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Hatched chicks with chimeric brains containing cells from both the domestic chicken
(Gallus gallus domesticus) and the Japanese quail (Coturnix coturnixjaponica) have been
produced by transplantation of various regions of the neural tube at the 8- to 15-
somite stage. The positions of host and donor cells relative to graft boundaries
observed throughout embryonic development and after hatching implicated both
radial and tangential cell movements in brain morphogenesis. In addition, transplants
containing the entire quail mesencephalon and diencephalon resulted in the transfer of
certain aspects of species-typical crowing behavior.

T HE QUAIL-CHICK MARKER SYSTEM

has been extensively used to study
the ontogeny of various tissues and

organs (1-3). We are now applying the
quail-chick chimera technique to investiga-
tions of the development of the brain and
species-typical behavior patterns.
We carried out isotopic and isochronic

transplantation of fragments of the neural
primordium from quail donors to chicken
hosts and vice versa in embryos at the 8- to
15-somite stage, using a modification of the
technique described in (1-3). We performed
two types of operations. In the first type, the
roof of the prosencephalon was removed
along with the associated neural crest and
superficial ectoderm, followed by implanta-
tion in situ of the corresponding cephalic
area from the donor (Fig. 1). In the second
type, entire portions of the neural tube of
the host were removed at defined levels and
replaced with a corresponding fragment
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Fig. 1. Isotopic and isochronic transplantations of
portions of the neural tube and overlying ecto-
derm in both directions (quail into chick and vice
versa). (A) Dorsal part of the diencephalon; (B)
dorsal diencephalon plus roof of the telencephalic
vesicle; (C) roof of the telencephalic vesicle, uni-
laterally or bilaterally.
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from a donor embryo. In neither case was
nonneural tissue dissociated enzymatically
from the neural primordium (4). Trans-
plants therefore contained cells from the
donor's mesodermal mesenchyme and su-
perficial ectoderm in addition to the neural
crest and the neuroepithelium. Because the
grafts underwent rejection, starting with the
transplanted nonneural tissues, during the
second week after hatching (3, 5), we report
here on animals examined before immune
rejection occurred in the brain (6).

Following recent hypotheses for mamma-
lian brain morphogenesis that have empha-
sized the role of radial neuronal migration in

the prosencephalon (7), we studied the spa-
tial distribution of chick and quail cells in
brains that received transplants of limited
regions of the prosencephalic roof on em-
bryonic day 2 (E2) (Fig. 1) in animals killed
at regular intervals from E3 to posthatching
day 12 (P12) (6). We noted the positions of
chick and quail cells relative to graft bound-
aries, which in all cases were clearly visible in
the ependymal layer bordering the brain
ventricles. Although this method does not
allow us to directly observe cell movements
or to distinguish migrating cells from those
that have ceased moving, it does indicate
whether significant cell mixing occurs near
graft boundaries in different brain regions.
A lack of mixing is consistent with predomi-
nantly radial cell movements; widespread
mixing cannot be accounted for by a purely
radial pattern of cell migration but indicates
tangential movement of cells within the
neural epithelium during brain develop-
ment.
By E3 to E4, when the brain vesicles were

bordered by a dense pseudostratified neuro-
epithelium, the boundary between quail and
chick cells in chimeric embryos was clearly
demarcated, suggesting that cell movements
are strictly perpendicular to the surface of
the epithelium at this stage (n = 3 chick
hosts, 2 quail hosts). At E5 to E8, this clear-
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Fig. 2. Feulgen-stained transverse section of the diencephalon of a quail (Q) into chick (C) chimera
(experiment A in Fig. 1) at E6. Donor and host cells are well separated in the subventricular layer (S). In
contrast, the presence of isolated quail cells ( I ) in predominantly chicken regions and vice versa (A) in
the intermediate zone (I) of the mantle layer indicates tangential movements in both directions. In the
external zone (E) of the mantle layer the presence of numerous host cells (A) in predominantly donor
aesidicates large ventrodorsal cell movements at this level. White bars in the inset show the virtual

areastm I4s

boundaries between host and donor tissues (III = third ventricle). Large arrowhead designates
ventricular boundaries of the graft. V, ventricular epithelium. Bar, 25 ±m.
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cut separation of chick and quail cells was
found only in those portions of the brain
vesicles where the walls remain thin, such as
the mediodorsal parts of the telencephalon
(which give rise to the avian hippocampus-
parahippocampus) and of the diencepalon
(choroid plexus). During this same time, the
lateral walls of the telencephalon and dien-
cephalon grew considerably in thickness,
and significant tangential movement of the
neuroepithelial cells was apparent (n = 7
chick hosts, 6 quail hosts).

In the lateral walls of the E6 diencephalon
(experiments A and B of Fig. 1), a clear-cut
separation between chick and quail cells in
the subventricular layer showed that cell

A

Pure donor cells

A majority of donor cells

Equal abundance of donor and

host cells

A minority of donor cells

Fig. 3. Distribution and density of donor cells:

(A) in the diencephalon (D) and telencephalon
(T) of chimeras from experiment A in Fig. 1; (B)
in the telencephalon of chimeras from experi-
ments B and C in Fig. 1. Arrows designate
ventricular boundaries of the graft. DM, dorso-

medial nucleus; DL, dorsolateral nucleus; Rt,

nucleus rotundus; H, hyperstriatum; N, neostria-

turn; P, paleostriatum; A, archistriatumn; M, mes-

encephalon.
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movements were still radial (Fig. 2). In
contrast, a mixing of donor and host cells in
the intermediate zone of the mantle layer
also occurred at this time, owing to a dorso-
ventral and ventrodorsal ingression of cells
of the two types at about 80 pRm from the
initial limit of the graft. In the external
(lateral) zone of the mantle layer, the domi-
nant tangential movement of cells was yen-
trodorsall, leading host cells to invade the
donor tissue. Equivalent pictures are seen in
reciprocally oriented grafts (both quail-to-
chick and chick-to-quail). Thus, in the post-
natal brain, dorsal and dorsolateral thalamic
nuclei are of the donor type, medioventral
and lateral nuclei are mixed, and ventral
nuclei are of the host type (Fig. 3A). In all
cases, the vascular endothelial cells are of the
host type.

Tangential migrations were conspicuous
in the lateral region of the first and second
ventricles of the E6 telencephalon, which
give rise to the bulk of hemispheric tissue
including the hyperstriatum ventrale, neo-
striatum, paleostriatum, and archistriatum.
In E9 animals, the boundary between donor
and host cells was still radial in the subven-
tricular zone in the lateral aspect of the first
and second ventricles. At about 40 pLm from
the ventricular surface, host and donor cells
were mixed', indicating tangential cell move-
ments. By E14, mixing of host and donor
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cells resulting from tangential movements
reached the subventricular zone, coinciding
with the time at which the density of cells in
the subventricular zone has decreased. Such
movements can result in reciprocally intro-
gressing cells as far as 400 Rxm from the
initial quail-chick limit in the basal layer of
the ventricular epithelium. In all prehatch-
ing stages studied and after hatching, the
distribution of quail and chick cells in the
cerebral hemispheres after experiment C of
Fig. 1 was as indicated in Fig. 3B. The
paleostriatum and archistriatum were of the
host type with a few scattered cells of donor
origin. The neostriatum consisted of a mix-
ture of host and donor cells (Fig. 4, A and
B), and the hyperstriatum was of the donor
type with dispersed host cells. Therefore,
movements were essentially radial in the
mediodorsal wall of the first and second
ventricles, which remained thin (Fig. 3A).
In contrast, they were more complex in the
lateral areas, with large-scale mixing of cells
of dorsal and ventral origin (Fig. 3B). Stain-
ing of adjacent sections with the Feulgen-
Rossenbeck technique and with cresyl violet
(for the identification of neurons) indicated
that both neuronal and nonneuronal cells
exhibited tangential cell movements (Fig.
4B).
The distribution of host and donor cells at

graft boundaries implicates at least two

B
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Fig. 4. Feulgen-stained section through the cerebral hemispheres of a quail (Q) into chick (C) chimera

(experiment C in Fig. 1) at P7. (A) Host and donor cells are well separated at the level ofthe ventricular

epithelium (V). A mixing of quail ( T) and chick (V) cells immediately in contact with this thin cell

layer indicates tangential cell movements during development; this produces truly chimneric brain

regions. (B) Enlargement of the region indicated in the inset showing a mixed region containing quail
and chick neurons and glial cells. Large arrowheads indicate the ventricular boundary of the graft. Bar in

(A), 22 j±m; bar in (B), 11 pRm.
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Table 1. Crow segmentation in chimeric animals.

Trans- Crow segmentation
plant Chicken-like Indeter- Quail-like
tvpe (unseg- minate (seg-
(n) mented) (segmented) mented)

1 (13) 13 0 0
2 (2) 2 0 0
3 (2) 0 1 1
4(3) 0 3t 2t

*As given in Fig. 5. 'Two of the birds on which this
operation was performed gave both quail-like and inde-
terminate crows.

types of cell movement in the morphogen-
esis of the avian prosencephalon, depending
on the region considered. A segregated pat-
tern implying radial migration is seen in the
hippocampus-parahippocampus and cho-
roid plexus. In contrast, the mixed pattern
found in most of the prosencephalon dem-
onstrates tangential cell movements, which
studies based on tritiated thymidine labeling
are unable to detect. The wav in which these
nonradial cell movements are guided re-
mains to be elucidated.
Hatched quail donor-chicken host brain

chimeras were observed and filmed in a
variety of behavioral situations, after which
they were killed (6) and their brains dissect-
ed. The gross anatomy of chimeric brains
was normal, except for a size difference
between chick and quail regions that was
preserved in the grafts. Chimeric animals
with brain transplants of varving type (Fig.
5) were able to stand, walk about, visually
track and peck at objects, vocalize, peck at
and ingest food and water, respond to audi-
tory stimuli, explore their surroundings, and
interact with other animals. We selected for
closer study one behavioral system, the juve-
nile form of the species-typical crowing vo-
calization, induced during the first week
after hatching by subcutaneous implants of
the steroid hormone testosterone proprio-
nate (8-10). This behavior is exhibited by
both sexes and shows a clear-cut species
difference that does not depend on imitative
learning (11, 12).
The crowing sounds of chickens in the

first 10 days after hatching do not resemble
the familiar "cock-a-doodle-doo" of adult
animals but instead consist of a single loud
"squeak" of about 0.5-s duration. Both the
duration and the fine-structural morphology
of this single squeak can vary during the first
week, but the squeak becomes more stable
during the second week after hatching (9,
12). The crowing of young Japanese quail
consists of one or, more commonly, two
specialized short "introductorv notes" fol-
lowed by a longer amplitude- and frequen-
cy-modulated trill (Fig. 5). The structure of
the juvenile crowing sounds given 3 to 4
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days after hatching is similar to the structure

of the adult crowing sound (10, 12).
We have examined the temporal organiza-

tion of the one-part (nonsegmented) chick-
en forms as compared to the two- or three-
part quail form (one or two short introduc-
tory notes followed by a longer segment)
(13). Twenty quail donor-chicken host chi-
meras from four different types of opera-

tions were studied after hormone implanta-
tion (Fig. 5 and Table 1). Of these, 15
animals gave unsegmented crowing sounds
similar to those of normal chickens, thus
showing that neither our surgical proce-

dures nor the presence of quail cells in the
brain per se affects this aspect of crowing. In
contrast, all five animals with operations
that included transplantation of the mesen-

Chicken

_~~- - _

cephalic and diencephalic primordium gave

segmented crowing sounds, a characteristic
not observed in chickens. Three of these
animals gave crowing sounds that approxi-

mated a quail temporal pattern. We believe
that this constitutes the first demonstration
of cross-species behavioral transfer brought
about by neuronal transplantation. These
results, together with the viability of trans-

plants that involved a majority of the brain,
demonstrate that donor cells are functional
in the host brain.

Histological examination confirmed that
all five animals that exhibited segmented
crowing had brains in which the telencepha-
Ion, diencephalon, and mesencephalon or

the rhombencephalon, mesencephalon, and
diencephalon were entirely made up of quail

Quail

ON .

* 0.
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Fig. 5. Testosterone-induced juvenile crowing patterns from chickcns, quails, and quail donor-chickcn
host brain chimeras. All crows shown were recorded benteen 4 and 7 days aftcr hatching. Each box
shows an amplitude-time (bottom) and frequency-time (sound spcctrographic, top) representation of
one crowing vocalization. Frequency and time markers are as indicated at the top right. Transplant
operations are shown schematically at the lower left: 1, transplant of the dorsal neural tube primordium,
giving rise to the dorsal thalamus; 2, transplant of the whole prosencephalic neural tube, giving rise to
the entire telencephalon, diencephalon, and eyes; 3, transplant of the whole prosencephalic and
mesencephalic neural tube, giving rise to the entire telencephalon, diencephalon, and mesencephalon
including the eves; or 4, transplant of the whole neural tube between the first somite and the caudal part
of the prosencephalon, giving rise to the entire rhombencephalon, cerebellum, mesencephalon,
diencephalon, and caudal portions of the telencephalon. Numbers in the upper left corner of each
sonogram indicate which transplant was done. Crows from two unoperated chicks and two unoperated
quail are shown on the top. Crows from chimeric animals are classified into three groups: chicken-like,
two examples from two different chimeric animals that were similar in segmental structure to forms
observed in normal chickens; quail-like, four examples recorded from three different chimeric animals
with segmental structures that were similar to those observed in normal quail; and indeterminate, two

examples of variable segmented crow s from two different chimeric animals. Although these indetermi-
nate vocalizations were segmented, their lack of quail duration and temporal patterning as well as the
variabilitv of their temporal patterning precluded their classification as quail-like; some of them are

similar to rare aberrant quail crows recorded in an earlier study (10). Names in the sonograms denote
the individual animals tested.
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cells. In 2 of the 15 animals exhibiting
nonsegmented crowing, the telencephalon
and diencephalon were entirely quail; the
remaining 13 animals had a mixed dience-
phalic population of quail and chick cells, as
expected. Numerous studies in both passer-
ine and galliform birds have implicated the
mesencephalic-diencephalic region in the
control of avian vocalizations (14). It is also
important to note that segmentation is not
the only feature that differs between chick
and quail crowing, and that none of our
chimeras to date has produced a structurally
perfect quail crow.
More generally, this report shows the

feasibility of producing hatched brain chi-
meras between two avian species, which
provide rich experimental possibilities for
ethology, immunology, and the neurosci-
ences.
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Clonally Related Cortical Cells Show Several
Migration Patterns

C. WALSH AND C. L. CEPKO*

The mammalian cerebral cortex is organized into columns of cells with common
functional properties. During embryogenesis, cortical neurons are formed deep, near
the lateral ventricles, and migrate radially to their final position. This observation led
to the suggestion that the cortex consists ofradial, ontogenetic units ofclonally related
neurons. In the experiments reported here, this hypothesis was tested by studying cell
lineage in the rat cortex with a retroviral vector carrying the Escherchia coli I5-
galactosidase gene, which can be easily visualized. Labeled, clonally related cortical
neurons did not occur in simple columnar arrays. Instead, clonally related neurons
entered several different radial columns, apparently by migrating along different radial
glial fibers.

T HE MAMMALIAN CEREBRAL CORTEX similar physiological properties. Cortical
is organized into layers, which con- neurons are produced near the lateral ventri-
tain distinct morphological cell cle early in gestation and migrate radially

types, and columns, which are oriented per- toward the cortical surface. The cortical
pendicular to the layers, in which cells have layers are generated in a defined, "inside-
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out" sequence, with neurons destined for
the deepest cortical layers formed first and
neurons destined for more superficial layers
formed in sequence later (1). The observa-
tion of this generative sequence led to the
suggestion that functional columns can be
subdivided into smaller, radially oriented
"ontogenetic columns," each centered
around a single radial glial fiber, with cells
in each layer sequentially generated from a
common precursor located near the ventri-
cle (2).
We tested this hypothesis directly by us-

ing an in vivo retroviral marking method (3)
to study cell lineage in the rat cortex. Divid-
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