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Abstract — We showed that, in the chick embryo, the fertilisation of the attractive germinal epithe-
lium by primary germ cells can be represented by a three-dimensional diagram in which the space and
time co-ordinates are graduated in terms of the segmentation of the axial and paraxial mesoderm. We
thus established that the differentiation of the coelomic epithelium into an attractive germinal epithe-
lium and the fertilisation of the gonadal primordium both occur by mechanisms that are tightly
linked to somitogenesis. In the continuous presence of a constant concentration of Dexamethasone,
a marked inhibition of the rate of fertilisation of the gonadal primordium was observed. A mathematical
analysis of the mode of action of the inhibitor revealed the progressive establishment of a competi-
tion between Dexamethasone and the molecule(s) responsible for the process of attraction. Given the
chemical nature of the inhibitor, we propose that the endogenous factor that triggers the first step of
the differentiation of the germinal primordium is a steroid-containing complex.

avian germ cells / chemotactism / differentiation / fertilisation / attractive field / steroid /
dexamethasone

Résumé — Les effets de la dexaméthasone sur la différenciation et la fertilisation de l’ébauche
gonadique chez l’embryon de poulet. La fertilisation du primordium gonadique par les cellules
germinales primordiales (CGP) en transit dans la circulation embryonnaire est représentée par un dia-
gramme à 3 dimensions dans lequel l’espace et le temps sont inscrits sur une graduation obtenue
par la projection de la segmentation du mésoderme axial et paraxial. C’est la capture des CGP par chi-
miotactisme qui révèle l’existence et la localisation d’un champ attractif. Les gonocytes fixés dans
l’ébauche gonadique sont les marqueurs de l’extension de celle-ci dans le sens céphalo-caudal. Il a
ainsi été démontré que la différenciation de l’épithélium cœlomique en épithélium germinatif attrac-
tif (E.G) est étroitement couplée à la somitogenèse dans la région bornée par les somites 22 à 30.
Ces observations posent le problème de savoir si la différenciation de l’E.G est progressivement
déclenchée par les somites nouvellement formés, ou si elle est due à une propriété intrinsèque en
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1. INTRODUCTION

A previous study [7] has shown that the
overall kinetics of fertilisation of the ger-
minal epithelia (GE) of the chick embryo
by primordial germ cells (PGC) conforms
to the theoretical predictions of the logistic
law (P.F. Verhulst, 1838; R. Pearl, 1924;
see [21, 22]). In earlier work, the colonisa-
tion of the gonadal primordium was
described in terms of a simple function of
time. The present study completes previous
preliminary investigations by considering
an additional parameter, space {Sp}. Explic-
itly, we studied the variation of the num-
bers of gonocytes (Go) that become fixed
at different levels of the gonadal primordium
during development. The evolution of fer-
tilisation of the GE by PGC transiting in the
embryonic circulation is represented in a
three-dimensional grill in which the num-
ber of gonocytes captured (N) is a point
function of the form: N = f [(t), {Sp}].

In the second part of this study, we devel-
oped the analysis and interpreted the exper-
imental results obtained using Dexametha-
sone (DEXA) in this system. For reasons
that are presented in detail in our earlier
work [8], our observations are described
within the framework of the chemotactic
theory of migration of chick PGC: the

notions of “attractive forces” and “attrac-
tive field” are extensively used in the text.

2. MATERIALS AND METHODS

The development of the chick embryo is
classically described in terms of a “biolog-
ical” progression in which morphological
aspects play a key role. This option for a
time axis (t) graduated by a succession of
somitic stages (s) is explained by the fact
that fertilised eggs are laid at different stages
and attain given degrees of development
after periods of incubation that can be very
variable. In the present work, the somitic
stage was used as a co-ordinate either of
time (t) according to Hamburger and Hamil-
ton [14] or of space {Sp} along the antero-
posterior axis. We designate the time co-
ordinate by (s) and the space co-ordinate by
{s}.

Observations under normal conditions
were made on Hubbard chick embryos cul-
tured on a gelose-containing medium [32].
Blastoderms, explanted at the 20-somite
stage, were cultured at random for differ-
ent times up to the 28-somite stage. Beyond
this point the fertilisation process is dis-
turbed by the proliferation of the gonocytes
installed in the germinal epithelia. At the
end of its imparted culture period, each

corrélation avec le stade de développement de l’embryon. La discussion conclut en faveur de cette
seconde hypothèse qui suggère le couplage de mécanismes génétiques homéotiques. En présence
continue et à concentration constante de Dexaméthasone, une nette inhibition de la fertilisation de l’épi-
thélium germinatif est observée. Le taux d’inhibition est proportionnel au logarithme de la concen-
tration en corticoïde dans la gamme [10–9 M–10–5 M]. L’analyse mathématique du mode d’action de
l’inhibiteur révèle l’établissement progressif d’une compétition entre la DEXA et le facteur chi-
mique naturel qui déclenche le processus de capture des CGP dans les conditions normales du déve-
loppement. Le mode d’action de la DEXA est discuté dans le cadre des acquisitions récentes sur la
description des récepteurs des stéroïdes. La nature chimique de l’inhibiteur suggère que le facteur endo-
gène qui active l’apparition des forces attractives du chimiotactisme est un complexe stéroïdien.
Selon ces conceptions, c’est la mise en œuvre d’une machinerie moléculaire d’une extrême complexité,
intégrant notamment un stéroïde et son récepteur cytosolique, qui déclenche la différenciation d’une
région particulière de l’épithélium cœlomique en épithélium germinatif attractif.

cellules germinales des oiseaux / chimiotactisme / différenciation / fertilisation / champ
attractif / stéroïde / dexaméthasone
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blastoderms were removed and fixed in
Halmi at a time (t) within the interval [(24s)
to (28s)]. For a concentration C = 10–5 M,
the interval extended from stage (26s) to
stage (28s). Histological preparations were
prepared and analysed as described for the
control embryos.

3. RESULTS

3.1. Properties of the control
population: three-dimensional analysis
of the fertilisation of the germinal
epithelium

The results were obtained from a series of
191 blastoderms selected from a population
of 271 explants. Embryos exhibiting abnor-
mal development or cardiovascular defects
(haemorrhage, venous stasis or ischaemic
zones) were excluded from the statistics (it
has been shown that haemodynamic plays an
important role as an external cause of
chemotactism in the fertilisation of the
gonadal primordium [8, 16].

3.1.1. Colonisation of the GE
as a function of time(s)

The results are displayed in Table I and
are expressed graphically as a function of
stage (time) by curve 1 in Figure 1 (d). For
comparison, the results (o) obtained in a
previous study [7] are included. There was
an excellent agreement between the two
series of measurements within the limits of
experimental error. The value of the asym-
metry index, which depends both on attrac-
tive forces and haemodynamic parameters
[8], was thus confirmed (Tab. I, column 2).

3.1.2. Properties of the imaginary {s}
and {i-s} regions of the gonadal
primordium at different stages
of development

In order to compare the measurements
more easily, the results are presented in

blastoderm was fixed in toto in Halmi solu-
tion. The gonadic regions were dissected at
the level of the 19th pair of somites and
reoriented as accurately as possible during
their subsequent inclusion in paraffin, with
the aim of facilitating the identification of
homologous pairs of somites on cross sec-
tions. Whenever the homologous somites
were not rigorously parallel to the plane of
the section, the observer made corrections,
which have a potential resolving power
equal to the thickness of a section, that is
6.6 µm. Gonocyte counts in the GE were
carried out on sections stained with gly-
chaemalun-eosin.

The spatial co-ordinate {Sp} of the
gonadal primordium was defined as follows:
the segmentation of the paraxial mesoderm
into somites is projected on the coelomic
epithelium. One thus obtains an imaginary,
anatomically continuous subdivision of the
gonadal primordium into a series of {s} and
{i-s} regions that follow each other in phase
with the sequence of somitic and inter-
somitic spaces of the segmented paraxial
mesoderm. This virtual regionalisation of
the GE allowed an interesting sectorial anal-
ysis to be made of the evolution of the
colonisation processes, as will be apparent
later (see Results). Finally, the numbers of
histological sections of the total gonadal
region, as well as of the {s} and {i-s}
regions, were noted, in order to determine
the density of gonocytes (Go.mm–1) in these
different compartments.

Dexamethasone (9α – Fluoro – 16α –
methyl – 11β – 17α, 21 – trihydroxy – 1,4 –
pregnadiene – 3,20 – dione – 21 – acetate;
Sigma) was dissolved in Tyrode solution, at
concentrations from 10–9 M to 10–5 M. When
the blastoderms reached the 20-somite stage
(20s) in ovo, they were immersed for sev-
eral minutes at 38 °C in a glucocorticoid solu-
tion at a concentration of CX (i.e. 10–x M).
They were then transferred to a gelose-based
medium (also containing DEXA at CX),
according to the technique of Wolff and
Simon [33], from which randomly chosen
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Table I, columns 3–7. The asymmetrical
distribution of PGC in the {s} and {i-s}
regions, with a bias towards the left side,
was statistically similar to that observed in
the whole primordium (column 2). There
were no significant differences with regard
to this characteristic between regions that

were exposed to the {s} somites and {i-s}
regions. The same was true of gonocyte den-
sity (Go.mm–1). It should be noted that the
entire {s} region occupies approximately
73% of the length of the gonadal region,
regardless of the stage at which the mea-
surement was made.

130

Table I. Properties of the control sample.
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liar to each {s} region, is merely the result of
the application to curve 1 of the coefficient
0.73 corresponding to the part of the gonadal
primordium occupied by the {s} regions
over time.

Our data also took into account the role
played by the hypothetical regionalisation
of the gonadal primordium by considering
the kinetics of colonisation at the end of the
period of observation as a function of space.
Thus at stage 28s, the total number (∆) of
gonocytes installed in each {s} region was
evaluated during the period [(20s) to (28s)]
(curve 3); the kinetic represented graphically

3.1.3. Capture of the PGC
in the imaginary {s} regions
as a function of space [{Sp} = {s}]
and time [(t) = (s)]

The results are summarised in Table II
and represented graphically in Figure 1. The
kinetics of colonisation of the zone corre-
sponding to the sum of all the {s} regions
(Tab. II, last column) are presented graphi-
cally by curve 2 in Figure 1. Each point (X)
represents the sum of the numbers in
columns {20s} to {28s} for each stage in
the interval [(20s) to (28s)]. Curve 2, which
does not take into account local events pecu-

131

Figure 1.Kinetics of the fertilisation of the germinal epithelium. C1: variation of the numbers of gono-
cytes (NC) captured in the gonadal region as a function of stage (s) or time (t); see Table I, column 1.
The (s) indicate the values obtained in earlier experiments [7] in which the number of PGC colonis-
ing the GE was shown to tend towards a maximal value of 170 (see text Part II and Tab. VI bis).
C2: variation of the numbers of gonocytes installed in all the imaginary {s} regions as a function of
time(Tab. II, last column). C3: Numbers of gonocytes installed in each {s} region at the end of the
observation period (stage 28s). C4: variation of the numbers of gonocytes captured in the {s} regions
as a function of space {Sp}. Integral curve of C3; cf. kinetic represented in C2.
N.B.: The correspondence between time in culture and developmental stage (expressed in “somite-
units”) is approximate. Variation of the numbers of gonocytes (NC) as a function of time (t) and
space {Sp}: see Figure 2.
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in Figure 1, curve 4 was obtained from the
evolution of the sum of the numbers in line
Σ NC of Table II.

By comparison with graph 2 (or 1),
graph 4 provides interesting information
about spatio-temporal events. Thus, whereas
curve 2 shows that during the time required
for the formation of the 28th somite, the
total number of gonocytes captured by the
entire {s} region increased by 29 units,
curve 4 provides more detailed information
about this phenomenon: of the 29 new gono-
cytes captured, 13 were installed in regions
{23s} and {24s}, 13 in regions {25s} and
{26s} and only 3 in regions {27s} and

{28s}, (see Tab. II, last line). Furthermore,
the kinetics with respect to space are repre-
sented by an S-shaped curve whose asymp-
totic values can easily be extrapolated from
the measured points. This was put to advan-
tageous use in interpreting the experimental
results (see Tabs. IV and V). In conclusion,
whereas each measurement in Table II was
made during the course of development at a
given time and in a given sector of the
gonadal rudiment, by means of this method
of analysis, the evolution of the process of
fertilisation of the gonadal rudiment can be
described as a function of space and time
(Fig. 2). 
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Table II. Number of gonocytes installed in the imaginary {s} regions of the germinal primordium at
different stages of development.
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presence of these cells in the embryonic cir-
culation that irrigates this region. This
epithelium should thus be considered as a
presumptive GE in which the mechanisms of
differentiation into an attractive epithelium
are not activated. The differentiation of the
coelomic epithelium into an attractive GE
follows an approximately cranio-caudal pro-
gression in the [{22s}→{30s}] region in
tight spatio-temporal correlation with somi-
togenesis. This virtual segmentation of the
gonadal epithelium reveals that, in reality,
the differentiation of an anatomically uni-
form organ is sequentially directed by mech-
anisms that depend on the antero-posterior
plan of organisation. Detailed analysis
revealed that the wave of fertilisation dis-
plays a peak at the level of regions {23s}

3.1.4. Spatio-temporal representation
of the wave of fertilisation;
commentary on Figure 2

The graphical representation (solid lines)
reflects the propagation of a wave of fertil-
isation which synchronously accompanies
the surge of attraction resulting from the
differentiation of the gonadal primordium
(first step in sexual organogenesis). This
wave has a remarkable property: irrespective
of the stage, it (like the attractive field that
its existence reflects) never crosses the fron-
tier that is the posterior limit of the seg-
mented paraxial mesoderm. Beyond this
frontier, the coelomic epithelium which bor-
ders the non-segmented paraxial mesoderm
does not capture a single PGC, despite the
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Figure 2. Propagation of the wave of fertilisation with respect to space {sp} and time in the {s}
regions of the germinal primordium.Solid lines: Normal developmental conditions (Tab. II). There
is a strict spatio-temporal correspondence between the surge of the attractive field and progressive somi-
togenesis. Dashed lines: The same process in the presence of DEXA at a mean concentration of
4.6 × 10–8 M (see part II: variations of ND, Tab. IV). The two diagrams were synchronous but display
numerous disparities (e.g. where indicated by bold arrows): variations in the level of inhibition in space
and time (see Tab. VI, Sect. 1). ✼: “paradoxical” situation in which the number of gonocytes captured
in the presence of the inhibitor is greater than in the controls (see Tabs. VI and VI bis, and Fig. 5).
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and {24s}. This peak corresponds to the
expression of maximum intensity of the
attractive forces in this zone of the gonadal
primordium. The latter remained attractive
at all levels within the time interval [(22s) to
(28s)].

For convenience and brevity, we only
considered the results obtained in the {s}
regions. The data relative to the {i-s} region
can be easily calculated from the data in

Tables I and II. The representation provided
in Figure 2 can be extrapolated to the entire
gonadal region.

3.2. The effects of dexamethasone
on the fertilisation of the germinal
epithelium 

In a previous study [16], Jakubowicz
showed that low concentrations (in the

134

Table III. Properties of the sample cultivated in the presence of Dexamethasone (289 cases; overall
measurements).
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cultured under these conditions, 91 abnor-
mal embryos (see Part I) were discarded.
Using a sufficiently sound statistical base
(289 cases divided into four experimental
groups), we were able to mathematically
formulate the inhibition process.

3.2.1. Properties of the experimental
samples as a function of stage

The quantitative data are presented in
Tables III and IV, which are homologues of
Tables I and II respectively. A comparison of

10–7 M range) of Dexamethasone (a non-
metabolisable analogue of corticosterone)
strongly inhibit the colonisation of the
gonadal primordium in the chick. The author
noted that the extent of inhibition increases
as a function of the concentration of DEXA,
although she was not able, from the mea-
surement carried out, to define the mathe-
matical form of the relationship.

Here we extended these preliminary
observations by applying techniques based
on the methodology described in materials
and methods. Of a total of 380 blastoderms
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Table IV. Number of gonocytes installed in the imaginary {s} regions in the presence of DEXA.
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Tables I and III (columns 1) revealed an
unquestionable inhibitory effect of DEXA:
the differences between control and experi-
mental embryos were significant to 5% at
the lowest concentration of the inhibitor 
10–9 M). At concentrations ≥ 10–7 M, the
probabilities that the differences observed
at stages (24s) to (28s) were due to chance
fluctuations were ≤ 10–2 and reached val-
ues of ≤ 10–6. The left-hand bias of the
asymmetry of distribution of the gonocytes
was not significantly modified (columns 2,
3 and 4). The external factors that influ-
enced the fertilisation of left and right
gonadal primordia were not disturbed in the
presence of DEXA: consequently, the glu-
cocorticoid must have acted on the motil-
ity of the PGC and/or the attractive forces
exerted by the germinal epithelium. This
was in agreement with the results obtained
by Jakubowicz [16]. Finally, it should be
noted that the values of gonocyte density
(Go.mm–1) were invariably lower in exper-
imental embryos than in the control with-
out there ever being significant differences
between imaginary regions {s} and {i-s} in
the primordia (columns 5, 6 and 7).

3.2.2. Mathematical formulation
of the law of inhibition (Tab. V, Fig. 3)

The form of the relationship between the
degree of inhibition (by comparison with
the controls) and the concentration of the
inhibitor is of particular interest, for it can
often lead to plausible hypotheses that
explain the results obtained. An example is
the inhibition of the colonisation of the
gonadal epithelium by Concanavalin A, a
binary “all or nothing” effect that designates
the PGC as the targets of lectin (see discus-
sion). In order to determine with certainty
the nature of the law governing the inhibi-
tion by DEXA, we took the following vari-
ables into account: 

(a) (NC) and (ND) in Tables I and III,
columns 1;

(b) (Go.mm-1, {s}) and (Go.mm-1, {i-s}),
Tables I and III, columns 6 and 7;

(c) the limiting values to which the kinet-
ics of fertilisation of regions {s} tend as a
function of space (Tabs. II and IV, last
columns).

N.B., the parameters (N) and (Go.mm–1)
are doubtless tightly correlated, but their
variations were not rigorously identical.
Both were the objects of natural individual
fluctuations, as well as the techniques used
for enumerating the gonocytes. In addition,
(Go.mm–1) was subject to a random influ-
ence related to the individual variability of
the extension of regions {s} and {i-s} and to
the analysis of the histological sections.

Data processing

It is clear that the variation of (NC) at dif-
ferent stages of development are subject to
natural statistical fluctuations, often of con-
siderable amplitude [7] and the same applies
to the values of (ND) under experimental
conditions. One can even out these discrep-
ancies from the means (NC) and (ND) by
increasing the number of measurements and
by using the maximum of information at
our disposal. This aim was achieved by per-
forming calculations on the arithmetic mean
of measurements carried out at the differ-
ent stages of the experimental interval [(26s)
to (28s)], during which four concentrations
of DEXA (ranging from 10–5 M to 10–9 M)
were tested. In Tables I to IV these mea-
surements are distinguished by the sign (m);
the corresponding graph is presented in Fig-
ure 3a. In order to facilitate the reading and
the interpretation of the data, an example of
the development of the calculations is pro-
vided in the lower part of Table III.

In addition, as will be pointed out later, it
is informative to analyse the ongoing pro-
cesses over a period that is longer than the
previous interval. The law of inhibition was
determined within the interval [(24s) to (28s)],
for which the concentrations of DEXA were
∈ [10–6 M, 10–7 M and 10–9 M]. The corre-
sponding measurements are identified by
the sign ⊗ . Table V contains the results of
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in Figure 2. The spatio-temporal extension
of the two waves of fertilisation, closely
linked to somitogenesis, is described by the
diagrams in solid and dashed lines. A com-
parative analysis of the data in Tables IV
and II enabled the effects of DEXA to be
determined. This analysis was performed in
accordance with the following method-
ological conventions:

– the entire experimental period was stud-
ied, which implies that, within interval [(24s)
to (28s)], only concentrations 10–6 M , 10–7 M
and 10–9 M (mean = 4.6 × 10–8 M) were
taken into consideration;

– for the sake of conciseness in the treat-
ment and the graphical presentation of the
results, and to even out statistical fluctua-
tions, the calculations were made on the
arithmetic mean of the three values of ND
(Tab. IV) obtained in each {s} region at
each (s) stage for all three inhibitor 

the calculations, and the corresponding
curves are presented in Figures 3a and 3b. A
consideration of the equations for the cor-
responding regression lines shows that the
law of inhibition is expressed in a virtually
identical manner, within the limits of sta-
tistical fluctuations: in order to interpret the
results obtained during the experimental
period [(24s) to (28s)], it is thus legitimate to
exploit the law of inhibition (Fig. 2, dia-
gram in dashed lines).

3.2.3. Properties of the wave
of fertilisation in the continual
presence of Dexamethasone (Fig. 2)

In order to facilitate the comparison of
measurements made on control and experi-
mental embryos, the curve representing the
development of the attractive field under
experimental conditions has been included
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Table V. Mathematical expression of the law of inhibition (see Fig. 3; global data from Tabs. I to IV).
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concentrations. Thus, at stage (28s), for
example, the “mean” level of inhibition in
the {23s} region was calculated using the
following algorithm (Tab. IV, second inter-
pretation of the data):

ND = (24 + 19.2 + 19.7)/3 = 20.9 gono-
cytes captured in the presence of DEXA
(Tab. IV, r). The control value being 28.8
(Tab. II, r), the coefficient of inhibition
was therefore (28.8–20.9)/28.8 = 0.27 r;
this corresponds to the “theoretical mean”
concentration of 4.6 × 10–8 M DEXA
(Fig. 3b and Tab. VI, Sect. 1). The mathe-
matical expression of the law of inhibition
enables the data to be treated in this way,
since the degree of inhibition was propor-
tional to the log of the concentration of

DEXA. The figures provided in Table VI,
section 1, are the result of the application
of this calculation to each of the {s} regions
in the space interval [{22s}→{28s}] for
each stage within the time period [(24s) to
(28s)]; a graphical representation is pro-
vided in Figure 2 (dashed lines). In Figure 2,
one can note a strict synchronism associ-
ated with the coincidence of the spatial
extensions of the phenomena studied. The
inhibitory effect is tightly coupled to the
propagation of the attractive field (already
described in Part I). The two diagrams are
not, however, ideally similar since there are
obvious departures from the proportional-
ity that should, according to the law of
inhibition, govern the intensity of PGC flux.
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Figure 3. Law of inhibition of fertilisation in the presence of dexamethasone (Tab. V). (a) Equation
of linear regression for the period [(26s) to (28s)]. Concentrations of DEXA: C ∈ (10–9 M ... 10–5 M).
% inhibition = 9.8 log (C/Co) with Co = 2.4 × 10–12 M. (b) Equation of linear regression for the
period [(24s) to (28s)]. Concentrations of DEXA: C∈ (10–9 M; 10–7 M; 10–6 M). % inhibition =
7.5 log (C/Co) with Co = 2 × 10–13 M. The confidence limits are given for a confidence level of
95%. In each case, the mean concentration corresponding to the arithmetic mean of the logarithms on
the abscissa, and the corresponding mean degree of inhibition are indicated.
N.B.: For a given concentration of DEXA, the degree of inhibition varies in space and time (see
Tab. VI and Figs. 2 and 4): the law of inhibition is the resultant of complex events and should be inter-
preted at the level of the global evolution of the attractive germinal primordium (see text).
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were first made using the data in Tables II
and IV and the results appear in Table VI,
Section 1; the degree of inhibition for each
pair ((s) – {s}) is given by [(NC – ND) /
NC] × 100.

Commentary and explanation
of Table VI

Considered as a whole, the data in this
Table (Sect. 1), derived from the diagram
in solid lines (Fig. 2), allowed a graphical
representation of the spatio-temporal prop-
erties of the wave of fertilisation in the pres-
ence of the inhibitor (Fig. 2, dashed lines). In
addition, an examination of the measure-
ments symbolised by points (■) revealed
that the degree of inhibition remained con-
stant in the {s} regions situated at the lead-
ing edge of the wave of fertilisation (and
thus of the attractive field). Each of the five
successive measurementsenabled the degree
of inhibition to be determined in a particu-
lar {ns} region at the time that the (ns) somite
formed from the unsegmented paraxial
mesoderm. The local extent of inhibition
measured under these conditions was approx-
imately 60% for a DEXA concentration of
4.6 × 10–8 M (Fig. 4, line D1). This was in
agreement with the fact that the inhibitor
was continually present, at a constant con-
centration, during the experimental period.

On the contrary, if the degree of inhibi-
tion was measuredsimultaneouslyin the
different {s} regions, the result was com-
pletely different and in contradiction with
the above mentioned observation. Such was
the case for the data symbolised by points
(d) in Table VI, Section 1, last line, which
were obtained at the end of the experiment
(stage 28s). As one scans the gonadal pri-
mordium in a caudo-cranial direction from
the position of the last formed somite, the
degree of inhibition diminished progres-
sively. Under these conditions (Fig. 4,
line D2), the mean value for the entire
gonadal primordium was around 40% at a
DEXA concentration of 4.6 × 10–8 M
also the explanation of Fig. 3). When the

Clearly, this law only holds for the overall
event (Fig. 3 and its explanation), as is illus-
trated by the examples of values of the level
of inhibition that are superimposed on the
diagrams. Despite the presence of DEXA
throughout the experimental period (at a
constant concentration, as we shall see later),
the degree of inhibition was not constant
and this variability caused numerous anoma-
lies of the congruence of the two represen-
tations (some of the most flagrant are high-
lighted by the bold arrows on the diagrams).

In particular, in the arbitrary example
chosen, it can be noted that the degree of
inhibition characteristic of the {23s} region
decreased regularly with time (Tab. VI).
Likewise, a horizontal reading of the dia-
grams, as a function of space {Sp}, shows
that the most anterior regions in the space
[{22s}→{24s}] showed a level of inhibi-
tion that was considerably lower than mea-
sured in posterior regions, close to the front
of the spreading attractive field. Thus, at the
end of the experiment, as one explored the
attractive field in the direction of its propa-
gation, the inhibitory effect increased. This
observation suggests that, in the continual
presence of the inhibitor, the intensity of
the fertilisation processes in the most ante-
rior regions (both in time and space)
increased regularly as a result of the recov-
ery of the attractive forces and/or the migra-
tory properties of the PGC transiting in the
circulation.

3.2.4. Analysis of the mode
of action of Dexamethasone
(Tabs. VI and VI bis, Figs. 4 and 5)

There is thus evidence for the existence of
a phenomenon that antagonises the inhibitory
effect and results in the progressive recovery
of the intensity of the fertilisation process.

Since they concern the experimental
period [(24s) to (28s)], the calculations took
into account the methodological conven-
tions detailed in the previous section. They
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calculations were made for the experimen-
tal period [(26s) to (28s)], the results were
virtually identical (numbers in brackets).
The average value for the gonadal pri-
mordium was then approximately 50%
when the DEXA concentration was
1.8 × 10–7 M (Fig. 3a).

Since the different values of the degree of
inhibition at different levels of the pri-
mordium were measured simultaneously,
the observed effect could not be due to the
migratory characteristics of the PGC, ran-
domly circulating in the blood flow, which
should be considered as constituting an
essentially homogeneous population.

Consequently, the explanation for the
spatio-temporal variations in the index of
inhibition must reside in the intrinsic prop-
erties of the different regions of the germi-
nal epithelium. This implies that a progres-
sive recovery of the attractive power, in a
cranio-caudal direction, occurs in the pres-
ence of a constant concentration of inhibitor.

The previous measurements only pro-
vide an approximate notion of the extent of
recovery of attractive forces, because they
reflect overall values that include the
resultant of earlier events. It is, however,
possible to erase the “memory” component
and consequently to obtain a more precise
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Table VI. Degree of inhibition in the different imaginary {s} regions as a function of the stage, at a
mean DEXA concentration of 4.6 × 10–8 M.
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ral molecular forces underlying the attraction
progressively overcome the effects of the
experimentally applied inhibitor and restore
the attractive field in its entirety. Further-
more, the mobility of the PGC was not
affected by their continual exposure to the
action of Dexamethasone throughout the
experiment (Tab. VI bis).

3.2.5. Restoration of the attractive
potential (AP) as a function of space
and time (Fig. 6)

The ratio of the number (∆N) of gono-
cytes captured per unit time to the number
(N) of circulating PGC at the same instant
defines the notion of “attractive potential”
PAC and PAD for control and experimental
embryos respectively. Observation and cal-
culation concur to show that maximal
inhibition occurred when and where the last
somite was formed. Maximal inhibition was
approximately 60% when the concentration

description of the progression of events; this
can be done by replacing the study of global
phenomena by an analysis of the local and
punctual increases ∆ NC and ∆ ND. Under
these conditions, the coefficients of inhibi-
tion can be calculated from the formula:
(∆ NC – ∆ ND) /∆ NC (Tabs. II and IV).

The calculations were carried out under
diverse conditions that are detailed in
Table VI, Section 2. Their examination
clearly revealed that the intensity of inhibi-
tion declined regularly as a function of time
in the most rostral regions, whereas the effect
of DEXA remained stable in the most caudal
regions of the gonadal primordium. At the
end of the experimental period, the attrac-
tive power became completely re-established
in the [{22s}→{24s}] regions. This total
recovery explained why experimental
embryos captured more PGC in this region
than did control embryos (Tab. VI bis). The
graphical representation of these facts is
shown in Figure 5. In conclusion, the natu-
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Figure 4. Variations in the level of inhibition (overall data) in space and time. ({s} regions for a
DEXA concentration of 4.6 × 10–8 M; Tab. VI.)Regression line D1: each triplet ({ns}, (ns), %) = (■)
corresponds to the degree of inhibition in each of the {ns} regions marked on the abscissa at the
moment of the formation of the corresponding somite (ns). Each of the 5 measurements was per-
formed successivelywithin the interval [(24s) to (28s)]. The degree of inhibition was constant (mean
close to 60%). Regression line D2: each triplet ({ns}, (28s), %) = (●) corresponds to the degree of inhi-
bition in each of the {s} regions in the space ({23s} – {28s}) at stage (28s). The 6 measurements were
carried out simultaneously. The mean degree of inhibition was close to 40%.
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of DEXA was 4.6 × 10–8 M (see Fig. 4,
line D1). For the hypothetical competition
between the natural promote of the attractive
field and the inhibitor, the variation of the
degree of restoration of the forces that under-
lie the chemotactism (measured by
PAD/PAC) can be represented on a scale
graduated from 0.4 to 1, or from 0.3 to 1
when the DEXA concentration is increased
to 1.8 × 10–7 M (level of inhibition ≅ 70%).
Determination of PAD/PAC in the different
{s} regions of the gonadal primordium at
different stages of the experiment provides
a description of the extent of recovery as a
function of space and time. The results of
the calculations applied to the data of

Tables I to IV appear in Figure 6. The graph-
ical representation clearly shows that a delay
of approximately 4 hours elapsed before the
first signs of the recuperation of the attrac-
tive forces became significantly apparent.
This is why the attractive field at the end of
the experiment (stage 28s) was completely
(100%; see graph  s  , Fig. 6) or some-
what less than completely (≅ 80%; see graph
d  d, Fig. 6) restoredin the anterior
regions, whereas the level of inhibition
remained statistically stable (≅ 60% and
≅ 70%) in posterior regions, where differ-
entiation occurred later (graphs – – ∆ – –
and m – – – m).
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Figure 5. Evolution of local and punctual increases of NC and ND in space and time (mean concen-
tration of DEXA: 4.6 × 10–8 M). Although the diagram displays a clear similarity with Figure 2, it dif-
fers fundamentally by virtue of the physical dimension of the process it represents. In the hatched areas
the numbers of gonocytes captured per unit time in presence of the inhibitor are lower than those
observed in controls: (∆ NC – ∆ ND) > 0 → inhibition. The situation is reversed in the dotted areas,
where: (∆ NC – ∆ ND) < 0 → recovery of the attractive forces. One can calculate from these data the
real degree of inhibition and the value of the potential of attraction in a given region of the gonadal
primordium as a function of time (Tab. VI bis). The dotted area increases in the anterior {s} regions
while the attractive field spreads in a caudal direction. In the anterior and posterior regions of the
gonadal primordium we recall the coefficients of attraction measured, at the end of the experience,
respectively in control embryos and in embryos cultivated in the presence of Dexamethasone (<< >>).
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common to both systems, controlled by cell-
autonomous processes linked to the general
state of development of the embryo?

Work carried out on Anuran Amphibians
[12, 13] has suggested that the interstitial
migration that results in the displacement
of the PGC from the ventral endoderm
towards the dorsal mesentery is directed by
dorsal mesodermal organs (notochord,
somites and ureters). However, these con-
clusions can hardly be extrapolated to Birds,
in which PGC transiting by the aortas and
capillaries are directly exposed to the attrac-
tion of the GE.

The consequences of the imaginary sub-
division of the gonadal primordium, by pro-
jection of the segmentation of axial struc-
tures, on the description and analysis of
events occurring in this anatomically con-
tinuous rudiment are not indifferent. Is such
a description, by successive steps, purely

4. DISCUSSION

4.1. The attraction
of the germinal epithelium

Our study demonstrates the existence of
hitherto unknown properties of the gonadal
primordium in Birds. The differentiation of
the coelomic epithelium into an attractive
germinal epithelium occurred both in space
and time, in close correlation with somito-
genesis in a region approximately limited
by somites 22 to 30. The attractive forces
were the most intense in regions [{23s}→
{25s}] and 75% of the population captured
by stage (28s) were found in this zone.

Is the differentiation of the germinal
epithelium under the control of the newly
formed somites, as seems to be suggested
by the strict synchrony between the occur-
rence of the two processes? Or is this coin-
cidence due in fact to an intrinsic property,

143

Table VI bis. Potential of attraction in the anterior and posterior regions of the gonadal primordium –
(stage 28s).



D. Cuminge et al.

artificial or does it correspond to an under-
lying reality? In other words, is it justified to
interpret the differentiation of the proximal-
most part of the lateral plate in terms of a
potentially metameric organisation? The
antero-posterior progression of the differ-
entiation of the attractive GE, rigidly cou-
pled to the segmentation of the paraxial
mesoderm, is a clearly demonstrated fact.
The correspondence between the two events
is such that it is possible to depict the spatio-
temporal evolution of the fertilisation of the
gonadal primordium by a description of the
progression of somitogenesis. The hetero-
geneous distribution of the intensity of the
power of attraction between the different
virtual regions is also unquestionable. Fur-
thermore, it should be noted that the ven-
trally situated GE, in a position far removed
from the dorsal somites, captures the major-
ity of its gonocytes from the source of PGC
transiting via the splanchnopleural circula-
tion. This eliminates the possibility of a

direct influence of the segmented paraxial
mesoderm on the coelomic epithelium.

In the light of these remarks, the hypoth-
esis that the differentiation of the gonadal
primordium is induced by intrinsic mecha-
nisms genetically associated with the
metameric organisation of the embryo is
worthy of attention. The lateral plate is never
morphologically segmented. However, the
segmentation of the mesoderm that gives
rise to the intermediate mesoderm is not
constant. In Teleosts, it is even totally
lacking in the trunk region, the only suspi-
cion of its existence residing in its nephritic
derivatives. Although this is an extreme
example, it is nevertheless instructive in as
much as it indicates that the molecular
mechanisms controlling segmentation can
be uncoupled from differentiation. Abortive
segmentation clearly does not prevent the
successful differentiation of the potentially
metamerisable primordium: the metameric
aspects of the differentiation of an organ
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Figure 6. Graphical representation of the restoration of the attractive field in the presence of a con-
stant concentration of dexamethasone.(1) Restorationin the anterior region {22s – 24s}:  s  ,
4.6 × 10–8 M;  d  d, 1.8 × 10–7 M DEXA. (2) The corresponding graphs (– – – n – – – , and
m – – – m) show the stability of the level of inhibition of the attractive forces in the posterior region
{25s – 28s} of the gonadal primordium. ★ For these values of the ratio PAD/PAC see Table VI bis,
column “coefficients”. See text for further explanation.
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ciencies in the proteolytic properties of the
PGC [16]. According to this hypothesis,
DEXA is proposed to act via complex mech-
anisms, involving the inhibition of
macrophage migration, blocking the syn-
thesis of the plasminogen activator [31].
However, despite subsequent efforts, no
convincing evidence in favour of this expla-
nation has been obtained (F. Chapeville,
A.-L. Haenni, Z. Lassota, G. Desvages and
R. Dubois, unpublished). More recent obser-
vations have shed some light on this lack
of success: experimental exposure of a sex-
ually undifferentiated gonad (6 days of incu-
bation) to the attraction of a young GE
(2.5 days of incubation) is known to reacti-
vate the chemotactism of the primary gono-
cytes while simultaneously stimulating their
synthesis of glycoprotein complexes [4].
Neither of these responses is observed in
heterochronic associations cultured for six
hours in the presence of DEXA (Dubois and
Cuminge, unpublished observations). In the
present study, we noted that the migratory
properties of PGC exposed to DEXA in vitro
for 12 hours or so remained unchanged
(Tab. VI bis). It therefore seems that the
chemotactism of different categories of cells
(leukocytes, macrophages and PGC) does
not have a common cause.

Since the motility of PGC was not altered
by DEXA, the probable explanation of the
perturbations triggered by the inhibitor is
an alteration of the metabolism of the
gonadal primordium.

The young gonade of avian embryo
(5–6 days of incubation) possesses receptor
sites for steroid [10], as well as key enzymes
of steroid metabolism, notably aromatase
[6] and ∆ 5 – 3β – ol HSDH activities [34,
37]. Furthermore, the epithelial cells of the
gonadal primordium are equipped to react
with endogenous or exogenous steroid com-
plexes: estrogen receptor (cER) transcripts
have been detected in female tissues at
day 3.5 of incubation (i.e., 3 days before
morphological sexual differentiation) [29].
It is thus plausible that DEXA disturbs

attest a posteriori to the imperceptible seg-
mentation of the embryonic rudiment.

The initial stages of the ontogeny of the
gonadal primordium in the chick displays
indisputable similarities with other systems
in which the activation of homeobox-con-
taining genes have been implicated. How-
ever, to date no authors have reported the
presence of homeotic gene transcripts in the
PGC, the captured gonocytes or the germi-
nal epithelia [3, 15, 19, 23, 30, 35, 36]. Fur-
ther work is required in order to determine
whether the most proximal region of the lat-
eral plate expresses molecular vestiges of
an ancestral metameric organisation. 

4.2. Dexamethasone and inhibition
of the fertilisation of the gonadal
primordium

From a global phenomenological stand-
point, the inhibition of the fertilisation of
attractive GE may be due to a weakening
either of the attractive forces or of the motil-
ity of the migratory PGC. These alternative
explanations are not mutually exclusive and
this leads to an ambiguity in the interpreta-
tion of the experimental results. In certain
cases, the uncertainty can be removed with
the aid of analytical treatment that enables a
law of inhibition to be formulated. This
applies, for example, to the effects of Con-
canavalin A: the form of the relationship
(the log of the degree of inhibition increases
proportionately to the concentration of
lectin) points to the PGC as being the tar-
get of the inhibitor [9]. The theoretical impli-
cations of this law have recently been exper-
imentally confirmed [4]. The action of
DEXA, however, is completely different:
in this case, and in agreement with the pre-
dictions of a well known rule of classical
physiology, the coefficient of inhibition is
proportional to the log of the concentration
of glucocorticoid (Fig. 3). The explanation
here is less certain and an earlier hypothesis
attributes the diminished intensity of coloni-
sation of the gonadal primordium to defi-
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steroid metabolism by interacting with
cytosolic receptors. The strong functional
homologies between steroid and corticoid
receptors [1, 17] should be underlined in
support of this hypothesis.

The current molecular model of steroid
action involves associations between
immunosuppressors (FK506, rapamycin,
cyclosporin A), immunophilin ligands
(FKBP59, cyclophilin 40) and heat-shock
proteins (notably hsp 90) to form a complex
that incorporates the hormone and its recep-
tor [26]. These functional units are believed
to play several important roles: stabilisation
of the steroid-receptor interaction [2];
nuclear translocation of the hormone [5, 18,
24, 28]; and gene activation [11, 20, 27].
Thus, for example, the hypothesis of a ther-
mally-induced modification, via hsp, has
been invoked to explain the temperature-
dependent sexual differentiation of certain
Reptiles [25].

The crucial role of molecular chaperones
in insuring the stability of the bonds between
steroid and receptor may be of particular
relevance to our results. It has been clearly
demonstrated that the interaction between
DEXA and steroid receptors is unstable and
reversible [1]. Here we showed that a com-
petition occurs between the inhibitor and
the molecule (s) responsible for the process
of germ cell attraction. A plausible site of
action of a competitor is at the level of a
receptor recognised both by DEXA and an
endogenous activator. This hypothesis
implies that the inhibitor does not block the
synthesis of the natural promoter (in all
probability a steroid-containing complex),
which is ultimately able to displace the cor-
ticoid from the cytosolic receptor. Further
research is required to determine whether
and how steroids intervene at such an early
stage in the sexual organogenesis of Birds.

The suggestion that the correct placing
of the cells responsible for ensuring the con-
tinuity of the species is controlled by a
highly conserved homeotic mechanism is
not unreasonable. There is indeed evidence

of analogies between the process of fertili-
sation of the gonadal primordium and the
ontogeny of systems regulated by a Hox
code. The role of homeogenes in the organ-
isation of the embryo has been interpreted as
a molecular explanation of the ancient the-
ory of gradients: the attractive field that
chemically guides the positioning of the
germ cells in the gonadal primordium is
nothing but a current version of the concept
of a “morphogenetic field”, updated in terms
of the expression of developmental genes.
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