
 

Cell population growth regulates dorsalization 
and caudalization during chick morphogenesis 

and programmed cell death in lens fibres
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ABSTRACT  The chick embryo ectoblast was examined for a possible relationship between the state 
of neural competence and cell population growth. It was found that although ectoblast cells with 
doubling times ranging between 5 to 20 h exhibit neural competence, the extent of neutralization 
induced by the Hensen’s node depends on the duration of the cell cycle; the longer the doubling 
time of the competent ectoblast, the stronger the induction and the greater the induced neural 
tissue. Neural induction in the competent ectoblast occurs in at least two steps: the first lasts for 
1-2 h of direct contact with the inducing Hensen’s node graft; a contact for another 2 h with even 
a non-inducing post-nodal fragment is essential to consolidate neutralization. Hensen’s node graft 
induces mitotic activity in the competent ectoblast in contact. Teratogens which inhibit cell popula-
tion growth, development and blastoderm expansion in chick embryo gastrula cause concomitant 
caudalization of the embryonic axis. We confirm Yamada’s hypothesis that dorsalization is under 
positive mitogenic control, whereas caudalization is controlled by a negative cell cycle regulation. 
Reverse transcripts of chick gastrula mRNA were cloned in pBR322. Colony hybridization with 
cDNA made against chicken yolk RNA showed positive clones. Thus chicken yolk contains maternal 
mRNAs. cDNA made against mRNA extracted from stage 10 foreheads was hybridized with RNA 
from stage 1 to 13 embryos, 19 day lens and egg yolk. The hybridization signal, which was low 
between stages 1 to 7, increased between stages 10-13 and decreased thereafter. Forehead cDNA 
also hybridized to yolk RNA. Thus, maternal RNA sequences are present in the early chick embryo. 
During lens development, epithelial cells retain proliferative activity and their progeny reaching a 
stationary phase join the fibre area and contribute to the growth of fibre cells. The rate of transfer 
from epithelium to fibre regulates the rate of programmed cell death of the non-dividing differenti-
ated lens fibre cells.
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Introduction

The eukaryotic genome contains thousands of genes distributed 
among different coordinately expressed clusters with the members 
switching positions with time, and cell lineages during the develop-
ment. Genetic defects, caused by mutations, lead to a variety of 
metabolic, physiological, structural or functional abnormalities or 
even lethality (Romanoff, 1972, Cohen & Nadler, 1983). During 
ovogenesis, some of maternal gene products are morphogens 
deposited in the egg cell in form of gradients of transcripts or 
proteins and become functional post-fertilization in a position-, 
concentration- and time-dependent manner. For example, Goo-
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secoid interferes with the function of the primary organizer and 
causes cephalization (De Robertis et al., 1991), while Brachyury 
induces caudalization (for reviews, see Yamada, 1994, 1995; 
Yamada & Modak, 1998). Defects in the expression of genes for 
morphogens may lead to altered patterns of their deposits and 
the morphogenesis of corresponding primordia. Similarly, some 
genes may affect the growth rates in presumptive areas of organ 
primordia as well as the programmed cell death (Saunders and 
Fallon, 1966; Modak & Perdue, 1970). Mutations affecting the germ 
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line will be inherited while those in somatic cells will be restricted 
to the corresponding cell lineage. 

Many synthetic and naturally occurring chemicals, their me-
tabolites or by-products are teratogenic (Harbison, 1980) and are 
useful in studying the developmental and molecular mechanism of 
teratogenesis. Molecules like thalidomide that provoke increasingly 
defective development of the terminal segments of appendages 
(McBride, 1977) probably interfere in the expression of pattern 
defining homeobox genes. Hence, depending upon the timing of 
administration of a teratogen, the corresponding cells lineages and 
the organ primordia may be affected. In order to understand the 
precise mode of initiation of cell lineage- or organ primordia-specific 
effect of teratogens, early developing embryonic systems such as 
frog and chick embryos have been routinely used.

Teratogens and chick development 

Early developing chick embryo is a flat disc like structure an-
chored at its periphery to the overlying vitelline membrane and 
floating on the yolk. Chick embryos have been cultured in vitro 
(Gallera, 1971; Modak, 2003) on plasma clot (Waddington (1932), 
solid agar (Spratt), with vitelline membrane stretched around a 
glass ring (New, 1955), or clamped between two rings (Gallera 
& Nicolet, 1961) floating on albumen, explanted on filter paper 
supports (Olszanska & Lassota, 1980) etc., to observe and trace 
early embryonic events like morphogenetic movements, axis 
development, neural induction, to test the teratogenicity of target 
chemical or physical agents, for manipulations like excision or 
transplantations of parts, or to study specific metabolic events 
using radioactive tracers. After completing her doctorate under 
the supervision of Prof. C.H. Waddington in Edinburgh, Dr. Leela 
Mulherkar joined the Department of Zoology, University of Poona in 
1957 and focussed on the effect of teratogens on the critical steps 
in the formation of the early embryonic axis and organ primordia. 
Using early chick embryos, cultured in vitro, her group examined 
the effects of variety of metabolic inhibiters, namely, Trypan blue 
(Mulherkar, 1960), colchicine (Diwan, 1966), chloroacetophenone 
(Laxmi, 1962a & b; Mulherkar et al., 1967), Actinomycin D (Katdare 
and Mulherkar, 1972), urethane (Gokhale and Mulherkar, 1980; 
Diwan and Mulherkar, 1980), Hydrazine hydrochloride (Telang & 
Mulherkar, 1974), Chloramphenicol (Mulherkar et al., 1967; Mul-
herkar & Joshi, 1969) on early morphogenesis as well as critical 
events of neural induction. After Prof. Mulherkar’s retirement in 
1977, Dr. M.V. Joshi, studied the teratogenic effect of Isonicotinic 
acid hydrazide (Shah and Joshi, 1980; Joshi et al.,1990) and Af-
latoxin B1 (Joshi & Joshi, 1981) on chick embryos, while Dr. S.C. 
Goel used as models, garden llizard embryos to study the effect 
of gamma radiation (Chiplonkar & Goel (1975) and Trypan blue 
(Mathur & Goel, 1976). 

In his classical studies on the effect of Lithium chloride on 
chick embryo in vitro, Nicolet (1965) showed that the period of 
gastrulation is most sensitive to teratogenesis that perturbs, in 
a dose- and time-dependent manner, early morphogenesis and 
establishment of the primary embryonic axis leading to abnormal 
morphogenesis. Nicolet’s studies (1970, 1971) tracing the fate 
of radioactive cells in the grafts of primitive node gave a clearer 
understanding of the positional effects of teratogens. However, 
little was understood about the cellular and molecular basis of 
teratogenesis as earlier studies depended mostly on observations 

of morphological changes in teratogenised embryos, but lacked 
the logistics and methodologies for quantitative evaluation of the 
cause and effect relation between normal development and that 
modified by such intervention.

Dorsalization and caudalization 

During the formation of body axis, cells positioned along the 
dorso-ventral axis interact with maternal morphogens and acquire 
dorsal phenotype by a process termed as Dorsalization. In contrast, 
the Caudalization process wherein tail-specific cells are determined 
and positioned during the formation and growth of the tail. Yamada 
(1950, 1990) postulated that two principle morphogenetic events, 
dorsalization and caudalization, depend on growth and mitotic 
activity. However, the information was lacking on cell population 
dynamics during morphogenetic movements, including growth 
parameters including the time- and positiondependent changes in 
the size and mass of various morphological structures during the 
normal and abnormal development. Experiments tracing the fate 
of 3H-thymidine labelled pieces, exchanged with corresponding 
parts, in unlabelled primitive streak stage embryos (Modak,1966; 
Rosenquist, 1966; Nicolet, 1970, 71) made it possible to trace the 
timing- and position-specific morphogenetic movements during the 
early development and opened a window to investigate whether 
teratogens inhibit cell population growth, morphogenetic movements 
and cell-cell interactions thereby disturbing the temporal hierarchy 
for the establishment of primary embryonic axis, positioning and 
the formation of organ primordia. Since teratogenesis in early 
chick embryo invariably affects the development of the neural tube 
and its derivatives, Prof. Mulherkar’s group studied the effect of 
teratogens on the inductive activity of Hensen’s node, the centre 
of gastrulation and the neural induction. Yet, little was known on 
the temporal, cellular and molecular basis of embryonic induction 
and competence that involve interactions between effector and 
target cells (Gallera, 1971) leading to the processes defining and 
regulating cell differentiation, specifically terminal cell differentiation 
by the acquisition of a stable phenotype. Studies by Yamada (1977) 
and my group (Modak Unger-Ullmann, 1980) dealt with some of 
the molecular and cellular processes regulating the development 
and differentiation and the stability of differentiated state in the 
normal or regenerating lens of the eye.

Cell population growth during early morphogenesis of 
the chick embryo

As fertilized chicken ovocyte rolls down the oviduct, it undergoes 
superficial cleavages, cell multiplication and becomes a blastodisc. 
Solomon (1957) estimated the relative increase in cell number, DNA 
and RNA in the early chick embryos. Wylie (1972) used Solomon’s 
method to estimate cell numbers in embryos during first 25 hours 
in freshly laid egg. Emanuelson (1965) counted cells in embryos 
beginning from 500 cell stage during the passage down the oviduct 
till the time of laying and estimated the cell multiplication rate to 
increase from 2 to 5h. McMaster & Modak (1977) counted nuclei 
in embryo lysates to estimate changes in the cell population size 
and the amounts of DNA, RNA and proteins in chick embryos 
during 0h-52h or Hamburger-Hamilton (1952) stages 2 to 12 of 
development. 

In these studies, counting isolated nuclei under phase contrast 
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eliminated the 10-fold overestimates, caused by the difficulty in 
discriminating between nuclei and large yolk granules, in studies by 
Solomon (1957) as well as Wylie (1972). McMaster & Modak (1977) 
showed that chick embryo cell population growth is logarithmic 
and biphasic with doubling times (TG) of 6-7h during Hamburger-
Hamilton (1951) stages 2 to 9, and 12h during stages 9 to 13. 

I joined the University of Poona in 1979 and began studying 
the effect of teratogens on growth parameters in chick embryos 
cultured in vitro by the double ring technique of Gallera & Nicolet 
(1961). Cell nuclei were isolated from homogenates, stained with 
ethidium bromide were counted under fluorescence microscope 
(Ghatpande et al., 1990) to avoid overestimates due to false inclu-
sion of large yolk granules that resemble nuclei under the phase 
contrast. Sonawane (2000) further improved on the procedure by 
homogenizing embryos in the presence of the non-ionic detergent 
NP40 to dissolve yolk granules and counting ethidium bromide-
stained nuclei under fluorescent microscope. McMaster & Modak 
(1977) and Ghatpande et al., (1990) found that the chick embryo 
cell population growth is logarithmic and biphasic with doubling 
times (TG) of 6 to 7h during Hamburger-Hamilton (1951) stages 
2 to 9h, and 12h during stages 9-13. They deduced that the shift 
in the cell population growth parameter between stages 7 and 
10 was critical as a window of transition, as it coincided with the 
establishment of the primary axis, folding and fusion of cell sheets, 
and establishment of organ primordia as well as the initiation of 
specific cell lineages. Results of studies on cell population growth 
obtained by from different authors are summarised in Table 1. 
Sonawane (2000) found that chick embryonic cell populations 
exhibit tri-phasic logarithmic growth during stages 1 to 12. During 

first phase, between stages 1 and 4, the doubling times (TG) are 
17.7h in the area pellucida and 6.3h in the area opaca. During the 
second phase, between stages 4 to 8, the cell population doubling 
times shorten in both areas down to 5.2h in the area pellucida and 
4.9h in the area opaca. In the third phase (st.8-12)the doubling times 
increase again to 16h in the area pellucida and 16.7h in the area 
opaca. From early chick embryos, surgically isolated germ layers 
ectoblast, mesoblast and endoblast, and the vitelline endoderm 
exhibit varying cell population doubling times (Table 1). Thus, the 
initial cell population growth occurs in the area opaca thereby 
driving cellular movements towards the area pellucida although 
the surface area covered by the area pellucida, estimated by pla-
nimetry, grows very slowly at early stages. Thereafter, both areas 
exhibit accelerated growth coincident with the laying down of the 
primitive embryonic axis. The 2nd phase represents a window for 
rapid recruitment of cells leading to the consolidation of the primary 
embryonic axis and organ primordia in the area pellucida although, 
during this period, the expansion of the area opaca is much faster 
than the area pellucida, while the cell population doubling time is 
about the same in both areas, which must cause stretching of area 
opaca cells. Keller’s group (2000, 2003) has suggested models 
to explain the biomechanics of cell shape changes, which we feel 
are regulated by differential cell population growth parameters. 
Measurements of the total blastoderm area between stages 1-10, 
showed (Sonawane, 2000) that the area doubling time (TA) is 4.9h 
for the area opaca and 28.9h for the area pellucida. Although the 
area occupied by the embryonic axis and organ primordia remains 
small during early development, the blastoderm continues to grow 
5.6 times faster. Moreover, during the early development, domi-

Source   Region  Dev.  Stages*  Visualization  Doubling Time (TG)  Reference
          
oviduct  Entire  500 cells  Light microscopy  2 to 5,00h  Emanuelsson (1965)
    Till laying       
          
In ovo  Entire  2 to 8  Phase contrast  6,00h  McMaster& Modak  (1977)
      “ 9 to 13              “ 11,6h  
 In Ovo   Entire  4 t0 9  Fluorescence  ethidiumbromide 7,50+0,75  Ghatpande et al (1990)
    8 t0 12                 “ 12,75+2,57               *
    4 to 12                 “ 9,75+0,92               “
 In vitro  Ares  1 to 4  NP40 + EtBr 17,7+3,70  Sonawane (2000)
  Pellucida  4 to 8       “         “ 5,20+0,50               “
    8 to 12       “         « 16,00+1,40               “
    1 to 12       “         “ 9,60+0,40  
  Area Opaca  1 to 4  NP40 + EtBr 6,30+0,50  Sonawane (2000)
    4 to 8       “         “ 4,90+0,40               “
    8 to 12       “         “ 16,70+1,90               “
    1 to 12       “         “ 7,60+0,20  
  Are pellucida    NP40 + EtBr   
  endoblast  1 to 4       “         “ 22,52+5,20  Sonawane (2000)
  ectomesoblast      “      “         “ 13,4+2,90               “
            
  Area opaca    NP40 + EtBr              “
  Yolk  endoderm 1 to 4      “         “ 5,60+0,58  Sonawane (2000)
    1 to 10       “         “ 7,10+0,40               “
  Ectoblast  1 to 4  NP40 + EtBr 5,90+0,50               “
    1 to 10       “         “ 8,02+0,70               “
  Mesoblast  3+ to 10       “         “ 3,70+ 0,92               “

TABLE 1

CELL POPULATION GROWTH DURING EARLY MORPHOGENESIS OF CHICK EMBRYO

• Hamburger Hamilton stages



48    S.P. Modak

nated by morphogenetic movements, responsible for positioning 
three germ layers, the cell population grows logarithmically with an 
average doubling time of about 6h although individual germ layers 
(ectoblast, mesoblast, embryonic endoblast as well as, vitelline 
endoblast) multiply at different rates (Table 1). This is supported 
by the differences in mitotic and 3H-thymidine labelling frequen-
cies. Therefore, the principal driving force for the morphogenetic 
movements appears to be the differential cell population growth 
that would force changes in cell shapes observed by Keller et 
al.(2000) depending on the extent of crowding, while those way 
from a non-dividing region would cause cell stretching and flat-
tening in the area opaca. 

Estimates of cell population doubling in discrete cell popula-
tions revealed (Table 1) that between stages 2 to 4 the embryonic 
endoblast invaginating through the primitive streak (Modak, 1965, 
1966) in the area pellucida grows very slowly (TG=22,4h), while 
the ectomesoblast in the area pellucida doubles every 13.4h 
(Sonawane,2000). In the area opaca, the vitelline endoblast and 
the ectoblast (and not the extra-embryonic mesoblast) exhibit TG of 
5.8h and 5.9h, respectively, while the total cell population growth 
in the area opaca (TG = 16.0h) is, similar to that in the entire area 
pellucida (TG = 16.7h). Thus, the area opaca cell population grows 
mostly by mitotic activity that generates morphogenetic movements 
towards the area pellucida for invagination through the primitive 
streak to form the embryonic endoblast, the mesoblast and extra-
embryonic mesoblast. The pattern of incorporation of 3Hthymidine 
and the flow cytometry revealed that 40% of vitelline endoderm cells 
In the area opaca, are in stationary G1/G2 phases (S. Mukerjee, D. 
Dabir and S. P. Modak, unpublished, 1999) although these undergo 
stretching due to blastoderm expansion. The overall result that, 
during early development, the cell population growth is multiphasic 
has now received support from a quantitative assessment by RT-
PCR of changes in the number of cdc2k transcripts (A. Gore and 
S. P. Modak, unpublished data, 1999).

 
Growth of chick embryo blastoderm area during early 
morphogenesis 

During the development in vitro for 38h, the blastoderm area 
increases in size. Changes in the area covered by the entire blas-
toderm (Ghatpande et al., 1990, 1991,1993; Modak et al.,1993; 

Sonawane, 2000) and its parts, namely, the Area pellucida and 
the Area opaca (Sonawane, 2000), were measured during in vitro 
development 1 to 38h, or stages 1 to 10+ (Table 2). Compared 
to the Area doubling time (TA) of 10.9h for the entire blastoderm 
(Ghatpande et al., Modak et al., 1993) the area pellucida expands 
very slowly (TA = 28.9h) while area opaca expands (TA = 4.9h) 5-6 
times faster reaching a the area of net size nearly 100 times that 
of area pellucida. This suggests that for the blastoderm growth, 
based on the area size (Table 2) and cell numbers (Table 1), the 
area opaca is the principal contributordriver to the morphogenetic 
movements towards establishment of the primary embryonic axis 
in the area pellucida as well as expansion of the blastoderm by 
stretching and differential cell population growth at the margin of 
overgrowth.

 
Positional differences in cell proliferation during early 
chick development 

The cell proliferative activity was estimated from a 30min pulse 
labelling with 3H thymidine and the mitotic frequency (Sonawane, 
2000; Sonawane & Modak, Ms in preparation). The Mitotic fre-
quency was estimated at stages 2, 2+, 3, 3+ and 4 from the entire 
blastoderm, the area pellucida and the area opaca and in the 
semi-circular zones surrounding the primitive streak. The zone 1 
includes the tip of the primitive steak at its centre, the zones 2 to 
4 are positioned successively at 0.5mm distance away, while the 
zone 5 covers the margin of overgrowth. At stage 2+, there is 1.5% 
mitotic frequency in zone I that increases gradually to reach 5% in 
zone V latter located at the area pellucida-opaca border, i.e., well 
away from the anterior tip of the growing primitive streak. This region 
delivers cells to the area pellucida for subsequent invagination as 
well as delimiting the presumptive neural plate. Thus, there is no 
evidence for high mitotic activity immediately anterior to the tip of 
the primitive streak. Furthermore, the newly established lineages 
increase in cell number rapidly with shorter TG in the entire area 
pellucida (Table 1). At stage 4, the blastoderm area expansion is 
driven by localized cell proliferation at the margin of overgrowth 
(zone V) as evidenced by high frequency of Mitosis and 3H-TdR 
labelling (New, 1959; Sonawane, 2000). Indeed, TG for Area opaca 
is 6.3h at the stage 4 and decreases to 4.9h probably due to the 
contribution of the extraembryonic mesoblast moving into this 

Treatment  Blastoderm region  H.H.stage*  Area doubling (TA)  References  
Normal  Area opaca  1 to 10  4,90+0,14  Sonawane (2000)  
  Area pellucida      “ 28,90+3,30  Sonawane (2000)  
Normal  Entire blastoderm  1 to 10 (38h)  10,90+1,70  Modak et al., (1993)  
Retrnoic acid      “       
10-7M      “   14,60+5,60  Modak et al., (1993)  
10-8M      “   13,20+5,60  Modak et al., (1993)  
10-9M      “   10,8+3,90  Modak et al., (1993)  
Normal  Entire blastoderm  1 to 10 (38h)  10,92+1,81  Ghatpande et al., (1993)  
Trypan Blue          
0,08%     15,70+2,90  Ghatpande et al., (1993)  
Lithium  chloride         
0,025M    1 to 10 (38h)  18,47+6,06  Ghatpande et al., (1993)  

TABLE 2

GROWTH OF BLASTODERM AREA DURING MORPHOGENESIS OF NORMAL 
AND TERATOGENIZED CHICK EMBRYOS IN VITRO

• Hamburger Hamilton stages
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mitotic activity appears in form of three waves, the first located well 
anterior to the growing tip of the primitive streak, the second at the 
junction of the area pellucida and the area opaca and the third at 
the margin of overgrowth and these mitotic waves are preceded 
by gradients of cells in S phase of the cell cycle (Sonawane, 2000) 
(Table 3) and account for 13 cell population doublings.

Relationship between cell population growth, blasto-
derm area expansion and morphological structuring 
during early development of normal and teratogenised 
embryos

The standard tables of chick development by Hamburger and 
Hamilton (1951) are based on appearance of major morphological 
and functional characters. However these stages are not spaced 
at fixed intervals and cannot be used as a numerical parameter 
relative to cell number and blastoderm area. Therefore, Ghatpande 
et al. (1991) examined each embryo for 23 visible morphological 
characters and assigned a rank of 1 to each character. These 
features are 1) primitive streak, 2) Duval’s crescent, 3) margin of 
overgrowth, 4) head process,. 5) neuro-ectoblast, 6) head fold, 7) 
neural plate, 8)neural fold, 9) fore gut, 10) paired heart primordia, 
11) fore brain, 12) optic vesicles, 13) mid brain, 14) hind brain, 
15) fused heart tubes, 16) beating heart, 17) appearance of blood 

islands, 18) divisions of hind brain, 19) closure of the anterior 
neuropore, 20) constriction of optic vesicles, 21) S-shaped heart, 
22) blood islands over entire area opaca, and 23) somites with 
each pair given one rank order. Embryos in question are then rank 
ordered by adding observed rank values and compared with other 
quantitative parameters such as cell numbers and blastoderm area 
at different time points. 

According to Rao and Chauhan (1971) teratogenised embryos 
fall under two grades of malformations, with grade I being the most 
severe. Based on the measurement of rank order, Ghatpande et 
al. (1991) expanded this classification to Grades I to IV such that 
the Grade I represents most malformed embryos with lowest rank 
order, increasing to Grade II, Grade III, and the Grade IV as the 
least malformed. 

Analyses of x, y, z plots, show the relationship between, the 
blastoderm area (x axis), the rank order (y axis) and cell population 
size (z axis) of untreated control stage embryos grown in vitro for 
1h, 4h, 8h, 12h, 16h and 20h. (Fig.1 A-F). During normal develop-
ment these 3 parameters exhibit a direct relationship, such that 
higher the rank order (or, the stage of development), higher is the 
cell population size and larger the blastoderm area (Ghatpande, 
1992). In contrast, the relationship among cell population growth, 
blastoderm area expansion and the rank order is disturbed dur-
ing teratogenesis in a way that reveals which parameter is most 

Fig. 1. Three parametric plots showing temporal changes in the growth parameters of 
normal primitive streak stage chick embryos (18 h development) and cultured in vitro  
(for 0-20 h). From Ghatpande, 1992. Log cell population (Y axis), extent of development as 
the Rank order value (X axis), and blastoderm area in mm2 (Z axis). (A)0 h, (B) 4 h, (C) 8 h, 
(D) 1 h, (E) 16 h and (F) 20 h.

area after invaginating through the primitive streak. 
Thus, there is no localized high mitotic activity in 
the Hensen’s node, and, contrary to the claims by 
Spratt (1966) in normal embryos, and by Stern 
(1979) and (MacAuley, 1993) using mitotic inhibitors, 
the primitive node is not a growth centre. It is very 
likely that they found mitotic cells near the primitive 
node as these were being dragged towards it due 
to continued morphogenetic movements during the 
period of treatment with mitostatic agents. 

When stage 4 embryos were pulse-labelled for 
30min with 3H-thymidine, similar to New (1959), 
the labelling frequencies were 16.5% at the area 
pellucida-opaca border, 39% in the middle of 
area opaca and 59% at the margin of overgrowth 
(Sonawane, 2000). 

The vitelline endoderm does not participate in 
the formation of embryonic structures and it can be 
peeled off from the area opaca of stage 1-4 embryos 
(Modak, 1965, 1966) and examined after spreading 
on glass slides or in paraffin sections. At later stages, 
vitelline endoderm cells were recovered from the 
anterior V-shaped zone of area opaca, not invaded by 
the extraembryonic mesoblast (Sonawane, 2000). 
When embryos were labelled with 3Hthymidine for 
up to 16h, the labelling frequency in the vitelline 
endoblast reached saturation at 6h, suggesting 
that the remaining 40% cells are in G1, G2 and/
or G0 phase (Modak, Mukherjee & Dabir, unpub-
lished data, 1999) and confirmed by flow cytometry 
profiles (Table 1). Mitotic frequency map revealed 
that the actual location of mitotic cells and those 
undergoing DNA synthesis are in form of a moving 
window located well anterior to the anterior tip of 
the primitive streak (Sonawane, 2000) and that the 

B
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plausible target for the teratogen. This principle also holds true for 
embryos treated with Trypan Blue except that the least number 
of embryos were found between ranks 8 and 12, corresponding 
to embryos reaching head fold stage (Fig. 2), suggesting that the 
teratogen blocks development either prior to the head fold forma-
tion or allow the escapees to develop further along with abnormal 
mesodermal structures. With LiCl the effect is even more severe 
(Fig. 3) with majority of embryos blocked before reaching rank 
12 (Ghatpande, 1992, Ghatpande et al., 1991 and 1993). Thus, 
head fold formation, heralding the initiation of foregut formation, 
subsequent to the induction of the neural plate, is the critical event 
acting as a ‘gate’ regulating the morphogenesis of embryonic axis. 
One would expect that mitostatic agents would affect cell popula-
tion growth while the blastoderm expansion, particularly stretching 
during convergent extension would be less affected. Similarly, 
teratogens affecting intercellular junctions, would exhibit effect on 
blastoderm expansion. Indeed, this methodology seems applicable 
to both model embryo-systems and teratogens. 

It is now well established that homeotic genes are present in 
all living multicellular organisms investigated so far and specify 
segment identity by interacting with different cluster of structural 
and regulatory genes (Gehring, 1985; Lemaire and Kessel, 1997). 
Indeed, the concept that most genes are expressed independently 
of others now appears remote, so that most genes not only acquire 
temporal and positional specificity but their expression also seems to 
be part of co-ordinately expressed clusters. This is certainly related 
to, and dependent upon, the positional specificity imposed by the 
pattern of distribution of morphogens. For example, Yamada (1950, 
1994, 1995) proposed the model of dorsalization-caudalization for 
the amphibian embryos that is equally applicable to avian embryos. 
This model is based on two types of shifts in the positional value 
of responding cells; one shift is dorsalization needed to obtain 
neural plate cells and derivatives at anteroposterior levels, while 
the second shift is caudalization that is restricted posterior to the 
borderline marked by the anterior end of the presumptive notochord 
(Yamada, 1994).The dorsalization begins with the archencephalon 
while caudalization occurs in a gradient with apex at the posterior 
end. A group of genes e.g., Goosecoid and Noggin are related 
to dorsalization while another group represented by Brachyuri, 
Xho-3, Pintavallis etc., are involved in caudalization (see, for 
review, Yamada 1995; Yamada & Modak, 1998). Yamada further 
suggested that dorsalization may depend on positive mitogenic 
signal while caudalization would depend on a negative mitogenic 

signal. There is good evidence showing that both Lithium chloride 
and Retinoic acid suppress cell proliferation (Table 3) and cause 
caudalization (Yamada, 1995). Indeed, a wide range of teratogens 
including LiCl, RA, Trypan Blue, INH, Aflatoxin, etc., studied in 
our laboratory, suppress of cell population growth. Conversely, 
one would expect that mitogenesis would favour dorsalization as 
evidenced by formation of the neural plate. Recent experiments 
(Chatterjee, Sonawane and Modak, Ms in preparation, 2019) indeed 
demonstrate that grafts of Hensen’s node induce mitogenesis in 
competent ectoblast. 

Embryonic induction and competence in the chick 
embryo 

The Hensen’s node grafted on a chick embryo, cultured on a 
plasma clot, induces neutralization in the target embryonic ecto-
blast that exhibits reactive capacity or competence (Waddington 
1932, 1952). Neural competence diminishes rapidly in the poste-
rior direction (Woodside, 1937). Detailed studies by Gallera and 
Ivanov (1964) revealed that after full primitive streak stage, the 
neural competence disappears rapidly in both area pellucida and 
area opaca, and established that the phenomenon is similar to 
thatdescribed in amphibians by (Holtfreter, 1938). 

Mulherkar (1958) was the first to map the inducing capacity 
of the primitive streak by grafting pieces of Hensen’s node, and 
the region immediately surrounding the node, on the ectoblast 
in the area pellucida of primitive streak stage host embryos. 
Gallera (1964) showed that the inducing capacity of the graft was 
correlated to its state of self-differentiation. Using 3H-thymidine 
labelled Hensen’s nodes, Gallera and Nicolet (1969) traced the 
inducing cells and described the relationship between the state of 
their self-differentiation and the differentiation of the induced tissue 
(see, for review, Gallera, 1971). Nonetheless, most experimental 
models remained mainly descriptive despite with relatively large 
sample size. For example, the quantitative parameters related to the 
state of growth are still unknown for both inducing and competent 
tissues. This is relevant since the positional differences among 
proliferating cells in the inducer and the competent ectoblast may 
be relevant to the inductive response during the passage of the 
inductor stimulus to the ectoblast. 

By early 80s, there were few attempts to decipher basic mo-
lecular processes regulating the neural induction. Thus, chloro-
cetophenone (Lakshmi, 1962), colchicine (Diwan, 1966), thiol 

Treatment   H.H.* stages   Visualization   Doubling time   Reference  
Control   4 to 11 (42h)   homogenate nuclei by Phase contrast   9.21h   Joshi et al., (1991  
T7,2x10-5M INH   4 to 9 (42h)   as above   12.48h            “
 INH chase 7,2x105M P-5-PP-5-P   4 to  11  (42h)   as above   9.36h            “
 Control   4 to 10 (38h)   Homogenate nuclei + Ethidium bromide   7.10h   Modak et al., (1993)  
 Retinoic acid 10-7M   4 to 10 (38h)   as above   12.10h            “
 Retinoic acid 10-8M   4 to 10 (38h)   as above   9.40h            “
 Retinoic acid 10-9M   4 to 10 (38h)   as above   8.00h            “
 Control   4 to 10 (38h)   Homogenate nuclei + Ethidium bromide   7.05h   Ghatpande et al., (1993)  
 Lithium chloride 0,025M   4 to 10 (38h)   as above   17.80h            “
 Trypan Blue 0,075%   4 to 10 (38h)   as above   9.03h            “

TABLE 3

EFFECT OF TERATOGENS ON CELL POPULATION GROWTH 
OF CHICK EMRBYOS CULTURED IN VITRO

• Hamburger Hamilton stages
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group blockers (Lakshmi 1962, Diwan, 1966), and Actinomycin-D, 
an inhibitor of RNA synthesis (Gallera, 1971), were used to show 
that the inhibition of the inducing capacity of HN was reversible. It 
is notable that Actinomycin-D inhibits the competence of reactive 
ectoblast, but not the inducing ability of the graft (Gallera, 1970). 
as the amount of RNA reaches a peak by the full primitive streak 
stage (McMaster and Modak, 1977), Similarly, the inhibition of 
induction by colchicine, known for its mitostatic action, points 
towards the role of cell proliferative activity in the inductor as well 
as recipient tissues. This is also highlighted by the changes in the 
type of graft differentiation by pretreatment with FSH (Sherbet 
and Mulherkar, 1963, 1965) and Cysteine (Waheed &Mulherkar, 
1967). While much is known about morphology and dynamic state 
of inducing tissues, the mechanism/s defining both temporal and 
positional differences in the inducing and reactive states still elude 
us. By 80s, the general mechanism and process of gene expres-
sion had become clear and much is known about the chemical and 
biomechanical events during cell cycle, cell migrations affecting 
the growth of inducer and reactive cell populations (McMaster & 
Modak, 1977; Sonawane, 2000), as well as the intracellular mo-
lecular environment imprinted in form of gradients of morphogens 
of maternal origin (De Robertis et al., 1994, Kispert et al., 1995; 
Pera et al., 1999; Yamada, 1990, 1994, 1995; Yamada & Modak, 

ectoblast (Sonawane, 2000). 
According to the model of dorsalization-caudalization (Yamada, 

1950, 1994), induction of the nervous system is based on two types 
of shifts in the positional value of responding cells. The dorsaliza-
tion (1950) leads to production of all types of neural plate cells 
and derivatives along the entire anteroposterior axis. In contrast, 
caudalization would occur in form of a posterior-anterior gradient of 
morphogens and may also influence the development of posterior 
brain structures. Yamada (1950, 1994, 1995) conceptualized that 
the ectodermal dorsalization would depend on a positive mitogenic 
signal derived from the organizer. The requirement of a positive 
mitogenic regulation implies that the target cells must be either in 
a prolonged G1 and/or G2 phases of the cell cycle would not only 
bring them back in cell cycle but also positively control the rate of 
cell proliferation. Indeed, at the full primitive streak stage the cells 
in the area pellucida exhibit a longer cell doubling time (TG = 17.7h) 
compared to 6.3h in the area opaca (Sonawane, 2000; Sonawane 
& Modak, Ms in preparation). Thus, neural induction should force 
a shift towards faster cell cycle by inducing mitogenesis in the 
target ectoblast. To test this, Guttikar et al., (1993) transplanted 
increasing number (1, 3 and 5) of Hensen’s nodes in the area 
opaca of chick gastrula, but did not find any effect on the timing 
and rank order of developing embryos; indeed, the graft, as well 

Fig. 2. Three parametric plots showing temporal changes in growth parameters of 
primitive streak stage chick embryos (18 h development) cultured in vitro in the pres-
ence of Trypan Blue for 0 to 20 h. From Ghatpande, 1992. Log cell population (Y axis); 
extent of development as the Rank order value (X axis); and blastoderm area mm2 (Z axis). 
(A) 0 h, (B) 4 h, (C) 8 h, (D) 1 h, (E) 16 h and (F) 20 h.

1999, Stern, 2002; Lemaire & Kessel, 1997; Niehrs, 
1999). However. we still need to understand the 
nature of positional differences in the inducing and 
competent tissues as affected by their proliferative 
activity and the restriction imposed by different cell 
cycle phase on the period available for the transfer, 
interaction and accessibility of the inductor flux be-
tween inducing and competent tissues.

Cell proliferative activity in chick embryos 
transplanted with Hensen’s nodes

The Hensen’s node (HN), at the anterior end 
of the full primitive streak, contains presumptive 
chorda-mesoblast, presumptive somite mesoblast, 
presumptive neural plate and definitive endoblast 
(Vakaet, 1962; Modak, 1966; Nicolet, 1965, 1971; 
Rosenquist, 1966). Upon transplantation in the area 
pellucida of a host of the same age, HN induces 
a secondary axis that often fuses with the host 
embryonic axis making it difficult to ascertain the 
contribution of graft cells to the induced structure. 
Gallera and Ivanov (1964) grafted HNs in the area 
opaca where the graft and induced structures do 
not fuse with the host embryonic axis. The ectoblast 
is a contiguous pseudostratified sheet of cells and 
while the cells in the area pellucida move towards 
the primitive streak and invaginate through it, those 
in area opaca move in the opposite direction, which 
probably leads to ectoblast stretching (New, 1959; 
Nicolet, 1971; Sonawane, 2000; Keller, 2000). This 
is why the period of contactof ectoblast with the graft 
required to elicit induction is longer in the area opaca 
than in the area pellucida (Gallera, 1970). Another 
reason for the requirement of a longer contact in 
the area opaca must involve the shorter TG of opaca 
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Fig. 3. Three parametric plots showing temporal changes in the growth parameters of primitive 
streak stage chick embryos (18 h development) cultured in vitro in the presence of lithium chloride 
for 0 to 20 h. From Ghatpande, 1992. Log cell population (Y axis), extent of development as the Rank order 
value (X axis), and blastoderm area in mm2 (Z axis). (A) 0 h, (B) 4 h, (C) 8 h, (D) 1 h, (E) 16 h and (F)  20 h.

as the induced neural tissues, differentiate synchronously. The 
absence of a positive change in the rank order suggested that, 
either there was no appreciable mitogenic signalling, or that the 
signal was transferred only to the cells in direct contact and not 
laterally. Furthermore, each graft adds about 3.5% more cells to 
the host embryo, with 17.5% more cells added with 5 grafts there 
was no noticeable difference in the cell proliferative activity, which 
suggests that the grafts self-differentiate without any measurable 
contribution from the host. 

A number of authors have examined the mitotic activity in the 
Hensenàs node, albeit with conflicting results with Spratt,(1966), 
(Stern, 1979) and MacAuley, (1993) claiming the node to exhibit 
high Mitotic activity. However, while Sonawane (2000), examining 
the ectoblast along semi-circular zones beginning immediately 
anterior to the Hensen’s Node, found mitotic cells appearing in 
form of a wave originating at the border between the area pel-
lucida and the area opaca at stage 2+ and moving towards the 
primitive streak and, by stage 4, forming a high mitotic zone in 
the presumptive neural plate where cells were present in the 
S- phase and in form of a gradient. Thus, the mitogenesis is an 
post-induction event, or that as cells move towards the Hensen’s 
node and invaginate through it to form the chorda-mesoblast, 
one should normally see the ectoblast immediately anterior to the 
Hensen’s node with increased mitotic activity under the influence 
of underlying chordamesoblast. It is now clear that mitoses appear 
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in the ectoblast subsequent to the invagination of the presump-
tive chorda-mesoblast anterior to the Node and positioning under 
the presumptive neural plate which is indeed the region of higher 
mitotic activity (Sonawane, 2000). Therefore, it is most likely that 
the appearance of mitotic cells in the HN by Stern (1972) and Mc-
Cauley (1993) was due to the mitotic figures, blocked by mitostatic 
agents, being carried there by the continued flow of cells during 
the morphogenetic movements towards the streak. To resolve 
this issue, Hensen’s node was grafted after peeling off endoblast 
in stage 4 embryos at the area pellucida-opaca border. After al-
lowing contact between the graft and host ectoblast for 1 to 9h, 
embryos were fixed, stained with Feulgen and mounted with the 
endoblast facing the glass slide. It was found that, with the graft 
site at the centre the mitotic frequency increases with increasing 
duration of contact (A. Chatterjee, M. Sonawane and S. P. Modak, 
Ms in preparation). Thus, the dorsalization depends on a positive 
mitogenic control of the organizer.

Relationship between neural induction and the response 
by the ectoblast

In the chick embryo ectoblast in the area pellucida responds 
better to the neural inductive response than the area pellucida 
(see, Gallera and Ivanov, 1964; Gallera, 1971; Deshmukh et al., 
2001, 2003), while the neural competence is regulated temporally 

(Waddington, 1930, 1932; Woodside, 
1937; Gallera & Ivanov), and spa-
tially (Gallera & Ivanov, 1964; Gallera 
1971; Leikola 1976; Storey et al., 
1992; Deshmukh et al., 2001, 2003). 
Although the chick embryo contains a 
flat contiguous sheet of ectoblast that 
grows during development, the cell 
proliferative activity is not uniformly 
distributed (New, 1959) but present in 
distinct zones (Sonawane, 2000) and 
the ectoblast cells do not exhibit the 
same morphology along the radial axis 
(Downie, 1976). These positional and 
temporal differences in the properties 
of the ectoblast raise questions on the 
nature of the state of ‘competence’. 
Confirming the observations of Gallera 
and Ivanov (1964), Deshmukh et al. 
(2001) showed that although entire 
ectoblast is competent to be induced 
stage 4, the quality of neural induc-
tion shifts from deuterencephalic in 
the area pellucida to archencephalic 
in the area opaca and very primitive 
medullary structure at the margin of 
overgrowth with a concomitant reduc-
tion in number of induced cells, in that 
order. Furthermore, the frequency of 
mitosis and 3Hthymidine labelling at 
the centre of area pellucida increase 
radially in form of waves (Sonawane, 
2000). Deshmukh et al., (2001) con-
cluded that a greater neural inductive 
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response requires lower proliferative activity or a longer cell cycle 
time most probably because, in slowly cycling cells, longer time 
is available in G1/G2 phases to receive and process the inductive 
stimulus. These results provide strong support to the notion that 
in dorsalization induction will be archencephalic, while during a 
longer cell cycle caudalization is promoted; with both processes 
possibly dependent on the intracellular concentration of maternal 
morphogens. According to Waddington (1932) neural induction is a 
two-step process involving ‘evocation’ when the neural phenotype 
is determined in the ectoderm and ‘individuation’ when the neural 
tube acquires regional specificity. In a sense, this proposal is not 
different from Yamada’s dorsalization and caudalization (1950, 
1993, 1994) except that the caudalization requires interaction 
between already dorsalized axis with caudalizing morphogens. 
During neural induction the inducer and competent ectoblast 
requires a close contact the duration of which will determine the 
quality of induction (Gallera, 1971). The period of contact required 
is shorter (4h) in the area pellucida compared to 8h in the area 
opaca, and the reason for this difference in time of contact as well 
as the chronology in transfer of inductive flux were not known. 
Joshi-Banka et al. (2001) elegantly demonstrated that the Hensen’s 
node kept in contact with the ectoblast for only 1-2 hours did not 
elicit neural induction, but, after initial contact, its replacement by 
a non-inducing post-nodal fragment did promote neural induction. 
Furthermore, if HN is replaced after 3-4h contact by post-nodal 
piece the neural induction was archencephalic. Thus, the neural 
induction indeed occurs in at least two-steps. 

A comparison reveals that Waddington’s evocation-individualtion 
model for induction (1932), Yamada’s dorsalization-caudalization 
model (1950, 1990, 1994, 1995) and Nieuwkoop’s (1952) activation-
transformation model overlap considerably and are practically 
interchangeable, except for the absence of the role of morphogenes 
in Waddington’s model. In Yamada’s model dorsalization evokes 
a positive mitogenic response while caudalization is regulated by 
a negative cell cycle control. Indeed transplantation of increasing 
of post-nodal fragments (posterior mesoderm) in the chick gas-
trula caudalizes the host axis and inhibits cell population growth 
(Joshi’Banka et al.,2002) and mimic the effect of teratogens like 
isonicotinic acid hydrazide (Joshi et al., 1990), Trypan blue and LiCl 
(Ghatpande et al., 1993), and Retinoic acid (Modak et al., 1993). 
Deshmukh et al. (2003) examined whether the cell proliferative 
activity is correlated with the amount and quality of neural tissue 
induced at different positions as well as with different duration for 
contact with the inducing Hensen’s node. They placed the Grafts 
at (1) the junction between the area pellucida and area opaca, (2) 
midway in the area opaca, and (3) at the margin of overgrowth, 
to find that the optimum period of contact is 4h at area pellucida-
opaca margin, 9h in the middle of area opaca confirming earlier 
observations (Gallera, 1971). Dehsmukh et al. (2003) also found 
that the ectoblast at the margin of overgrowth is competent but 
requires 9-20h to elicit neural induction. Furthermore, the number of 
neural cells and volume of the induced were somewhat the same till 
midway of area opaca, but decreased at the margin of overgrowth 
and suggested that the duration of cell cycle is inversely proportion 
to the quality and quantity of the induced tissue (Deshmukh et al., 
2003). Furthermore, as the ectoblast in the area pellucida with its 
long doubling time (TG=18h) reacts best to the stimulus from HN, 
they concluded that with longer doubling time cells are accessible 
to the inductor flux for a longer duration in contrast to shorter dou-

bling time in the area opaca and the margin of overgrowth and 
suggested that, at the margin of overgrowth, in cells multiplying 
with a short doubling time, the inductor stimulus-substance, flowing 
across during the period of contact, must have been preserved 
over at least two cell cycles. Deshmukh et al., (2003) further pos-
tulated a two phase model with onset of induction during the first 
phase and inhibition of cell proliferation during the second phase, 
the latter involving a conversion of the archencephalon into the 
deuterencephalon dependent on the convergent extension that 
directs morphogenetic cell movements dependent on the direction 
of cell-cell intercalation (see, for review, Yamada and Modak, 1998).

A controlled treatment with teratogens in vitro of chick embryos 
quantitatively inhibits cell population growth, area expansion and 
sequential morphogenesis of specific morphological traits (see 
above). The resultant negative cell cycle control results in caudaliza-
tion with a concomitant suppression of dorsal features supporting 
Yamada’s hypothesis (1950, 1994, 1995). One of the effector in 
caudalization is postulated to be the posterior mesoderm. Joshi-
Banka et al. (2002) examined this issue by comparing the effect 
of 1 to 8 post-nodal pieces transplanted at the anterior margin of 
area pellucida, to the grafts of equivalent number of Hensen’s 
nodes at the same location. Embryos with PN grafts were cultured 
for 20 hours and assessed, at the beginning (t0), and at the end 
(t20), of the experiment, for total cell numbers, blastoderm area 
and rank order as described by Ghatpande et al. (1991, 1993). It 
was found that grafting increasing number of PNs that primarily 
contain posterior mesoblast, resulted in caudalization similar to 
that after treatment with teratogens and also expressed brachyuri 
(Joshi-Banka et al., 2002). Furthermore, 3Hthymidine labelled cells 
from PN grafts exhibited convergent extension and formation of 
new primitive streak surrounded by area vasculosa, unlike those 
from HN grafts. When an experimental manipulation affects many 
parameters, statistical analyses by Multiple logistic regression 
(MLR) reveal the identity of the most critical parameter, as well 
as the order of importance of the remainder. With such analyses 
of 13 measurable parameters, it was found (Joshi-Banka et al., 
2002) that, with both PN and HN grafts, in the hierarchical order of 
importance stood with (1) cell population size for both HN and PN 
grafts, while (2) length of the head was decreased with PN grafts, 
in contrast to the blastoderm area and rank value with HN grafts. 
Thus, the posterior mesoderm exerts negative cell cycle control 
and caudalizes the host axis.

These studies quantitatively demonstrate that teratogens, 
Lithium chloride, Trypan blue, Retinoic acid, Isonicotinic acid hy-
drazide (Joshi et al., 1991; Ghatpande et al., 1991, 1993; Modak 
et al.,1993) caudalize the embryo by mimicking the effect of grafts 
of posterior mesoderm (Joshi-Banka et al., 2002) and in contrast.
to effect of grafts of Hensen’s nodes that initially exhibit positive 
mitogenesis and induce archencephalic structures which then con-
vert to deuterncephalic with longer contact with the inducer (Joshi 
et al.,2003). The preferred model that fits the entire set of studies 
on early chick development described so far is Caudalization-
Dorsalization model of Yamada (1950, 1994, 1995), which hardly 
differs from those by Waddintgon (1932) and Nieuwkoop (1950) 
when one considers the role of maternal determinants distributed 
in form of gradients of morphogens (Rogulja and Irvine, 2005) that 
confer distinct positional identity to each cell and it progeny either 
of which may be displaced through temporally and spatially ordered 
morphogenetic movements, establishing with new neighbours 



54    S.P. Modak

and interactions culminating in establishment of the rudimentary 
embryonic axis and its derivatives under the regulatory control 
of homeobox genes (LeMaire & Kessel, 1997) leading to the cell 
type specificity and acquisition of the positional identity as well as 
specific structural and functional phenotypes through terminal cell 
differentiation while still maintaining aside a group of founder cells 
that participate in homeostasis. 

 
Cloning cytoplasmic mRNA from primitive streak stage 
chick embryo and stage 10 forebrain and their 
distribution during development

Cytoplasmic polyadenylated mRNA, isolated from full primitive 
streak stage chick embryos, was reverse transcribed and inserted 
into pBR322 plasmid to transform E.coli. to make a gastrula cDNA 
library (R. Ramakrishnan, 1988). A similar cDNA library was made 
from st.10 forebrain mRNA (Charu Goel, 1987). Bacterial colonies, 
transferred to Nylon membranes, were successively hybridized 
with 32P-cDNA against st.1, 4, 10, st. 10 brain and 19d chick lens 
mRNA. RNA was also purified from the yolk of unfertilized egg. 
Bacterial colonies transferred to the nylon filter membranes were 
hybridized with 32P-cDNA reverse transcripts of yolk mRNA, which 
gave some of the most intensely positive colonies showing that 
chicken yolk contains stored maternal mRNA. When RNA from 
developmental stages 1,4,7,10, 13, yolk and 19 day lens were slot-
blotted on Biodyne and hybridized with labelled stage 10 forehead 
cDNA, the signal decreased from st. 1 to 7 and then increased 
dramatically at st. 10 to decrease at st. 13; both yolk and lens 
exhibit strong signals (C. Goel, M.Phil. dissertation, 1987). When 
the target colonies on the same nylon membrane were succes-
sively hybridized with radioactive cDNA probes against different 
developmental stages, the gradient of signal intensity was similar 
among the group of chronologically ordered stages (Ramesh Ra-
makrishnan,1988). Hybridization of 32P.labeled GT, clone 

14/1revealed the lowest signal at st.1, which then increased to 
reach the highest for stage 10 RNA and decreased again by stage 
13. (R. Ramakrishnan, 1988). This supports the observation that, 
with antibodies to 2.5s Nerve Growth Factor (NGF) the strongly 
NGF+ve cells appear first in the lumen of st.10 brain (Bhargava & 
Modak, 2002). Indeed, during development, NGF is localised to 
the surface of invaginated mesoblast and occupies cytoplasmic 
location in the definitive endoblast. At head fold stage embryonic 
ectoderm shows strong reaction till the limit of presumptive neural 
crest region while the medullary plate is negative. Thus NGF does 
not seem to be involved in neural differentiation. It is only after the 
fusion of neural folds and formation of the neural tube that NGF 
positive cells become detectable at the anterior neuropore, roof 
of the forebrain, midbrain and hindbrain and the outer extremity 
of the optic vesicle and at the point of fusion of the neural tube. 
(Bhargava and Modak, 2002). 

Terminal lens cell differentiation

During early morphogenesis, tissue-specific cell lines become 
established. Initially pluripotent, the progeny becomes increasingly 
committed to the expression of increasingly restricted number of 
specialized or differentiated phenotypes. Implicit in this process is 
a progressive loss of potential for tissue metaplasia, or the ability, 
howsoever restricted, yet germ-line specific, to be reprogrammed 

to express another/different phenotype (Modak & Unger-Ullmann, 
1980) as exemplified by the dorsal iris of lentectomised newts in 
which nondividing differentiated melanocytes lose melanin, re-enter 
the cell cycle and redifferentiate into lens fibre cells (Yamada, 1977). 
In any adult organism, most cells with specialized phenotypes are 
terminally differentiated and never divide again, while a few do 
retain the division potential, as do fibroblasts, chondrocytes etc, 
and can re-enter the cell cycle, but their progeny expresses the 
same phenotype. Terminally differentiated cells never divideagain, 
express a finite life-span and their loss is compensated through a 
pool of ‘blast’ cells. In a few cases, terminally differentiated cells 
maintain a transcriptionally active genome (e.g.neurons), some, 
like avian erythrocytes retain a transcriptionally inactive genome 
and non-dividing state but can be reactivated after fusion with other 
cells, and, finally those which lose their genome completely while 
maintaining a stable differentiated state e,g., lens fibers.(see, for 
review, Modak & Unger-Ullmann, 1980). 

 It is known that the optic vesicle-induced, head ectodermal 
cells form the placode that invaginates to form a lens vesicle. 
Progressively, the cells from the inner hemisphere of the lens 
vesicle stop dividing (Modak et al., 1968) and elongate as lens 
fibres, exhibit active RNA synthesis (Modak & Persons, 1970) and 
express lens specific crystallins (Yamada, 1977; Piatigorsky,1980). 
As the developing lens grows, the oldest fibre cells located at the 
centre of the fibre area undergo programmed cell death in situ, 
nuclei undergo pycnosis and lose DNA via single strand breaks 
in DNA (Modak & Perdue1970, Modak et al., 1969, Modak and 
Bollum, 1971, 1973) leading to the breakdown of chromatin mono- 
and oligonucleosomal fragments (Appleby and Modak, 1977; 
Modak & Beard, 1980) along with substantial loss of histone H1-I 
(Unger-Ullmann & Modak, 1979). Meanwhile, lens epithelial cells 
continue to multiply and participate in the growth in cell number of 
both epithelium and lens fibre regions (Persons & Modak, 1970). 
Furthermore, as older lens fibre cell nuclei disappear, immediately 
peripheral fibre cell nuclei undergo pycnosis, fragment and disap-
pear. Thus, developing lens fibre cells exhibit a time-[specific and 
position-specific nuclear loss leaving behind intact non-nucleate 
cells, full of lens proteins. This phenomenon is a classic example 
of programmed cell death, euphemistically called as apoptosis.

Modelling cell population turnover and programmed 
cell death during lens development

Chick embryonic lens has a radial symmetry and contains nucle-
ated epithelial and concentrically arranged fibre cell populations, 
with oldest along the optical axis, distributed in regions of different 
geometrical shapes. The work on chick lens development and dif-
ferentiation started in 1968-69 in Yamada’s group at the Oak Ridge, 
continued at the Swiss Institute of Experimental cancer research, 
Lausanne (1970-77) and completed at the University of Poona. 
From serial section of developing chick lenses, number of nuclei 
were counted from different regions of the lens epithelium, the 
annular pad, peripheral, middle and central lens fibres, corrected 
for their diameters and section thickness (Modak et al.,1973). The 
areas occupied by different lens regions were also measured and 
nuclear counts and volumes were computed for the entire lens 
and different parts as above. It showed that the cell population 
growth in lens epithelium and lens fibres are closely coordinated 
and probably controlled by epithelial cells.(Modak et al., 1976). 
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Sonawane et al.,1999) found that epithelial cells representing the 
growth compartment, the intermediate region, the annular pad, 
normal nucleated fibres as well as the entire lens exhibit logistic 
growth, beginning with an exponential growth and then reaching 
a steady state. However, this model could not estimate the size 
of the non-nucleated cell population and inter-compartmental 
transfer rates. Finally, Sonawane, (2000) developed a compart-
mental model) to estimate the cell transfer rates among physically 
linked lens compartments showing that epithelial cell proliferation, 
accumulation of proto-differentiated fibres in the annular pad, dif-
ferentiation and programmed nuclear death (apoptosis) events 
and loss in central fibres occur in repetitive synchronous bursts. 
Epithelial cell proliferation and cell transfer rates through the an-
nular pad regulate apoptosis.(Sonawane, 2000; Sonawane and 
Modak MS in preparation).

Immunochemical characterization and quantitative dis-
tribution of crystallins in differentiating lens epithelium 
and both nucleated and non-nucleated fibre cells

Terminally differentiated lens cells exhibit as tissue-specific 
biochemical phenotype with Crystallins a, b, δ or g, synthesised 
using long-lived stable mRNA templates (Yamada, 1977; Piatigorsky, 
1980; Pal and Modak, 1984). Among these, a and b crystallins are 
present in all lens cells, while lens fibres of birds and reptiles contain 
δ crystallins, in contrast to fishes, amphibians and mammals that 
contain g crystallins. Then existing studies compared the location 
and type of these proteins in the epithelium and fibre areas (Zwaan 
& Ikeda, 1968; Brahma & van der Starre, 1976; Piatigorsky, 1980; 
Bagchi et al., 1982). However, as both lens epithelium and fibres 
contain discrete cell populations in terms of their position in the cell 
cycle as well as stage of differentiation, positional differences in 
types and amounts of different crystallins had not been quantified. 
Pal and Modak (1984) made antibodies to total water soluble lens 
crystallins and purified delta crystalline and used these to quantify 
different crystalline species by 2 dimensional antigen-antibody 
crossed immuneelectrophoresis, rocket IE, IEF-immunoblotting 
using antibodies to total lens protein from 19 day chick embryonic 
lens and 6-month-old chicken lens as well as purified delta crys-
talline. The adult lens protein consists of 19% a, 67% b and 14% 
δ crystallins; the latter present predominantly in the central fibres 
indicating its embryonic origin.
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