. It is true that most of these interrelationships are peculiar
to' the nerve tissue, and the direct outcome of its uniguee structure. Yet
they illustrate at the same time some general principles of organogenesis,
and they show that the repertory of determinative mechanisms is by no
means exhausted with embryonic inductions which have been in the
foreground in the past. :
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The nerve tissue is unique in the mode of connections of its constituent
dements. Through its axon, each neuron establishes a synaptic contact
with another neuron or a non-nervous structure; and, with few excep-
tions, the neuron is also the recipient of a synaptic termination of fibers
coming from other neurons. The primary significance of these “double
tonds” is of course to be sought in their functional role as transmitters
of nerve impulses. However, they are at the same time subservient to
other seemingly different physiological functions which are referred to
eollectively and rather vaguely as “trophic” functions. Both types of con-
nections play an important role in the maintenance of the integrity of the\
neurer, and in some instances its very survival becomes dependent on its
dval synaptic contacts. It is well known from clinical and experi{ﬁéﬁ’cal
studies that the severance of the axon from its terminal strueture is
followed immediately by chromatolysis, and if regeneratiornis prevented,

. the regressive changes may continue to the point of compléte’ breakdown -
of the neuron. In other words, the ncuron is dependemt on a proper
“trophic” equilibrium at its peripheral milien. Wg\shall refer to this
dependency as a “retrograde” or “peripheral’’_tfophic relation. On the
other hand, regressive changes have been obsetyed in neurons which are
denervated, that is, deprived of the synapsds:which terminate on their
cell bodies. These dependencies are knowsh as “transneuronal” relations.
Some non-nervous tissue, notably muscle tissue, and some sense organs
are equally sensitive to denervatiémn The failure of the Urodele limb
to regenerate in the absence of (erves at the stump is another case in
point. These findings indicate that neurons release trophic agents at the
tips of their axons.

Experimental neuro-émbryology has revealed the remarkable fact that
hoth types of tro hi§~}nteractions, the peripheral and the transnmeuro-
nal, operate already during the embryonic period. They play a signifi-
tant role in nedren and nerve center differentiation. The discussion will
be focussedhort these two points, and a third will be added: ‘the direct
effect of chémical growth controlling agents, such as hormones and ‘;he
“tumor factor” on the pericaryon, without mediation of the axons.

M. DIRECT “PERIPHERAL’ EFFECTS ON PRIMARY NERVE
CENTERS
When the axons of primary sensory Or motor neurons enter their
peripheral area of distribution, they immediately establish trophic re'la-
tionships with their milieu: this 1s demonstrated by the changes. which
one observes in the primary sensory or motor centers, following ex-
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perimental modifications of the peripheral fields. In a well-known series
of investigations, Detwiler analyzed this ‘phenomenon in Urodeles, and
his experimental design—the decrease of the peripheral area by extirpa.
tion of a limb primordium or its increase by heterotopic limb transplan-
tation—has been followed by many workers. It is essential for an evalia-
tion of these experiments to realize that the peripheral changes are made
prior to the outgrowth of nerve fibers and that the latter are not injured,
Tn Urodeles, Detwiler found striking hypo- and hyperplastic effects in
the spinal ganglia but none in the motor system {see 1936). Later on,
other workers have demonstrated such effects in the motor sysfem of
Anurans and Urodeles: they are difficult to detect in the latter, because
the motor neurons are not clearly segregated in columns, afid the effects
do not become noticeable until late larval stages. ™

A detailed analysis of the repercussions followinginth bud extirpa-
tion in the chick embryo has revealed that hypo-,a,i}d’ hyperplasia are the
combined effect of several factors and that differeént nerve centers respond
in a diffcrent fashion. The most dramaticxesponse is a rapid disinte-
gration of neuroblasts shortly after thei fibers have reached the re-
duced peripheral area. This has been, dbserved first in the spinal ganglia
and recently also in the lateral mogdtisystem. One can distinguish in the
spinal ganglia two types of neusoblasts : early differentiating ventro-
Taterally located cells (V-L cells which send out fibers and grow exten-
sively between 3 and 8 dags, and late differentiating smaller cells which
are located mediodor@y’ (M-D cells). After wing bud extirpation at
2%-3 days, the V-Ducélls in the brachial ganglia undergo a large-scale
degencration whi€;Feaches its climax at 5 to 6 days; by the 8th day, all
but very few netwbblasts of this category have disappeared (Hamburger
and Le\’i~i\f\ﬂjﬁtalcini, 1949). A similar, rapid and cataclysmic break-
down wds observed recently in the lumbo-sacral motor column after a
radicatNeg bud extirpation. The first degenerating cells were found at
5¢days, that is 2% days after operation; they were abundant hetween 6
and 7 days {(figs. 6, 8, 9), and at 8 days the lateral motor column was
practically wiped out. Preliminary cell counts indicate that in normal ent-
bryos the lateral motor column is numerically complete as early as at the
end of the 5th day, that is shortly before the onset of the degeneration
process. Hence, the hypoplasia of over g0% which one observes 3 days
later can be accounted for entirely by the breakdown of differentiated
neurcblasts. Levi-Montalcini and Levi (1942), who had performed the
same expe'riment, came to the same conclusjon on the basis of indirect
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evidence, though they had not actually observed disintegrating cells in
their silver preparations.. _

It is remarkable, indeed, that the structural integrity and maintenance
of ayoung neuroblast should depend to such an extent on the physiologi-
cal conditions to which its axon is exposed at the periphery; a very deli-
ate physiological equilibrium must exist at its growth zone. The sitna-
tion has its close parallel in the equally rapid reactions of motor neurons
of newborn mice to leg amputation. In one particular column of the
lumbo-sacral ventral horn, #5% of the motor neurons were found to
have disappeared within 5 days, and over go% after 7 days (Romanes\
1946). However, it should be kept in mind that in this experimentsthe
axon was severed, whereas in the embryo it was not injured at all %

What is the physiological basis for this dependency ? We cannot answer
this question, but perhaps the behavior of the axons at the Pefipﬁqery can
give us some clues. During the critical period, between gand 7 days of
incubation, the normal leg grows extensively in lengthand the nerves are
spun out at the same rate; they branch and establiﬁhfpreliminary con-
nections with the differentiating myoblasts. Thig<dsundoubtedly a period
of very active neuro-protein synthesis in the péricaryon. On the operated
side, the mixed nerves first grow out in aformal fashion; but instead
of forming a typical plexus they join in adfck neuroma-like fiber bundle
which extends along the lumbo-sacx:a'z:éegments, parallel to the sympa-
thetic chain (Fig. 2). Silver prepar@tions show the fibers taking tortuous
and winding courses. They sebm to run back and forth, since the
nearoma is considerably thické than the nerves on the normal side, and
they seem to end blindly,\’éince nsuaily few bundles emerge f.rom .the
neyroma, except for short'nerves in the sacral region. The physiological
disturbance at the pefiphery which leads to the breakdown of the neuro-
blasts is obscure.dtis conceivable that the interfercnce with the normal
outgrowth agckfb}anching of the axon upsets the metabolic eq'tlilibrium
of the entifeeell sufficiently to cause its disintegration. Alternatively, one
cotild imagifie that there exists normally a metabolic exchange between
the axon and the medium in which it grows, and that in the experimental
situation the cell is deprived of some essential metabolic requirement,

Tn the brachial cord, large-scale breakdown of motor neurofis 'has
also been observed recently after more radical wing bud operations
than had been done before. . ; .

We have evidence that different centers respond differentially to the
reduction of their field of merve distribution. For instance, the late
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differentiating M-D 'cells-iﬁ the spinal. gaﬁglia (see above, p. 195} do
not disappear rapidly subsequent to wing bud extirpation, as do the ad-
jacent V-L cells, but they remain intact at least to the end of incubation
and merely show an .atrophic condition. The trochiear nucleus is not dis-

Fig. 2. Seveniday embryo, Neuroma formation after extirpation of left (apparent
right_:) leg-bud at 2% days. (Original.)
turbed in its initial phases of differentiation by the early removal of its
peripheral field, the superior Ublique'muscle. I the optic vesicle including
the eye musele primordia is extirpated at 1% days of incurbation, that s
before onset of its differentiation, the trochlear nucleus reaches its fult
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numerical strength and a normal degree of neurcblast differentiation at
5 days. From then on, there is a gradual cell loss which reaches a 25%
fevel at 8 days and increases gradually up to 86%, near hatching. In con-
trast to the catastrophic breakdown in the V-1 cells of the ganglia and
the lumbo-sacral motor centers, we are dealing here apparently with a
sporadic disappearance of cells (Dunnebacke, 1953). The situation is
remarkably similar in an entirely different system, the parasympathetic
cifiary ganglion which innervates the ciliary and iris muscles (Amprino,
1943). Following optic vesicle extirpation at 2%-3 days, regressive

changes in this structure do not become noticeable until the 8th day, at

which stage the ganglion is nummerically complete and neurcblast differ-
entiation is in progress. From then on, to the end of incubation, 65-85%Y,
of the cells disappear completely, and the remaining cells are atro hic.
Likewise, the sympathetic ganglia of the brachial level differentiate nor-
mally in the absence of the wing, at least up to 8 days, but show:‘zf distinct
regression at 19 days (Simmler, 1949). - O

All these experimental data demonstrate conspicuous differences in the
responses of different types of neuroblasts to the losg.tﬁ‘their peripheral
fields. It is possible that they are attributable largely\to inherent consti-
tutienal differences in the neuroblasts. Howexge‘r;‘ainother factor has to
be considered : The conditions for axon sugdival are not strictly com-
parable in the different types of extirpatiouiexperiments. It may make a
difference whether the fibers form a_ néifroma as in the lumbo-sacral
region or whether they have an oprrtunity to spread in adjacent con-
nective tissue or other structtlt<<a3 is the case in some of the other

instances, \

IV. INDIRECT EFFEC';L‘S;\ dN_ PRIMARY CENTERS: HYPERPLASIA

The extirpation xpvi:r}ments discussed so far have demonstrated a
peripheral influence/oh The maintenance of neuroblasts, mediated by their
axons, and a conftel of the size of the cell population in nerve centers by
elimination &\Ealé;- This, however, is an incomplete picture. The initial
phases of n;arvé center formation, namely proliferation and initial differ-
entiation are likewise under peripheral control, De_fect experiments are
less suitable to demonstrate such effects than expe_riments of peripheral
overloading, by which hyperplastic rather than regressiv? respornses c'an
be elicited. The implantation of supernumerary limbs st1m111f;1tes an 1r.1-'
crease of the mitotic activity in the sensory ganglia which are involved in
their innervation. This was established for the Urodcles by cell counts
(Detwiler, see 1936, a.0.) and for the chick by direct mitotic counts
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(Hamburger and- Levi-Montalcini, 1949). A stight numerical hyper-
plasia was also obscrved in the lateral motor column of Anurans (May,

- 1933) and of chick embryos (Hamburger, 1939} Similar effects weré
obtained for the mesencephalic V mucleus in the brain which is unique in.
that it represents an intracentral sensory center of proprioceptive neu:
rons for jaw muscles. The primordium of the mandibular arch of Ambly-.
stoma punctatwm was replaced by one from the larger A. égrinum.
embryo resulting in a consistent increase in the cell number of the
nucleus (Piatt, 1946). ' S

These effects differ in an essential point from the regressive changes
discussed before : they concern cells which have no direct connectidiwith
the periphery; hence, they must be indirect. The concept. has, béen de- .
veloped that stimulative influences spread from the neuyeblasts which
have sent their fibers to the periphery to adjacent un@iﬁgf&ntiated cells;
the latter are thus stimulated to increased. prolifesative activity and
differentiation (Barron, 1943, 1046; Hamburger and Keefe, 1944).

V. EFFECTS OF THE TUMOR AGENT ,\J '

~ Analysis of embryonic induction wag\rreatly enhanced by the dis-
covery of abnormal inductors (adult fissues, ete.); and similarly, the
analysis of growth confrol in thelnervous system was. facilitated by
the discovery of an atypical grgm;fh stimulating agent. [t was found that
pieces of mouse sarcoma implanted into the coelom of 3- to 4-day.chick
embryos grow profuselyd oice established; they are invaded by large
numbers of fiber bu s/ from adjacent spinal and sympathctic ganglia
.. (Figs. 3, 7). The’motor system and parasympathetic ganglia are re-
" fractory to the agént. The ganglia which participate in the neurotization
of the tumor peceme highly hyperplastic (Bueker, 1941 ; Levi-Montalcini
and Hamblrger, 1951; Levi-Montalcini, 1952). The hyperplastic re-
sponsesiexceed by far those obtained by limb transplantations. Sympa-
thetieganglia. were enlarged 2-6 times and spinal ganglia up to 2%
times normal size. The hyperplasia is the result of a combination of
factors. It is due in part to an increase in cell number by increased proli-
feration and in part to cellular hypertrophy ; furthermore, it was found
. that the rate of differentiation and of fiber outgrowth is accelerated.
Thus, two new types of response can be added to the repertory of periph-
eral effects: control of cell growth and of rate of differentiation.
‘The prevertebral ganglionic complexes near the dorsal aorta and in
the adrenal gland which are components of the sympathetic system were
likewise strongly stimulated by the tumor (Figs. 4, 5). These ganglia
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Puste T 1. CPogé section through lumbo-sacral spinal cord of 7-day chick_embryo, following
extirpation of left leg bud at 214 days of incubation. Notice hypoplasia of lg:ft {apparent right)
teral motor column. (Hematoxylin.) 2. 11-day chick embryo with neurotized intra-cmbryonic
mouse sarcorna jmplant (T). A thick fiber bundle from the spinal ganglion (8) enters the
tiner. (From Levi-Montalcini and Hamburger, J. B. Z. 116, 1931, Iig. 8.} 3. Same as {I).

aeral motor column on normal side. 4. Same as (). Latcral motor column on opérated side.

Notice degenerating cells. 5. Mesoncphres of a normal 16-day chick embryo. Notice absence of
Terve fhers. 6. Vi%cerals n?arve ﬁ%erg in the mesonephros of a 16-day chick embryo with an
Itra-embryonic tumor. 7. Ovary of a normal 16-day chick embryo. Notice abscnce of nerve
Bhers. 8 Viscera] nerve fihers in the ovary of a 16-day chick embryo with intra~embryonic
timar. (Figs. -8 ahove from Levi-Montalcini, Annals N.Y. Acad. Sci. 55 Figs. 13-16; Figs.

53 and 4 above originals.)



of t3-day chick embryo CO®
6 haurs, 2. Tissue culture oI
$). Cultured for 4% hours

Prare I1. 1. Tissue culture of paravertebral sympathetic ganglion
bined with heart of chick cmbryo (¥H) as a control. Cultured for 3

lumbar spinal ganglion of 7-day embryo combined with sarcoma 37 {

3. Tissue culturc of paravertebral sympathetic ganglion of 13-day chick embryo, combine _\;’1""
sarcoma 37 (S). Cultured for 44 hours. 4. Tissue culture of lumbar spinal gangtion of 747
chick embryo, combined with sarcoma 37. Cultured for 48 hours. 5 Tissne culture of pare
vertehral sympathetic ganglion of To-day embryo. Cultured for 24 hours. Control. 6. Tisst
culture of paravertebral sympathetic ganglion, to which was added a drop of “nucleoprotel
fraction from the tumor. Cultured for 24 hours. Compare with {5). (Figs. 1-4 ahove from Lew
Montalcini, Meyer, and Hamburger, 1054, Cancer Res. 14, Figs. 10, 12, IO, and 18; Figs §

and 6 above originals.}
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which are normally cell clusters of moderate size were occasionally trans-
formed into large, bulky cell strands, with a volume increase of 200 to
400%, and in one case to over 700%. Occasionaly conspicious ganglionic
masses were found embedded in the tumor tissue, particularly when the
tumor had reached the level of the adrenal complex. These supernumer-
ary masses have no equivalent in normal embryos; they originate proba-
bly by migration from the adrenal complex. L

18086

SGIATI®

Fig. 3. Neurotigafi}n of a mousc tumor (sarcarma 180) ina Isjday chick e%nbryoiNq-
tice hyperplasia. of pinal ganglia (SP) and sympathetic ganglia (S_Y). {From Levi-
Montalcini and Hamburger, 31, Fig. 3.) : :

) 4

This extraordinary overgrowth not only tesiiiﬁes to the strength of 'the
growth promoting activity of the sarcoma but it r(?veal-s at th.e same time
remarkable growth potentialities in the sympathetic primordia which re-
main normally dormant. o _

In the course of these studies, Dr. Levi-Montalcini noted 1_:hat some
of the hyperplastic para- and prevertebral sympatheticf gangha-had no
fiber connections with the tumor but, instead, sent then: a:xons into jche
adjacent mesonephros and other viscera, (Fig. 4B). This observation
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led to the idea that the growth promoting agent might be diffusible. To
test this hypothesis, tumor pieces were transplanted onto the allantoic
membrane of 4-day embryos where they established themselves quickly
and grew often to considerable size. The effects of these extra-embryonic
tumors on the nervous system of the host were identical with those of the
intra-embryonic tumors, and of the same order of magnitude (Fig.

4C). In both instances, the responses were highly selective; they were
limited to the sympathetic systern, including the pre- and paravertebral
ganglia, the superior cervical ganglion and the Remak ganglion, whereas

J 837220
C

A \ .
Fig. 4. Diagrams of r1-daf‘\chick embryes. A. Normal B. With intra-embryonic

motse sarcoma 37. C. With{thouse sarcoma 37 growing on the allantoic membrane, No-
tice hyperplasia of prevecfebral ganglia (PV) and neurotization of mesonephros (M)
in B and C. A, adrenay\(,'gonad; L, lung ; M, mesonephras ; PV, Prevertebral ganglia;
S, sensary nerves; ?u; tumor. (From Levi-Montalcini, 1052; Fig. 4.)
the somatieqnotor and the parasympathetic system (vagus, ciliary gan-
glion, }pﬁ\é‘i‘hﬁral enteric system) were refractory. These experiments
suggesh that in all probability the tumor agent is carried in the blood
’st‘r\éa}h ( Levi-Montalcini 1952 ; Levi-Montalcini and Hamburger, 1953}
The extra-embryonic tumors were inaccessible to the nerve fibers; in-
stead, very large and numerous fiber bundles emerging from the hypet-
plastic ganglia invaded and flooded the adjacent viscera, such as tmeso-
and metanephros, adrenal glands, gonads, thyroid and ‘parathyroid
glands. These structures have normally little or no innervation in cor-
responding stages of development (Fig. 5 and Plate I, 5-8). Synaptic
terminations were never found in the hyperneurotized organs. One gets
the impression that the fibers are unrestricted in their growth ; they seem
to take winding, tortuous, recurrent courses in the stroma; they wrap
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themselves around blood vessels and kidney tubules, and are entangled
in a nenroma-like feltwork which becomes increasingly dense. The most
remarkable feature in these cases is the penetration of fibers into the
endothelia of veins where they form dense nodules which project into the
tumen, occasionally occluding it. Dozens of such nedules of all sizes may
be found in cne embryo. Altogether, onc gets the impre.ssion that we are
dealing here with a pathological change either in the nerve fiber or in the
endothelia or in both. ' '

~

Fig. g, Dimgrammatic cross-section at the;l?:jvtl of mesoncphros (MS), metanephros
(MT}, and ovary (OV) to show hypern@urotization. A. Normmal 12-day embryo. B.

12-day embryo with extra-embryonic tumor. AC, adrenal complex : AG, adrenal gland;

A0, dorsal aorta: MC, mesenteric cofiplex; PA, paravertebral sympathetic ganglion;
RC, ramus communicans ; SN, supditidmerary nerve; SP, spinal ganglion; VT, verte-
bra. AC and MC are preverteﬁ\ﬁi"sympathetic ganglia. (From Levi-Montalcini and
Hamburger, 1953, Fig. 3.3

At this point, it eemed of particular interest to attempt a chemical
characterization oithe tumor agent. Preliminary experiments of im-
planting frozeg*dried tumor or injecting extracts into the embryo were
unsuccessfulband Dr. Levi-Montalcini conceived the idea of using the
tiSSUE:ClTLf:H}e method for this purpose. Individual spinal and sympathetic
gangliaMrom 6- to ro-day embryos are placed on the plasma clot at a
distance of 1-2 mm from a small piece of sarcoma. Within 24 hours, a
dense “halo” of nerve fibers grows out radially in all directions; in con-
trol cultures only a few fibers are formed which usually take irregular
winding courses (Levi-Montalcini, Meyer, and Hamburger, 1954 ; see
Plate II, 1-4). This clear-cut and rapid response was then used as a
bic-assay for the test of tumor extracts. The biochemical work was done,
in collaboration with Dr. Stanley Cohen. Cell-free tumor extracts can be
applied by adding the fraction to the medium at the moment of the coagu-
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{ation of the plasma clot (¥4 plasma, ¥ synthetic medium, and % fraction
to be tested in a total volume of approximately 0.1 cc). The effects are re-
corded after 24 hours in terms of 4 grades estimated on the basis of length
and density of the fibers. Cell-free homogenates of the tumor duplicated
the effect of the growing tumor, Differential centrifugation of homogen-
‘ates in a 0.25M sucrose solution at pH 7.4 eliminated nuclei and mito-
chondria which are inactive. All activity was retained in the microsome
fraction. The active fraction is nondialyzable against water or saline and
heat sensitive at 80°C. The agent was purified further by streptomycin
sulfate precipitation (0.02M; pH 7.2). The precipitate retgis all
activity; it contains all nucleic acids, as was shown spectroscopieally, and
some proteins. Hence the agent is associated with a highlj\polymcrized
nucleoprotein. Chloroform treatment after removal ofuthe streptomyein
gave a highly active supernatant which contains, 66% ‘proteins, 27%
RNA and 0.2% DNA (Figs. 18, 19). Ashing\this fraction completely
destroys its activity. Extracts prepared from mbitse liver, mouse muscle,
and chick embryos were not active (Cohenf/évi-Montalcini, and Ham-
burger, 1954). The activity was not Qésroyed when the fraction was
preincubated with the following enzymés for 1 hour at 26°C: trypsin,
papain, crude pancreatic protez;'s‘e‘,: ‘ribonuclease, desoxyribonuclease,
hyaluronidase, Iyozymase, siiezi‘jjsih, and amylase. The enzymes were
added at a concentration of ffom % to 2% of the dry weight of the
fraction (Cohen and Levi-Montalcini, 1955 and unpublished). Subse-
quent fractionation th\ﬁ ammonium sulfate has yielded an active fraction
which contains profeins and only traces of nucleic acids, as shown by
absorption spegtfophotometry. It possesses 25-50% of the original
activity in app;’éximately 1 % of the protein content of the tumor, (Cohen
and LevisMontalcini, unpublished). These data, and the finding
that the:fzh:tivity is not destroyed by ribonuclease, desoxyribonticle-
ase, ¢ difute alkali, and wultraviolet radiation are taken as evidence
afiainst the involvement of nucleic acids in the activity of the tumor
agent.

The results of several experiments indicate that we are not dealing with
a virus-like, self-reproducing particle. Exposure of the ganglia to the
active material for periods up to % hour, preceding their explantation
into a control medium, did not result in a precocious outgrowth of perve
fibers. Likewise, ganglia which were grown in a medium containing the
" active agent, for 5 or 24 hours, respectively, and then transferred to 2
control medium, behaved like control ganglia. Furthermore, ganglia
which were removed from a host bearing an intra-embryonic tumor and
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explanted into a control medium, did not show an excessive growth
(Cohen and Levi-Montalcini, unpublished). These data suggest that the
continued presence of the agent is necessary for stimulation of excessive
and precocious nerve fiber outgrowth.

To summarize : we are dealing with a specific agent, probably a pro-
tein, which stimulates selectively fiber cutgrowth in spinal and sympa-
thetic ganglia, but not in parts of the central nervous system, nor in
parasympathetic ganglia. So far, it has been found only in mouse sar-
comas. It is not contained in neuroblastoma nor in rhabdomyosarcoma
C3H {Bueker and Hilderman, 1953). ~

VI. NEUROBLASTS AS DIRECT TARGETS OF HUMORAL AGENTS

The discovery of the effects of extra-embryonic tumor necdssitates a
re-evaluation of other problems, including that concerning:tﬁe mode of
action of the “peripheral” factors. The hyperncurotizatidd)of the intra-
embryonic tumors and the subsequent hyperplasia of the ganglia could be
fitted readily into the old scheme in which the aXst,mediate the effects
between the periphery and the centers from whiel(they originate. But it
is difficult to apply this concept to the extrafemibryonic tumors which
operate at a distance through a humoral agent-One would have to assume
that the primary effect would be on the xzi:ét:é"ra which would somehow be-
come more “‘receptive” to the ingrov&nt}i’ and support of nerve fibers than
they normally are. This possibility cannot be ruled out, but it is more
phusible to envisage a direct effect on the ganglia. The agent wotuld
enhance directly the growth\én'd differentiation of the neurons and the
excessive outgrowth of netye fibers which would find a natural outlet
in the adjacent visceranXt'is not even necessary to postulate the break-
down of a protectivg"‘n’n’ét:hanism against hyperncurotization. Perhaps the
embryonic ViSCCIﬁ?\:ﬁI}:e meso- and metanephros are always :'J.cces:sible 10
nerve ingrowti,\and the sparsity of their normal innervation in carly
stages may Fedue to the small amount of fiber material that is normally
availablé, ) ]

The tissue-culture experiments, in which ganglia are confronted with
tumor pieces at a distance, give support to this idea. The initial fiber ou.t-
growth is not directed toward the tumor, but it occurs simultaneously in
all directions, before a bridge is established between the two structures.
In this experiment, the ganglion cells arc undoubtedly the @rec't target
of the tumor agent. One could argue that the mechanisms e ire and
in%ivo are not necessarily the same, This may be granted, but, neverthe-
less, the tissue-culture experiment leaves no doubt that neuroblasts can
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-
be affected directly by the tumor agent, without mediation of axons, It
is conceivable that the intra-embryonic tumors produce hypetplasia of
ganglia in a dual fashion, by diffusion to the cell bodies and by supplying
the invading fibers with an optimal substrate for growth. :
Such a “dual control” is not without precedent. The mesencephalic
nucleus of Amphibians is another example, It was mentioned above that
the growth of its cells is controlled by their peripheral field, the pro-
prioceptive sense organs in the jaw muscles. It was observed that
growth in this nucleus is greatly accelerated shortly before and during
metamorphosis (Kollros and McMurray, 1955 ), suggesting an ififlvence
of the thyroid hormone. This assumption was tested byaimiplanting
small pellets of crystalline thyroxin adjacent to the antesforwall of the
midbrain of frog larvae. It was found that the 'mesggceiihalic V nettro-
blasts in the neighborhood of the implant attained their postmetamorphic
size precociously (Kollros, a.0., 1950). A highliselective and differen-
tial response to the thyroid hormone was ohsérveéd by Weiss and Rossetti
(1951). These authors studied in a similax fashion the giant Mauthner
cells in the hindbrain of Anurans which\break down and disappear dur-
ing metamorphosis, and the adjacefit neuroblasts which undergo con--
siderable growth during the sam&period. Fragments of rat thyroid or
agar pieces soaked in thyroid were implanted near the hindbrain of Rana
tadpoles. Under the impactvef the diffusing hormone, the regressive
changes of the Mauthnef eells were precipitated ahead of schedule, and
at the same time the Qt{bléar volume of the adjacent mantle cells increased
up to 83%. :

A/
VII, TRAQ%NEURONAL CORRELATIONS

Nervec€lls“are not only the generators and transmitters of nerve i
pulses bizb-also the source of trophic agents which are indispensable for
the maifitenance of other neurens and of some other structures such as

_fnustle and sense organs of the skin, Trophic relations between netrons,
which are referred to as “transneuronal” effects, can be demonstrated
most convincingly in nerve centers which receive fibers from only one
source and can therefore be easily denervated. For instance, the cells of
the lateral geniculate body in mammals can be completely deafferented
by transection of the optic nerve ; they have apparently no other afferent
synaptic connections, Chromatolysis and cellular atrophy are noticeable
in cats and rabbits 2-3 months after operation {Cock, a.0., 195 1), and
earlier in primates and man. The superior cervical ganglion can be 180~
lated by transection of the cervieal sympathetic trunk resulting (in the
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rabbit) likewise in a cellular atrophy which is detectable at about 40 days
after operation (Hamlyn, 1954). Degenerative changes in several
thalamic centers following decortication in the opossum were also as-
cribed, in part, to transneuronal effects (Bodian, 1942).

The problem of trophic “transneuronal” correlations has interesting
implications when applied to embryonic stages. What happens to a nerve
center which is prevented from ever receiving afferent connections? The
most extensive experimental data are available for the embryonic correla-
tions between optic fibers and the optic lobes, The results do not give a
miform picture partly because the rcactions seem to he different im
different groups, and partly because the data are inadequate, All too pftén
inthis and in other neuro-embryological areas, inferences are draw\ﬁ‘ffb'm
observations on one terminal stage, without an analysis of proliferation,
differentiation, increase in cell population, and other processe’f:‘: that occur
in intervening stages, and without due consideration_of détails of the
normal neurogenetic process. N%

In Teleost, Amphibian, and chick embryos the hypbplasia of the con-
tralateral optic lobe which follows the unilateral ¢xévesicle extirpation is
very pronounced. Nevertheless one should net wverlook the fact that in
all instances the general pattern of its differentiation including the typical
stratifications proceed in a normal fashion. How does the hypoplasia
come about ? In the chick embryo, a d‘ifférence between the affected and
the unaffected side cannot be deteefed until the 13th day. At that stage,
proliferation has ceased and ;he:‘@ifferent strata seem to be numerically
complete, Hence the subsequ\eht' reduction in volume and cell number
seems to be due entirely tpfegressive changes, that is, to cellular atrophy
and cell loss (Filogamo;¥g50; Bernstein, 1953). This implies that in th.e
chick embryo, the inifial phases of proliferation, differentiation, and mi-
gration are indeg&&ént of the inflow of optic fibers. Their trophic roleis
similar to that im the adult : they are necessary for the maintenance of t}}e
neuroblastsj{ﬁ:xi‘ch in the embryo regress before they can complete their
differentidtion. ' ' .

The situation seems to be different in the frog. In this form, mitotic
activity in the midbrain ependyma and the increase in the cell pqpulatio'n
of the superficial sensory strata continue through metamorphosis. Optic
vesicle extirpation results in a significant depression of prc:hferatfve
activity during larval stages, and the numerical hypopla&.a Whl.ch
amounts at metamorphosis to over 307 in the superﬁci.al strata is attrib-
uted entirely to this reduction in the rate of production of tectal cells
(Kollros, 1953). The physiological mechanism by which the inflow of
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optic fibers at the surface of the optic tectum cohtrols the mitotic activity
in the ependymal layer is obscure. The neuroblasts which do reach the
outer layers become atrophic and their dendritic processes remain short
and undergo less branching than normally (Larsell, 1931}.

Most experiments have demonstrated transneuronal effects by the
regressive changes that follow the blocking of fiber ingrowth. It is always
desirable in such instances to obtain supporting evidence by the demon-
stration of excessive growth as the result of an increase in trophic
activity. Such evidence was supplied by the experiments of Hartison
(1929) and Twitty (I932) in which the optic vesicle of the Jarge
Amblystoma tigrinum was substituted for that of the smaller 4, puircie-
tum. In those cases in which the larger optic nerve establisyéd “normal
comnections with the contralateral optic lobe of the smaller host, the
latter showed a noticeable increase in cel number. :

Studies on the cochlear centers of the chick embryd by Levi-Montaleini
(194¢) add a new facet to the problem. If the otocyst which includes the
primordium of the 8th ganglion is extirpated’in 2-day embryos, the
acoustico-vestibular centers in the medulla‘start their differentiation in
the absence of the root fibers. It was fotuid that their development pro-
ceeds normally 1p to 11 days at which stage they are numerically com-
plete. Hence, the initial phases of proliferation, differentiation, and fis
gration are unaffected by inconiing fibers, as in the optic tectum. From
then on, regressive changes ‘occur, but- the different centers respond
differentially ; the nucleus gigularis loses 80% of its neurons between I1
and 21 days, the nu;:lét}s magnocellularis loses only 32% and a third
cochlear center, the sucleus laminaris, as well as the majority of the
vestibular centers:s:how no cell loss at all. Tt was suggested thata quanti-

tative relationship exists between the degree of hypoplasia and the num-

ber of aff,etéﬂ?:-Synaptic connections which a nerve center receives. The
nucleus'\.fa.hgularis apparently receives fibers from only one source, the
roptafibers. Their absence leaves this nucleus completely deafferented.
The/nuclens magnocellularis receives in addition, other fibers which
“protect” its neurons to some degree against damage resulting from the
absence of root fibers. A similar correlation has been postulated for the
transneuronal effects in the adult. -

Transneuronal effects were observed not only after the extirpation
of sense organs, but also as indirect effects following changes at the
periphery. For instance, the sensory and internuncial systems in the
spinal cord undergo hypoplasia after limb bud extirpation in chick em-
bryos (Hamburger, 1934 ; Bueker, 1047) and in the mammalian fetis

[ 208 ]



DEVELOPMENTAL CORRELATIONS IN NEUROGENESIS

(Barron, 1945, a.0.). However, these effects were not analyzed in detail
and they have not revealed new aspects.

In summary : The transneuronal trophic interactions between develop-
ing nerve centers are a significant correlative mechanism in neurogenesis.
In their complete absence, the nerve centers fail to complete their devel-
opment and eventualty break down. '

VIII. CONCLUDING. REMARKS

The interneuronal trophic activities which we have discussed are a
small facet of a much broader neurophysiological phenomenon. They are
akin to the agencies of neural origin which maintain the structuralSh-
tegrity of musculature and sense organs and are necessary for regenera-
tion in amphibians and crustaceans. They may be related to the neuro-
humoral substances which play a role in impulse transmissioimand color
change, and to the neuro-secretory activities of spedaj'&zeﬂ neurons in’
the brain and the adrenal medulla. It remains for thé fufure to elucidate
the physiological and biochemical nature of thig \\gigniﬁcant aspect of
nerve tissue function. \x &
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X. STRUCTURAL STUDIES OF THE
FORMATION OF THE MYELIN SHEATH
IN PERIPHERAL NERVE FIBERS

BY BETTY BEN GEREN !

KUNDERSTANDING of the exact anatomical relationships of the axon,
myelin sheath, and Schwann cell has awaited examination of thege
structures at resolutions higher than the light microscope permits. Thds
the purpose of this paper to describe studies of these cellular strudtires
arried out with the electron microscope. O

Investigation of nerve degencration after axon section hasgshdown that
myelin disappears in the peripheral stump, and that the S¢hwann cells
remain in “tubes.” Regenerating axons enter the Schwaah cell tubes and
acquire myelin sheaths. Tn the absence of contact bstween a peripheral
axon and Schwann cells, myelin is not formed ; isfithe absence of conti-
nuity of the axon with its cell bady, the myclin’§heath is not maintained.
Thus, the myelin sheath is under dual controh/

The study of the structure of the myelirg sheath at the colloidal and the
molecular levels has been pursued for many years. W. J. Schmidt (1937)
deduced from polarization optical data that the lipid molecules in the
myelin sheath are oriented radially}ﬁnd the protein molecules tangentiaily,
The fundamental radial repe ing units of 1714 for Amphibian nerve
myelin and of 186A for mammalian nerve myelin were determined in
small angle X-ray diffraétion studies by Schmitt et al. (1935, 1941).
This large a unit was fiotfound in total lipid extracts of nerve or in pur?-
fied dried lipids. F&{r this reason, the fundamental radial repeati.ng un{t
ofthe myelin shga‘tk} was assumed to contain a protein component in addi-
tion to the lipids? The interpretation of the X-ray data by the la.tter group
of investi'gﬁbfs was based on further measurcments of myeht} d1ﬁ"'r'ac-
tions after drying or after lipid extraction, and on studu?s of diffraction
patterns of purified nerve lipids (phospholipids, cerebrosul.es: and cholgs_
terol) ; their models included two double Jayers of mixed lipids (1 304),

1The Children’s Cancer Research Foundation and the Pathology Department, Har;
vard Medical School, Boston; and the Biology Department, Massachusetts Ins;}:ltute o
Technology, Cambridge. This investigation was supported in part by a resear %'ra]?t
(Bige) from the National Institute of Neurologlc’al steas';cs and Blindness of the
National Institutes of Health, Public Health Service, and in part by a grant from
the United Cerebral Palsy Association, Inc
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water (about 254, and protein (about 20-30A) in the radial repeating
unit. Essentially similar conclusions have subsequently been reached by
Finean (1g53a}.

Fernindez-Moran (1950) was the first to observe a rad1al repeatmg
unit in electron micrographs of thin sections of osmium fixed myelin. The
alternation of concentric electron dense and less dense bands in the
myclin sheath of osmium fixed nerve fibers (Plate II, 4) has now been
observed by many investigators in a wide variety of forms {frog, chame-
leon, chick, rat, mouse, man).

The highest resclution electron micrograph of myelm that has been
published thus far is that of Sjéstrand (1953) who found the rqpeatmg
period of myelin to be about 120A; the dense lines were a’bbut 304
thick (close to the limit of resolution in the mlcrographs) ‘and the less
dense lines were about goA thick. .

Our own investigations have been concerned pmmﬂnly with the mode
of development of the concentric layers of the myelini sheath. Geren and
Raskind (1953) published the results of clectstcm microscope studies of
cross sections of embryonic chick sciatie ﬁbers These showed that the
older the embryo the greater the numher of layers (repeating units of
alternate dense and less dense bands) in the myelin sheaths of a ma-
jority of fibers. This demonstratedithat the process of myelin formation
occurs by the orderly addition of toncentric layers.

Further study (Geren, L?54) of the embryonic chick sciatic fibers
(12-18 days’ incubatio révealed that the myelin sheath is formed by a
process of infolding of 1 Chf: Schwann cell surface initiated at the time the
Schwann cells eny el\opihe outgrowing axons, Fig. T summarizes the proc-
ess illustrated itk the electron micrographs of the chick material pre-
viously pub 1shed These results have now been confirmed by the author
in studies ghthin transverse sections of sciatic nerves of 7- and 8- day-old
mice, 'asiilihstrated herein. Plate T, 1 shows the first stage of myelination,
thatofapposition of the Schwann cell and axon surfaces. In 2, the axon
is eftfeloped by the Schwann cell whose infolded surface is contintious
throngh the cytoplasm as a dense-edged membrane. In 3, the infolded
Schwann cell surface is seen as a spiral, continuous {except for small
artifacts due to sectioning) from its position at the axon surface to the
surface of the Schwann cell. Plate T1, 4, includes a region at the edge of
a myelinated fiber. The myelin is now'a compact layering of dense and
less dense bands and one can observe that the dense-edged membrane
formed by the infolding Schwann cell surface joins the compact layering
by fusion of one of its dense edges with the outermost dense line of the
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compact myelin. (Robestson (1955) observed the connections of the in-
folded Schwann cell surface with the compact myelin in sections of adult

chameleon nerve fibers. He showed that the dense lines of the compact
myelin sheath are formed by the apposition of the dense edges of ad-

.

Fig, 1. Dhgf‘a.?ﬁmatic tepresentation of the early stages of myelin formation. Ax.,
on; 8.C.,\Schwann cell.

Jacent layers of the spiral.) The dense lines fuse to form a single dense
live of the same apparent thickness as each of the fusing dense lines.
L INTERPRETATION OF MYELIN SHEATH FINE STRUCTURE

Finean (1954) has discussed the difficulties of formulating an exact
molecular interpretation of the alternate dense and less dense bands seen
I electron micrographs of the myelin sheath, He made X-ray patterns of
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a fixed and embedded nerve fiber from which Sjostrand had prepared
sections for electron miicroscopy. Finean’s X-ray patterns fromthis fiber
showed a fundamental repeating unit of 148A witha second order dif-
fraction at 74A. Sjostrand’s measurement of 11gA in the electron micro-
oraphs is clearly larger than half the X-ray period and smaller than the
full unit spacing. Finean considered many possible reasons for the dis-
parity in the two types of data. Since the data obtained both by X-ray
diffraction and by electron microscopy are dependent on electron density
distributions within the specimen, one might expect to be able to correlate
results from each method. This has not, to date, been possible in texms of
a quantitative analysis for myelin sheath fine structure, O\
Each radially repeating unit of the myelin sheath as scg’ti‘iﬁ’ eleciron
micrographs is derived from the dense-edged membraneformed by the
infolded Schwann cell surface. In compact myelin thi§ Spacing would be
" measured from the center of one dense band to the denter of the next dense
band. The dense-edged membrane is a frue Jeuble membrane since it
literally represents the apposition of fwo infolded surfaces of the same
Schwann cell. The electron microscopé, ‘€vidence indicates that the
Schwann cell surface represents thettue radial repeating umit of the
myelin sheath. R

The dense line at the outer.bcifde.r of the Schwann cell may be con-

sidered to have an inner surfdce (on the cytoplasmic side)-and an outer
surface” (on the extraceliffar side). It can be noted (e.g. on micro-
graph 4, Plate: II).th;'g.'t\it is along the inner surface that the dense
lines of the spirale(j}iblible membrane fuse to form the c_ompact myelin
layering,fbut that\the outer surfaces of the dense lines never approxi-
mate. We feel\that this is evidence that the structtiral - domain of
the cell surfate extends beyond the dense line visualized at the cell
surface;ih;"eiectron micrographs, and that the less dense band in the
myelimirepeating unit cannot be considered simply as a “space” (ie.
'a\éh\é.ﬁnel_ﬁlled only with extracellular salt solution). The width of
the central less dense band in the dense-edged membrane formed by
the infolded Schwann cell surface varies considerably (100-300A) and
is generally much wider than the average dimension of the less dense
bands in.the compact myelin (goA). This deéreaée in thickness of the

- central less dense zone may be due cither to a loss of fluid or of struc-

- - tural components- in the less dense jband, or to closer packing. in the

* radial direction of the molecules in the less dense zone.
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M L 1.3 ang icrographs of transverse scctions through the sciatic nerves of

i~ 2o S-day-(old nﬁ?g L;[&teiia:,‘ln%xi)c{ rgefﬁ}?%gmmmgteg—oxide. buffered with veronal acctate at_about #H 7.4

. *® axons at the surface of a Schwann o2 Axen enveloped by a Schwann cell whose surf_ari ésj[mfded
E]al dense-edged membrane. 3. Spiral wrapping of infolded Schwani cell surface. 2, axoplasm; A.S.L, axea-
®ain gl interface; LS., infolded Schwann cell eurface; M, mitochondrias My, compact myelin; 5.CIN.,
WM tell nucleus; §.C.C., Schwann cell cytoplasra; S.C.5. Schwann cell surface.



in. 5. Compatt
i i i i yer of compact myelin. 3. o
¥Prate II. 4. Edge of Schwann cell showing infolded surfaee fusing with outer layer o 1% YE. fanatiods
elin around 30 a.xon: N];te arrow (L.5.) indicating infolding of Schwann cell surface. (For further eXp [anall
mwy .
see Ilate 1.)
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I, CELLULAR RELATIONSHIFPS

The spiral course of the infolded Schwann cell surface suggests a
refative rotation of the axon and/or Schwann cell. Plate 1T, 5, shows a
single myelin sheath wrapped around 30 axons. It is unlikely that all
these axons are branches of a single fiber, or that the axonal rotations
of 30 different fibers could be coordinated so as to wrap a single myelin
sheath about all of them. Such an observation (we have seen this only
three times in several hundred sections) suggests that the Schwann
cell rotates relative to the axon, thus forming its unfolded cell surfages
into a spiral double membrane around the axon or group of axons)
Clockwise and counterclockwise spirals have been observed in ‘the
same electron micrograph. - O

The mode of formation of myelin by wrapping the infolded{Sthwann
eell surface is consistent with the fact that there is only epne”Schwann
ol per internode in the great majority of peripheral sefve fibers. The
cefts of Schmidt-Lantermann in the myelin are ngpWell understood ;
the present studies on myelogenesis show these clefts to be regions of
disorder in the myelin sheath, and studies ofongitudinal sections of
myelinating fibers may clarify their manner of 6rigin. :

We have observed that the myelin around many of the small axons
in young animals is of the compact tyggi'(i.e., the consecutive layers of -
the spiraled dense-edged membranesfuse very early). The mechanism
that allows for radial growth of fle axon must involve some way of
expanding this compact myelin’sheath. r o

The formation of myelin inythe central nervous system is currently
uder study. So far, in fhé&Avhite matter of the spinal cord, we have
not been able to obser¥e cells analogous to the Schwann cell's as we
have described them\\fbf' peripheral fibers, although the concentric layers
of the myelin sheath are readily observed. However, in various mthQ'
logical states, :d‘éx‘nyelination is frequently limitec'l to are.as -m either
the central ‘or/the peripheral nervous system. This may md'lcate that
there is a fundamental biological difference between the myelin sheaths

of central fibers and those of peripheral fibers.

1Il, FUNCTIONAL ROLES OF THE SCHWANN CELL

AND THE AXON : o
During the period of development in WhiC}-l .myelin form.atloi? is
proceeding rapidly, the rate of incorporation of lipid (and' prot.em) into
te Schwann cell surface must be high. Although very little is known
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about this process from a biocheml_ical p_oi__nt_ of view, it seems clear
that the metabolic activity of the young Schwann cells must be 'high,
The infolding of the Schwann cell surface in Robertson’s sections of
“adult chameleon fibers indicates in the mature nerve the preservation
of the embryonic anatomical relationships between axon, myelin, and
Schwann cell, and might suggest continuous synthesis of myelin by
the Schwann cell. : '

In addition to the metabolic activity of the Schwann cell during
myelin synthesis, the functional roles of this cell in the embryo, as in
nerve regeneration, include its selective adhesion to axon surfacs, gen-
erally. However, it is clear that there are differences amongmerve fibers
in their interactions with Schwann cells. This is indicatéd by the fact
that there are fibers with thick myelin sheaths, fiberg\with thin myelin
sheaths, and as Gasser (1955) has shown, fibers imi)eﬁded in Schyann
cells, but with no myelin sheaths.” The axon;ﬁﬁﬁ‘ct_ions in some way,
therefore, as a controlling factor in myelin\&ynthesis as well as in
myelin maintenance. Since the axon ;mﬂ‘fthe Schwanm. cell are in
surface-to-surface contact only, the factors responsible for axon con-
trol of the Schwann cell must either $e ‘at the axon surface or be trans-
mitted through the axon-Schwaniieell interface.. ' '

IV. THE AXON-SCHWANN CELL INTERFACE

~ The axon-Schwann (el interface (rather inadvisedly called axo-
‘lemma by Geren inggs4) is a dense-edged double membrane of origin
different from th@\layers of the myelin sheath. The densc line on the
axon side of thigdfterface is contributed by the axon surface, whereas
the outer demse’ line of this layer is contributed by the Schwann cell
the central fess dense band representing contributions from each type
of cell §iface. We shall refer to this type of double membrane, de-
rived\from the surfaces of two different cell types, as a “complex”
&dble membrane and to double membranes formed by the infoldings
of a single cell surface, as “simple” double membranes. It is the com-
plex double membrane of the axon-Schwann cell interface that is con-
stantly observed in all types of peripheral nerve fibers even though the
~ Schwann cell surface, as in the case of the “C” fibers (Gasset, 1055):
" is not infolded to form a many-layered myelin sheath, or, as in the
squid giant fiber (Geren and Schmitt, 1954), is more complexly it-
~ folded to form a systetn of intracytoplasmic double membranes, The com-
plex membrane at the axon-Schwann cell  interface may-be'cancerned
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in functional roles of major importance: (1) it is a constant anatomi-
cal feature of all the iypes of peripheral nerve fibers studied with the
clectron microscope, and, as such, may represent a very important com-
ponent of the excitable mechanism; (2) it is within the domain of this
complex double membrane that the axon mediates its inﬂuence on the
Schwann cell concerning myelin synthesis and myelin maintenance; and
(3) it is the site of numerous evaginations into the axoplasm in cer-
tain lobster and squid nerve fibers (Geren and Schmitt, 1954). Tis
continuity {within limits of resolution} with the surfaces of intra-
axonal mitochondria has been observed, and its role in relation, to.
mitochondrial activity has been suggested (Geren and Sehmitt, 1954).

V. THE MYELIN SHEATII CONSIDERED AS A CLLL SURFAQI\';

. The concept developed herein regards the myelin sheath as{@yolled-up
Schwann cell surface. This view seems to be satisfactorily supported by
experimental evidence, It would appear, therefore,\that a detailed
analysis of myelin sheath structure and compogition might throw
important light on the structure and composition/of the cell surface
membrane. This assumes, of course, that ighthe process of infolding
and in the subsequent close packing of thg\layered structure with ex-
travasation of fluid and scluble 111ate;1315' from between the spirally
wrapped layers, the essential structu}'é' and properties of the surface
membrane are not significantly altexed.
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XI. ACQUIRED TOLERANGE OF -
FOREIGN CELLS

BY R. E. BILLINGHAM ' AT
I. INTRODUCTION

HT 15 now a comimonplace of both experimental and surgical experi-
ence that most tissues of the body do not long survive their trans-
plantation between randomly chosen individuals of the same mammaliaii
species. For example, skin homografts, which have been studied ayith
particular care because of the easc with which they can be Haridled
experimentally, heal in at first and enter a phase of epithelial\prolifera-
tion as do skin autografts, i.e. grafts of the recipient’s own-gkin. Sooner
or later, however, they become inflamed, their blood..w{és'sels undergo
disruption, and they are reduced to discolored scabs which slough off.
The destruction of skin homografts is usually eomplete within 8-15
days and is the outcome of an actively acquirgdj\immunity response on
the part of the host. At least in general outlifie this response is similar
to the fore familiar defense mechanism Wwilereby an animal reacts to
infection with heterologous antigens sdch as bacterial cells.

The main factors which determinehe time of onset of a host’s reac-
tion against grafts of homologo . skin are (a) the amount which is
grafted : the higher the dosa R,‘iihe shorter the survival time; and (b)
the antigenic and therefore.t%e genetic relationship between donor and
recipient : the smaller the disparity the longer the survival time of the
grafts. This second ffe(ctor is of much greater moment than the first.
Onee an animal ha§reacted against homografts from a donor, its re-
sistance is height’&'d—it has become immunized or sensitized—so that
it reacts ag@.i(fsf subsequent grafts from the same donor .{or .from an-
other dorior of the same genectic constitution) much more rapldly: The
blood vesséls of “second set” homografts undergo premature disrup-
tion, and there is complete suppression of epithelial proliferation. These
are diagnostic signs of an “immune” state. ' N

The subject matter of this paper is the phenomenon of acquired tol-
erance, which may be regarded as exactly the opposite of actively ac-
quired immunity, and is brought into being by the' exposure of mam-
mals or birds to foreign cells during their embryonic life.

1 Department of Zoology, University College, London,
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o .'_ -‘jll: .
II' THE ‘BEHAVIOR OF SKIN "HOMOGRAFTS EXCHANGED

'}-.:“._ wlBETWEEN' DIZYGQTIC CATTLE TWINS

|

A few years ago my colleagues and I (Anderstm Bllhngham, Lamp-

, “.'-km! and Medawar, 1951; Billingham, Lampkin, Medawar, and Wil-

liams, 1952), not knowing at the time of Owen’s work, carried out
experiments to find out whether the interchange of skin homografts
between the members of pairs of young cattle twins would provide a
reliable and objective method for distinguishing between those of
monozygotic and those of dizygotic origin. The principle is simple
enough : since homografts do not long survive transplantation befween
individuals of ordinary genetic diversity, graits between twoyegg twins
should soon break down, for their genetic relationship,is. fio closer
than that of full siblings of separate birth; grafts betweert, one—egg twins,
on the other hand, should survive mdeﬁmtely, for sify effeet they are
autografts ' ~N

- Misgivings that graft dosage might be a deribus teehmcal obstacle
proved to be ill-founded, for the amount of ¢ skin which could be grafted
to cattle was relatively minute compared‘w\:&h that which can be grafted
to laboratory rodents. Preliminary trials showed that the violence of
the homograft reaction in cattle d§%such that grafts (in most cases
groups of 4-6 small, full- th1c1<ness discs of skin about T ¢m in diameter)
exchanged between unrelated ammals of the same breed were completely
destroyed w1th1n 15 days\The strength of the reaction was found to
be no less severe in t sase of grafts exchanged between full siblings
of separate birth, o b etween a dam and her offspring. As anticipated;
the grafts exchanged between twins classified as monozygotic by the
ustzal method, ofphenotypic appraisal provoked no reactions. However,
to our surprise'the great majority of the twins of similar sex classified
as’ dlzygot\: were also tolerant of their grafts. To, exclude the rather

-remqe: ‘possibility that this was the outcome of mistaken diagnosis—

that\the animals were in fact monozygotic—grafts were exchanged
between twins of dissimilar sex, and therefore of unquestionable dizy-
gosity, with precisely the same result. '
Of a considerable number of dizygotic twins tested, all displayed 2
hlgh degree of tolerance to homografts from their respective partners,
for’ no homograft lived for less than 7o days. The majority of the ani-
mals were completely tolerant of their homografts within the time
I1m1ts ‘of the experlments which in most cases c0n51derably exceeded
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100 days. In some animals the grafts underwent low-grade reactions,
revealed by a transient inflamed condition with minor imperfections
of the epidermis, from which they subsequently recovered. S
In those animals whose grafts did eventually break down the reac-
tions were greatly delayed in onset and were of chronic, low-grade in-
tensity, differing conspicuously from those seen in the controls. More-
over, these dizygotic twins were by no means necessarily symmetrical
in their responses ; grafts transplanted from one twin to the other might
be tolerated throughout the observation period, despite the fact that the
grafts reciprocally transplanted were eventually destroyed. The tolers
ance that these dizygotic twins exhibited to grafts of cach other’s, shin
was completely specific, for they reacted with normal vigor,\ﬁgatinst
homografts from their dam, from brothers and sisters of ‘separate
birth, or from unrelated animals.
|\
il THE CAUSE OF THE ANOMALOUS TOLERANCE) OF
DIZYGOTIC TWINS TO HOMOGRAFTS OF EACH
OTHER'S SKIN \\

Bovine twins are normally synchorial andvas Lillie (1916, 1917)
demonstrated, they actually establish a wwascular anastomosis during
fetal life so that a constant interchange of blood takes place between
them, Lillie’s endocrinological interpretation of the “ireemartin” con-
dition—the sterility and reprodittive abnormality of female calves
twin-born with males—turned tipon this vascular connexion during
fetal life. The normal fertility of about 8% (Swett, Matthews, and
Graves, 1940) of feméls:si in dissimilar twin pairs was a'scri.bed to the
fact that no vascular\c:onnexion had been established between the em-
bryes. O\ .
It has also been‘discovered that the majority of dizygotic. twins have
identical red-del antigens (Owen, 1043), although upwards of 40 red
cell antigeris/are known in cattle (Stormont and Cumley, 1943? an'd
uniformity of red cell antigens between siblings other than twins is
rare. Evidence was produced by Owen that at birth anc.i long after-
wards the blood of dizygotic twin cattle may contain a mixture of._red
cells of two antigenically different types. Since red cells are short«hved
and do not reproduce, Owen inferred that red cell precursors are ex=
changed between the twins @ #éero, through the xfascuiar anastomosis
that unites them, and survive thereafter as cellular h_Oﬂ‘lngaftS- There-
fore, at birth the dizygotic cattle twin is alre‘ady a qh1mera. .’}Ljhe? ﬁndmg
| [223] |
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that skin homografts interchanged between dizygotic twins after birth
are in a high degree, though not always permanently, mutually accepta-
ble, is fully consistent with Owen’s hypothesis.

It has been found that the proportion of dizygotic twin cattle that
showed complete—as opposed to partial—tolerance to grafts from their
respective twins corresponds fairly closely with the proportion of fe-
males in twin pairs of dissimilar sex that reveal some degree of sexual
abnormality. This may be taken as cvidence that, at least in cattle,
homograft tolerance and female sterility share at least one'nécessary
causal condition in common : the confluence of fetal circulations./Stone,
Stormont, and Irwin (1952) have shown that in twin cattle of dissimi-
lar sex there is a complete correlation between infertility.d afdred cell
chimerism; cows that are not chimeras are not freemaxtins.

TFrom the above facts it was inferred that the state "Of tolerance de-
monstrable in dizygotic cattle twins was the outCOmf: of their exposure
to foreign homologous cells early in embryomc llfe, in some way this
appeared to have rendered them spec1ﬁcall§\\1ncapable of reacting im-
munologically against those cells in later. ‘kfe after their faculty for im-
munological response had developed (‘see Burnet and Fenner, 1949).
The fact that the tolerance resu]tmg from the interchange of red ccll
precursors, and doubtless other, types of cell too, should extend to skin
homografts is not surprising : awide overlap exists between the ant1gens
Of different types of tlssuicells in thc body.

Iv. THE EXPERI}&J\}SNTAL INDUCTION OF TOLERANCE

To test the hypofhes15 that was advanced to account for the tolerance
of dizygotic catfle twins, experiments have subsequently been carried
out in which\frice, rabbits, rats, and chickens were exposed to living
homologeusitissue cells early in their embryonic life (Billingham, Brent,
and Medawar, 1953, 1955, and 1956). The principle of the experi-
ment:al\’procedure was as follows: the embryos were inoculated in ufero
(otin ovo) as early as possible with the immumnologically “foreign”
cells; then, after birth and the attainment of a fully matured immuno-
logical response techanism, the animals were challenged with skin
homografts from the original donor of the fetal inoculum or, in the
case of the mice, from another donor of the same isogenic strain.

These experiments have heen successful and tolerance has been in-
duced in this way in all the species tested. The degree of tolerance
obtained was extremely variable; in some animals it was complete so
that their homografts survived permanently and resembled autografts;
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in others the state of tolerance ranged from that which enabled the
skin homografts to outlive their controls by many weeks to that which
resulted in a prelongation of survival of a few days.

A wide histological variety of tissue cells was found to be capable of
inducing tolerance of skin homografts. There was no necessity for the
fefal inoculum to include skin epithelial cells, or indeed epithelial cells
atall. Tolerance in respect of skin can be induced by the fetal inocula-
tion of whole blood or leucocyte concentrates. Moreover, we have found
inocula prepared from embryonic tissucs to be effective.

As the cattle work had indicated, tolerance is highly specific; mice
which were completely tolerant of skin homografts from one inbrad®
strain reacted with normal vigor against grafts from another, unrelated,
str2in without prejudicing the well-being of their tolerated grafts.
Tolerance is not due to any kind of antigenic transfordhation or
adaptation on the part of the tolerated graft. A hithcrt:ir; completely
tolerated graft can be caused to undergo prompt regyession by the
passive transfer of a state of “ready-made” immunity to the tolerant
mouse. This is accomplished by implanting it withPs¢gional lymph node
tissue from another mouse of its own strain’“fl}icl'l has itself been ac-
tively immunized against a skin homograft fedm the strain which pro-
vided the tolerated graft. The tolerant aniital is thereby equipped with
immunologically active tissue. The sudreptibility of the tolerated graft
is clearly unchanged ; tolerance represents a failure of the host’s mech-
anism of immunological responsé,

The fertility of tolerant fe ale’ mice was found to be compiete'ly un-
impaired, despite the fact™hat adult male testes were used in the
preparation of our standard fetal inoculum.

These experiments/tay be held to show that tolerance depends upon
{a) the fact that B@B%yos are unable to respond to antigens by becom-
ing immunized%a} fact which has long been’ recognized—and (b) a
tontinued inability to respond in later life. Tolerance represents a spe-
cific adagtation on the part of the embryo; it is exactly the opposite of
“actively acquired immunity” which is the normal response of an
edult animal to antigens. . )

The fact that embryos are completely tolerant c_>f foreign tissue grafts
has long been known to experimental embryologlsts; an(.:l alsolthe fact
that homologous or even heterologous embryonic t':eils gmcludmg mel-
anoblasts, neural crest tissue, limb buds, and skn}), nnplantet-i very
early into avian embryos, may continue to differentiate and survive bej
yond hatching and even into adult life (see for example Eastlick, 19413
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Rawles, 1045, 1952; Weiss and Andres, 1932). Although the experi-
ments which established these facts were carried out for other purposes;
they have strongly hinted at the _existence of the phenomenon of ac-
quired tolerance. However, they failed to reveal whether the survival
of the foreign cells was the result. of an immunological adaptation on
- the part of the host, or an antigenic change in the grafted cells, or
indeed to an immunological process at all. '

V., THE INDUCTION OF TOLERANCE IN CHICKENS

Because of the accessibility of their embryos and the fact that these
may be injected intravenously, birds are particularly smtable subjects
for experiments designed to reproduce more faithfully a sitgtion com-
parable with that which occurs naturally in cattle twin§ The reaction
of birds to skin homografts is similar to that of magmals.

- The experiments to be described have been cartied out with Rhode
Island Red (RIR) and White Leghorn (WL)\gpeeds. The main short-
coming of birds for experiments of this kind lies in the absence of
strains of full genetic uniformity. Theg RIR stiain available was so
heterogencous that the donor of any fetal inoculation had to be kept
for the subsequent test operation

Cannon and Longmire’s work) (I 052) makes it clear that the epoch
of birth represents the uppers lumt of the tolerance range in chicks, as
we have found to be thezease in mice; for only 16% of skin homo-
grafts exchanged betwee\l newly hatched chicks of different breeds
gave evidence of pré{@ngatmn of their survival, and the percentage of
successes declined Tapidly as the age at which the chicks were grafted
was increased *¥6ung birds were therefore not challenged with skin
grafts from fhe donors of their fetal inocula until they were 14 days
old. Contrel experiments established that WL chicks of this age
normaI}y reject RIR skin homografts within g days. :

TNhen 10- ot f1-day-old WL embryos were transfused through a
cho1 ioallantoic vein with 250 mm? of blood from RIR donors of similar
age, the majority of those which survived showed some degree of toler-
ance of their respective donors’ skin homografts. The grafts on about
40% of these animals lived beyond 60 days and most of them grew
good feather crops of donor specific type. Tolerance has also been in-
duced by transfusing embryos with similar quantltles of adult whole
blood. -
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VI, NATURAL SYNCHORIAL TWINNING IN CHICKENS

Nature did not confine her experiments in synchorial twinning to
atile and, rather fitfully, to other mammals (such as sheep (Stormont,
Weir & Lane, 1953) and rarely man (Dunsford, Bowley, Hutchison,
Thompson, Sanger, and Race, 1951) ) for the phenomenon also occurs
naturally in chickens, In each of 5 doubly yolked and doubly fertile
eggs, the existence of a free anastomosis between the fetal twin circula-
tions has been established, When washed red cells of rabbit were injected
into a chorioallantoic vein of one 10- or 11-day-old embryo, they were
found in approximately equal numbers in its twin’s blood within an hopf\
or two. It was a reasonable presumption from the cattle work that if sych
twin chicks could be reared they would be red cell chimeras and%oler-
ant of each other’s skin homografts. We have succeeded in thatching
one pair of such twin chicks. When they were g days old theit bloods
were tested for evidence of red cell chimerism. ‘ =

This was made possible by the kindness of Dr. R. BQOwen who pro-
vided us with a series of lytic antisera prepared in/xabbits and suitably
absorbed so that they were highly specific foretythrocytes of particu-
lar antigenic constitutions. Saline suspcnsic;nsi vof the washed red cells
under test were treated with these antisex&\in the presence of guinea-
pig complement. The occurrence of pa}_'.ti'zil’ lysis with any of these anti-
sera was accepted as evidence of the ‘présence of 2 mixture of two dif-
ferent types of erythrocytes, one @f\them being susceptible to the lytic
reagent concerned. N ]

The tests showed that thétwins’ blood was an approximately 50: 50
mixture. There could be p@’}iﬁ)ubt that these animals were dizygotic.

Skin homografts exehanged between these animals 11 days afte.r
hatching are still in éXcéllent condition after 200 days. Besides these. ani-

mals, another twflnkl;ird which was grafted with its partner’s skin 'at
birth (for the ]ét’c"er died at hatching) has also proved fully tolerant of its
homograff, ™ .

These nitural twin chicks thus resemble the cattle in bt?lng (a)
synchorial, (b) chimeras, and (c) tolerant ‘of each other’s skin h(?mo«
grafts. Thanks to Hadek’s (1953; Hasek and Hraba, 1955) techmq}le,
which enables a2 vascular anastomosis to be establishec.i bhetween avian
embryos experimentally, we have been able .to_ investigate the conse-
quences of synchorial twinning in greater detail.
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VII, EXPERIMENTAL SYNCHORIAL TWINNING IN CHICKENS

Discs of shell, about ¥o-12 mm in diameter, were carefully defined
and removed from WL and RIR eggs of 10 days’ incubation. After
moistening with normal saline, the shell membranes were peeled off to
expose the vascular chorioallantoic membranes. The latter were then
brought together by the gentle rotation of the eggs, and a lens-shaped
plasma clot, containing small fragments of embryonic chick tissue, was
inserted between them. This clot was inserted in order to facilitate the
establishment of a vascular intercommunication, The junction bgtween
the parabiont eggs was then sealed off with paraffin wax.

Despite the high mortality of this method we have{suceeeded in
raising 4 complete parabiotic twin pairs. Interchange (of skin homo-
grafts between members of the pairs was carried ofif*on the 14th day.
All of these animals were highly tolerant of theit'skin homografts—
by the 75th day only one had destroyed its graf‘t—and the donor spe-
cific feather crops regenerated by these graftghwere, in most cases, quite
spectacular. However, as with the caftle” twins, evidence of asym-
metry of response, i.e, inequalities if\the survival times of grafts ex-
changed between them, was obtaiged. For example, the graft on ani-
mal 287 survived for about 100'days, whereas that on its partner was
still perfect on the 245th dagh¥The grafts on 4 of these birds were still
in excellent condition when they were finally dzsposed of after more
than zoo days. O

Four animals, w‘hbse homografts were in perfect condition after
about 160 days,,were again grafted with skin from their respective
partners with complete success. '

FortmtouSl} all 4 complete pairs of parabionts were of dissimiar
sex andy Qse normal fertility of all these animals has been established
Theren 1s ths no cansal connection between tolerance and infertility.

{ \

) VIIL THE RELATIONSHIP BETWEEN CHIMERISM _
AND TOLERANCE

£

All 4 pairs of parabiotic twins were tested for red cell chimerism
40 days after hatching, their skin homografts still being in good condi-
tion at the time. It may be added that the life span of red cells in adult
chickens is about 28 days (Hevesy and Ottesen, 1945). Clear evidence
that their bloods consisted of red cell mixtures was obtained in all
cases,

About 4 months later the bloods of two of the pairs, animals 283/ 286
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and 289/290, were again tested for evidence of chimerism. In the first
pair, whose grafts had remained in perfect condition, the red cell
chimerism remained unchanged. In the second pair chimerism had
disappeared completely and their homografts were obviously under-
going a slow deterioration. Breakdown of its homograft was completed
3-4 weeks later in one of these animals, 290, and about 8 weeks later
it its partner, 289. These results indicate that chimerism persists only
where skin homografts are fully tolerated,

An attempt was made to cross-immunize these two pairs of birds with
cross transfusions of blood. Each bird was injected intramuscularly wifh
10 ml of its partner’s blood on 5 weekly occasions. In normal bids.of
different antigenic constitution this procedure elicits the formatioe of
isoagglutinins (Todd, 1930). In animal 289 no agglutinins developed,
despite the fact that its homograft was breaking down andifs chimerism
had disappeared; in its partner, 290, whose graft had.alteady broken
down, a very low isoagglutinin titre was just depubiistrable a week
after the final injection. Needless to say, the attempbto cross-immunize
' the twins 285/286, which were fully tolerang axmd still chimeras, was
completely unsuccessful as anticipated, sinag)there was evidence that
their bloods were already infermixed.

In summary, this investigation has e§tablished that synchorial twin-
ning in chicken embryos results in red ccll chimerism and mutual toler-
ance towards skin homografts ingdult life. If the tolerance is incom-
plete, chimerism and acquired, folerance of homografts will eventually
disappear but normal immu}to ogical reactivity will not be regained.
Finally, red cell chimerisshis not accompanied by infertility in twin
chicks of dissimilar sef)as it is in cattle. The association of the two
phetiomena, in catt;e_\;.is presumab]y attributable to the fact that. the.y
have a certain anatomical prerequisite in common—the anastomosis
of the fetal blged systems, and possibly the relatively earlier stage in
fetal life'at\jarfhich the anastomosis is established.

IX. MATERNALLY INDUCED TOLERANCE

Au attempt has been made to investigate whether acquired tolerance
may also occur naturally through maternal cells- (such as leucocytes)
gaining access to the mammalian fetus and so lowering 1ts-rfe§1stance
in later life to skin homografts from the mother. This possibility was
strengthened by knowledge of the fate of maternal melanomatous tu-
mors that may rarely gain access to the fetus transplacentally in mian
(see review by Wells, 1940). Although we have been unsuccessful in
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our attempts to demonstrate the occurrence of such a‘naturally 13.Cquired
tolerance of maternal skin grafts in mice, cattle, and rabbits, evidence
has heen obtained suggesting that it may occur occasmnaﬂy in guinea
pigs.

Owen, Wood Foord, Sturgeon, and Baldwin (1954) looked for
evidence of a similarly induced tolerance to Rk antigens in Rh-negative
women born of Rh-positive mothers. They found that the chances of
Rh-negative women being able to produce Rh antibody were lessened
_if they had been born of RhA-positive mothers—i.e, if they had had the

- opportunity of being exposed to the maternal Ktk antigens in fptal ffe,
However, if instead of antibody formation, the appearance of haemolytic
disease in new-born children was used as a criterion of mfﬂlerance 1o
evidence of a relationship between tolerance of the Rk antigen and the
incidence of the maternal Rk type was dlscoxered (see also Booth,
Dunsford Grant, and Murray, 1953 ). RS

X. TOLERANCE OI' EETERQLOGQUS TI{SUES

We have applied the technique of as{]ﬁcmal synchorial twinning to
study the possibility of inducing “hetérelogous” tolerance between such
remotely related species as chickens, and ducks. A series of control ex-
periments showed that skin grafts transplanted from newly hatched
chicks to newly hatched ducklings are never accepted by their hosts,
even temporarily, as homégrafts are. Such grafts never became vascu-
larized and were destro?ed in less than 6 days. After parabiotically
uniting 11- day-old &hick embryos with 18-day duck embryos, those
which hatched successfully were immediately challenged with their
partners’ skin.(Tst"this way partially tolerant ducks have been obtained

- which acceptaa‘ chicken skin heterografts for periods ranging from 810
45 days, bu‘t none of these grafts ever looked normal; even the most
Iong-lwcd were chronically inflamed and swollen and never produced
any! féathers Evidence of partial tolerance was likewise obtained when
skirl was transplanted from the ducks to their chick parabionts. This
heterologous tolerance seemed to be highly specific, for heterografts
from chicks other than their parablonts transplanted to three ducks
regressed very prompt]y :

The low degree of heterologous tolerance obtamed in these experi-

~ ments is probably to be attributed to the fact that the animals were
-exposed to the heterologous cells too late in embryonic life. Eastlick’s
(1941) results with limb bud heterografts show that even with 2%-3%

day old donors and recipients complete tolerance is rare. It seems very
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probable that an embryo’s capacity to respond to different types or classes
of cellular and other antigens matures at different rates; in other words,
the duration of that phase of embryonic life when acquired tolerance is
the outcome of exposure to an antigen depends upon the nature of the
antigen concerned. To give only one example, new born cattle react
against skin homografts just as vigorously as adults; yet, as Kerr and
Robertson (1954) have shown, when very young calves are injected
with relatively large doses of Trichomonas foeins antigen, their capacity .
to respond to a later exposure to the same antigen is seriously im-

paired.
: Q)
For a full account of the experimental work described in outlifie
in this paper and a comprehensive bibliography on the phenoméhoh
of acquired tolerance see Billingham, Brent, and Medawar (1956) be-
low. N
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135, 136

antigens, flagellar in Selmonells, 113, Igyzg }

red cell, in cattle, 223; in chickens,

228; Rh, 230 O\
anura, nervous system, 206, 207, (7"
apical meristem of plants, morphegenesis,

I74-187: ferns, 174, 1755178, I70;

cveads, 176, 177 ; angioggerits, 174, 180;

isolation, 175 culturé%%, 181; photo-

periodism, 181, 1824 \grafts, 183
Arbacia pumtulaig.\ooc}tes RNA, 47-49
atografts, 2210222/ 224
auxin, in morphogenesis and growth, 176-

187; in tissue culture medium, 181
wolet, 157, 163, 168
ixon, see nerve fiber

bacteriophage, 106, 108, 111, 112

basal bodies of cilia, 68-70

basophilia, see ergastoplasm

Billingham, R, E., 221-232

blood vessels, anzstomosis in twinning,
223, 227, 228 hyperneurotization, 203

Brugelle gbortus, 125

bud primordizm of fern, 1738, 176; of cy-
cad, 177, 178; of angiosperm, 181, 186

callus, differentiation, 183-185

cambium, 182, 187 '

cattle, induced tolerance, z22-225, 230, 231

cell, degeneration in neurogenesis, 106,
197, 199, 207, 208; division, unequal,
116, in slime molds, 127, in explants,
160, in plant apex, 174, 178, 181, 186, in ¢
nervous system, 192, 193, 100, 207, 208;
growth, 45-57; interactions, 126, 136:
142, 149-13T, ser also aggregation) Ind
duction, synergy; migration, I03,/104;
fee afso under specific cell type,

central nervous system, 191-260

Chaetomorpha, 68 ‘&

chentotaxis in slime molds) 13

Chenopodiwn album, J8Y

chicken, embryo, neutogenesis, 191-209;
extirpation of lifah}) 106, 197, 208, of eye,
207, of ear,\z208 parabinsis, 228 ; trans-
plantationg/og-202; sciatic nerve, 214;
incuced (tolerance, 226-229, 230, 231;
twins 22¥-229 :

chimerag, bloed, in cattle, 223, 224; in
chitltens, 227-229; in Stenior, 9z2-g8

Chhorella, see algac, symbiotic

scilia, in plants, 61-70; in protozoa, 62, see
also cortical pattern; in birds, 62; in
mallusca, 64; in amphibia, 64; In mam-
mals, 64; appendages, 64-68; basal
bodies, 68-70; dorsiventrality, . 64-08;
fine structure, 61-70 :

clam, see Spisule solidissima

Coleus, 183 .

compatibility, nucleus and cytoplasm in
Stentor, 93-08; sell-, in Escherichia
coli, 102, 103; scxual, in E. coli, 103-
106

conditioning stimuli in Phycomyces, see
adaptation level

cortical pattern in Stemior, 73-09: mor-
phology, 73-75; polarity, 80-82; sym-
metry, 80-82; see also oral p}-lmorglum

cytostome, Stentor, see oral primordinm

deficiencies, morphological in  Dictye-
stelinm, 128-130

degeneration,. cellular, see cell degencra-
tion

Delbriick, M., 3-44 _

deletion, in Escherichia coli, 108
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. development, sez apical meristem, growth,
. induction, neurogenesis, slime molds
diatoms, 116 :
Dictyostelium discoideum, life cycle, 127,
- iz8; mutants, 125-148: Agg, 129, 135,
139-142; Fr, 120-135; Bu, 131, 133, 135;
Fiy, 142-149 o
Dictyostelium mucoroides mutants, 128
Diciyostelium purpureum, 138
Dictyota, flageilar spines, 65, 66, 68
Dioon edule, 176
diploidy, in Escherichic coli, 108 _
DNA related to cellutar growth and syn~
thesis, 43, 53 ; in inductor substance, 168,
_.169; in pneumococcus, 110; in tumor
agent, 204 .
dorsiventrality of cilia, 64-68; of leaf, 175,
176 R :
doublets, Stentor, see twins
Draparnaldie, 69 C
Drosophila, 52
Dryopicris oristeia, 175
duck, 230

“ectoderm, amphibian, see induction
ectoplasm, Stentor, see cortical pattern

electron micrography, 46, §3-37, 6I-70,

N

. 213-210 _
ergastoplasm, 5457
Escherichia coli, K-12 strain, TOI-12INS
Euglena, 63, 70 R\

exogenote, 111, 112 .
explant, amphibian, 157-169;, hick, 203-
205 ; plant apex, 174, ¥ 6<;SI-ISz

F+ agent in Eschericifn, coli, 103-106
fern, apical meristerip 174-176, 178, 179
{fertilization in Eseherickia coli, 102
Hbrils, ciliary, 61205 . . .
fine-line zon%.?téntor, w=4; transplantation,
77—79 s’\ ; . : . R
flagella,(duimal and plant, 62-69; Salmo-
nelfay i3, 114 . S
fiéweridg, induction of, 181
{regmartin, 223, 228
frog, midbrain, 207 - o
Fruitless mutant in Dictyostelium, 129-
S 135 :
Fruity -mutant in Dictyestelium, 142-149
Fruoits, in Dictyostelium, 128-131, 142,
147, 148
Fucus, cilia, 67-60

Gal locus in Escherichia coli, 106, 110-112

galactose, induction of fermentation by,
125 : )

ganglion, ch:ck, bioassay, 203-204; ciliary,
199; spinal; 196, 198, 199, 207, 205; su-

perior cervical, 202; sympathetic, 10,
200-202, 205

genetic particles, formal, 115-11%; chro-
mosomal, I17, 118, 120; cyioplasmic,
117-11I0 )

Geren, Betty Ben, 213-220

Gingko biloba, 177, 178

Gilycine mox, 181

grafts, Stentor, 76-85, 8&7-8g, 92-09; apex-
callus, 183-186; embryonic, 109-202, 208,
224, 225, 230; skin, 22z-231 .

grasshopper, see Melanoplus, Romale

growth, cellular and nuclelc acids, 45-57;
coupling to ilumination and adaptation,
28-32; response to light in FPhydemyces,
7-42; spiral, 10, 11 ; vascufatyplants, 173-
187 ;- vertical, 18, 19; zohe T Phycomy-
ces, g, 10 « \ .

guinea pig, induced teletance, 230

Hamburger, Vikfor, 191-212

Hecht, Selig, theory of light sensitivity,
32-35 N\ - '

heterggghete, 111, T12

hetedograits, 230, 231

£ etfianthtts anniris, 180, 181

Tfr genotypes in Escherichia cobi, 105107

\ Himanthalia Iorea, 65, 68 :
s histidine, effect on aggregation in Dictyo-

stelim, 138 .
homografts, tolerance, 221-229 -
hyperplasia, neural, 196, 109-203, 208
hypoplasia, neural, 106-199, 207, 208

immunity, development of, 221-231

induction, embryonie, 149, 155-170, 19T

inductor substances, diffusible, ¥36-17¢

infectian, related to genetic recombina-

. 'tions, 1D1-11g5 ' '

infraciliature, Stentor, 76

inhibition of morphogenesis, Stentor, 82-
8z, 88, 89, gr-09; see also antagonism

initiation of aggregation, see aggregation,
cellutar o

intensity of stimulus, equivalent, 23 36;
stbjective, 28-31 :

* interactions, see cell interactions

kappa, in Parameciwm, 106, 109, 118

lembda, in Escherichio cofi, 10g-111

lamellae, in protoplasmic fine structure,
55-57, 69, 70 '

lateral geniculate body, 206 -

leaf of plants, 174-186; dorsivenirality,
175 T :

Lederberg, Fsther M., 10I-124

Lederberg, Joshua, 101-124
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light, growth stimulus and response in
- Phycomyees, 7-42

limb, extirpation, 106-108, 208; super-
numerary, 190, 200

Limulus, photoreceptor, 6, 35-38

liver, Ambystoma, 52, 53; rat, regenerat-
ing, 46-48

lecus, genetic, in Escherichia coli: Gal,
106, 110-113, Hfr, 106, Lp, 110, 111; in
Salmonells, H, 114

Lupinus, 170

Lycopodium, 170, 182

Iysogenicity, transmission, 108-112

macronucleus, Stentor, 74, 75, 00-00

mandibular arch innervation, 200

Manton, 1., 61-71

mating types, Escherichia coli, 102-108

Mauthner’s cell, zo6

Melanapius differentialis, so, 52

meristem, see apical; rib, 180

mesenchyme in wire, 158

micronuclei, Stentor, 75, 00

migration, cellular in neurogenesis, 102-
104 :

mitosis, see cell division

motor centers of mervous system, 103-2c0

mouse, sarcoma, 200-202; sciatic nerve,
214; tolerance, 224, 225

muscle spindle, 3, 6

mutants, see Dictyostelivm; in Escher-
ichia coli: Fr, 103-107, Gal, 106, III,
i1z, Hir, 105-107, 110, Lp, 110, III

Maya, cilia, 64

o\
myelin, compact, 214-217 ; of central 1{4‘\% 4

ous system, 217 ; sheath, 213-219,
myoblasts, 158, 160-162 £
myoneres, 70

\ ¥

nephros, chick, hyperneurofization, 20I-

a3 " \:“z

nerve, centers: cochlédr, 208, lateral ge-
niculate body, 266" mesencephalic v
nuclens, 200, 206 “neostriatum, 193, 194,
nucleus of/Termi, 193, optic lobe, 207,
208, spinaN€ord, 208, =209, trochlear
nucleus, 198, se¢ also ganglia; fiber, 159,
191-193, 198-200, 213-210; impulse, 3-6

pervous system, see induction, neurogene-
sis

neuroblasts, see migration, neurcgenesis

neurogenesis, in amphibia, 156, 200, 206~

208; in chick, 191-200; effect of peri-

phery,. 195-200; humoral factors, 195..

200-206; mechanisms, 101-195; myclina-
tion, 213-z19; transneuronal factors,
195, 206-209

newroma in chick, 197-199

7\pigment,

Neurospora crassa, 102, 113

Niu, M. C, 155-171

notochord, 158 o

nucleus, membrane fine structure, 53-37;
in Stentor, 73-75, §0-90; see also basal
bodies, DNA, genetic particles, nerve
centers, RNA

nucleo-plasmic ratio in Stentor, o1 .

nucleoprotein, in conditioned medium, 164-
16¢; in tumor agent, zo4

nucleic acid, see DNA, RNA

nucleolus, see RNA

Olpidium, 68

cocytes, RNA in, 47-57 _ .

optic tectum, transneuromal contrcl, {207,

. 208 N

oral primordium, Stentor, 74-00, ™

Osmunda cinngmomea, 176, T70N

Otala, cocytes, 54~57 K7,

LK

parabiosis, Stentor, 8385, 8o, g3-07; birds,
228-230 \ ]

Paramectunt, 62,,11&6; 100, 113, 118, 3151

phloem, 178, 184 ¢

photoperiodis,) 178, 181

photosynthesis and growth, 173

phototrapism in Phycomyces, 11, 14-20

Phycowryces blakesleeanus, light growth
résponse, 7-42

phyllotaxy, 174 _

y cells, 158-1Go; photosensitive,
.32-35; stripes In Stentor, 73-74; sec.
alsp fine-line zone

pReumaococcus, 110

polarity, see apical meristem, cortical pat-
tern )

pollen, Tradescantia, 48, 49, 52

populations, microbial, proportions, see
synergy; variation, 126

position effect, 112, 13 .

posterior medullary plate {PMP) as in-
ductor, 158-169 .

prophage, 109-I11 Co

protein, synthesis, 45, 57; inductor, 104-
160; in tumor agent, 204

pseudoallelism, 112, 113

rabbit, induced tolerance, 224

range adjustment, sce sensitivity

Rasch, Ellen, 43-59 . _

rat, RNA in liver, 46-48; induced toler-
ance, 224 - o

Rebhun, Lienel, 45-5 . .

recombination, genetic in Escherichia coli,
101-112 ° :

red cell chimerism, 223, 224, 227-220
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tegeneration, Sitentor, 76-0g; rat liver, 46-
48

Reichardt, W., 3-44

replication, genctic particles, r1g-121

RHh antigens, tolerance, 230

RNA, chromosomal, 49-52, 33; in in-
ductor substance, 168, 169; nuclear~
cytoplasmic relations, 45-57; mucleolar,
46-40, 51, 52; perinuclear, 53

Romalea micropiera, 51-53

Saccheromyces chevalieri, 125, 142

Salmoenella, 106, 110-114, 116

Saprolegnia, 05

sarcomma, mouse, 200-202

Schwaun cell, relation to axon, 213-219

Scitosiphon, 68, 69

sea urchin, see Arbacia

segregation, genetic, Escherichia coli, 106-
108; Safmonella, 116

Selagmeua, 174, 179

sensitivity, range in Phycomyces 20-32
rclated to photoreception, 32-38; physi-
cal interpretation, 38-41; to lysogenicity,
Egcherichia coli K-12, 100

sexual reproduction in microorganisms,
102: se¢ also mating types

shoot, in plants, development, see apical \
meristem ; floral, 178; lateral, 178; long W

vs. short, 176, 177, 180 \
skin grafts, 2z2-231 RN
slime molds, 125-151 - TV
specificity of mucleus and eyfoplasm,
Stentor, 02-08; of induded “tolerance,
225 \\
spermatogenesis, RNAN Nn, 51, 53
Sphagnum, cilia, 01y 54
spinal cord, 11eurog&ne51s, 192, 193, 196-
200 N
spinal gangha, ~see ganglia
Spisula wb} tma oocytes, 43, 49, 54-57

sporangloph re, see Phycomyces
Stentor morphology, 73-76: transplanta-
tlon‘, 76-go; minced, 86-87; fused

{unasses, 87-80; see also chimerae, para-
Blosis; 5. coeruleus, 73-08; S. felici
N. Sp, 76: §. niger, 92, 47, 08; 5.
polymorphus, 92, 94-97; Sp. X, 92, 93

streptomycin, effect in Escherichia coli,
107

subjective mtensxty in light growth re-
sponse, 28-31; stimulus, 29-31

Sussman, Maurice, 125-154

Sussman, Raquel R., 125-154

Swift, Hewson, 45-50 :

symmetry, cilia, 65-68; cortical pattery
in Stentor, Bo-8g

synapse in development, 198, 203

synergy of development in Dictyostelium
mutants,  136-136, 144-147; failure, 13
135, 136; mechanisms, 133-136, 147

Syaura, flagella, 64, 65, 67-60

Swyringa, grafts, 183-133

Tartar, Vance, 73-100

teleost optic tectum, zo7

threshold response systems, 4-6

thyroid, amphibian, 52-54, 56, 206\

tissue culture, conditioned medibm, 155
160, 163-169: plants,,lj‘h‘ 181, 182;
bioassay, 203-205 N\

tolerance, tissue, 221-331: and fertility,
223, 228; to hetcrografts, 230, 231; to
homografts, 22x-230, maternal indue-
tion, 22Q- 2,38

Tradescantie_paludosa pollen, 48, 49, 52

transduction) 101, 102, 106, 108, IMO-1I2,
Tg

tra néuronzal effect in neurogcnes1s, Igs,

, 208, 200

tmnsplantation, Stentor, #6-09; angio-
sperms, 183-185; embryomc, 156, 190-
202

triplets, Stentor, 78, 84 i

Triturus torosus, 157, 162, 163, 166, 168
169; T. rivuiaris, 157, 162, 168, 160

tumor agent, in neurogenesis, 143, 200-203,
205; chemical characterization, 203-203

twins, bird, 227-231; cattle, 222-224; Sten-
tor, 77-83, 88, 03-08

urodele nervous system, 196, 199

vascular, connections in twins, 223 224
226-228, 230, 231; plants, growth, 173-
187; tissue, differentiation, 182; sez also
apical meristem, phloem, x}rlem

Vaucheria, 68, 69

Wetmore, R, H,, 173-100
Woodard, John, 45-59

Xeanthium sacchoratum, 181
Xiphophora chondrophylla, 63
xylem, 178, 183, 184

yeast, 113; see also Seccharomyces

[ 236 ]



	Page 1�
	Page 2�
	Page 3�
	Page 4�
	Page 5�
	Page 6�
	Page 7�
	Page 8�
	Page 9�
	Page 10�
	Page 11�
	Page 12�
	Page 13�
	Page 14�
	Page 15�
	Page 16�
	Page 17�
	Page 18�
	Page 19�
	Page 20�
	Page 21�
	Page 22�
	Page 23�
	Page 24�
	Page 25�
	Page 26�
	Page 27�
	Page 28�
	Page 29�
	Page 30�
	Page 31�
	Page 32�
	Page 33�
	Page 34�
	Page 35�
	Page 36�
	Page 37�
	Page 38�
	Page 39�
	Page 40�
	Page 41�
	Page 42�
	Page 43�
	Page 44�
	Page 45�
	Page 46�
	Page 47�
	Page 48�
	Page 49�
	Page 50�
	Page 51�
	Page 52�
	Page 53�
	Page 54�
	Page 55�
	Page 56�
	Page 57�
	Page 58�
	Page 59�
	Page 60�
	Page 61�
	Page 62�
	Page 63�
	Page 64�
	Page 65�
	Page 66�
	Page 67�
	Page 68�
	Page 69�
	Page 70�
	Page 71�
	Page 72�
	Page 73�
	Page 74�
	Page 75�
	Page 76�
	Page 77�
	Page 78�
	Page 79�
	Page 80�
	Page 81�
	Page 82�
	Page 83�
	Page 84�
	Page 85�
	Page 86�
	Page 87�
	Page 88�
	Page 89�
	Page 90�
	Page 91�
	Page 92�
	Page 93�
	Page 94�
	Page 95�
	Page 96�
	Page 97�
	Page 98�
	Page 99�
	Page 100�
	Page 101�
	Page 102�
	Page 103�
	Page 104�
	Page 105�
	Page 106�
	Page 107�
	Page 108�
	Page 109�
	Page 110�
	Page 111�
	Page 112�
	Page 113�
	Page 114�
	Page 115�
	Page 116�
	Page 117�
	Page 118�
	Page 119�
	Page 120�
	Page 121�
	Page 122�
	Page 123�
	Page 124�
	Page 125�
	Page 126�
	Page 127�
	Page 128�
	Page 129�
	Page 130�
	Page 131�
	Page 132�
	Page 133�
	Page 134�
	Page 135�
	Page 136�
	Page 137�
	Page 138�
	Page 139�
	Page 140�
	Page 141�
	Page 142�
	Page 143�
	Page 144�
	Page 145�
	Page 146�
	Page 147�
	Page 148�
	Page 149�
	Page 150�
	Page 151�
	Page 152�
	Page 153�
	Page 154�
	Page 155�
	Page 156�
	Page 157�
	Page 158�
	Page 159�
	Page 160�
	Page 161�
	Page 162�
	Page 163�
	Page 164�
	Page 165�
	Page 166�
	Page 167�
	Page 168�
	Page 169�
	Page 170�
	Page 171�
	Page 172�
	Page 173�
	Page 174�
	Page 175�
	Page 176�
	Page 177�
	Page 178�
	Page 179�
	Page 180�
	Page 181�
	Page 182�
	Page 183�
	Page 184�
	Page 185�
	Page 186�
	Page 187�
	Page 188�
	Page 189�
	Page 190�
	Page 191�
	Page 192�
	Page 193�
	Page 194�
	Page 195�
	Page 196�
	Page 197�
	Page 198�
	Page 199�
	Page 200�
	Page 201�
	Page 202�
	Page 203�
	Page 204�
	Page 205�
	Page 206�
	Page 207�
	Page 208�
	Page 209�
	Page 210�
	Page 211�
	Page 212�
	Page 213�
	Page 214�
	Page 215�
	Page 216�
	Page 217�
	Page 218�
	Page 219�
	Page 220�
	Page 221�
	Page 222�
	Page 223�
	Page 224�
	Page 225�
	Page 226�
	Page 227�
	Page 228�
	Page 229�
	Page 230�
	Page 231�
	Page 232�
	Page 233�
	Page 234�
	Page 235�
	Page 236�
	Page 237�
	Page 238�
	Page 239�
	Page 240�
	Page 241�
	Page 242�
	Page 243�
	Page 244�
	Page 245�
	Page 246�
	Page 247�
	Page 248�
	Page 249�
	Page 250�
	Page 251�
	Page 252�
	Page 253�
	Page 254�
	Page 255�
	Page 256�
	Page 257�
	Page 258�
	Page 259�
	Page 260�
	Page 261�
	Page 262�
	Page 263�
	Page 264�
	Page 265�
	Page 266�
	Page 267�

