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Summary. The neurogenesis of immature cerebral
cortex transplants was investigated using tritiated
thymidine (*HT) autoradiography. Cortical tissue
taken from rat fetuses during their last week of
gestation (E15-E21) was transplanted to the tectum
or cerebral cortex of newborn rat hosts. At different
times after transplantation, a single injection of *HT
was given to the host. Most of the experimental
animals were killed after the transplants had grown
to maturity (5-12 weeks), and some were studied
shortly after the tracer had been given. In other
experiments, donor tissue was used that was labeled
in utero up to 1 day before being transplanted on
E16, E17, E18, or E19.

It was found that neurons labeled before trans-
plantation survived and differentiated in the graft.
Removal of the graft from its natural context did not
prevent “HT incorporation into surviving precursor
neurons, indicating continuation of neurogenesis in
the cortical transplants. In transplants from E16
donors neurons continued to be generated for 5-6
days after transplantation. Termination of neuro-
genesis occurred at successively earlier times in
transplants taken from correspondingly older
embryos. Independent of size and position of the
transplant, application of *HT after “projected”
transplant ages of E23 and older labeled only non-
neuronal cells. This suggests a time schedule of
neuron generation in the cortical transplants similar
to that observed during normal development of the
cerebral cortex, which is not disturbed by the trans-
planting procedure.
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Formation of the cerebral cortex from the lining of
the telencephalic vesicles proceeds in a very precise
manner. Most neurons of the cerebral cortex are
generated over a limited period of embryogenesis.
Neurons undergoing their final mitosis. at a given
time during that generation period are destined to
occupy a particular layer of the adult neocortex. This
has been elegantly demonstrated using tritiated thy-
midine autoradiography in several mammalian
species (mouse — Angevine and Sidman 1961; rat —
Berry and Rogers 1965; Hicks and D’Amato 1968;
for review see Berry 1974; golden hamster — Shimada
and Langman 1970; rabbit — Fernandez and Bravo
1974; monkey — Rakic 1977). These studies have
shown that except for layer I, which is one of the first
formed cortical layers (Marin-Padilla 1971; Ko6nig et
al. 1977; Rickmann et al. 1977; Raedler and Raedler
1978; Goffinet and Lyon 1979), neurons in layers VI
and V are born before those in layer IV and so on.
This pattern is known as the inside-out formation of
the cerebral cortex. Because precursor neurons
undergo mitoses only in the region next to the
ventricular lumen of the neural tube (His 1890; Sauer
1935), the postmitotic cells in the developing cerebral
cortex, once generated, have to migrate to their
respective position in a specific lamina (Berry and
Rogers 1965; Rakic 1974; Seymour and Berry 1975;
Shoukimas and Hinds 1978). X-ray radiation which
eliminates dividing cells (Hicks et al. 1959, 1961;
Altman and Anderson 1969) interferes with this
process, leading to severe disruption of lamina and
abnormal cerebral cortex development. In the reeler
mutant mouse a disturbance of cell migration pat-
terns during development of the cerebral cortex
results in abnormal cell positioning (Caviness and
Sidman 1973; Caviness and Rakic 1978).

During the course of studies in which we
examined the formation of connections between
cortical transplants and the host brain (Jaeger 1979;
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Jaeger and Lund 1978, 1979a, b, 1980), it became
important to know whether the histogenesis of the
cortical transplant was affected by removal from its
natural context. Previous studies have shown that
cerebral cortex from mammalian fetuses may survive
transplantation (Dunn 1917; LeGros Clark 1940;
Glees 1955; Das and Altman 1971; Das 1974, 1975)
and that identified neurons of different types differ-
entiate within these transplants (Das 1975, 1978;
Jaeger and Lund 1978).

In the present study we address three main
questions. First, do neurons that were generated
prior to transplantation survive and differentiate in a
cortical graft? Second, will transplanted precursor
neurons give rise to neurons even though geometrical
relationships were disturbed during the process of
transplantation? Third, if neurogenesis continues,
what is its time course in the cortical transplant?
Some of this work has been reported previously in
the form of an abstract (Jaeger and Lund 1978).

Materials and Methods

Occipital cortex taken from rat embryos (E) at gestational days
E15-E21 was transplanted to either the cortex or the tectal region
of newborn rats. The transplantation procedure was similar to that
used previously (Lund and Hauschka 1976; Jaeger and Lund
1980). Time-mated albino rats of the Sprague-Dawley strain (Tyler
Labs., Bellevue, WA, USA) were delivered of fetal donors under
ether anesthesia by cesarean operation. The dorsal portion of the
occipital cortex was dissected from the donor in tissue culture
medium (F-10, GIBCO) and injected into the respective region of
anesthetized newborn host rats.

A total of 72 experimental animals from 13 litters was injected
once with 5 uCi/g b. w. tritiated thymidine (*HT, specific activity,
50-65 Ci/mmol, New England Nuc.) on different days after
transplantation. Fifty-two animals with noticeable transplants
were used for this study. Table 1 shows a summary of the
thymidine injection schedule and the number of animals processed
in each of the seven different transplant groups. Four host animals
in group II and six animals in group V were killed between 4 and
24 h after the *HT injection. Their brains were fixed in Bouin’s
fluid and 12 um paraffin sections were cut. All other experimental
animals were allowed to survive between 5 and 12 weeks after the
procedure. They were perfused transcardially under deep anes-
thesia with a phosphate buffered (0.17 M) 4% paraformaldehyde
solution. The position of the transplant was registered on a camera
lucida drawing prepared under the dissecting microscope from the
dorsal brain surface. Subsequently, the tissue was blocked, post-
fixed in the perfusion solution for at least 2 days, infiltrated with
30% sucrose, and cut on a freezing microtome at a thickness of 26
um. Some material was embedded in egg yolk prior to cutting. For
autoradiography (Sidman 1970) a series of sections (one in three,
or one in four) was mounted on gelatin coated slides, coated with
Kodak NTB-2 emulsion and exposed in the dark for an average of
4 weeks at 0° C before developing in Kodak D-19 and counter-
staining with cresyl violet. In addition, a series of sections from
each animal was stained for neurofibrils (Lund and Westrum 1966)
to aid in identification of major fiber bundles and transplant
borders.
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Table 1. Shows numbers of animals with transplants that were
analyzed in each group

Group Age of Projected graft age at the time of (HT  Total

Donor injection into the host No.
E15 16 17 18 19 20 21 22 23/01

I EI5 2 2
I 16 5 4 4 3 2 2 2 22
I 17 2 2 21 2 9
v 18 2 2 4
\'A 19 5 3 2 1 11
VI 20 2 2
VII 21 2 2

2 groups in which some animals were killed after short survival

Additional material for this study was obtained from 50
further donor rats that received a transplant which had been
prelabeled with *HT up to 1 day before transplantation on E16,
E17, E18, or E19. These animals, some of which were also used
for pathway studies reported elsewhere (Jaeger and Lund 1980),
were processed as described above.

Results

Cortical transplants were identified overlying or
embedded in the dorsal surface of the midbrain or
alternatively embedded in the host cerebral cortex.
Superficially placed myelinated fibers in the trans-
plant aided in the recognition of the dorsal transplant
boundaries in the surrounding gray matter of the host
brain (Fig. 1A). In addition to the neurofibrillar
staining, cytoarchitectonic criteria were also used.

Variability of transplant survival ranging between
30% and 100% was found to be highly correlative
with two main factors. The first was related to
technical proficiency gained over the course of this
study, and the second to the age of the donor tissue.
Most consistent graft survival (80% to 100% per
litter) was observed for cortical transplants taken
from either E15, E16, or E17 donors. In transplants
taken from older embryos, particularly E20 and E21,
survival to maturity was reduced to approximately
50% per litter.

A large number of host rats received transplants
that were labeled in utero with *HT prior to trans-
plantation on E15-FE18. Autoradiograms from pre-
labeled cortical transplants that survived for periods
of 1 week to 11 months contained neurons and non-
neurons labeled with various intensities (Fig. 1B).
Neurons were identified by their characteristic pale
staining nuclei and their comparatively larger soma
size. Similarly, some non-neuronal cells were iden-
tified based on their staining properties and mor-
phological appearance (Hommes and Leblond 1967;
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Table 2. Occurrence of labeled neurons in mature transplants
subjected to *HT at different times after transplantation (post TR)
— (+) occasional neurons labeled in some transplants

r no no
w 8 no(+)
B
~
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8 5+ + no(+) no
=
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g 4 + + no
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,g 3r + + no(+) no
&
«®  Ir + + + + no
Sy
15
g
e 1 + +
+
15 16 17 18 19 20 21

Age of donor tissue at time of transplantation

Ling et al. 1973). No difference in labeling pattern
was seen between transplants positioned in either the
host cortex or tectum. Labeled neurons were found
only within the confines of the transplant where they
were scattered among unlabeled neurons (Fig. 1B) or
localized in irregular clusters. In some cases few
labeled glia cells were found in the surrounding host
tissue but only in the immediate vicinity of the
transplant. In an exceedingly small number of these
transplants (< 1%) a considerable number of mitotic
figures was observed, but no labeled neurons were
seen. This finding was interpreted as a teratogenic
transformation of the transplanted precursor cells in
which the *HT tracer became diluted because of
continued mitoses.

A summary of the cell labeling observed in the
cortical transplants subjected to *HT at various times
after transplantation is given in Table 2. Transplants
that were taken from E16 donors and subjected to a
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Fig. 1A. Dorsal surface of host brain
showing cortical transplant (arrow)
positioned in the occipital cortex. X 2.

B Labeled neurons (arrows) and non-
neurons (arrowhead) are observed in
mature transplant subjected to *HT
before transplantation (tracer applied on
E16, donor tissue transplanted on E17).
Note unlabeled neurons adjacent to
labeled ones. Scale 25 pm

single injection of *HT given from day 1 up to day 5
after transplantation showed labeled neurons.
Neurons were marked with variable numbers of
exposed silver grains. Their distribution in the trans-
plant was patchy and more neurons were labeled in
the grafts injected with *HT shortly after transplanta-
tion (e.g., up to day 3 post-transplantation). The
same distribution was also noted in cortical trans-
plants taken from E17 donors. As shown in Table 2,
neuronal labeling in grafts from E17 donors was seen
infrequently on day 5 post-transplantation and
ceased completely after this time. In the younger
transplants (E16) neurogenesis as observed by the
uptake of thymidine stopped between days 6 and 7
after transplantation.

Figure 2 illustrates an example of the distribution
of labeled cells in a mature cortical transplant taken
from an E17 donor, placed into the tectum, and
subjected to *HT 3 days after transplantation.
Exposed silver grains overlying radioactive nuclei
appear bright in darkfield illumination. The pia
membrane covering the transplant surface is marked
by an arrow, and the approximate position of the
transplant/host border is indicated by circles. Regions
containing many labeled cells (*) form a partially
continuous band and patches in central and superfi-
cial parts of this transplant. The clusters contain
labeled neurons and non-neurons which show vari-
able amounts of silver grains suggesting different
numbers of divisions subsequent to *HT administra-
tion (Figs. 4, 9). In areas containing few labeled cells,
fiber bundles predominate over clusters of unlabeled
neurons. Presumably unlabeled cells either failed to
incorporate the *HT or underwent multiple divisions.
Although groups of labeled neurons sometimes form
sheets (Fig. 2), this tends to be rare. Labeled cells in
the host brain are exclusively non-neuronal.

Mature transplants taken from E18 and E19
donors and labeled from days 0 (day of transplanta-
tion) to 2 days after transplantation showed a signific-
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Fig. 2. Transverse section of cortical transplant (E17) labeled 3 days after transplantation. The transplant is located in the midline dorsal to

the host superior colliculus (SC). See text for explanation. Scale 1 mm

Fig. 3. Parasagittal section of a mature cortical transplant (E18) connected by a fiber bundle (arrowheads) to the host superior colliculus
(SC). Posterior is to the left. *HT was given 4 days after transplantation. See text for further description. IC — inferior colliculus; Scale 1 mm

Fig. 4. Labeled neurons and non-neurons in transplant shown in Fig. 2. Note neuron (arrow) labeled at background level adjacent to

labeled neuron. Scale 25 um

Fig. 5. Labeled non-neurons (glia cells) observed in transplant shown in Fig. 3. Neurons were not labeled. Note alignment of neurons

(arrows) in an anterior (to the right) posterior direction. Scale 25 pm

ant number of labeled neurons (Table 2, Fig. 9). The
numbers of neurons labeled declined, however, with
increasing “age” of the graft. Only a few neurons
were labeled in one of the E19 cortical transplants
taken from a host injected with *HT on day 3 after
transplantation. Neurons within transplants from
E20 donors failed to take up *HT on day 2 post-
transplantation. This corresponded to a similar fai-
lure of *HT uptake in neurons of E18 and E19
transplants on days 4 and 3 after transplantation,
respectively (Table 2, Figs. 5, 11).

Non-neuronal cells were seen labeled in all the

transplants studied. Distribution of non-neuronal
cells labeled after termination of neurogenesis is
shown in Fig. 3. In this example a transplant taken

from an E18 donor was subjected to *HT 4 days after
transplantation. Labeled non-neuronal cells occur
relatively evenly dispersed throughout the trans-
plant. Unlabeled neurons in this section are illus-
trated at higher magnification in Fig. 5.

Short survival studies show dense regions of
labeled cells in the immature transplants subjected to
SHT during the period of neurogenesis. Figure 6
shows an autoradiogram from a transverse section
through the superior colliculus and the dorsally
placed transplant from an experimental animal killed
1.5 days after birth. The cortical transplant was taken
from an E16 donor and *HT was applied 1 day after
transplantation. Labeled cells are seen in the ventral
region of the transplant. Portions free of labeled cells
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Fig. 6. Low power autoradiogram of a cross section through the midbrain of a 1.5 day old host. The implant from an E16 donor positioned
dorsal to the left SC was subjected to *HT 1 day after transplantation and killed 6 h after labeling. Labeled cells were absent in the dorsal
pale staining region of the transplant (*). Area in inset is shown at higher power in Fig. 8. Scale 1 mm

Fig. 7. Transverse section through a cortical transplant (7 weeks survival) positioned on the left side dorsal to the host superior colliculus
(SC). The transplant was taken from an E19 donor and pulsed with *HT three days after transplantation. The observed labeling of non-
neuronal cells is shown at higher power in Fig. 11. Scale 1 mm

Fig. 8. Autoradiogram showing labeling pattern of immature cells in transplant (TR) in the region outlined in Fig. 6. Large numbers of cells
are labeled in the transplant. Scale 50 um

Fig. 9. Labeled neurons and glia cells (arrows) are seen in an E19 cortical transplant that was labeled one day after transplantation (7 weeks
survival}. Note unjabeled neuron (arrowhead) adjacent to labeled neuron. Scale 25 ym

Fig. 10, Autoradiogram of immature transplant taken from an E19 donor, subjected to *HT 3 days after transplantation and killed 3 h after
tracer injection. Note labeled cells are scattered throughout the transplant. Scale 50 um

Fig. 11. Labeling of glia cells (arrow) in transplant shown at low power in Fig. 7. Scale 25 pm
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(*) were present within immature transplants. At this
early age of survival (1.5 days), no signs of tissue
bridges between the transplant and the host brain
were found. These bridges were commonly observed
in mature transplants (Figs. 3, 7). A cortical trans-
plant taken from an E19. donor that survived to
maturity (7 weeks) in a similar position is illustrated
in Fig. 7.

Cells labeled in the immature transplant shortly
after transplantation (Fig. 8) may differentiate into
neurons and non-neurons in the mature transplant
(Fig. 9). Tracer applied after cessation of neuro-
genesis labeled relatively few cells scattered through-
out the transplant (Fig. 10). Presumably all cells
labeled at that time differentiated into non-neurons
(Fig. 11).

Discussion

Studies show that neurons marked by silver grains
are found in transplants which were labeled with *HT
on fetal days E15-F18, 4-24 h before transplanta-
tion. This implies that cells which underwent their
terminal division in the donor brain have survived the
transplantation procedure. Since the majority of
neurons in layers VI-IV and some in the upper layers
of the cerebral cortex have been formed by EI18
(Berry and Rogers 1965), we conclude that neurons
expected to migrate to these layers have survived.
Except for a few cases where a small number of non-
neuronal cells generated within the transplant were
found in the bordering host tissue, labeled cells
remained in the confines of the transplant in all of
our experimental animals. This is in contrast to the
findings of Das and Altman (1971). These authors
observed that transplanted cerebellar neurons
become incorporated into the molecular and internal
granular layers of the host cerebellum. Das and
Altman (1971) used cerebellar grafts that were
labeled with *HT on postnatal day 7 and subsequently
transplanted (1 h after labeling) into the cerebellum
of similar aged host rats. They proposed that the
immature neurons migrated to their appropriate
position in the host cerebellum. Although the
mechanisms underlying neuron migration are little
understood, it is clear from in vitro studies that the
cell surface and the presence of certain macro-
molecules play a role in cell adhesion and motility
(Trenkner and Sidman 1977). The quality and quan-
tity of specific cell membrane components may
change during the age of the neuron (Garber and
Moscona 1972; Pfenninger and Bunge 1974; Hatten
and Sidman 1976) influencing cellular interactions. In
contrast to Das and Altman’s study, the age of the
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transplant differed from that of the host tissue in our
study. Thus, the failure of neuron migration from the
transplant to the surrounding host brain could be
explained on the basis of incompatibility of surface
properties.

In addition to labeled neurons, there were also
well-differentiated unlabeled neurons in the cortical
transplants. The unlabeled neurons were derived
from precursor cells that had their final mitoses
either before or after transplantation. Exposing corti-
cal grafts to *HT after placing them in the host brain,
we observed that a number of precursor neurons will
indeed continue to divide after transplantation.

With the notable exception of the olfactory
epithelium (Graziadei and Graziadei 1978), neuron
populations of the mammalian nervous system
irrevocably lose their capacity to proliferate at a
particular time in development. Exactly why this
should be is uncertain, Several authors have sug-
gested that environmental factors such as hormone
levels (Balazs et al. 1971; Nicholson and Altman
1972; Lewis et al. 1976), nutrition (Patel et al. 1973)
and particular drugs (Lewis et al. 1977; Patel et al.
1977) may have some effect in regulation of mitosis in
the nervous system.

A further possibility is that the store of precursor
cells becomes depleted as their progeny “differenti-
ates”. Holzer et al. (1975) propose that the daughter
cells gain the capacity via a quantal mitosis step to
synthesize a protein that is characteristic for the
differentiated state only. A quantal mitosis may give
rise to a differentiated cell and another precursor cell
during an asymmetric division or, alternatively, to
two differentiated cells during a symmetric division.
In the latter event the precursor cells become used up
and the cell population may lose its capacity for
renewal. A recent study has shown that the final
division of muscle precursor cells is a symmetric one
giving rise to two differentiated cells that synthesize
muscle specific creatine phosphokinase (Kligman and
Nameroff 1980). Like differentiated muscle cells,
neurons also lose their capacity to divide, and a
similar mechanism may lead to neuron differentia-
tion. Although features of specific biochemical dif-
ferentiation remain to be established for the different
neuron classes (Phelps and Pfeifer 1975; Nirenberg
1975; Varon 1977; Rothman et al. 1978), their
mature forms can be recognized using morphological
criteria. Studying early morphological differentiation
of mouse retinal ganglion cells, Hinds and Hinds
(1974) observed that the majority of ganglion cells
appear to be derived from daughter cell pairs. This
would suggest that neurons are, for the most part,
formed like muscle cells by a symmetric final divi-
sion.
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In the present study, the transplanted precursor
cells complete their “predetermined” program of
histogenesis. This occurs independently of their posi-
tion and the age discrepancy between host brain and
transplant. In most cases neurons in the transplant
stop proliferating at a time corresponding to that
observed in the intact cerebral cortex, namely
between E21 and E22 (Berry and Rogers 1965). A
recent report shows mitosis of neuron precursors
grown in aggregates in tissue culture (Sensenbrenner
et al. 1980). Interestingly, as in the present study, the
timing of neuron and non-neuron generation in the
culture system was for the most part similar to that in
vivo.

Mature cortical transplants contain neuron types
that are characteristic of cerebral cortex (Das 1975,
1978; Jaeger and Lund 1978). However, their dispo-
sition within the cortical transplant differs from that
of the intact cortex. The neurons generated in the
transplant most commonly come to lie in discontinu-
ous patches, while in the intact cortex they usually
take up positions in a specific lamina. There are at
least two explanations which could account for this.
One is the inability of the young neurons to migrate
propetly, possibly as a result of mechanical disturb-
ance of preestablished internal relationships, such as
injury or misalignment of radial glia and cell death
(or even lack of it). The second explanation relates to
the influence of afferent fibers on the laminar dis-
tribution. Some cortical transplants may differentiate
in the absence of extrinsic fiber connections while
others receive a limited input of afferents from the
host brain (Jaeger and Lund 1980). The effect of
afferent fibers on developing target regions has been
most extensively studied regarding the question of
neuron survival, but some effect on developing
laminar organization has been observed by Kelly and
Cowan (1972) after deafferentation of the chick
tectum. Disruption of laminar segregation could also
result from extensive neuron death occurring as a
result of the transplantation procedure. However,
although some cells may die, it is clear that substan-
tial numbers of neurons which underwent their final
division prior to transplantation still survive.

To summarize, cortical transplants are composed
of neurons generated before and after transplanta-
tion. Precursor cells continue mitosis following a
schedule that essentially resembles normal neuro-
genesis. The cortical transplants may be useful for
further studies of the conditions under which segre-
gation into laminae occurs and neuron classes may
exhibit their specific differentiated features.

Acknowledgments. The authors are pleased to thank Ms. Cindy
Gue for her expert editorial assistance and typing of the manu-

27N

script. This research was supported by Grants EY-01950 and EY-
03326 from the National Institutes of Health. The first author
performed this study as partial fulfillment of the requirements for
the Doctor of Philosophy degree in the Department of Biological
Structure, University of Washington, Seattle, WA, USA.

References

Altman J, Anderson WJ (1969) Early effects of X-irradiation of
the cerebellum in infant rats: Decimation and reconstitution
of the external granular layer. Exp Neurol 24: 196-216

Angevine JB, Jr, Sidman RL (1961) Autoradiographic study of
cell migration during histogenesis of cerebral cortex in the
mouse. Nature 192: 766-768

Baldzs R, Kovdcs S, Cocks WA, Johnson AL, Eayrs JT (1971)
Effect of thyroid hormone on the biochemical maturation of
rat brain: Postnatal cell formation. Brain Res 25: 555-570

Berry M (1974) Development of the cerebral neocortex of the rat.
In: Gottlieb G (ed) Studies on the development of behavior
and the nervous system. Academic Press, New York (Aspects
of neurogenesis, vol II, pp 7-67)

Berry M, Rogers AW (1965) The migration of neuroblasts in the
developing cerebral cortex. ] Anat 99: 691-709

Caviness VS, Jr, Rakic P (1978) Mechanisms of cortical develop-
ment: A view from mutations in mice. Annu Rev Neurosci 1:
297-326

Caviness VS, Jr, Sidman RL (1973) Time of origin of corre-
sponding cell classes in the cerebral cortex of normal and
reeler mutant mice: An autoradiographic analysis. J Comp
Neurol 148: 141-152

Das GD (1974) Transplantation of embryonic neural tissue in the
mammalian brain. I. Growth and differentiation of neuro-
blasts from various regions of the embryonic brain in the
cerebellum of neonate rats. TIT J Life Sci 4: 93-124

Das GD (1975) Differentiation of dendrites in the transplanted
neuroblasts in the mammalian brain. Adv Neurol 12: 181-199

Das GD (1978) Neural transplants in the brain of the rat: A Golgi-
Cox study. Anat Rec 191: 377

Das GD, Altman J (1971) Transplanted precursors of nerve cells:
Their fate in the cerebellums of young rats. Science 173:
637-638

Dunn EH (1917) Primary and secondary findings in a series of
attempts to transplant cerebral cortex. J Comp Neurol 27:
565-582

Fernandez V, Bravo H (1974) Autoradiographic study of develop-
ment of the cerebral cortex in the rabbit. Brain Behav Evol 9:
317-332

Garber BB, Moscona AA (1972) Reconstruction of brain tissue
from cell suspensions. 1. Aggregation patterns of cells dissoci-
ated from different regions of the developing brain. Dev Biol
27: 217-234

Glees P (1955) Studies of cortical regeneration with special
reference to cerebral implants. In: Windle WF (ed) Regenera-
tion in the central nervous system. Thomas, Springfield, pp
94-111

Goffinet AM, Lyon G (1979) Early histogenesis in the mouse
cerebral cortex: A Golgi study. Neurosci Lett 14: 61-66

Graziadei PPC, Graziadei GAM (1978) Continuous nerve cell
renewal in the olfactory system. In: Jacobson M (ed)
Development of sensory systems. Springer-Verlag, Berlin
(Handbook of sensory physiology, vol IX, pp 55-83)

Hatten ME, Sidman RL (1977) Plant lectins detect age- and
region-specific differences in cell surface carbohydrates and
cell reassociation behavior of embryonic mouse cerebellar
cells. J Supramol Struct 7: 267-275



272

Hicks SP, D’Amato CJ (1968) Cell migrations to the isocortex in
the rat. Anat Rec 160: 619-634

Hicks SP, D’Amato CJ, Lowe MJ (1959) The development of the
mammalian nervous system. I. Malformations of the brain,
especially the cerebral cortex, induced in rats by radiation. J
Comp Neurol 113: 435-469

Hicks SP, D’Amato CJ, Coy MA, O’Brien ED, Thurston JM,
Joftes DL (1961) Migrating cells in the developing central
nervous system studied by their radiosensitivity and tritiated
thymidine uptake. In: Fundamental aspects of radiosensitiv-
ity, Brookhaven Symposium in Biology 14: 246-261

Hinds JW, Hinds PL (1974) Early ganglion cell differentiation in
the mouse retina: An electron microscopic analysis utilizing
serial sections. Dev Biol 37: 381416

His W (1890) Histogenese und Zusammenhang der Nerven-
elemente. Arch Anat Physiol Anat Abt [Suppl] pp 95-117

Holtzer H, Rubinstein N, Fellini S, Yeoh G, Chi J, Birnbaum J,
Okayama M (1975) Lineages, quantal cell cycles and the
generation of cell diversity. Q Rev Biophys 8: 523-557

Hommes OR, Leblond CP (1967) Mitotic division of neuroglia in
the normal adult rat. J Comp Neurol 129: 269-278

Jaeger CB (1979) Cercbral cortex transplants: A morphological
study on the development of cerebral cortex from fetal rats
transplanted to the brains of newborn rats. Ph. D. Thesis,
University of Washington, Seattle, WA

Jaeger CB, Lund RD (1978) Development of cerebral cortex
transplanted to cerebral cortex or tectum of newborn rat
hosts. Soc Neurosci Abstr 4: 116

Jaeger CB, Lund RD (1979a) Efferent fibers from transplanted
cerebral cortex of rats. Brain Res 165: 338-342

Jaeger CB, Lund RD (1979b) Connections between cerebral
cortex transplants and rat host brain. Soc Neurosci Abstr 5:
628

Jaeger CB, Lund RD (1980) Transplantation of embryonic occipi-
tal cortex to the brain of newborn rats: A light microscopic
study of organization and connectivity of the transplants. J
Comp Neurol (subm)

Kelly JP, Cowan WM (1972) Studies on the development of the
chick optic tectum. III. Effects of early eye removal. Brain
Res 42: 263-288

Kligman D, Nameroff M (1980) Analysis of the myogenic lineage
in chick embryos. I. Studies on the terminal cell division. Exp
Cell Res 125: 201-210

Konig N, Valat J, Fulerand J, Marty R (1977) The time of origin of
Cajal-Retzius cells in the rat temporal cortex. An autoradio-
graphic study. Neurosci Lett 4: 21-26

LeGros Clark WE (1940) Neuronal differentiation in implanted
foetal cortical tissue. J Neurol Psychiatry 3: 263-272

Lewis PD, Patel AJ, Johnson AL, Baldzs R (1976) Effect of
thyroid deficiency on cell acquisition in the postnatal rat
brain: A quantitative histological study. Brain Res 104: 49-62

Lewis PD, Patel AJ, Béndek G, Baldzs R (1977) Effect of
reserpine on cell proliferation in the developing rat brain: A
quantitative histological study. Brain Res 129: 299-308

Ling EA, Paterson JA, Privat A, Mori S, Leblond CP (1973)
Investigation of glial cells in semithin sections. I. Identifica-
tion of glial cells in the brain of young rat. J Comp Neurol 149:
43-72

Lund RD, Hauschka SD (1976) Transplanted neural tissue
develops connections with host rat brain. Science 193:
582-584

Lund RD, Westrum LE (1966) Neurofibrils and the Nauta
method. Science 151: 1397-1399

C.B. Jaeger and R.D. Lund: Transplant Histogenesis

Marin-Padilla M (1971) Early prenatal ontogenesis of the cerebral
cortex (neocortex) of the cat (Felis domestica): A Golgi study.
Z Anat Entwicklungsgsch 134: 117-145

Nicholson JL, Altman J (1972) The effects of early hypo- and
hyperthyroidism on the development of rat cerebellar cortex.
1. Cell proliferation and differentiation. Brain Res 44: 13-23

Nirenberg MW (1975) Coding of neural information by neuroblas-
toma cells. In: Talwar GP (ed) Regulation of growth and
differentiated function in eukaryote cells. Raven Press, New
York, pp 537-539

Patel AJ, Baldzs R, Johnson AL (1973) Effect of undernutrition
on cell formation in the rat brain. J Neurochem 20: 1151-1165

Patel AJ, Béndek G, Baldzs R, Lewis PD (1977) Effect of
reserpine on cell proliferation in the developing rat brain: A
biochemical study. Brain Res 129: 283-297

Pfenninger KH, Bunge RP (1974) Freeze-fracturing of nerve
growth cones and young fibers. A study of developing plasma
membrane. J Cell Biol 63: 180-196

Phelps CH, Pfeiffer SE (1975) Neurogenesis and the cell cycle. In:
Reinert J, Holtzer H (eds) Cell cycle and cell differentiation.
Springer, Berlin Heidelberg New York (Results and problems
in cell differentiation, vol VII, pp 63-83)

Raedler E, Raedler A (1978) Autoradiographic study of early
neurogenesis in rat necocortex. Anat Embryol (Berl) 154:
267284

Rakic P (1974) Neurons in rhesus monkey visual cortex: Systema-
tic relation between time of origin and eventual disposition.
Science 183: 425-427

Rakic P (1977) Prenatal development of the visual system in rhesus
monkey. Philos Trans R Soc Lond [Biol] 278: 245-260

Rickmann M, Chronwall BM, Wolff JR (1977) On the develop-
ment of non-pyramidal neurons and axons outside the cortical
plate: The early marginal zone as a pallial anlage. Anat
Embryol (Berl) 151: 285-307

Rothman TP, Gershon MD, Holtzer H (1978) The relationship of
cell division to the acquisition of adrenergic characteristics by
developing sympathetic ganglion cell precursors. Dev Biol 65:
322-341

Sauer FC (1935) Mitosis in the neural tube. J Comp Neurol 62:
377-405

Sensenbrenner M, Wittendorp E, Barakat I, Rechenmann RV
(1980) Autoradiographic study of proliferating brain cells in
culture. Dev Biol 75: 268-277

Seymour RM, Berry M (1975) Scanning and transmission electron
microscopic studies of interkinetic nuclear migration in the
cerebral vesicles of the rat. J Comp Neurol 160: 105-126

Shimada M, Langman J (1970) Cell proliferation, migration, and
differentiation in cerebral cortex of the golden hamster. J
Comp Neurol 139: 227-244

Shoukimas GM, Hinds JW (1978) The development of the
cerebral cortex in the embryonic mouse: An electron micro-
scopic serial section analysis. I Comp Neurol 179: 795-830

Sidman RL (1970) Autoradiographic methods and principles for
study of the nervous system with thymidine-H®. In: Nauta
WIH, Ebbesson SOE (eds) Contemporary research methods
in neuroanatomy. Springer, New York, pp 252-274

Trenkner E, Sidman RL (1977) Histogenesis of mouse cerebellum
in microwell cultures. Cell reaggregation and migration, fiber
and synapse formation. J Cell Biol 75: 915-940

Varon S (1977) Neural growth and regeneration: A cellular
perspective. Exp Neurol 54: 1-6

Received April 10, 1980



