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ABSTRACT

The Formation of Pigment Patterns in Bird Embryos

Michael Keith Richardson

In bird embryos, melanin pigments in the feathers are made by
melanocytes derived from the neural crest. I have examined the
mechanisms by which these cells can give rise to pigment patterns. In
the embryonic quail wing, most of the dorsal feather papillae are
heavily pigmented, while many of those on the ventral surface are
unpigmented. When quail neural crest cells were grafted to the chick,
they gave rise to a pigment pattern which bore 1little or no
resemblance to the donor

In contrast to the quail, the guinea fowl embryo has pigment
in nearly all of its wing feathers, including those on the ventral
surface. Chimaerae made from these species showed pigment patterns
which, 1in most cases, corresponded to the genotype of the feathers
and not that of the crest cells.

Histological studies of the quall-chick chimaera showed that
undifferentiated neural crest cells were present in unpigmented
feathers. The same was shown to be true of the normal quail embryo:
ectoderm was taken from unpigmented feathers and then grown in vitro.
Melanocytes appeared in the culture after 3 days.
Dihydroxyphenylalanine (DOPA) was used to examine melanocyte
differentiation. Pigmented feathers were DOPA-positive, while
unpigmented feathers were DOPA-negative.

A graft of polarizing region to the anterior margin of the
quail wing produced a wing in which the cartilage, feather, and

pigment patterns were all a mirror-image.



The following model is proposed: pigment patterns arise from
local cues in the feathers acting upon the differentiation of a
uniformly distributed population of neural crest cells. These local
cues constitute an isomorphic prepattern, which may be specified by

positional information,
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INTRODUCTION

The pigmentation patterns of birds are remarkably varied and
beautiful. Not only are they of great intrinsic interest, but they
provide a model system for investigating pattern formation and its
relationship to positional information. Pigment patterning involves
the migration and differentiation of a population of unpigmented
precursor cells. These cells originate during early embryonic life in
the neural crest. They are, at this stage, quite separate from the
skin where they will eventually settle and differentiate. This
provides many opportunities for experimental manipulation, including
the transplantation of neural crest cells between different embryos.

Most vertebrate pigment cells are derived from the neural
crest (reviewed by Le Douarin, 1982), including melanin-producing
pigment cells (melanocytes). In birds the duller shades of red and
yellow, as well as brown, grey and black, are all synthesised by
melanocytes. There are other colours in feathers which are not due to
melanin. The bright reds and yellows are produced by carotenoid
pigments absorbed from food in the gut (Rawles 196@). Blue is due to
the reflection and diffraction of 1light by microscopic structural
modifications of the feather (Spearman and Hardy, 1985). Iridescent
colours are also a structural effect. Green 1is produced by a
combination of yellow carotenoid pigment and blue structural colour
(Rawles, 196@). We need not consider these non-melanin colours any
further.

The problem I want to consider in this thesis 1s the
following: how do local variations in pigmentation in bird embryos
arise? Two types of pigment pattern — primary and secondary — will
be considered. FPrimary or local patterns are variations 1in

pigmentation among a group of feathers. Secondary patterns are
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patterns within single feathers. Both of these types of pattern are
seen in the quail embryo. This creature 1is the subject of this
thesis. I will examine pigment pattern formation in two ways. First,
in terms of mechanisms — such as positional information and
prepattern — which could specify the pattern. And second, in relation

to the differentiation and migration of neural crest cells.

mechanisms by which patterns could be specified

At 1its simplest 1level, pigment patterning consists of an
interaction between neural crest cells and the ectoderm of the
feather, One question which one can ask is the following: 1is the
pigment pattern determined by some property of the neural crest
cells, or is it determined by the ectoderm? One way of examining this
question 1is to make a chimsera by grafting crest cells from one
species of bird embryo into another. This effectively brings together
crest cells of one genotype and feather ectoderm of another genotype.
If the chimaera develops a donor-type pigment pattern, it could be
argued that pigment patterning is an intrinsic property of the crest
cell. If, on the other hand, the chimaera develops a host-type
pattern, then the feather ectoderm is 1likely to be the controlling
factor in pattern formation.

A large number of neural-crest grafting experiments has been
performed on bird embryos. The literature is summarised in Table 1.
In most cases tissue such as skin, which contained crest cells, was
taken from a 2% - 4 day embryo, and grafted into the limb bud of
another. The host embryo was of a similar age to the donor, but of a
different breed or species (Watterson, 1938; 1942; Willier & Rawles,
1938; 1940; 1944;)>. After the graft had been made, the hosts were

usually incubated until hatching and allowed to grow up into adults.
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Most authors concentrate their attention on the secondary patterns
within 1individual Jjuvenile feathers <(these are the definitive
feathers which develop after hatching and replace the fluffy down
feathers)., All authors found that the secondary patterns which
developed in the chimaera were the same as the patterns seen in a
normal donor. It was even found that pigment cells taken from an
adult could give rise to donor-type pigment patterns when grafted
into an embryo of another breed (Trinkaus, 1948; 1950). In Rawles'
words:
'irrespective of the 1immediate source of the
melanoblasts or the method of introducing them into
foreign feather gerns, the results have Dbeen
consistent in showing that the melanophores produce
their specific color and pattern 1in homologous
feathers of varieties normally exhibiting an entirely
different color and pattern' (Rawles, 1948)

Only rarely was there any indication of host influences in the
pattern. For instance, Dorris (1939) grafted neural crest cells from
the Rhode Island Red to the White Leghorn and found that while most
feathers showed donor-type patterning, two tall feathers were grey;
in the normal donor these feathers would have been black or red. This
shows '... the activity of the host in modifying this [donor] effect'
(Dorris, 1938, p.327)>.

Two points need to be stressed. These workers were looking at
the secondary patterns within individual feathers. There 18 no
mention in this literature of primary patterns. It is important also
to realise that the great majority of these grafting experiments used
different breeds of domestic fowl as donors and hosts; the grafts
were therefore between members of the same speciles, Gallus
domesticus. It 1is not at all clear what happens when crest cells of
one genotype are grafted into a different species. When Rawles (1939)

grafted crest cells between different species — robin (Turdus

migratorius) and chicken — she found that the pigment pattern in the
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chimaera -was not donor-like; yet Willier (1941) grafted crest cells
between the guinea fowl (Numida meleagris) and the White Leghorn and
found that feathers on the chimaera had patterns 'nearly identical
with those found in corresponding feathers in guinea fowl controls’
(Willier 1941). Again, note that these experiments are concerned with
secondary patterns — patterns within single feathers.

It may be mentioned in passing that attempts to introduce
mammalian crest into embryonic bird feathers have failed because the
crest cells remain in the dermis and do not migrate into the feather
ectoderm (Rawles, 1940).

Neural crest grafting experiments have been performed on
amphiblans (reviewed by DuShane, 1943; Rawles, 1948, When neural
crest cells are grafted between closely-related species of amphibian
embryo a donor-type pigment pattern is produced <(DuShane, 1935;
Twitty, 1936; Twitty and Bodenstein, 1939; DuShane, 1943). Harrison
(1935)> exchanged limb buds, before crest cells had entered them,
between various species of salamander and axolotl (Ambystoma spp.);
he found that the pigment pattern which developed in the grafted
limb was the same as that of the host. All of these experiments
support the idea that the crest cell, and not the tissue environment,
determines the pigment pattern. When transplants of neural crest are
made between distantly-related amphibia (Rosin, 1940>, the pattern is
not donor-like. Indeed, the xenografts in amphiblia show strong host
influences on the patterns. The literature 1s summarised in Table 2.

The experiments on birds and amphibians, described above,
indicate that crest cells retain their own specific patterning
properties when grafted to another animal. This has been interpreted
as supporting the positional information model of pattern formation
(Wolpert, 1971; 1981). According to this idea, neural crest cells can

read the positional value of the ectoderm; they then interpret this
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according to their own genome. The key point is that, as in Fig. 14,
the positional values in host and donor are identical, and the
pattern arises from the differential response of the melanoblast. The
prediction from this theory is that when pigment cells are grafted
between species, the pattern in the chimaera will resemble the donor.
As we have seen, there 1s much evidence in support of this notion.
Further support comes from a recent study of the quail-to-chick
chimaera, i1in which donor-type patterns were found (Kinutani and Le
Douarin, 1985; the chimaera is constructed by grafting neural crest
from the quail embryo to the White Leghorn chicken embryo).

An alternative theory 1s based wupon the pattern being
generated by a prepattern which 1s isomorphic with the observed
pigment pattern. In birds this prepattern would be in the feather
papillae (Fig. 1B). According to this model there are local
differences which determine whether or not a feather becomes
pigmented. Thus, 1in this case, the pattern is determined largely by
the special properties of the host feather-papillae to which the
melanoblasts can respond. In principle, melanoblasts from any species
capable of this response would produce a host-type pattern when

grafted to another species.

cellular events involved in feather pigmentation

I shall consider briefly the development of feathers, and then
the cellular events involved in their pigmentation. Finally, I shall
look at some of the ways in which an unpigmented feather might be
formed.

Feather development
This subject is reviewed by Rawles (1965); Sengel (1975,

1976>; and Spearman & Hardy (1985); In the chicken embryo, the first
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signs of feather development are seen on the eighth day of
incubation. This corresponds to stage 31 of Hamburger & Hamilton
(1951>, The first papillae to become visible with the dissecting
microscope are those lying over the spine; the last to appear are the
coverts of the wing (Holmes, 1935; Mayerson & Fallon, 1985).
Histological signs of feather differentiation are visible in the skin
many hours before the feather papillae become visible to the naked
eye. The sequence of events 1s as follows: in the 5 to 6 day embryo,
dermis is produced by a condensation of the subectodermal mesenchyme.
Next, cell condensations appear in the ectoderm, and these in turn
are followed by the appearance of corresponding dermal condensations.

Although the dermal condensations appear later than the
epidermal ones, it is the dermis which directs the formation of the
epidermal condensations. Experiments in which dermo-epidermal
recombinations are made (reviewed by Sengel, 1976) show that the
dermis determines the spacing and nature of the appendage (feather,
scale, claw, hair etc.), provided large specles-barriers are not
crossed, and provided the dermis is old enough (Rawles, 1965, Indeed
epldermis 1s so responsive to mesenchymal cues that wing-bud
epidermis (which normally produces feathers) will give rise to a
ciliated, secretory epithelium when combined with gizzard mesenchyme
(McLoughlin, 1968), The inductive properties of the dermis appear
long before any feather primordia have become visible. The epidermis
determines minor features of the feather structure such as the number
of barbule cells and their morphology.

The feather papilla grows out from the surface of the skin so
as to form a feather bud. As the bud elongates, the ectodermal
covering develops a series of longitudinal thickenings all around its
circumference. These thickenings are the barb ridges, and they are of

the greatest 1importance in understanding how feathers become
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pigmented. The apices of the barb ridges (Fig. 2) are the final
resting place of those neural crest cells which are to take part in
feather pigmentation, as I shall describe later. The feather papilla
becomes progressively keratinized; after hatching it dries out and
splits open, each barb ridge forming a single filament of the fluffy
down feathers which cover the hatchling. These are soon replaced by
definitive, quill-like feathers which develop from the same follicles
as the down feathers. Thus each embryonic feather papilla gives rise
directly to a down feather, and to a succession of adult feathers
(Holmes, 1935).

The development of pigmented feathers

With the exception of the pigment cells of the retina, all
melanocytes in vertebrates are derived from the neural crest. Dorris
(1939> showed that chick neural crest cells, grafted to a white-
feathered embryo, would produce melanin in the plumage of the host.
Ris (1941) took tissue from pigmented breeds and grafted 1t to the
White Leghorn embryo; pigment was only produced in the host if the
isolate had 1included neural crest. He also showed that only the
choroidal pigment cells of the eye, and not the retinal ones,
originate in the neural crest. Finally, Rawles (1944) showed that
white feathers can be produced at will in any breed simply by
excluding neural crest cells from an area of skin.

These early workers had no histological marker for studying
crest cell migration. The only way in which they could tell if crest
cells were migrating through a particular area was to take a piece of
the tissue and graft it into a White Leghorn chick embryo. If crest
cells were present in the piece of tissue, a pigmented patch would
appear in the host. Using this technique, Fox (1949) constructed a
timetable of the migration of presumptive pigment cells into the

epidermis of the chick embryo. She found that crest cells leave the
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neural tube first in the head and last in the tail. In the trunk
region, their migration roughly keeps pace with the formation of new
somites. The wing i1s invaded at stage 21, rather earlier than the
surrounding flank. The basal and dorsal parts of the 1limb bud are
invaded before the distal and ventral parts.

Another way of determining the migratory pathways of crest
cells is to use some kind of marker. Weston (1963) grafted neural
crest cells, labelled with tritiated thymidine, between chick
embryos; he then followed the migration of the labelled cells by
autoradiography. He found that presumptive pigment cells pass
straight into the dorsal ectoderm which lies over the neural tube. In
a more recent study (Serbedzija et al., 1989) the neural crest was
labelled in situ with a fluorescent dye, DiI (1,1-dioctadecyl-
3,3,3'3'~- tetramethyl indocarbocyanine perchlorate). The dye was
injected into the 1lumen of the neural tube and the subsequent
migration of crest cells was followed in cryostat sections. It. was
found that presumptive pigment cells migrated in the mesenchyme under
the dorsal ectoderm, and not in the ectoderm itself as Weston (1963)
had stated. Furthermore, these cells did not stain with HNK-1, an
antibody which stains migratory crest cells but not melanocytes. In
the wing region, crest cells started migrating away form the neural
tube at stage 13; migration had finished by stage 22.

Like all extrinsic labels, tritiated thymidine and Dil are
diluted by cell division. It is only since the development of the
quail-chick system by Nicole Le Douarin that one has been able to
study crest cell migration right up to the time of feather formation.
The technique exploits the fact that the cells of the quail embryo
(including its crest cells) have a condensed mass of chromatin in the
nucleus. This means that when sections are appropriately stained,

quall cells appear to have a dark spot in the nucleus. This nucleolar
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marker 1is not present in chicken cells, and so when quail crest is
grafted to the chicken embryo, the migratory pathways of the quail
cells can be followed histologically (reviewed by Le Douarin, 1982),
Using this technique, it has been established that crest cells enter
the ectoderm in large numbers between the 5th and 6th days of
incubation, before the feathers have formed (Teillet, 1971)

The question of how neural crest cells enter the feather
papilla was considered by Watterson (1942) in his histological study
of the Barred Plymouth Rock embryo. He had no histological marker for
crest cells, although he believed that he could recognise them by
their morphology. He found (as have the more recent studies described
above) that neural crest cells migrate into the skin ectoderm before
the onset of feather formation. As the feather papillae develop,
neural crest cells proliferate, start synthesising melanin, and
become incorporated into the apex of the barb ridges. Melanin is
synthesized in organelles called melanin granules or melanosomes (Fig
3). These contain an enzyme, tyrosinase (phenol oxidase) which
catalyses the conversion of tyrosine and dihydroxyphenylalanine
(DOPAY into melanin (Fitzpatrick et al., 18987).

In their position at the apices of the barb ridges,
melanocytes extend long, cytoplasmic processes into the ectoderm of
the feather papilla, and melanin granules are taken up into the
cytoplasm of the ectodermal cells. It 1s important to note that
melanocytes are present in both the dermis and epidermis of bird
skin; only those in the ectoderm, however, can play a direct role in
the pigmentation of feathers. Dermal melanocytes may represent a
reserve population which can be drawﬁ on by a regenerating adult
feather (Foulks, 1943). The various phases of crest cell migration

into the skin are shown in Fig. 2.
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The development of unpigmented feathers

There are various ways in which a white feather can arise. In
albino birds, the enzyme of melanin synthesis is absent or defective,
and as a consequence no melanocytes can make melanin; thus the eyes,
as well as the feathers, are unpigmented. Albinism is a recessive
condition and there are autosomal and sex-linked varieties (reviewed
by Abbott, 1967). In the White Leghorn chicken embryo, retinal
pigment cells are normal but crest-derived melanocytes die before
they have a chance to deposit melanin in the feather papillae of the
embryo (Jimbow et al., 1974).

What 1s more important to us is how a white feather arises
when it forms part of a pattern of pigmented and unpigmented feathers
on a bird embryo. The possible mechanisms can be summarised as
follows: (A): crest cells do not migrate into those papillae which
are destined to remain unpigmented. (B): crest cells migrate to all
papillae but, in future unpigmented papillae, they subsequently: (i)
migrate out again; (i1) die; (ii1) fail to differentiate; or <iv)
fail to proliferate., There is very little in the literature to help
us answer this question, although it has been found that tissue from
the white feathers of bi-coloured adult fowl can give rise to
melanocytes in culture (Cohen, 1959). In a study of white—and-black
barring in the feathers of fowl, Nickerson (1944) took unpigmented
tissue from the white part of the feather papilla; when this tissue
was grafted to the White Leghorn, it gave rise to melanocytes.

In amphibians, undifferentiated neural crest cells may be
present in unpigmented areas. The amphibian Xenopus is pigmented on
its dorsal surface, and unpigmented on its ventral surface. Ohsugi
and Ide (1983) found that the white belly skin of Xenopus contains
DOPA-positive cells and suggested that these were melanoblasts.

However, Tucker and Erickson (1986) did not accept this view; they
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thought that the DOPA-positive cells could simply be leucocytes. In a
very interesting paper Fukuzawa and Ide (1988) reported that culture
medium conditioned by ventral skin from Xenopus contains a substance
which inhibits melanocyte differentiation. The ventral skin is, 1in

this animal, unpigmented.

There are a number of reasons for adding another study to the
literature on pigment patterning. Most of the classic papers on
pigmentation in bird embryos are, in terms of methodology, out of
date, Many techniques which are now available for pigmentation
studies were not available then. Such techniques include the use of
trypsin to split skin cleanly into ectodermal and dermal parts; and
extrinsic and intrinsic cell markers. None of the classical studies
of pigmentation was concerned with primary patterns, and most were
written 1long before the <concepts of positional information,

prepattern and pattern formation were explicitly formulated.
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Table 1.

A summary of experiments in which neural-crest cells have been
grafted between different bird embryos.

DONOR
(genotype of
neural crest
cells)

Rhode Island Red X
Barred Rock hybrid
Rhode Island Red

Barred Rock;
Silver Campine

Rhode Island Red X
Barred Rock hybrid;
Rhode Island Red

various breeds of
chicken

Barred Rock;
Rhode Island Red

Barred Rock

Robin (Turdus
migratorius)

Quail

Brown Leghorn 8

Rhode Island Red;
Australorp

Barred Rock

HOST
(genotype of
feathers)

‘White Leghorn

White Leghorn

White Leghorn

‘White Leghorn

various breeds of
chicken
White Leghorn

‘White Leghorn

White Leghorn

‘White Leghorn

White Leghorn

White Leghorn

White Leghorn

PIGMENT
PATTERN
in chimaera

donor-type *

donor-type *

donor-type *

donor-type *

donor-type *

donor-type *

donor-type *

neither donor-
nor host-type

donor-type

donor-type *

donor-type, but
some evidence of
host influence *

‘donor-
coloured' *

* - intra-specific (chick-chick) grafts.
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§ = adult donor

REFERENCE

Willier & Rawles,
1944

Weston, 1963

Nickerson, 1944

Willier, Rawles
& Hadorn, 1937

Willier & Rawles,

1938; 1940

Rawles, 1945

Watterson, 1938
Rawles, 1939
Teillet, 1971,
Kinutani &
LeDouarin, 1985

Trinkaus, 1948;
1950

Dorris, 1939

Foulks, 1943



Table 2.

A summary of experiments in which neural-crest cells have been grafted
between different amphibian embryos.

DONOR
(genotype of
neural crest
cells)

Triturus torosus §

T. torosus
T. similans
T. rivularis

Ambystoma
tigrinum*

A. tigrinum

Triton palmatus

A. punctatum

A. jeffersonianum

A. punctatum

HOST

(genotype of skin

cells)

T. similans
T. rivularis
T. torosus
T. torosus

T. torosus

A. punctatum1
A. mexicanum

A. mexicanum
A. punctatum

A. jeffersonianum

§ = Taricha torosa, the Californian newt.

* = the tiger salamander

{ = A. maculatum, the spotted salamander

# = limb bud transplants
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PIGMENT
PATTERN
in chimaera

donor-type

donor-type

donor-type
host-type

donor-type*

REFERENCE

Twitty, 1936
Twitty &
Bodenstein,
1939

DuShane, 1943

Dushane, 1935

Rosin, 1940

Harrison, 1935
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Figure 1.

Diagrams to illustrate two theories of pigment pattern formation: the
positional information (1A) and prepattern (1B) theories. Black circles
indicate pigmented feather papillae, and white circles unpigmented. In 1A,
melanoblasts are able to read the positional value of the papillae, and they
interpret this according to their own genome. In transplantation experiments,
the pigment pattern of the chimaera will, according to this model, be of
donor-type. In figure 1B, the difference between papillae is not in the form
of positional value, but in the activity of some factor which controls
melanocyte differentiation. The prediction from this theory is that, in
transplant experiments, the pigment pattern of the chimaera will be of
host-type.
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Figure 2.

The principal migratory phases of presumptive epidermal melanocytes in birds. (A) in an
embryo of 2 days incubation, crest cells are migrating away from the neural tube and
entering the dorsolateral migratory pathway. This lies between the dorsal surface of the
somites and the dorsal ectoderm. (B) in an embryo of 5to 6 days of incubation, crest cells
are migrating from the mesenchyme into the feather-forming regions of the ectoderm. (C)
shows a pigmented feather papillaina 9to 11 day embryo. Crest cells have come to lie at
the apices of the barb ridges and have differentiated into melanocytes. The melanocytes are
depositing melanin granules in the cytoplasm of the ectodermal cells. (See text for
references.)



1G. 3
Electron micrographs showing melanocytes in normal quail embryos.

A. Melanocytes in the ectoderm near the ear. 11 days of
incubation. x 3900.

B. detail from (A) showing the melanosomes; some are not yet
melanized. These unpigmented organelles show longitudinal lamellae.
x 27, 000.

C. Melanosome which is partly melanized. This organelle shows

a well-organized internal structure.

26



























































































































































































































































































































































































































































































