4

(A) 8-cell stage

vet undi-
omplete
h side had
8.)

. Bature was further constricted tg ¢
the separation of the two halves, (C) After 14 days, eac
developed into a normal embryo. (After Spemann 193

%pemann: Inductive interactions in
regulative development

Amphibian axis formation combiries autonomous specifi-
cation (mosaic development) and conditional specification
(regulative development). The requirement for inductive
interactions was demonstrated in Hans Spemann’s labo-
ratory at the University of Freiburg (see Hamburger 1988;
De Robertis and Aréchaga 2001; Sander and Fassler 2001).
Experiments by Spemann and his students framed the
questions that experimental embryologists asked for most
of the twentieth century and resulted in a Nobel Prize for
Spemann in 1935. In recent times, the ongoing saga of dis-
covery in identifying the molecules associated with 'che.se
inductive processes has provided some of the most excit-
ing moments in contemporary science. \
The experiment that began this research program was
performed in 1903, when Spemann demonstrated that
early newt blastomeres have identical nuclei, L"d?h C“]fa"]e
of producing an entire larya. His PJ'(?CL‘d ure wa§ Ht;g"t‘)‘“l;“?;
Shortly after fertilizing a newt egg, b_pem:mn useda (:ryt
hair (taken from his infant daughter) to “lasso” 11%1—'%‘%]8
in the plane of the first cleavage. He lh?" P arflta) ry=m(')1in
stricted the egg, causing all the nuclear divisions :c B l;te
on one side of the constriction. Eventually —om‘n ai pla
as the 16-cell stage—a nucleus would escape ar(m;;hen
constriction into the non—nucleath side. UL"I‘I‘ [‘lg:” i
begén on this side too, whereupon bliaefn.um ll%l]t(:ijt i
lasso until the two halves were comp 'lcl,cl{\ \b;{ilc; tthalu the
larvae developed, one slightly W.l]()rjeﬁ from this ex peri-
other (Figure 7.14). Spemann conc L.lLre enetically icent:
ment that early amphibian nuclei were g :

iving rise to an entire
apable of giving
cal and that each cell was ca
Organism.

X7 Why should these fwo ex eriments give different
results? One possibility was that when e egg was divid-

rescent was essential for proper embryonic develop
W)

ST RSPHIBIANS AND st 953

1 .

90-

Howeve i

owever, when Spemann performed a similar experi-

n!ent with the constriction still longitudinal, byt
dicular to the plammfgﬂ?m separating the
future dorsal and venra] Tegions rather than the right and
left sides), he obtained a different result altogether. The
nuclei continued to divide on both sides of the constric-
tion, but only one”side—the future dorsal side of the
embryo—gave rise to 2 pormal farva. The other side pro-
 /duced an unorganized tissue mass of ventral cells, which
Spemann called the Bauchstiick—the belly piece. This tis-
sue mass was a ball'of epidermal cells (ectoderm) confain. Wl
ing blood and mesenchyme (mesoderm) and gut coll '

e ———

(endoderm), but it contained ne dorsal structures such a5

Tnervous system, notochord, or somites -

ed perpendicular to the first cleavage plane, some eytoplas-
mic substance was not equally distributed info the fwo
halves. Fortunately, the salamander ege was a 200d place

~fo test that hypothiesis. As we saw earlier in this chapter,
there age dramatic movements in the cytoplasm following
the fer@%mm
ians these movements expose a gray, crescent-shaped area
M@ﬂme region directly opposite the point of
sperm entry (see Figure 7.TD). The first cleavage plane nor-
mally splits this gray crescent equally between the two
blastomeres. If these cells are then separated, fwo complete
larvae develop (Figure 7.15A). However, \-lmuhlj this cleav-
age plane be aberrant (either in the rare natural event or in
an experimen(), the gray crescent material passes into only
one of the two blastomeras. Spemann’s work revealed that
when two blastomeres are separated such that only one of
the two cells contains the crescent, only the blastomere ]L‘a.anl—
taining the gray crescent develops nor m,ﬁ“f\ “HUW ’
It appeared, then, that something in the region of the gra!

TOMNIE

B P ki e ALV, AL e

[ i / yrmal devel-
how did it function? What role did it play in n¢ mal d H
opment? The most important clue came from fate map
ch showed that the gray crescent reﬁim gives L
: for 2 sal lip of the blastopore. 1he
ose cells that form the Ll'Ul'fulJ ILF;—_’__. (','“.,ij S
orsal lip cells are committed fo invaginate Intc

e he, j
] S i of the hea
initiati tion 1Ild [ht’ IOHHLUIU o
tulﬂ, mltIJl’lr{g gd_tfllhl 10N &

°CaUs uture amphib-
endomesoderm and notochord. Because all future amj

interaction of cells that
ian development depends on the interactior

TR\ T LT T
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»

(B)

First cleavage

Gray crescent

Separation of
blastomeres and
development

Normal
development

Normal
development

development

are rearranged during gastrulation, Spemann speculated
that the importance of the gray crescent il lies in i
ability to initiate gastrulation, and that crucial changes in
cell potency occur during gastrulation. In 1918, he per-
formed experiments that showed both statements to be
e. He found that the cells of the early gastrula were
/Zcommitted, but that the fates of lafe gastrula cells were
_defermined.
[ Spemann’s demonstration involved exchanging tissues
between the gastrulae of two species of newts whose

y I

M

%15 Asymmetry in the amphibian egg, (A) When the

egg Is divided along the plane 0 BE IO two blas.
tomeres, each of which gets half of the gray crescent, e, experi
mental y separated cell develops into a normal embryo. (g, Whe
only ore of the two blastomeres receives the entire gray crec,,
it alone forms a normal embryo. The other blastomere prody .
a mass of unorganized tissue lacking dorsal structures, (Afie,
Spemann 1938,)

embryos were differently pigmented—the darkly pio;r...
ed Triturus taeniatus and the nonpigmented T 7.7,/
When a region of prospective epidermal cells from ap, ..
gastrula of one species was transplanted into an area |1,
early gastrula of the other species and placed in 2 1oy,
where neural tissue normally formed, the transplan:
cells gave rise to neural tissue. When prospective re -,
tissue from early gastrulae was transplanted to the reo
fated to become belly skin, the neural tissue became ..
dermal (Figure 7.16A; Table 7.1). Thus, cells of the o0 .
newt gastrula exhibit conditional (ie., regulative
dependent) development because their ultimate a:
depends on their location in the embryo.

However, when the same interspecies transplantation
experiments were performed on lafe gastrulae, Speman:
obtained completely different results. Rather than differ
entiating in accordance with their new location, the ran:-
planted cells exhibited aufonomous (independent, or mosa-
ic) development (see The introduction to Part []
IM was determined, and the cells de
indepandently of their new embryonic location Sp
ly, prospective neural cells now developed into b
sue even when placed in the region of prospecti
mis (Figure 7.16B), and prospective epidermis forn
even in the region of the prospective neural tub:
the time separating early and late gastrulation, th:
cies of these groups of cells had become restricted
eventual paths of differentiation. Something was

TABLE 7.1 Resulls of {issue transplantation during early- and I.ilr-gdsirul.l stages in the newl

2 ! Difft:rgiitiod

Donor region Host region of dunor tissue Eoneliision

EARLY GASTRULA . :

Prospective neurons Prospective epidermis Epi¢ ermis Conditional development

Prospective epidermis Prospective neurons Neu-ons Conditional developmen!

LATE GASTRULA |

Prospective neurons Prospective epidermis Neurons Autonomous developmen!
(determined)

Prospective epidermis Prospective neurons Epicermis Autonomous development
(determined) .-
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“lnsplantatiop in early Bastryly

Presumptive
neural ectoderm

Jt/V'U'E.
o

PrES\.lmpn'vE

f vidern
W

Newrg) plate
— \§
\ § iV
Epidernsjs
forms
(B) Transplantation in late gastrylq
Presumptive
neural ectoderm Presumptive
epidermis
Neural plate

=

2\ i
‘L :‘i‘?l- -

Neural plate
tissue forms

%16 Determination of ectoderm during newt gastrula-

tion. Presumptive neural ectoderm from one newt embryo is
transplanted into a region in another embryo that normally
becomes epidermis. (A) When the tissues are transferred betw:en
early gastrulae, the presumptive neural tissue develops into epi-
dermis, and only one neural plate is seen. (B) When the same
experiment is performed using late-gastrula tissues, the presump-
five neural cells form neural tissue, thereby causing two neura.
plates toform on the host. (After Saxén and Toivonen 1962.)

them to become committed to epidermal and neural fates.
What was happening?

Hans Spemann and Hilde Mangold:

Primary embryonic induction e
L YR ; i ts wer

Thi xperimen
!! € most spectacular transplantahon ex]; il They

« published by Spemann af‘d Hilc-iE Mimaa(r)} ; gastrula, only
- showed that, of all the tissues in the € d) This self-dzter-
one has its fate autonomously determinec. =: —fhe s

astopore
mining tissue is the dorsal Lip of the bldbllﬁ;?;i) Trehis
sue derived from the gray crescent ¢ Lqpeast

e

924, v'hen

. dentind
*Hilde Proescholdt Mangold died in a tragic ’aClledﬁL i?c;rs e |
her kitchen's gasoline heater exp]oded. Sbe was . the very few doc-
her paper was just being published. Hfr.s 18 le::d i the awarding of

th i S

theses that have directly I€= old, her
mbﬂl’ﬂuin :jOIDSZre information about Hilde Iﬁ;‘gﬁ gee Ham-
fimes, and the :;:;imems that identified the O75%

73 £ . :

- 1olA

and
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ansplan
Tegion of mompsn:‘;dhl::or&" Presumptive bg]]y skin

sal blagt, ' ik g |
] znp:‘: llri& but also initiated mhhﬂob:m
ag(a'in us:ua ﬂie: E!mmm mfbl ’ l %M Mmmld g
laeniatug ang 1 cr;::?my 0 ey conlg s M
donor tgg i

could identify hogt
ues on the b, and
anearly T, taeniafyys sis of color, When the dorsal lip of

nto the region of an ear|
it
oo e '
Vaginated just as it would normall'y have done (show-
fmination) and disappeared beneath the veg-
: *17A). The pigmented donor tigsi
continued to self-differentiategilnnto the chmdaruesodermm
(notochord
ord) and other medodertnal structures that normal-
ly form fr ip (F g
i om the dorsal lip (Figure 7.178). As the donor-
enve§ mesodermal cells moved forward, host cells began
to participate in the production of a new embryo, becomin
organs that 1l ' -
: normally they never would have formed. I
this secondary embryo, a somite could be seen containing
both pigmented (donor) and unpigmented (host) tisste.
Even more spectacularly, the dorsal Tip cells were able to
Interact with the host tissues to form a complete neural
plate from host ectoderm. Eventually, a secondary embryo
formed, conjoined face to face with its host (Figure 7.17C).
The results of these technically difficulf experiments have
been confirmed many times and in many amphibian
species, including Xenopus (Figure 7.170; Capuron 1968;
Smith and Slack 1983; Recanzone and Harris 1985).

See WEBSITE 7.3 Pay s o aygs
pemann, Mangold, and the organizer A ¥ MatHa. v
NN

5pemann referred to the dorsal lip cells and their deriv- hasal
atives (notochord and head enc;@e\sg_dﬁm) as the organ-
izer because (¥ Tley induced the host's venfral fissues fo
change their fates to form a neural tube and dorsal m;sg-
dermal tissue (such as somites), and (2y'they oyga:uzed ost
and donor tissues into a secondary embryo with degr ‘.u;n;
rior-posterior and dorsal-ventral axes) Hepm[i::._tx L';V
during normal development, thesé C'.Eub ‘org rh‘: rl
dorsal ectoderm into neural Fube Lmd p’auin]}i!i\ “v‘-\
ing mesoderm into the antenor-po:tgljmlr ;\\, {t, \‘A: o
mann 1938). 1t is now kno\gn Qﬁ.g&ldix ! ! gk
and his students) that the Lntffqullxj{\ L'rl“ﬁw‘ et
derm and ectoderm i:' not sufficient .m \ x::x‘. .} f
embryo Rather, it initiates a seruﬁ Tllj‘tkl —
events Because there are “,Lm’u‘{»t 1@;‘; .
— onic development, this key Inducst
embryc umlﬂsjﬁf“i-‘”‘m‘“ the dorsdl

O ’\.)n\' UtL 'l 3 wllod the rimar
l };11 tll[’k“ i"‘ tl'd\.ll(lUl‘m“j, L\.‘IL a d }
NneLrs } 5 )

i induction.)

embryon-

N

B 1\ r YLCKE ¢ C s det -H:‘.::U
. has been a soL pobisin S
"This classical term AT o
n of the neural tube DY e

ductive process .

hdtp!uedulhn pn

inductio :
ered the first in
inductive events t

in the e
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5 oo

Presumptive
notochord

Presumptive

Somite
Neural tube —
Notochord

%ular Mechanisms of Amphibian

Axis Formation

g, The experiments of Spemann and Mangold showed that
; the dorsal lip of the blastopore, along with the do 50-
erm and pharyngeal endoderm that form from it, consti-
tuted an “organizer” able to instruct the formation of

P [ embryonic axes. But the mechanisms by which the organ-
i7er itself was constructed and through which it operated
g \l remained a mystery. Indeed, it is said €hat Spemann and
Mangold's landmark paper posed mofe questions than it
answered. Among those questions were:

« How did the organizer get its properties? What caused
the dorsal blastopore lip to differ from any other region

of the embryo?

Lumen o’ gut

%-17 nqwrﬂfiwwulm
axls by dorsal BTRSOpoTe 1T T550E. 74 17 ¢,
rann and Mangold’s 1924 experiments
ized the process by using differently pigr,.
newt embryos. (A) Dorsal lip tissue from | ‘
early . taeniatus gastrula is transplanted | ‘
T eristatus gastrula in the region that noy, -
becomes ventral epidermis. (8) The donor (..
invaginates and forms a second archertero, ,
and then a second embryonic axis, Both do,, |

Primary

blastoore endoderm epidermis invagination  and host tissues are seen in the new reur,|
lip ) tube, notochord, and somites, (C) Fyentu,l, .
second embryo forms joined to the host. 1)
s Live lwinr!ed Xenopus larvae generated by
secondary structures Primary structures transplanting a dorsal blastopore lip into the
ventral region of an early-gastrula host eri

(E) Similar twinned larvae are seen from b
and stained for notachord; the original 4
ondary notochords can be seen. (A-C i
Hamburger. 1988; D,E photographs by A
courtesy of R. Harland.)

Notochord

» What factors were being secreted from the 01
cawsie the formation of the neural tube ancl t
anterior-posterior, dorsal-ventral, and left-rig

* How did the different parts of the neu ral tul
established, with the most anterior beconminy
ry crgans and forebrain, and the most poste!
ing spinal cord?

Sp2mann and Mangold's description 0f the o
was tae starting point of one of the first truly "
al scicntific research programs: the search for th
er molecules, Researchers from Britain, Germany: -
the United States, Belgium, Finland, Japan, and the K
Soviet Union all tried to find these remarkable su>>"
(see Gilbert and Saxén 1993). R, G, Harrison referred !
amplibian gastrula as the “new Yukon t which 5, !

ers were now rushing to dig for gold around the bla*"

A
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pore” (see Twitty 19¢ '
. 6, P-39
gﬁxd: ﬁiﬁi&""“ Proved tog'b$m°"“"“t°‘
OVed. The profejng o 11 10 une
present in concentratj, Ponsible o,

ns
ses, and the large quantﬁot(;, sz}

amphibian egg further jy, 4

terfe i

(Gm 1.997). The analysjs nfmd G

\frmt until recombinany DN

tigators to make cDN A

and to see which of th
dorsalize the embryo, Toq

| up each of the above fq 3 however, x i

m

OrBanizer molgey,)

% does the organizer form?

Why are the dozen or 5o initial cells of the or

tioned opposite the point of s
: ‘ Perm entry, and wh >
un;mes their fate so early? Recent evidence pro:itd' iezl:f'
ﬂgha(pemdt = tanswsar: these cells are in the 1 ht place at thI;
‘ ' » at a point where two signals converge. The firg
signal tells the cells that they are dorsal. The seong &t
says that they are mesoderr

WEBSITE 7.4
e molecular biology of organizer formation

Vq( VA
E DORSAL SIGNAL: B__-qgg_w It turns out that one of the
reasons the organizer cells are special is that these rieso-
dermal cells reside above a special group of vegetal cells.
One of the major clues in determining how the dorsal
blastopore lip obtained its properties came from the exper-
| iments of Pieter Nieuwkoop (1969, 1973, 1977) and O.;amu
5 Nak.a.muram showed that the organizer
L 3 Teceives its properties from the ectoderm beneath it. ‘
| & 90" {Nakamura and Takasaki (1970) showed that the meso-
e ‘-fderm anises from the marginal (equatorial) cells at the bor-
" derbetween the animal and vegetal poles. The Nakanura
_{”’_&, ' and Nieuwkoop laboratories then demonstrated that the
“"""'_‘;‘l _ " properties of this newly formed mesoderm were induced
“1", by the vegetal (presumptive endoderm] cells under.ying
71"« them, Nieuwkoop removed the equatorial cells (i.e., pre
sumptive mesoderm) from a blastula and showed that nei-
}; ther the animal cap (presumptive ectoderm) nor the \ ggui
tal cap (Pmmpﬁve endoderm) pmdLIC(’d any mv:-‘u)d(-‘mm
tissue, However, when the two caps were recombined, ihe
animal cap cells were induced to form mesodermal sTuc
tures such as notochord, muscles, kidney C_e“:' af.")inb ‘;:k:_d
cells (Fig 18)) The olarity of this induction {1
Whether tltj\::ea;j::;l c?lls Ec)) dorsal mesoderm of il
tral mesoderm) depended on whether the EIIdLId]t‘;"]‘}%%f
(vegetal) fragment was taken from the dorsal or be ; T
side; ventral and Jateral vegetal cells (tho l- chmerLtlt: % ?:Ti
ofs i < ventral (mesenchyme, DIOC=US k
it ney o, Wl the dorsloes!

(sonutes
etal cells specified dorsa —

Banizer posi-

¥

5 components 1508
] mesoderm “Fihe

- x >riies
notochord)—including those having e n; :;I>lltilatlllal,
01| ganizer.é'hese dorsalmost \’%E_EEEEU_SE,_;;;—‘

- o \ "':Y

W, e

calleq o
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s
! .
7

me_s_ap_ab
i

le of inducing th : '
th N euwk the or, T, h-ave

center was d :

U S em

JZI 8 elt:: %ot }‘: !l lantahu onatrated‘m the Xeno-
: s \alm an tion =

1984; Gimlich, 1985, 1986) ol o

performed an experiment
n 91_;16 Mangold studies, -y

::eymdearl except that
._e..Whﬂl ﬁiey tm!spianbed the domgﬁm

(A)

Mesoderm-inducing signals

RGURE7.18  Summary of experiments by Nieuwkaoop an

Lo
INdKdITiuid

falendoderm. (A) Isofated animal cap ¢

ated eclodeln

; i
animal cap cells are ¢
animal cells
n L" l‘\':r.‘\ Ne

NEeX \L”

released thr

andl Takasaki, shOwing

cells | 3
§ t organizer i
¢ formation of the,opemant ©

N Animal ——»
cap cells
Marginal

—— (equatori =
(umtora) — [V

Vgl —— (i)

) ) ™ Animal cap (presumptive
ectoderm) is converted to

Viesoddea
by factors released from vegetal cells

Dorsal mesoderm-inducing
signals

N hy

™~ Nieuwkoop center ( £ Gt

1 OV

- - .
r mesogermal INAUCHOn O
glls become a ma

§ al zone) cells bécome
Is0ialed u.iLithH (marginal zone) el ,U_.ln‘wt.

mesoderm, and isolated vegetal cells generate gutlik !
ombined with vegetal cap cells, many ot the
lssue Yimpiilied mades for
generate mesodermal USSUg. (L) Al .\
g A vent signal iy a
tion 1n \enopus. A ventral SIgn
I a H
L M=l \ i ) ]
of signals from activin-like I+ "
.I { ( L \7‘ 114
gughout the ‘.L-j%l:u:\ eglol s
al cells to Reconi S00E ne aors
L Ol §§ d Signd released
ROINL U 34 '8
L enter. This dorsal 518 1
ne NieywkouUf L=
SR the aver
192

CUSSE { ‘J"L'

jinal zone cells The pur:-)bh: genl
margin LOIK { R
¢ in this chapter. (C after Ue
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\;450'\
waﬁk\m LM\C[
A) NORMAL  NORMAL (B)
~ DONOR  RECIPIENT

i {New gastrulation

‘|site and body
AGOREZ19 T
xjﬁ‘mmﬂ

axis form

lantation and recombination experiments

demonstrate that the vegetal cells underly-
ing the prospective dorsal blastopore lip region are responsible for
initiating gastrulation. (A) Formation of a new gastrulation site and
body axis by the transplantation of the most dorsal vegetal cells of
2 64-cell embryo into the ventralmost vegetal region of another
. €mbryo. (B) The regional specificity of mesoderm induction

demonstrated by recombining blastomeres of 32-cell Xenopus

embryos. Animal pole cells were labeled with Tluorescent poly-
mers 5o their descendants could Be idethtified, then combined
with individual vegetal blastomeres, The inductions resulting from
these recombinations are summarized at the fight. D1, the dor-
salmost vegetal blastomere, was the most likely to induce the ani-
mal pole cells to form dorsal mesoderm. These dorsalmost vegetal

cells constitute the Nieuwkoop center, (A after Gimlich and Cer-
hart 1984; B after Dale and Slack 1987,

-

tomere from one blastula into the ventral vegetal side of
another blastula, two embryonic axes formed (Figure
7.19A). Second, Dale and Slack (1987) recombined single
vegetal blastomeres from a 32-cell Xenopus embryo with
the uppermost animal tier of a fluorescently I‘:al;elgd

embryo of the same stage. The dorsalmost vegetal ¢éll, as
expected, induced the animal pole cells to become dorsal

mesoderm. The remaining vegetal cells usually induced
the arimal cells to produce e'xt\\erl intermediate or v : al
Qesodermé'.f tissues (Figure 7.19B). Holowacz and Elinson
(1993) found that cortical cytoplasm from the dorsal veg-
etal cells of the 16-cell Xenopus embryo was able to induce

YR %

od,

ok I,\}H)

‘Rf_mmb‘l nati o '@ﬂwj

Percentage of tota inductio,

Dorsal | Intermediae

Animal
pole

11 61 %

5 45 50
{

16 42 ‘

. ‘.—) Nl( J-,:;
Dordoal  mosk "”&ﬂ}d Pl

the formation of secondary axes when injected into ven-
vegetal cells. Thus, dorsal vegetal cells can induce an-

al cells to bmomd*e@igs@
~50 one important question became, What gives the d
salmost vegetal cells their special properties? The m
andidate for the factor that forms the Nieuwkoop cente
in these vegetal cells is E-catenin, a multifunctional p
tein that can act as an anchor for cell membrane cadher
(see Chapter 3) or as a nucTe_ar_Eaimcﬂption factor (induce
by the Wnt pathway). As we saw in Chapter 3, §-cate"
is responsible for specifying the micromeres of the -
urchin embryo. B-Catenin is a key player in the forma

of the dorsal tissues, and experimental depletion of
molec 1le results frrthe lack of dorsal structures (Heasma
et al. ]994\%:&, injection of exogenous [-catt
into the ventral side of an embryo produces a second
_axis (Funayama et al, 1995; Guger and Gumbiner .l 995
ﬁ{euopus embryos’,_@-gajgnun is initially synthes!

roughout the embiyo from maternal mRNA (Yost ¢!

1996; Larabell ¢t al;1997), 1t begins to accumulate in !
dorsal region of the egg during the cytoplasmic o
ments of fertilization and continues to accumulate prv!
entially at the dorsal side throughout early cleavage. |
accumulation is seen in the nuclei of the dorsal cclls 2
appeass to cover both the Nieuwkoop center and \jrﬁ_ﬂ‘

ex regions (Figure 7.20; Schneid@r et al. 1996; Larabell ¢t ¢
1——3‘

997). _7
\Avf fr-catenin s originally found throughout the embry

how oes it beco localized specifically to the side OpPY"
wo  Whiln g i o pn il

fwto Vmdval ek o Glta 7 K

P
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dovsdal Ynernoden m .

(C)

Q‘ja

FIGURE 7.20  Role of Wnt pathway proteins in dorsal-ventral axis specification.

o)
Vil

sife sperm entry? The answer appears to reside in the
translocation of Wnt11 and the Disheveled (Dsh) prctein
from the vegetal pole to the dorsal side of the egg during
fertilization. From research done on the Wnt pathway. we
have learned that fi-catenin is targeted for destruction by
glycogen synthase kinase 3 (GSK3; sec Chapter 3). Ind ed,
activated GSK3 destroys f-catenin and blocks axis forma
tion when added to the egg, and if endogenous GSK3 is
knocked out by a dominant negative form of GSK3 in the
ventral cells of the early ﬂﬁ%ﬂ"“. a second axis forms isee
Figure 7.21F; He et al. 1995; Pierce and Kimelman 1995;
Yost et al. 1996).

GSK3 can be inactivated by the GSK3-binding protein

(GBP) and Disheveled. These two proteins release G5K3
“Um the degrada[idn C(')rnpllf"-‘ L”\d Prl".'t‘l]t 1t frrom ['hlllJ
ing B-catenin and targeting it for destruction. During the

first cell cycle, when the micyotubules form parallel tracts
¥ - Hu}u.‘ the

in the vegetal portion of the egg, GBP travels

e 2 1) - > . y \T
microtubules by binding to kinesin, an ATlPase moto

tein that travels on microtubules. Kinesin always migrates
. 1hules. and 1n this

toward the growing end of the microfubules, and t

case, that means moving to the point opposite Spern €1

. % 2 = - isheve ti
Le, the future dorsal side (I igure 7 21A=C). Dishe nE
o=abDs

which is origially found in the vegetal pole cortex, 57
onto the GPB, and it too becomes translocated along ﬂ;
’ 1 A Q- loaver el al.
microtubular monorail (Miller'et al. 1999; Weaver jent-
2003), The cortical rotation is probably imporiantin Ot

\A-D) Lilferential translocation of -catenin into Xenopus blastomere nuclei. (A)
Early 2-vell stage, showing B-catenin (orange) predominantly at the dorsal surface. (B)
Presumptive dorsal side of a blastula stained for B-catenin shows nuclear localization.
(C) Suck; nuclear localization is not seen on the ventral side of the same embryo. (D)
B-Catenin dorsal localization persists through the gastrula stage. (A,D courtesy of R. T.
Maon; B,C from Schneider et al. 1996, courtesy pf P. Hausen.)

ing and straightening the microtubular array and in main-
taining the direction of transport when the kinesin com-
plexes occasionally jump the track (Weaver and Kimelman
2004). Once at the site opposite the point of sperm entry,
GBP and Dsh are released from the microtubles. Here, on
the future dorsal side of the embryo, they inactivate GSK3,
allowing B-catenin to accumulate on the dorsal side while
ventral P-catenin is degraded (Figure 7.21D;E).

But the mere translocation of these proteins to the dor-
sal side of the embryo does not seem to be sufficient for pro-
tecting f-catenin. It appears that a Wnt paracrine factor has
to be secreted thege to activate the B-catenin protection path-
way; this is accomplished b_\"_il)-tj 1 (see Figure 7.21). If
Wnt11 synthesis is suppressed (by the injection of ntisense
Wntll u-liiglgilrui(k{-nlidca into the oocytes), the organizer fails
to form (Tao et al. 2005). Wnt1l mRNA is localized to the
vegetal cortex during g8Fenesis and is thought to be

translocated to the future dorsal portion of the embryo by

the cortical totation of the egg cyfoplasm. Here it 1s trans
lated intd a protein that becomes concentrated in and secret-
ed on the dorsal side of thé embryo (Ku and Melton 1993
Sehroeder et al. 1999; White and Heasman 2005
[hus, during first cleavage, GBF, Dsh, and Wntll are
brought into the future dorsal section of the embryo, Hert
t,H[-‘I\mJ Dsh can initiate the inactiv SK3 and the
consequent protection of p-catenin
tabilizes GBP and Dsh and « teg
vtenin. The B-catenin transc ) ale
th other transcription fact ¢ (
fies. [t 1 LI-\-"“IE!‘,‘.‘t bine with a
ubiquitous transcription fa t wn as Tef3 erting
the Tcf3 repressor into an activator of transcription Expres
\‘m;..w a JZ.;J[JI'E form of TeF3 (one that Tacks the p-catenin
mat et iR embryos witl lorsal struc
binding domatnyrest 51N emb! _t_ td e

tures (Molenaar et al. 1996),
Lz 2 e
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(A) Fertilization

Sperm

Dishevelled”
protein (Dsh) l

(R) Cortical rotation

skablirds  p-Cfowen (o2

|

3r.

Hub O W(’Qﬂ [f);') OOLU(/P'“ '”U’ D¢

o (F)

Slow transport by
cortical rtyalltm

T

Fust transport
on mlcru!ubnlu\

B

S———

')

FC)/DorsaJ enrichment
of Dsh and GBP

W{rsal iuhibition

of GSK3

degraded  « ™2

(E) Dorsal enrichment
of f-catenin

No B-catenin
in ventral nuclei

B-catenin /&‘__J

Fo Inner L\
p! | cytoplasm :
b |
\ GBP Dsh
N s 7 Whnt 11
; esin mRNA
Microtabules

J r\} : Q J ; 3 o
721 Model of the mechanism by which the Disheveled orotein «i-.
zes P-catenin in the dorsal portion of the amphibian egg. (A) Dishevele:
(Dsh) and GBP associate with kinesin at the vegetal pole of the unfertilized =z
Wnt11 is also in vesicles at the vegetal portion of the egg. (B) After fertiliza
these vegetal vesicles are translocated dorsally along subcortical microb.
tracks, Cortical rotation adds a “slow” form of transportation to the fast-ira

microtubule ride, (C) Wnt11, Dsh, and GBP are then released from the n

tubules and are distributed in the future dorsal third of the 1-cel] embry
e action of GSK3, thereby preventing

Dsh and GBP bind T and block th
degradation of B-catenin on the dorsal side of the embryo. Wnt11
needed to stabilize this reaction, keeping an active source of Dsh. (£ T
nuclei of the blastomeres in the dorsal region of the embryo receive -ca
while the nuclei 6 those in the ventral region do not. (F) Formation

dorsal axis caused by the injection of both blastomeres of a 2-cell Xen
embryo with dominant inactive GSK3. Dorsal fate is actively suppressed
wild-type CSK3, (A-F after Weaver and Kimelman 2004; F from Pier
Kimelman 1995, courtesy of D, Kimelman.)

[i-catenin

stable The B-catenin/Tef3 complex appears to bind t

moters of several genes whose activity is critical fo:

. e — -
formation. Two of these genes, twin and siamois, o

—_—

homeodomain transcription factors and are express
the or zanizer region immmiatel—v_lﬁl[m-mg the mid
tuld fransition, Tf these genes are ectupm]ﬂ expressed
the ventral cells, a secondary axis emerges on the |
ventral side of the embryo; and JEcortical micratybula
polynierization js revented, siamois expression is elim!
nated (Lemaire et a]. 1995; Brannon and Kimelman 19%
The Tef3 protein is thought to inhibit siamois and fwin tran-
scription when it binds to those genes’ promoters in the
absence of B-catenin, However, when f-catenin binds ¢
Tef3, ¢ n activator, and
).

N€ repressor is converted into a
and s121mois are activate Figure 7,22
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B-catenin

Tef3 siamois, twin

proteins  gene B-catenin

; siamois, i
proteins )

gene

2 LI ‘ ' T prevents the organ-
- Izer genes from being expres! i i e
; A ‘ g expressed outside the o,
Bebhd h Moon and Kimelman 1998;)‘] s
Activated Sla_mois s
\vate twin pr?teins
st Transcri ti @5
Smad2/4 from i W MMJ """}’
TGE- family $ 26071
paracrine factors A Lot
| Tod L ’.‘
Orga_mzer gene (chordiy, 4
10ggin, goosecoid, elc,)
e,
Organizer protein

dorsal side of the embryn. Dsh (from the
made by Wnt11) binds Gsk3, thereby allowing i

mulate in the future dorsal portion of the

; ‘ emb
:nge, B—ica:em? enters the nuclei and binds
ranscription factor that activates genes encod i
Siamois and Twin. Siamois and Twin interact mngwgr:;:::zs:ﬂ]vz
Smad 2/4 transcription factors activated by vegetal TGF-B famil '
members (Nodal-related proteins, V!, activin, etc,) Together, A
these two sets of transcription factors activate the “organizer” ’

genes such as chordin, foggin, and goosecoiq
the VegT transcription factor in the egn dode id. The presence of

0ryo, During cleay-
ith Tef3 to form a

(chordin, noggin,

Transcription @ goosecoid, etc.)

Siamois and Twin bind to the enhancers of several gznes
mvolved in organizer function (Fan and Sokol 1997; Kessler
1997). Theéle include genes encoding the transcription fac-
tors Goosecoid and Xlim1 (which appear to be critical in
specifying the dorsal mesoderm) axﬁt’hgpira_cii& fector
antagonists Nogein, Chordin, Frzb, and Cerberus (Laurent
et . 1997; Engleka and Kessler 2001). VegT appears to
inhibit the expression of these genes in the vegetal :¢ he vegefal cells
(Brannon et al. 1997; Ishibashi et al. 2008). Thus one could
expect that if the dorsal side of the embryo contained f-
catenin, then B-catenin would allow this region to express

(Twin and Siamois proteins, and these }ﬂgufif’,oih,ml
tiate formation of the organizer. )

%EGETAL TGF-PB-LIKE SIGNAL Yet another transcription

. i , genes that
factoralso appears to be critical in activating the genes

A \ 19/
characterize the organizer cells. This other faclor m?}au;ﬁ i
is induced in the dorsal mesoderm cells by T(']J‘.-’l};ll.nn-ﬁw.
paracrine factors secreted by the vegetal cells l-wﬂt e
(Brannon and Kimelman 1996; Engleka and N“ tl,u»_.fll;
TGE.B proteins in the Nieuwkoop center iducee -

WD Iress
i ve them to exf

1 & dOI‘S&l marglnal zone ﬂ])() 2 l)thc 84,
id Qrs WhiCh lh(%ﬂ bll‘. ( f

Smad2,/4 transcription fact o with Twin and

- nd cooper
Moter of the organizer genes cmg LOO,P ; 29: Germain €t al.
Siamois to activate them (see Figure 7<=

2000),

LY
\/ _,_"";’——,‘—
Two materna s tethered to_the vegetal cortex
appear to be crucial for the ability of the vegetal cells to

induce the cells above them to be mesodermal. One of
el ————

these encodes Vg1, a member of the TGF-f superfamily
(Figure 7.23A). Vgl 1s criticallyimportant, since embryos
whose Vg1 has been depleted lack organizer gene expres-
sion and also lack notochords (Birsoy et al. 2006). The other
vegetally tethered mRNA encodes VegT, a transcription
factor that instructs the endoderm [0 Synthesize and secrete
TGF-B family members activin, Derriére, and several Nodal
proteins (Latinkic et al. 1997; SmithAZOL\l). These proteins
‘have overlapping functions. Each of them can activate the
Xbra (Brachyury) gene encoding a franscription mc‘tor that
o cells to become mesoderm. Derriére can

Pl LRl L
instructs the cells |
p cells to become mesoderm over the

induce animal ca ells to n < |
m'fﬂ‘.&t‘ L'ﬁSLt.TI’l?t'S prudlctmi h‘\. }E\\ l\UliF: e'-‘fpe“‘
mentt (White et al. 2002), and activine 1 induce different
tvpes of mesoderm at d1ffcrep}$ggcntmtmnj. At moder-

ey oy 2ctivin activates the Xbra gene, while

ate

| nduces organizer genes to
.t higher concentratit induces org g

expressed (Green and Smith 1990; Moriya and
ome €

3 : ure et al. 2004).

- endoderm is known

ns 1t
be B SAk :
Asashima [997; Piepenb 2
T TGE-(-like signal from the

[nus the TGE-P like sig al from the e020CE noup
t be critical for mesoderntinduction; MOreover, th.e ai A
e  of rm induced.

- ional may control the fype of mesoderm ir

Hihd M : i 1 Noda! proteins all act
Gince activin, Vg1, Lerrier, and Noda:
SlNCe © 4 3

&
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CRAFIER /

(B) Stage 8

(C) Stage9
g

(D) Stage 10

Dorsal

VegT, Vgl [3-catenin Xnr Gradient of BMP4,
Xwnt8 (ventral and
lateral mesoderm)
B-catenin —» Nodal » Organizer
s il o — related high
VegT, Vgl
N~ . o
~a Nodal p- ventral
related low mesoder

S |
: £7.23 Vegetal induction of mesoderm. (A) The maternal

RNA encoding Vg1 (bright white crescent) is tethered to the vege-
tal cortex of a Xenopus oocyte. The message (along with the
maternal VegT message) will be translated at fertilization. Both
proteins appear to be crucial for the ability of vegetal cells to

XLire

. < induce cells above them to become mesodermal. (B-D) Model for
mesoderm induction and organizer formation by the interaction
< of B-catenin and TGF-B proteins. (B) At late blastula stages, Vg1
< and VegT are found in the vegetal hemisphere; B-catenin is locat-
= edinthe dorsal region. (C) f-Catenin acts synergistically with Vg1
N 2 L

kS,

P .

g through the same pathway (activating the Smad?2/4 tran-

scription factor; see Figure 7.22), the amount of each of
these is expected to be additive (Agius et al. 2000). Indeed,
this appears to be the case.

During the late blastula stage, several Nodal-related
proteins (including Xnri-6) ag_g__gfpressed in a gradient
Throughout the endoderm with a low concentration ven-
trally and a high concentration dorsally (Onuma et al. 2002;
Rex et al. 2002; Wright et al. 2005). This gradient is formed
by the activation of Xenopus Nodal-related gene expres-
sion by the synergistic action of VegT with -catenin. Agius
and his colleagues presented a model, shown in Figure
7.238-D, in which the dorsally located f-catenin and the
qi.-z;?gt?tallly located Vg signals interact to create a gradient

the Nodal-related proteins across the endoderm. Those
regions with little Nodal-related protein induce the cells
above them to becénf sentral mesodermyregions above

vegetal cells with some Nodal-related protein becomeflat-
eral mesoderm} and regions above vegetal cells containing
large amounts

ndwed b

Abhuctume oo

of these proteins (plus Vgl) become the

( organizer,/Activin, Vg1, and Derricye gradignts may behave
in the same way. Thus, th¢ initial specification of the meso-
derm along the dorsal-ventral axis appears to be accom-

plished by N odal-like TGF-p paracrine factors. The region

vith the highest concentration of these factors ma_\{‘.pm.-
‘ ide the vegetal signal for dorsal mesoderm (organizer)
vi al . ]

(WY, l.«.id;\

™
Y

N

and VegT to activate the Nodal-related (Xnr) genes. Ti
gradient of Xnpproteins across the endoderm, highest
sal regiun.'@ﬁ?\e mesoderm is specified by the Xnr gr
Mesodermal regions with little or no Xnr have hig
BMP4 and Xwnt8; they become ventral mesoderm. T
intermediate concentrations of Xnr become lateral
Where there is a high concentration of Xnr, goosec
dorsal mesodermal genes are activated and the me
becomes the organizer. (A courtesy of D. Melton; B-L
etal, 2000.)

specification, particularly when combined w
catenin signal.

In summary, then, the formation of the dorsal
and the organizer originates through the activa
ical transcription factors by intersecting pathw
pathway is the Wnt/ B-catenin pathway that act
encoding the Siamois and Twin transcriptio!
second pathway is the maternal VegT path
vates the expression of Vgl and other s
paracrine factors, which in turn activate the 5
script.on factor in the mesodermal cells ab
high levels of Smad2/4 and Siamois/ Tw
factor profeins work within the dorsal meso.
activate the genes that give these cells t!
properties (review Figures 7.20-7 l\y

B =

\ mns of the organizer

While the Nieuwkoop center cells remain endoc
cells of the organizer become the dorsal mes0«
migrate underneath the dorsal ectoderm. here, -
sal mesoderm induces the central nervous syst”
The F'rzrﬁgeioéthe organizer tissue can be divid

four inajor functions:

R

X, The ability to self-differentiate dorsal mesoder!
chordal plate, chordamesoderm, etc.)
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mlbﬂit{todmulize Urroundiy
paraxial -aonﬁf _ te-forming) esoderm yyj, into
mabm ;ﬂn"en.h.al erm Bnit w“uld |A|”‘ 7,,) Prote it (
j ty dOl'ﬂ&llzetheeﬂOdermandm WI""i""" in the 'f"t-m"fl'”'( ‘uiffrlh.’,'i:rht o

ety e e
The ability to initiate the Movements of Bastrulaticn

-

It is now thought that the .

ell i ¥
mately contribute to fcmmi%!lti.

derm, head mesoderm ( rechord
, heac E; |
& The e ’ana tplate), dorsal meso-
gy_&l]er 1976; Gont et al, 1993), The .
erm

and_prechordal plate lead the migrati A
- .2 1 p migrat
organizer tissue and induce the forebrain gnd Irc:;d%f'atil:!e

The dorsal mesoderm induces the hindbya;
: inand tr
The domrt:ﬁlmgom lip remaining at the end of asb-udnl::
tion even ecomes the chorda | hinge {
e ﬁpzo o neural hinge that
As we have just seen, the Smad2/4 and B-catenin tran-

scription factors cooperate to activate severa genes (Table of the
_ ectoderm that is protected from epidermal induction
7.2). Many of these genes encode secreted proteins that will by BMP-inhibiting molecules (Hemmati-Brivanlou and

act to orgamze the embryo. Melton 1994, 1997). [n other words:ﬁ')ﬁle “default fate”
See WEBSITE 7.5 of the ectoderm is to become neural tissue; {2} éertain parts

of the embryo induce the ectoderm to become epidermal

tissue by secreting BMPs; and (3) the organizer fissue acts
By secreting molecules that block BMPs, thereby allowing
. the ectoderm “protected” by these BMP inhibitors fo
Ipgfiction of neural ectoderm and dorsal become neural e~ ———
esoderm: BMP inhibitors o -
e —" =

Evidence from experimental embryology showed thaf one | A
of the most critical properties of the organizer was its pro- Three of the major BMP inhibitors vsef:re;;ci by the
duction of soluble factors. The evidence for such diffusible  organizer are Noggin, chordin, and follistatin. The noggin.
signals from the organizer came from several sources. Jirst, chordin, and follistatin genes are some of the most critical

5 i i £ activated by Smad?/4 and Siamois/ Twin (Camnac et
Hans Holtfreter (1933) showed that if the notochord fails  genes ySok piehiien - o
to migrate beneath the ectoderm, the ectoderm will ot al 1996; Fanand Sokol B 565 |
become neural tissue (and will become epidermis). More diit s fﬁ.' ’ H " 6'1( oM ]7 P
definifive evidence for the importarnce of golqblel fa‘i_mfﬁ NasU@ 1¢ ht § &
came later from the transfilter studies of mesh inv cst;
gators (Saxén 1961; Toivonen et al. ]‘97?; TU"*’?{”“} :{I;d
Wartiovaara 1976). Here, newt dorsal lip tissue was p(‘b ;3
on one side of a filter fine enough 50 tha: nf) processes
could fit through the pores, and competent 557
derm was placed on the other side, After severa

i sctodermal 1i3Sue
neural structur e observed in the ectoder™ ’
s he ide ¢ factors diffusing from

’ ities of th
(Figure Z%W_’ ter of a cen

b i
the organizer, however, took another quar
tﬁ%ﬁ;ﬂﬂ; that scientists Were looking for the wrong
out that scien OKINg e b
Mhﬂﬁsm-mi‘e searching s
by the organizer and received by the EL.F.f‘J = “H(..-.-.‘! b
into neural tissue- U
g ectoderm info NeWIE == pyiou

Early attempts to locate the organizer molecules

See'WEBSITE 7.6 Competence and bias

strula ccto-
urs

fury

le €
fora mf’rl‘ct uie s

that el

molecular studies led to 2 rernér'{vfffl'f!: “ 10 form, net 1% b Cdo |

conclusion: it is the idermis hﬂ 15 f'f;]«"’:‘:}'“ﬂ e ep O eural s .( _

neural tissue. The ectoderm 15 lndbl-ch(;;:Eneti( I ' Toivonen 1977, COSE=

al fissue by binding bone 0P 500 v

{BMPs), while the nervous sy>'= |
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NOGGIN In 1992, Smith and Harland constructed a cDNA
plasmid library from dorsalized (lithium chloride-treated)
gastrulae. Messenger RNAs synthesized from sets of these
plasmids were injected into ventfalized embryos (having
no neural tube) produced by irradiaing early embryos
with ultraviolet light. Those plasmid sets whose mRNAs
rescued dorsal structures in these embryos were split into
smaller sets, and so on, until single-plasmid clones were
isolated whose mRNAs were able to restore the dorsal tis-
sue in such embryos. One of these clones contained the
gene for the protein Noggin (Figure 7.25A)( Injection of ng-
gin mRNA into 1-cell, UV-irradiated embryos completely
rescued dorsal development and allowed the formation of
a complete embryo)

(1 (Noggin is a secreted protein that is able to accomplish
two of the major functions of the organizer: it induces dor-
sal ectoderm to form neural tissue, and it dorsalizes meso-
derm cells that would otherwise contribute to the ventral
mesoderm (Smith et al. 1993). Smith and Harland showed
that newdy transcribed noggin mRNA is first localized in

Shale Ao Auchon v chordin nogonn

(B)

(iii)

foltistatin ,

(iv)

FIGURE7.25 The soluble protein Noggin dorsalizes
ian emoryo. (A) Rescue of dorsal structures by Nogo
When enopus eggs are exposed to ultraviolet radiat
rotation fails to occur, and the embryos lack dorsal st
(top). If such an embryo is injected with noggin mRNA
ops dorsal structures in a dosage-related fashion (1o
too m.ch noggin message is injected, the embryo i
antericr tissue at the expense of ventral and posterior
becoming little more than a head (bottom). (B) Localiz
noggin mRNA in the organizer tissue, shown by in sit
tion. At gastrulation (i), noggin mRNA (dark areas) a
the dorsal marginal zone. When cells involute

is seer in the dorsal blastopore lip. During converg
(iil), noggin is expressed in the precursors of the no!
chordal plate, and pharyngeal endoderm, whicl
beneath the ectoderm in the center of the embry.

R. M. Harland,)

HORDIN The second organizer proteir
chordin, It was isolated from clones of
mRN As were present in dorsalized, but n
embiyos (Sasai et al. 1994). These clones wt
injecting them into ventral blastomeres and se:
they ‘nduced secondary axes. One of the clon:
indu-:ing a secondary neural tube containec
gene.(qwrdin mRNA was found to be localized
sal blastopore lip and later in the notochord (Figur
Of all organizer genes observed, chordin is t!

the dorsal blastopore lip region and then becomes _ acutely activated by B-catenin (Wesseley etal. 200
expr&éd in the notocﬁora (Figure 7.25B)"Noggin binds pholino antisense oligomers directed against t!

to BMP4 and BMP2 and inhibits their b'md'mg to receptors
(Zimmerman etal. 1996))

mestage blocked the ability of an organizer gr aft ‘ |
asecondary central nervous system (Oelgeschlds |
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HG‘URE 7.26_ Localization of chordin mRNA (
1 s hybridization shows thay JUst prior to gastrulat

MRNA (dark area) is expressed in the region tha

dorsal blastopore lip. (B) As gastrulation begins, chor
expressed at the dorsal blastopore lip. (O) In |t
lation, the chordin MEssage is seen in the
Sasaietal. 1994, Courtesy of E. De Robe

_ gastru-
Organizer tissues, (From
rtis.)

2003). Like Noggin, chordin bin
BMP2 and prevents their com
(Piccolo et al, 1996)y

—_— T

ds directly to BMps and
plexing With their receptors

FOLLISTATIN The mRNA for a third Organizer-secretec pro-
tein, follistatin, is also transcribed in the doreal blastopore
lip and notochord) Follistatin was found in the organizer
throdﬁﬂhexpected result of an experiment thal was
looking for something else. Ali Hemmati-Brivanlou and
Douglas Melton (1992, 1994) wanted to see whether the
protein activin was required for mesoderm inductiqn In
searching for the mesoderm indycer, they found that fol-
lista tin, an inhibitor of both activin and BMPs, caused ~cto-
derm to become neural tissue, They then proposed that
under normal condifions, ectoderm becomes nu’:urnnl unless
induced to become epidermal by the BMPs. T‘h!\b' 1‘1‘11‘4‘7’1
was supported by, and explained, certain cell L.i]'lxﬁnLllulilr\ ”t‘
experiments that had also produced odd f't‘jll.'ﬁ‘ € I
1989 studies—by Grunz and Tacke, Sato and 'm“}’#'”‘l- f'“i\
Godsave and Slack—had 5]1(.>WI‘| llh.ul v;l;m)x ‘.’(\I‘t,::):ll:tl,]jl\[‘[LTJ'.I]
or their animal caps were dissoc mt“ft Ii}I’T £ the “default
tissue. This result would be w.p‘lun.m I~|l Lim s iy
state” of the ectoderm was not "fmh.'m;:,'- 1] pheno’ype
tissue had to be induced to have an EQIEINIA I;-wc A
Thus we conclude that the organizer blocks this epid
induction by inactivating BMPs

See WEBSITE 7.7 Specification of the endoderm

' gMPs V-
Epidermal inducers: The BMPs

ire the bone mor oho-

Vv ider inducers P2 BIADT7
In Xenopus, the L'pltlt‘””“l latives BMPZ, !

9 s close re Lk .
enetic protein BMP4 and its ¢l

ventrolateral marginal zone. This is becaus
S —

and APMP (anti-dc_)rsaljzing morphogenetic protein, 5
BMP-hke Paracrine.factor). There is an amagmns‘dc el
tionship between these BMPs. and the organizer

! these BMI "Eanizer. If the
MRNA for BMP4 js injécted into Xenopus eges, 2l he
mesoderm in the e

mbryo becomes ventrolatera] meso-

derm. Tnvolution is de yved and, when it -
a ventral rather than 3 dorsal character (Dale et 2l 1907-
Overexpression of a domi-

QULTE

Jones et al. 1992). Conversely,
nant negative BMP4 receptor results in th

e :;Q..;‘_..

twinned axes (Graff et al. 1994; Suzuki et al 1994)

Wilson and Hemmati-Brivanloy demonstrated that BMP
induces ectodermal cells to become epidermal. By 1996,
several laboratories ha emonsirated that No

chordin, and follistatin are all secreted by the on

-

and that each of them prevenis BMP from bin
inducing the ectoderm and mesoderm cells ne:

Azer (Piccolo et al. 1996; Zimmerman et al. 199 Je
al 1998). V.V, T

BMP4 is expressed initially throughout the ectoderma

= W |
N

and mesodermal regions of the late blas ula. How

1968

ing gastrulation, bmp4 transcripts become restricted fo the

oid pmteiﬁ (and some other transcripho I
‘IH.L!lIL'L‘(! [W The Siamois/Twin and omad. /s mterac
in the dorsal (organizer) mesoderm s r at the

z and Cho 1995; ¥
[ s EESEe T
2001). These transcription factors repre :

. 23+
ning of gastrulation (Blit:

li‘l_u:;ll}_'l‘l_t)n‘.HL'!I\»LJL, Briva od T
.R\Ui'llllwt‘ et al. 1995; Steinbelsser et al. | .
. i BMPs repress the genes (su
001). In the ectoderm, BMPs rej

1) involved in forming neura ! ]

ting other genes vl
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266  CHAPTER 7 L

\ Dorsal

B ORGANIZER MOLECULES:
Chordiﬂ' Noggilh
Follistatin, Xnr3

(B)

L3

Ventrolateral plate, Notochp;d
Kidney (Xvent2) (Chordin)

Ventral, blood”
mesenchyme (Xventl)

Relative rpotein concentration

Dorsolateral,”
muscle (myf5)

Ventral Doréal

\/OGU{?.N Mode! for the action of the organizer. (A) BMP4

" (along with certain other molecules) is a powerful ventralizing
factor. Organizer proteins such as chordin, Noggin, and follistatin
block the action of BMP4; their inhibitory effects can be seen in
all three germ layers. (B) BMP4 may elicit the expression of differ-
ent genes in a concentration-dependent fashion. Thus, in the
regions of noggin and chordin expression, BMP4 is totally pre-
vented from binding, and these tissues become notochord (organ-
izer) tissue. Slightly farther away from the organizer, the myf5
gene is activated, producing a marker for the dorsolateral mus-
cles. As more and more BMP4 molecules are allowed to bind to
the cells, the Xvent2 (ventrolateral) ang Xvent (ventral) genes
become expressed. (After Doéch et al. 1997; De Robertis et al.

2000) :

005) used antisense morpholin eliminate the three
BMP antagonists (i.e., Noggin, chordin, and follistatin) in
Xenopus. The resulting embryos had catastrophic failure of
dorsal development and lacked neural plates and dorsal
mesoderm (Figure 7.28/\,8).‘Second]Reversade and col-
leagues blocked BMP activity with antisense morpholinos

gu
(Reversade et al. 2005; Reversade and De Robertis 2006).

\,FICﬁE 7.28 Control of neural specification by the levels or
BMPs. (A,B) Lack of dorsal structures in Xenopus embryos

BMP-inhibitor genes (chordin, noggin, and follistatin) were ¢
nated hy antisense morpholino oligonucleotides. (A) Cont
embryo with neural folds stained for the expression of the
gene S0x2. (B) Lack of neural tube and Sox2 expression 1»
embryo treated with the morpholinos against all three &
inhibitors. (C,D) Expanded neural development. (C) Th
tube, visualized by Sox2 staining, is greatly enhr;cc: n
treated with antisense morpholinos that destroy BMf
(D) Complete transformation of the entire ectoder

" ectoderm (and loss of the dorsal-ventral axis) by in2
ADMEF as well as BMPs 2, 4, and 7. (A,B from Khokn
courtesy of R. Harland; C,D from Reversade and D
2005.)

When they simultaneously blocked the formatl

2,4, end 7, the neural tube became greatly exp
ing cver a mucﬁmarg_g_gggmn of the ectoaerm
7.28C). When they did a quadruple inactivation
BMPs and ADMP, the entire ectoderm became 1t
dorsoventral f ofarity was apparent (Figure 7 281
the epidermis is instructed by BMP signaill's
organizer works by blocking that BMP s signal fr
_img the ectoderm above 1t)

7
i
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rosophila, Sog inter-

proteins to create a gradient of Sog
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Hawley et al. 1995; Holley et al.
1995; De Robertis ef al. 2000).
" In 1822, the French anatomist Efi-
enne Geoffroy Saint-Hilaire provoked
one of the most heated and eritical
confrontations in bi slogy when he
vertebrate upside dow He claimed
that theventral side of the lobster
- (with its nerve cord) was homol
: :gzme qursalside;; fie vertebrate
(Appel 1987). It seems that hie was
' € cular level, if not

.- correct on the molex

 tions for producing a nervous system

all have used this same set of instruc-

BMP4 (Dpp)/chordin (Sog) interaction
is an example of “homologous
processes,” suggesting a unity of

- developmental principles among all
animals (Gilbert and Bolker 2001).

¢ hindbrain structures; and the most pos-
of dorsal trunk and

Figure 7.29A-D).
gold demonstrated that
Tips from early salamander gastru-
er early salamander gastru-
7 When dorsal lips from

salamander

anted into oth
ary hes

they induced the fo

799E,F; Mangold 1933). These results show
Is of the organizer to enter the embryo
on of brains and heads, while those cells

e

\er than the dorsal ecto-

mc:‘micrm-mzi- o-
_hy the p\w:mur ond of the tjx;tomum
Biitel (1931) and Spofford 1945), who showed
m‘u of the neural plate gives ns€ to tail somites
the pronephric kidney duct.
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FIGURE7.29 Regional and tem- \//
poral sEeciﬁcii o! m%éction. y REGIONAL SPECIFICITY OF INDUCTION
(A=D) Regional specificity o

structural induction can be (A)
demonstrated by implanting dif- ?
/ Archenteron roof

ferent regions (color) of the . *
archenteron roof into early Tritu-
rus gastrulae. The resulting

embryos develop secondaty dor- portion transplanted
sal structures. (A) Head with bal- into early gastrula
ancers. (B) Head with balancers, (B)

eyes, and forebrain. (C) Posterior
part of head, diencephalon, and
otic vesicles. (D) Trunk-tail seg-
ment. (E,F) Temporal specificity of
inducing ability. (E) Young dorsal
lips (which will form the anterior
portion of the organizer) induce
anterior dorsal structures when
transplanted into early newt gas-
trulae. (F) Older dorsal lips trans-
planted into early newt gastrulae
produce more posterior dorsal
structures. (A-D after Mangold
1933; EF after Saxén and
Toivonen 1962.)

. ]

v

7" TEMPORAL SPECIFICITY OF INDUGTION
(E} Young gastrula dorsal lip transplanted

that form the dorsal lip of later-stage embryos induce the
cells above them to become spinal'cords and tails)

he question then became, What are the molecules
being secreted by the organizer in a regional fashion such
that the first cells involuting through the blastopore lip (the
endomesoderm) ir}duc'e head structures, while the next
portion of involuting mesoderm (notochord) produces
trunk and tail structures? Figure 7.30 shows a possible

model for these inductions, the elements of w!
now d i

he head inducer: Wt inhibitors /-
Q.}E.T.o stanterior vegions of the head and brain J
«ain not by notochord but by pharyngeal endod® ™
head (prechordal) mesoderm (see Figures 7.0~
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7.30A). This endomesodermal tissue constitutes the lead-
orsal blastopore lip. Recent studies ha\.ve
shown that these cells not only induce the most anterior
head structures, but that they do it by blocking the Wnt
pathway pe-well as by blocking Bi‘\!ll’tl. )

n - V’,E““’"‘—J

ing edge of the d

\AEERBERUS 1'}{19%, Bouwmeester and colleagues showed

That the induction of the most anterior head structures
Couldfmlisrl{éd by a secreted protein called gcr-
berus,* Unlike the other proteins secreted by the ”m‘““"‘l"r’\
Cerberus promotes the formation of the uﬂlﬂ‘h‘ﬁb‘.‘l‘ill(l"‘_‘_
most ﬂnmldpole uctmiel'nl')f q'_u:: A ' -11:
tory (nasal) placodes. When cerberus mMRNA W ;T ,“-\1]';_1-[.“
into a vegelal ventral me;ﬂrmm“:. -::u; o)
stage, ectopic head Sfruclures Were ',‘,'T"f}}‘éi (Mg q
These head sfructures arose from the injectec
as from neighboring cells.

The cerberus gene is expre

i cell as well

.ssed in the |1'Il?ll'_\'7l._1‘_",\‘.ll
endomes cells that .n'i;g)_f@_lf'll\g deep u“s\li\;l]\]\
early dorsal lip. Cerberus protein can Lwlixt!{:il};l%‘l.“ : \\,1
Taa%@ojt:;’ and Xwnt8 (see l“lgun‘i&? i, peec )
1999), When Cerberus synthesis 1s’lwl\jL “u“ it
BMP, Nodal-related pmlvins, and Wnts all i

jed Lhe

i “lﬂ‘ _headed dog that guar
*Corborus s named after the three-he aded dog
k mythology:

entrance to Hades in Gree

able to block specific paracrine factors to distinguish head from

tail. (A) The pharyngeal endoderm that underlies the head
g zerbierus blocks \Wnts,

“The prechordal plate secretes the Wit-blockers Dickkop and
Frzb, as well as BMP-blockers chordin and Noggin. The noto-
chord contains BMP-blockers chogiin, Noggin, and follistatin, but
it does not secrete Wnt-blockers. IGF from the fiead endomeso-

derm probably acts at the junction Mm

ch%(’IML (B) Summary of paracrine antagonist function
in The ectoderm. Brain formation requires inhibiting both the Wnt
and BMP pathways. Spinal cord neurons are produced when Wit

functions without the presence of BMPs. Epidermis is formed
when both the Wnt and BMP pathways are operating.

-

2 ome i - e e o b ey el

1 AR ¢ -
rior of the embryo, and the ability of the anterior endome-
soderm to induce a head is severely diminished (Silva et

al. 2003).

SRR W
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it WENT i m e

ad bl T V. s 2w

mRNA injectgd It 3 Sit
acpuUs embIyo Inauces i

FIGURE 7.31  Cerberus

tal) blastomere of a 3

- )il AL
CL ‘ e 3
veg \ 1or | heart and liver. The secondary
"". \?\lle\ A “\Lu‘ oD .l LUy \ & \ ‘ V :
" { olfactory placoge can be readily
1996, courtesy of E. M. De

o (a single cyclopic eye) ane
eve (@ SINg!

4 "
<ol Frum Bouwmes sler et al
L ] e
Robertis
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270 CHAPTER 7

IGURE 7,32 Xwnl8 s capable of ventralizing the mesoderm and Preventing . \
cr;r head formatlon In the ectoderm, (A) Frzb proteln Ts secreted by the anrc»m],L r,L ; :
of the organizer. It must bind o Xwnt8 before that inducer can bind tq it . f-h.":." :

Frzb resembles the Wnt-bindng domain of the Wt receptor (Frizzled protein), b,

Frzb s a soluble molecule. () Xwnt8 Is made throughout the margin| Zone, (),

ble in situ hybridization localizing Frzb (dark stain) and chordin (recldish 2N} mec.

saes. The frzb mRNA Is seen to be transcribed in the head endomesodlerr, the
organizer, but not in the notechord (where chordin is expressed). (From Leyns et ,
1997, courtesy of E. M, De Robertis.)

ing embryos to have small, deformed heads v, -,
rg'm Glisglka et al. 1998). Therefore, the induction 77,
\)% uctuzes may be caused by the blockade of gp ., .
ing froin the notochord, while Wt signals are alloye ,
proceed. However, to produce a head, both the 7
nal and the Wnt signal must be blocked. This Wr; .
ade comes from the endomesoderm, the most anier;, - Hei
; : ‘ izer (Glinka eTal1997) Ly
tion of the organizer (Glinka et a 99}/
Dorsal \)é;suum-uxz GROWTH FACTORS In addition to those or..
. teins that block BMPs and Wnts by physically bindi. :
| Frzb, Dickkopf these paracrine factors, the head region contains yet
' ( er set of proteins that prevent BMP and Wnt signals fr
reaching the nucleus. Pera and colleagues (2001 <
that insulin-like growth factors (IGFs) are required
the formation of the anterior neural tube, inclu i
brain and sensory placodes. IGFs accumulate in h
© e sal miclline and are especially prominent in the 2
= neural tube (Figure 7.33A). When injected into
mesodr:rmal blastomeres, TOM TGS Tamses th
mation of ectopic heads, while blocking the IGF
. results irthe lack of head formation (Figure 7375 |
: Insulin-like growth factors appear to work by
a receptor tyrosine kinase (RTK) signal transdu.t
‘ 5 cade (see Chapter 3) that interferes with the siz:
duction pathways of both BMPs and Wnts (&
J/’T w0 WM TnlitsHoy Parpaillon et al. 2002; Pera et al. 2003).

FRZB AND DICKKOPF Shortly after the attributes of Cerberys \_,q_/ , : _
were demonstrated, two other proteins, Frzb and Dick- runk patterning: Wt signals and retinoic ¢
kopf, were discovered to be synthesized in the involuting Toivonen and Saxén provided evidence for a g7
 endomesoderm. Frzb (pronounced “frisbee”) is 2 small. . poster:orizing factor that would act to specify |
soluble form of Frizzled (the Wnt receptor), and it is capa- and tail tissues of the amphibian emnbryo* (Toi
732, e '

ble of binding Wnt proteins in solution (Figure yns
et mmmnmesized redom- y
mmtlmwm—d_mm}m& *The tail inducer was initially thought to be part of th

igure 7.32B,C). I embryos are made to synthesize excess e, since transplantation of the late dorsal blastopore |
Frzb, Wnt sigﬂa.ling fails to occur throughout the embryo; blastocoel often produced larvae with extra tails. Hov
such embryos lack venfral posterior structures and ome appears that tails are normally formed by interactions be
“311 head.” mﬁmﬁﬂadf ;\eu;atLplate and the posterio.r mesoderm <_iun“ng tt}wn m i
“stubborn”) also appears (o interact directly with the Wnt . {1 are generated outside the organizer). Here,

. : and Nodal signaling all seem to be required (Tucker and 51
receptors, p revgntmg Wi §ignahng (Maoetal. 20(.)1’ 2002). Niehrs 2004). Interestingly, all three ocfl these signaling path**
Injection of antibodies against Dickkopf causes the result-  haye to be inactivated if the head is to form.

... -'

.
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FIGURE7.33 Insulin-like growth factors enhance anterior neural
development. (A) Expression pattern of /gf3, showing protein
accumulation in the anterior neural tube. (B) An ectopic headllike
structure (complete with eyes and cement gland) formed when
(gf2 mRNA was injected into ventral marginal zone blastomeres.
(C) Anterior of 3-day control tadpole (left) compared with a tad-
pole whose 4-cell embryonic blastomeres were injected with an
IGF inhibitor. The cement gland and eyes are absent. (From Fera et
al. 2001, courtesy of E. M. De Robertis.) :

Saxén 1955, 1968; reviewed in Saxén 2001). This factor’s
activity would be highest in the posterior of the embryo
and weakened anteriorly. Recent studies have extended
this model and have proposed candidates for posterioriz-

ing molecules. The primar rotein involved in postzrior-
izing the neural tube is thought to Be a member of the Wnt
family of paracrine factors, most likely Xwnt8 (Domingos
et al. 2001; Kiecker and Niehrs 2001).

It appears that a gradient of Wnt
for specifying the posterior region of the neural plate (the
frunk and tail; Hoppler et al. 1996; Niehrs 2004). In Xeno-

t of Wnt signaling and p-

pus, an endogenous gradier
catenin is highest in the posterior and absent in the ante-
Voreover, if Xwnt8 is, added to

rigr (Figure 7.34A). Moreover, i

developing embryos, spinal cord-like neurons are seen

more anteriorly in the embryo, and the most anterior _1}}'91'_k—

ers of the forebrai sent, Conversely, saq_)pressing“
W”Ei‘gﬁling (by adding Frzb or Dickkopf fo tml
oping embryo) Jeads to the expression of the anl‘erm most
markers in more posterior neurg| cells. Therefore, there
ﬂppemlhi'u major gradients in the amphibian gastrii
la—a BMP gradient that specifies the dorsal-ventrel axis
and a Wnt gradient specifying the antert

(Figure 7.34B). It must be remembered, to0; tha
these axes are established by the initial axes of No
TGF-B factors and p-catenin across the

roteins is necessar

ur-pnstuh r axis
5 that bath of
d ll-mxt‘
1I5. The

\regcml ce

¥ wnt % eponvatkle
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Kobinole ale

i
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\%RE 734 Wntsignaling pathway and posteriorization of the
neural tube. (A) Gradient of B-catenin in the presumptive neural
plate during gastrulation. Gastrulating embryos were stained for B-
catenin and the density of the stain compared between regions of
the ectodermal cells. (B) Double-gradient model whereby a gradi-
ent of BMP expression specifies the frog dorsal-ventral axis while
a gradient of W proteins specifies the anterior-posterior axis.
(After Kiecker and Niehrs 2001; Niefrs 2004.)

basic model of neural induction, then, looks like the dia-

gram in Figure 7.35.
While the Wnt proteins probably play a major role in
specifying the ante ror-posterior axis, they are probably

not fhe only agents ifivolved. Fibroblast growth factors
IIs to respond to the

WyE . . ~
appear lo be critical in allowing the cells

2(01). Retinoic acid also is seen to have a gradient high-
est at the pis_ter_@qr end afﬁtbg_r_wu[ql‘piate, and RA can
neural tube in a concentration-
Robertis 1990; Sive and

alsg_gp_s_tp[iq!‘lzc the
(!gpg\glgﬂimannur (Cho and Pu
Cheng 1991; Chen et al. 1994). RA signaling appears to be
especially important in patterning the hindbrain and
ar to interact with Fgf signals to activate the posteri-
997; Dupé and Lumsden 2001;

appe
or Hox genes (Kolmetal. 1

Shiotsugu et al. 2004).

See WEBSITE 7.8 Regional specification

See VADE MECUM The primary organizer and
double gradient hypothesis

Ondodgnm whick  block Wnts

Wnt signaﬂﬂiﬂ’dwau “nd Sokol 1999; Domingos et al. -
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