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Abstract-We have discovered a series of expansion and contraction, solitary waves that correlate with
diScrete steps of differentiation in the ,urodele amphibian axolotl embryo (Aniby.Sloma mexicanum). Here
we examine in dctaiJ the proposition that the,bl8stopore is a set of differentiation waves. Vie supe~posed
the image of the axolotl fate map onto our digitized video images of normal gastrulation and matched
the fate map to pigmentation, irregularities on the embryo. We were then able 10 track the invasination
of the fate map by tracking the variegaled pigmentation on several embryos as gastruialion proi:ceded.
We show a particular expansion and contraction wave sequence for every tissue in the blastula stage fale
map and can now explain precisely why the fate map has the shape it does and its relationship to the
embryo at subsequent stages. Each tissue can be assigned a differentiation code and placed on a
hierarchical. binary'differentiation tree.

PROLEGOMENON

Up until now we have lacked a theory of embryonic
development that ill accessible from the geneti~
viewpoint. The cell state splitter (Gordon & Brod-
land, 1987), and confirmation of the predicted cell to
cell differentiation waves it engenders (Gordon, 1993;
Brodllll1d el al.,~1993; Gordonel al.. 1994), provide
the basis for a ge~etic theory of embryonic develop-
ment that can be ''tonnulated, and tested, right down
to the level of DNA (Gordon, 1994). In this series
of papers we establish the details of a number of
differentiation waves, reported in broad outline
in Gordon el al. (1994). Micrographs, direct and
digitallycnhanced, of the ect9de~ contraction waVe,
may be seen in Brodland el aL (1993). But first, in
this Prolegomenon, we outline the theory and the
outStandins questions that need to be addressed.

The starting point for our theory is that each cell.
at each step of differentiation, erects a mechanically
unstable cy10skeletal apparatus that we call the
"cell state spUtter'" (Fig. I). Structures having the
appropriluc ultrastructure were initially observed by
Burnside (1971, 1973). We have confirmed and ex-

.Some topics included in this' work have been discussed
during the Third Internalionill Workshop .on Open
Problems o/Computational MoleaJar Biology, Telluride,
COlo.. 11...25 July 1993.

tDedicatect to the now late Jack Gordon on the occasion of
his being given the Kendler Award for handbilL

panded her work (Mahin & Gordon. 1991, 1994),
showing that at the apical end of each competent
ectoderm cell in a urodele amphibian gastrUla embryo
a cy10skeletal structure is synthesized consisting of an
apical microfilament ring, a lower intermediate
filament ring, and a coplanar. annular microtubule
mat subtcnding the two rings [see also Gordon el al.
(1994)]. Reports of similar structures are reviewed
in Gordon & Brodland (1987). Cell state .splitters
in adjacent cells are linked via desmosomes (Figs I
and 2).

We proposed (Gordon & Brodland, (987) that the
cell state. splitter collapses in one of two ways: by
cpntractiqn, or by expansion (Fig. I). While we only
predicted contraction waves in Gordon & Brodland
(1987), we subsequently found that each tissue seems
to be partitioned into two tissues bya pair of waves
that traverse complementary regions, 'and that one
wave in the pair is a contraction wave. while ~e other
is an expansion wave (Gordon el al., 1994). Each cell
in a given tissue thus participates in a contraction or
an expansion wave. In the process we propose that
one. bit of information is sent to the nucleus specify-
ing the ldnd of wave the celllui$ participated in. In
the nucleus, this signal sets off one of two correspond.
ing, prepared and waiting ~ne cascades, ensur;ng
that the mechanical act of "determinaton" leads to
the biochemical act of "differentiation", i.e. pro-
duction of a set of 'specific gene products. The
orgariization of the nucleus that permits it to be ready
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to rcccjve and respond to one of these, two signaJs is
what we call the "nuclear statc splitter" (Bjorklund &
Gordon, 1993a, b).

The biochemical pathway frQm the cell state sptit-
ter to the nuclcus"conveying one of these two differ-
entiation signals is referred to as. thc "differentiation
pathway" (Fig. 2). It may be different for cell state
spliiter contraction or expansion. A protein kinase C
(PKC) based working model of the c:ontraction differ-
cntiation pathway has been proposed (Bjorklund &
Gordon, 1993a, b). Alternatively, a m~hanical
signal (perhaps pull on the nuclcus ==expansion,

push = contraction5; using the intermediate filaments
that subtend the cytoplasm from the cell membrane
to the nuclear membranc (Goldman el al., 1985). or
the full tenscgrity system of cytoskeletal clements
(Ingber el al., 1994). is also conceivable (Gordon &
Brodland. 1987).

If we usc;,C" to designate a contraction wave and
E to designate an expansion wave, then each cell. at
any given stage of devclopmen~, may be.charactcrizcd

bY a "dif{c[Cntiation code" (Fig. 3), such as
"ACECC" for presumptive notochord, etc., where
"A;' refers to the "animal" or dorsai hemisphere of
the embryo. Alternatively the differentiation code
may begin with V for vegetal or ventral hemisphere.
Whether "A" and -'V" ultimately refer to some
kind of maternal "determinants" remains to be.sccn
(Gordon, 1994).

We refer to aU cells that have the same differen-
tiation code as a "tissue". We suggest that all a
cell "knows" is its differentiation code, which
detenriines which of two 8cne cascades it will
make aVailable on its genome for the next step of
diffep:ntiation. This~ differs from the concept of
positional infonnation. in which a cell uses its coordi-
nates to determine its next action (Wolpcrt, 1969;
Wolpcrt & Stein. 1984). In PartiCular. note that some
tissues can have two spatially and temporally
separated components (as VC in Fig. 3 and 4(b)]. We
would predict that they have the same gene cascades
activated.

We have observed a number of surface contraction
and expansion waves in the early stages~ of axolotl
(Amilj>sromamexicanum) ,.d~,v~Jopment (Gordon
eJ al~-. 1994), beyond our initial observation of a
contraction wave occurring during gastrUlation (Gor-
don, 1993; Brodland el,al., 1993; Gordon el aI., 1994).
All of these waves propagate from one cell to the
next. The cells involved in acontraction wave require
about 10 min to contract and then relax. The expan-
siqn waves appear not to relax on this time scale and
thus may, for example, produce thenonnal"epiboly"
of the animal cap fA) and the ventral cctoderm (AE)
(Balinsky &: Fabian. 1981). An expansion wave re-
sembles a contraction wave but the cells remain
expanded a{ter tlte passage o(.the wave. They d() not
return to their ,prewave shapes.

Thecontraciion waves appear lo be similar to
the earlier appearing cleavage' waves (Hara, 1971;, .

Sawai & Yoncda, 1974;,Sawai. 1982, 198,5;Yoneda
el al., 1982; Boterenbrood el al., 1983;Shinagaw80
1985; Boterenbrood & Narraway, 1986) and likely
havc a similar cytoskeletal mechanism. Similar
contraction waves have also been observed during
ommatidia formation in the fruit fly. Drosophila
(Poodry el al., 1973; Ready el al., 1976). The fact
that Some of these waves cross ceUs larger than
their width, or accUular blastemas (5. Nicholls,
personal communication), suggests that at least
contraction differentiation waves may not require
cellularization, and that the cortex of cells can
provide a spatiaJly continuous cell state splitter-like
activity. The depth of the furrow of a contraction
wave probably depcnds gn the degree of cellulariza-
tion (Brodland & Clausi. 1994) and pcrhaps other
factors.

Theecontraction and expansion waves arc often
paired (Gordon el al., 1994). For example, the por-
tion of the cctodcnn (AE) that expcriencesa contrac-
tion wave becomes neuroepithelium (AEC). The
portion that experiences an expansion wave becomes
'epidermis (AEE). Since the cctoderm contraction
wave immediately precedes any sign of differentiation
(Gordon & Brodland, 1987)it is a reasonable hypoth-
esis that it and the other wavesactually serve to
determine the cell types. In their initial effect,
they may be thought of as waves of embryonic
"detenninatien tt.

For our proposed signalling system from the cell
state splitter to the ~ucleus (Bjorklund & Gordon,
199380b) to work, cell state$plittcr construction must
be temporally matched by the preparation of two
possible signals for triggering one of two gene cas-
cades. Each gene cascade sends the cell off on one or
the other next path of differentiation. providing the
switching mechanism between. the bifurcations in
Waddington's (1956) "cpigenetic landscapc", and
giving that landscapc a physical basis (Gordon &
Brodland, 1987). The exact nature of the signal
between the contracting or cxpanding."cell stale split-
ter and the subsequent gene cascade lias been postu-
latedin Bjorklund &Gordon.(1',9~a, b), The intense
10 min long contraction of the micro.filament ring
presumably requires a calcium flux. An intercellular
signal such as inositol triphosphate travelling through
gap junctions could propagate the contraction from
onecc11 to another (Bjorklund & Gordon, 1993b). A
varicty of ccllularchanges in reSponse to the calcium
flux, such as a prolonged PKC translocation (Otte
et al.. 1988, 1989, 1990, 1291), could then result in
triggering of a particular gene cascade, resulting in
differentiation.

The end of the proposed gene cascade would
include the reestablishment of mechanical instability
(embryonic "co~pctence") by the construction of a
new ceUstate splitter'( or resetting of the old one), two
new si@1al1ingcsystems. and two new gene cascades,
The cell waits for the next wave to come along,
participates in it,. and propagates it to the next cell.
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In this way, we propose that each cell rcsponduolely
to the specificsequence of expansion and contraction
signals it experiences. The differentiation code is
what detemUoes when and what it does as it con-
tributes to the development of the cml?ryo as a

whole. One of its responses can be to make specific
proteins such as adhesion molcculcs (Fig. 2)
that result in the cell contributing to morphogenetic
movements not directly involving differentiation
waves.

Intermedi~te
Filament Ring

Dcsmosomes

Ectoderm Cell

t 0.5 }1m ="thickness
of Cell Statc Spliucr

Microfilamcnt Ring

so I'm Mat of Apical
Microtubules

,Nudcus Paraxial MicrotUbules

Crosslinking
Intermediate
Filaments

Basal cnd

Epidermal Cell

Neuroepithelial (Neural Plate) Cell

.-.

fiil' 1. In the eclodcrm (AE) of the axolotl. we observc a cell state spliuer Consls\ing of a ring of
mierolilament$ at th~ apical end of thc ~II, with a ring of inlcrmediatc filaments below iI (Martin &;
GOrdOD. 1994)~Subtending these rings is an annular ring ,of microtubules. presumed to be in mechanical
opp?sition to thc microfilamcnt ring. Dcsmosomes connect the-cells. and miCfOfilamcnts. microlubules'and
the intermediate 6Iame,nt ring}mpingl: upqp them fromwitbin. This is a composite schematic of Fig. 5
inGordon &. Brodland (1987). Fig. 2 in Bjorklund &;GOrdon (1993a. b), and the quanutauvely accuralc
Fig, I in Gordonel al. (1994) reproduced from Martin &.Gordon (1994). Note that intermediate filaments
bind n~euS;,apiCaI and paraxial microtubules, and the cell membrane. Thc thickness of Ihe cell state
spliucris exaggerated relative to ,the height of the cell. Note tPat the cell state splitter is effectively at the
apical end of the cell. where ils thickncssis inconsequential relative'- 10 the cell height
(0.05 11m/SO 11m =O.l~.:. the ~caI scale is magnified relativc to the horizontal ~Ie). This malces th'C
cell state spUtter. from the viewpoint ora civil engineer. s'>'.thin shell" or "membranc" element (Mollmann.
1981; Hlilron &: Owel'i, 1984), albeit an &Clive one. scl1ei'natic final results of expansion or contraction

are shown quantitatively with the total cell volume and cylindrical shape held constant. Full cytoskeletal
details are nOI. shoWn iit tl!e epidermal and neur!)epithelial cells,~ince these have yet to be fully worked
out. In the case of contractioD waves, thi; contraction is tian$ient, lasting aboul 10 min per cell (Bjorklund
&;Goidon, 1993a. b:. Brodland tloJ.. 1993). After this contraction IheceU relaxes back tc>its original shape.

This"is fo!1owedby further differentiation resulting in columnarization and the cell undergoing the "final"
change of shape. Betwccn the contraction waVc:"and the final,columnarization we presume that-the genc

~de for neuroepithelium differentiation is activated.
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A new paradigm leads. to new questions, fortu-
nately, in this case, answerable ones:

I. How do" all cells in a tissue come to have
their cell state splitters sct up and ready to
go at the correct time for a differentiation
wave (simultancous development of the state
of "competence")?

2. Are all cell state splitters the same?
3.. Do the cells reuse the same cell state splitters

for consecutivc waves., or do they sct up new
ones,or .,do both cases occur'?

4. What causes differentiation waves to start
where they do ("induction")?

S. What determines whether a differentiation
wave will be an expansion wave or a con-
traction wave?

6. What causes differentiation waves to travel
from cell to cell ("homoiogenetic induc-
tion")?

7. What determines the local velocity of a
differentiation wave, and thus its trajcctory
through a'tissue?

8. How robust is the trajectory of a differen-
tiation wave to various interventions ("regu-
lation")?

9. What arc the propagation and topological
conditions for a wave terminating bysclf
annihilation, as it runs into itself?

10. What determines whether a wave enters
and propagates within another tissue or
te'nninates upon encountering it?

11. How is the nucleus signalled as to which
kind of differentiation wave it just partici-
pated in?

12. What in the nucleus is prepared, presumably
in advance, to receive one of two signals
from the cell state splitter?

13. How is the construction of the cell state
splitter coupled to the preparation of the
nucleus?

14. How does a cell "remember" its differen-
tiation code and pass it on to daughter cells
in the same tissue and its cell lineage?

IS. Arc gradients merely byproducts of differen-
tiation Wavepropagation. or do they have
an independent role in development?

16. What is the relationship between differen-
tiation waves and morphogenetic move-
ments?

We will try in this scries to provide some tentative
answers to this new sct of specific embryological
questions. They replace more nebulous questions
raised by a general search for the mechanism of
differentiation without a working iheory.

We suggest that the overall organization of the
gene cascades is in the form of. a binary "differen-
tiation tree" (as Fig.-1).This is what we mean by the

Fig. 2. The contraction differentiation wave pathway. updaled from Bjorklund &.Gordon (1993a. b). Note
that this figure is schematic. not representing either the actual scale or actual structures. I. The cell adjaCenl
to the right 0'( the, illustrated cell undergoes microfilamenl ring contraction. (The contraction wave is
travelling from right to left.) 2. The adjacent cell bas it's own contractiondifferentialion wave pathway
activated. 3. Inosiloll .4.5. triphoshate (IP]). released from the adjacent cell during the activation process.
crosses the gap ju~ction into the illustrated cell:.,4.IPJ triggers release ofintemally bound Ca:' ions into
the cytosol. The internal source of the Ca~" Is likely to be Cal" I?ound in the yolk or within tbe
endoplasmic reticulum. S. Microtubule polymerization. in particular. that of Ihe apical microtubules. is
inhibited by Ibe rising Cal" concentrationjn the cytosol. (Note that the inlermediate filaments linking
the apical microlubules. and the paraxial microtubuleS'and their inlermediate filaments. illustrated in Fig.
I. are notsbown here.) 6. Cal.. ions trigger the translocation of calcium dependent protein kinase (PKC)

to the membrane and it is activaled. 7. CaH ions also bind to calmodulin forming an activated
Cal:>'-calmodulin complex (¤aM). 8. CaM binds to myosin. 9. The microfilament ring conlracts in
response t09'M bi~ding~ Elastic potential energy is stored in the iniermediate filamenl ring. 10. PKC
is probably aCtivated via)f diaglyccr~1 pathway. This pathway simultaneously induces relaxauon that
allows smooth control ,Qf the mii:rofilament ring contraction. II. Diaglyccrol produclion also results in
IP, release. This IP, then crosses the'gap junction 1'inthe next cell to the left (not shj>wn).propagaling
the contraction .signal. ,12. CaM binds' to a' CaM dependent cAMP phosphodiesterase. The cAMP
concentrihiori is 'lowered' as a result. 13. The activation of PKC and CaM directly or indirectly enhances
the neurocpithelium ditrerentiauon triggering prolein nDTP (a mast!=r gene regulatory protein possibly
containing ai'io~eodomain). From bcre on in this figure we specifiCally refer 10 the differentiation Qf
ectoderm (AE} to peurocpithe!ium (AEC).designated by (n). and cpidernUs (AEE). designated by (e). For
other contraction waves. different differentialion triggering proteins and spccificgene products would be
involved. though the principle would be the same. 14, The enhanced nDTP sumulatcs it's own
transtrlption creating~, positive feedback loop. IS. The epithelial differentiation triggering prolein. eDTP.
is suppressed, 16. Synthesis of neuroepithelium mRNA and proteins begins as nDTP triggers a
neuroepithelium gene cascade. 17, Translocated PKC activates an adenylate cyclase whi9h synthesizes

~.c:AMP itt a slightly faster rate than the CaM cAMP phosphodiesterase removes it: The cAMP
concenuation in the cytosbl slowly ri~ 18. The cAMP concentration becomes high enough to
Rhospborylate !1'iyosin heads. 19. The CaM dissociates trom the myosin, 'The microfilament ~ it.s

c»n~ctionandrelaxes as thc e1asticpotential energy of the intermediate filament ringis release(!. 2(1.Citz+
ions then dissociate from the CaM coJ11plex. The concen~tion of Cal"in the cell rises rapidly. 21. The
Cal+ reaches ten times the normal conCentration. 22,A Na "leil.. exchanger in thc"cellmembrane retUrns

the eat:,. to the normal concentration in the,cell. "
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Animal Cap =A

. .
Expansion Contraction

Fig. 3. A summary differentiation tree showing ~e divisions
of the embryonic cell types from a single fertilized oocyte
(egg) into the various tissues present at theoend of gastrula-
tion. The differentiation code for.,each tissue ISalso shown.
This diagram does not include the relative times for the
appcaranceand durations of the tissues. Arrows to the left
indiaue expansion waves. while arrows to the right indicate

contraction waves.

"hierarChical genome" (Gordon. 1994). The potential
existence qf the hierarchical genome raises the follow-
ing. again difficult. but approachable questions:

I. What in and/or on the DNA represents a
branch pointof'the differentiation tree (such
as homeobox genes, oncogenes, methylation,
DN~ binding proteins. etc.)?

2. How arc tWo new gene cascades selected
for the, next step of di1rercntiation. i.e. what

+ ~

is the"nuclcar state splitter" (cfBjorklund &
Gordon, I993a, b)?

3, How do 'we distinguish other regulatory mech-
anisms from thoScinvolved in the branch
p~iJ1ts of the differentiation tree?

4. How i!i the~iffcrcntiation tree physically distri-
buted across the DNA and the chromosomes?

5. Is there DNA that is'Dotpart of the differen-
tiation tree (junk DNA, hoUsekeeping genes.
elc.)?

.

Tne theory ofthe ccll state Splitter provides a new
point of view on em~ry~nic dev~()pment. with a
number of une~pected features:

1. In the first instance. the mechanics of the cell
state splitter controls the genome. and not vice
versa.

Vegetal
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Wave

Vegetal Hemisphere =V
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rIi'lJ!' ~-t
Expansion Wave
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Fig. 4. The data from the fate maps and some earlier
observations was used to prepare this series of diagrams
'showing'all waves seen to date and the Sequencein which
they cOuld detCnninc all the tissue types present by the end
of gastrulation. The "constriction zone" isa regi.on of
contraCtiogin which we ba~ Dot)-et ~ discrete starting.

and stoppiDg domains.
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2. The genetic program consists of an alterna-
tion of physical and genetic events.

3. Induction and morphogenetic movements
may playa secondary role in development.

4, Gradients may be byproducts of differen-
tiation waves rather than causal phenomena.

5. The theory invokes neither morphogens nor
positional information.

Finally, we can base a new theory of evolution on
differential ion trees (Gordon, 1993. 1994):

I. We can redefine "macroevolution" to mean
topological changes in differentiation trees.

2. We then redefine "microevolution" to refer to
all genelic changes that leave the topology
of the differentiation tree intact (including
heterochrony),

3. Complexity of organisms could increase
rapidly by duplication of branches of the
differentiation tree.

4. Organisms that have easier duplication of
branches of the differentiation tree would be
able to undergo Ihe most rapid evolutionary
radiation.

5. If Ihe growth of the differentiation tree over
geological time is essentially an irreversible
process. like dendritic growth of crystals.
then evolution is indeed fundamenlally
progressive,

6. The long sought after "thermodynamics" of
evolution (Weber el af., 1988) may lie in the
growth of the differentiation tree seen as a
thermodynamically irreversible process.

The cell state splitter theory of development and
evolution makes statements about the structure and
organization of the genome. how it is unfurled during
development (the "genetic program") and how
it could change in the course of evolution. With
the development of appropriate molecular tools, the

thcory is open for testing. It is pcrhaps timely that
we begin this series as a contribution to the Open
Problems in Compulalio1UJl Molecular Biology: Third
Inlernatio1UJl Workshop, 1993, at Telluride. The
differentiation code may come to have a role compar-
able to that of the genetic code. as we begin the task
of reading DNA not just a letter or a word (base or
a protein) at a time. but entire chapters (branches of
the differentiation tree) at a time.

BACKGROUND AND INTRODUCTION

The amphibian fate map was created by staining
embryos at the blastula stage (Vogt. 1925, 1929;
Pastecls. 1942; L9Vtrup, 1975; Landstrom & lovtrup,
1979; Dale & Slack, 1987; Delarue el af.. 1992). After
development had progressed to a much more ad-
vanced stage each embryo was observed or sectioned
to trace where the stain ended up. In this fashion cells
on the surface of the blastula could be mapped to
their progeny cells in their final position in the whole
embryo. The fate map has a rather distinct and
unusual structure that has never been completely
explained (Fig. 5). In this first paper of our series. we
show how the structure of the fate map follows
simply by viewing the blastopore as a differentiation
wave.

Shortly after the discovery of the first differen-
tiation wave (Gordon. 1993; Brodland el af., 1993) it
occurred to us that the lips of the blastopore might
also constitute a differentiation wave (Gordon el al.,
1994). The blastopore lip appears stalionary in lab-
oratory coordinates. But tissues travelling over the
blastopore lip undergo an apical contraction during
bottle cell fonnation that appears even greater than
that experienced by cells that participate in the
ectoderm contraction wave. Thus the blastopore lip
is a contraction wave, and the only question is
whether it leads to differenliation of the cells that
participate in it. making it a differentiation wave. We
shall see Ihat the fate map makes this a reasonable
proposition.

The trajectories of cells during normal develop-
ment arc reasonably consistent from embryo to em-
bryo. at least in amphibians (Wells & Fraser, 1989).
so that even while a cell is in the blastula slage. it is
possible to estimate what it will become simply by
checking it's location on a "fate map". A cell's
original location at the blastula stage can be marked
with vital dyes. After development has proceeded for
some specified time, the embryo is fixed, sectioned.
and the location of the vital dyes is determined. In
this way, most of the tissues of the embryo can be
shown to have originated in the surface cells of the
blastula. Since half of the material indicated by the
fate map moves into the interior of the embryo during
gastrulation, the fate map must be related to the
blastopore wave. Our results [given in preliminary
form in Gordon el al. (1994)]. suggest tbat the
blastopore lip is a differentiation wave.
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17'11.6. The fate map is superimposedontoUnages of an actual embryo and then traced through
gastrulation. The solid lines represent the lip of the blastopore and the ectoderm ~ntraction wave as
indicate4. Movement of tbefate map was traced by tracking sman variegations in pigmenlation as they
moved uno the blastopore, There are no traceable difference!! between the presumptive pharyngeal
endoderm and the res.t of the endoderm. This boundary disap~ after th~ firsl image.. Similarly the

boundary between the'presumptive somitic and presumptive lateral mesOderm is also not included.

MATERIALS AND MEI'HODS

Embryos of thc neotenic salamander, the axolotl
Ambysloma mexicanum, were used for this study.
Adult animals were from our own colony (derived in
1989 from the colony of J. B. Armstrong. University
of Ottawa) and the majority of embryos used were
from natuJ'aI spawnings (Bjorklund, 1993). Induced
spawnings, when used, were by the protocol of
Armstrong & Duhon (1989). Embryos were dejellied
and staged according to Bordzilovskaya el al. (1989).
After videotaping. we allowed all embryos to develop
until they were observed to eat normally and control
eD:1bryosof the same spawning had hatched and were
also eating. Only vidco tapes of spawnings that
resulted in experimcntal and control larvae appearing
nonnal in every respect were used for analysis.
Three groups of eight, five and two embryos were
succ:esSfully video taped.

Embryo~,were video taped dorsally IlI1d ventrally,

simultancq.~!!y.. using black/white video cameras

Stage 10 Stage 10 1/2

e r
6 Hours 8 Hours

Saagc:II ..,Stage 11 1/2

mounted on two Wild M-8 stereo microscopes [el
Hara (1970)]. Lighting was via a triple head. heat
filtered, fiber optic illuminator. The entire apparatus
was kcpt in a thcnnostatically air conditioned room.
TemperatW'C of the medium was continuously moni-
tored using a thermistor (physitemp Instruments.
Clifton, New Jersey) placed near the embryos. Aver-
age temperatW'C was 200e with a variation of :!:2~e.
A peristaltic pump was used to provide a flow
through medium of25% modified Holtfreter~s (Frost
el al., 1989) at a rate of 330 ml/h. Medium depth in
a 10em petri dish was maintained at 5 mm through-
out video taping. In later observations embryos were
loosely constrained and separated from one another
with a mixtW'Cof 0.5 and 1.0 mm glass beads (washed
in ethanol and autoclaved). to allow better access to
oxygen and fresh medium.

The NIH Image computer program (Wayne Ras-
band, US National Institutes of Health. Bethesda.
Maryland) was used on a Macintosh II computer

Stage 103/4 Wave Stage 10 3/4

hg
9 HoulS 10HoulS

Stage II 1/2
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(Apple, Cupertino. California) to digitizc (version
1,43) and'enhancc (version 1.22. pscudocolor) images
via an 8-bit black/white Quickqipturc board (Data
Translation. Marlboro. Massachusctts) from 8 h
high quality VHS video tapes at 15. 20, 30; 45 or
60 min intervals. The timing error was about 5s, as
we judged by use of the VCR timer: the vioeo tape
must be moving in the VCR 'during digitization. A
sequence of 21 digitized images (all that would fit in
our 8 MB RAM) was displayed consecutively in 2.5 s
on the computer monitor. This created time lapse
segments of durations 5.62/3. 10. 15 or 20 h, at 7560,
10080. 15120. 22680 or 30240 times normal,specd,
respectively,which were viewed repeatedly,

The axolotl fate map," according to Pastccls (1942),
was drawn onto a2S em dia child1srubber"b8.l1
(Canadian Tire. Winnipeg). A stage 10 blastopore
was superimposed onto the fate map by comparison
of Pastccls' fate map With that of Vogt (1929) in the
original and as redraWn in Grant (1978). Laale (1987)
and Slack (1989). The.rubber ball was then turned to
match the view of a nonnalcmbryo as shown on the
digitized video images cif it's development. The fate
map was drawn directly onto the monitor's screen,
using a water baSed felt pcn. This image was then
copied by running a graphics prog~m. The resulting
initial"figure represents the fate map of the particular
embryo at the beginning qf gastrulation.

Digitizcd images were taken at I h intervals from
tiie video tapes of normal gastrulation for eight
embryos. For four embryos images were enlarged and
small variations in pigmentl!.tion were enhanced using
both pscudocolor and gray Stale. These "natural
marke(S"1«were used ,to plot the movement of the
fate map during nonnal invagination from first
appearance of the blastopore to the formation of the
small oval yolk pl~gat the end of gastrulation
(Fig. 6). The remaining four embryos did not have an
orlentalion that showed the blastopore during all of
gastrulation. The available timesegmenlS for them
were compared with the other four for consistency.

RESULTS

In Q.rdei' to distinguish our obs~rvations from our
interpretati9n of them we will only use the nomencla-
ture,of the rate map (Fig. 5). However. the adjective
"presumptive" has been dropped in the text for
clarity: the tissues marked on the fate map eventually
become the tissue type they are named for:. although
they may pass through a few tissue types en route.

The-appearance of the. dorsal lip of the blastopore
marks the begjnningof gastrulation (Fig. 4). The
region above the dorsal lip. the. pharyngeal" endo~
derm. fhvaginatC"s first. When Iflilf of the pharyngeal
eil.doderm has invagin~ued the '\:ctoderm c'ontra"rion
wave is initiited in the notochordal region [Fi~ 6(b)
and (aU. The ectoderm 'contraction wave travels
through the notochordal and tail bud mesoderm
regions of the fate map_ Butlt does not travel through

the mesodermal portions (Figs 6(cHe) and 7(bHd»).
The ectoderm contraction wave also gocs over the
uppcr portion of the ectoderm covering the neural
plate. The lower portion of the ectoderm does
not participate in the ectoderm contraction wave
[Fig. 6(e)].

After experiencing the ectoderm contraction wave
the notochordal region participates in dorsal lip
fonnation aDd invaginates into the interior of the
embryo. As the tail bud mesoderm approaches the
dorsal lip the invagination rate in the dorsal lip slowj;
considerably. Meanwhile there is rapid invagination
of the mesoderm. Some of the mesoderm travels over
the lateral lips of the blastopore and participates in
bottle cell formation. Some of the mesoderm slips in
below the dorsal lip without participating in bottle
cell formation (Fig. 6(cHf»).

The ventral lip of the blastopore does not form by
simple extensions of the lateral lips. Rather the
ventral lip forms by simultaneous contraction acro~
the boundary of the mesoderm and ectoderm. The
mesoderm then moves below the ventral lip and out
of sight (Fig. 6(i)-(j»). During this time there appears
to be great stress in this area: some cells seem to be
tom or sheared free fTom the cell sheet. These c..-ells

independently undergo considerable contraction of
their apical ends without involving adjacent cells.

When the blastopore is a full circle only a small
part of the mesoderm is visible. By the time the
blastopore is IlI1 oval shapc only endoderm is visible
in the yolk plug (Figs 6(jHk)].

DISCUSSION

We are now able to explain the determination of
every tissue typc named in the fate map (Fig. 5). This
is accomplished using our model in which the only
information available to any individual cell is the
sequence of expansions and contractions the cell
participates in. We consider the rim of the blastopore
to be a contraction wave. We consider tissue which
slips under the rim without bottle cell formation. as
having participated in an expansion wave (Fig. 8).
For i~~ance, the lateral and ventral mesoderm
undergo a thinning and spreading over the interior of
the embryo as their cells curvcaround the blastopore
Without bottle'cell contraction. Since a step of differ-
entiation seems to be occurring at this location, we
suggest that this portion of the blastopore is an
e]tpansion wave. Thus we attain consistency if we
regard the blastopore as capable of generating two
wave types, one a contraction wave and one expan-
sion wave. If the total number of tissue typcS that
participate in the ~Iastopore waves are COUDtedas
it1Volvipg indiVidual waves then the blastQPore rep-
rescntsat least ~ight waves by the time it forms a full
circle.

We have followed classical names for tissues as
much as possible. When a classical name was not
available. we used the term "precprsor" to designate
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