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A study of the effects of inductors applied for various lengths of time and at
various concentrations has led us to the concept of sequential induction (Barth
and Barth, 1963). The competent ectoderm responds to an inductor by first
forming radial nerve. Further application of the inductor results in the differ-
entiation of spreading nerve; and with still further treatment the cells which would
have formed spreading nerve are induced to form pigment cells. Two more cell
types in the sequence are astrocytes and neuroglia cells.

The experiments reported in this paper were designed to test the hypothesis
of sequential induction by the sequential action of two different inductors. Spe-
cifically, if we first induce presumptive epidermal cells to become determined as
nerve cells, will a second inductor then induce these determined nerve cells to be-
come pigment cells?

We also asked the question: is induction at any one step in the sequence re-
versible? To answer this question we first induced the cells to become determined
as pigment cells and then applied a strong neural inductor to see if it could re-
verse the induced pigment cells back to nerve cells.

Finally, we designed some experiments to test whether or not the sequence of
inductions was a necessary sequence. Can pigment cells be induced without
first inducing nerve cells?

During the course of the experiments it became apparent that we were ob-
taining a new cell type between spreading nerve and pigment cells. These cells
possess the slate gray pigment granules characteristic of pigment cells, but these
granules are distributed throughout the cytoplasm rather than forming a ring of
pigment. The cells remain in clumps, in contrast to the later behavior of pigment
ring cells. Finally, they have thick, prominent cell membranes. Thus, with the
addition of this new cell type the sequence of inductions becomes epidermis, to
radial nerve, to spreading nerve, to slate gray epithelium, to pigment cells, to
astrocytes to neuroglia.

FEXPERIMENTAL METHODS

Explants of the presumptive epidermis are dissected out of 6 gastrulae at
Stage 11 Shumway (1940) unless otherwise stated. Six explants are treated
with Versene (EDTA) to loosen the bond between the outer pigmented layer of
epidermis and the inner layer. The outer pigmented layer is removed and dis-
carded. The inner layer then is divided into about 25 small aggregates of cells.

1 Supported by a grant from the Department of Health, Education and Welfare, HD
00701-01, to the Marine Biological Laboratory, and by GM 03322-13 to Columbia University.
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These 150 aggregates then are transferred to solutions containing the inductors
and finally to small stender dishes containing our standard salt solution, which
also contains globulin from serum (Bios Laboratories, Inc., 17 W. 60th St., New
York 23). An adequate substitute for DBios globulin has been found to be
lyophilized calf serum (Nutritional Biochemicals Corp.). The method is the
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Ficure 1. Diagram of a typical experiment involving the use of two inductors in se-
quence. Vitelline membranes are removed in dish 1 containing standard solution (SS).
Composition of this solution is given in Barth and Barth (1959). Explants are dissected out
in dish 2. Versene-treatment in dish 3 loosens bond between outer pigmented layer of epi-
dermis and inner layer of cells. In dish 4 outer pigment layer is removed and discarded, and
explants are teased into aggregates. Subsequent transfers of aggregates, all made by means
of Spemann pipette, are described in the text. Abbreviations used are as follows: Li: lithium
chloride; Mg: MgSO.-7 H.O.

same as described by Barth and Barth (1959) except that we do not use agar to
coat our operating dishes. This is because agar was found to be a neural inductor
(Barth and Barth, 1963).

A diagram of a typical experiment involving the use of two inductors in
sequence is presented in Figure 1. The experiment diagrammed gives the fol-
lowing information.
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1. Transfers from 4 to 7 to 14 serve as a control for differentiation of un-
treated epidermal cells. Such cells usually form a sheet of epithelium with ciliated
patches or a mass of free-swimming ciliated cells. The control is necessary be-
cause sometimes for unknown reasons a small amount of nerve develops in
controls.

2. Transfers from 4 to 6 to 10 give the sequential effect of Mg followed by Li,
which results in extensive pigment cells. Two controls for this effect are (a)
4 to 6 to 11, which shows that Mg alone does not induce pigment cells, and (b)
4 to 7 to 12, which gives the effect of Li without previous treatment with Mg—
usually a few scattered pigment cells or none at all.

3. Transfers from 4 to 5 to 8 show the reversibility of the Li induction by Mg.
Usually no pigment cells differentiate. Transfers 4 to 5 to 9 give the results
of Li alone, where some pigment cells differentiate. Sequential transfers from
4 to 7 to 13 show that Mg is still able to induce nerve cells.

Several preliminary experiments of the type outlined above showed that Mg
would induce nerve, which was then induced to pigment cells by Li. However,
Li, which induced pigment cells, followed by Mg resulted in no pigment cells but
only nerve cell differentiation. More detailed experiments in which the times
of treatment and the concentrations of two inductors were varied are given in
the experimental results.

EXPERIMENTAL RESULTS
Sequential action of lithiwm chloride after pretreatment with magnesiwm sulfate

In these experiments we attempted to achieve a situation by which a minima,
or subminimal exposure to lithium chloride would result in a few pigment cells
or none at all. Some of the aggregates were first treated with magnesium sulfate,
which would induce the cells to become nerve. Other aggregates were exposed
to the standard solution for the same length of time as those which were exposed
to magnesium sulfate. Other controls consisted of treatment with magnesium
sulfate without subsequent treatment with lithium chloride; and controls for the
standard solution, i.e., no treatment with either inductor but the same number of
transfers at the same times.

Table I records the sequential action of magnesium sulfate followed by lithium
chloride. In this and the succeeding tables the table headings are to be in-
terpreted as follows. Stage no.: Shumway (1940) ; conc.: concentration of added
substances in milligrams per milliliter of standard solution; time: time in hours
during which the aggregates are exposed to the substances indicated; types of
cellular differentiation: as described in Barth and Barth (1963) and Barth and
Barth (1962).

Experiments 1-5 show that lithium chloride alone induces only a few pigment
cells while most of the cells form nerve or epithelium. If the explant were first
treated with magnesium sulfate for 2.5 to 3.5 hours, which is sufficient for the
induction of nerve, lithium chloride induces most of the cells to differentiate into
pigment cells and spreading nerve. Thus, magnesium sulfate, which is unable to
induce pigment cells by itself, can induce nerve cells, which are then further in-
duced by lithium chloride to become pigment cells.

Experiments 7 and 8 show sequential action with regard to the type of nerve
induced. It is seen that magnesium sulfate induces radial nerve. If it is followed
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by increasing exposures to lithium chloride the radial nerve is induced to the
spreading nerve pattern of differentiation. In these experiments no pigment cells
are induced because the treatments begin at early stage 11 and the cells are not
competent for pigment cell induction at this stage with the times of exposure to
lithium used in the experiments (Barth, 1964).

TaBLE |

Sequential action of magnesium sulfate (MgSOy - 7 Hs0) and lithium chloride (LiCl)

o [ = ' |
' Mg i Li | ) |
Exp. | Stage [———— —_— | M'g:—bcr i Té'%es of
no. no. ; : e cellular differentiation
Conc 'gllr?e Conc. 'ﬂ:;l:e ERIEgRLES
1 11 6.0 | 3.0 2.0 2.0 15 Extensive pigment cells, spreading nerve
11 0.0 3.0 2.0 2.0 15 Epithelium, few pigment cells, little nerve
2 11 6.0 [ 2.5 2.0 3.0 15 o xtensive pigment cells, nerve
11 0.0 2:5 | 20 3.0 73 Epithelium, few pigment cells, little nerve
3 11 6.0 3.0 2.0 2.0 75 Ioxtensive pigment cells, little nerve
11 00| 30 | 20 | 20 75 Epithelium, few pigment cells, little nerve
| I S S
4 11 6.0 | 3.0 2.0 2.0 50 Extensive pigment cells, spreading nerve
11 0.0 | 3.0 2.0 2.0 50 Epithelium, few pigment cells, some nerve
11 6.0 3.0 0.0 2.0 25 Nerve
11 0.0 3.0 0.0 2,0 25 Epithelium
3 11 6.0 3.5 2.0 2.0 Extensive pigment cells, spreading nerve
11 0.0 3:5 2.0 2.0 35 Nerve, few pigment cells, ciliated cells
6 11— 6.0 2.5 2.0 2.0 40 Slate gray epithelium, some nerve
11— | 0.0 25 | 20 | 20 35 Spreading nerve, some slate gray epithelium
7 11— 60 | 23 3.0 [ 0.5 5 Radial nerve
11— 0.0 2.3 3.0 0.5 5 Epithelium
11— | 6.0 2.3 3.0 1.0 5 Spreading nerve, some radial nerve
11— | 0.0 2.3 3.0 1.0 15 Some nerve, some epithelium
11— 6.0 2.3 3. 1.5 15 All spreading nerve
11— 1 0.0 2.3 i 3 1:5 15 Radial nerve, some spreading nerve
8 11— 1] 6.0 2.0 4.3 0.5 25 Spreading nerve
11—1 00 2.0 4.3 0.5 25 Radial nerve
11— 1] 6.0 2.0 4.3 1.0 25 Spreading nerve
11— 0.0 | 20 | 43 | 1.0 25 Radial nerve

Experiment 6 gives results intermediate between those of 1-5 and 7 and 8.
Early stage 11 is used and the cells are not competent yet for pigment cell in-
duction. Lithium chloride induces mostly spreading nerve and a few slate gray
cells of a type obtained many times with lithium chloride when applied to early
stage 11 cells. However, after pretreatment of the preparations with magnesium
sulfate, lithium chloride induces many more slate gray cells and less nerve ap-
pears. These slate gray cells resemble those of the adrenal medulla in staining
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properties, but have not been positively identified as such. In any case these cells
form a step in the sequence between spreading nerve and pigment cells and they
possess the same type of slate gray granules as do pigment cells.

Sequential action of calcium chloride followed by lithium chloride

Table II, experiment 1, records the data supporting the conclusion that a pre-
treatment with calcium chloride permits lithium chloride at minimal exposure to
induce extensive pigment cells. Experiment 2 shows that increasing exposure
to lithium chloride induces the nerve induced by calcium chloride to differentiate
into spreading nerve and finally slate gray epithelium. In experiment 3, when
a longer exposure to lithium chloride results in extensive pigment cells, pre-
treatment with calcium chloride gave not only extensive pigment cells but also
some astrocytes.

TaBLe 11

Sequential action of CaCl, - 2 H,0 and LiCl

| : Ca Li
Exp. | Stage |—————|——— N"E}ber Types of
no. no. Sl 11.:::'3 — Tl.li:;e aggregates cellular differentiation
= = e
1 11 2.5 2.1 4.2 1.1 75 Extensive pigment cells, some spreading
nerve
11 0.0 2:1 4.2 151 75 Epithelium, some pigment cells, little nerve
2 11— 2.5 2.6 4.2 0.3 25 Spreading nerve, radial nerve
1= 00 | 26 | 42 | 0.3 25 Epithelium, little nerve
M-\ 2.5 26 | 4.2 |07 25 Spreading nerve, little radial nerve
11— ] 0.0 2.6 4.2 0.7 25 Radial nerve, epithelium
11— 2.5 2.6 [0 42 1.0 25 Spreading nerve, slate gray epithelium
11— | 0.0 2.6 4.2 1.0 25 Radial nerve, spreading nerve, few slate
', gray cells
|
3 11 2.5 l 3.2 3.0 2.0 60 Extensive pigment cells, some astrocytes,
some nerve
11 0.0 32 | 3.0 2.0 60 ‘ Extensive pigment cells, some nerve

From all the experiments in Table Il we conclude that lithium chloride ap-
pears to carry on the sequence of inductions from radial nerve to spreading nerve
to slate gray cells to pigment cells and finally to astrocytes.

Combination of the action of an inductor followed by culture in a low concentration
of lithium chloride

Continuous culture in low concentrations of lithium chloride in the standard
solution brings about the induction of astrocytes and neuroglia cells. At a con-
centration of 0.40 mg./ml. astrocytes form; at 0.47 to 0.65 mg./ml. neuroglia
differentiate. If we first induce the cells to spreading nerve or pigment cells
and then culture in low concentrations of lithium chloride what cell types would
we obtain?
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TasLE 11

Combination of the actions of an inductor and a low concentration of LiCl in the culture
solution, Li:LiCl; Mg: MgSO4 - 7 H.0; Ca: CaCl, - 2 H,0.

Treatment

- No. of
l;lxol.l’ L‘:“;‘w | ——— | Culture agﬁgr?a- l Twvpes of cellular differentiation
‘ Conc. Hrs. gates
1 ‘ 11 3.0Li 2.0 .00 Li 50 Extensive pigment cells
[ 11 3.0Li 2.0 A 511 50 Extensive pigment cells, some astrocytes
11 3.0 Li 2.0 30 E1 50 Extensive neuroglia cells
2 l 104+ |6.0Mg| 3.0 1014 33 Spreading nerve, radial nerve
104+ |0.0Mg| 3.0 .10 Li 35 Ciliated masses, mucus
104+ |6.0Mg| 3.0 | .30Li 48 Some large, unidentifiable cells
104+ | 0.0 Mg 3.0 30 La 48 Ciliated masses, mucus
3 11— 6.0 Mg [ 4.0 10 Li 35 Spreading nerve
11— |0.0Mg| 4.0 10 Li 33 Ciliated epithelium, voluminous mucus
11— [6.0Mg| 4.0 30 Li 40 Large, unidentifiable cells
11— |0.0Mg| 4.0 .30 L 40 Ciliated epithelium, voluminous mucus
4 11 6.0 Mg | 3.0 2014 25 Loose cells, some ciliated masses
11 6.0 Mg | 3.0 .00 Li 25 Spreading nerve, radial nerve
5 | 11 6.0 Mg| 3.0 10 L 35 Spreading nerve, radial nerve
11 l 6.0 Mg | 3.0 .05 Li 40 Spreading nerve, radial nerve
| 11 6.0Mg| 3.0 | .00Li 35 | Spreading nerve, radial nerve
11 0.0 Mg | 3.0 10 Li 30 Ciliated epithelium
6 | 11 2.5Ca 3.0 10 Li 35 Spreading nerve
and 11 0.0 Ca 3.0 10 Li 35 Ciliated masses
7 11 2.5Ca 3.0 .30 Lai 40 Loose cells, no differentiation
11 10.0Ca 3.0 30 L 40 Ciliated masses, voluminous mucus

In Table III, experiment 1, lithium chloride is first used to induce pigment
cells and then the aggregates are cultured in 0.15 and 0.30 mg./ml. of lithium
chloride. Astrocytes appear at 0.15 mg./ml. and neuroglia at 0.30 mg./ml.
Lithium chloride in these low concentrations has little effect on aggregates, as seen
from experiment 3. Pretreatment with lithium chloride to induce pigment cells
permits the further induction to astrocytes and neuroglia.

The remainder of the table, experiments 2-7, records attempts to obtain in-
ductions with low concentrations of lithium chloride after inducing the cells with
magnesium sulfate or calcium chloride. Tt is clear that either calcium chloride
or magnesium sulfate will induce the spreading nerve stage, but that subsequent
treatment with 0.10 mg./ml. of lithium chloride has no effect. Subsequent treat-
ment with 0.30 mg./ml. of lithium chloride has a deleterious effect with many
loose, dead cells and only a few large, unidentifiable cells remaining alive. These
results, when compared with those of experiment 1, lead us to conclude that the
induction of pigment cells is a necessary step toward the induction of astrocytes
and necuroglia cells. Since neither calcium chloride nor magnesium sulfate is



SEQUENTIAL INDUCTION 419

able to induce pigment cells, further induction by low concentrations of lithium
chloride is blocked.

Reversibility of the induction: induction of pigment cells by lithium chloride fol-
lowed by a neural inductor

In Table IV experiments 1-4 record data which are interpreted to mean that
either the induction of pigment cells is reversible or that pigment cells cannot
differentiate after treatment with magnesium sulfate. Experiment 3 in particular
shows that lithium chloride alone induces pigment cells and magnesium sulfate
alone induces nerve cells. When the two are applied in sequence with lithium
chloride first, only nerve cells are induced.

In experiment 5 lithium chloride induced slate gray epithelium and, when
further treated with magnesium sulfate, the cells formed only spreading nerve.

TaBLE IV
Reversibility of the induction of pigment cells Li:LiCl; Mg: MgSOy - 7 H20O

L1 ‘ Mg
3 No. of
I;‘:)‘_" S;i?e i ) agz:rg- Types of cellular differentiation
Conc 'Il":;;e Conc. '{:;’;e it
1 11 3.0 2.0 6.0 3.3 75 Spreading nerve, few slate gray cells
11 3.0 2.0 0.0 3.3 75 Extensive pigment cells, nerve
2 11 3.0 15 6.0 2.0 50 | Spreading nerve
11 3.0 1.5 0.0 2.0 50 | Few pigment cells, spreading nerve
3 11 3.0 2.0 6.0 3.0 40 | Nerve
11 3.0 2.0 0.0 3.0 40 | Pigment cells, nerve
11 0.0 2.0 6.0 3.0 35 Nerve
11 0.0 2.0 0.0 3.0 35 | Epithelium
4 11— 3.0 3.5 6.0 2.8 40 | Spreading nerve
11— 3.0 3.5 0.0 2.8 40 | Few pigment ring cells, spreading nerve
5 11— 3.0 2.5 6.0 3.0 40 | Spreading nerve
11— 3.0 2.5 0.0 3.0 35 Nerve, slate gray epithelium
11— 0.0 2.5 6.0 3.0 40 Nerve
11— 0.0 2.5 0.0 3:0 35 Epithelium
6 11 4.0 2.0 7.0 3.0 60 | Spreading nerve, slate gray epithelium
11 1.0 2.0 0.0 3.0 60 Pigment cells, nerve
7 11 4.0 2.0 7.0 3.0 75 | Spreading nerve, slate gray epithelium
11 4.0 2.0 0.0 3.0 75 Pigment cells, nerve
8 114+ 3.0 2.0 6.0 3:5 75 | Extensive pigment cells, nerve
114 3.0 2.0 0.0 3.5 75 Extensive pigment cells, epithelium
9 114 2.0 3.0 6.0 2.5 70 | Extensive pigment cells, nerve
114 2.0 3.0 0.0 2.5 70 | Extensive pigment cells, nerve
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In experiments © and 7, on the other hand, after lithium chlonde induced pigment
olls, magnesivm sulfate reversed this induction to slate gray epithehum.

The last two experiments, & and 9, were performed to distinguish between
reversibiity of induction of pigment oells and fallure of pigment cells to differ-
ontiate. By using a later stage in development (stage 11 plus) extensive pigment
cells are induced by & two- to three-hour period of exposure to lithinm.  Subse-
Qquent treatment with magnesium sulfate has no effect on the differentiation of the

Tawme \
Rovenrsobidicy of e nluitoon o degmowt calls Laix1aQl; Mg MeSQ, - 7 H:0; Biz NaHOO,

e e EE——

Tragtmont

! N, o
B Reuge Cultors | aggre Tupes af collular differontiatian
i o, P : sares
Cano. M
1 M-  30Li 33 30Mg 40 | Spreading nerve
M- | 801la 33 00 Mg 3 | Piment oolls, spreading nene
S, S L | NS | AR
2 || n A0l 20 40Mg 73 | Spreading nerve
11 401 20 A0 Mg 73 | I‘gg'mom colls, spraading neme
3 | 1 4.0 1. 20 (A0 Mg| 3J0 | \-N-\-r. slate grav spithehium
11 40 1. 20 (Mg | 30 | Pgment oells, norve
i 11 AD LA 23 30Mg, @ Narve
11 3D 1a 23 M0 Mg N Thament colls, norve
1 Qi 23 (30Mgzg 40 | Nerw
11 b i 23 Q0 Mg! 8§ | Epithelium
3 1n R L B 20 108 i3 Nermve
11 A0l 20 00B | 3 | Pigment cells, nere
11 A0y 43 10K 40 | Daad oelis
11 A0l: 43 00w 40 | Digment colls, merve, dead cells
D 1 30 L 11 M0 ® 20 | Nerve
11 3014 11 Q0 R 20 | Nenw, rare pigment cells
11 0014 11 10 W 20 Narve
11 A0l 20 10N 20 | Nerve
11 301 20 Q0B M | Exronsive pizmont colls
| 11 0ol 20 10BN 20 Norve
11 A0l 33 1w W Few pgment colls, norve
11 L L B ¥ QdBi 20 Exronsive pigment colls, httlke nerve
11 0Dl 3D 10 R 20 Noree
pEmemt oelis mdanced by Ithiom. In experiment R the epithelmm, which was

nat affecred by Inhiom chionde, was mdoced 1 nerve by mngnesiom saliate.

Usmg &l the damx m the experiments in Table 1TV we arrive a1 the fallowing
mrerprotation.  Afrer mdacnon there 1s a short perind durmg which the process s
reversihle.  ‘Onee thns primury mdacnon s fived, hcw.'t\rt!r. 3 stronz nemral m-
ducror cavmat reverse the process and pizment cells will differentiate after treat-
ment with mpemesmm  suliare

Annthor st of expermments resting the reversibibty of mdocton of Pl""l‘fﬁ‘t‘a‘l
crlis 55 rooorded m Tahie V. In all these experiments lithiom chloride was first
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used to induce pigment cells and then the aggregates were cultured continuously
in 2 neural inductor. Experiments 1-4 show reversibility of induction as 2 result
of culture in magnesium sulfate, while experiments 5 znd 6 give the data for

ity due to culture in sodinm bicarbonate. As can be seen in expermment
6, 2 few pigment cells zre able to differentiate in the presence of the meural in-
ductor, sodium bicarbonate, and this fact reinforces the mterpretation that the
neural inductor reverses induction of, but does not interfere with the differentia-
tion of, pigment cells.

Finally, we have a bttle data on the action of calcum chloride on reversibility
of induction. Table VI shows that this compound in 2 concentration of 2.5 mg./
ml., applied for two hours after induction of pigment cells by [thinm chloride,
changes pigment cells to slate gray epithelinm, or changes slate gray eprthelinm o6
nerve. i, on the other hand, the aggregates are cultured continuouwsly m 2 low

Teses VI
Reyersovdsty of smbadtive of prgment odlls Li: La(l; Co: CalCly - Z HO

Ls =
Ewp. | Stau - - - T o o colinlinr fifflermmisin
Ti Th gares
Come. & Come &g
| 11— £3 1.0 25 20 73 | Nene
- £3 1.9 0.0 20 73 | Slate grav epiieinme. merve
2 |11 | 43 Lo 25 26 73 |Sﬂzmwye§&hﬁm,m
| 11 43 Lo L 20 73 | Phpmest cellls, merve
3 |l | 49 20 | 638 | — 75 | Exensive pigmens cellis, merve
i £10 20 o0 - 73 | Few pipment cellls, merve
¥
£ | 11— | 38 25 | 058 | — 75 | Pipmess ceilie, merve

comcentration of czicmm chioride zfter mdmetion by hthmmn chiorde, 25 m ex-
periments 3 and 4, extensive pigment cell differentiation cam coowr.

Somalioneous action of two imduciors

As z matter of empiriczl mterest we wanted to see wiat sorts of andection
would cormr when two mdmetors were permted to act 2t the same time. Semoe
they do act symergtcally m ome seqgmence znd zmtzpomisticzlly m the mewerse
sequence, it would be dificmlt to predict whet would beppes wihen they act
somltzmesusly. In the design of the experiment two diftcnities zrose: (1) the
choice of the relztive comoemtration of the two mdmoiors; 2md (2) the totzl aomac
stremgth, which m combmation i mmdh higher them when 2ppled smply m se-
quence. To some extent these problems can be met by msng sodmm bacaromze
zs the ssoond mdmctor, smee t mdmoes merve oells m refatively low compemtramom.
Etmmmmlmﬁ’mTa&&\'ﬁlma&tm“mmu&xmcﬁ
i dilloride 2nd sodimm bicerbonate i comboretion. While Grfitom difloride
zlome mdmres extemsive pigment oclls, i most cases wihen comfoved winh sodimm
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bicarbonate, few or no pigment cells differentiate. Similar results are obtained
with calcium chloride and magnesium sulfate in experiment 3, 5, 6, 7, 8, 9. On
the other hand, experiments 4 and 10 would suggest that a more extensive set
of experiments, involving different concentrations of the two inductors, might show
a synergistic action. These two experiments involved lower concentrations of

TasLe VII

Simultaneous action of two inductors
Li: LiCl; Bi: NaHCO;; Ca: CaCl, - 2 H,O; Mg: MgSO4 - 7 H:0

|
Treatment Number

Exp. | Stage - of Types of
no. no. ¥ | aggre- cellular differentiation
Conc. Hrs. | pH gates
11 20Li 4+ 1.5 Bi 2 9.0 29 Spreading nerve
11 2.0 Li 4+ 0.75 Bi 2 8.8 25 Spreading nerve
11 2.0 Li 2 8.0 35 Nerve, pigment cells
11 20Li + 1.5 Bi ! 9.0 25 Nerve, few pigment cells
1 11 2.0Li + 0.75 Bi 1 8.8 25 Nerve, few pigment cells
11 2.0 Li 4 8.0 33 Extensive pigment cells, little nerve
11 20Li 4+ 1.5 Bi 6 9.0 25 Nerve, few pigment cells
11 | 2.0Li 4+ 0.75 Bi 6 8.8 25 Nerve, few pigment cells
11 2.0 L 6 8.0 = Extensive pigment cells, little nerve
2 11 20Li 4+ 1.0 Bi 4 8.8 75 Spreading nerve
11 | 2.0Li + 1.0 Bi i 8.8 i Spreading nerve
1 2.0 i 4 8.0 35 Extensive pigment cells, nerve
3 11 20Li + 2.0 Ca 3 60 Nerve, rare pigment cells
11| 2.0Li 3 60 Extensive pigment cells, little nerve
1 11 | 05Li 4+ 1.5 Mg 7 25 Epithelium, few pigment cells, nerve
11 0:5 L 7 25 Ciliated masses, mucus
‘ 11 1.5 Mg 7/ 25 Epithelium, ciliated masses
5 11 4.0 L.i + 6.0 Mg 2 50 Unknown cell types
6 11 | 2.0Li 4 4.0 Mg 3 75 | Spreading nerve, short nerve
7 11 20 Li 4+ 3.0 Mg | 2.0 40 Nerve, few pigment cells
11 2.0 Li 2.0 35 Extensive pigment cells
11 20Li 4+ 3.0 Mg | 4.0 40 Nerve, few pigment cells
11 2:0 T 4.0 35 Extensive pigment cells
8 11 20Li 4+ 3.0Mg | 2.0 40 Nerve, slate gray epithelium
11 2.0 L1 2.0 35 Nerve, pigment cells, slate gray epi-
thelium
11 | 20Li 4+ 3.0Mp ] 3.0 40 Nerve, pigment cells
11 20Li 3.0 35 Extensive pigment cells, nerve
9 11 2001 4+ 3.0Mg | 2.5 60 Nerve, slate gray epithelium
11 2.0 Li 25 | 60 Nerve, some pigment cells
10 i + 3.0 Mg | 75 Spreading nerve, pigment cells

1.0 Li 3.7
11 1.0/ 3.7 75 Radial nerve, rare pigment cells
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lithium chloride combined with magnesium sulfate applied for a longer period of
time. Note that while neither lithium chloride nor magnesium sulfate induced
nerve or pigment cells, the combination induced some nerve cells and a few pigment
cells. Clearly no final conclusions can be drawn from the data in Table VII.

Is the sequence of imductions a necessary one?

From a theoretical point of view it is important to know whether in the sequence
of inductions the steps are so related that one depends upon another, or whether
a specific inductor could induce one cell type without first inducing the cell type
preceding. More specifically, is it possible to induce pigment cells without first
inducing radial nerve and then spreading nerve? This question arose from specu-
lation that the sequence of inductions might be almost entirely the result of a
sequence in competence of the presumptive epidermis.

We first determined the change in competence with time of the presumptive
epidermis to form pigment cells when treated with a specific concentration of
lithium chloride for a specific time (3.0 mg./ml. for two hrs.). These results are

TasLe VIII

Sequential induction by lithium chloride in relation to competence

Treatment %

Stage | - No. of = i .
no. T = aggre- Types of cellular differentiation

i Conc. | Hrs. gares
11+ | 3.0 Li I 0.5 25 Epithelium, little nerve
114 | 3.0 Li ‘ 1.0 25 Spreading nerve, few pigment cells
114 | SHIEIE 1 ‘ 25 Extensive pigment cells, nerve
12 — . 3.0 Li 0.5 25 ' Epithelium, little nerve
12 — | 3051 ‘ 1.0 | 25 ‘ Nerve, pigment cells
12— 3.0 1 1.5 | 25 ' Extensive pigment cells, nerve

! ; i
published in abstract form (Barth, 1964). The peak of competence was found
to be between stages 11 plus and 12 minus. We then treated presumptive epi-
dermis at these stages with lithium chloride for different lengths of time. The
results are shown in Table VIII.

At both stages lithium chloride induces extensive pigment cells but as the
duration of treatment i1s shortened nerve is induced instead of pigment cells.
Thus, at the peak of competence for induction of pigment cells, lithium first in-
duces nerve cells which then become further induced to pigment cells.

Discussion

The process of induction in a sequence involves at least three basic phenomena.
First, a cell type is determined and will reproduce itself during cell division.
Second, the induction becomes irreversible, and thus the cell, having been in-
duced, is inhibited in its capacity for differentiation into those cell types which
precede 1t in the sequence. Third, the induction makes possible further induc-
tion, 7.e., the next step in the sequence of inductions. Thus, in the induction of
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a nerve cell from the presumptive epidermis we need the activation of a self-
duplicating system, which 1s best provided by DNA. e also need an inhibitor
to prevent the induced cell from becoming an epidermal cell. And in addition, the
induction of a nerve cell makes possible the further mduction of a pigment cell.

In the normal course of events the presumptive epidermal cell undergoes cell
division and differentiates. Thus, the DN.\s for epidermal cell differentiation are
active. When the cell 1s induced not only must the DNAs for nerve cells be
activated, but those for epidermis must be inhibited. Finally, after the DNAs
for nerve cells are activated, and only after this induction, we find that pigment
cells may be induced. Thus, the induction of nerve cell must result in the
competence for pigment cell induction.

The most direct approach to the problem outlined above is to assume that in
the early determination of a cell by induction at least three DN As are activated as
a cistron. One DNA results in the synthesis of a specific protein which deter-
mines the differentiation of the cell. Another DNA results in the formation of a
protein which masks the preceding DNAs in the sequence of inductions. A third
DNA would direct the synthesis of a protein which would confer competence for
the next step in the sequence. This latter competence might simply be a partial
unmasking of the DNA in a cistron for the next cell type in the sequence so that
an inductor might be able to complete the unmasking.

The action of morganic ions as inductors

Of the known effects of lithium chloride on cells, the increase in viscosity of
proteins (Ranzi and Citterio, 1957) 1s the most directly related to any possible
action upon nucleoproteins. A change in structure of the histones by lithium
chloride may possibly free the sites of action of the DNA and start the sequence
of inductions. Nuclear histones, as regulators of gene activity, have been dis-
cussed recently by several investigators, including Busch et al. (1963), Bloch
(1963), Horn (1962), and B. C. Moore (1963). Moore suggests that the genes
are closely associated with histone and are prevented from synthesizing messenger
RNAs before gastrulation. After gastrulation the association between histone
and DNA changes and messenger RN As are synthesized.

Using the above hypothesis, two mechanisms are needed for controlling the
association between histone and DNA. During gastrulation there is a change in
competence with time, which is independent of inductors. This is an intracellular
control of gene action. Second, the inductors act on the competent cells and
new genes must be activated. This is an extracellular control of gene action.

The first mechanism need not necessarily involve the actual removal of histone
with the resultant activation of the genes, but rather make the histone susceptible
to the action of an inductor. The repeated cell divisions during gastrulation, with
the resultant exposure of the chromosomes to the action of cathepsins, may
possibly remove most of the histone but leave enough to block one or more active
sites on the DNA molecule. Then an inductor by uniting with histone may re-
move the last barrier to gene action.

Another possible way of reducing the histone is by repeated cell division. If
DNA replicates faster than histone is synthesized, then the ratio of histone to DNA
would be lowered. Ixtending this process beyond gastrulation, a time might



SEQUENTIAL INDUCTION 425

arrive when the genes for the differentiation of epidermis were activated by re-
moval of histone. No extracellular inductor is necessary for the determination of
ciliated cells of the epidermis.

Quite clearly the main difficulty in the hypothesis of the control of gene action
by histones is lack of evidence for the specificity necessary to activate one set of
genes in one group of cells and another set in a second group of cells. Obviously
some histones would need to remain in association with DNA while others would
be removed. In the case of sequential induction the histone associated with
neural genes would need to be more susceptible to the action of inductors than the
histone combined with pigment cell genes. The concept of sequential induction
might be of help in reducing the numbers of histones to the numbers of sequential
inductions. Thus, perhaps one kind of histone 1s associated with those genes in-
volved in ectodermal differentiation, another in mesodermal differentiation and a
third in endodermal differentiation. In any one sequence of inductions the
amount of histone might possibly determine the susceptibility of any one set of
genes to the action of an inductor.

Relation of sequential induction to the organizer

In the case of the organizer phenomenon we have a situation by which
chordamesoderm induces the presumptive neural plate to form the definitive neural
plate, and at the same time becomes definitive notochord and mesoderm. The
median portion of the neural plate differentiates into motor neurons, while the
lateral regions form neural crests which differentiate into sensory mneurons,
sympathetic neurons, pigment cells, adrenal medulla and other cell types. The
presumptive chordamesoderm has competence for differentiation into neural plate
and the presumptive neural plate has competence for differentiation into chorda-
mesoderm. Thus, one basic question arises: Why doesn’t the presumptive
chordamesoderm differentiate into neural plate since it has both the competence
and the inductor for neural plate? Next, we have to account for the induction
of forebrain by the prechordal plate and spinal cord by the chordamesoderm. In
addition, we would like to have an explanation for the medio-lateral differences
in the neural plate, since these arise shortly after the time of induction (Corner,
personal communication ).

One basic assumption will be made. The living organizer produces an in-
ductor which induces different cell types at different concentrations. The highest
concentration of the inductor will then be in the chordamesoderm itself and will
induce these cells to become notochord and mesoderm. As gastrulation occurs,
the next highest concentration of the inductor will be in the posterior presumptive
neural plate, because this region is in contact with the inductor for the longest
period of time, and also the chordamesoderm has greater mass per unit area
in this region. The anterior presumptive neural plate will have the lowest con-
centration of the inductor for two reasons. First, it is in contact with the pre-
chordal plate for only a short time before competence is lost, and second, because
the prechordal plate 1s very thin and the concentration of the inductor must be
correspondingly low. Mangold (1933) commented on the very weak inductive
capacity of the prechordal plate.

Within the chordamesoderm during gastrulation a situation develops whereby
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the notochord is a thin strip of tissue applied to the median region of the pre-
sumptive neural plate, while the mesoderm becomes concentrated in a much thicker
layer under the lateral regions of the neural plate. Thus, the concentration of the
inductor will be higher in the lateral regions as compared with the median region.

Therefore, we visualize a situation by which a single inductor, at a concentra-
tion C, induces chordamesoderm ; at a concentration of C, ; induces neural crest:
at a lesser concentration, C,», spinal cord; at C, s, forebrain. What evidence
do we have to support this hypothesis?

With regard to induction of forebrain, most of the evidence supports a weak
inductor. (1) In Ambystomna maculatum no external inductor at all is necessary
for induction of forebrain (Barth, 1941; Holtfreter, 1944). (2) The spinocaudal
inductor, when partly denatured, induces forebrain (Yamada, 1958). (3) The
mesodermal inductor, when heated, loses 1ts inductive properties in the order of
spinocaudal, hindbrain, forebrain, to no induction (Yamada, 1958). (4) Man-
gold (1933) tested the anterior region of the roof of the archenteron in the
blastocoel of an early gastrula and found it to have weak inductive capacity as
compared with more posterior regions.

The induction of the medio-lateral regionality in the neural plate can be imitated
to some extent by lithium chloride. With a low concentration of, or short ex-
posure to, lithium chloride, the presumptive epidermis forms motor neurons, as
evidenced by their action to stimulate muscle to contract (Barth and Barth,
1959). Higher concentrations of lithium chloride or longer exposure time results
in neural crest, as evidenced by pigment cell differentiation and a type of nerve
which is similar to sympathetic nerve.

Finally, have we any single inductor which actually does induce mesoderm,
notochord, and neural tissue? Masui (1960) has obtained excellent induction
of notochord, muscle, pronephros, nerve, pigment cells and mesenchyme by the
use of lithium chloride. In our own experiments we were not so successful as
Masui, but we did obtain at least two types of nerve, pigment cells, mesenchyme,
but only sporadically notochord and muscle. Finally, it is clear that one sub-
stance is able to induce differentiation of many cell types, and we believe that this
constitutes good evidence for a single inductor in the organizer region of the
castrula.

A number of objections may be made against the hypothesis of a single in-
ductor present in the organizer region and acting by inducing various cell types
at various concentrations. Among these objections we will consider two. First,
how can we reconcile the fact that one half of the organizer region will induce a
bilaterally symmetrical neural plate? The differences in concentration of a single
inductor would be expected to be radically altered after bisection of the organizer,
and an asymmetrical neural plate would result.

Second, the fact that a non-organizer region containing no inductor may be
placed in the organizer region with no change in the neural plate induced requires
an explanation.  Small transplants of presumptive epidermis placed in the organizer
region regulate, undergo gastrulation and become inductors. How can the dif-
ferences in concentration of the inductor required by the hypothesis he maintained
under these circumstances?

The two criticisms chosen above may be leveled at most hypotheses of organizer
action and are not particular criticisms of the single inductor hypothesis. Indeed,
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it would appear to be even more difficult to interpret the experiments on division

of the organizer and substitution of the organizer if the hypothesis of a mosaic
of inductors 1s offered.

SUMMARY

1. A sequence of inductions has been obtained with a single inductor applied

to the presumptive epidermis in various concentrations and for varying lengths
of time.

2. A neural inductor, such as magnesium sulfate or calcium chloride, will in-

duce a part of the sequence such that a subminimal exposure to lithium chloride
then is able to induce pigment cells.

3. After lithium chloride is used to induce pigment cells, a strong neural in-
ductor such as sodium bicarbonate, magnesium sulfate or calcium chloride applied

immediately after lithium treatment may reverse the induction and nerve cell
differentiation will result.

4. The sequence of inductions is a necessary one, as evidenced by the fact that

at the peak of competence for pigment cell induction, lithium chloride first induces
nerve cells and then pigment cells.
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