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ABSTRACT

This study was undertaken to examine the origin of the
: ¢

”

pronephric rudiment in the . mexican axolaotl and to
investigate the'ﬁroaerties b{Jthe guidance mechanism thag
diyects the migrating tip of the rudiment to the éloaca.

The formation of thérpresumptive pyonephros and duct

= - -\ . - a
was studied by scanning electron microscopy .and . in

histological sections. Unlike avian -embryos where the

nephric system is derived from the - intermediate mesoderm
(Bal four, 1876), our " .observations indicate that 1 the
presumptive pfonephros in the axolotl is derived from the
posterio-lateral'region of somite 2 and the lateral’ region
of somites 3 and 4. In fact, a clearly defined intermediate
mesoderm does not exigt in the axolotl, The duct, on the
other hand, appears to originate from the lateral meso@erm,
as suqggested by early studies in other urodelan s;ecfes
(Mollier, 1890; Field;1189l; O'Connor, 1938)}. |

In order to obtain information abowt the guidancé
mechanism for duct migratﬁon, the role played by the tissues
of the duct path:—namely the lateral mesoderm, the somitic
mesoderm and the epidermis, was examined.

The ro}e of the mesoderm in duct migration was
investigated by ,experimental' and morphological studies.
Transplantations of secondary ducts to various positions

posterior to_ the primary duct tip have demonstrated that

only a small area of the lateral mesoderm, the active



vi

r

region, 'is competent to support duct migration at any onef

time. This active region is about 2 somites in width and
moves craniocaudally through the‘mes;derm in register with
duct migration and 'somite segmentation. The - anta;iof
boundary of this region, -the post-mlgratiuﬁ wave,
corresponds to the wave of gdigance information previously
“described by Poole and Steiﬁberg (1982); The posterior
bouﬁdar&g is located immediatelyl posterior to the last
segmentation furrow and has, therefore, been naﬁed the
segmental wave. -

The pre;ende of a third wave, the pre-segmental wave,
that travels craniocaudally through the mesoderm was brought
into evidence by briefly exposing the mesoderm to trypsin.
This treatment was found to disrupt somite ségﬁentation in a
localized region and the pronephric duct was unable ;to
migrate through this region. The affected area, consisting
of 3-5 somites,‘ moves .in synchrony with, and about 3.5
somite widths _ahead of segmentation, thus pl;2ing' it
approximately 3.5 samife widths ahead of the segmental wave.
The trypsin .sensitivity of the duct path was found to be
calcium-dependent whereas thét of the somitic mesoderm was
not.

Examination of the lateral mesodermal cells, both
histologically and #n the scanning electron microscoﬁe, at
several different developmental stages revealed a-series of

morphological changes that takes place in cells at the same

anterio-posterior (A-P). level as the duct tip. These



"

t

morphological .charigas wex'é' found to correspond
spatio-temporally to the post-migration wave. ) )

By transplanting the epidermis in reverse A-P, D{&‘or
A-P and D—Vjorjentation, it was shown that this tissue' is

not directly inveolved in guiding the duct, but can affect

its ability to migrate. The effects of the transplanted

& —_—

epidermis depended o§ the embryonic stage -of donor and host,

suggesting that spatig-temporal deperdent changes are also

taking place in the epidermis.

During duct migfatian; the éubepidermal spaég was found

to contain a thick layer of extracellular matrix (EQM) that

ended abruptly at the anterior end of the lagt formed
somite. Thus, the spatio-temporal distribution of this
material paralléls that of somite segmentation and

pronephric duct migration. The pustérior limit of ECM J%d

not, however, coincide with eithef post-migration or .

.segmental waves. v - .

. °

The importance of cel] surface proteins for dudt

M

.migration was shown by treating embryos with trypsin and

tunicamycin. As mentioned,above, pronephric duct migration
was inhibited after treatment with trypsin. This inhibition
was show to be calcium-dependentr Injection of tunicamycin

during géﬁtrulation also led to inhibition of duct

migration. In this case, however, the duct deviated
laterally from its normal path before migration was
’ . i

arrested.

It can be concluded from these studies that the duct
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guidance information 1is contained within. the lateral and

somitic mesoderm, and not the overlying epide}mis. The

guidance information can be further localized to a' narrow .

L

region of about two gsomite widths and this information moves

" eraniocaudally in a v'.ravé:-‘like fashion.- In addition, duct

lmigration .. depends on the developmentally regulated
production of cell surface proteins; these proteins could be
gither yglycoproteins of proteogl&ans ‘of the.ceil membrane

‘or EOM.°

“
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RESUME

Le but de cette etude était d'examiner la genese de
1'ébatche pronéphrique chez l'axolot! et de faire wune
enquéte des facteurs qui dirigent la migration de l'uretere
primaire.

L'étuae de la formation de !'ébauche praonéphrique a été
faite en utilisant le microscope électronique ‘a balayage
ain;i due des coupes histologiques. Contrairement 8 ce que
l'on trouve chez le poulet, le mesoderme intermédiaire
n'existe pas chez l'axolotl. Plutot, le pronéphroq provient
de la région latérale du mésoderme somitique et lfuretbre
primaire tire son origine du mésoderme latéral. Cette
observation est d'accord avec [es' conclusions tirées
d}études anterieures (Mollier, 1890; Field, 1891; O'Connor,
1938). | |
’ Le rdle 1oué par'chacun des tissus associes avec la
voie suivie par l'urétere primaire a étd dtudiée. En ce qui
concerne le m€soderme, des gtudes expéqimentales et
morphologiques ont eté faites. Des uretéreg suppléhentaires
nt ete greffés\h divers positions postérieureS/@U‘primaire.
Le

/ . /. / I
resultats de cette experience ont demonlre que seulement
ro, .

. . . /. X

dne égion tres partlcullire, la region ! active, ”peut

. : , 5 o ¢

entretenir la migration des cellules de l'uretere. Cette

région actgve a la largsﬂg d'environ deux somites et se
¢

déplace dans la direction caudale en correspondence avec la

. i by N . ™
migration de |'uretére et la segmentation des somites. La

-
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- correspondent avec la vague post-migration.

. ’ . /. .
limite anterieure de .cette region, la vague post-migration,
correspond a la vague déprite par Poole et Steinberg (1982).
La limite postérieure est .sftuée tout aupfés du dernier
sillion de segmentation, donc le nom vague segmentale.

Il y a -aussi wune troisieme vague, la vague
pre-segmentale, qui a été deémontrée par un traitement de
. . ¢ X .
trypsine. Ce traitement desorganisa la segmentation des
~
somites dans une région particuli%re et l'uretere ne pouva
pas traverser cette rdgion. La région affectée'comprend 3%a
5 somites et se déplace en advance de la segmentation. Cette
vague pre-segmentale se trouve a 3.5 largeurs- de somite
postérieure s la vaque segmentale. L'effet sur le mésoderme
somitigue dtait indébendent de la presence de calcium tandis
que la migration de l'qrefbre fut affectée seulement en
absence de calcium.
La morphologie des cellules du mesoderme latéeral a &té
. . - : ’ . N
examinée en utilisant le microscope electronique a balayage
ainsi que des coupes histologiques, “a divers stades
ooy . Y LT
developpementals. Les cellules situdes pres de l'extremite
de l'uretere subient des changements morphologiques qui
Py
.70 L7 e o
I} a étée demontre par des greffes d'epiderme que ce
tissu n'est pas impliqué dans le mécanisme par laquelle
l'uretkre se dirige vers sa destination, mais peut empecher

la migration. S

-

La distribution du materiel extracellulaire (MEC) a été

4 . 4 i .
examinde 'a differents stades embryonnaires. L'espace sous
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s . . . . ~
l'epiderme est remplie de MEC qui abouti toujours a la
limite antérieure de la derniere somite. Donc, la production
de ce matdriel suit la segmentation des somites ainsi que la
. . . B ]
migration de l'uretere. :
Des traitements d'embryons avec la trypsine et le
. - # I 4 . /. Ay
tunicamycin ont démontre 1'importance des proteines a la
surface des cellules pour la migration de l'uretere. L'effet
du tunicamycin est different de celui .du trypsine car
N 4 . [
l'uretere s'ecarte de la vaie preferee avant de
stimmobiliser.
3
- . ’ -
*Eﬁ conclusion, le mesoderme latéral et somitique et non
o . L . .
l'epiderme est responsible pour diriger la migration de
’ .
l'uretere. Seulement une regicn mesurant la largeur de 2
. . ‘.
somites peut supporter la migration; cette region se déplace
. ’ : )
en direction caudale. Cette etude a aussi démantré
. . o -
]'importance des proteines qui se trouvent soit dans la

membrane cellulaire ou dans le MEC.
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1. INTRODUCT ION

Embryonic development begins with the fertilization of
the egg by a sperm. The egg then undergoes a series of rapid
and synchronous divisions to produce, in amphibjans, a
hollow ball of cells,- or, in fish, reptiles, birds and
mgmmals, a two-dimensional disc of cells. This is followed
by gasgrulation, a process characterized by extensive cell
migration and resulting in ihe formation of thelthree germ
layers. Gastrulation is the first, of a series of cell
movements and rearrangements that give rise to the final
shapé of the organism.

Many of these morphogenetic processes involve changes
in cell shape (e.g. neurulé?ﬁon) or cel!l migration (e.g.
gastrulation) or both. Cells may migrate individually or in
sheets and frequently cover considerable distances over what
are sometimes circuitous paths, before reaching their final
destination. The precisionr with whiech cells follow a
particular pathway has led to the question of guidance
mechanism. {

Much effort has been concentrated on studies of the
guidance mechanism(s) and more specifically on the nature of
the guidance cues. These cues are envircnmental factors that
direct the motile cell along a very specific-pathway. They
exist either as diffusible“molecules or integral components

of the cell membrane or extracellular matrix (ECM). The ECM

is an intricate meshwork that surrounds most cells. Its



structural components consist of collagen fibers as well as

ather glycoproteins, glycosaminoglycans (GAGs ) and

proteoglycans.

i.l Guidance mechan i sms :

There are several meéhan{mns by which cells can be
guided during migrat}on:
1) chemotaxis and mutuai inhibition: 1involves directed cell
movement along a concentration gradient of a diffusible
substance emitéed by a point source. Although chemotaxis can
be positive or negative, in this context it has been equated
with attraction, while repulsion Has ‘been termed mutual
inhibition.
2)_ contact guidance: involves guidance by a physical
structure in the enviraonment.
3) haptotaxis: involves guidance of cells by ‘transient
complexing with specific molecules in the EOﬂ or on cell
surfaces.,‘n
4) g&lvano£axis: involves directed cell movement along an
electric field.
Both ig vitro and in vivo studies -have demonstrated that
cells can*be guided by a combination of cues. Popular
‘subjects of study include gastrulating ce s, fibroblasts,

'leukocytes, axons and neural cres el

1.1.1 Cell migration during gastrulation

As mentioned previously, cells first begin to migrate



at gastrulation. lh amphibia, the presumptive mesodermal
cells move anteriorly as a sheet along the inner sdrface of
the blastocoelic roof. Naskatsuji et al. (1982) analysed the
network of EOM fibrils that cover the inner surface of the
ectoderm in Ambystoma maculatum gastrulee. They found that
these fibrils were frequentl; aligned parallel to tLe gxis
of Jmigration and cells preferentially attached to these
fibrils. These authors postulated that ECM fibrils serve to
- direct cell migration duriﬁg gastrulation by contact
guidance. In a more recent report,.Nakatsuji and Johnson
(l?8a5 have provided convincing evidence for the role of
contact guidance in orienting migrating cells during
gastrulation. They found that the orientation of ECM fibrils
could be altered by mechanical tension. Furthermore,
mesodermal cells migrated along the newly aligned fibrils
even when these fibrils were aligned along an axis
perpendicular to the normal axis.:

The role of fibronectin (FN) in gastrulation was
examined by Boucaut et al. (1984). Fibronectin is a
ubiquitous glycoprotein of‘the ECM (Akiyama et al., 1981)
and hag been shown to mediate éell aéhesion to collagen
(Hauschka and White, 1972; Klébe,l974). It exists in two
major forms: 1) plasma FN, originally called cold insoluble
globulin (Clg; Morrison et al., 1948; Edsall et al., 1955},
exists as a soluble dimer in the blood, 2) cellular FN, also

known as cell surface protein (CSP; Yamada and Weston, 1974)

and large external transformation-sensitive (LETS; Hynes,
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1973), exists as an insoluble multimer on. the cell surface.
The two forms have similar domains for binding actin,
fibrin, heparin, transglutaminase, Staphlococcus aureus and

a cel{. surface receptor but differ in their specific

ractivities. They are thought to be products of different

genes or differently spliced messenger RNA's.

Boucaut et al. (1984) reported that injection of
monovalent antibodies to FN into ;latg blastula or early
gastrula of Pleurodeles waltlii completely inhibited
gastrulation. These authors concluded that fibronectin is

required for cell -migration during gastrulation.

l1.1.2. Fibroblast migration *

Fibroblasts are meaoderma} in origih and loéated in the
connective tissue of the adult organism. Using the Boyden
technique, Postlethwaite et al. (1976) examined. the
chemotactic response of human fibroblasts to
"lymphocyte-derived chémotactic factor for fibroblasts"
(LDCF-F) produced by stimulated human lymphocytes. The
Boyden technique (Boyden, 1962) involves placing cells and
presumptive chemoattractant in different compartments of a
chamber. The compartments are. separated by a millipore
filter with pores large enough to allow the cells to pass
through. Analysis of the distribution of the cell population
after a set period of time shows whether di;ected migration
has occured.

Fibroblasts. were found ta migrate between compartments
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of a Boyden chamber only when a concentration gradient of

LDCF-F existed across the filter. That this fa;%br acts as a
chemotactic stimulus rather than a stimulator: of randm{
migratian was shown by comparing the rate of migration in
the presence and absence of LDCF-F; the raté was thé same in

both cases. These authors speculated that{ this chemotactic

a0

response may be themechanism by{ fch fibroblasts are

attracted to sites of inflammation i 1113.

More recently, Senior et al. (1983) have dgmonsﬁ;ated
the chemotactic agtivity of three platelet alpha granule
proteins: p{atelet factor-4, PDGF and beta—ﬁh{gﬁboglobulin
in fibroblast migration. ‘

The rote of various ECM components in fibroblast
migration has been stud{ed both in vitro and in vivo
éArmstrong and Armstrong,- 1980; Toole and Trelstad, 1971).
Using)raddﬁactive isotopes, Toole and Trelstad examined the
distribution'of hyaluronic acid (HA) during avian- corneal
fibroblast migrat;on. Hyaluronic acid is an polysaccharide
composed of repeating glucuraon iec acid and
N-acetylglucosamine (GlcNAc) units. They found that HA was‘
present in the migration path i; high concentration during
‘fibroblast movement but deciined rapidly after cessation of
migration. Armstrong ?ndxArmstrong reported that fibroblast

motility in aggregates was stimulated when these aggregates

were treated with collagenase and restricted when the
. . 1

collagen content was increased by treatment with adcorbic

acid.
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Electric fields have beén shown to influence fibroblast
migration in vitro (Erickson and Nuccitelli, 1984) Quail
somite fibroblasts respond to an electric field by migratiqg
towards the cathode. Since electric fields have been
deteéted in many in vivo systems (Borgens el al., 1977;
Jaffe and Stern, 1979; Robinson and Stump, 1984), Erickson
and Nuccitelli have postulated that ‘during embryonic
development, migratory cells might be guided by electric

fields.

l1.1.3. Leukocyte migration
Studies of leukocyte migrafion have concentrated on
identification of chemoatfractanta as well as metabolic
~events of the’cheﬁotactic response. During the inflammation
reéponse,‘ circulating léukocytes become attached to the
endothelial lining of a blood vgssel near the site of
inflammatibn. They then méve along the endothelium, passing
through the’ vessel wall at the site of inflammation.
Although it is not %nown what the natural attractant.is,’
several compoynds have been shown to be chemoattractants in
&iﬁiﬂ* Among these are N-forhylmethionyi peptides (Schiffman
et al., 1975), leukocyte factors (Zigmond and Hirsch, 1973)
and complehent components (Ward et al., 1968).
lLeukocytes have also “Been shown to display a
galvanotactic response (Fukushima et al., 1953; Mongquio,

1933). These cells will mig&ate towards the anode or the

cathode, depending on the strength of the electric field.
y ‘

/ .
- - .



1.1.4. Axonal migration

During embryonic developmeni, thg first neuron of a
nerve bundle tg project an axon, the pioneer axaon, traces
the stereotyped route to be followed by all other ;éurones
of the same bundle. The axons of these late arising neurones
are thought to follow the pioneer by contact guidance.

The pioneer axons have been shown to navigate by
several different mechanisms. Gunderson and Barrett (1979)
demonstrated the importance of chemotaxis in directing the
migrating growth cones of dorsal root sensory neurones. The
axons of these neurones turned towards a pipette releasing
nerve growth factor (NGF). That the same can occur in vivo
was shown by Menesini Chen et al. tl978). They found that
sympathetic nerve fibers would grow into regions of the
cerebrum that been injected with NGF.

Chemotaxis is not the only means by which pioneer axons
can navigate. In the grasshopper, these axons bind to
specific non-adjacent cells, named guidepost cells, along
their route from the limb bud to the CNS (Bate, 1976). The
importance of these cells in directing axonal migration was
demonstrated by selectively destroying these cells. Bentiey
and Caudy (1983) reported that in such cases, the pioneer
axon was no ?onger able to navigate along its normal route
and consequently failed to reach the CNS.

Neurite growth can also be guided by electric fields

(Hinkle et al., 1981; Freeman et al., 1981). In such cases,
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growth was oriented towards the cathode.

1.1.5. Neural crest cell migration

Neural .creét cell migration is probably the most
Iintensively studied system, both in vitro and in vivo.
ﬁgﬁ?ag crest cells origingte in the neural folds. They form
a mas; of mesenchymal! cells which, prior to migration, are
located on the dorsal side of the neural tube, just beneath
the epidermis. Id the hea; region, neural crests migrate
laterally and fofﬁ most of the cranial cartilage. In the
trunk regqion, migratiop'éan take place along two pathways:
l).the dorsal pathway: migration proceeds laterally between
the epidermis and meéoderm; .cells migraping along this
pathway will differentiate into pigment cells; 2) the
ventral pathway: migratiaon proceeds between the neural tube

4
and somites; cells that migrate along this pathway1 will

‘differentiate into the spinal ganglia, ganglia of the

sympathetic nervous system, adrenal medulls and Schwann
cells,

In vivo studies have involved transplantation of a
second neural! tube to the flank of the host (Twitty, 1966).
In such cases, the transplanted neural crest cells migrated
radially fraom tEe graft. Thus, on one side aof the graft,
crest cells migrated dorsally along the host flank, a
direction opposite to the normal migrhtion path of the
host's  crest cells. - These results demonstrate that the

neural crest pathway contains no polarity,



The neural crest'migration pathways are acellular,
ECM-rich spaces. It has, therefore, been postulated that the
ECM is important in guiding neural crest cells either by
contact guidance or providing specific recognitiaon
molecules. Much effort has been devoted tojde}ermining the
role of ECM components_in neural crest cell migration.:

Lofbérg a;é Ahlfors (1978) examined the organization of
the ECM in the dorsal segion of Ambystoma mexicanum and
found that the fibrils along the neural tube were aligned
dorso-ventrally. Based on this observation, the authors
proposed that these fibrils serve to omient the neural crest
cells by contact guidance. In contrast, Tosney (1978)
repo;ted.that in the chick embryo tHe.ECM fibrils have no
particular orientation.

ATalysis of GAG companents of the ECGM in the chick
embryo revealed that hyalurcnic acid was the major componeni'
(Pratt et al., 1975). Hydration of HA would increase the
volume of the ECGM (Laurent, 1970), thus permitting invasiaon
by migratoary ceils (Pratt et al., 1975). Pratt et al.
proposed that gontrolled synthesis and removal.of hyaluronic
aciﬁ could mediate neural crest cell migration.

Greenburg et al. (1981) reported that fibronectin was
chemotactic for avian neural crest cells. However, these
authors did not distinguish between increased adhesion,
chemokinesis and chemotaxis. The role of fibronectin was

further studied by Rovasio et af. 1983). They have

demonstrated that avian neural crest cells &dhere to a glass
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substrate or collagen only in the presence of fiéronactin;
~adhesion was inhibited by antibodies to the cell binding
fragment of fibronectin. They also found that migration on
fibronectin was random and concluded that fibronectin was
important for adhesion but not for directing migration.
'Bronner-Frasgr (1982) bropased that fibronectin may act’
as a mechanism by which neural - crest cells discriminate
Between the dorsal and ventral pathways. She stud&ed the
movement of uncoated, BSA and fibronectin coated latex beads
injected onto the ventral pathway in chick embryos. Uncoated
and BSA coated beads were tranélocated along the wventral
pathway whereas fibronectin coated beads remained near the
gite of implantation., This not only demonstrates that active
migration 1is not'required for movement along the vengral
pathway, but that the presence of fibrqnectin on the surface
inhibits this movemeﬁt.. However, since neural crest cells
lack cell surface fibronectin (Newgree;'and Thiery, 19807,

the significance of these findings remains unclear.

These examples serve to illustrate the many differeﬁt.
mechanisms by which migrating cells are quided: chemotaxis,
cantact gui&gpce, galvanotaxis and haptotaxis. They also
serve to dé%onstrate that cells often navigate by more than
one type of cue.

1.2 Systems for studying guidénce mechanisms

By far, most of the studies on guidance mechanisms for
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cell migration have centered on in vitre sytems. Although in

vitro systems offer some obvious advantages over | vivo

systems, such as being readily observed and manipulaped, one
major 'problem is that 'the results are often not easily
_ext;apolated to embfyonic processes and, more importantly,
are not necessarily indicative of what is occuring in .the
embryo.

F.or example,.Greenburg and Hay (1982) have shown that
the cell morphology and behaviour are at least in part a
function of the cell's environment. Epithelial cells which
normally form a flat, tightly cohesive sheet, express the
mérphological and behavioural characteristics of migrating
mesenchymal cells when cultured on a collaéen matrix. La
addition, Sugrue and Hay (1982) have found that stress
fibers, adhesion plaques and ruffles, all morphological
characteristics of fibroblasts in cuiture, do not develop
when these cells are grownaon ECM. Thus, in studies designed
to examine guidance éues for cell migration during embryonic

develapment, in vivo systems would be the best choice.

1.2.1 The pronephric duct as a model system
As mentioned previously, neural cfest cell migration is
one of the most intensively studied systems. One less well
studied system is that of pronephric duct cell migra@]on.
"Like neural crest cells, the duct is located just benegth
the epidermis,.thus allowing easy accesslfor experimental

manipulation. One advantage that the pronephric duct offers
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over neural crest cells is that its migration pathway is
very specific anq can be readily identified, even before the
cells begin to migrate. Therefore,'one can not only perform
‘experimental studies on the duct cells but on the pathway
itself.

- : a

In vertebrates, the pronephric rudiment first appears
as a thickening of. the mesoderm at the ventrolateral border
of the somites in the anterior region of the trunk (Field,
1891). The pronephros, The larval éidney, develops from the
anterior portion of the rudimen; while the duct develops i}
the adjacent posterior region by caudal growth, as in the
chick embryo (Overton, ;959), by recruitment qf cells in
situ, as in Xenopus (Poole and Steinberg, 1977) or by cell
migration, as in the axolotl (Poole a%d Steinberg, 1981).

That the duﬁi cells in the axolotl do indeed migrate
was shown by Poole and Steinberg (1981). fhey placed vital
dye marks over the duct cells ;s well as the adjacent
somitic and lateral éeaoderm. Several hours later, the
position of the Gye mark on the duct had moved posteriorly

-

while those in the scmitic and lateral mesoderm remained

-

stationary.

"1.2.1.1 Guidance information
Curing its migration to the cloaca, the pronephric duct
follows a-very specific pathway: the juncture between the
somites and lateral mesoderm. The duct cells make contacts

with both somitic and lateral mesodermal cells {Podle and
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Steinberg, 1981). Very little is known about the cues that
guide the duct. Holtfreter (1944) was one of the first to
manipulate this sy;tem experimentally and observe the"
effects 6n duct ﬁigration. In the first set of experiments,
a transverse incision was made through the somitic mesoderm
and the duct path, prior to duct migration. Holtfreter found
that the advancing duct would attempt to deviate ventrally
around the wound and in successful cases, thé duct always
returned dorsally to tﬁe duct path.

In the second set of experiments, Holtfretfr gisected
early stage embryos and allowed the anterior half to heal to
the posterior hal f in reverse dorso-ventral {D-V)
orientation. In many cases the duct would reach the cloaca,
doing so by following the normal but diécontinuous duct
path. In other words, once the duct had migrated into the
posterior half, it would change direction and migrate
dorsally with respect to its new environment until it
reached the normal duct path. It would then migrate caudally
to the cloaca. These experiments demonstrate the tendency of
the duct to follow its normal path.

More recently, Poole and Steinberg (1982) have
performed a series of experiménts to study the properties of
the guidance information. In order to determine the source
of the guidance cues, they examined the effect of removal of
the surrounding tissues on migration of a second duct

transplanted onto flank. By amputating the posterior quarter

of an embryo, the cloaca and caudal somitic mesoderm were
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removed. They found that both the prima}y and secondary
ducts continued to rnigrate even in the absence of these
tissues. From this,‘the authors concluded that the guidance
information is not produced by a distant source, such as thé
cloaca; but must be contained within the lateral mesoderm.

In order to determine the possible influence of the
primary ductA on secondary duct migration, primary éuct
migration was blocked by making a dorsal incision. They
found that secondary ducts mibrgted dorsally to the dqct
path and in all cases turned caudally to migrate along the
virgin duct path. .From these experiments, the authors
concluded that the migration path taken by the secondary
duct is not influenced by the primary duct. In addition, the
guidance information on the primary duct path‘ must be
directionally polarized. Accordiné to Poole and Steinberg
this would argue against simple contact guidance,

In order to further study the polarity of the guidance
information, Poole and Steinberg (1982) grafted secondary
ducts in reversed D-V or A-P orientation. Reversing the D-V
axis of the graft with respect to the host had no effect on
subsequent migration/ﬁf the secondary duct. Reversal of the
A-P axis, on the other hand, resulted in complete inhibition
of migration. The authors concluded from this that the duct
could only migrate caudally over the lateral mesoderm.

Poole and Steinberg examined the spatio-temporal
localization of the guidance information by transplanting

secondary ducts in normal orientation at various A-P levels
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along the lateral mesoderm. They found that secondary ducts
were unable to migrate in anterior regions of the flank;
migration was observed only when ihe secondary duct was
piaced at the same A-P level as the primary duct.

To briefly summarize these results,.Pocle.and Steinberg
have shown that the duct guidance information is contained
within the lateral mesoderm and travels craniocaudally as a
wave.
1.2.1.2 Relationshlﬁ‘ of duct migration to other
morphogenetic processea.

Poole and Steinberg (1982) noted that pronephric duct
migration proceeds caudally in sythrony with somite
segmentation, an observation that led them to suggest a
causal relationship between ‘the two morphogenétic processes.

In vertebrates,'samite segmentation begins just behind
the head and'this process moves caudally through the embryo
in a wave-like fashion. A detailed accdunt of the process of
somite segmentation in the chick embryo has been pravided Dby
the work of Bellairs et al. (1978, 1980) a&d Bellairs
(1979). The mesenchymal cells of the un;egmented mesoderm
undergo an increase in adhesiveness to one another, causing
them to condense. These cells become spindle shaped, thus
allowing for an increased area of contact between the cells.
In the resulting rosette shape of the individual somite,

each celi has one end anchared via desmosomes at the center

of the somite (Lipton and Jacobson, 1974) and the other
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anchored via collagen fibrils to the adjacent epithelium.
Beloussov and Naumidi (1983) have examined ECM distribution
during somitogenesis in the chick embryo aﬁd found that ECM
accumulation begins several hours priar " to somité
segmentation. Though the molecular d;tails of somitogenesis
have nnf been examined in the axolotl, the general process
of segmentation is quite similar to that in avian embryos
(Youn and Malacinski, 1981).

In addition to the craniocaudal wave of visible
segmentation, a prior wave of cell;lar change precedes
somite segmentation (Elsdale et al., 1976). This wave was
made visible by its sensitivity to heat shock. FElsdale et
al. (1976) discovered that short exposure of Xenopus embryos
to heat shock resulted in a region of abnormality several
somites ahead of the last formed somite at the time of

treatment.

1.3 The thesis project

My overall objective was té obtain information about
the guidance mechanism of pronephric duct cell migration by
1) examining the role played by the \surrounding tissues,
namely the lateral mesoderm, the soﬁiti; mesoderm and the
epidermis, in djrecting the migrating duct; and
2) examining the role of cell surface proteins in duct

migratian.
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1.3.1 Formation of the pronephros and pronephric duct
rudiment

Du;ing my inveytigation, it became aﬁparent that the
pronephric rudiment dn the axolotl has a dual origin; this
is contrary to whatlhgs been reported for other vertebrates
(reviewed in Fraser) 1950). Therefore, I beéan my
investigation by an examinaiion of the formation of the

pronephros and pronephric duct rudiment in histological

.
sections as well as in scanning electron micrographs.

1.3.2 Studies of the lateral and somitic mesoderm

Poole and Stéinberg (1982) have provided evidgnce that
the guidance information is contained within the lateral
mesoderm and travels craniécaudally in a wave-like fashion.
Due to the synchrony between migration and samite
segmentation, these authors have suggested a causal
relationship between the two. I felt thgt the first step
should be to continue the work of Poole ;nd Steinberg by
further examining the properties of this wave of guidance
information and by determining whether a causal relationship
exists between somite segmentation and duct migration.

Poole and Steinberg's wave represents a boundary to the
region of the lateral mesoderm that cannot support duct
migration. One question that remains to be answered is: are
all lateral mesodermal cells posterior to this boundary
capahle of supporting duct migration at anflone Eime, or is

this property limited to those cells in the immediate
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) vicfnty of the primary duct tip? This question was answered
by transplanting ducts to A-P levels posterior to the
primaryrduct. In some cases, these grafts were also placed
at a level posterior to the last forTad somite, thus
providing information about the relationsh\p etween somite
segmentation and duct migration.

One of the advantages of usinEKthé’pron;pﬁ?ic duct to
study guidance ‘mechanisms is that the p;th that the cells
will follow is readily identifiable long before migration
begins. However, no one has examined the duct path cells for
any morphological changes that hight provide clues as to the
guidance mechanism. Therefore, the next step in my
investigation was to exémine these cells histologically as

well as in the SEM, at different stages during duct

migration. <

1.3.3 Role of the epidermis in duct migration
During migration, the duct cells are not only in
contact with the jateral and somitic mesoderm, but also with
the overlying epidermis, The question of a possible rale for
Jthe epidermis' in duct migration was never addressed by
previous stugies on this system, yet the epidermis has been
shown to be important. for neural crest cell migration
(Bogomolova and Korochkin, 1973; Keller et al.; 1982).
In t:; white (d/d) axolot!l, .melancblasts are unable to
migrate along the doﬁsal pathway -and therefcre remain close

to the dorsal midline (Dalton,. 1950). By performing

g
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reciprocal epidermis t;ansplants between _ggfmal (D/-j_ and
white embryos, Da{ton demonstrated that the defect lay in
the ability of the environment to sypport migration, rather
than in the ability éof the melanoblasts to migrate. By
performing reciprocal epidenﬁal Jransplants between white

embryos at different stages, Bogomolova and Korochkin (1973)

concluded that the problem resulted from delayed

-

"maturation" of the epidermis. Spieth and Keller (1954)
reported that the'structure gf the ECM in the subepidermal
space 1s abnormal; this ied them to propose that the absence
of an ECM componéﬁf could be responsgsible for the abnormal
appearance of the matrix as well as for inhibited neural

crest cell migration.

10)

The roie of the epidermis in duct migrationA wasg

examined by transplanting the epidermis in reverse A-P, D-V
or A;P and D-V ogrientation.

I
L

1.3.3 Distribution pef EOM during duct migration
Most of the recent studies on cell migration have
cancentrated on the role of the ECM in directing miératioﬁ
either by contact guidance along aligned fibrils (Nakatsuji
and Johnson, 19B84) or by seiective adhésfon to specific ECM
companentg (Boucaut e£ al., 1984).
The ECOM is composed of an intricate network of collagen
fibrils as well as other glycobrbteiﬁs, glycosaminoglycans

(mucopolysaccharides) and proteoglycans (mucoproteins).

Collagen is a fibrous glycoprotein that is characterized by

Al
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its triple strandgﬁl hglicalf structure and its high
hydroxyproline céntent; Two of the major non-c9lTégén
"glycoproteins of the matrix are fibronectin and laminin.
Fibronectin has been shown L to promote adhesion in
mesenchymal cells while laminin is important for epithelial
cell adhesion (for review, see Kleinman et al. 1981).
lGlycosaminoglycans are long unbranched chains of
repeating disaccharide units. Most are covalently linkedlfu
%pfiﬂe residues of a polypeptide chain ' t6 form
proteoglycans. The one exception is hyéluronic acid.
Hyalurenic acid i~ composed of repea tff1g

N-acetylglucosamine-glucuronic acid units and is a major

constituent of the ECM in regions where cells are migrating

(Pratt et al., 1975; Markwald et al., 1978; Orkin and Toole,
1978; Weston et al., 1978). Some of the common proteoglycans
include heparin, ‘keratan sulfate and c;}ondroitin-qulfate, a
majo{\bomponent of cartilage,

‘ Before attempting & detailed study of the role of the

ECM and its components in duct migration, one must determine

Whefher ECM is present during the duct migration stages and,

if so, one must examine the spatio-temporal distribution.

The EOM was identified in sectioned material by the periodic
acid-Schiff method (McManus, 1946), a stain specific for
lpolyéaccharides. The spatio-tempaoral distribution was
determined by examining embryos histaologically and in the

SEM at different stages.
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1.3.4 Role of cell surface proteins

—~Since many developmental processes are thought to be
mediated by cell surface proteins, I decided to examine the
role of such proteins in duct migration by
1) interfering with glycopro}ein production with tunicamycin

2) enzymatic digeétion with trypsin

1.3.4.1 Glycoprotein structure and synthesis -
| Most secreted and cell membrane proteins are
glycoproteins: complexes conﬁisting of a protein.core to
which various oligosaccharide chains aré attached. Such
proteins are synthes{zed an the‘rough endoplasmic retdculum
(RER) (Sabatini and Blobel, 1970). The nascent pelypeptide
chain is inserted into the lumen of the RER by interaction
of 4gpecific receptors in the membrane -with the signél
peptide, a short sequence at the amino-terminal (Blobel,
1977). |
The carbohydrate moiety is usually attached to the
amino group on fhe side chain of asparagine (N-linked
oligosaccharide) or, less frequently, to the hydroxyl group
on the side chain of serine, threonine or hydroxylysine
(O-linked). My work is restricted to study of the former
and, therefore, the remaining discussion will'ge concerned
with the synthesis of N-linked oligosaccharides.
Addition of the carbohydrate moiety occurs in two -
steps. The core region, consisting of two

N-acetylglucesamine and three mannose residues, is added in
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thé RER; subsequent modification ‘takes place in the golgi.
camplex. The core oligosaccha}ide is 'synthesfzed by‘
step-wise addition of activated sugars from a UDP-sugér
intermediate to dolichol, a lipid located in the membrane of
the . RER. The completed core region is subséquently
transferred \ to an asparagine residue by glycosyl
transfergse. During passage through the golgi, subsequent
aédition of monosaccharides results in the generation of a
mature glycoprotein.
1.3.4.2 Tunicamycin
Tuniﬁamycin is an antibiotic produced by Streptomyces
lysosuperificus (Takatsuki et al., 1971) that specifically
inhibits the trénsfer of activated GlcNAc from UDP to
dolichol (Takatsuki et al., 1975), thus interfe}ing with the
synthesis of N—linked glycoproteins. Due to its specificity,
tunicamycin:has been very useful for studying the role of
this class of glycoprotein in embryonic development. When
-applied at early lleavage stages, no effect was observed
until gastrulation (Schneider et al., 1978; Romanovsky and
Nosek, 1980; Sanchez and Barbieri, 1983). 1In Arbacia, Bufe
H"—‘ii}and Xenopus, the embryos either failed to gassgrulate or
- exodastrulated. This demonstrates the importance of N—lln‘ud

glycoproteins for morphogenetic movements.

My study involved injection of tunicamycin inta late

blastula or early gastrula to determine the role of N-linked

™~ L]

glycoproteins in pronephric duct migration.
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1:3.4.3 Trypsin

Trypsin is a pancreatic proteolytic enzyme, first
ﬁso[ated frhm bovine pancreas. It belongs to a group of
homologous enzymes, the serine proteases. Trypsin catalyses-
the hxdrolysis of ester and peptide bonds involving the
carboxyl groups of arginine and lysine.

Trypsin has been widely/fsed to identify cell-cell
adhesion |ﬁolecules which are thought to be important for
intercellular _recadnition during emﬁ;yonic development
(Yoshida and Takeichi, 1982). A variety of different cell
types have been shown. to possess two distinct adhesion
mechanisms (Takeichi, 1977; Urdushihara et al.; 1977; Atsumr
and Uno, 1979;, Takeichi et al., 1979). One is sensitive to
trypsin only in the absence of calciﬁm while the second is
cleaved independently of calcium.

Th;(present study was designed to study the importance

1
of trypsin sensitive proteins for duct migration.
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2. MATERIALS AND -METHODS
2.1 ANIMALS

2.1.1 Maintenance

The majority of the animals in our.co;ony have;bqen
bred and raised in our laboratory and are descendants from a
small group of aniﬁals obtained from L. Delanney, Ithaca
College; H.C. Dalton, Pennsylvania State-University and R.R.
Humphrey, Indiana University. Animals are maintained in
plastic cages containing two 'liters of 50% Holtfreter's
solution (1.7 gm NaCl, 100 mg MgSQ,, 100 mg NaH(CQ3)2, 50 mg
CaClz, 25 mg KCIl per liter of dechlorinated tab water). The
cages are cleaned anL fresh water added, three times a week.
Newly ha{Fhed larvae are feed brine shrimp on a daily basis.
At about two months of age, the animals are switched to a
diet of beef heart. Young.animgls are f?ﬂ 8-10 appropriate
sized strips pf beef heart on a daily basis, while adults

)

are fed three“times a week.

2.1.2 Spawning

= J
The breeding procedure involves the use of Human

Chorionic Gonadotropin (HOG)} to induce ovulation in the
female axolotl. Prior to spawning, the female k§ injected
with 250 or 500 I.U. of HCG; the smaller dose 'is\wjually

sufficient. The male may also be injected with 250 I.U. of

HOG; this was found to facilitate spawning in less
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responsive males.

After injection, the female was placed in a plastic
mating pan {35 x 30 x 15 em) containing 5 liters of 55%~
Holifreter's sﬁlution at room temperature. The bottom of the
pan is lined with gravel. )

The best results are obtained if the male is placed
with the female B8-12 h after injecfion. [f the male is added
too soon after inject}on, the female does not usually
display any interest; if.the spawning is initiated too late,
the female frequently begiﬁs to lay eggs before picking up
any sperm. The time interval between injection and spawning
can be lengthened by incubating the inje$ged animals at a

'“\ggwperature several degrees below room temperature.
Courting normally begins within 15 Win after the malg

is placed with the female and the latter usually begins to

lay eggs two to four hours later.
2.1.3 Embryas

2.1.3.1. Maintenance
5 .

Eggs are collected in finger bowls containing 25%
Holtfreter's solutiaon and maintained either at room
éemperature (20°C) or in a +low kemperature kncdﬂator
(5-15°C). Thus, embryonic development can be slowed down

sufficiently to allow time to perform several experiments

with eggs from a single spawning, Incubation of pre-neurula
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stage embry&s at 5-10°C frequently give rise to
developmental abnormalities (personal observations) and
therefore, early stage embryos are always incubated at

temperatures above 10°C.

2.1.3.2. Stag}ng

Embryos wer usual&{/j::Led by. external morphology,

according to'tﬁe ‘coprehensive set of diagrams prepared by
Bordzilovskaya aﬁd ettlaff (1979; appendix 1). However, it
was frequently observed that the numger of somites did not
c&rrespond to the external éppearance of the embryo. For
exémple, a8 stage 25 embryo would have anywhere form 8 to 11
somites, instead of 8 as described By Bordzilovskaya and
Dettlaff. Therefore, in all experiments were exact staging
was Eritical the embryos were staged according to the number
of somites.

In the £unicamycin ;xperiments, gastrula were staged
according to thee shape and size to the blastopore. Some of
thesé stages were arbitrarily redefined to facilitate
classification in the various stages. Stages 10 1/2 and 10
3/4 were defiaéd‘as described by the staging table.IStage'}l
was redefinéd as’ the stage at which the ventral lip has
begun to Invokﬁte; thus, the blastopore forms a jull circle.
Stage 11 1/2 was redefined as the stage at which the

/

blastopore is reduced to about on|half its original size.

This stage carresponded to Bardzi
o

..

and Dettlaff's
’
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stage 11 1/2 or 12. It was difficult to distinguish between
these two stages due to the variation in the size of the

blastopore.
2.2 MICROSURGERY

2.2.1.Instruments

Most of the instruments requiredafor microsurgery are
not available commercially and thereforé, were custom made.
The following is a list of instuments used and instructions

for their manufacture.

FTungsten needles: this type of needle is used in preference
to glass needles because of the ease with which the tip can
. be re-sharpened. These needles ate used for cutting tissues
and ansist of a 3 ecm piece of tungst7ﬁ/'wire {U.l mm
diameter) inserted into a pasteur pipet; éhe latter serves
as a holder. The tip of the wire is bent to a 45° angle with
a pair 6f watchmaker's forceps. The bent tip is sharpened by
electrolysis in a 1N NaOH solution. The straight-end of the
wire is inserted into the tapered end of.’a pasteur pipet
that has been ﬁulled to & suitable diameter and broken off
at an apprapriate length. The junction is flamed in order fo
seal the Qire in place. The tip can be re-;harpened by
electrolysis many times before the needle must be replacsd.

&

Hair loops: these loaps are used for manoeuvering tissues or
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whole embryos without damaging them. Both ends of - a 3 cm
piece of hair (preferably élond since excessive pighent
causes kinking in the loop) are inserted into a pasteur
pipet holder, prepared in the same manner as for tuﬁgsten
needles. It was found that one end of the hair would tend to
slip out when the second end was inserted. This c;uld be
avoided by first filling the tapered end of the holder with
a liquid. Ethanol is best for this purpose since it will
evaporate quickly afterwards. Once adjusted to the
appropriate size, the hair loop is held in place by sealing
the end with melted paraffin. After the paraffin has

solidified, any excess wax adhering to the loop is gently

scraped off.

Ball tip rods:‘ these are useful for making depressions ip.
the permoplast-paraplast lining of the operating dish. The
embryo is placed in this depression and the lining is
mounded around the embryo in order to immobilize it during
the experiment. The narrow end of the pasteur pipet 1s
broken off leaving 3 cm of taper. The broken end is flamed,
causing the élass to retract. Twirling of the end during

flaming ensures‘that a relatively spherical ball is formed.

Glass Bridges: these are used to hold .grafts in place until
healing has taken place. Glass coverslips (#1 thickness) are
scored with a diamond pencil into 1 x 2 mm rectangles and a

gentle pressure applied to break along the score lines. The
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edges of each bridge are smoothed by quick flaming.

Operating dishes: Corning spot depression plates were used
for this purpose. The bottom is lined with a soft pliable
material so that depressions for holding the embryos can be
made easily. An 80:20 permoplast (American Clay Co.):
paraplaét (Lancer) mixture has proven best for this¢ -The
mixture is heated to melting (approximately 559C) and poured
into the wells. Once the lining has cooled, it is spread

evenly with the bottom of an appropriate sized test tube.

Watchmaker's forceps: no. 5 forceps were purchased from Fine

f

Science Tools. Forceps are used for dejelling gefgbryos and
manipulating glass bridges. For easy manipulation, it 1is

imperative that the two tip31fr the forceps m%tbh.perfectly.

The forceps are, therefore, sharpened with an oilstone under

&
the dissecting microscope.
2.2.2 Operations
Embryos kept at 5s%c - 15°C were allowed to warm up to

room temperature for 0.5-1.0 h before the béginning of the
experiment. Except fo; the trypsin experiments, all
operations were carried out in calcium-free Steinberg’'s
solution (3.4 gm NaCl, 0.05 gm KCI, 0.21 g& MgSQa, 0.56 gm
Tris base per liter of distilled water, lpH 7.7; 100%
contains 0.05 gm CaC12 in addition to the above). Embryos

were washed three times in calcium-free solution prior to
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being transfered to depressions made in the operating diéh.
The embryos were held in place by mounding - the
permoplast-paraplast over the embryo}s head and around its

sides with a ball tip rod.

2.2.2;1 Duct transplants
The presumptive pronephros and duct, as well as the
overlying ectodeng, were cut out with a tungsten needle and
transferéd to a slit made in the flank of a host embryo. The
graft was held in place By a glass bfidge unfil healing had
taken place. Embryos were transfered to 100% Steinberg's and
left to incubate for 6-24 h,
2.2.2.2 Epidermis transplants
The epidermis on one side of the embryo was slit with a
“tungsten needle laterally beh{nd the gill bglge, dorsally
along the neural tube and vehtrally'along the mid-ventral
line, Td reverse the A-P axis, the epidermis Qﬁs
. transplanted from the left side of one embryo to the right
side of another. To reverse the D-V axis, the epidermis frdm
the left side of one embryo was transplanted in an.inverted
position onto the right side of a second embryo. To reverse
both axes, the epidérmis was replaced in an inverted
position on the same side. Controls consisted of reciprocal

epidermis transplants in the profer A-P and D-V orientation.
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2.3 MEASUREMENTS OF CELL HEIGHT

Measureﬁents were made from frontai and cross sections
of embryos staged according to the number. of somites
present. Cells were measured with an ocular micrometer that
had been talibrated with a hembcytometer grid.

The héight of the duct path célls in the region of the
duct tip cell was measured along the mediolateral axis. In
order to compare the height of different cells, measurements
were made at the same point in each cell; heights were
determined from sections passing thrqugh the nucleus.

Three or four cas;s from each of four different stages
were examined. I[n each case, 7-9 contiguous duct path cells
were measured, beginning with third or fourth cell anterior
to the duct tip cell. Far each stage, the heights of cells
in the same A-P position were averaged; The A-P position of
each cel! was determined by first matching the tallest cell
of each case; all other cells were matched according to

their A-P position with respect to the tallest cell.

2.4 EXAMINATION OF THE ECM

Various stage embryos were fixed for 1 h in 2.0%
glutaraldehyde made up in 0.1M cacodylate buffer, pH 7.7. ﬁé
short fixation time was important in order to preserve the
ECM; very little ECM was visible.when embryos were fixed for
6 h or longer. Typical preservatives, such as cetyl

pyridinium chloride (CPC) or ruthenium red, added to the

fixative, did not improve the preservation of the EOM. In

LS



oy !

32

- -
-

fact, glutaraldehyde with CPC was less effective than
glutaraldehyde élone. Thereforgy in this study, embryos weré

fixed in glutaraldehyde alone. The fixative was removed with

two washes in 0.1 M cacodylate buffer and the embryos were

stored at 4°C, The samples were prepared for light or

electron microscopy as described in sections 2.6 and 2.7.
The ECM was stained in thick sections by the- PAS
method. The first step éonsistad of an aldehyde block with
chlorous acid (80 mls of 0.03% sodium chlorite; 20 mls of 5&
acetic acid). The slideé wera.incubated in this solution
for 48 h followed by a 10 min rinse in tap water, The slides
were then treated with 1% periodic acid for 10 min, washed
for 5 min in distilled water and stained with Schiff reagent
(BDH chemicals) for 20 min. The unreacfed dye was removed
with two 2 min washes in sulfurous acid (5 mls of 1IN HCl; 5
mls of 10% ;odium metabisulfife; 100 mls distilled water).
After a final 5 min wash in distilled'watéf, the slides were

mounted in permount with a glass coverslip (#1 thickness).

In order to view the ECM in the scanning electron

microscope, the epidermis on one side was removed after the
embryo had been dried, using pieces of double sided sticky
tape, as described for the lateral mesoderm fractures in

sectiaon 2.7.6. ’ -~
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2.5. ENZYME AND DRUG TREATMENT

2.5.1. Trypsin

These experiments were carfied_ out in either
calcium-free. or 100% Steinberg's. The epidermis ozﬁzye side
of.}he embryo was slit with a tungsten ngedle erél[y,'

behind the gill bulge, and dorsally, along thé'neural;lube

(Fié. 1). The epidermis was gently pulled off with out

disturbing the underlying hesoderm and ﬁ 0.01% trypsin (made
up in Steinberg's) solution was addgd, After three minutes;
the trypsin solution wes washed out with 7 changes ﬁf\
calcium-free SteinBerg's. The epidermis was qeptfy_eased
back over the mesoderm with a hair loop and held in place
with a glass bfidge. After healiﬁg was comp’iete

(approximately one’ half hipr)é the embryos were transfered

to 100% Steinberg's and left to incupate for 24-36 h.

2.5.2. Tunicamyein il . **/////

' The injection needles were made from,capillgry tubes
pulled.on a model‘?ObC vertical pipet puller (David Kopf
Inétruments): The injecttion needle was manoeuvered into
pogition with a MV33 Br inkman micromanipulator. Gastrula
were carefully étaged according to the Bordzilovskaya and
Dettiaff staginézfabies and pléced into depressions made in
I'ined operating di;hes containiﬁg iUU% Steinberg's
solutions. Each embryo was injected w;th 200 nl of a

solution :containing 10 or 25 ng of tunicamycin in a modified
. g

-~

.~



'!k Eﬁ‘~\ 34

haN

Figure'l

DiagraT%leustrating temporary removal of the epidermis: The
<. . ; . . )

dashed line ﬁ%dicates where the cuts were made; the dotted

c)TinelreprESEnts the duct path.
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Steinberg's solution (calcium-free Steinberg's plus_U.DUS%_
calc:ium chloridé plus 5% dimethylsulfux‘de (DMSO) ), pH 8.0.
Control; embryos were injected with the same volume of
-modified Steinberg's solution. After injection, embryos were
transfered to 25% Steinberg's solution 'and left to incubate
for 48 h. |

2.6  PREPARATION FOR LIGHT MICROSCOPY

'2.6.1 Fixation
' Appropriate stage embryos wére fixed overnight at 4°c
in 2.5% glutaraldehyae méae-up in D.1 M cacoaylate buffer,
pH 7.7. The fixative was removed with two 15 min ﬁgshes with

cacodylate buffer.

2.6.2 Dehydration
The embryos were dehydrated at room temperature in the
'?0!Iowing ethanol series: 30%,’50%, 70%, B80%, 90%; 15 hin in

éach, followed by two -half hour changes in 95%.

'2.6.3 Infiltration and Embedding
Efbryos were placed in glycol methacrylate infiltrating

med ium vall) for 48 h at 4°C, with one change with fresh

1
infiltra(él

replaced with embedding medium (Sarvall) and the embryos

,medium after 24 h. The infiltrating medium was

were pipetted into rectahgular‘molds. The molds were placed

in a vacuum dessicator and the blocks allowed to polymerize



—\h_

36
and dessicatejovernight.

2.6.4 Sectioning '

Four micron sections were cut Qith g glass knife on a
épfvayl JB-4 microtome. Individual sections wefe }emov;d
from the knife edge with watchmaker's forceps and dropped
into a beaker of water to maximiie spreading. Serial
sections were.picked up with a clean glass.slide and dried

overnight on a 60°C slide wérmer.

2.6.5 Staining ..

[N
Sections were stained with Lee's basic
~

e
fuschin-methylene blue (1.2 mls of 0.1% basic fuschin, made
up in distilled water; 1.2 mls of 0.1% methylene blue; 1.5
mls of.95*'ethanol; 2.1 mls of phosphate buffer, pH 7.2) fof
1.5 min, rinsed in disti[ied water, dipped in 95% ethanol" to
remove the excess stain from the background, and mounted in
permount with a 24 x 60 mm glas§ coverslip (#1 Fhickness).
Fréquently,‘Whe sectioned material would notlstain
properly with basic‘fuschin-methylene blue. Such sections
would ghow virtually no, staining of nuclei, while the
cytoplasm étained normal ly. A néw staining method was
developed for these sections. Sections were stained for 1
min in 1% acid-fuschin, made up in distilled water, rinsed
Briefly inrwater and dipped in 95%‘ethanoi. Sections were
then stained far 15 min in 0.1% toluidene blue, m;de up in a

0.02M solution of benzoic acid,- pH 4.4. After rinsing



37 (%

briefly in water and dipping in 95% ethanol, the sections

Qere exémined under the microscope. I[f the nuclei were not;
stained enough, the sections were stdined in toluidene blue

for an additional 5-15 min.  The slides were washed briefly

in distilled water and mounted as described above.

[

2.7 PREPARATION FOR SCANNING ELECTRQN MICROSCOPY

2.7.1 Fixation.

Embryos were fiqu overnight a£ 4°C in  2.5%
glutaraldehyde made up in 0.1M cacodylate buffer, pH 7.7.
The fixative was removed ;ith two 15 ‘min washes with,

cacodylate buffer. “Using insect pins, fhe embryos were

‘

. immobilized in an operating dish and the epidermis on the

operated side was removed with a tungsten needle. At this
point, the embryos could be stored in buffer at QOC for
several weeks. The embryos were post-fixed at raom
temperature for 1 h in 1% OsOa made up in, 0.1M cacodylatek

buffer.

2.7.2 Dehydration

-

Dehydration was performed at room temperature in the

following ethano!l series: 15 min in each of 30%, 50%, 70%,

80%, 90% and 95%, followed by two half hour washes in 100%.

2.7.3 Critical point drying

Critical point drying was performed under CO2 in a



38 .
’

Polaron critical goint dryer. Special containers for holding
the embryos during this process were made from BEEM capsules
(JB EM supplies; size 00). The capsules were perfora}ed over
the entire surface and labelled with a hot needle. The
length of the capsule was then adjusted by cutting off the
tapered end aﬁa capping it with the lid from a second BEEM
capsule. In this way, 15 separate containers éan be fitted
into the critical point dryer instead of the usual three.
Embryos were pipetted into the capsules and these were in
turn placed into the critical point drying boat. Both
transfers are doné under 100% ethandl. The metal screen was
fitted on the Soat and the latter placed inside the dryer.

The ethanol was gradually replaced with liguid CO, by
flushing the dryer several times. The températu}e vas
maintained at‘lﬂoc during the flushing. TFhe first was_a 10
min flush, followed by three‘3.min flushes. After each of
the first three flushes, the system was allowed to
equilibrate for 3 min; the fourth was followed by a half
hour equilibration period. The sttem Q;s then flu;hed for a
final 3 min after which the femper;ture was qradually
increas&J to-36°C. As the temperature iﬁgreased, some CD2
was .released so that the internal pressure did not exceed
1200 pounds per square inch. When the internal temperature
reabhed@@ﬁoc,'the presere was gradually released over a 10
min period. After cooling the apparatus'tqfifom temperatufe,

.

the capsules were rémoved and stored in a dessicatorp.




2.7.4 Mounting

Silvef paste was used to mount embryos on aldminum
stubs. Paste was preferred to carbon or silver paint because
its thicker consistency allowed for greater fjé&ibility in
thé orientation of the specimens. A wooden applicator stick
that had one end whittled to a point was used to apply a
streak og paste onto a stub. A small amount of ﬁaste on the
tip of the appliﬁator stick was used to transfer the
specimen onto the stub. The embryd was gently manoeuvered

-

into the 'proper orientation with a clean applicator stick. .

_ v
2.7.5‘€Cuatlng .

Once phe paste had dried, the stubs werd placed in a
Polaron sputter coater and coated for 3 min with gold or a
60:40 gold:galladiu&1 mixture. Specimens were examined ‘in -

eithér a JEOL JSM 35 or a Philips 205 scanning electron

microscope.

2.7.6. Fracturing
The lateral mesoderm waa_fractureﬂ after the dried
specimens had been mounted on aluminum ‘stubs. Appropriate

sized pieces (1 X 3'mm) of double sided sticky tape were cut

with a pair of fine dissection scissors. The tape was gently

lowered onto the lateral mesoderm and pulled off again
This process was repeated until all the desired cells were

removed.



2.8.PHOTOGRAPHY , ‘

2.8.1. Negatives

Scanning electron micrographs were taken with Polaroid
type 55 positivg—negative film. The negatives were processed
immedigtely, by dipping jnt0‘~an 18% «solution of sodium
sulfite. Once the processing film had beéled away (about 1
min), the negative was washed for on half hour in a 16°C
water bath and hqggtuq to dry. . #

Sections were photographed with Kodak Panatomic-X (32
ASA} film on a Leitz microscope. Negatives were developed
for JZEhin at 20°C in Kodak Micraodol X (diluted 1:3 in watér
immediately before use). The negativés were then rinsed for
i min in tap water an fixed for 8 min with Kodak Fixer. The
negatives were dipped in a 1:200 dilution of Photoflo and

hung up to dry.

2.8.2. Prints

‘Negatives were printed on Koqurome (resin coated)
paper. The prints were developed for 60 sec in a 1:2
dilution of Kodak Dektol stock solution (made up as directed
on the package). The prints were rinsed in tap water for 30
sec and fixed for 3 min in Kodak Rapid Fix. After rinsing in

tap water for 5 min, the priﬁts were hung up to dry.
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< . 3. RESULTS

3.1 THE FORMATION OF THE PRONEPHROS AND PRONEPHRIC DUCT

L-43)

RUDIMENT a C

Traditionally, the vertebrate exbnetofy system has been

“ described as originating entirely from -lhe intermediate

mesoderm or cell-mass (Bal four, 1876; for  review, see

Fraser, 1950). The latter has been defined by Balfour as the

cell-mass formed by a partial fusion of the somatic and

splanchnic layers of the lateral mesaderm, at the outer
border of the somites.

A re-examination of some of the origiqal literature
reveals a different oarigin for the urodelan pronephros and
duct. According to Field (1891), fhe pronephros of Ambystoma
punctaéum arises as a continuous thickening of the somatic
layer of the lateral mesoderm beneath somites 3 and 4, while
the duct develops:beneath somites 5-7. These observations
were consistent with tHose of Mollier (1890) in Triton
aipestris and were later confirmed by O'Connor's (1938)
studies on Ambystoma punctatum and friton taeniatus. This
discrepancy could be simply due‘ to a difference in

. ‘ N
* terminology or to a genuine difference in the origin of the
urodelan pronephros and duct.

The breéent study was undertaken in order to examine

the question of the origin of the pronephric rudiment in

Ambystoma mexicanum by use of the Hhigh resolving power of
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the scanning electron microscope. My observations indicate
that a clearly defined intermediate mesoderm does ndt exist
during the stages of pronephros and duct formation; instead,
the pronephros appears to be derived from the lateral region
of gomites 2,w3 and 4. The duct, on the other hand, appears
to originate from the lateral  mesoderm, as suggested by
Mollier (1890), Field (18%1) and O'Connor (1938) in other

urodelan species.
'3.1.1 Results

3.1.1.1 Pronephros formation
The presumptivé pronephros begins to fg;m at the
4 samite stage, while segregation of the duct rudiment takes
place at the 7-8 somite stage. During tﬁe ipitial stages of
formétion, the pronephros can be seen as a slight bulge
beneath somites 2, 3 and 4 (Fig. 2 afd). During squequent
stages,this bulge becomes more predominant and coﬁpacted
into the typical ovoid shape of the pronephros (Fig. Ze).
The presuﬁpt{:e pronephros is initially continuous with
the posterior-lateral region of somite 2 and the lateral
fegion' of somites and 4, as seen in scanning electron
micrographs and light-microScop;‘sections (Fig. 3a-c), but
graduallx separates from them (Fig 2f, 3d). Examination of
the somitic and pronephric cells at higher magnification

reveals that'at the 4-5 somite stage, the two cell types

have similar morphology and cell processes (Fig. 4), such
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Figure 2
— .

Development of the pronephric rudiment. A total of 30
embryos ~were examined. The ?pidérmis has been removed in
order td expose the mesoderm. The anterior end of the ‘embryo
is on the right hand side in each.micrégraph. (a) a 3 soﬁite
embryo; the rudiment has nat begun to develop. (b) a 4.5
somite embryo; the pronephriE rudiment has begun to form,
Note the dorsolateral fissure in soTite 2 (arrow). This
fissure develops as the posterio-l!lateral portion of somite 2
segfegates to form part of the pronephric rudiment. {c and
d)ﬁa 6 and a 7 somite embryo; the Ldlging prongphros is more
apparént. Note the continuity with somites 2, 3 and 4. .(e)
an 8 somite embryo; ;he déve[oping pronephros has formed a
very compact ovoid tissue. It is still continuous with

somite 3, but not with somite 2 or 4. (f) a 10 somite

embryo; the pronephric {:udiment (PN) "is now completely

¢
separated from somite 3. (a, x56; b, x90; c-e, x73; f, x210)

—— N
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Continuity between the somites and ;he pronephric rudiment.
(a) Cross-sect;oh through.a 5 somite embryd at the level of
somite 3. Notg.fhe éontiﬁuity between the somitic (S) and
pronephric (PN) tissue. The same continuity was observed at
the level of somites 2 and 4. (b) Frontal section through a
6 somite embryo. (c) Cross-section tﬁrough a 7 somite embryo
at the level of somite 4. (d) Frontal section through a 9
somite embr;o. The pronephric rudiment has almost completely
segre%ated from the adjacent somites. NT=neural tube,

N=notochord. (x9Q)
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Figure 4
“ T s
Comparigon of cell morphologies inothe somitic mesoderm ohd
presumptive pronephros at the 9 'oomité stage. Cells” of
somite 2 (a)2 3 (b), 4 (c) and of the presumptnve pronephros

(d)’ show no dlfferenoe in morphology (x925)
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Figure 5

Comparison of tell morphologies in the somitic mesoderm,

presumptive prohephros and lateral mesoderm at the 7 somite
stage. Cells of the presumptive pronephros (b) differ in

morphology from either somitic (a) or lateral mesodermal (c)

cells. (x925)
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that it is difficult‘to distinguish between them. By the 7
somite stage, however, the morphology of the pronephric
cells are quite different from that of the somitic cells.,
The former have become flatteﬁed superficially and it is
difficult to discern-cell boundaries while the somitic cells
remain well separated from one énother (Fig. 5). Gradually,
the pronephric cglls form aﬁ extremely compact tissue. Thus,
the cells . of the pronephros are originally’ similar to
sdmitic cells in morphology but gradually change. This,
along with the continuity betﬁeen the -somites and pronephric

rudiment, suggest that the pronephros is derived, at least

in part, from somites 2, 3 and 4.

3.1.1.2 Pronehﬁric duct forﬁatipn

The pronephric duct rudiment forms durfng the 7-8
somite stages., In scanning electron micrographs, one can see
a ﬁass of loosely connected cells immediately below the.
pronephros at the 7 somite stage (Fig. 6a). At-progressively
later stages, this mass of cells can be seen in more dorsal
positions until they become located on the duct péth' (8.
sqnite stage (Fig. 6b-d). pThese cells are aligned along the
dorso-ventral! axis of the'émbryo (Fig. 6c), auggesting that
migration occurs along thiﬁraxis. This mass of cells reaches
" the duct path below somiteé 5, 6 and 7. As the cells begin
to migrate caudally along the duct path. (9 somite stage),
thef'béque aligned along the anterio-posterior (A-P) axis,

as shown previously by Poole and Steinberg (1981).

o -
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Figure 6

Formation of the praonephric duct. A tota! of 30 embryos were
exam}ned. The anterior end of thelembryo is on the right
hand ;ide in each micrograph. (a) A mass of cells (between
arrows) begins to segregate from' the su}réunding lateral
mesodermal cells at the 7 somite stage. (b) The mass of
,loosely connected pronephric duct cells (between arrows) can
be seen at the lateral edge of the presumptive pronephros at
the 7.5 somite stage. (c) The dorso-lateral aiiénment of the
long axis of pronephric duct ceflé (arrow) suggests that
they are migrating in this direction. (d) 9’somite embryo;
the duct -cells have reached the duct path and _the tip
(arrow) has beguﬁ to migrate posteriorly. {(a-b, x100; "¢,

x200; d, x93)



These observations suggest that the cells of the duct
.rudiment arise from the lateral mesoderm below the
pronephros and migrate dorsally to the duct path before

beginning their caudal migration, to the coloaca.

3.1.2 Discussion
This study 'démonstrates that, like all other
vertebrates, the pronephriec rudiment in the axolotl Heielops
in the region between the somites and the_lateral mesoderm.
However, my observations fail to provide evidence for the
existence of intermediate mesoderm, as és.seen in the.chicﬁ>
embryo (Balfour, 1876). Instead, the pronephric rudiment
appears to be derived from both somitic and lateral
mesoderm.
O'Connor (1938) states thal the pronephros is derived
from somatic mésoderm. However, this conclusion, as well ;s
tﬁose=reached by Mallier (1890) and Field (1891), was based,
on observations of external appearance and examination of
cross-sections. It is obvious from our cross-sections
(Fig. 3) tHat a distinction between a somatic and a somitic
origin would be extremely difficult to make: In fact, it was
only. through examination of scanning electron micrographs
that the contribution of the somites to the pronephros
became apparent. Therefore, it 1is conceivable that the
difference between my findings and those of earlier workers
simply reflects the limitations of the methodology they

emplovyed.
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Evfdénée in support of this view comes frbmfthe fact
that my ob;ervations are entirely consistent with the vital
staining experiments performed by O'Connor (1938). He found
that when the region below somites 3 and 4 weré stained, the
stain was subseduently locatéd in the pronephroa anly.
Likewise, stain applied to the region bélowrgomites 5-7 was
distributed throughout the. duct but not in the pronephros.
This is exactly what one would'e;pect to find, based on my
observations. O'Connor (1938) concluded from his results
that the pronephros and duct are distinct from one another,

i.e. derived from different segments. .
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3.2 ﬁPATIO-TENPORAL DEPENDENT  PROPERTIES OF THE NESODE?% AND
EPIDERMIS
_ ‘ g
Many morphogenetic processes proceéd in a craniocaudal
sequence; for example, neural crest cell migration, somite
segmentation and, of course, pronephric dUCt>migration. In
this seétiﬁﬁ,' I will examine the tissues surroundyng the
duct cells fop'ch;nges that proceed in the same craniocaudal

sequence and, thus, may play a role in guiding the duct.
3.2.1 ABILITY TO SUPPORT DUCT MIGRATION N
3.2.1.1 Lata;gl and somitic mesoderm

In studies on pronephric duct migration, Poole and
Steinberg (1982) démonstrated the presence of = waQe that
passes craniocaudally through the lateral mesoderm in:
synchrony -with ducf migration. Thisg poat-migrafion wave
results in a change such that lateral mesodermal cells are
no longer capable of supaorting duct'migration. In these
studies, however, only the lateral mesoderm anterior to and
immediately postqfior to the wa‘ffront was examined. Thus,
one questioh,thét rem;ins to be answe;pd igs: do all lateral
mesodermal cglls posterior to this wave contain guidance
information at- any one stage, or‘?is this property also

acquired in a craniocaudal sequence? This question can be

answered by transplanting gecondary ducts at various A-P
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levels within the posterior lateral mesoderm.

In some of the transplants, the secondary duct was
Ve

.placed bosterior to the last formed somite, therefore, the

results of these experiments will also test_th hypothesis
that somi:;\\segmentation is 'causally related to duct
migration.

In thié section, [ will show that oﬁly a small area of
the lateral ﬁesodernu the :active region, is compétent to
support duct migratioﬁ“;t any one time. In addition, I will
show that duct ﬁigration can proceed in advance of somite

segmentation.

3.2.1:1.1 Results and Discussian

Poole and Steiﬁberg (1982} previously noted‘that the
duct tip was always located about 2 somites behind thg/)ast
formed somite. However, in order to evaluate the efféct of
any experimen{ on duct migration a.more precise measurement
must be made. I examined_thé)position»of the duct tip with
respect to the last forméd‘aomite ihl79Jn6rmal untreate&

embryos. The position of the: duct tip with respect to the

last formed somite did not vary significantly with

~developmental age (0.5 < P < 0.9). This indicates that

somite segmentation and pronephric duct migration proceed at
the same rate. ®he values for all stages (8-19 somites)
were, therefore, pooled (Fig. 7). 'I found that the duct tip

was never located ahead of the last formed somite and

occupied a very narrow range of posifions behind it (0.5-3.0 -

-



Figure 7
: ,
Location of the duct tip in normal, untreated embryos. The
duct's position was-recorded in terms of number of somites
behind the last formed somite. Theldéta were collected and
booled from all stages during duct migration since there was

no significant difference in duct bosition as determined by

a t-test. The total number of cases was 79; X = 1.80 +.0.58
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somites); the mean was 1.80 + BiSB.

-

anterior end of the rudiment was placed 0-4.5 somite w;dths

posterior to the anterior end of the primary pronephrlc'

o -
TR rudiment. In-6'cases (2 at stage 22; ‘4 at stage 25) where

i
" the duc

S— gbsefved (Table 1). When the duct was shifted. posternorky by

one'somite—width (1'case), mlgratlon was observed but the

secondary duct failed ‘to reach the duct path. In ll cases {5 .

at stage 22, 6 at stage 25) where the secondary duct whs

shiftedLVQosteriorly by more than one somite width, the

~ - .
secondary duct reached the duct path before the primary duct

. and ) was located significantly ahead of the normal duct

position (Table 1j Fig. 8b-d); in some cases, the secondary
duct was located ahead of the last formed somite. The'

primary duct failed to continue migration beyond the point

where the grafted duct joined the duct path (Fkg. 8).
The precxse location of the post -migration wave was not
determlned by Poole and Steinberg (1982) It was descrlbed

as: being located iﬁ‘ the vicinity of the duct tip. The

results of the duct transplants presented here show that

; secondary ducts transplanted at exactly the same‘A—P“ieVEI
do not migrate.  In order to explainlwhy the prlmary duct can
’ migrate but a secondary duct placed unnedlately below it

cannot, on% must assume that the wavefront is‘not parallel

**but at .a sllght angle to it. Thus, secondary

ducts transplanted at the same A-P level as the primary -

- Secondary ducts were transplanted such that the

s not shlfted posterlorly, no duct migration was -
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P

* The duct %ip position was determined with respect to
the last formed somite; a positive value indicates that

the duqf tip was located postérior to the last formed-:

somite, while a negative value indicates a position
. e

anterior to the last formed somite.

;!
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Table 1. Migration of secondﬁry‘ducts transplanted anto

posterior regions of the lateral  mesoderm

Stage of Posterior - : Duct Tip
Transplant Shift Migration Pnsijion*
22 0.0 - -

- ' ' - 2
22 . . 0.0 - .

- “ )
25 0.0 ' .- N -

25 _ 0.0 | - . R
<
25 0.0 - .
25 _ 0.0~ - . -
y .
22 1.0 P .
22 2.0 + - +1.0
22 ' , 2.5 s . +0.5
22 - 3.0 + +0.5
22 3.0 . +0.5
22 . 3.5 + | | +1.5
22 % a5 ‘+ +0%5
25 o 1.5 . 0.0.
. ,
25 2.5 . +0.5
25 2.5 + -0.5
25 3.0 - o P +0.5
25 - 3.0 + -0.5
25 .7 3.5 | " . .0.s
I
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Figure 8

Secondary duct transplénts. (a) The tfansplant was performed
at stage 25 and the embryo was fixed 6 hours later. The
primary and secondary-duét tips are indicated by the curved
and straight arrows, respectively. (b) The secondary duct
was transplanted at étage 22 and the embryo was fi?ed 9.5
hou;s later. (q)‘The transplant J;f performed at stage 25
and the embfykoas fixed 15 hours léter. (d) The ducf was
transpiénted at *stage 25 and the embryo f}xed ?4 hoﬁrs

later. (a; x46; b, x38; ¢, x41; d, x34)

!
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would not be located in the active regian and could not
migrate (Table 1).
One can obtain informetion about. the angle of the

wavefront by examining ‘the angle at which secondary ducts

migrate over the lateral mesoderm. First, o&é must assume
that the secondary ducts were migrating along a line
perpendicular to the wavefront. This assumption is based on
the faet that a migration ﬁath perpendqular to the
waﬁéfront would cons?;pute'the shortest distance to mi%rate
in order to rémain within the active region. In all c;aes
examined, the secondary duct migfated dorsocaudally at a
fairly constant angle - to the D-V axis. The data from Table 1
was pooled with 12 cases obtained from Poole and Steinbefg
(1982) since the average angle from the two sets of data
were nat significanfly different. The average angle was 49°
+ 6° From this, one can calculate.that the angle betwe;n the

o]

wavefront and the D-V axis is 41° +’6
s iln the one case where the duct was shifted posteriorly
by one .somite width,'limited migration was observed. The
facg that.this duct failed to reach the duct péth suggests
fhat the,;ip was just slightly behind the anefr;nt. Thus,

the migrating tip was overtaken by the advance of the

D ' & o

-

post-migration wave.

© " The fact that in all other caseg the secondaty duct

.reached the duct path aﬁead'gf the primary duct indicates

that the lateral mesoderm in the reg{dﬁlpqsterior to the

primary  duct ?+§°is competent to support duct migration.

2D Gk Tt PN
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Howevef, this competeﬁt region appears not te include all of
thq|laperal mesoderm posterior to the‘primary duct. If all
the posterior lateral mesoderm could support migration at
the time of the transplaﬁ?gtion, one would expect'that ducts
shifted postgriorly by 4 sohiteg?would be located ahead of
ducts shifted by 2 somites. This was not the case as shown
in Table 1. In fact, all the_duct tips ended up within a
region tﬁét was two éomites wide. Regression analysis of the
degree of shift vs the duct tip position (Fig. 9) ‘indicated
no correlation between the two parameters. Théwslope of the
fine is not signifiecantly different from zero (0.5-< P <
0.9). ‘

There. are- two poésible explanations -for this lack of
correlatign between duct position and degree of shift., The
first‘ is that transplanted ‘ducts migrated at different
rates; those transplanted more posteriorly,4{?grated more
slowly. Alternatively, one could imagine that the-ducts did
not migrate immediately after transplantation but waited
until some change took place in the lateral mesoaermal cells
in order to allow migration. This change would pass through
the lateral mesoderm in advapce of the post-migration wave
and delineate a posterior,‘gindary to the active mesoderm.
Since this wave would péass through Lhe embryo iqw a

- craniocauda[ﬁdirection, ducts shifted posteriorly by fod:
somites would have to wait longer than those shifted by tiwo

somites. , Thus, the two would end up in the same A-

position. ' Y
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Figure 9

Correlation between the degree of posterior
l.g‘

final duct position.

shift and the
This graph was plotted using the data
from Table 1. The slope (regressidntcoefficient) of the line
is not significan;ly different from zero, indicatﬁng no

. -4
correlation between the two variables.
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One can d{stinguish between these two possibilities by
examining the secondary duﬁtr at wvarious times after
traﬁsplantation. I[f the duct waits, one should be able to
observe this. Ducts were transplanted 3 somite widths
posterior to the rprimary duct in stage 22 or stage 25
embrybs and examined 6, 9.5 or 15 h latér.

' In all of the 16 cases, mfgration of the secondary duct
was observed only after 9.5 h, at a time when somite
. . ‘

segmentation had. begun in the region where the tip was

located (Fig. 8a). The primary duct, on thesother hand, -had

.migrated at least 4 somite widths if all cases. From these

results, one can conclude that the transplanted duct was
idéapable of migrating until some change took place, thus
providing eVidence for a posterior boundary.

The cases in which the secondary duct tip was located
apead of the last formed somite demonstrate that actual
segmentation is not required for duct nﬁgfation. fhe average -
position— of the secaan;y duct with respect to the ‘Iast'
formed somite was 0.32‘1 0.64 somite widths ahead. This is
significantly different frem‘the.éveraga positionﬁof primary’
ducts ;n norm31~embryog (P < 0.001) determined above. Thus,

the posterior boundary is temporally linked to an event that

H

- takes pface immediately pfior to the appearance of a

segmentation furrow.
In summary, secondary duct's transplaﬁted‘at an A-P |
level posterior to the primary duct end up, on average, 2.12

(l.Bp + 0.32) somite widths ahead of the normal duct

Sy
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position. From this, one can determine that the posterior
boundary of active mesoﬂerﬁ-would be located approximately 2
somite widths ahead of the“prima;y.duct as well as 2 somite
widths ahead of the post-migration wave. This is true for
both stage -22 and ;tage '25 embryos, indicating that fhe
posterior boundary moves ~caudally with ‘increased
developmental age. /

These duct transplants also provide information about
the relationship between migration and the pre-segmental
mesoderm. Ducts that were shifted more posteriorly were
placed cloggr to fhe duct path (Fig. B8a). Thus, a duct
shifted by four somites had its tip on the duct path in a
region of unsegmented mesoderm. ‘ Since these ducts wait
before migrating, neither the duct path .nor the somitic
_mesoﬁerm islcompetent to support duct ﬁigration at the time
9f' transplantation. At some later time, these tissues
acquire this &ompetency. Thus, igﬁﬂppear; that thg posteriot
boundary extends from the ventral région of the lateral
mésoderm.all the way up through the somitic mesoderm.

g
So far, I have demonstrated that ﬁﬁgratiun,can be

[
ak

uncoupled from the actual .segmentation process. ”tnstead,
migration appears to be linked to a‘chénge that takgs place

"in the .somitic and lateral mesoderm just posterior to the

last formed somite. This change, the segmenfal wave,

delineates the posteri boundary of active mesoderm’ and

moves in a craniocaudall direction approximately two somites

' boundary described. by Poole " and

‘

ahead, of the anterior

.'\.ﬁ o &



Steinberg (1982).

3.2.1.2 Epidermis

'Du;ing migration, the pronephric-duct is in contact
with three tissues, .the lateral mesoderm, the somitic
mesoderm and the epidefmis. Previous studies ' (Poole and
Steinberg 1977, 1981, 1982) have concentrated on the role of
the mesodermal tissues in dpct higration. The epidermis has -
been .shown to be important for neural crest cell migration
in the axolot! (Dalton, 1950; Keller et al., 1982).
Therefore, ‘the present study was undertaken in order to
examine the poss}ble influence of the epidermis on
pronephric duct migration. s

If the epidermis actively guides the duct, then one

would expect the orientation of the epidermis t be
important. In order to investigate this, the epidefmi:\:}‘

transplanted in abnormal orientations such that one or both

axes were reversed (Fig. 10).
[4

The results of these experlments demonstrate that the'
-epidermls is not dlrectly involved in guiding the duct but

‘can affecf its ability to migrate.

3.2.1.2.1 Results
b e

Transplants were done at two dlffagent stages 1n order

ta determlne whether any observed effecd@?e stage-dependent.

=y
In control cases, -where the epidermis was reciprocally

transpﬁanted in normal orientation, no effect was ebserved

o D
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Figure 1D

Diagram illustrating transplantation of the epidermisgjn .
different orientations. (a) Controls: the epidermis 1is
trénsplanted in normal oarientation. (b) D-V reversals: the

epidermis from the left side of one embryo is inverted and

then placed onto the right side of a second embryo. (c) A-P

‘reverséls: the epidermis from the left side.of one embryo is

transplanted onto the right side of a second embryo. (d) A-P
and D-V reversals: the epidermis from the right side of oane
embryo is inverted and then placed onto the right side of a

second embryo.
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on duct migration (Table 2; Fig:. 1la). The séme wéq true of
embryos iﬁ which the epidermis was transplanted ih reverse
D-V orientation (Table 2). |
When the A-P axis was r;versed in llnhnmite‘stage

embryos, no effect on duct migration was‘observéd. HoweQer,
when 7 somite embryos were used, the duct was alw;ys located
at the ﬁostenior end of somite.la, regardléss of how many
somites were present at the’time of fixation (Table 3; Fig.
11b). - This suggests that the duct'had‘stopped migréting.

When both axes were reversed, duct migration in both 7
and 11 somite embryos was affected (Table 2). However, the
effect on migration was different for the two stages. Whén
the transplants were performed at thé 7 somite étade, the
duct tip .was later found behind its normal position (Table
4;-Fig. lle). Unlike the previous set of experiments, the
final duct pqsition was variable; the averagé position,
measured in terms of somijite number; was 14.3 + 1.7. Due to
this variation, I was unable to determine whether the duct
had actually stopped mngrat:ng or merely slowed down.

When the transplants were performed at the 11 somite
stage, the duct sepa}ated into two parts: an anterior
portion which, in most ctases, terminated Eéneath somites 6-8
and a_ posterior portion,_thé tip of which was located in the
normal duct position (Table 4; Fig. lle-f). There was always

.

an empty portion of duct path separating the two parts of
‘ -

the duct.

In order to investigate the stage-dependence of the A-P
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Table 2. Summary of Epidermis Transplant

-

L —=— 1

Experiments

Type of

transplant

Conirol

Control

A-P

A-P

A-P

A-P

A-P

reversal

reversal

reversal

reversal

and D-V
and D-V

and D-V

Young embryo

Stage of

transplant

75

118§

75

115

75

118§

75
85

115

+ Old epidermis -

Old

embryo +

Young epidermis -

No. of

cases

No. with effect on

duct migration
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Table 3. Effects of AP reversed epidermis. on duct

- migration in 7 somite'embryos .
No." of Somites Duct Position™ . No. of Somites
gt Fixation at Fixation Behind++
* v )

17.5 14E 4.0

18.0 14E 7.0

18.5 : 14E ' 5.0

19.0 14E | 4.

21.0 ' 146 "3.5

+ the position of the.duct tip was measured in terms of
somite number; B, M and E stand for beginning (anterior.
end), middle and end (posterior end) of. the somite,
respectively

++ pumber of somites posterior to the duct tip

* a somite that had not thpfetely segmented at the

time of fixation was counted as a half somite
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I

+ the position of the duct tip was measured in terms of
somite number{'B, M dnd E stand for beg?nning (anterior
A . .

end), middie and -end (pOStBPiO; end) of the somite,

. .
v é

regspectively
++ number of ;omites posterior to the duct tip

* @a somite that“had not-QOMbletely segmented at the
time of fixgtion.was counted as a half somite

*% the first is the position of the anterior partion;

the second is the position of the duct tip

T e = o ]
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Table 4. Effects of 'A-P and D-V reversed epidermis

.on dyct migration
Y +
) [ 74 ' + .

B
. ¢

No. of Somites at No. of Somites

a 7 '

Transplantafion at Fixation
7.0 : 18.0
~ .
7.0 19,0
7.0 19.0

»*
7.0 19.5
7.0 '20.0
7.0 20.0
8.0 1%2.5
8.0 19.0
8.0 . 20.0
8.0 22.0
11.0 , 16.0
11.0 : 18.5
11.0 18.5

, '
11.0 Lo .18.5
11.0 19.0
11.0° 19.0
11.0° 20.0

Duct Tip

Pogsition® Behind*”

128

13E

14E

15M

12E

1sE

108

12E

1M

16E

68,

6E,

™,

" BE

6M,
11M,

7B,

* %

158
17E

16E

17
17E
19E

Somites

AT
b

/
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;Table 5. Effect of an Old Epidermis on Duct Migratioﬁ

in Young Embryos

o

No. df Somites- Duct Position+_ No. of Somites
ét Fixation ét Fixation -Br-zhincl"'+

16.0 12M 4.5

17.5° 1M © 5.0

18.0 13M 5.5

18.0 ' 148 , 5.0

1'18..‘{)' | 15€ 3.5

19.5 14E 5.5

20.0 12E 8.0

21.0 128 ' 10.0

+ the position of the duct tip was measured in terms of
somite number; B, M and E stand for beginning (anter{or
end), middle a%d end (posterior end) of the somite,
resﬁectively "

++ number of somites posterior to the duct tip

* a somiEg that had not completely segmented at the

~
time of fixation was counted as a half somite?
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Figure Il .

&

-
bt
g

-

Epidermis transplants. Embryos were fixed 24 hours after
transplantation; the position of the duct ‘tip is indicated
by an arrow. (a) Control. (b) A-P reversal at the 7 somite

stage. (c¢) A-P and D-V reversal at the 7 somite stage. (d)

Old epidermis transplanted onto a younger embryo. (e-f) A-P

and D-V reversal done at the 11 somite stage. In one case
(e)., the duct remdined intact; in all other cases, the duct

separated into 2 parts (f). (x28)

f-
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and D-V reversalg, I decided to examine the effect at
another stage. Transplants were performed at the 8>somite
stage. In these embryos, the effect was similar to that seen
at the 7 somite stage: the duct tip was iﬁcated behind its

normal position (x = 12.6 + 3.2; Table 4).

Reciprocal transplants.were berformed between young

(7-8 somites) and old (11-12 somites) embryons. The epidermis
. was always transplanted in the normal orientation. In'all
. 11-12 somite embryos that received a younger epidermis, the
duct migrated narmally (Table 2):‘ In embryos of the -reverse
comb{nation, however, the duct was always located behind its

\

normal position (Table 5; Fig. 11d). The average duct

position was below somite 12 (x = 12.7 + 1.3). Like the A-P

and D-V reversals, one would require more cases in order to

determine whether the duct had actually stopped migrating.

»

3.2.1.2.2 Discusslon . .

The control transplants show that thé ohéerved‘effectg

were not due to the operation itself, but rather, to the

-

abnormal orientation of the epidermis.
Pronephric duct migration was unaffepted when the D-V

axis was reversed, suggesting that the polarity of this axis
is not imporfant for duct migratioé. This suggésts that the
epidermis does not contain guidance information because one
would expect a D-V reversal to lead to deviation of the dqct

ventrally over the lateral mesoderm towards the original

dorsal side of the epidermis.
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The effect on migration. in bhe other experiments
depended on the'stgg; at which .the transplant was done. Due
*to the complicated nature of.fhege results, the following'
h;béthesbé is proposed in order to explain all the effects
on ducf migratio;. A wave of change is postulated-to pass
through the epidermis. The following properties of this wave
.WEre postulated in order to explain the resgltS'obtained in
this section: ' . ' -

1) since the duct was never found to deviate from its ba%h,

1

“this wave is not directly responsible thr guiding migration.

".
2, .

2) in order to explain;ghe-ﬂhéf'g_behaviou} when both axes
of the'epidermis were réﬁéfsed.at the 11 somite stage, I am
postulatfng that .the duct can migrate on either side of the
wavefront but cannot cross it in Feﬁerse A-P orientation.

3) in order to explain the results of the young-to old
transplants, I postulate that this wave represents the
epidermal equivalent of the mesodermal post-migration wave
and that ®it can be transfered in somé way to {he lateral
mesoderm in regions where fhe mesodermal post-migration wave
has:Jnot already_ passed., This willf_initiate a second
post-migration wave which will proceed posteriorly. When the
duct reaches the point of initiation of the second wave, it
will be unable to continue migrating. These properties are
consistent with all the résﬁlts of the epidermis
transplants.

The A-P position of the wave would depend on the

developmental age of the embryo, thus accounting far the
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different effects observed at the 7 and 11 somite stages. In

A-P reﬁersals, no effect on migration was observed in li

somite stage embryos because the transplanted epidermal wave

would be located aver the pronephros (Fig. 12). In 7 somite

stage embryos, the transplanted epidermal wave would be
'~

located posterior to the host's post-migration wave (Fig.

12). The epidermal wave would be transfered to the lateral.

mesoderm, thus initiating a sgcond post-migration wave. Once
the duct reaches this point, it would bé unable to migrate
further. | i

When both axes are reversed, the transplanteA*:Bidermal
waves would be in the same positions as in the A-P
reversals.  Therefore, one' would expect ta see fhe same
effect in both types of transplants. This was the case when
7 somité embryos were used- but not when 11 somite embryos
were used. This difference\kan be éxglaineq by realizing
that the  irregular shape of the embr?o as well és the
shrinkade of the epidermis after dissection results in the
placing of the epidermal wave in slightly different A-P
locations, depending on whether the D-V axis is also
rTeversed (Fig. 12). One can see that when both axes are
reversed, the epidermal wave would be‘ located over the
anterior end of the duct rather than over the pronephros. By
assaming that duct cells can migrate on either side of the
wavefront but cannot cross it in reverse A-P oriéntatiéﬁ,

L

one can explain the effect as follows: that‘part of the duct

-

located anterior to the wave is stopped while those cells

4TI TR LA
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) Figure 12 ',;.
. ; \ .
Diagramatic illustration of proposed epidefmal wave.

Alfhough the exact position of this wave could not be
determined, the results of the épidermis transplants are
cunsisfent with a IOSZtion in th; vicinity of the duet tip.
Thus, if one uses the position of thé duct tip (arrow).as a
. , + i

reference point in the donor epidermis, one can see that-in
D-V reversals (a,b), the position of the wave in dondr and °
‘host wauld coincide. In the A-P reversal at the 7 somite
- stage (c), the position of wave in the donor would be
posterior to that of thé host. The same is true for A-P';nd
‘D-V reversals done at the same stage (e).. In an 11l somite
embrya; ;6 A-P reversal would place the ré%erence peint over
the pronephros of the ‘host (d), while- an A-P and D-V
reversa]splaces‘this same point over the anterior end of the

-

duct (f). ' : - o
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locéted posterior to the wavefront continue -tof migrate
normally. The continued migfation of the posterior- tip
results in a tugging on the anterior portion, causing the
latter to pile up at the epidermal wavefront. Eventually,
the posterior portion must separate from the anterior part
in order to continue migrating.

The results of the reéiprocal epidermal transplants
between ypoung and old emhryos can be explained by assuming
that the epidermal wave can be transfered to the latersl
mesoderm in regions where the post-migration wave has not
already passed. If this is correct, then one should  observe
an effect only in young embryos with an old epidermis. In
these embryos, fhe duct should stop when it reaches the
point . where the second post-migration wave has been
initiated and therefore be located behind its normal
position. One would ﬁot see an effect on old embryos with a
young epidermis because the epidermaiwave/ﬁgyld'be located
anferior to the host's post-migration wave. This }s exactly

what was observed

In embryos wi an older epidermis, the duct was not

always located in exactly the same spot. This could be due

-

to inaccuracy in placing the epidermis in identical

positions and/or to slfaht var~tations in the actual stage of

the embryos. On the other hand, if could mean that the duct’

is still migrating. As a result aof this variatiof; one would
require more transplants of this kind and statistical

analysis of the results.
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The results presented in this section have led to the
conclusion that the #pidermis does not guide the duct but
can inhibit duct migration. They have also suggested the

e . .
existence of a wave that passes through the epidermis.

i
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3.2.2 CHANGES IN THE MORPHOLOGY OF THE LATERAL MESCOERMAL
CELLS

The reéults from section 3.2.1.1 provide evidénce;that
a specific region of the lateral mesoderm contains guidance
rinformatién for duct migration. We also know that the
lateral mesoderm is not a static substratum for migration.
There are changes taking place, not only in the shape of the
tissue as a whole, but also in the shape and position of the
indinggﬂl cells., The lateral mesoderm itself increases
significantly in length along the A-P axis, while the
individual cells change from béfﬁﬁ\{@latively round to being .
elongated along the D;V axis. Therefore, | decided to
examine the lateral mesoderm for morphological changes that
might be correlated with duct migration.-
In this study, I will show that the cells of the
lateral mesoderm undergo a series of shape cganges that
might be causally related to duct migration. Possible models

are d&ﬁgussed.

3.2.2.1 Results
- | . The cells of the lateral mesoderm were examined in
light microscope sections as well as in .the scanning
electron microscopg. Eleqtron micrographs of the fractured
¢ edge of the lateral mesoderm below the duct tip revealed
differenées in both cell shape and orientation at different

A-P levels in the embryo. These differences were not evident
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p
at stages prior to duct migration. At these early stages,

the lateral mesoderm consists of é 2 cell léyer and all the’

cells appear cplumnar (Fig. 13a-b). During duct migration
stages, cells in an anterior position Qith regspect to +the
duct tip are ;elatively flat, with ‘one cell sitting on top
of another (Fid. 14a, 15b). Cells posterior to these appear
to be trianqular, wiih the ‘top and bottom cells
interdigitated {(Fig. 13d, 1l4b, 15e). In the region of the
pronephric duct tip, tﬁe lateral mesoderm appeared to be
‘compbsed of columnar cells that form a single cell layer

»

(Fig. 13c¢-d, 1lé4c, lsa,d). Posterior(;o ihis; the cells are
cuboidal and form a 2 cell layer (Fig. 13c, l4d). By far the
most obviou§ differénce among the cells of this region was
theii‘difference in height.

In order to aetermine whéther these shape changes take
place in the ~cells of -.the dupt. path and to Abtain
quéntitative- informatioa about these shape changes,
measurements of cell height were made from serial secti;nq.
In alt~four stages examined, thé s ame profile'wagsobserved.
The cells increased in height from 20 to 50 um as they went
from a 2-cell to a single cell layer and then decreased yn
height (te 20 um) as they went back to a 2-cell layer (Fig.
16-19). At each stage, the height of the tallest cell was
found to be significantly different (P < 'U;DS) from the
height of either the most anteridr ar the most posterior

cell measured. The heights of the most posterior and most

~anterior cell, however, were not significantly different (P>

8

Doy
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Figure 13
Morphofogical changes in the cells pf the lateral mesoderm.
A total of 24 embryos were examined. The anterior end of the
embryo ;é on' the right hand side in each micrograph. The
latef;I mesodérm has been fractured along the A-P axis. (a)
;a 3 somité embryo; ,the lateral mesoderm is composed of a
.2—céll la;ér of columnar cells. (b) a 5 somite embryo; the
lateral mesoderm still consists of a 2-cell layer, although
cell height has decreased slightly. (;) an 11 somite embryo;
note the position of the duct tip (black arrow) with respect
to the columnar cell (white arrow). Posterior to the
columnar cell are cuboidal cells. (d) -a 14 somijte empryo;
note the position of the duct tip (black arrow) with respect
to the columnar cells (white arrow). Trianqgular shaped cells

are found anterior to the the columnar cells. (a-b, x134; c,

x625; d, x500)

Lo
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Figure 14
Morphological changds in the cells of the la éral mesoderm.
«A total of 1B embryos were examined. Cross-section through a
10 somite embrye showing (a) 2-cel] layer of the lateral
mesoderm (LM) anterior to the pronephric duct (PN) tip; (b)
triangular cells of the lateral mesoderm in a section
posterior to that iﬁ (a); (c) columnar. cells in the lateral
mesoderm under the pronephric duct tip (PDT); (d) 2-cell
layer of the lateral mesoderm at a level posterior to tpe
duct tip. E=endoderm, NT=neural tube, N=notochord, S:somige.

(a, xlUB;'b,.xlUB; c; xBOi d, x127)

L

J






Figure 15
Morphological changes in the cells of the lateral mesoderm.
The anterior end of the eﬂPrQO'is on the left hand side of
each photograph. Frontal ;ection through a 14 somite embryo.
(a) Pronephric duct tiﬁ cells (large arrow) sitting on
columnar cells (small arrows) of the lateral mesoderm. (b)
Flat cells of the lateral mesoderm in the anterior rPgion of.
thé same section. (c) Trianqular cells located fmmediéfely
anterior to the duct tip cells in (a). (d) Coiuméér cells in
the lateral mesoderm (LM) immediately posterior to the duct

tip in (a). The juncture between lateral and somitic

mesoderm (SM) is indicated. (x296)



Figure 16

Changes in lateral mesodermal cell height in 9 somite stage
embryos. The height of eight contiguous dupt path cells- in
tHe vicinity of the duct tip were measured. Each value is
~averaged from foﬁr cases; the standard deviatq;ns are
indicated. In reqgions where the lateral mésoderm consists of
a two cell layer (stippled bars), the average height was
used. The horizontal! line rﬁpresents the duct tip cell in

each case.
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Figure 17
ht
Changes in lateral mesodermal cell height in 10 somite stage

embryos.
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Figure 19

Changes in lateral mesadermal cell hefght in 13 somite stage -

embryos.
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U.US)frnm)gach other.
f

The Aip cell was always located in the region of this

increase in cell height. The posterior end of the tip cell
was alwa§s located over a single cell whereas the anterior
end was sittiné on eikher a 2-cell or a single cell layer.

These shape -changes occur not only. in the duct path but
along the entire dorso-lateral axis (Fig. l4c), thus forming
a Qavefront. The position of this wavefront of éhape“change
corresponds to that of the post-migration wave. Though it is
not possible at this time to prove tha;"the two represent
the same morphogenetic process, one cah obtain indirect
evidence that suﬁpurts this iqea:. For example, one can
calculate the angle that the wave of shape change makes with
the D-V axis and compare it to the angle caltulated for the
post-migration wave from the secondary d;ct transplants. The
former was calculated from cross-sections rather than from
frontal sections because the latter would require three
dimensional re-construction. Angles were measured using the
;hape of the "notochord to determine the angle at which the
sections were cut. The average angle 40° (4 cases)
corresponds very closely to the 41° angle calculated from
the secondéry duct-trgnsplants. »
3.2.2.2 Discussion

Due to the spatio-temporal correlation between these,

shape changes and duct migration, one can argue that either

the two are causally related or they are both the direct
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result of a third causal agent or pracess. If the latter is
.the case, then one should be able tao uncouple them. At the
moment, however, . am unable tao suggest a method of
inhibiting one without directly affecting the other.

If these changes indﬂorphology are causally relatedf5o
duct migration, then one must provide: an éxplanation of how
such changes could cause the duct to migrate. There are at
least two possible models. In the first, illustrated in Fig.
20, one could imaginé that the change from a two cell to a
oane cell layer in.the region of the duct tip would result'in
tempora}y exposure of the inner (medial) cells to the
surface of the lateral mesoderm, and consequently, expose
cell surface molecules that are either quantitatively or
qualitatively (or both) different from those on the outer
(lateral) cells. It would not be unreasonable to expect such
differences to exist since the inner.qu outer cells have
different midroenvironments;'the inner Sélls are in conta;t
with the endodermal cells while the outer célg"'are
sandwiched between the inner cells and the epidermis. .

in this model, there are two’ possible types of
interaction bétween these exposed . inner cells and the
pronephric’pqpt tip. Tﬁe exposed inner cells provide either
a more suiiable or a less suitabie substratum for migratian
than the outer cells. In the fir;t case, the duct tip would
adhere preferentially to the inner cells. Return of these
cells to the inner surface with concommittant exposure of

inner cells in an adjacent region would -cause the duct to
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Figure 20

Model illustrating relationship of lateral mesodermal cell
shape éhange to d;ct migration. A general "scheme of the
morpﬁological changes is illustrated in (a). Cuboidal cells
pogterior td the duct tip (b) interdigitate (ci to form two
columnar cells (d). This exposes the medial cell (hatched)
to which the duct tip would adhere preferentiall?. Gradually
this cell returns to the inner layer (e), leaving the duct

tip to form contacts with another cell.

PSS h S T 3
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migrate posteriorly to that spot. This model implies that
the duct cells are being pulled along the duct path. [If, on
the other hand, the duct tip cannot sdhere as well in this
region, then the duct is being pushed along the duct path in
. order to remain ahead of this region. At the moment, it is
not possible to distinguish between the two.

A second possibility is that these cells are preparing
to undergo mitosis. This model does not require a difference
between inner and outer cells. One must next explain how
mitosis could cause the duct to migrate. It is well known
that culture cells undergoing mitosis detach from their
substratum and become rounded. One can see the same process
in sections of axolotl embryos. Cells undergoing mitosis are
rounded and are quite separate from surrounding cells. 1f
the la;eral mesodermal cell beneath the duct tip becomes
dettachéd, then the duct tip would have no choice but to
adhere to some other cell. Since the ﬁuct tip cannot
backtrack, it must either go posteriorly or ventrally. It
cannot migrate ventrally because the cell below it would
also be undergoing mitosis (due tao the angle af the
wavefront calculated in section 3.2.1.1). Therefore, the
duct tip would have no choice but to move posteriorly.

These observations have illustrated morphological
changes in the cells of .the tatera! mesoderm that are
spatio-temporally linked to duct migration. Although =&
causal relationship has‘?ot been established, these changes

may represent a morphogenetic process that could be
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important for directing duct migration.

T
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3.2.3 DISTRIBUTION OF EXTRACELLULAR MATRIX DURING PRONEPHRIC
DUCT MIGRATION

Extracellular matrix has been implicated in growth
requlation, «cell adhesion, alteration of biosynthethic
patterns and cell motility (%or review, see ﬂay, 1981;
Yamada, 1983). #or example, components of the ECM have been
shown to play a role in gastrulation in chick embryps
(Wakely and England, 1979). In addition, the localization of
ECM fibrils on the blastocoeliec wall in several! amphibian
species (Nakatsuji et al., 1982; Komazaki | and Hirakow,
1982; Komazaki, 1983) has led authors to suggest that the
fibrils act as a contact guidance mechanism for cell
migration during gastrulation.

As a preliminary to the study of the importance of this
matrix in duct migration, the spatio-temporal distribution
of ECM was examined in light microscope sections and the
scanning electron microsdﬁpe.

In this section, I will demonstrate that ECQM fills the
.3pace between the mesoderm and epidermis and that the duct
mlg}ates through this material. In addition, [ will show
that the posterior limit of visible ECOM is spatio-temporally

correlated with duct migration.

3.2.3.1 Results and Discussion
During the course of examining light microscope

sections and embryos in the scanning electron microscope, |
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observed large quantities - fibrous material which, based on
its structure and location, 1 suspected was extracellular
matrix. This material was located between the mesoderm and
the epidermis.The first step in this study was to determine
whether this material was in fact ECM and not a fixation
artifact.

Sectioned material was specifically stained for
polysaccharides wusing the PAS method. This staining
procedure Has been used routinely to stain ECM due to large -
quantitfes of glycosylated compounds present (e.q.
glycoprofeins, glycosaminoglycans). Sections ‘prepared in
"this fashion displayed staining throughout mosf . tissues
(Fig. 2la). This was to be expected since the yolk platelets
contains substantial amounts of glycolipids. In addition to
this, the material between‘the epidermis and mesoderm was
found to stain quite intensely. Contraol slides, on the other
hapd, showed virtually no staining (Fig 21b). One can
conclude from this that this fibrous network is indeed ECM.

The distribution of ECM can be observed most clearly in
the S5EM as a thick web-like network covering the mesoderm
(Fig. 22). Frequently the pronephric duct tip cell could be
seen embedded in the matrix (Fig. 22d).

Embryos were examined at several different stages and
the posterior limits determined. It was found that the
pasterior limit was always located posterior to the duct tip
and, -in most cases, the ECM ended .anterior to the last

formed somite (Table 6; Fig. 22a-c). The average position

(S
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- Figure'Zl

Periodic-acid Sch{ff_staining of sectioned embryos. {a) PAS
“staining showing the preéence ‘of EOM (arrow)‘ in the

subepidermal space. (b) - Control (na periodic acid

treatment); no staining was observed. LM=lateral mesoderm,

NT=neural tube, N=notochord, SM=somitic mesoderm. (x100)
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Figure 22
" -

ECM distribution. A thick layer of EOM cové}s the mesoderm

in stage‘ZB (a) and stage 32 (b-c) embryos. (d) A higher

magnification of ‘the region indicated.by the arrow in (a)

A3

reveals the?%rhnephric duct tip cell (arrow) embedded in the

ECM. (a-c, x41; d, x1,100) ) . _L\;
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* ,the position of the postérior limit was measured in
.- terms of-somite number; B, M and E stand for beginning

(anterior end), middle and end (posterior end) of the

somite, respectively -

** a negative value indicates that this Llimit |is

posteriof to the last formed somite

+ a somite that had not completely segmented at the

time oflfixation was counted as & half somite

The average number of somites posterior to the limit of

visible ECM was 1.2 + 0.7
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Table 6. Distribution of extfacellular matrix over
m'esoderm )
No. of Posterior: limit No. of somites
Somites of visible ECM" posterior to the limit | |
. fo- ‘
8.0 8B +1.0
10.0 oM T +1.5 ‘
10.0 . SM | +1.5
14.0 14E : -0.5"7
14.0 13M ' +1.5
15.0 1M . +1.5
16.0 15E .+l.0
16.57 16B ‘ +1.5
17.0 17M ‘+D.5
18.0 B 178 +2.0
18.5 17M ‘ . " . +2.0
|
ﬁ N
. C
~ ,
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was approximately one somite width anterior to the last
formed somite.

The fact that no ECM was visible in ezlrame bosterior
‘regions of the embryo does not necessarily mean that no'E;kfﬁ
‘is present in live embryos but that if EOM is present, it
was not preserved by the fixation procedure used. Thus, one
may Eeing observing either a quantitatiﬁe bn a qualitative
difference in ECM.

The ;esdfts of this study demonstréte that at altl
stages examined, a layer of ECM covers all of the lateral
and somitic mesoderm up to the last- somite where It ends
ébruptly. 'Thus, the spatio-temporal distribution: of ECM
parallels that of somite segmentation and pronebhricuduct

migratian.-
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3.3 ROLE OF CELL SURFACE PROTEINS IN DUCT MIGRATION -
One of my objectives has been to obtain information

about the biochemical nature of the guidance mechanism.

Since many developmental processes are thought to be

‘mediated by cell surface molecules, one biaochemical approach

would be to perturb the system either by inhibition of
syﬁthesis or by enzymatic digestjon of these cell éurface
molecules.

In this section, 1 will describe the effects of
tunicamycin and trypsin on pronephric duct migration which
will sérve to demonstrate the importance of cell surface
proteins in ducF migration.

3

3.3.1 Effect of tunicamycin an duct migration

In orderéto examine the involvement of cell surface

3

proteins, embryos were treated with tunicémycin, a déug‘that
specifically inhibits glyca%ylation'of_N4linked
glycoproteins (Takatsukil et al., 1975), -thus interfering
with the production of ceil membrane and extracellular
glycoproteins. ‘

The results .of these experiments demonstrate the
importancé of cell surface glycoproteins for migration aloﬁg
the normal pathway. The obse}ved effects are cansistent with

the proposed existence of a segmental wave. In addition,

they provide iqformétion about the angle of this wave with
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respect to the D-V axis as well as the -.distance between the

post-migration and segmental waves.

3.3.1.1 Results

" These preliminary experiments were performed by
microinjecting embryos with 10-25 ng of -tunicamycin.' The
embryos were injected during gastrulation since one would
expect the synthesis of surface proteins required for duct
migration to take place prior to duct migration. Gastrula
were carefully staged according to the shape and size of the
blastopore, in order to pinpoint the sensitive stages. The
results of five exper%pents were combined_and are reported
below. / |

None of the controls or tunicamycin treated embryos
that developed normally showed an effect on duct migration
(Fig. 23). Embryos injected at the beginhing—middle of
gastrulation (stage 9-10 3/4)}, continue to gastrulaté but
fail to cbmplete neurulation. Therefore, the possible effect
on duct migration could not be studied. In embryos injected
at later stages of gastrulation (stage 11-11 1/2),
development continued beyond ne:rulation, however, *
pronephric duct migration was normal in all cases.

When injected with tunicamycin at the end of

gastrulation (stage 12); a small proportion of the injected:
embryos displayed abnormal duct migration (8/82). In these’

embryos, the pronephric duct was found to deviate from its

normal path and migrate ventrécaudally over the lateral

) |
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Figure 23

Effect of tunicamycin on embryonic development. The
percentage of abnormal embryos was plotted for-each Qroup.
The hatched region répresents the percentage of embryos that
survived past neurulation; the stippled region represents
the percentage of embryos that displayed abnormal duct
migration. The number of embryos injected in each group is

indicated above the bar.



Q
Ty
(&)
]

/// 3

—

o

[ //// |

EESEEE N\ *
/////////////

I 5 5 5§ ¢

. FOVINIOH3d

STAGE



102

Figure 24

Efféct of tunicamyecin on duct migration. The anterior end of .
the embryo is on the right hand side of each micrograph.
Embryos. were injected with 25 ng of tunicamycin at stage 12.
The duct (arrow) <deviates laterally (a-b). Higher
magnification of the duct tip (c-d)  reveals its blunt

appearance. (a, x66; b, x4l; c, x241; d, x156)

e L A
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mesdderm (Fig. 24).
Very few of the embryos injected post-gastrulation
(stage 12 1/2-13) displayed abnormalities. Of the few that

did develgp abnormally, none showed abnormal duct migration.

3.3.1.2 Discussion

Only one of the injection stages showed subéequent
abnormal duct migration. Perhaps tgo few stage 11 1/2
embryos were injected to observe an effect. A large enough
sample was examined at later stégeg (12 1/2713), but it is
likely that the mesoderm was no longer accessible to drugs
injected ';Hto the archenteron since the endodgrnlialmost

+

completely encloses the gut ‘by thé end of gastruléfion.

fn addition to the effect being localized to one stage,
only & small percentage of embryos displayed gbnormal
m¥§ration. Thi; could be due to the use of a sub-opt}mal
dose of tunicamycin. However, the highest dose used, 25

ng/200 nt, is the maximum  amount soluble in a

sub-teratogenic concentration of DMSO (Woo Youn, personal

‘comunication). Regardless of whether these explanations are

LS

correct,\additifnal studies of the tunicamycin effects.qn 

of affected embryos. In order to continue this line of

‘study, one ‘would have to find an alternate method of

treating thé embryos, perhaps by direct exposure of the

mesoderm to the drug.

In spite of the small number of affected embryos, one

v

-ducf-migration are not practical because of .the ‘smal l number
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can obtain some iﬁportant information about duct migration.
The fact that the duct continues to migrate, albeit in an
abnormal direction, suggests that the éubstratum rather than
the duct 1is affected. In addition, if tuniéamycin w;s
interfering with the duct‘ celdls such that they could no
longer recognize their path, oéé would expect the duct to
migrate in a random fashion. This is not what was observed.
In all cases, the duct migrated along the duct paf% to
somite B8-9 and then headed ventrocaudally at a 52° * 6°
‘angle to the D-V axis. -

One explanatioﬁ for.this ventral deviation is that thé
tunicamycin-affected proteins are required for the segmental
wave .and ihus required for duct migration. Since this wave
travels in a craniocaudal! direction, one might expect the
s;nthesis aof proteiAs involved to take place in the game
sequénce. Injection of tunicamycin at a specific time would
affect only those -qells that have nat synthesized the
important proteins, leadinglto a sharp boundary between the
posterior affected and anterior unaffected cells of the
lateral mesodermf When confrontéd with this boundary, oné
might Efpect the duct to migrate ventraily along this
boundary since it cannot migrate posteribrly into the
affected area. This explanation is consistent with whét is
observed when the duct path,of normal, untreated embryos is
blocked by a d0rsal incision (Holtfreter, 1944).. The duct

migrates ventrally around the obstruction. Thus, the

migration path of the duct would represent the wavefront of
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changes.ogcuffng in the lateral mesodgrm. .

“' As mentioned above, the duct deviates ventrafl& at an
angle of 52°. 1f the duct is migrating vedtrally along the
posterior anéffont, then the angle at which it migrates
represents the angle that the wavefront makes with the D-V
axis. This angle (52°) is sigﬁificantly different (0.02 < P
< 0.05) from the angle that the‘anterior boundary makes with
the D-V axis (41°). R | -

In all cases,“the ducf stopped after migrating a‘short
distancerventrdcaudally. THis was evidenced by the rounded,
blunt appearance ofv the duct tip. The averagé distance
migrated - was 0.26 ?i' 0.04 mm. There are two possible
explanations for the duct's limited migration over fthe
lateral mesoderm. The first is that only the dorsal portion
of - the lateral mesoderm is é suitable substratum for

-

fnigration. This, however, is inconsistent with pbser&ations
made from secondary duct transplants by both Poole ané
myself. Qur combinéd'data indicate that only the extreme
ventral portions of the lateraf mesoderm are ﬁot able to
support migration. |

An alternate explanation is that the anterior beundary
of the active region continues to move normally through the
lateral mesqderm after the duct begins to deviate ventrally.
As mentioned previously, this anterior boundary, 1is
equivalent to the Qave‘ described by Poole a Steingerg

' (1982) and results in a change such that the Jlateral

mesoderm could no ‘longer support migration. Thus, the duct
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Figure 25

Diggraem -illustrating the movement of the post-migration and .

segmental waves. The anterior (A) and posterior (P) axes of

"the embryo are indicated. In untreated embryos, the duct tip

would migrate ahead of‘the post-migration wave (PWW)} but
behind the segmental wave (SW) (a). In tunicamycin treated

embryos, the segmental wave is arrested; upun'eﬁgouﬁterfng

the arrésted wave, the duct tip begins to migrate ventrally?

along the wavefront (b). The post-migration wave eventually
. ' . . -
overtakes the duct, "causing the latter to stop migrating
»

(¢). The hatched area represents the region through which

the post-migration wave has passed.
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in,tunicaﬁycin tpeated embryos would migrate ventraliy until
this wave passed through the region where the tiﬁ is
locéted} in other words, uqtil it collapses oanto the
posterior boundary of the active region (Fig. 25). Assuming
that the anteri&r wave proceeds at the same rate as duct
ﬁigration, the gistance mijrated'vehtrally by the ducﬁ would
represent the distance between the two waves.

The observed effect of tﬁnicamycin has demonstrated the

importance of cell sUrface glycoproteins for duct migration. -

3.3.2'Trypsin—sensitive.cell-surface proteins required for

#+
duct migration and somite segmentation

A second approach to the study of cell surface
molecules in duct migratian is to examine the effects of
enzymatkc digesfion 'of such molebulesigg: Trypsin, a
proteolytic enzyme commonly Qséd to analyse “cell surface
~moleeﬁleg (Takéichr, 1977; Urushihara.et ala, 1977; Atsumi
et al.; 19793 Magnani et al., 19815, was used in this study.

One problem encountered when ytilizing enzymatic
tréagmqné as a means of obtaining information a&about
morphogenesis of the embryonic ﬁesoderm is’ that enzymés-are
_unlikély ta pass through tﬁe Epidermis ta fhe‘underlyiﬁg
mesodermal target, and completé removal of the epidermis
results in arrested deveiopménf of the mesoderﬁal tissue
.(unﬁublished observations). fhis problem can be circumvented

by temporary removal of the epidermis ddring a brief
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enzymatic treatment. The epidermis‘is peeléd‘back on one
side of the embryo, but ‘left attached QEntraIly. Thus, the
mesoderm s ?exposed for treatment but the eﬁidermié' is
. easily-heplaced.a}térwards.

In this section, I will report the effects of trypein.
on somite segmentation and pronephric ducé migration. I have
found that both the somitic mesoderm and the lateral
mesoderm along the duct path contain trypsin sensitive
regions that\ travel synchronously through the embryo in
advance of ﬁomite ségmentation'in a manner siﬁilar to the
heat-shock wave discovpred .by Elsdale et al. fl976).
Howevér, "calecium protects. the pronephric duci guidance
information from the effects of trypsin, whereas somite
segmentation is still affected.

3.3.2.1 Results

Stud[es'oh othé; systems have shown that the trypsin
sensitivity of some bel!_>surface proteins g c;lcigm
aependent (Takeichi, 1?77; Urushihara et al., 1977; Atsumi
and Uno, 1979; Takeic.hi et al., 1979; Magnani et al., 1981;
"Hyéfil et al.,1981). Therefo e, the first set of experiments
was.cgrrigd out in the absence % calcium while the second
set was carried out in the presehte of 340 uM céléium:' In
the first sefies, there was .a striking effect 6n somite
segmentation and pronephrig duct migration. Several somites

were found to segment either incompletely or in a non-linear
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fashion (Fig. 26b, 27c-d; Table 7). Abnormalities were
restricted to a specific region spanning severél somite

L

widths, ~This region was located 3.55 + 0.69 somites

posterior to the- last. formed somite at the time of
lreatmgnt. Theréfore,‘the affected somites were not those
already segmented or those that formed immedigtely'after the
treatment, but those that formed several hours later. Only
3.5 (x=3.91 + 1.04) somites segmented abnormally, after
which normal segmentation resumed. As shown in Table ?, this
region of trypsin sensitivity was located progressively more
i postérior'with increasing developmental age. TBis wave of
”dfqypéin sensitivity is highly teminiscent of the wave of
heat shock sensitivify discovered‘by Elsdale et al. (1976).
Afger the treatment, thefpronephric duct migrated a
short and relatively constant distance of 5-7 somites before
stopping (Table 7; Fig. 26b, 27c¢). The final positién of the
duct tiﬁ was independent of the time that the embryo was
left to develop, as shown by a regression analysis of the
distance migrated by the duct versus thé total number of
“somites formed at the time of fixation (Fig. 28b). A t-test
showed that th%re is a slgn%ficant difference between the
mean duct position of treated and normal .embryos (P <K
0.001).The region where the duct had stopped migrating
-gorresponded to the beginning - of the region of somite
abnormalities (Table.T; Fig. f6b, 27c-d). This wés t}ue no
matter which embrydnic stage was Gsed._ These results show

that the duct path contains a trypsin sensitive region
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Experimental embryos were treated with 0.01% trypsin in

calcium-free Steinberg's solution for 3 min. ContTol embryos

were treated with calcium-free Steinberg's solution. The

"first three are representative control embryos; a total of

12 control embryos were included in this experiment, No
abhormalities were found in any of the controls, In the
diagram on the right, the boxes repreéent individual somiies
present at.éhe time of fixation, beginning with séﬁite 1 an
the left. The hatched boxes represent those somites already
formed ét the time of treatment; the black boxes indieaza
the abnormal somites. The line represenfs the pronephric
duct; the yeftiﬁal bar }ndicates the position of the duct '
tip. A total of 15 embryosIWere treated. Pronephric duct
migration'prqceeded normally in twe of these (not shown) and
somite segmenfation was normal in one of the two.

* The position of the duct was measured in terms of somite
number; 8,M and E stand for beginning (anterior end), middle .
and end (ﬂbsterior end) of éomite, respectively.

+ The pronephric duct stops migrating once it réaches.the
tloaca which is normally located betweén Qomites l9IaBd 20.
+ A somite that had not completely segmented at the time of

fixation was counted as a half somite.
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Figure 26

Effect of trypsin treatment on somite segmentation and

pronephric duct migration. .(a) Control embryo; the duct tip.

(arrow) was located in 8 normal ﬁdsition, approximately 2.5
somites behing:~ the last formed somite. No obvious
abnormalities in somite gegmentation were observed. (b)
Embryo trypsin treated at the 7 somite stage in the absence
of calciuh; thé‘duct tip (arrow) was located at-the anterior
end of the region of abﬁormal somites (11-14). ‘Tc) Embryo
‘trypsin treated at the 6 somite stage in the presence of 340
uM calcium; the duct tip (arrow) in this case had migrated

. through the region of abnormal somites (10-15). (36X).

-
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Figure 27
Effect of trypsin treatment on somite- aegmentétiun and

pronephric duct migration. ' (a) Embryo treated at the 7

somite stage in the presence of calcium; the duct tip-

-
4

(arrow) 'had migrated through the region of somite
abnormalities (somites 11-15). (b) Higher magnification of
the dué% t}p in (a). (c) Embryo treated at the 7 somite
stage in the ;bsence of calcium; the'duct tip (arrow) did
not-migrate into the region of abnormal somites (11-15). (d)

Higher magnification of the duct tip {arrow) in (ec). (a,c

, 36X; b,d 94X).
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adjacent to the trypsin sensitive som{tic region. Both
trypsin pensitive }egions travel synchronously in a caudal
direction through the embryonic mesoderm.

; Whan-the trypsin -treatment was repeated in the presence
o?'calcium, the effect'on‘sdmite segmentation was the s ame
(Table 8; Fig. 26c, 27a-b).. The width and position of the
sensitive region were not statistically'different in the_two‘
Itreatments. In this case, howé}er, éronEphric duct migration
ﬁroce?ded norﬁally; as .in control eﬁbryos (Table 8; Fjg.
26c, 27a-b). Regression analysis cfearly demonst;ates that,
after trypsin treétment in the presence of calgium, “thg
distance migrated by the pronéphric duct is correlated with
the number of somites that have formed at the time of
fixation (Fig. 28@5.. Also, there wés no significant

.
difference between the mean duct position of treated ,and
noTwal embryos. However, fhe duct tip was actdél}y'located
ahead of the last formed somite in one case. This was never
observed in control! or normal embryos.

The duration of the trypsin treatment wﬁs varied in
order to détermine,thereffect of . duration on the severif; of
somite abnormaiities. When.the treatment was inc£eased to 4
.miﬁ (either with or withth‘calcium), the}e was extensive
damage to the epidermis and sublequent healing was not
‘complete. In contrast; ér decrease in dq}ation to 2 min
resulted in normal segment;tian and duct migratidn (resufts
not shown)

.

In order to determine whether the observed effects were
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Experimental embryos were treated.with 0.01% tfypsin in 100%
Steinberg's solution for 3 min. Contro!l embryos were treated
with 100% - Steinberg's solution. =~ The first three -éare
representative .control émbryus; a total of 11 cqntro&
embryos were included in this experiment. No abndrméiities
were found in. any of the coﬁ{rols. In the diagram on the
rigﬂt, the boxes represent -individual somités present at the
time of fixation, beginning with somite 1 on the left. The
hatched bofes represent fhose somites already formed at the
time 'of treatment; the black boxes indicate the abnormal
somites; The line represents the pronephric duct; the
yertical bar indicates the pos?\ion of fhe duct tip. All
treated embryos displayed sémite?abﬁorma[ities. |

* The pqéition of the duct was‘measured in térms of somite
number; B,M and E stand for beginning (anterior end), middle
and end (posterior end) of somite, respectively.

+ The pronephric duct stops migrating once it reaches the
cloaca which is normally locatéd between somites 19 and 20.
f+; A somite that had not completely seghented at the time of

fixation was counted as a half somite.
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Figure 28

Corre[ation«bétween.fhe‘distance migrated’ﬁj/:he pronephric

duct and the number of somites at fiXation in trypsin

treateé$embrybs; (a) in the presence of 340 uM calcium and.

_ . : "
(b} in the absence of added calcium. In the latter case,

.

there was ne correlation bequgn the .two.as the slope of the

©

regression line was not significantly different from zero.
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in fact due to proteolysis, embryos were -treated with
trypsin (in calcium-free Steinberg's) in the. presence of

[
aprotinin {a serine protease inhibitor). In all 5 cases, no

effect on either somite segmé;tation or pronephric duct
migration was seen. This confirms that Fhe effects are due
to pfoteolysis. The possibility remains that this efféct
could be due tq proteolysis by chymotgypsin rather than by
tr&psin, siﬁce the trypsin preparation used may contain
cpymotrypsiﬁ as a contaminant. 7

\/

In view of the results of the: epidermis transplants

described previously, one must consider the possibility that

the trypsinv'was not directly affecting the mesoderm but

_rather, the effects were mediated through trypsinization of

the gpidermis. This possibf[itx was examined by performing

. . 4, . ’ :
reciprocal epidermis transplant3 between wuntreated and

»

tryp%in treated embryos. These experiments were performed in

-the absence of calcium and the results of 4 sets of

~

recipgocal transplants were obtained.

: All 4 embryos that received a trypsin treated epidermis
developed normally. I(Two of the trypsiniied embryos . that
received an untreated epidermis displayed the ‘typical

trypsin effect. The other two embryos were not sufficiently

~advanced in development to see an effect. Although more

cases are necessary in -order :to draw firm conclusions, these
experiments support the idea that trypsin acts on somite
segmentation and duct migration by a direct effect on the

mesoderm.

ARG T LTS

e pyILTEI
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3.3.2.2 Riscussion

In the presént study, I have found that a brief trypgin
treatment of the ﬁmsoderm, during the.period when somite
segmentat i'on iﬁ . taking place, . disrupts .the i normal

segmentation over a band 3:5 somites wide. In all embryonic

stages studied, the first abnormal ‘somite is always the

- 4th-6th somite formad after trypﬁin}zation. Thus, the
pre-segmental wave of trypsin sensitivity moves caudally
-along the embryonic axis st the same rate a§ and in advance
ofxgegmentation. | '

The lag between the time of trypsinization and the
appearance of the first abnorma; somite indicates that cell
surface proteiﬁ(s) reéuired for normal segmentation are
present many .hdurs prior to the actual participation in
somite formaiion. Since the first‘few somites formed after
Ereatment‘segmént normally, these cell surface proteinsxare
either no longer required or no longer susceﬁtible to
cleavage by trypsin. The - region posterior to the last
abnormal somite segments normaljx,"suggestind that the
required proteins are either resistant to trypsin cleavage
or not yet present. Alternatidély, the cells in this region
may be affected but have sufficient time to recover before
participation iﬁ somite'segmentation.

Unlike somite segmentakion, duct migration was affected
only when the trypsin treatment was done in the absence of

.

calcium. In this case, the pronephric duct migrated-a short

e

1.
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.distance to the region below the "first ébnormal somite. The
fact‘that the duct initially continued to migrate indicafeg
that trypsin affects the cells of the duct path rather-thaa
the -duct itself. - This also indicates that the ‘wave of .
trypsin sensitivity travels through the duct path .in advance

.of the wave of gu}dance information'prev{oﬁsiy described by
Poole and Steinberg (1982). .

These results dempnstrate the existence df a trypsin
sensitive region in the somitic mesoderm as well as the
lateral mesoderm of theuduct path, that travel synchronously
inZadvance of somti te segmentation. In addition, 1 have shown

.

that the trypsin sensitivity of the duct path is calcium

dependent whereas that of the somitic mesoderm is not.

o
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4. GENERAL DISCUSSION

~ -3

4.1 Origin of the pronephros and prdnephrlc duct

. ‘The sfudies on the formafion of the pronephros and
pronephric duét led to the conclusion that intermediate
mesoderm, as defined by Balfour (1876), does not exist as a
distinct tissue in the axolot!l embryo. In 1950, tHis tissue
classification was applied tﬁ all vertebrates by Frasér

(1950), eveﬁ'though all of the amphibian literature cited in
.her review clearly stated that th; pronephros and duct are
derived from the somatic layér of the lateral mesd&erm
(Moflier,,1890; Field; 1891; O'Coﬁnor, 1938). In fact, none
of these papers even mentioned the presence of intermediate
mesoderm:. Clearly, an incorrect generalization was maée by
Fraser (1950) in 'claiming that.intermediate mesoderm i.s the
origin of the nephric system in all vertebrates.

My observations have led to the suggestion that the
pronephras is derived from somitic mesoderm. Although 1 am
proposing a different origin for the pronephros than earlier
warkers, my interpreiation is consistent »with ,thei}
experimental results. The difference in sugdested,origin
most likély comes from thg'difference in technology. All of
the earlier studies on the origin of the urodelan pronepsros
and dqct rely on vital staining and examination of-

cross-sections "in order to determine the origin of these

structures. While vital staining has beem very useful in

o
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sfudying embryonic development, one must realize the
limitations of this ;;thodologyh Loss of precision arises
from inadcuracy in placing the stain, as well as diffusion
of the dye after the tissue has-been markéa. Thus, it would
be impossible to distinguish between a somitic and a somatic
origin for tﬁé pronephros. o —_
Afte? examination of éross-sections throqgh axolot]
-embryos, it was clear that one cannot distinguish between a
somitic:and a somatic origin for the pronephrbs in this way.
,However, one can easily understand why,” in the absence of
evidence to the contrary, earlier workers chose the latter.
* In other vertebrates, "such as . the chicken, the nephric-
system was known to -arise from the tissue Iinmediately
adjacent to the somites, namely the intermediaie mesoderm
(Bal four, 1876). Thus, there was no precedent for a somitic
origin for the pronephros. It was only after examination of
the developiné pronephrie rudiment using the high resolving
power of the scanning electron rnicrosgppe, that I became
aware of the possibilty of a different origin. Of course,
one cannot. completely rule out a genuine difference in
origin since my observations were made on different
Ambystoma species’ than that examined by Field (1891) or
O'Connor (1938). |

In spite of the morphological evidence presented here
f

in favour of a somitic origin for the pronephros, it would

be premature to draw firm conclusions in the absence of

experimental evidence. Classically, scientists have excised
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the suspected source tissue in order to determine its
contribution to a particular structure. There are two
problems, however, with this type of experiment. The first

results from regulation that one frequently observes when a

'biece of tissue is excised. The surrounding cells will "fill

in" and ‘'form the‘nﬂssing structure even though they would

normally form a different cell type.. A typical example of .

this is lens regeneration in urodeles (for yeview, see
Yamada, 1967). After excision, a new lens cah be regenerated
from cells of. the dorsal iris epithelium, The second problem
ariseslfrom fhe difficulty in excising only somitic mesgderm
and .none of"“the adjacent'lateral meSoderm since there are no
clear boundaries between the two.

The best methoa of conclusively determining the origin

-~ t

of the pronephros would be to look for the presence of
somite specific markers in the presumptive pronephros.
Classical markers ~ include tissue specific enzymes,
cytoskeletal components and ceLl surface antigens. Such
studies will have to wait until tissue speci{ic markers have
been identified in the axolotl somitic mesoderm.

Although my studies agree with earlier studies as to
the origin of the pronephric'duct, the observed position of
the lateral mesodermaf cells that give rise to the duct is
different: O'Connor (1938) concluded from his vital staining

\ .
studies that in A. punctatum the duct arises from cells

beneath somites 5 to 7. My observations indicate that the

duct cells driginate below the pronephros in segments 4-5

of
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and migrate dorsally te take up a posftioﬁ below somites 5
to 5.- This was only- observable in the scanning electron
microscope and, therefore, could be the reason why this was
not seen by earlier workers. Another reason could be the
short period of time necessary for this dorsal migration to
take place. The duct cells first appear: at the 7 sum{te

stage and by the B8 somite stage, 1-2 hours later, are

located on the duct path below somites 5 to 7.

4.2 Relationship between somitogenesis and pronephric duct
migration |

The ‘evidence presented in this thesis‘ c¢learly
demonstrates that the process of forming' a segmentation
furrow is not causal{y linked "to duct migration, since‘the
latter can proceed in advance of segmentation. Instead, some
other change that occurs in the somitic cells just prior to
somfte }ormation appears to be necessary in order to provide
a suitable substratum for migration.

Possible candidates for the changes that correspond to
the segmental wave in the axolotl mesoderm are increased
cellular adhesiveness or ECM production. | would like to
peint out that these two cellular events are not necessarily
separate; for example, a change in ECM components coufd lead

to increased adhesiveness.

The first possibiliiy is that these changes could
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represent an increase in adhe&}éeness between the duct cells
and the duct path as ﬁfnposed by Poole and Steinberg (1982).
Their hypothesis is based on a étudy by Bellairs et al.
(1978} showin% that the cells of the somitic "mesoderm
undergo an increage in adhesiveness prior to somite
formation. .Poole and Steinberg propose that the lateral
mesoderm would contain a gradient of increasing adheéivenesg
along the anterioc-posterior and latero-dorsal axes. That
‘ge{ls will migrate up a gradient of adhesiveness has been_
shown by Harris (1973) in culture. Harris used‘palladium
coated plates to produce an artificial gradient and founa
that cells from a variety of. different lines migrated up
this gradient.

Although this adhesion gradient mﬁdel is attractive,
one mﬁst realize that this hypothesis céntains several
assumptions. The first is that an increase in adhesiveness
‘between somitic cells will alsd mean an - increase in
adhesiveness between somitic and duct cells. Since Bellairs
only measured intersomitic cell adhesion, there is no reason
to expéct increased adhesiveness between somitic cells aéd
other celi typés. The second assumption is that the change
takes place in the form of a gradient. Although this is, in
my view, the most likely possibility, the change could also
be a step-function. Since Bellairs did not determinme  the
spatia{ distribution of ﬁhfé increase in adhesiveness, ft is
not possible to determine ho& valid this assumption is. Nof

is it possible to determine whether the increase in
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édhesifbness corresponds Lo the active region.

A ‘second ﬁogsibility is that the segment l'-Wavé_
repfesents a change, éither qualitative or quantitative, in
the EOM. There are many_systemgf?n which the ECM has EEen
implicated * in cell 'migration. Two examples that are
particularly relevant to hy work are neural crest cell
migration (Lofberg and,Ahlfors; lé?B;lFofBerg et af., 1980;.
Spieth and Keller, 1984) and cell migratjon duriﬁg
gastrulation (Nakatsuji et al., 1982; Nakatsuji and Johnson,
1984) |

-Lofberg et al. (1980),;eportéd a correlation among an-
increase in the number of ECM fibrils, expansion of the
subepidermal space.and emigration ;} crest cells from the
neural tube. In addition, the EOM fibrils were aligned
parallel to the direction of migratfon, thus leading to thé
suggestion that these fibrils serve to Arient the cells by
contact Iguidance (Lofberg and Ahlfors, 1978). In white
axolotls where the trunk neural'creét Eelis fail to migrate.
along the dorsal pathway, Spieth and Keller (1984) found
structural differences in the subepidermal ECM.

Nakatsuji et al. (1982) reported the presence of
blastopore-animal pole aligned EGW‘,fibriis alon%, the
blastocoelic wall in A. nmculatum.embryos: These authors
proposed that the involuting- preJmetive rnesddermal cells
migrate along these fibrils by contact guidance. Nh;e
rpcently, Nakatsuji and Johnson (1984) have shown that the

2

ECM fibrils can be aligned in vitro in any orientation by

9
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mechanical tension. Furtﬁermora, dissociated mesodermal
cells wgré found to migrate alo&g the tension axis,
regafdless of igs ;ﬁrieﬁtation with respect to the
blast'opore-animal pole axis. \\\\

Taken together, these studies .show that the ECM plays
an ‘active’ role in influencing cell migration. It is
therefore @ossiblé that the ECM could either prpvide fhe
proper receptors for attachment of the duct- or it could
provide aligned collagen fibers to gujde. duct migration.

This possibility will be examined further in section &:5'

4.3 Relasionship of spatio-temparal changes in the lateral

mesodermal cells to duct migration

The results of my heterbtopib duct transplants along
with those of Poole and Steinberg (1982) show that at any

one stage, there is a narrow window, the active region, in

-which the duct can migrate. This window consists of a strip

of ‘lateral mesoderm about two somites wide that moves
caudélly with increasing ége. The posterior boundary ;f this
active region represents cells “that arE'changiﬁg in order to
provide ; suitable substrétum for migration,while, at the
anterior boundary, the lateral mesoaermal cells are losing
their abil{gg‘to suppoft migration.

1In additﬁﬁn to the spatio-temporal dependent ability of
the laté;al mesodermal .cells to provide a suitable

-

substratum for migration, these cells ‘also undergo a series

T II ---—\- b e R ._-\-x-,-";—--——»;-—_——‘--—'.-—,—;:-,-.,
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of Qhape changes. These changes in morphology occur .aver a
verf narrow région which corresponds in space and time to
tHe.ﬁost-migration wave. Althodgh it is tempting tag éuggest
that these shape changes occur concomittant with or di;ectjy
resth in the cells' inability to support migfation,-it is
fnof possible at this time to determine whether there is a
causal relationship between the two events. It is entirely
possible that they are two totally independent developmental
prbcesses tem orally‘coobdinated_by another process. Even if
a causal relgtionship does indeéd exist, one wuul@ have to
distinguish belween cause and effect.

In order to estabfish whether there is a causal
rélétionship, one needs to answer both Bf the following
quesbfons: a) do-the lateral mesodermal cells require the
duct in order to underéo the shape changes? b) does the auqt
require the shape changes in order to migrate? One waylof
answering these.qdestioég would be to inhibit one process
and see ifrthe otherastiit occured. One could examine the
role of the duct on the shape changes by removing the entire
duct and seeing "if the shape' changes still téke place.
.Unfdrtuﬁately, one cannot gnéwer the second. question
directly since ‘any drug used to inhibit the shape changes
would also directly affect migration. However, one could
obtain infoftation on this question indirectly by a)
examining embryos which have received a secaondary duct
transplanted, at an A-P’level posterior to the primary duct,

and b) examining trypsin treated embryos for shape changes
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in the lateral mesodérm.

- In the first case, we know that these ducts willd
migrate ahead of theApfimary duct. We also know that in
embryos without secqndary'ducts, there are no shape changes
occur{ng at thé site of jran;plantation.- From this .
experiment, one could determine whether shape changes occur
in the vicinity of the migrating 3ecoﬁdary duet. ~

By examining trypsin,tygated embryos in the presence

o

and absence of calcium, one could determine whether the

duct's abilityﬁfo migrate is correlafed fith thm.qccurenCe
o'f the~shape-changes;' !

If these shape changes are Involvea in guiding ihe
migrating duct, this would not be the first case where shape
changes were involved in a morphqgenetic "process, The
classical example is that of neurulation (Baker and
. Schroeder, lSET;IBurnsidé, 1971, 1973; Karfunkel, 1971; Brun
and Garson,'l?BB). The cells of the neural plate elongate
along the D-V axis into columnar cells., Sequential fapical
consfyriction. of these cells‘beginning at thé Iaterél édge of
the plate, accomﬁanied by flattening of the- adjacent
epidermal cells causes the plate fo "rolf up" into a tube.

A second example is the‘shape change; regorted to;pake
place in the process of epiboly fduriﬁg gastrulatioq in
Xenopus (Keller, 1980). The animal reg{on of the Xenopus
bfé;ﬁula consists of three single cell layers: 1) the

superficial layer 2) the inter deep layer and 3) the inner

deep layer. The cells of all layers are ori inafly cubdidal.



Keller (1980) has shown that® the cellg of the?iiwo deep
l;yers interdigitate along the radial axis toiform a single
cell layer of columnar cellg. These cells, along with the
cells of the superficial layef, subsequently quead and
flatten thuajégéréaéing the area .occupied by these cells.
The atriking‘%imila%ity.betweeq'the shape chaﬁge%.observed
by Keller and 'the shape changes docuﬁented in this, thesis

leads to tle sibilftx that the lateral‘ ﬁesoderm is
undergoing _;. simil'ar process as the cells in the aniwal
reéién of Xenophs btastuia, and results in the increased
length of this tigéue as a ﬁpqﬁe. ' _
/Alternétively,'thege\shap; changes c0u!d be the result
of the cefls -preparing  to ~ undergo mitosis. " The

spatio-temporal sequence of the shape changes could be the

. result of a wave of mitotic activity. There is certainly

‘precedent for waves of mitotic aétivity. During blastula

stage; (5th to 13th cleavages) in several amphibian species
(A.~\mexicanum{ Haré}l977; Bufb‘ vulgaris; Sjr;kami, 1958;
X;nopus laevis; Satoﬁ{ i?ﬂ?), éieavaée waves pass_ihroqgh
the embryo .from animal éo'vegetal pole. Irf.all studies, this
wave pattern gave way-tﬁ asyhchroﬁous célhidivisioﬁ jdst
p}iqr to gastrulation. Unfortunately,:no ong has examined
later stage éﬁbfyns td sée'if the mitotic waves resumed. -

In order to test this model, one would first have to

examine the distribution of mitotic cells in sectioned
. ) 3 N .

material. The problem wir Fm}o%eh-hs ;hai the cell

Eycle is extremely opg'(SZ‘h; Hronowski et al., 1979) at

*
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>

this stage. One would have to examine - a large number of

embryos jin order to observe cells in mitosis. One can arrest

cells - -in m1tosns, using colchicine; this would increase the

examination of cell cycle coordination more feasible.

The second step in determining the role of mitosis

would “be  to _inhibit mitosis _and observe .the effect on

-

migration. ~“Of course, one could not use drugs such as’

colchicine or "cytochalasin.® that - inhibit mitosis by

interferdng with microtubules or microfilaments since "these

drugs Mwould also.inhibit duct migration directly. Another

-3

method. of. arresting mitosis involves inhibition of DNA

synthesis. . Drugs commonly uséd for this purpose include

hydroxyurea, an inhibitor o&f the enzyme . ribonucleotide

reductééé:ﬁéﬁd cytosine arabinoside (Ara C), & cytosine

analog. - .Y

-~
&

4.4 Role-of the epidermis in duct migrailon
. . <

The results presented here show tha§ the epidermis
influences the duct's ability to migrate,. It does not,
however, appear to provide the. guidance mechanlsm for the
duct. Thls conclus:on is based on the fact that changlng the
polart?& of the ep:dermls 6oes not alter the mxgratlon path
of tﬁek duct. However, "'when the polgr:ty of botR the
epidermis and the mesoderm is reve{iig: the‘duﬁt déviates to

follow a very circuitous path to the cloaca (Holtfreter,

T O e T T

proportlon of - cgll§ at métabhase, thereby making~ an
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1944). 'In these experiments, Holfreter cut axolotl ‘embryos.

transversely into an anterior part, containing the

pronephric rudiment, gnd a ‘posterior part, contsining the
(cloaca. - The ]atter portion was allowed to heal to the
anterior pért in reversed D-V orientation. In several of
these embryos the duct continued to migrate beyond the-levgl
of the cut. In such cases, the duct changed its direction of
migration upon entering the "posterior portion an;, headed
dorsally towards the ducf path. Once the ducf reabhedithe
duct _patH, it migrated cgudaliy te the cloaca. These
}esult;, taken together with mine, lead to the conclusian
that although the epidermis can affect'khe duct's ability to
migréte, it 'is the hésoderm that serves to direct duct

migration.

The region of the epidermis which does not support duct

migratigh.is different from that of the lateral mesoderm.
g tﬁ Poole and Steinbefg‘(1982), all of the lateral
mefoderm “anterior to the primary duct inhibits secondary
duct migration. Yéﬁ this same region of the epidermis allows
duct migration, as evidenced byiﬁhe results of the A-P and
the A-P, D-V revérsals done .at the 11 somiQ§ stage. In fact,

my ‘resdlts indicate that pnly~a very localized region of the

epidermis can inhiiZt duct migration. Since the location of

igyé region is age)dependent, 1 have postuiated that this
: /

fegion represents an epidermal wave.
[f my interpretation of the redults of these epidermal

transpléﬁt experiments is correct, then one should be able

S .
i
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to test predictions of the propbéednmodél. For éxample, from
the results collected so far, one could estimate the A-P
position of the epidermal wave ip the doﬁﬁr. One should then
be able to predict where in the host this-wave will contact
the mesoderm and thus, where the duct should stop mlgratlng

Howev?r, there,is_a_problem’wnth testing such predictions
becéuse the epidermis shrinks after dissection to about two
thirds of its original size. Therefore, its A-P axis cannot
be matched very accurately with ‘Ehe host's A-P ;xis.
However, there are several éxperiments tha; one can perform

in order to test my hypothesis. For~ example, if this

proposed wave does exist and moves caudally through the

epidermis, one should. be able to show this by perfoming

"old" to "young" transplants, using different stage embryos
as the epidermis donor. With increasing age of. the

epidermis, the duct of the "young" host should migrate

further.

‘a

',@‘ Alternatively, one could perform additional A-P and D=V

’

reverdals at the 8 somite stage as well as at other stages.
One would predlct that the extent of duct mlgrétlon would be
inversely proportional to the age of the embryo at the time
of tfansplantation.‘ -

One could concelvably get around the problem of
shrinkage by transplant:ng small pieces. of the epidermis
instead. This, way, one could accurately determine the A-P

level from which the epidermis was taken as well as the

level at which the graft is placed. . This would lead to a

Y
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complete map of the areas of the epidermis that contain the-

proposed wave and allow one to determine the spatio-temporal

", relationship between mesodermal and epidermal waves.

Spieth and Keller (1984) reported that the structure of

‘the EQM in white axolotls is abnormal. They proposed that

this abnormality is responsibfe for the inability of the

epiée}mjs to support‘neural crest miération. This leads to
. - ,

'fhe possibility.that the effect of the epidermis on. duct

migration.is in fac;‘due to the EOQ either Broduéed by;the

epidermis oﬁ_Qransplanted along with it. In order to explore

this possibility, one would have to determine which

tissue(s) produce(s) the EOM and whether extracellular

Rl

material is jncldded in epidermis transplants. This can be

accomplished by. performing epidermis transplants between
. 1
embryos radioactively labelied at an early stage with

proline, a major component of collagen, and unlabelled

-
-

embryos. The distribution of the label would be examined
later by autoradiography. .

. ' ';_l", 3

} . S . ‘-,’:'-
4.5 The role.of the ECM in duct migration g

7
THe.spagjo-temboral distributi&h of ECM showed a strong

correlation with duct migration. The average position of the

postefior limit of visible EOM was 1.0 somite widths

- ™

anterior to the last - formed somite. This position does not

correspond to either the post-migration or the segmental

wave but, is intermediate between the two. This means that.

\ -

4
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production of ECM is praobably not related to the
ppét-migration wave., A relationshib to the-segmental wave
cannot be ruled out, however, since it is poésible that the
ECM was not completely preserved. One could explare this
possibility by examining the distribution ﬁore precisely
with antibodies agaiﬁst collagen; a majdr component of the

ECM.

, The next step in. this study'would be to establish

whether the EOM is important for duct migration. The ECM
I

qgu#d_function as a contact guidance mechanism, as shown for
gastrulating cells of A. maculatum (Nakatsuji and Johnson,

l9a&): However, no(aiignment of ECM fibrils was observed in

my study.
A second possibility is that gpecific components of the
ECQM, such as fibronectin or hyaluronic acid, could be

involved in guiding the duct. The role of hyaluronic acid

?

"could be examined by treatment with hyaluronidase. Other
components, such “‘as fibronectin, coulkd be examined
individually with antibodies. LlLabelled antibodies could be
used to detgrmiie the distribution of the component while

,‘monovalent‘anhibodies Eould be‘usea to study the role of the

component. .
D 6; »

’

4.6 Importance of cell surface proteins in-duct migration -°

-~

o ’

. ' N . [

The importance of cell surface proteins in duct

N

migration wae clearly demonstrated by 'the results of the
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tunicamyecin, and trypsin experiments.

,l If my- interpretation of the  tunicamycin effect is
correct, then tunicamycin affects glycoprot?insA that =are
necessary for the change in the lateral ﬁé;odgrma% cells
that makes them a suitaﬂle‘substratmn for duct migfation.
This could, be examined further bf traésplanting secondary
ducts on;o the f;anks of tunicamycin treated embryos. Due to
tﬁe smal l proportion of injectéd embryos that display
abnormaf: duct migratton, additioﬁal experiments are not
feasible unless an alternate method of treating the embryos
is found. One possibilty is to expose- - the mesoderm by
aeeling Back the epidermis. However, this kind of exposure
would bg too short for the drug to' have an effect. One could
}ncrease the length of Exposure by treating with
tunicamyciﬁ-impregnated albumin bgadg. During healing of the
epidermis éome of khese beads would be trapped between the
mesoderm and the.epidermis; the drug would gradually leach
out, thus resulting in longer exposure: This method has
previously been .qsed to study the effect of long-term
exposure to injected hormones (Lee et al., 198l).

1f an apgropriate treatment could be foung, it would be
interesting to examine £he effects of tuhidg;ycin on the
othér procesées shown in this thesis to be spatib;temporally
related to duct mibratibn. For egample, do the shape bhanges 
in the iéte}al mesoderm still takeﬂplace after tuniqamfcin
treatm;ht? -lé ECM produdtion”and distribution altered? In

addition, one could examihe the effect of tunicamycin in



. 135

combination with épidermis transplants.

Since tuhicamycin inhibits glycosylation, one might be
tempted to conclude that it is the carbohydrate moiety that
is important. HoweQer, absence of the carbohydrate moiety
has been shown to lead to increased protéﬁlysis of the naked
protein core (Overton, l982). Overton found that. desmosoms
formation was inhibited in the presence of tuni _myc'n.
However, no inhibit{on was observed when the protease
inhibitor leupeptin was present during treatment. Therefore,
it is pre-mature at this time to speculate about the
relative importance of the carbohydrate and protein
components in duct migration.

This questfon could Se examined by injecting leupeptin
along with tuhicamycin. [f such experiments wére to show
that the carbohydrate_mofety is of prime importance, then
one could examine this further through the use of lectjns.

| [f my interpretation of the tunieam;cin effect is
correct, then the glycoprotein profile of the lateral
mesodermal cells posterior to the duct should differ from

those anterior to the duct. These dtfferences could be

,il“

examined by gel electrophoresis.

The resu!ts of the trypsln experlments demonstrated the
presence of a pre-segmental wave of trypsin sensitivily that
travels caudally through the embryonlc mesoderm in ggtdnce
of segmentatlon. This is 31m|lar to the wave of heat shock
sen31t|v1tﬂ’%escrlbed by Elsdale et al (1976) in Xenupus.

They found that heat shocks dellverpd just prior to or

\
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during somfte segmentation led to abndrmalities in somites
formed several hours after the treatﬁent. Pearéon and
Elsdéle'(l979) suggested that heét shock acts by disrupting
intercellular coordination. If one assumes that the trypsin
"sensitive target is =& ce{! su}féce protein, then this
protein may be  Tequired - for ﬁu?h coordinapion. " These
protein$ éould either be glycoproteins.or protéoglycans that
form an integral part of the‘cellvmembrane d; ECM.

Unlike somite seghentation, duct migration_ appeared
;;rmal when calcium was present during the treatment.” This
suggests that the protein(s) required for duct migration are
different from those required for normal segmentation,
though their synthesis is temporally coordinated. However,
one cannot exclude the possib%iityl that both processes
require different portjuns‘of the same protein(s). In this
case, the portion required for segmentation would be cleaved
independentiy of calcium whereas | that required for
pronephric duct migration would be susceptible to cleavage
only in the absence of calcium. There is good precedent for
thislmodel in the behaviour of uvomo?ulin, a cell surface
glycoprotein involved in cell-cell adhesion Between mouse
blastomeres (Hyafil eta a]., 1981). In the presence ‘of
calcium, - therer is only a single tryptic cleavage of the
protein, "'while in its absence more extensive proteolysfﬁ
dccuys.‘ Hy;ffl et al. (l9Bl)lpresented evidence that this

differential sensifivity is due to a -calcium induced

.conformational change.
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From these experiments, | was unable ﬁo_determine
whether the width .of the‘trypsin sensitive region*of the
duct path is the same as that of the somitic mesoderm.
Grafts of normal ducts 6nto frypsin, treated flanks will
enable one to map out the trypsin sensitive region of the
duct path as well as the rest of the iateral mesoderm,

The finding that duct migration is affected only in the

¢ o ‘ .

absence of galcium could prove useful in attempts to igolate

proteins required gor duct migrétion.-Pre-treatment of cells

with trypsin i: the presence of calcium would remove manf

background proteins. Isolétion of the remaining cell surface

proteins and'suﬁsequent identification of proteins that are

degraded by trypsin in the absence of éalcium could provide

the first step towards purificatioq of the protein(s) of

interest. This is similar to the approdach used by Yoshida

° “and Takeichi (1982) ‘ to identify a2 cell surface protein

. involved in-calcium dependgnt,aggregation of teratocarcinoma
celfs. S ' \ﬁ\

The 'effectsh of trypsin differ from tﬁoée of
tu&icamycih; iin the latter, the duct deviaées laterally'
before miggation is arrested. .Tdne could imagine that
tunicamycin inhibﬁis synthesis uf‘éeli surface pfptejds that
éfe necessary for the lateral mesodermal cel}s to respond to
a morphogenetic, cue, whereas trypsinm is destroying celf
'surface proteins produced in response to this cue. Thus, the

* tgrget proteins would be different in each cqse; This-could'
? ' ) .

s either be due to the difference in the stages at which the.

S
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embryos were treated, ar to the dif}erenoe in the mode of
action. Both glycoproteins and _ proteogﬁyoans will be
digested by trypsin, where ss the synthesis of most
proteoglycans will be unaffected by tunicamycin since the

majority of the carbohydrates in these macromolecules are

O-1linked (Roden, 198Q0).
4.7 SUMMARY: MORPHOGENETIC WAVES

The work presented inrﬁhis thesis>psovides evidence 4or
two waves of “change that pas%ﬁyhrough the mesoderm in a
craniocaudal sequence. | These are different fsom _thatﬂ
described previously by Poole and Steinberg' (1582) who
presented evidence for a wave that pssses'thsough the embryo-
just behind the migréting ‘duct.  Their wave results in
1nab|l|ty of the latepal mesoderm to support secondary duct
mlgratlon. This post-migration wave defines the_an{erlor
boundary of active mesooerm.

The sesults of the secondsry duct transplants presented
in section 3.2.1. 1 prov1de .evidence for a posterior boundary‘
to the active mesoderm tbat moves pasterioarly spproXnmste[y
two somites ahead of ‘the. post-migration wave, positioning
this boundary immediately posterior to lthe' last forméd
somite. This boundary;.or wavefront, represent's a:ohange"
ohat takes place in the lateral mesodegm that is a2
pre-reouisite _for duct migration. This wave must pass.

through both the lateral® and somitic medloderm since

.,
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secdndéry dUéts would not migrate over any part of thé
posterior mesoderm. ~Due tb its position in the mesoderm, 1
have named tgig wave_thelsggm;ntatlon wave. |

" The presence of anothef>wave that passes through the
emero in a'craniocaudai sequence was brought into evidence
by the results of the trypsin experiments. This wave passes
through the mesoderm 3.5 saomite wadths ahead. of the
segmentation wave described ébuVe.‘,This'pra-ségmental wave
is not onlylrequired fo; duct_migration, but also.for a

normal segmentation pattern. -

Tﬁus, we have three waves, - post-migration, a

segmentation and a pre-segmental wave, separated. in space.

and time. These could represent three totally independent

events. Alternatively, all of these waves could be the

result of a multi-step besponse triggered by some other.
proceﬁs.. The first step wpuld- involve, the production of
trypsin-sensitive cell %urface proteins tﬁat are necessafy
for the sLtting_up of a normal segmentqtiéﬁipattern éﬁd duct
migration.. This would be followed by cellular changes that
result directly in‘pegmentatign in thé soﬁitic mesoderm and
ability to support migration in the lateral mesoderm.

Pinéle, the cells of the lateral mesoderm undergo a change

such fhat they lose theirmability to support duct migrat.jon. ..

v

Thus, each mesodermal cell would undergo a smooth successgion

: ?
. .
’ ~

. &
of changes as a result of a single trigger.
o ro . .
The ‘shape of the waefrontS‘is not known; however,

indirect evidence from the secondary duct transplants

) ' VAR
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suggests that the post-migration wavefront is not parallel
to the D-V axis, buF at 3141° angle to it. This is the same
angle\as that between the wavefront of lateral mesoderﬁal
shap% change§ and the D-V axis. In addition, the
spatio-temporal pattern of shépe changes coincides with that
of the post-migratien wave, thus suggesting that the two.
result from the same morphogenetip pracess.

The evidence presented in this thesks suggests that a
wave als; passes through ‘the epiaermis in a craniocaudal
direction. This epidermal . wave does not appear to be
ditectly involved in éufaing duct ‘migration, but it can
inhibit migration. More information is required before tﬁe
relationship between'epidermal and mesodermal waves can be
determined. It is poésque that the twor are causally
related;‘fof exmnple; tHe é;iéermal wave could represent the
trigger mentioned above.

ECM production proceedea craniocaudally in anance of
du migration, Althouéh the position of the posterior limit
of visiblé ECM suggested a.poss}ble ragle in duct migration,
its spatio-temporal pattern did not correspond to any of the
mesodermal waves and its relationship to the epidermal wave
remains to be. determined.

Although the biochemical nature of the duct gquidance
mechanism is unknown, ‘the results presented hére have
demonstrated the importance _of” a group of cell surface
proteins; located in the ECM or cell membrane, for duct
migratiaon and have opened the door to biochgmical analysis
of‘these proteins.

-
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