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ABSTRACT. In the early 1960s I applied 3H-thymidine autoradiography to the study of the cells constituting the

neural tube, and found that its wall was composed solely of one kind of single-layered epithelial cell, which

perform an elevator movement between the mitotic and DNA-synthetic zones in the wall in accord with the cell

cycle. They were identified as multipotent stem cells of the central nervous sytem (CNS) to which I gave the name

of matrix cells. 3H-thymidine autoradiography also revealed the chronology of development of these matrix cells:

At first they proliferate only to expand the population (stage I), then switch to differentiate specific neuroblasts in

given sequences (stage II), and finally change themselves into ependymoglioblasts, common progenitors of

ependymal cells and neuroglia (stage III). Based on these findings, I proposed a monophyletic view of cytogenesis

of the central nervous sytem. This matrix cell theory claiming the existence of multipotent stem cells has long been

the target of severe criticism and not been accepted among neuro-embryologists for a long time. Recent findings

by experimental and clinical neuroscientists on the importance of stem cells have renewed interest in the nature

and biology of the multipotent neural stem cells. The present paper describes how the concept of the matrix cell

(multipotent neural stem cells in vivo) emerged and what has come out from this view over the last 45 years, and

how the basic concept of the matrix cell theory has recently been reconfirmed after a long period of controversy

and neglect.
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1. Historical background

When Wilhelm His (1889) studied the histology of the

neural tube, he was deeply impressed by the resemblance in

cellular composition between the neural tube and the semi-

niferous tubule of the testis. Germinal cells (Keimzellen) in

the seminiferous tubule, which produce spermatocytes,

were rounded and located directly beneath the outer surface

of the tubule frequently showing mitotic chromosomes. In

the neural tube, large rounded cells were located immedi-

ately beneath the luminal surface and always showed

mitotic figures (A in Fig. 1). He was convinced that both of

them were “germinal cells” producing the parenchymal

cells in both tissues, spermatocytes in the testis and neurons

in the neural tube. Other than these cells, in both tissues

there were elongated cells showing no mitotic figures: Ser-

toli cells in the testis and the spongioblasts in the neural

tube (B in Fig. 1). He inferred that they were supporting

(stromal) cells. So His formulated the basic concept of

neuro-embryology, which predominated most of the 20th

century: that “the neural tube was composed of two kinds of

committed progenitor cells, neuroblast-producing germinal

cells and glial precursors called spongioblasts”. According

to His’ dualistic theory, all the neurons are produced from

actively proliferating germinal cells, while the neuroglia

are derived from mitotically inert spongioblasts, which

are elongated bipolar cells developing into the syncytial

myelospongium.

In 1920s, remarkable progress in neurosurgery of brain

tumors was made by Cushing and his school, and neuro-

surgeons urgently needed to establish diagnosis of brain

tumors based on the correct cytogenesis, in order to know the

prognosis and to select the most suitable surgical treatment

for the patients. Bailey and Cushing (1926) and Penfield

(1932) proposed respectively new schemes of cytogenesis

of the CNS, which were widely accepted among neuro-
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embryologists. These schemes, although slightly different

from each other, equally adopted the most important princi-

ples of His’ theory. Thereafter, the spongioblasts were some-

times called by different names of “subventricular cells” or

“radial glia”, and the germinal cells, by name of “ventricu-

lar cells”, but the basic concept of His’ dualistic theory was

kept unchanged among the neuro-embryologists (cf. Levitt

et al., 1981).

When I began to study the cellular composition of the

neural tube in 1958, the basic concept that “There should be

no multipotent stem cells capable to differentiate into both

neurons and glial cells” was established as an unshakable

principle in neuro-oncology and neuro-embryology.

2. Encounter with a brain tumor derived from 
the neural stem cell

In 1958, an encounter with an autopsy case of a curious

huge primary brain tumor in a 2-year-old girl, measuring 10

cm in maximal diameter infiltrating the lateral ventricle and

the basal cranium (Fig. 2A), initiated me into the fascinatig

world of neuroscientific studies which I continue until the

present.

Histological examination revealed that the major compo-

sition of the tumor resembled neural tubes (Fig. 2B, C)

together with medulloblastoma-like structures but no sign

of teratoma, thereby suggesting its origin from the most

immature stem cells of the central nervous system. I diag-

nosed it as “medulloepithelioma” (Fujita, 1958). This histo-

logical diagnosis was not accepted at all at that time because

its counterpart of an originating multipotent neural stem cell

in normal histogenesis was believed absolutely non-existent

by the authorities of neuro-embryology and neuro-oncology.

I believed in my diagnosis, however, and sent a letter to

Prof. R.A.Willis of Leeds University, who had severely crit-

icized all the reported cases of medulloepithelioma and

even rejected that entity. I enclosed all my materials neces-

sary for the diagnosis and asked him for his opinion. Quite

unexpectedly, I received a very kind answer from him with

his full consent to the diagnosis, in which he wrote “This is

the first authentic case of medulloepithelioma”. He intro-

duced this case with a microphotograph and citation of my

paper (Fujita, 1958) in his “Pathology of the Tumours of

Children” (Willis, 1962). His letter and citation encouraged

me very much. I had a presentiment that a new conception

of cellular development of the CNS might be buried in this

case report and I thought that I should not miss this precious

message from the innocent child.

3. Finding of the peculiar mitotic pattern in
neural tubes of human embryos

As the presence of multipotent neural stem cells in the

CNS was strongly suggested from the examination of this

brain tumor as mentioned above, I decided to examine

neural tubes of human embryos by myself using a micro-

scope (Fujita, 1960, Fujita et al., 1960). To my great sur-

prise, under the microscope I noticed a very characteristic

mitotic pattern in the neural tube as shown in Fig. 3. The

major finding can be summarized as follows.

(1) So-called germinal cells are rounded and always

lie directly beneath the luminal surface showing mitotic

chromosomes (M in Fig. 3A). In this M-zone no interphase

cell is found. (2) Between the mitotic zone (M) and the deep

nuclear zone (Intrph in Fig. 3A), an intermediate zone (P & d)

with sparse nuclei exists, where only nuclei at the latter half

of telophase and early prophase are to be found.

Once I had recognized this peculiar mitotic pattern of the

Fig. 1. Germinal cells and spongioblasts (His’ own illustration, 1889). Germinal cells (A) and spongioblasts (B). Left: Wall of neural tube at the time of

neural tube closure. Right: A slightly more developed neural tube. a indicates neuroblast produced from the germinal cells (A).
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Fig. 2. Medulloepithelioma, a brain tumor originated from neuroepithelial stem cell of the CNS. (A) The left hemisphere of the brain cut on the median

plain. A part of the medial wall was removed to expose the part of the tumor infiltrating into the lateral ventricle. The tumor also infiltrated into basal

cranial bone (center, bottom), thereby revealing its extraordinary malignancy. The white dotted line indicates contour of the tumor. This tumor was diag-

nosed as “medulloepithelioma” by its histogenetic characteristics and malignant behavior. (B) Histology of the tumor (×150). Tubular structures resem-

bling the primitve neural tube represented the most characteristic feature of the tumor. These tubular structures often merged into medulloblastomatous

areas, which resembled embryonic differentiation of the mantle layer (not shown in this picture). (C) Higher magnification, ×600. The neoplastic cells

composing the tubular structure showed mitotic figures directly beneath the luminal surface (arrows). Some of the neuroepithelial cells possessed faintly

stained tongue-like processes, which jutted out from the apical surface of the cell into the lumen. These were the “kuppen-förmige” protoplasimc

processes described by Sternberg (1927) as characteristic for the most primitive neuroepithelium of human embryo. The primitive neuroepithelial cells

do not possess multiple cilia as seen in the ependymal cells but occasionally single cilium (Fujita and Fujita, 1963, 1964; Tramontin et al., 2003).

Adapted from Fujita, 1958.
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neuroepithelium, the wide distribution of the same pattern

among proliferating tissues soon attracted my attention. I

found this same mitotic pattern as described in (1) and (2)

above in the following tissues: Adult: the epithelium of the

efferent duct of the epididymis; the gastric mucosa; the

intestinal mucosa; the epithelium of the endometrial gland.

Embryo: the epithelium of the branchial clefts; the tracheal

and lung anlage; the gastric mucosa; the intestinal epithelium;

the epithelium of the bile duct system including the

gall-bladder; the epithelium of the pancreas (these six tis-

sues are of endodermal origin); the mesonephric tubule; the

mesonephric duct; the metanephric tubule; the thickened

part of the mesothelium (these four are of mesodermal

origin); the epithelium of the nasal pit; Rathke’s cleft; the

Fig. 3. Mitotic pattern in the neural tube. (A) The wall of the neural tube of the human embryo (CR length 12 mm). M, mitotic zone; P & d, intermediate

zone; Intrph, deep nuclear zone in which interphase nuclei (of so-called spongioblasts) are packed densely (×500); d, nucleus of daughter cell; M, mitotic

figure (so-called germinal cell); P, prophase nucleus. Adapted from Fujita, 1960. (B) Mechanism of the to-and-fro movement is speculated to be due to

cyclic changes of cell adhesion to neighboring cells. Adapted from Fujita et al. (1960). When the interphase cell (Intrph) enters into mitosis, intercellular

adhesion begins to be lost and the prophase cell (P) starts to round off. At the metaphase (M), cell membrane of the mitotic cell is completely released from

the neighboring structures except for terminal bars, the cell are inevitably rounded off and attracted toward the luminal surface. After division, two daughter

cells (d) recover the intercellular adhesions, extend their cytoplasmic processes and resume downward migration.
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anlange of the retina; the neural tube (these four are of

ectodermal origin). In short, the same mitotic pattern is

found without distinction of germ layer origin.

What is common to these tissues is the fact that they con-

sist of a single layer of cylindrical epithelium. Though the

neural tube seems to be many-layered, it can be clearly

demonstrated, using Golgi’s silver method, that the wall of

the tube is actually a modified single-layered epithelium.

Therefore, I inferred that the so-called germinal cells show-

ing mitotic figures in these epithelial tissues including the

neural tube were, in fact, not cells sui generis but the actual

cells of the epithelium in mitotic phase (Fujita, 1960, Fujita

et al., 1960).

4. Elevator movement of the neuroepithelial cell

These observations (Fig. 3A) suggested that the “germi-

nal cells” and the “spongioblasts” are nothing but different

phases of just one kind of epithelial cell, which perform an

elevator-like movement during proliferation (Fig. 3B). The

nuclei of the cells undergo a cyclic change of position in the

neuroepithelial cell layer: The nuclei of intermitotic cells lie

deeply, and progressively approach the ventricular lumen

during G2 and prophase. Nuclear division occurs exclu-

sively at the luminal surface, whereupon the daughter nuclei

move back again to deeper positions (Fujita, 1960, Fujita et

al., 1960).

Schaper (1897) and Sauer (1935) had observed the same

pattern and suggested similar interpretations. However, His’

dualistic theory that claimed the presence of independent

neuroblast-producing germinal cells and spongioblasts in

the neural tube (Fig. 1) was so dominant at the time that

it was impossible for neuro-embryologists to accept this

interpretation of a to-and-fro movement of the nuclei in the

neural tube. The findings of Schaper and Sauer went

neglected for a long time, since the conception of cell cycle

had remained virtually unknown among all the biologists

including embryologists and anatomists until the end of

1950s.

In 1953, Howard and Pelc proposed the existence of the

cell cycle based on the data of 32P-autoradiography but few

accepted this idea because 32P incorporation was not specific

to DNA synthesis. Subsequent application of 3H-thymidine

autoradiography, however, definitely proved the existence

of the S-phase and it was in the early 1960s when the exist-

ence of the four phases G1, S, G2 and M in the cell cycle

was firmly established in cell biology (Quastler, 1963).

Retrospectively speaking, I was very fortunate that I was

familiar with this new concept of cell cycle in the early

1960s, and was ready to interpret the microscopic findings

of the mitotic pattern in the neural tube as a sequential

phenomenon of G1, S, G2 and M in the cell cycle.

Application of 3H-thymidine appeared to me the best

experimental method to prove the movement of the neuro-

epithelial cells in the cell cycle and to identify the so-called

germinal cells with the spongioblasts. As 3H-thymidine

became available to me in 1962, I applied it to auto-

radiography of chick embryos (Fujita, 1962) and succeeded in

visualizing the intermitotic movement of the neuroepithelial

stem cells in the neural tube (Fig. 4). In neural tubes of

chick embryos killed 30 minutes after injection of 3H-

thymidine, only cell nuclei located in the deeper zone of

the wall incorporated 3H-thymidine (Fig. 4A). I called it the

S-zone (zone of DNA synthesis). None of the “germinal

cells” in the M-zone (zone of mitosis) were labeled thereby

indicating that they were not independent cells. If so, they

would have repeated mitoses halving DNA and always

remained the same “germinal cells” without synthesizing

DNA! Cell nuclei located in the intermediate zone (I-zone)

also did not take up the label.

In autoradiographs taken 2 to 3 hr after 3H-thymidine

injection, however, many of them in the I-zone were found

labeled with 3H-thymidine (Fig. 4B). It is very likely that

they had ascended from the S-zone. By 3 hr (Fig. 4B), most

mitotic cells in the M-zone became 3H-thymidine positive

and thereafter the labeled cells appeared to descend passing

through the I-zone. Thus the labeling index of the entire

matrix cell layer increased until it reached 100% in 6 to 12

hr depending on the ages of the embryos. It is beyond doubt

that the neuroepithelial cells perform an up- and-down

movement in the neural tube synchronous with the cell

cycle (Fig. 5). I called this movement elevator movement

(Fujita, 1963).

What is the mechanism of the elevator movement? It

was speculated (Fujita, 1960; Fujita et al., 1960) that “the

migration of the epithelial cell to the luminal surface during

mitosis is considered to be associated with the cytoplasmic

changes which round off the mitotic cell, releasing them

from the adjacent cells except for the terminal bars” (Fig.

3B). The molecular mechanism of this dramatic change in

the cytoplasmic structures, however, has remained totally

unknown until quite recently as discussed later in this article

(cf. Section 11).

5. Homogeneity of the neuroepithelial cell
population in the early neural tube

It was fortunate for me that I first used chick embryos as

the material to spare the costs of experiment, because a sin-

gle injection of even a very small amount of 3H-thymidine

produced an effect of continuous (or cumulative) labeling.

The labeling index of the neuroepithelial cells in the earliest

stage of development increased linearly and soon reached

100% (Fig. 6A, B), thereby indicating that the neural tube

was composed solely of proliferating neuroepithelial cells

and no other kinds of cells were intermingled with them as

far as the early neural tube was concerned (Fujita, 1962,

1963). The structure and location of the epithelial cells

change so dramatically during the cell cycle that it was quite

possible, without utilizing 3H-thymidine autoradiography, to
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Fig. 4. 3H-thymidine autoradiographs of mesencephalon of day 4 chick embryo. (A) Autoradiograph of day 4 chick embryo mesencephalon, taken 30 min-

utes after injection of 3H-thymidine (flash labeling). ×300. Only nuclei located in the deeper half of the wall of the neural tube (S, zone of DNA synthesis)

are covered by silver grains indicating incorporation of 3H-thymidine (i.e. DNA synthesis). None of cells in the intermediate zone (I) nor the mitotic cells

(M, i.e., “germinal cells of His”) in the mitotic zone (M) incorporate 3H-thymidine. They cannot be independently-existing proliferating cells. (B) By 3 hr,

many labeled cells have ascended to the intermediate zone (I) and all the mitotic cells in the M-zone are now covered by silver grains. ×600. It is clear that

the labeled cells have moved and reach the I- and M-zones. Many cell nuclei in the I-zone, however, are free from the label. They are the nuclei of descend-

ing cells. Adapted from Fujita, 1962, 1963.
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derive a false conclusion that the neural tube is composed of

the two kinds of cells: neuroblast-producing germinal cells

(ventricular cells) and glial precursors called spongioblasts

(subventricular cells).

Since all kinds of neurons and glial cells were produced

later from the same neuroepithelial cells composing the

neural tube, I concluded that they must be multipotent stem

cells of the CNS. These neuroepithelial stem cells, which

performed the elevator movement, constituted the sole

component of the neural tube. Such homogeneous neuro-

epithelial stem cells had never before been described.

Therefore, for simplicity sake, a specific name for them was

obviously necessary. “Germinal cells” or “spongioblasts”

could not be used, and the name of “neuroepithelial cell”

was not adequate since it included ependymal cells and

choroid plexus epithelium together with the primitive neuro-

epithelial cells. So I gave them the name of “matrix cell”, a

Latin adjectival noun, meaning mother or generatrix (Fujita,

1962, 1963). The adoption of this naming made description

of the cytogenesis of the CNS simpler and more precise.

6. Sequential production of neuroblasts and glia 
from matrix cells

The organization of the CNS is extremely complicated. It

was preferable to avoid entering into particular problems of

regional differences, so I selected chick optic tectum and

mouse cerebral hemispheres as representative objects of

developmental analysis.

Starting the labeling of 3H-thymidine at various times

after stage I was over, I found that neuroblasts were derived

from matrix cells, migrated peripherally to the mantle and

marginal layers and were characterized by an absolute lack

of 3H-thymidine incorporation (i.e., complete repression of

DNA synthesis) (Fig. 6A, arrow). Applying this principle,

the production of the neuroblasts in various regions of the

brain could be analyzed in detail (Fig. 7) and was found to

follow a well-organized temporal and spatial pattern (Fujita,

1964, 1967a). This stage of neuroblast production is desig-

nated as stage II or stage of neuronogenesis.

With further development of the neural tube, injected 3H-

thymidine could no longer be incorporated in any neuro-

blasts or neurons thereby revealing that neuron production

had ceased there (Fujita, 1964, 1965b, 1967b). To my sur-

Fig. 5. Elevator movement is visualized by 3H-thymidine autoradiogra-

phy. (A) Immediately after injection of 3H-thymidine, only nuclei situated

in the S-zone (S) are labeled as shown in Fig. 4A. (B) 2 hr later, G2 cell

nuclei in I-zone (I) become labeled. (C) At 3 hr of cumulative labeling,

most mitotic figures incorporate 3H-thymidine (cf. Fig. 4B). (D) Up to 8 hr,

in case of day 4 chick embryo, labeling index increases linearly and

reaches 100%, thereby revealing homogeneity and interkinetic elevator

movement of all the matrix cells. In older embryos, it takes longer to reach

100% labeling, reflecting the elongation of the cell cycle during the devel-

opment. Adapted from Fujita, 1962, 1963.
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prise, immediately following this time period, scattered

(i.e., freely migrating) cells continuing DNA synthesis

appeared in the mantle and marginal layers. They could be

identified without doubt as progenitors of neuroglia (called

glioblasts), since all the neurons now had absolutely ceased

DNA synthesis (Fujita, 1965b). I called the three sequential

stages of proliferation and differentiation of the matrix cells

stage I, II and III of cytogenesis of the CNS (Fig. 8) (Fujita,

1967a, 1967b). At stage III of cytogenesis (stage of glial

differentiation), 3H-thymidine autoradiography revealed

that the matrix cells, at the end of the stage II, switch off to

neuroglial differentiation, and metamorphose into ependy-

moglioblasts, committed glial progenitors but morphologi-

cally indistinguishable from the matrix cells. The ependy-

moglioblasts are then rapidly differentiated into the

ependymal cells and the glioblasts (glial stem cells). The

glioblasts then differentiate astrocytes, oligodendrocytes

and finally the microglia, sequentially. We regarded the

microglia as the quiescent form of the glioblasts (Fujita et

Fig. 6. Cumulative labeling with 3H-thymidine at incipient stage II. (A)

Chick embryo at day 4 of incubation is labeled with 3H-thymidine for 8 hr

(for earlier phases cf. Fig. 4). All the cell nuclei in the matrix cell layer now

become labeled after a linear increase of the labeling index. It is interpreted

to mean that the matrix cell layer is homogeneous at least from the kinetic

point of view. ×300. Note that the first neuroblast (arrow) appearing in the

mantle layer is devoid of the label notifying the beginning of stage II of

cytogenesis (neuronogenesis). (B) Increase of the labeling index in matrix

cell layer of 6th day chick embryo plotted against time (t) of 3H-thymidine

labeling (Fujita, 1963). The increase in labeling index in the matrix cell

layer is linear as in day 4 and reaches 100% by 10 hr, thereby equally

revealing cellular homogeneity of the matrix cell layer in 6th day embryo.

In this material (6th day mesencephalon), the time to reach 100% of the

labeling is longer than in day 4 chick embryo (8 hr), reflecting the elonga-

tion of the cell cycle of matrix cells as the development proceeds.

Fig. 7. Autoradiographic determination of birth dates of neurons. (A)

Cumulative labeling (realized by injection in ovo, or by repeated injections).

As 3H-thymidine is available for a long period of time after commencement

of the injection (3HTDN), all the neurons produced thereafter are heavily

labeled while earlier neurons remain free from the label. (B) Pulse labeling

(single injection in pregnant or postnatal animals). The label is diluted by

subsequent mitoses of the labeled matrix cells, the heaviest labeling is found

in the neurons produced by the first division of the matrix cell, and the label

in those produced by subsequent mitoses is diluted half by half until it is not

recognizable. In both cases, by changing the timing of 3H-thymidine injec-

tion, the birth dates of neurons from matrix cells can be analyzed in detail.
3H-thymidine once distributed in the neuroblasts or neurons is expected to

remain undiluted until their death so that the label in DNA serves as an excel-

lent marker of their birth dates. This method of neuronal birth date determi-

nation is based on the fact that neurons once differentiated from matrix cells

do not synthesize DNA. Adapted from Fujita, 1964.
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al., 1976, 1978, Fujita, 1971, 1980, Kitamura et al., 1984,

Miyake et al., 1984) and found that the microglia, or at least

a subpopulation of the microglia, serve as glial stem cells in

the adult brain when it is injured (Fujita et al., 1981). In

contrast, the brain macrophages are derived from circulating

blood monocytes (Fujita et al., 1976, 1978, 1981).

This “matrix cell theory” of cytogenesis of the CNS was

adopted, replacing the thitherto widely accepted histo-

genetic scheme of Bailey and Cushing (Bailey and Cushing,

1926), in Bloom-Fawcett’s Textbook of Histology (Bloom

and Fawcett, 1968, 9th edition, pp 344–347), with my illus-

tration of the elevator movement.

7. Does a neuron replicate DNA?

The point I claimed from the autoradiographic finding

that neurons once differentiated from matrix cells do not

synthesize DNA met with strong criticism, at the La Jolla

Symposium in 1968. Many participants of the Symposium

attacked this point, utilizing the unanimous conclusions of

more than 20 papers on Feulgen cytophotometry so far pub-

lished from all over the world that neurons do synthesize

DNA (some representative papers are Brodskij and Kusc,

1962, Müller, 1962, Mendelsohn, 1966, Sandritter et al.,

1967, Lapham, 1968) and contended that 3H-thymidine

autoradiography was not reliable. Saying that “3H-thymi-

dine autoradiography cannot detect neuronal DNA synthe-

sis, and the matrix cell theory is developed on this method-

ology”, the Symposium chairman Professor S. W. Kuffler

(Harvard) solemnly made the concluding remark, “There-

fore, it is clear that the matrix cell theory is not acceptable.”

This point was crucial: If neurons continued to synthesize

DNA and 3H-thymidine autoradiography failed to reveal

this fact, it was clear that autoradiographic evidence to

support the “matrix cell theory” did not hold, and that the

theoretical basis of the birth date analysis of neurons by 3H-

thymidine autoradiography would also be totally lost. I was

forced to challenge the worldwide conclusion of cyto-

photometry of neuronal DNA-synthesis.

After 6 years of research on the methodology, I found that

all the previous investigators of absorbance cytophotometry

had failed to recognize the presence of non-specific light

loss due to a random scatter of light when it passed through

the neuronal soma very rich in protoplasm (Fujita, 1974).

Scanning the object (neuronal nuclei stained with Feulgen

dye) consecutively with two wavelengths, one (550 nm)

Fig. 8. Dualistic concept and the matrix cell theory on cytogenesis of the CNS. (A) Dualistic concept. Precursors of neuroglia (spongioblasts or radial glia)

are differentiated early in development. Neurons are produced solely from germinal cells (syn. ventricular cells) located immediately beneath the ventricular

surface. (B) Matrix cell theory, based on findings by 3H-thymidine autoradiography. The course of cytogenesis in the CNS is divided into 3 consecutive

stages. Stage I, pure matrix cell proliferation expanding size of stem cell population; in stage II, matrix cells begin to produce neuroblasts (stage of neurono-

genesis); and in stage III, matrix cells change into ependymoglioblasts which are soon differentiated into ependymal cells and glioblasts. The gliobasts, the

neuroglial stem cells, give birth to astrocytes, oligodendrocytes and microglia, in sequence.
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specific for Feulgen absorbance and another (450 nm) non-

specific, that is not absorbable, it was confirmed that the

voluminous protoplasmic structure rich in cell organelles of

neurons scattered the light of both wavelengths in a very

similar fashion, and that a significant part of the energy of

the “specific” light was also lost nonspecifically. A slight

adjustment of the calibration of the scanning curve at 450

nm could make the scanning curve over the extranuclear

protoplasmic area perfectly overlap with that of 550 nm.

After the adjustment, the scanning curve at 450 nm could be

regarded as representing the nonspecific light loss in the

measurement of Feulgen absorbance. Subtraction of the

nonspecific light loss from the total absorbance of the “spe-

cific” wavelength (550 nm) gave constant value of 2n of

neuronal DNA content irrespective of the size, kind or age

of any neurons (Fig. 9). For this “two-wavelength scanning

cytophotometry”, an automatic cytophotometer to scan with

two wavelengths was developed in collaboration with

Olympus Optical Co., Tokyo.

As this finding was also confirmed by fluorescent mea-

surement of DNA content (cytofluorometry), I reported the

results in a paper entitled “DNA constancy of neurons of the

human cerebellum and spinal cord” in J. Comp. Neurol.

(Fujita, 1974). Thereafter, no paper ever appeared to claim

DNA synthesis in neuroblasts or neurons. I was thus able to

confirm that 3H-thymidine autoradiography had indeed

revealed the true aspect of DNA synthesis of cells in devel-

oping embryos.

8. When are neuroglial cells differentiated?

During 1969 to 1981, several investigators claimed that,

in stage II of cytogenesis in the cerebral hemisphere, a sec-

ond population of committed glial progenitors existed at the

same time with the neuronal progenitors (ventricular cells).

The former were called “subventricular cells” (Boulder

Committee, 1969). Those investigators pointed out the pres-

ence of mitotic figures (Fig. 10A) in the “subventricular

zone” (i.e., at some distance from the ventricular surface)

(Fig. 10A, I) as evidence: The subventricular cells do not

perform the elevator movement thereby revealing their non-

matrix cell nature. “If they do not belong to the matrix

cells”, those investigators concluded, “they must be glial

cells”, though there was no positive evidence for their

neuroglial nature, neither in morphology nor by specific

glial staining.

I could not agree with this point, because I had found

vigorous incorporation of 3H-thymidine by vascular cells

forming the capillary network in the very same zone from a

very early stage of neuroblast production (Fig. 10B). These

mitotic figures are, in fact, nothing other than those of vas-

cular cells. Those investigators failed to recognize the fact

that stage II of cytogenesis is always accompanied by an

intramural invasion of blood vessels, and that immediately

thereafter the most active vascular growth takes place.

Strong (1964) studied development of vascular networks in

the so-called subventricular zone by india ink infusion

method in stage II of rabbit cerebral hemispheres and

observed rapid growth of vascular systems in the wall dur-

ing neuronogenesis.

The Boulder Committee (1969) had ignored the existence

and growth of vascular networks at stage II of cytogenesis

in the subventricular zone of the cerebral hemisphere, which

supply the blood for the rapidly enlarging brain tissue.

9. Production of glial cells follows that of
neurons

Although this debate on the vascular nature of the sub-

ventricular mitoses had not been settled, a new criticism

based on histochemistry of GFAP (glial fibrillary acidic pro-

tein) appeared: Several investigators (Antanitus et al., 1976;

Levitt et al., 1981; Choi, 1986) began to report strong reac-

tions of anti-GFAP antisera in some cells in the matrix cell

Fig. 9. DNA constancy in neurons as revealed by cytophotometry. DNA

contents of voluminous cells like neurons can only be determined correctly

after eliminating nonspecific light loss due to random scatter of light in the

protoplasmic structure of the cell. “Two-wave-lengths scanning method”

on carefully prepared cells reveal the true DNA content of neurons in the

human CNS to be constantly diploid (Fujita, 1974). N, number of cell

measured; Pb, neuroblast of Purkinje cell; SR, small round nuclei of exter-

nal granule cell; Pk, Purkinje neuron; Ig, internal granule neuron; AU, spe-

cific absorbance in arbitrary unit.



Discovery of the Matrix Cell

215

layer in the cerebral hemisphere at an early stage of devel-

opment, and claimed that neuroglial differentiation pro-

ceeds parallel with the production of neurons.

Rakic (1972) and Levitt et al. (1981) named them “radial

glia”, and this concept and nomenclature spread rapidly

among neuro-embryologists. This claim, however, of the

presence of a GFAP-positive second population in the

matrix cell layer contradicts our previous observations:

Firstly, cumulative labeling of 3H-thymidine autoradiogra-

phy excluded the possibility of the heterogeneity of the

matrix cell layer, and secondly, electron microscopic obser-

vations of the neural tube (Fujita and Fujita, 1963, Fujita,

1967b) did not allow for such a dualistic interpretation.

If some cells in the matrix cell layer produced such great

amounts of GFAP, the relationship of the GFAP-positive

population to the matrix cells in terms of neuroglial differ-

entiation would have to be re-examined. Those investigators

who observed the positive GFAP reaction used antisera pro-

vided by Eng, or by Bignami and Dahl (1974). Curiously

enough, Eng et al. (1971) as well as Bignami (1991) had

never observed any positive GFAP reaction in matrix cells

(neuroepithelial cells) at stages I and II with their own antis-

era. Critical re-examination was obviously necessary.

Eng, and Bignami and Dahl kindly provided us with the

antisera they had raised, and we could carry out compara-

tive study with our own anti-GFAP antibodies. We investi-

gated chick, mouse, rat, bovine and human fetal brains and

spinal cords by applying immunohistochemical staining,

chemical analysis with SDS-PAGE, and immunoblotting to

detect occurrence of GFAP (Fig.11) (Fujita et al., 1981,

Fig. 10. Proliferation of vascular cells in the subventricular zone during stage II. (A) Schematic drawing of wall of cerebral hemisphere during stage II (adapted

from Boulder Committee, 1969). Many mitotic figures appear in the subventricular zone (I) subjacent to the matrix cell layer (M). In contrast to the mitoses of

the matrix cells, which divide directly beneath the ventricular surface (top of the scheme), the presence of the deep mitoses reveals, the Committee members

concluded, that these cells do not perform the elevator movement, and that they are different kinds of cells from the matrix cells. The Committee inferred that

they must be glial progenitors, without any other positive evidence. (B) However, cumulative labeling with 3H-thymidine of the chick mesencephalic wall at

incubation day 6 (stage II, i.e., under active neuronogenesis) for 10 hr reveals the presence of actively growing capillary network in the subventricular zone

in which many vascular cells incorporate 3H-thymidine (two arrows), while the cells (neuroblasts) accumulated around and below this zone (mantle layer, CP)

are totally unlabeled. A few neuroblasts, which have inherited 3H-thymidine several hours earlier from their mother matrix cells now begin to migrate down into

the upper intermediate zone. ×200. The Boulder Committee (1969) paid no attention to the presence of the blood vessels in the brain.
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1985), together with detection of GFAP-encoded mRNA by

in situ hybridization and Northern blotting (Fujita et al.,

1986). We came to the conclusion that GFAP and its mRNA

are not present in stage I and II matrix cells, at least not at a

level detectable using the current techniques. Using probes

for GFAP-mRNA, Lewis and Cowan (1985) reported simi-

lar observations in the mouse and Capetanaki et al. (1984)

in chick brains. These authors did not detect any positive

signal throughout stage I and II of cytogenesis, but a

strongly positive signal appeared when stage III began in

those regions. Recently Nakamura, Y. (submitted for publi-

cation, 2003) obtained the same results as ours by Western

blotting and RT-PCR on human fetal brains. These results

confirmed that the occurrence of GFAP-encoded mRNA

parallels the appearance of GFAP molecules in the develop-

ing CNS, and that the GFAP-encoded mRNA never

becomes detectable during stages I and II of cytogenesis

(Fujita, 1986). Thus I concluded that, from the morphologi-

cal, histochemical, and kinetic points of view, during stages

I and II the matrix cell layer was composed of a basically

homogeneous population of stem cells, though some

migrating neuroblasts could temporarily be intermingled

among them.

This conclusion of the homogeneity of the matrix cell

layer was important for me to analyze cell proliferation

kinetics in various parts of the brain, because to calculate

cell cycle parameters by 3H-thymidine autoradiography the

assumption of the homogeneity of object population was

essential (Fujita, 1962), since most analytical methods of

cell proliferation kinetics could not be applied to a hetero-

geneous object population.

10. Regional differences of matrix cell differenti-
ation in the CNS

There are marked regional differences in the progressions

of the stage from I to II, and from II to III in various parts of

the CNS. In some regions, neuronogenesis (stage II) is pro-

longed and the transition between stage II to III takes place

after birth: (1) In CA3 and fascia dentata of hippocampus

(Altman and Das, 1965a, 1965b, Cameron et al., 1993,

2001), the association-granule neurons are produced well

into adult life. (2) Olfactory association-neurons continue to

be produced postnatally from stem cells in the ependymal

(=ventricular) layer of the anterior part of the lateral ventri-

cle in the rodent (Altman, 1969, Johannson et al., 1999),

which possess characteristics of epithelial stem cells having

single cilium and performing the elevator movement (Tra-

montin et al., 2003). The neuroblasts produced from them

migrate rostrally along the rostral migration stream (RMS)

to the olfactory bulb and integrate into the synaptic circuitry

in the brain (Carlen et al., 2002). (3) In the cerebellum, the

matrix cells of the rhombic lip are detached from the ven-

tricular surface, migrate subpially to the external cerebellar

surface, spread there as external matrix cells and give birth

to internal granule neurons for sometime after birth (Fujita

et al., 1966, Fujita, 1967a). These postnatal neurogeneses

in the hippocampus and cerebellum, however, are reduced

as the animals grow older (Zitnik and Martin, 2002). On

the other hand, as a continuation of postnatal neuron

production, some of the matrix cells persist longer than the

physiological neuronogenesis, as long-persistent or remnant

“neural stem cells”, among nestin-positive ependymal cells

Fig. 11. Absence of GFAP during stage II of cytogenesis. (A) SDS polyacrylamide gel electrophoresis (PAGE) of mouse cerebral cortex at various devel-

opmental stages (Embryonic days 13 to 17, postnatal days 0 to 30 and Adult), and (B) its immunoblotting for Glial Fibrillary Acidic Protein (GFAP).

Adapted from Fujita et al., 1985, 1986. During stage II of cytogenesis in the mouse (E 13–17), no GFAP is detectable. Similar findings have been repeatedly

obtained on chick optic tectum, rat, calf and human cerebral hemispheres. Recent investigation has been extended to include mRNA detection by Northern

blotting, in situ hybridization, RT-PCR, and the results unanimously confirm that GFAP is neither expressed nor transcribed during stages I and II of cyto-

genesis (data not shown).
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(Johannson et al., 1999). It is reasonable to assume that

these remnant matrix cells in the ependymal layer, as a con-

tinuation of the pre- and postnatal neurogenesis, retain their

potential to contribute to neuronal and glial production

when they receive appropriate proliferation signals

(Johannson et al., 1999).

In songbirds, seasonal neuron reproduction is known to

occur from certain ventricular cells in a special sector of the

caudal forebrain during their entire life span (Nottebohm,

1985). They are identified as multipotent epithelial stem

cells (matrix cells) , which remain in the adult ependymal

layer performing the elevator movement (Alvarez-Buylla et

al., 1998, Louissaint et al., 2002 ).

11. Molecular mechanism of the elevator
movement

To understand the mechanism of the rounding off of the

mitotic epithelial cells, it is essential to understand the

molecular mechanism of epithelial cells that assures their

morphological property of single-layered cylindrical epi-

thelium. Cell-to-cell and cell-to-connective tissue adhesions

are particularly important in epithelial morphogenesis.

Common to all the single-layered cylindrical epithelia in

various organs, cell surface adhesion apparatuses like tight

junctions, adherent junctions, desmosomes, and adhesions

to extracellular matrix (ECM) are present at adherent sites

to the neighboring cells and to ECM, and play important

roles in keeping the elongated epithelial morphology of the

Fig. 12. Molecular mechanism of the elevator movement. (A) The single-layered epithelial morphology of the matrix cells in the vertebrate CNS is main-

tained by three types of adhesion apparatuses: junctional complexes, adherent junctions and adhesions with ECM (extracellular matrix). Integrin, which

links basal cell membranes with ECM, is a heterodimer composed of two subunits, � and �, which comprise several subtypes. In matrix cells, �V integrin

has been shown to be essential, but the exact nature of its partner (shown here as �★) is not known. Among the various ECM molecules (listed below the

basement membrane represented by checkerboard), dystroglycan is an odd member. It is produced by matrix cells, secreted from the matrix cell and is

cleaved into 2 moieties, � and �. One moiety of the molecule, �-dystroglycan forms a link between the rest of the molecule, �-dystroglycan, and initiates

basement membrane assembly. IF, intermediate filament; PTK, protein tyrosine kinases; PTP, protein tyrosine phosphatases. (B) Mitotic changes of intracel-

lular distribution of the adhesion molecules. During mitosis, aggregates of the N-cadherin-�-catenin-�-catenin-F-actin complex are dispersed and the com-

ponents dissociate, thereby disrupting cell-cell adhesion. Simultaneously, or sometimes lagging behind time, the release of adhesion of integrin (IGRN)

from ECM takes place. Adapted from Fujita and Yasuda, 2003.
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cell (Fig. 12A).

Molecular analysis reveals that adherent junctions are

cell-to-cell adhesion sites where classic cadherins gather

as cell adhesion molecules and where the actin-based cyto-

skeleton and several cytoplasmic factors are assembled

(Takeichi, 1977). It is now widely accepted that intracyto-

plasmic regions of cadherins are directly bound to �-catenin,

which in turn binds to �-catenin; �-catenin then binds to

actin (Fig. 12A) (Imamura et al., 1999). These chain forma-

tions of extracellular cadherins with intracellular catenins

are particularly important molecular events to establish and

maintain cell adhesion.

When �-catenin is phosphorlylated and loses the binding

affinity to cadherin and �-catenin, however, the homophilic

intercellular binding affinity of the cadherin is totally lost

(Hirano et al., 1992). This is a key reaction to regulate

cadherin interactions between adjacent cells in a completely

reversible fashion.

The junctional complex is a pivotal cell-to-cell adhesion

apparatus composed of tight junction, adherent junction and

desmosome. The junctional complex is also called a termi-

nal bar when observed under light microscope. This com-

plex is the most stable adherent apparatus that resists strong

mechanical shearing forces. Another important characteris-

tic of the junctional complex is that it persists during mitosis

while other adherent apparatuses appear to be lost tran-

siently, if not completely, during the entire processes of

mitosis (Fujita and Fujita, 1963).

Epithelial cells are firmly attached to the basement

membrane, not only in adult tissues but also in embryonic

development. In the formation of the basement membrane,

�- and �-dystroglycans are secreted from the epithelial cells

as core molecules of the basement membrane and the �-

dystroglycan molecule anchors the cell onto the basement

membrane (Fig. 12A) (Helmer, 1999). Laminin in the base-

ment membrane binds to epithelial basal surface receptors

such as � and � integrins (Fig. 12A). Like cadherins that

bind lateral cell membranes, the binding affinity of integrins

to the basement membrane is regulated by conformational

changes of the integrin caused by multi-protein complexes

bound to the intracytoplasmic region of the integrin (Xiong

et al., 2001).

Our immunohistochemical observations on changes in

distribution of adhesion molecules during mitotic cycle

unveiled the molecular mechanism of the elevator move-

ment (Fujita and Yasuda, 2003): Adhesion apparatuses

of N-cadherin-catenin-actin complexes dissociate during

mitosis releasing the intercellular adhesion from the neigh-

boring cells. Simultaneously, the release of adhesion of the

integrin systems takes place and the mitotic matrix cells are

rounded off and inevitably attracted to the junctional com-

plexes on the ventricular surface (Fig. 12B). After division,

the daughter cells recover the N-cadherin-�-catenin-�-

catenin-actin complexes and their function of intercellular

adhesion and resume their downward elevator movement.

12. Molecular mechanism of radial migration of 
neuroblasts

When a neuroblasts is differentiated from the matrix cell,

two characteristic changes occur, other than the complete

repression of DNA replication: (1) Loss of adhesion on the

ventricular surface with junctional complexes followed by

atrophy of the apical process (Fig. 13A, small arrow), and

(2) the emergence of axon from the basal process which

loses adhesion to ECM (Fig. 13A, Gc). The simplest expla-

nation of these two changes is to assume the switching off

of constituent proteins in the junctional complexes and inte-

grin adhesion systems in the neuroblast (Fig. 13B). The

detailed molecular mechanism of this down-regulation of

the two systems is to be elucidated in the future. When these

two adhesion systems are switched off, however, the adher-

ent junctions of the neuroblast to the adjacent matrix cell

processes (or bundles) are conserved, and the adherent junc-

tions move distally as the neuroblast migrates out of the

matrix layer. Therefore, the neuroblasts begin their migra-

tion by exactly the same mechanism as the downward ele-

vator movement (of matrix cells). As they have lost their

apical attachment to the ventricular surface that has served

as the anchorage of the cells to keep them within the limit of

the matrix cell layer, they begin to migrate freely along the

elongated processes (or bundles) of neighboring matrix

cells until they move out into the subpial position, forming

the mantle layer or cortical plate (Fig. 13A, B).

The distal ends of the neurites (axons) including growth

cones are rich in factors of the multi-protein cadherin sys-

tems. The axons can proceed in the subpial layer, where

they extend their growth cones, which adhere to the distal

processes of matrix cells and the preceding axons. These

axons usually run in a direction perpendicular to the axis of

the matrix cell processes.

13. Bundle formation of the matrix cells has 
important functions in corticogenesis

Throughout stage II of cytogenesis in the cerebral hemi-

spheres of human fetuses, mouse embryos and the mesen-

cephalic wall of the chick embryos, the distal cytoplasmic

processes of matrix cells are found to form bundles that run

radially throughout the entire thickness of the brain wall

(Fig. 14). Bundle formation occurs due to the fact that the

lateral cell membranes of matrix cells in the corticogenetic

region adhere to each other by the N-cadherin system. Since

the bundles are made up of the processes of many matrix

cells ranging from 5 to 50 (10–20 on average), they can be

maintained as stable structures despite the periodic (but

asynchronous) withdrawal of individual processes due to

the elevator movement.

The functions of the bundles are threefold (Fig. 15A)

(Fujita, 1986). First, they guide young neurons in their

migration into the cortical plate that lies distant from the
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matrix cell layer, to form a unit structure of the cortical col-

umn. For this function, the dynamic adhesion of neurons to

matrix cells undoubtedly plays an important role. The sec-

ond function of the bundle is to guide the processes of

matrix cells themselves during their elevator movement.

Without these guide rails, the smooth performance of the

elevator movement in so thick a wall like cerebral hemi-

sphere or mesencephalic wall of chick would be extremely

difficult. The third function of the bundles of progenitor cell

processes becomes manifest at the end of stage II of cyto-

genesis. When the bulk of neuron production is completed

in the corticogenetic area, the matrix cells are differentiating

into ependymogliobasts (common ependymal and glial

precursors), which are rapidly differentiated into gliobasts,

as shown in Figure 16. The rest of the ependymoglioblasts

are changing into single-layered ciliated ependymal cells.

In some particular regions, however, such as the rostral

part of lateral ventricles of mammals where the olfactory

neurons are produced (Altman, 1969) or in a specific sector

of the neostriatum of songbirds (Nottebohm, 1985) where

neurons of higher vocal centers are reproduced seasonally,

the matrix cells are suppressed in their progression from

stage II to stage III for extended periods of time, so that the

residual matrix cells persist postnatally in the ependymal

Fig. 13. Molecular mechanism of migration of neuroblasts. (A) SEM fractograph of neural tube at incipient stage II of cytogenesis. The mesencephalic

wall of a 3-day chick embryo shows the beginning of neuroblast differentiation. ×1,020. Note that the apical process (short arrow) of a newly formed neuro-

blast (N) is released from the luminal surface as a result of down-regulation of the junctional complex proteins. Growth cones (Gc) of newly emerged axons

begin to run parallel with the pial surface in the deepest part of the neural tube. M indicates rounded mitotic matrix cell. (B) Changes in cell-adhesion orga-

nization at neuroblast differentiation. Upon differentiation into neuroblasts, matrix cells lose both junctional complexes and adhesions with the ECM. Only

adherent junctions between the newly formed neuroblasts and adjacent matrix cells are conserved, and most of the adherent apparatuses move to the distal

end of the neuroblast, resulting in an increase in adhesive potency in the distal portions of the neuroblast (growth cones, Gc) which pull the neuroblast cell

body during subsequent migration.
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Fig. 14. SEM fractograph of the cerebral hemisphere of a 12-week human fetus.  The matrix cell layer (Mx) is at the top, and the cortical plate (CP) and

the external surface of the brain (E), at the bottom. Processes of the matrix cells form bundles, which traverse the entire thickness of the cerebral wall.

Neuroblasts are attached to the bundles and migrate into columns of the cortical plate. Arrows indicate bundles of matrix cells. ×250. V, ventricular surface;

Iz, intermediate zone; CP, cortical plate; Mr, molecular layer.
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Fig. 15. Generation of cortical neurons in an inside-first, outside-last gradient and histogenesis in non-corticogenetic region. (A) Keeping pace with

thickening of the wall of the brain (from left to right), matrix cells elongate, their processes tend to adhere to each other and form bundles (1 to 5). 1. Stage I

of cytogenesis. 2. The first neurons produced in the matrix cell layer (Mx) before the bundles are formed (i.e., Cajal-Retzius neurons, nb l) migrate to the

subpial position and become embedded in the molecular layer (Mr). 3. Subsequent neurons (nb 2, nb 3) produced from the same group of matrix cells that

now form a bundle migrate along the bundle to the cortical plate (CP) and reach the deepest position adjacent to the molecular layer. 4–5. Subsequently

generated neurons (nb 4, nb 5) migrate past the older cells, progressively forming the more superficial cortical layers. The older neurons are schematically

illustrated as larger cells. Evidence from cell lineage experiments indicates that clonally related neurons can span several cortical layers, suggesting that

precursor cells divide many times to produce a series of neuroblasts during stage II. (B) Histogenesis in the non-corticogenetic region. Matrix cells in this

region do not form bundles. As the wall thickens, many matrix cells do not reach the pial surface (E) and the molecular layer is not formed. Neuroblasts

migrating along the individual processes of matrix cells are dislodged as the latter engage in the elevator movement. The neuroblasts become piled up in the

mantle layer (m) in an order reflecting their birth times, resulting in the creation of an “outside-in pattern”. V, ventricular surface; Mx, matrix cell layer; Iz,

intermediate zone; CP, cortical plate; Mr, molecular layer, E, external or pial surface; nb, neuroblast; nb1, Cajal-Retzius cell; small numbers (nb)2–5 indicate

cortical neuroblasts 2 to 5 produced following Cajal-Retzius cell in sequence. Adapted from Fujita, 1986.
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layer intermingled with the ependymal cells. These post-

natal neural stem cells, however, decrease in number as the

animals grow older (Seki and Arai, 1995, Tropepe et al.,

1997).

The differentiation of ependymoglioblasts into ependy-

mal cells and glioblasts is characterized by rapid reduction

or loss of the long bipolar processes, which have spun

between the pial and the ventricular surfaces, running per-

pendicularly through the cortical plate. When the processes

of the matrix cells are withdrawn, they leave empty spaces

or channels running perpendicularly through the cortical

plate, into which thalamic fibers or other input axons, hav-

ing come and waited at the entrance of the cortical plate,

penetrate and form synapses with cortical neurons in the

column replacing the matrix cell processes (Fig. 16). This is

why everywhere in the central nervous system rapid

increase of synapse formation coincides with the beginning

of stage III of cytogenesis.

This is an important mechanism to make cortical columns

act as functional units in the mammalian cerebral cortex.

Simultaneously, cortical neuroblasts are now allowed to

grow as they receive the full complement of synapses. As a

result, the size of the brain parenchyme of that specific

locus expands to be manifest as the gyrus. The gyrus forma-

tion in the cerebral cortex always starts sometime after the

commencement of stage III of cytogenesis, in parallel with

progression of the glioblast differentiation.

14. Neuron types are determined at early
developmental stages

In the CNS, modification of neuronal fate can occur only

at early stages of matrix cell differentiation, in response to

environmental influences and following genetic switches

such as the activation of position-specifying genes. How-

ever, when stage II of neurogenesis starts, neuronal fate is

Fig. 16. Formation of cortical columns and gyri in the cerebral hemisphere. (A) Upon commencement of stage III in the cerebral hemisphere, matrix cells

lose their potential for neuroblast production and transform into ependymoglioblasts, common progenitors of ependyma and neuroglia. At this stage, the

walls of the cerebral hemispheres are already quite thick but still growing. Although matrix cells are now destined to become glial progenitors, they retain

most of the phenotypical properties of matrix cells for some time: They continue to form bundles, to guide late neuroblasts, and perform elevator movements.

(B) The gradual differentiation and migration of glioblasts (Gb) from the bundles of ependymoglioblasts result in a continual thinning of the bundles, and

finally the bundles disappear when the last glioblast migrates out, leaving empty spaces (2 arrows pointing upwards) in the center of each neuroblast column

in the cortical plate. (C) The rest of the ependymoglioblasts are changing into single-layered ciliated ependymal cells. In particular regions of lateral ventri-

cles of mammals producing olfactory neurons or in a certain specific section of the hyperstriatum of birds, which gives birth to neurons of song centers, the

matrix cells are delayed in the progression from stage II to stage III for some extended times, so that the residual matrix cells persist among the ependymal

cells for a considerable period of time after birth, though reducing in number with time. When the radial processes of the ependymoglioblasts are lost, the

axons that have come from the thalamic centers or from other cortical areas and waited in the subcortical and marginal layers now dash into these channels

in the centers of cortical columns and begin to form synapses with the neuroblasts in the cortical columns. This is an important mechanism to make cortical

columns as functional units in the mammalian cerebral cortex. Cortical neuroblasts are now allowed to grow as they receive the full complement of

synapses, and as a result, the size of the brain parenchyme of that specific locus expands to be manifest as the gyrus. Tc, thalamo-cortical fibers; Cf,

cortico-fugal fibers; CR, Cajal-Retzius neuron; Mx�Ep indicates matrix cell layer changing into ependymal layer.
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irreversibly fixed. This kind of irreversible differentiation is

confirmed in mutant mice (Caviness, 1982), in the trans-

plantation of an incised piece of neural tube into heterotopic

sites (Nakamura, 1990) and explantation experiments in

vitro. Environments have failed to change the original type

of differentiation of neurons in the CNS once neuronogene-

sis has started in the transplant. It is likely that basic type-

differentiation of neurons is determined irreversibly when

these cells are produced from multipotent stem cells (matrix

cells) at stage II, although the same type of neuron retains a

remarkable plasticity to adapt to various functional require-

ments.

15. Major differentiation as a basic mechanism 
of cytogenesis of the CNS

It is generally believed that vertebrate development,

viewed at the cellular level, proceeds by sequential steps in

which potencies of progenitor cells become progressively

and irreversibly restricted. This type of differentiation

has been dubbed major differentiation (Fujita, 1965a), as

opposed to the reversible expression or repression of genes,

the minor differentiation. Perhaps the simplest way to

explain the mechanism by which cell potencies are

restricted is to assume (Fig. 17) a progressive accumulation

of irreversibly inactivated functional subunits (i.e., repli-

cons) of chromosomal DNA as was proposed (Fujita,

1965a).

It has been pointed out that the DNA portions that are

irreversibly inactivated are characterized by four extra-

ordinary features (Fujita, 1965a; Caplan and Ordahl, 1978;

Goldman et al., 1984): (i) Incapability of RNA synthesis,

(ii) shortened and condensed structure even in the inter-

phase, (iii) replication occurring late in the S-phase, and (iv)

the acquired feature of the inactivated DNA inherited

unchanged by the daughter cells through subsequent

mitoses. This hypothesis was proposed almost 40 years ago

but direct evidence to support it has been lacking until now.

The results of the experiments of Caplan and Ordahl

(1978), Goldman et al. (1984) and Takizawa et al. (2001),

however, have provided strong evidence, though circumstan-

tial, supporting the major differentiation hypothesis.

Those replicons that have escaped irreversible inactiva-

tion can be switched on and off according to extra- and

Fig. 17. Major differentiation: A model showing changes in chromosomal organization and DNA synthesis in relation to major differentiation. On the left

side of the figure, chromosomal changes during development are illustrated. In an undifferentiated cell (top), all the replicons composing the chromosome

are not irreversibly inactivated, although only a few of them are actively transcribing mRNA (dotted segments). All the replicons, as shown in the figure at

the top right, are early replicating (E) and the rate of DNA synthesis (R) is expected to form a simple pulse-shaped curve. The absolute length of the S-phase

should be short. While major differentiation proceeds, many replicons are irreversibly inactivated as shown in the condensed state in this diagram (left).

They become late replicating (L) and make the curve of the rate of DNA synthesis complicated (right, below). The length of the S-phase also becomes

longer with additional late replicating segments. The irreversible inactivation of genes is the genetic basis of determination of cell differentiation, and

reversible on and off switching of potentially active genes corresponds to functional modulation of the cell. Adapted from Fujita,1986.
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intracellular signals. This phenomenon corresponds to envi-

ronmental modulation of genetic functions, which is desig-

nated as minor differentiation (Fujita, 1965a).

16. Major differentiation starts in matrix cells

In the analysis of the elevator movement of matrix cells

in various species of animals, an unmistakable tendency of

steady elongation of cell cycle and DNA synthetic times

during development was found (Fujita, 1962; Hoshino et

al., 1973). This tendency has been observed in all animals

so far studied. Besides matrix cells of neurectodermal ori-

gin, chick erythroblasts (Holtzer et al., 1977), endodermal

cells in the frog Xenopus laevis, cells of blastomeres of the

sea urchin embryo (Dan et al., 1980), the ectodermal cells

of Cynops pyrrhogaster (Yamazaki-Yamamoto et al., 1984)

etc. have been reported to show the same tendency. Accord-

ing to the hypothesis of major differentiation (Fujita,

1965a), the length of the S-phase is expected to become

longer in differentiated cells in comparison with that of their

undifferentiated precursors, as illustrated in Figure 17.

In the beginning of the vertebrate ontogenesis, none of

the replicons in the zygote are irreversibly inactivated: The

cell is accordingly in its maximally totipotent state. DNA

replicons in the cell begin to synthesize their DNA synchro-

nously at the onset of the S-phase, at a uniform velocity so

that the overall rate of DNA synthesis of the cell shows a

simple pulse-shaped curve (Fig. 17, above right). The length

of the S-phase is expected to be short. As the cell progresses

by steps of major differentiation (Fig. 17, left), irreversibly

inactivated replicons increase in number and the S-phase

becomes longer (Fig. 17, below right). The curve of the

overall rate of DNA synthesis is now expected to have mul-

tiple peaks as shown in the diagram in Figure 17 (right). The

tendency toward steady elongation of the S-phase in matrix

cells of developing vertebrate embryos (Fujita, 1962;

Hoshino et al., 1973) seems to support the notion that

matrix cells steadily progress by steps of major differentia-

tion as development proceeds.

17. Major differentiation directs the formation 
of neurons and glial cells

If one assumes the above hypothesis that irreversible

inactivations of genes determine the fate of the cell while

the matrix cells are actively proliferating, and that the type

of cell differentiation is determined by a specific combina-

tion of irreversibly inactivated replicons, one can under-

stand the characteristics of matrix cell differentiation and

neuron production as follows (Fig. 18).

Although matrix cells keep their epithelial morphology

unchanged from the very beginning of the neural plate for-

mation to the end of stage II of cytogenesis, they change

their state of major differentiation steadily as development

proceeds. When they repeat mitoses and enter into G1

phase, irreversibly inactivated replicons increase in number

and the cell accumulates the steps of major differentiation.

The combinations of the inactivated replicons and their dis-

tribution patterns are supposed to be different in different

cells: Two daughter cells born from the same matrix cell

inherit the same pattern of inactivated replicons but can

acquire new inactivations on different additional replicons

forming different subclones in terms of major differentia-

tion.

Fig. 18. Schematic diagram showing progression of irreversible differen-

tiation (major differentiation) of matrix cells during development of the

CNS. The state of major differentiation of matrix cell population is pro-

gressively changing (from Mxl to Mx8). From each state of major differen-

tiation, specific neuroblasts (N l to N6) are produced. Their specific states

of differentiation are predetermined by those of their immediate precursors,

i.e., of the matrix cells. What determines the transition from matrix cells to

neurons may be a common inactivation of one replicon that contains genes

essential (either directly or indirectly) for DNA replication. Sizes and

shapes of the frames of differentiating cells in this figure represent the

potency of cells at their respective stages of major differentiation. I, II, III

correspond to stages of cytogenesis. Abbreviations: Epgb, ependymoglio-

blast; Ep, ependymal cell; Gb, glioblast; As, astrocyte; Ol, oligodendro-

cyte. Adapted from Fujita, 1997.
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Figure 18 depicts one branch of the matrix cell subclones.

Frames Mxl to Mx8 represent the magnitudes of differentia-

tion potencies of matrix cells at given stages of major differ-

entiation. When major differentiation reaches a certain

level, matrix cells can differentiate neuroblasts (commence-

ment of stage II). Neuroblast differentiation in the verte-

brate CNS is characterized by absolute repression of DNA

replication; it is possible that neuroblast differentiation from

matrix cells may be determined by an irreversible switching

off of a gene or genes directly or indirectly related to DNA

duplication for cell proliferation. It has been proposed

(Fujita, 1986) that the differentiation of all neurons is com-

monly determined by one additional inactivation of this

kind of replicon in the genome of the matrix cells at a cer-

tain state of major differentiation (Mxl through Mx8). If one

can assume this mechanism, it is easily understood why

highly specialized neurons in the CNS are produced at

given times and places during stage II of cytogenesis, and

why their principal fates are irreversibly fixed at their birth

dates. If one assumes that the differentiation of neurons and

neuroglia is determined by the irreversible repression of

replicons during neurogenesis as discussed above, many

important problems of cell differentiation in the CNS, such

as the transition between stage II and stage III of cytogene-

sis can be explained in a simple way. Namely, if major dif-

ferentiation of matrix cells progresses and the neuron-essen-

tial genes, without which no neuronal activity can be

realized, are irreversibly inactivated in a matrix cell, it can

no longer produce neurons. What the matrix cell can differ-

entiate are nothing else but non-neuronal cells, i.e., neuro-

glial cells. Phenotypically, this signifies the beginning of

stage III of cytogenesis. The progressive gene inactivation

model or the major differentiation hypothesis would explain

the sequential occurrence of stage I, II and III, and the pro-

duction of specific cells in specific stages of the develop-

ment of the vertebrate CNS. Not only would it explain the

Fig. 19. Computer simulation of brain morphogenesis. Based on the matrix cell theory, differential growths in various regions of the brain are calculated

by applying a single form of growth function (Gompertzian function) with different growth rates of matrix cells in different locations, and the morpho-

genesis of human brain can be reproduced in satisfactory fidelity in temporal and size scales. Changing the parameters, the same simulation technique can be

applied to other species, as shown in the Figure (for example rat brain, at the left) (Fujita, 1990). E, embryonic days of rat fetus; G, gestational days of human

fetus.
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cytogenesis but also it would enable us to analyze genetic

mechanisms of cellular differentiation in the developing

CNS in molecular terms: When, where, and what kind of

specific gene or genes are inactivated to determine the dif-

ferentiation of various kinds of neurons or neuroglia, may

be analyzed based on this hypothesis. An extremely compli-

cated pattern of cell-differentiation in CNS, as it would

appear at first glance, might turn out to be the result of sim-

ple hierarchical repressions of certain classes of essential

genes. Some of these genes, of which GliaCellsMissing

(Hosoya et al., 1995) and NeuroD (Lee, 1997) seem to be

remarkable examples, have been discovered recently.

18. Computer simulation of brain morpho-
genesis by the matrix cell

As I confirmed that the matrix cell population during

stages I and II were essentially homogeneous so far as a

narrow region was concerned, I could further develop

computer simulation of brain morphogenesis, assuming the

steady elongation of the cell cycles during stages I and II, as

calculated from kinetic studies of the matrix cells, and

differential growth rates in different regions of the brain.

Applying simple growth equations of the same form,

dWi/dt=�i(t)=�0·exp(–�it)

with different growth rates �i in different locations i of

the neural tube, ontogenetic development of mouse, rat,

monkey and human brains could be reproduced with satis-

factory fidelity of time and size scales (Fig. 19) (Fujita,

1990).

19. Evo-devo of the human brain as viewed from 
the matrix cell theory

The same simulation technique can be applied to study

the evolution of the human brain: Apparently so complex a

structure as the human brain must have been developed as a

result of a differential pattern of proliferation and differenti-

ation of matrix cells in the neural tube during the long

history of the evolution. A unified theory of brain evolution

in morphological and functional aspects of changing onto-

genesis from the standpoint of the matrix cell theory

(Fujita, 1997) will no doubt be an important subject of

future investigation.

20. Recent re-discovery of the matrix cell nature 
of the neural stem cells

Quite recently many investigators have come to a defini-

tive conclusion on the stem cell nature of the so-called

radial glia (Qian et al., 2000; Miyata et al., 2001; Noctor et

al., 2001; Parnavelas and Nadarajah, 2001; Tamamaki et al.,

2001; Temple, 2001; Nakamura, 2002, 2003; Barres, 2003;

Morest and Silver, 2003). Their conclusions are virtually

unanimous on the point that the so-called radial glia are not

“glia” in the usual sense of the term but proliferative stem

cells producing first neuroblasts and later glioblasts. Some

of these authors rightly cast doubt about calling the multipo-

tent stem cells by the name of “(radial) glia”. These cells are

no different in essential properties from the matrix cells as

described over the last 45 years, and need not be called by

the separate and misleading name of “glia”.

Acknowledgments. The author expresses his deep gratitude to Dr. Yutaka

Tashiro, Prof. Emeritus of Kansai Medical University, for his valuable

advice on many points of the manuscript, and thanks to Dr. Yuko Yasuda

and Ms. Lesley Ham for their assistance in the preparation of this manu-

script.

References

Altman, J. 1969.  Autoradiographic and histological studies of postnatal

neurogenesis. IV. Cell proliferation and migration in the anterior fore-

brain, with special reference to persisting neurogenesis in the olfactory

bulb. J. Comp. Neurol., 137: 433–458.

Altman, J. and Das, G.D. 1965a.  Autoradiographic and histological

evidence of postnatal hippocampal neurogenesis in rats. J. Comp.

Neurol., 124: 319–336.

Altman, J. and Das, G.D. 1965b.  Post-natal origin of microneurones in the

rat brain. Nature, 207, 953–956.

Alvarez-Buylla, A., Garcia-Verdugo, J.M., Mateo, A., and Marchant-

Larios, H. 1998.  Primary neuronal precursors and intermitotic nuclear

migration in the ventricular zone of adult canaries. J. Neurosci., 18:

1020–1037.

Antanitus, D.S., Choi, B.H., and Lapham, L.W. 1976.  The demonstration

of glial fibrillary acidic protein in the cerebrum of the human fetus by

indirect immunofluorescence. Brain Res., 103: 613–616.

Bailey, P. and Cushing, H. 1926.  Classification of the Tumors of the

Glioma Group on a Histogenetic Basis with a Correlated Study on

Prognosis. Lippincott, Philadelphia.

Barres, B.A. 2003.  What is a glial cell? Glia, 43: 4–5.

Bignami, A. 1991.  Glial cells in the central nervous system. Discussion in

Neuroscience, 8: 11–45.

Bignami, A. and Dahl, D. 1974.  Astrocyte-specific protein and neuroglial

differentiation. An immunofluorescence study with antibodies to the

glial fibrillary acidic protein. J. Comp. Neurol., 153: 27–38.

Bloom, W. and Fawcett, D.W. 1968.  A Textbook of Histology. 9th

edition, WB Saunders Co., Philadelphia.

Boulder Committee: Angevine, J.B. Jr, Bodian, D., Coulombre, A.J., Edds,

M.V. Jr, Hamburger, V., Jacobson, M., Lyser, K.M., Prestage, M.C.,

Sidman, R.L., Varon, S., and Weiss, P.A. 1969.  Embryonic vertebrate

central nervous system: Revised terminology. Anat. Rec., 166: 257–262.

Brodskij, V.J. and Kusc, A.A. 1962.  Izmenenie cisla polyploidnych v

postembryonalnom razvitiji tkanej krysy. Dokl. Akad. Nauk SSSR Otd.

Biol., 162: 713–716.

Cameron, H.A. and Mckay, R.D. 2001.  Adult neurogenesis produces a

large pool of new granule cells in the dentate gyrus. J. Comp. Neurol.,

435: 406–417.

Cameron, H.A. Woolley, C.S. McEwen, B.S., and Gould, E. 1993.  Differ-

entiation of newly born neurons and glia in the dentate gyrus of the adult

rat. Neurosci., 56: 337–344

Capetanaki, I.G., Ngai, J., and Lazarides, E. 1984.  Regeneration of the

expression of genes coding for the intermediate filament subunits

vimentin, desmin, and glial fibrillary acidic protein. In: Molecular

Biology of the Cytoskeleton. (G.G. Borisy, D.W. Cleveland, and D.B.



Discovery of the Matrix Cell

227

Murphy, eds.), pp. 425–434, Cold Spring Harbor Lab., New York.

Caplan, A.I. and Ordahl, C.P. 1978.  Irreversible gene repression model for

control of development. Science, 201: 120–130.

Carlen, M., Cassidy R.M., Brismar, H., Smith, G.A., Enquist, L.W., and

Frisen, J. 2002.  Functional integration of adult-born neurons. Curr.

Biol., 12: 606–608.

Caviness, V.S. Jr. 1982.  Patterns of cell and fiber distribution in the

neocortex of the reeler mutant mouse. Dev. Brain Res., 4: 293–302.

Choi, B.H. 1986.  Glial fibrillary acidic protein in radial glia of early fetal

cerebrum: A light and electron microscopic immunoperoxidase study. J.

Neuropath. Exp. Neurol., 45: 408–418.

Dan, K.S., Tanaka, K., Yamazaki, K., and Kato, Y. 1980.  Cell cycles

during sea urchin development. Dev. Growth & Differ., 22: 589–598.

Eng, L.F., Vanderhaegen, J.J., Bignami, A., and Gerstl, B. 1971.  An acidic

protein isolated from fibrous astrocytes. Brain Res., 28: 351–358.

Fujita, H. and Fujita, S. 1963.  Electron microscopic studies on neuroblast

differentiation in the central nervous system of domestic fowl. Zschr.

Zellforsch., 60: 463–478.

Fujita, H. and Fujita, S. 1964.  Electron microscopic studies on the differ-

entiation of the ependymal cells and the glioblasts in the spinal cord of

domestic fowl. Zschr. Zellforsch., 64: 262–272.

Fujita, S. 1958.  Medulloepithelioma: Its place in the histogenetic classifi-

cation of neurectodermal tumors. Acta Path Jap., 8: Suppl. 789–794.

Fujita, S. 1960.  Mitotic pattern and histogenesis of the central nervous

system. Nature, 185: 702–703.

Fujita, S. Omatsu, Y., Mio, H., Morikubo, T., and Kikkawa, J. 1960.

Mitotic pattern of epithelium in vitro and in vivo. J. Kyoto Pref. Univ.

Med., 68: 1000–1003.

Fujita, S. 1962.  Kinetics of cellular proliferation. Exptl. Cell Res., 28: 52–

60.

Fujita, S. 1963.  The matrix cell and cytogenesis in the developing central

nervous system. J. Comp. Neurol., 120 : 37–42.

Fujita, S. 1964.  Analysis of neuron differentiation in the central nervous

system by 3H-thymidine autoradiography. J. Comp. Neurol., 122: 311–

328.

Fujita, S. 1965a.  Chromosomal organization as a genetic basis of cyto-

differentiation in multicellular organisms. Nature, 206: 742–744.

Fujita, S. 1965b.  An autoradiographic study on the origin and fate of the

sub-pial glioblast in the embryonic spinal cord. J. Comp. Neurol., 124:

51–60.

Fujita, S., Shimada, M., and Nakamura, T. 1966.  3H-thymidine autoradio-

graphic studies on the cell proliferation and differentiation in the exter-

nal and the internal granular layers of the mouse cerebellum. J. Comp.

Neurol., 128 : 191–208.

Fujita, S. 1967a.  Quantitative analysis of cell proliferation and differentia-

tion in the external and the internal granular layers of the mouse cerebel-

lum. J. Cell Biol., 32: 277–287.

Fujita, S. 1967b.  Applications of light and electron microscopic auto-

radiography to the study of cytogenesis of the forebrain. In: (R Hassler,

H Stephan, eds.) The Evolution of Forebrain. pp. 180–196, Plenum,

N.Y.

Fujita, S. 1971.  Genesis of glioblasts in the human spinal cord as revealed

by Feulgen cytophotometry. J. Comp. Neurol., 151: 25–34.

Fujita, S. 1974.  DNA constancy in neurons of the human cerebellum and

spinal cord as revealed by Feulgen cytophotometry and cytofluorometry.

J. Comp. Neurol., 155: 195–202.

Fujita, S. and Kitamura, T. 1976.  Origin of brain macrophages and

the nature of the microglia. In: Progress in Neuropathology (ed. by H.

Zimmerman), vol. III, 1–50, Grune & Stratton.

Fujita, S., Tsuchihashi, Y., and Kitamura, T. 1978.  Absence of hemato-

genous cells in the normal brain tissue as revealed by leukocyte-specific

immunofluorescent staining. J. Neuropathol. Exp. Neurol., 37: 615.

Fujita S., 1980.  Cytogenesis and pathology of neuroglia and microglia.

Path. Res. Pract., 168: 271–278.

Fujita, S., Tsuchihashi, Y., and Kitamura, T. 1981.  Origin, morphology

and function of the microglia. In Glial and Neuronal Biology (E.A.

Vidrio, S. Fedroff, eds.). Alan Liss, pp. 141–169.

Fujita, S., Fukuyama, R., and Nakanishi, K. 1985.  Cytoskeletal proteins

and cytogenesis of the central nervous system. Metabolism, 22: 1675–

1691.

Fujita, S. 1986.  Transitional differentiation of matrix cells and its func-

tional role in the morphogenesis of the developing vertebrate CNS. In

Current Topics of Developmental Biology 20 (Okada, T.S. ed.). Aca-

demic Press, pp. 223–242

Fujita, S., Kitamura, T., Fukuyama, R., Namura, K., Watanabe, S., and

Nakanishi, K. 1986.  Genetic control of intermediate filaments and

neurogenesis. Seitai no Kagaku, 37: 505–517 (In Japanese).

Fujita, S. 1990.  Morphogenesis of the brain as studied by 3-D computer

graphics simulation. J. Microscopy, 153: 259–269.

Fujita, S. 1997.  Chapter 10. Cell differentiation and ontogeny of the

nervous system. Chapter 11. Ontogeny and evolution of the vertebrate

nervous system. In Principles of Neural Aging (Dani, S.U., Horii, A.,

and Walter, G.F. eds.). Elsevier, New York, pp. 128–151.

Fujita, S. and Yasuda, Y. 2003.  The molecular mechanism of elevator

movement. Acta Histochem. Cytochem., 36: 393–398.

Goldman, M.A. Holmquist, G.P., Gray, M.C., Caston, L.A., and Nag, A.

1984.  Replication timing of genes and middle repetitive sequences.

Science, 224: 686–692.

Helmer, M.E. 1999.  Dystroglycan versatitlity. Cell, 97: 543–546.

Hirano, M.D., Kimoto, N., Shimoyama, Y, Hirohashi, S., and Takeichi, M.

1992.  Identification of a neural �-catenin as a key regulator of cadherin

function and multicellular organization. Cell, 70: 293–301.

His, W. 1889.  Die Neuroblasten und deren Entstehung im embryonalen

Mark. Abhandl. Kgl. Sach. Ges. Wiss. Math. Phys. Cl., 15: 313–372.

Holtzer, H., Weintraub, H., Mayne, R., and Mochan, B. 1977.  Cell cycle

and erythroblast differentiation. In Current Topics of Developmental

Biology, 7 (Moscona, A.A. and Monroy, A. eds.). New York, Academic

Press, pp. 251–265.

Hoshino, K., Matsuzawa, T., and Murakami, U. 1973.  Characteristics of

the cell cycle of matrix cells in the mouse embryo during histogenesis of

telencephalon. Exptl. Cell Res., 77: 89–94.

Hosoya, T., Takizawa, K., Nitta, K., and Hotta, Y. 1995.  Glial cells miss-

ing: a binary neuronal switch between neuronal and glial determination

in Drosophila. Cell, 82: 1025–1036.

Howard, A. and Pelc, S.R. 1953.  The synthesis of deoxyribonucleic acid in

normal and irradiated cells and its relation to chromosome breakage.

Heredity (London), Suppl. 6. Symposium on chromosome breakage,

262–273.

Imamura, Y., Itoh, M, Maeno, Y. Tsukita, S., and Nagafuchi, A. 1999.

Functional domains of �-catenin required for the strong state of

cadherin-based cell adhesion. J. Cell Biol., 144: 1311–1322.

Johannson, C.B., Momma, S., Clarke, D.L., Risling, M., Lendahl, U., and

Frisen, J. 1999.  Identification of a neural stem cell in the adult mamma-

lian central nervous system. Cell, 96: 25–34.

Kitamura, T., Miyake, T., and Fujita, S. 1984.  Genesis of resting microglia

in the gray matters of mouse hippocampus. J. Comp. Neurol., 226: 421–

433.

Lapham, L.W. 1968.  Tetraploid DNA content of Purkinje neurons of

human cerebellar cortex. Science, 159: 310–311.

Lee, J.E. 1997.  NeuroD and neurogenesis. Dev. Neurosci., 19: 27–32.

Levitt, P., Cooper, M.L., and Rakic, P. 1981.  Coexistence of neuronal and

glial precursor cells in the cerebral ventricular zone of the fetal monkey:

An ultrastructural immunoperoxidase analysis. J. Neurosci., 1: 27–39.

Lewis, S.A. and Cowan, N.J. 1985.  Temporal expression of mouse glial

fibrillary acidic protein mRNA studied by a rapid in situ hybridization

procedure. J. Neurochem., 45: 913–939.



228

S. Fujita

Louissaint, A.Jr., Rao, S., Leventhal, C., and Goldman, S.A. 2002.  Coordi-

nated interaction of neurogenesis in the adult songbird brain. Cell, 34:

945–960.

Mendelsohn, M.L. 1966.  Absorption cytophotometry: Comparative

methodology for heterogeneous objects, and the two-wavelength

method. In Introduction to Quantitative Cytophotometry. Vol. 1 (Wied,

G.L. ed.). Academic Press, New York, pp. 201–214.

Miyake, T., Tsuchihashi, Y., Kitamura ,T., and Fujita, S. 1984.  Immuno-

histochemical studies of blood monocytes infiltrating into the neonatal

rat brain. Acta Neuropath., 62: 291–297.

Miyata, T., Kawaguchi, A., Okano, H., and Ogawa, M. 2001.  Asymmetric

inheritance of radial glial fibers by cortical neurons. Neuron, 31: 727–

741.

Morest, D.K. and Silver, J. 2003.  Precursors of neurons, neuroglia, and

ependymal cells in the CNS: What are they? Where are they from? How

do they get where they are going? Glia, 43: 6–8.

Müller, H.A. 1962.  Cytophotometrische DNS-Messungen an Ganglien-

zellkernen des Nucleus Dentatus beim Menschen. Naturwiss., 49: 243.

Nakamura, H. 1990.  Do CNS anlagen have plasticity in differentiation?

Analysis in quail-chick-chimera. Brain Res., 511: 122–128.

Nakamura, Y. 2002.  Architectural changes in the developing human brain

based on the matrix cell theory. Congenital Anomalies, 42: 162–174.

Nakamura, Y. 2003.  Changes of cellular architectures in the developing

human brain based on the matrix cell theory. Submitted for publication

in Neuron.

Noctor, S.C., Flint, A.C., Weissman, T.A., Dammerman, R.S., and

Kriegstein, A.R. 2001.  Neurons derived from radial units in neocortex.

Nature, 409: 714–720.

Nottebohm, F. 1985.  Neuronal replacement in adulthood. Ann. N.Y. Acad.

Sci., 457: 143–161.

Parnavelas, J.G. and Nadarajah, B. 2001.  Radial glial cells: Are they really

glia? Neuron, 31: 881–884.

Penfield, W. 1932.  Neuroglia, normal and pathological. In Cytology and

Cellular Pathology of Nervous System. vol. 1 & 2 (Penfield, W., ed.).

Hoeber, N.Y., pp. 423–479.

Qian, X., Qian, S., Goderie, S.K., He, W., Capela, A., Davis, A.A., and

Temple, S. 2000.  Timing of CNS generation: A programmed sequence

of neuron and gial cell production from isolated murine cortical stem

cells. Neuron, 28: 69–80.

Quastler, H. 1963.  The analysis of cell proliferation kinetics. In Cell

Proliferation (Lamerton, L.F. and Fry, R.J.F. eds.). Blackwell, Oxford.

Rakic, P. 1972.  Mode of cell migration to the superficial layers of fetal

monkey cortex. J. Comp. Neurol., 141: 61–83.

Sandritter, W., Novakova,V., Pilney, J., and Kiefer, G. 1967.  Cyto-

photometrische Messungen des Nukleinsäure- und Protein-gehaltes von

Ganglienzellen der Ratte während der postnatalen Entwicklung und im

Alter. Zschr. Zellforsch., 80: 145–152.

Sauer, F.C. 1935.  Mitosis in the neural tube. J. Comp. Neurol., 62: 377–

405.

Schaper, A. 1897.  Die morphologischen und histologischen Entwicklung

des Kleinhirns der Teleostier. Anat. Anz., 9: 489–501.

Seki, T. and Arai, Y. 1995.  Age-related production of new granule cells in

the adult dentate gyrus. Neuroreport, 6: 2479–2492.

Sternberg, H. 1927.  Beschreibung eines menschlichen Embryon mit

Viersegmentpaaren. Zschr. Anat. Entwkl.-Gesch., 82: 142–246.

Strong, H. 1964.  The early embryonic pattern of internal vascularization of

the mammalian cerebral cortex. J. Comp. Neurol., 123: 121–138.

Takeichi, M. 1977.  Functional correlation between cell adhesive proper-

ties and some cell surface protein. J. Cell Biol., 75: 464–474.

Takizawa, T., Nakashima, K., Namihira, M., Ochiai, W., Uemura,

A., Yanagisawa, M., Fujita, N., Nakao, M., and Taga, T. 2001.  DNA

methylation is a critical cell intrinsic determinant of astrocyte differ-

entiation in the fetal brain. Dev. Cell, 1: 749–758.

Tamamaki, N., Nakamura, K., Okamoto, K., and Kaneko, T. 2001.  Radial

glia is a progenitor of neocortical neurons in the developing cerebral

cortex. Neurosci. Res., 41: 51–60

Temple, S. 2001.  The development of neural stem cell. Nature, 414: 112–

117.

Tramontin, A.D., Garcia-Verdugo, J.M., Lim, D.A., and Alvarez-Buylla,

A. 2003.  Postnatal development of radial glia and the ventricular zone

(VZ): A continuum of the neural stem cell compartment. Cerebr. Cortex,

13: 570–587.

Tropepe, V., Craig, C.G., Morshead, C.M., and van der Kooy, D. 1997.

Transforming growth factor-alpha null and senescent mice show

decreased neural progenitor cell proliferation in the forebrain sub-

ependyma. J. Neurosci., 17: 7850–7859.

Willis, R.A. 1962.  The Pathology of the Tumours of Children. pp. 123–

126, Oliver and Boyd, Edinburgh.

Xiong, J.-P., Stehle, T., Diefenbach, B., Zhang, R., Dunker, R., Scott, D.L.,

Joachimiak, A., Goodman, S.L., and Arnaout, M.A. 2001.  Crystal struc-

ture of the extracellular segment of integrin �V�3. Science, 294: 339–

345.

Yamazaki-Yamamoto, K., Takata, K., and Kato, Y. 1984.  Changes of

chromosome length and constitutive heterochromatin in association with

cell division during early development of Cynops pyrrhogaster embryo.

Develop. Growth & Differ., 26: 295–302.

Zitnik, G. and Martin, G.M. 2002.  Age-related decline in neurogenesis:

Old cells or old environment? J. Neurosci. Res., 70: 258–263.

(Received for publication, August 11, 2003 and accepted, August 25, 2003)


