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Towards the frontiers of modem biology
(Preface)

A. A. Hadjiolov

Since the present issue, Acta morphologica of the Bulgarian Academy of Sciences
is renamed Acta cytobiologica et morphologica. The decision was taken
unanimously by the Scientific Council of the Institute of Cell Biology and
Morphology at the Bulgarian Academy of Sciences. This decision reflects both
the changes in the trends of development of modern biology and the efforts of our
Institute to keep in pace with this development.

Biological science entered the 20th century solidly rooted in the cellular
theory of structure, function and pathology of living organisms. Clearly, the
organization and comportment of both unicellular and multicellular organisms
could not be understood outside the frame of cellular structure. Therefore, the
first half of the century witnessed our increasingly deeper understanding of the
structural features of different tissues and organs in the highly diversified animal
and plant organisms. The structural basis in the differentiation of more than 300
different cell types in mammalian organisms was unravelled and decisive steps
were made allowing to outline the subsequent phases in cell differentiation taking
place during embryogenesis. On the other hand, the development of new and
powerful techniques, cell cultivation and electron microscopy in particular,
permitted the elucidation of considerable details in subcellular structure.
Moreover, it became possible to link specific functions with a given cell organelle:
chromosomes as carriers of genes or mitochondria as the site of respiratory chains
and oxidative phosphorylation. New subcellular organelles were discovered:
ribosomes, lysosomes and cytoskeleton, etc. Each of these organelles was shown
to constitute the structural basis for still further cell functions. In particular,
studies on ribosomes and polyribosomes revealed these structures as the site of
protein synthesis and their further analysis prepared the fruitful integration with
biochemistry and genetics.

For a long time biochemistry has been scoring successes in elucidating the
structure and metabolism of relatively simple organic molecules (carbohydrates
and lipids) in the early stages and of nucleic acids and proteins during the fruitful
1950s and 1960s. When we understood that the gene is a segment of DNA coding
for a specific polypeptide chain along the chain DNA ->RNA-»protein, and after



the genetic code was deciphered in 1961-1965, biological sciences were ready to
enter the era of molecular biology.

It is now generally recognized that the advent of molecular biology in the
second half of the 20th century is the landmark of the modern revolution in
biology. For it represents the triumph of a new paradigm in biological sciences:
life can be understood in molecular terms. On a philosophical basis, to
understand means to know the structure, the function and the history of a given
phenomenon. Yet, molecular biology provides just an integrated understanding
at the molecular level of the structure, the function and the history (both genetics
and evolution) of living cells and organisms. It must be added that for a long time
the full cognitive power of molecular biology could be applied solely to bacteria
and their viruses. Eukaryotes and multicellular eukaryotes in particular, were too
complicated and their molecular genetics practically unexplored. Even the best
studied organisms, like Saccharomyces and Drosophila, were for a long time too
difficult to be understood as molecular machines. The breakthrough came in the
mid-1970s, when the techniques of gene cloning and gene sequencing were
introduced. Since then started the advent of cell biology. In my view, cell biology
is the integrated understanding of cellular structure, function and genetics at
molecular level. This is the basic characteristic which makes cell biology a major
step in the ever-expanding field of modern biology.

The historical development of our Institute reflects the advancement of
biological sciences and thinking outlined above. Founded in 1953 as an Institute
of Morphology by Professor A. I. Hadjiolov, it has probed into different aspects
of cellular and tissue organization and structure. Traditionally, the histochemistry
of lipids has been at the center of interests of A. I. Hadjiolov and his coworkers.
In line with the attempts at a deeper understanding of cell and tissue structure,
Professor J. Jordanov introduced new techniques of tissue cultivation, while Dr
A. Bojadjieva-Mikhailova pioneered the introduction of electron microscopy
techniques in our country. The second director of our Institute, Professor I.
Goranov developed further the study of blood tissue and started several studies in
immunomorphology. Thus, we reached the presemt-day stage in the development
of our Institute, where cell biology is becoming more and more its major area of
research. This line of development justified the renaming of the Institute in 1986:
Institute of Cell Biology and Morphology. The present issue reflects the attempts
to develop some aspects of neurobiology in our Institute. It reflects also the
attempts to link our activities with those of many leading laboratories in
neurobiology and cell biology. Hopefully, this trend in the development of our
journal will be expanded further in order to contribute towards the presently
more and more clearly outlined frontiers of modern biology.
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Neuronal-glial cooperation in the production
of myelin phospholipids

E. Zaprianova
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The autor’s experimental results and the data of other authors are summarized,
showing convincingly the existence of cooperation between the neurons and the
myelin-forming glial cells during the production of myelin phospholipids. The
myelin alkenylacyl-glycerophosphoethanolamines, which correspond to ethanol-
amine plasmalogens, are synthesized predominantly in the neurons. A compact
myelin membrane with the characteristic lipoprotein composition of the mature
myelin can be formed only when there are myelin-forming glial cells and neurons.

Key words', myelination, neuron, myelin-forming glial cell, phospholipids.

Myelin is one of the lipid-richest membranes containing 70-80% of lipids
by weight. Its main lipids are cholesterol, phospholipids and galactolipids. On a
dry-weight basis, the total phospholipids constitute a larger percentage of the
myelin lipids and 18% of the hydrated myelin [22].

It is already generally accepted that the principal cells which participate in
the formation of the myelin membrane during myelination and remyelination are
the Schwann cells in the peripheral nervous system and the oligodendrocytes in
the central nervous system. Parallel with this, however, convincing data have been
accumulated, which show the existences of varied and close interactions between
these glial cells and the neurons during the different phases of myelinogenesis:
multiplication and proliferation of the glial cells, wrapping of the glial plasma
membrane around the axon, production of myelin components and formation of
compact myelin [1, 6, 10, 14, 16, 21, 26, 28, 29, 30, 32]. For the first time on the
basis of histochemical studies on the myelination in chick brain, we expressed the
view about the existence of such interactions in the production of the myelin
components, more specifically of phospholipids [33, 34]. Using histochemical,
histoenzyme, electronmicroscopic and autoradiographic methods, in our
subsequent experiments we traced the cellular localization of phospholipid
synthesis during myelination in the brain of guinea pigs, mice, rats and rabbits [7,
9. 35, 36, 37, 38, 39, 40]. Our experiments were carried out on a precisely defined



myelinating system (nerve or pathway, the oligodendrocytes located along the
fibres, and the neurons whose axons form the respective nerve or pathway). It was
shown that before and during the period of initial myelination active
phospholipid synthesis is observed in the oligodendrocytes situated along the nerve
fibres. In the neurons such a synthesis is detected during active myelination.
Positive histochemical reaction for phospholipids in the oligodendrocytes and in
the neurons is revealed only during these periods. No lipid granules are found
during the routine electronmicroscopic investigations, whereas the ultastructural
features are these of a cell in which active lipoprotein synthesis takes place.

In our most recent studies we applied more effective techniques for the
preservation of lipids and for enhancing their electronmicroscopic density [s, 20].
Under these conditions, lipid granules are discovered at the site of their synthesis
and transport. We have established highly osmiophilic granules in the perikarya
of the oligodenrocytes and the neurons during the above mentioned periods of
myelinogenesis (in the cisterns of the granular endoplasmic reticulum, in the
Golgi apparatus and in some vesicles), in the axons and in the myelin sheaths [41].

Naturally, the question arises which of the myelin phospholipids are
synthesized in the neurons, and which in the myelin-forming glial cells?

The pathways of phospholipid biosynthesis in the brain do not differ much
from well-known pathways of lipid synthesis in other organs. The cytidine
pathway discovered by Kenne dy [17] is the key pathway of lipid synthesis in
the nerve tissue. Binag 1iaetal [3] have studied de novo synthesis of
phosphatidyl choline and phosphatidyl ethanolamine in isolated neurons and
glial cells of rabbit cortex in vitro and have found much more active synthesis in
the neurons. They concluded that the cytidine-dependent enzyme system is
concentrated mainly in the neurons, as compared with the glial cells, and
expressed the view that the lipid synthesis takes place mainly in the neurons and
that the lipids synthesized in them are utilized by the glia.

Freys zetal [13] have shown that neuronal phospholipids have a much
faster turnover than glial phospholipids. G o r acc i et al. [15] have traced the
incorporation of intraventricularly introduced radioactive ethanolamine into
phosphatidyl ethanolamine and ethanolamine plasmalogen in isolated neurons
and glial cells of rabbit cortex. In the neurons, maximum labelling of the two
phospholipids was observed on the 7th hour after the precursor was introduced,
in the glial cells — between the 20th and the 36th hour. Much faster turnover was
also observed for the phospholipids in the neurons, as compared with the glial
cells. These data give grounds to the authors to assume that the neurons are the
site of the most active synthesis of ethanolamine phospholipids, with their
subsequent transfer to the glial compartment.

Interesting are the attempts to follow up the further fate of the newly-
sythesized neuronal phospholipids. Their selective transferring to the growing
neurite has been observed by Pfenniger and Johnson [23] who have
investigated the incorporation of [:H]-glycerol on explant cultures of rat superior
cervical ganglion. After the pulse with the phospholipid precursor they separated
perikarya and neurites microsurgically and extracted their phospholipids. The
phospholipid extract from the perikarya exhibited a steep rise followed by a rapid
decline in specific radioactivity. In the neurites an increase in specific radioactivity
was observed only after a lag period of 60 min. The rapid and massive
accumulation of radioactivity in the neuronal perikarya identifies them as the
major sites of phospholipid synthesis. The proximodistal transfer of phospholi-
pids could be blocked with the microtubule drug colchicin and the metabolic
uncouper, 2,4-dinitrophenol. Pfenniger and Johnson concluded that the data
obtained by them indicate preferential export of newly-synthesized phospholipids
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from the perikarya into the growing neurites, most likely by rapid axoplasmic
transport of formed elements.

The possibility that axonally transported lipids might undergo transaxonal
migration and become incorporated into surrounding myelin lamellae was studied
by isolating myelin from optic tracts of 22 to 25-day-old rabbits (period of active
myelination) at various times, following intraocular injection of [3-:C] serine and
[2:H]glycerol [16]. These studies have revealed that a portion of radioactive
material passing down the axon moved into the adjoing myelin sheath, resulting
in radiolabelling of specific myelin lipids. Two simultaneous processes were
proposed to account for this phenomenon: a) axon-myelin transfer of intact
lipids; b) biosynthesis of myelin lipids by myelin-localized enzymes utilizing
radiolabelled substrate originating in the axon (reutilization mechanism).

The subsequent investigations have demonstrated the metabolic dependence
of myelin on axon in the central nervous system not only in the period of active
myelinogenesis [19]. Axon-to-myelin transter of lipids and lipid precursors have
been studied by intraocular injection of [C]glycerol, [:H]glycerol and
[-PJorthophosphate into rabbits, approximately 43-46 and 57 days of age.
Choline and ethanolamine phosphoglycerides and myelin showed increasing
[-P]-radioactivity between the 7th and the 21st day following injection, while
[:HJ- and [14C]-radioactivities remained relatively constant. The latter
radioactivities decreased, however, in all the axon- and axolemma-enriched
fractions during the same period. These results supported the concept of axon-
myelin transfer of glycerol-labelled lipids during axonal transport. They showed
that inorganic phosphate, possibly generated by catabolic activity within the
axon, is able to enter myelin and participate in the reutilization mechanism
previously described for serine, choline and acyl chains. The relative invariance of
sH:14C ratio suggested that the majority of glycerol is not reutilized in this
manner but probably enters myelin through transfer of intact lipid.

The same two mechanisms were postulated to explain the axon-myelin
transfer of phospholipids in the peripheral nervous system [10,11]. The kinetics of
phospholipid constituents transferred from the axon to the myelin sheath were
studied in the oculomotor nerve and the ciliary ganglion of chicken after injection
with [:H]glycerol and methyl-[H] choline into the cerebral aqueduct.
Quantitative electron microscopic radioautography revealed that labelled lipids
were transported in the axons mainly associated with the smooth endoplasmic
reticulum. Simultaneously, the labelling of the myelin sheath was found in the
Schmidt-Lanterman clefts and the inner myelin layers. The outer Schwann cell
cytoplasm and the outer myelin layers contained some label with methyl-
[:H]choline, but virtually none with [:H]glycerol. Since [:H]glycerol incorporated
into phospholipids is practically not reutilised, the occurrence of label in myelin
results from a translocation of entire phospholipid molecules and from their
preferential insertion into Schmidt-Lantermann clefts. In this way, the axon-
myelin transfer of phospholipids contributes rapidly to the renewal of a limited
pool of phospholipids in the inner myelin layers. When methyl- [:H] choline was
used as precursor of phospholipids, the rapid appearance of the label in the inner
myelin layers was interpreted also as an axon-myelin transfer of labelled
phospholipids. However, the additional labelling of the outer Schwann cell
cytoplasm adjacent to Schmidt-Lantermann clefts and of outer myelin layers
reflects a local reincorporation of the bases released from the axon.

The studies on the axonal transport of ethanolamine glycerophospholipids
have demonstrated the preferential accumulation of transported ethnolamine
plasmalogen in myelin [s, 12]. Two-week-old chickens were injected into the



cerebral aqueduct with [1H] ethanolamine, a suitable precursor to label the two
classes of ethanolamine glycerophospholipids (diacyl-glycerophosphoethanol-
amine which corresponds to phosphatidyl ethanolamine, and alkenyl-
glycerophosphoethanolamine which corresponds to ethanolamine plasmalogen).
The axonally transported labelled lipids were identified by thin-layer
chromatography and located in cell structures by light and electron microscopic
autoradiography. The major part of axonally transported labelled lipids consisted
of phosphatidyl ethanolamine and ethanolamine plasmalogen. The data obtained
showed that axonal transport provides phosphatidyl ethanolamine to the
axolemma and membranous elements of nerve endings. Part of them could be
transferred from axon to myelin. In contrast, axonally transported ethanolamine
plasmalogen could be preferentially and massively transferred to myelin.

Alkenylacyl-glycerophosphoethanolamine (ethanolamine plasmalogen) ac-
counts for more than 30% of the phospholipid content in myelinated nerve fibre.
Approximately 80% of the ethanolamine phospholipids of myelin are in
plasmalogen form [22]. It was mentioned above that the neurons are the site of
most active synthesis of ethanolamine phospholipids.

From all data presented so far it is evident that the existence of cooperation
between the neurons and the myelin-forming glial cells for the production of
myelin phospholipids has already been proved. This fact is very important and it
should be borne in mind by the researchers of the processes of myelination and
remyelination. Since the production of phospholipids of the myelin membrane
requires the synthesis of part of them to take place in the neurons, then it is
obvious that compact myelin cannot be produced by the oligodendrocytes or by
the Schwann cells only. The results of all our comprehensive studies have shown
that active phospholipid synthesis is observed in the neurons during the period of
active myelination, i. e. when the compact myelin membrane is being formed. The
transformation of the glial plasma membrane into a compact myelin membrane
takes place through the incorporation of lipids and proteins during different
periods of myelinogenesis. The term “myelin membrane” is understood to mean
the compact myelin membrane which possesses the characteristic lipoprotein
composition of the mature myelin, which differs both from the composition of the
glial plasma membrane and from the loose myelin. The results of the studies on
the formation of the myelin membrane in cell cultures are in support of this view.

Podus1oetal [24] have observed the formation of membrane lamellae
adjacent to the cell soma from oligodendrocytes obtained from bovine brain after
their cultivation for 16 hours. When subcellular fractions were prepared from the
cells in culture, three membrane fractions were obtained: a glial light fraction, an
inermediate fraction that electron microscopically consists of whorls of
membrane lamellag, and a plasma membrane fraction consisting primarily of
small vesicles. In this way the authors were able to study the level of
incorporation of the different precursors of the lipids and proteins into the three
fractions. They have observed the highest level of incorporation for each lipid in
the light glial fraction, and lower but parallel levels of incorporation in the
membrane lamellae and plasma membrane fractions. Their incorporation study
has shown that initially the cerebrosides, phosphatidyl choline and probably
cholesterol were incorporated into these whorls of membrane lamellae. The
authors concluded that these whorls of membrane may be the precursors of
mature compact myelin.

Sarlieveetal [27] have also obtained multilayer membranous material
in dissociated cultures of mouse embryo brain, which they have called “myelin-
like or premyelin structures”.



The production of extensive myelin-like membranes by highly purified
oligodendrocytes in culture was demonstrated also in the study of Romeet al.
’25]. The formation of membranous material around a carbon fibre placed in
cultures of isolated oligodendrocytes has been observed [2]. After cultivation for
about four weeks, the whole fibre was enwrapped by the processes of the
oligodendrocytes. The sucrose gradient centrifugation of these cultures results in
the separation of a fraction composed electron microscopically of lamellae and
some unidentified debris. The authors also concluded that the membrane
fragments might resemble premature myelin.

However, there are some researchers of the myelin formation in cell cultures
[5]. who state that “cultured neonatal rat oligodendrocytes elaborate the myelin
membrane in the absence of neurons”. They isolated oligodendrocytes from the
brains of 24-hour-old rats, maintained them in culture and performed
transmission electron microscopic observations on 14- and 26-day-old cultures. In
the 26-day-old cultures they have established the existence of intracellular
membranes which were shown to be continuous with the oligodendrocyte
processes. These membranes tended to form multilaminar whorls and apparent
cylinders with “open” lumen. Some of these membranes were localized within
indentations of the cell membrane. They often exhibited the appearance of loose
myelin. The researchers have not studied the composition of the membranous
fraction, nor the synthetic activity of the oligodendrocytes. They do not rule out
the possibility of the existence of a small number of neurons in the cultures.
Besides, they have demonstrated the presence of a large amount of membranous
material in the cytoplasm of the oligodendrocytes, most of which is found to be in
various stages of degeneration.

The tubular myelin in the pulmonary alveoles is also known to possess
external features of the myelin membrane [31], as well as “myelin figures”
resulting from poor fixation of the lipids.

Knapp et al. [18] suggested that “axons may play a vital role in
orchestrating certain aspects of membrane production by oligodendrocytes.”
Evidence for this idea stems from both qualitative and quantitative differences
between oligodendrocytes in vivo and in vitro. They have maintained primary
cultures of neonatal mouse cerebra for up to 4 weeks in the absence of neurons.
Oligodendrocytes in these cultures pass through a sequence of cytoarchitectural
changes and antigen expression which “mimics” the differentiation of
oligodendrocytes in vivo. The majority of them elaborate large sheets of
membranous material from the tips and lengths of cell processes. These
membranous sheets, which contain galactocerebroside and myelin basic protein,
are reminiscent of unwrapped myelin profiles in vivo. They suggested that
oligodendrocyte shape and membrane production are in part regulated from
within the oligodendrocyte itself.

A role for neurons in regulating the production of myelin components is
suggested by the investigations showing that the appearance of galactocerebroside
and myelin basic protein are accelerated in neuron-rich embryonic cultures [4].

In conclusion, it can be pointed out that: 1) the hypothesis about neuronal-
glial interactions during production of myelin phospholipids, put froward for the
first time by us in 1966, has been successfully proved by studies on axonal lipid
transport; 2) the existence of neurons and glial cells is necessary for the formation
of a compact myelin membrane with the characteristic lipoprotein composition of
mature myelin.
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A revue concerning tissue culture methods and myelination in vitro is made on
the basis of our own results and of the other authors’ data. Different in vitro
systems are used for revealing the complex mechanisms of myelination:
organotypic, aggregated, dissociated cultures and cultures of bulk-isolated
myelinating cells. Myelinogenesis in vitro corresponds to this process in vivo with
respect to its morphological and biochemical parameters. The myelin marker
lipids, the proteins and the enzymes responsible for their synthesis, have an
ontogenetic profile and time-sequence which are similar to the described in vivo.
In this connection the tissue cultures provide a convenient system to study
factors regulating the cell interactions and expression of myejin components
during the myelinogenesis.

Key words-. CNS, myelination, tissue culture, cell markers.

The myelin membrane is a unique structure characteristic of the nervous
system which has definite morphological, biochemical, physiological and
immunological properties. The isolated myelin contains 70-85% of lipids
(cholesterol, phospholipids and galactolipids) and 15-30% of proteins [52]. About
50% of the total proteins are proteolipid proteins (PLP), including DM-20
proteins; 30-35% are myelin basic proteins (MBP); 5% are 2'-3'-CNP and 1%
are myelin-associated glycoproteins (MAG) [25]. The myelin sheath is formed
during ontogenesis as a result of a complex and multilateral process in the
nervous system — myelinogenesis — whose mechanisms have not been totally
clarified yet. The priority role in this process is attributed to the oligodendrocytes
in the central nervous system and to the Schwann cells in the peripheral nervous
system, but the interactions between the different elements in the nervous system
are rather complicated. The introduction of new methods and techniques filled in
many gaps concerning the mechanism of myelin-formation. Particularly
important in this respect was the introduction of tissue and cell cultures in
neurobiology. The importance of these systems is suggested by the fact that the
participation of the satellite Schwann cell in the formation of spirally wrapped
structures around the axons was demonstrated for the first time in cultures of
spinal ganglia [31].
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In vitro systems of myelination

Several methods can be applied, depending on the objectives of the study:

Organotypic cultures. Small organs (spinal ganglia) or tissue fragments,
about 1 mm: in size, are explanted on a collagen or polylysine substrate under
suitable conditions. The organotypic cultures are maintained in a medium with
serum, embryonal extract, glucose, etc., most often in Maximov’s assemblies at
temperature of about 34,5°C [16, 20, 21, 55]. The explants preserve their optimal
cell composition in the organotypic relations between the cells of which they
consist. The shortcoming of this method is that the cells are not clearly visualized
in a living state and selective access to them is not possible. The method is
suitable for morphological studies and for inducing demyelination [2, 13, 34].

Aggregated cultures. Using the tendency of the freely dispersed animal cells
in a liquid medium to migrate and form aggregates, M 0 s ¢ 0 n a [48, 49, 50]
introduced the method of aggregated cultures. Seeds [es] modified the method
by introducing eddy movement of the suspension with the aim of facilitating the
aggregation processes. The aggregates are obtained in the first 24 hours and can
be maintained under suitable conditions for up to several months. The
orientation of the cells in aggregates is not accidental. They tend to take a natural
position and orientation, characteristic of the histotypical organization of the
original tissue [79], and to establish definite contacts which are closest to the
contacts in vivo [69].

This system of cultivation is suitable for applying biochemical and
morphological methods in the studies of myelination (TEM and SEM) [42]. It
eliminates some of the shortcomings of the dissociated cultures: the cells occupy
more suitable positions, but preserve some of the disadvantages of the
organotypic cultures — difficult access for direct observation and manipulation.

Cultures of bulk-isolated myelinating cells. Methods have been proposed
recently for obtaining enriched fractions of oligodendrocytes which could be
preserved and investigated in vitro [28, 58, 59]. This system finds an ever wider
application for studying myelination by adding other cell types (e.g. neurons) to
the e[grli]ched fraction of oligodendrocytes and then using them for transplanta-
tion .

Dissociated cultures. The dissociation can be enzymatic or mechanical, using
nylon sieves or tubes with definite dimensions. The suspension obtained is
cultivated over substrate in flasks, at a temperature of 36-37°C and 95%
h5m6id]ity. The nutrient medium is chosen depending on the aims of the study [33,
42. 65].

The dissociated cultures have several advantages. This system is suitable for
performing biochemical investigation for which large quantities of material are
needed: there exists a possibility for direct observation of the cells and for
studying the metabolic parameters, as well as for obtaining enriched or pure cell
population.

When this culture system is used for investigating myelination in vitro, it is
necessary to observe the following requirements: the most suitable object for
dissociation should be the neonatal brain, because its cells are not yet
differentiated, more specifically definite brain areas whose composition is known;
obligatory identification of the isolated cell types should be made [46, 47].

Due to the big changes which the cells undergo in the processes of isolation
and cultivation, one cannot rely on the morphological characteristics only of a
concrete cell population. Specific immunological markers have been proposed,
'Ahich guarantee a reliable identification of the cells.
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It is necessary to take into account the fact that when dissociated cultures are
used, initially the neurons manifest a process of differentiation and then of
regression to the primitive state of neuroblasts. Moreover, it is possible that no
normal myelination would occur.

The main cell types in the composition of the nerve tissue — neurons,
oligodendrocytes and astrocytes — repeat along general lines in vitro the
morphological and metabolitic properties of the respective population, although
Cﬁrtain peculiarities may also be observed depending on the culture system
chosen.

Behaviour of CNS cells in culture

Neurons. An important condition for the normal development of the nerve cells
in an in vitro system for studying myelination is the choice of a suitable stage in
their development in the brain for isolation and explantation. The most suitable
period for culturing neurons of rodents (mice and rats) has been proved to be the
14th-15t-16th embryonal day [40, 65]. By wusing cell markers for the
neuroblasts and neurons, they can be identified even on the third day in vitro [37].
A number of specific markers have been proposed, the principal ones among
them being the antisera against concrete substances or receptors contained in the
nerve cells, only: 1) usage of antiserum against neurofibrils (NSF) [37] monoclonal
antibodies RT 97 has already been proposed; 2) identification of neuron-specific
enolase (NSE) [12, 40], considered to be an intracellular neuronal marker; 3)
identification of receptors against tetanus toxin [45]; 4) labelling of the body of
the neurons with antisynapsin I-antiserum, especially in the early terms [40]; 5)
labelling of the GABA-receptors with <H-muscimol, which is a specific label for
neurons, neuroblasts and neuronal processes [67]; &) determination of the
acetylcholinesterase activity during the later terms of cultivation [37].

Neurons develop an extensive network of neurites in vitro and form synaptic
contacts. The closest morphological similarity with definite neuronal types in vivo
is found in nerve cells cultivated in organotypic cultures. During the first week of
organotypic culture the neurons are differentiated and acquire the morphological
characteristics of those in vivo [20, 21]. They contain large light nuclei, well
developed endoplasmic reticulum, free ribosomes scattered in the cytoplasm and
multiple Golgi appartus. Numerous neurofibrils which pass into the processes are
demonstrated in the cytoplasm.

In spite of their poor mobility, neurons in monolayer cultures tend to group,
so that small cell aggregates can be seen in the first 24 hours. Processes begin to
grow, becoming longer with the increasing duration of the culture, the dendritic
network becomes denser and dendrite groups in bundles appear on the 15th day
in vitro [33]. The neurons are differentiated during the first and second week in
vitro [76], after which they tend to degenerate [s, 33, 42, 40, ss].

The metabolic activities of the nerve cells in vitro are still insufficiently
studied.

In organotypic culture from the central nervous system the glial cells are
localized either In the dense zone close to the neurons, or they migrate to the
growth zones where there are no nerve cells. Their numerous processes participate
together with the axons in the formation of the growth zone [20, 21, 36].

Astrocytes. In dissociated cultures of all cell elements of the nervous tissue,
the most frequent cell population obtained consists of astrocytes. Mechanical
isolation through a nylon sieve with a definite mesh size results in a cell
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suspension containing 95 per cent of the astrocytes. Their number increases
during the culturing [5], consisting of large flattened cells with branching fibrous
growths containing large light nuclei.

A characteristic feature of astrocytes is that they contain glial fibrillar acid
protein (GFAP) which is detected as early as during the first week in vitro and is
considered to be astroglial cell marker [46, 75]. Protein S-100 is also specific for
the astrocytes, but it remains at a low level (compared with its content in vivo)
throughout the entire culturing period [70]. The supporting and trophic function
of the astroglia has been recognized for a long time. There is still no clarity about
their participation in the process of myelinogenesis in the central nervous system.
It has been demonstrated, however, that the astrocytes are localized among the
neurons in cerbellum cultures on the 7th day in vitro, with numerous processes
prior to the myelination [38] among which the neurons are localized. A
description is also given of the process of fasciculation, which is associated with
myelinogenesis [83].

Oligodendrocytes. In organotypic culture the oligodendrocytes are localized
in the inner part of the explants. From the very first days of their cultivation they
migrate and participate together with the astrocytes in the formation of the
growth zone. The introduction of the methods of dissociated cultures resulted in
the discovery of new possibilities for detailed study of the morphological and
biochemical specificities of oligodendrocytes. Great difficulties are involved in
the obtaining and maintaining of pure oligodendrocyte cultures, therefore, until
recently the term “enriched” oligodendrocyte culture was used. On the basis of
some properties of the oligodendrocytes, Araceli Espinosa de los
Monterosetal [27] recently proposed a method for obtaining and for
maintaining a pure culture of metabolically active oligodendrocytes.

During the first days, in mixed cultures the oligodendrocytes lie over the
layer of astrocytes [70]. In pure cultures they are scattered over the surface of the
substrate, having long thin processes which exceed several times the diameter of
the cell body. In an in vitro system the vital oligodendrocytes manifest the same
specific features as in vivo. They are small cells, with dark nucleus and relatively
dense cytoplasm, and numerous branching processes. Under phase contrast the
cytoplasm is strongly granular [70]. Their ultrastructural pattern identifies them
as cells with relatively electron-dense cytoplasm, with many mitichondria and free
ribosomes having an electron-dense round nucleus and peripherally positioned
heterochromation [59].

Cell criteria have been established for identifying oligodendrocytes in tissue
and cell cultures, namely: 1) they have a positive response to the action of
antigalactocerebroside serum, considered to be a surface cell marker [61, 62]; 2)
the myelin basic protein (MBP) is considered to be an intracellular
oligodendrocyte marker [74, 83]; 3) the enzyme 2'3'-CNP is found to be a marker
for oligodendrocytes and for the myelin sheath [80, 87].

Both oligodendrocytes and neurons degenerate quickly in mixed cell culture
and after the second week in vitro they are replaced by fibrous astrocytes [70].

The principal function of oligodendrocytes in the central nervous system is
their participation in the formation and maintenance of the myelin sheaths.

CNS myelinogenesis in culture

Different in vitro systems have been used for revealing the complex mechanisms

of myelination. In organotypic culture myelinogenesis corresponds to this process

IZ% v%\io with respect to its morphological and biochemical parameters [15, 16,
.56].
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Growth cones are identified from the very first hours of the explanting [20,
21]. The proliferation and migration of glioblasts starts on the Ist-2nd day in
organotypic culture and around the 4th day in vitro in aggregated cerebellar
culture [42], being induced according to Wood and Bunge [82] by the
growing axons. The neurons end their differentiation before the beginning of
myelination in organothypic cultures — around the sth day in vitro, and slightly
later in dissociated cultures. The amount of ceramideglu-cosyltransferase in them
increases. This enzyme catalyses the formation of glucosylceramide a precursor of
the ganglioside synthesis, considered to be a marker of the neuronal
differentiation [42].

The onset of myelination depends, above all, on the brain area cultivated and
on the culture system chosen. In organotypic cultures myelination starts around
the 10th day [20, 73]. In dissociated and aggregated cultures the process of
myelinogenesis is delayed, starting around the 2nd-3rd week [63, 65, s].
Orientation of the glial cells along the nerve fibres is observed before the
visualization of the myelin sheaths [20]. Cell nests are formed in monolayer
culture [63], with filamenous surface and later with an uneven surface [se].

Most accurate data on the course of the synthesis processes during in vitro
myelination have been obtained by applying radioactive precursors of the myelin
components. Irrespective of certain variations resulting from the use of different
systems and conditions of culture, the myelin-associated marker lipids, the
proteins and the enzymes responsible for their synthesis, have an ontogenetic
profile which is similar to the one described in vivo. They appear exactly at
definite intervals and in a definite order, and perhaps the coordinating control is
performed by a common central cell source, i. e. probably by the oligodendrocytes
[ss], because this order is preserved in a purely oligodendrocyte culture as well,
although the quantities of the different components are smaller [63]. One cannot
rule out the influence of some neuronal factors on the myelinating
oligodendrocytes [s]. The cholesterol synthesis shows a manifold increase during
myelination, with a peak of deposition in organotypic culture from newborn
mouse cerebellum around the 15th day [57]. Galactolipids-cerebrosides and
sulphatides are barely identifiable around the 4th day in vitro, but they increase
considerably between the 20th and 30th day in vitro [17]. The peak in their
deposition coincides with the period of active myelinogenesis [39, 63, 72]. As
compared with cerebrosides, the sulphatides are synthesized and metabolized
more actively [s]. The data on the synthesis of the myelin lipid components
coincide with the data established in vivo for the respective animal species [22,43].

During the whole period of myelinogenesis, and especially during active
myelination, there is a strong activation of the enzymes included in the synthesis
of myelin lipids: galactosylceramide’ sulfotransferase (E.C. 2.8.2.11) and
ceramidegalactosyltransferase (E.C. 2.4.145) [42, 65, ss].

The main myelin proteins: myelin basic proteins (MBP), proteolipid proteins
(PLP) and myelin-associated glycoprotein (MAG), are synthesized in vitro
slightly later than the myelin lipids (about one week after the galactolipids) [25],
but they follow the order established in vivo.

MAG is a minor transmembrane glycoprotein of the myelin in the central
nervous system, which is limited to the periaxonal and noncompact areas of the
myelin sheath [78]. Applying immunocytochemical techniques, it has been found
that MAG appears in the oligodendrocytes later than MBP (on the 4th day in
vitro in mixed cultures of dog cerebellum) and is assumed to play a certain role in
the interactions between the action and the myelin-forming cells. Oligodendrocy-
tes express MAG, establishing a contact with the axon as one of the first steps of
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myelination, bofore the other components have been formed [901. These
assumptions were confirmed by the findingsof Dubois-Dalcqetal [25],
who have found galactolipid-positive cells in oligodendrocytic culture from the
brain of 16 to 17-day-old mouse embryos in the very first days, and MAG-
positive cells around the 5th-7th day. MAG is localized perinuclearly and it is
the first of the myelin proteins to be observed in the oligodendrocyte processes
around the 1oth day.

MBP is synthesized on the free ribosomes in the cytoplasm and in the
processes of the oligodendrocytes [64], being identified immunocytochemically in
myelinating oligodendrocytes, diffusely in the cytoplasm [74], and in the major
dense line of the myelin sheath [53].

During the first days the MBP content in rat fetal brain aggregated culture is
very low. After the 18th day their amount begins to increase — more than ten
times until the 40th day [41]. In dissociated cultures in the cytoplasm of the
oligodendrocytes MBP is seen during the first week [25], but only after the second
week all cells have a positive reaction to anti-i antiserum [63] and this antigen
is detected in the processses as well, i.e. one week after the first visualization in the
cytoplasm [25].

PLP, the major myelin proteins, are involved in the process of increasing the
density end stabilization of myelin. They are synthesized on membrane-bound
ribosomes, mainly in the oligodendrocytic cell body, becoming acylated after
passing through the Golgi apparatus and being incorporated in the myelin
membranes [77]. They are demonstrable immunocytochemically in the
myelinating cells 1-2 days after MBP [19], as well as in vivo. Maximum PLP
synthesis is observed several days later, as compared with MBP.

The enzyme 2'-3'-cyclic nucleotide phosphohydrolase, (EC 3.1.2.37),
which is specific for myelin, increases during the whole period of myelination,
\[/vhere its maximum activity coincides with the period of active myelinogenesis
42, 57].

The visualization of the myelin sheaths using different histochemical and
electron microscopic methods depends on the cultivation system and coincides
with the time of the deposition of myelin components in the sheath. It becomes
denser with time and acquires a compact lamellar structure, with alternation of
the major dense and intraperiod lines, as in the normal myelin [21].

The myelination process in organotypic cultures is completed towards the
end of the third week [20]. In aggregated and dissociated monolayer cultures it is
difficult to determine the exact terms, because a degeneration occurs in the
neurons and oligodendrocytes after 3-4 weeks in vitro [42, 65, es].

Many publications appeared recently on the formation of myelin membranes
in pure oligodendrocyte culture, in the absence of neurons [1, 18, 25, 60]. The
term “myelin-like” is most frequently used, because there is still no absolute
clarity on the degree to which these membranes correspond to the mature myelin
in vivo. They possess all components characteristic of the mature compact myelin,
but the correlation between them is rather different. The evidence about CNP is
contradictory [1, 60]. As compared to the proteins, the quantities of cerebrosides
and sulphatides are twice higher in the myelin-like fraction than in the compact
myelin [60]. The MBP synthesis is considerably delayed and reduced [1]. The
morphological picture of the myelin-like membranes does not correspond always
to that of the mature myelin. There often appear loosely wrapped lamellae,
without a clearly identifiable major dense and intraperiod lines, referred to as
“premature myelin” by Althaus et al. Many results indicate a similarity between
the myelin-like lamellae and the mature compact myelin (density, enzyme activity
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and lipids), but there are also distinct differences, mainly in the protein content,
and these membranes may be precursors to mature compact myelin [60].

There are still no exact data on the participation of the cell elements in the
synthesis of the myelin components and on their interaction during in vitro
myelinogenesis. Similar to the in vivo system, the priority is given to the
oligodendrocytes. There is no evidence about the direct participation of neurons
in this in vitro process. Little is known about the nature of the processes which
induce or regulate the changes in the oligodendrocytes, mainly with a view to
their proliferation and the onset of the synthesis of the myelin ‘components.
Direct cell contacts are found to influence some biochemical parameters of the
cell. Neuronal stimulation results in increased proliferation of the glial cells. The
molecular mechanisms involved in the cell proliferation have not been studied
yet, but it is assumed that the changes on the cell surface due to the “cell-cell”
contact influence this process of increased synthesis of cell proteins [80], although
it is not known to what extent these mechanisms are under genetic control.
Transferrin, which is considered to be a neurotrophic factor [4], is synthesized by
the oligodendrocytes and increases during myelination. It probably plays some
special role in this process, with a stimulating effect on the neurons [9]. Evidence
has been found recently about the stimulating influence of some growth factors
on the individual cell elements of the nerve tissue, although they are not yet
associated with the myelination process: nevertheless, they may influence its
course indirectly. A stimulating effect on the astrocytes is observed for EGF [81],
interleukin 1 [32], PDGF [35], AGF(A) and AGF(B) [56] and thrombin [54].
Oligodendrocytes are stimulated by the brain extract [23], FGF[8,26], IGFj [44].
The problem concerning the stimulating effect of some factors on neuroblasts and
neurons is least studied. The action of two factors has been proved for the time
being: of FGF(B) [29] and meningeal extract [30]. The unsuccessful attempts
connected with the isolation, survival and maturing of the neurons can explain
the fact that mature myelin sheaths are seldom formed in dissociated brain
cultures [83]. The role of the neuron in this process is probably much more active.
Zaprianova [es, 89] expressed a view about the existence of neuron-glia
interactions in the product of CNS myelin phospolipids in vivo. The stimulating
effect of the nerve cells in the proliferation of the glia, prior to the beginning of
visible myelination, has been proved [10, 11]. Another important factor
influencing the process of normal in vitro myelination is the obligatory presence
of astrocytes in the cultivation system. The beginning of myelination is preceded
by fasciculation of the glia, with the formation of bundles on which the mature
oligodendrocytes are localized, which have a positive reaction to antiserum
against galactocerebrosides [83]. The fasciculation results in the appearance of the
necessary micromedium which leads to extensive myelination [83]. No
fasciculation is observed in dissociated cultures in which the viable neurons are
few or lacking, whereas astrocytes with their processes form a continuous
network on which the oligodendrocytes are localized [70]. This fact clearly
demonstrates the influence of the neurons on this process. The signal for the onset
and for the discontinuation of myelination, and for the proliferation of
oligodendrocytes probably comes from the neuron, either directly or through the
axon, because myelination of all axons simultaneously is never observed and,
moreover, the division of the oligodendrocytes is also asynchronous [5, 73].

There exist data on the influence of the thyroid hormones on myelination.
The direct effect of 3'-triiodothyronin (Ts) on myelination, in its capacity of
monitor of the synthesis of some lipids closely connected with myelin, is
demonstrated by using an experimental model in which mixed cell cultures grow
in a medium containing serum of calves after thyroidectomy. Low degree of
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synthesis of sulphatides and CNP is observed in hypothyroid serum [s, 7, 71, ss]
which is restored to its normal level after addition of normal serum or of Ts. The
activity of the lipid sulphotransferases is disturbed by more than 30 per cent [¢]. A
dose-dependent effect is observed: the sulphatide synthesis increases with the
increase of the doses of Ts and T. (thyroxine). Ts (the active form of the
hormone) is 30 times more active than T.. It has been proved that the maximum
effect of the thyroid hormones on the expression of CNP and sulphatides is found
in the earlier cultures.

In vitro myelinogenesis can be delayed or totally inhibited by changing the
culture medium. Myelinogenesis is inhibited when antisera against components of
the central nervous system are added to the nutrient medium, e. g. antiserum
against the white matter of the brain [14], antiserum against galactolipids [84, 85],
and antiserum against gangliosides [84, 85]. The mechanisms of action of the
antisera on myelinogenesis are not yet known.

Although many studies have been devoted to the myelination in vivo and in
vitro, many problems connected with this process still remain unsolved.

1. It has not been completely clarified where the myelin components and
their precursors are synthesized, and what control of the synthesis is realized.

2. Which cell types participate in the synthesis of the myelin components and
what interactions exist between them?

3. What is the exact role of the neuron in the in vitro myelinogenesis?

4. What biologically active substances participate in the regulation of the cell
interactions during myelinogenesis?

5. What is the mechanism of action of the endogenous brain stimulators?

s. Which elements of the nerve tissue are influenced by the antiserum myelin-
inhibiting factors?

In this connection, the tissue culture provides a convenient system to study
factors regulating neuron-glia interaction and expression of myelin components
during myelinogenesis.
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Transplantations of olygodendrocytes in the CNS
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The intracerebral transplantation in the newborn mouse central nervous system
(CNS) is so far the only method allowing long-term investigations of identified
populations of olygodendrocytes in the very complex spatial environment on the
developing CNS in situ. This technique, coupled with immunohistochemical and
ultrastructural studies provides a dynamic system which allowed the autors to
study the myelination process in situ.

Key words: intracerebral transplantation, olygodendrocytes, myelination,
homochronic grafts, heterochronic grafts.

From the first studies on myelination, most often performed in man, it has
been clearly established that it does not proceed throughout the CNS at one and
the same time, but seems to follow in some way the caudo-rostral gradient of the
phylogenetic development of this system. The same gradient is observed in
rodents which for practical reasons have been widely used as models to study the
myelination process. In mouse, myelination starts at birth and is almost
completely achieved at P35, allowing the study of the entire process in a very
short period of time.

Three types of classical approaches have contributed to the knowledge of
glial cell maturation and myelination:

— First, the biochemical analysis of myelin components and the sequential
study of their deposition in the myelin sheath have been performed on normal
and dysmyelinating mutant mice and provided much information to aid our
understanding of myelin formation [3].

— More recently, the production of poly- or monoclonal antisera allowed
to detect in situ the presence and localization of specific antigenic components.
These immunohistochemical studies proved very fruitful in identifying the
sequential synthesis of these components in the myelin-forming cells and in
analysing their deposition during the myelin formation. Moreover, these
techniques have allowed to identify the myelin-forming cells early in development
[13] and to trace the different glial cell lines [1, 16, 17, 18].
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— At last, organotypic as well as dissociated brain cell cultures have been
widely used to study the neuroglial relationships. They are very useful in defining
the role of intrinsic factors regulating the differentiation and behaviour of
myelinating cells [4, 21, 22].

The Shiverer model

This type of work can only be carried out with a clear identification of the
implanted cells or their products in the host parenchyma. In order to identify the
transplanted oligodendrocytes or at least the myelin they form post-
transplantation, we have developed the “Shiverer model” using two phenotypical
traits of the Shiverer mutation of the mouse. The autosomal recessive mutation
Shiverer (shi) [14] has been identified to a deletion of five out of the seven axons
of the structural gene encoding of myelin basic protein (MBP) [19] in chr. 18 [20].
ld—lom)ozygotes are fertile but their lifespan is considerably reduced (90 to 150
ays).

Biochemical as well as immunohistochemical studies have previously shown
a total absence of MBP in the homozygote CNS [11, 5]. Thus, using an anti-MBP
antiserum it is possible to detect the presence of the myelin formed by
transplanted oligodendrocytes able to synthetize MBP [7, 12] (Fig. 1 a, b, c).
Moreover, this defect is correlated with an absence of the major dense line
(MDL), a reduced number of sheaths, and a defect of compaction of the myelin in
the homozygotes CNS [15] (Fig. 2 a, b).

Electron microscopy (EMI allows the identification of the normal myelin

‘hesized by the transplanted” oligodendrocytes. This myelin is well compacted
presents a well defined major dense line [s] (Fig. 1 b). Different types of
dinating cells (oligodendrocytes, Schwann cells) have been grafted under
arious conditions (fragments of CNS tissue, pellets of reaggregated cells) into

Shiverer mice CNS at different age. The examples discussed here will be limited to
results obtained after implantation of fragments of neural tissue form different
species into newborn shi/shi homozygote brains.

Grafting technique

The grafting technique used in all types of experiments has been extensively
described in previous papers [7, 12]. Briefly, tissue from defined regions of the
donor’s CNS are dissected out and placed in saline on ice. The meninges are
carefully removed and the tissues are cut up into 1 / 2 mms fragments. Then, the
fragments are rolled in charcoal used as a marker to localize the implant in the
host parenchyma. After cold anaesthesia, the receiver’s skull is incised with an
iridectomy scissor and one or several fragments are introduced into the host’s
brain using a thin glass pipet connected to a peristaltic micropump.

Homochronic grafts of normal mouse CNS tissue into the newborn
Shiverer CNS

Myelinating behaviour

In the first series of experiments, fragments of olfactory bulb from newborn
normal mice were implanted into the rostral thalamus of newborn shi/shi
homozygotes.
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The myelinating behaviour of the grafted oligodendrocytes was evaluated by
staining the M BP-positive myelin synthesized by these cells in the host mutant
brain. The immunodetection was performed by classical immunohistological
procedure on frozen sections of the CNS tissue of the host as described elsewhere
[7, 12]. Sagittal sections were cut at the level where charcoal indicated the
presence of the graft. The study was performed every 5 days from day 10th to day
30th after transplantation, and then at day 50th, 70th, 90th, 120th and 150th. In
these homochronic conditions (newborn transplant into newborn host brain)
normal oligodendrocytes were able to survive, migrate and synthesize MBP-
positive myelin in the host parenchyma (Fig. 1 c¢). Simultaneously, “Sham
experiments” were performed in which fragments of olfactory bulb from newborn
shi/shi homozygotes were injected into the brain of newborn shi/shi
homozygotes. In no case MBP-positive myelin was observed, whatever the age of
the examined animals [2, 7, s, 9, 12]. Chronological studies showed that the first
M BP-positive patches were observed from day 15th after implantation. The
amount of myelin formed and its dispersion in the host brain were maximum at
(Ij'?y 20-25th and did not increase or decrease after this time during the host’s
ifespan.

Distribution of the IB-positive myelin

In order to study the distribution of the M BP-positive myelin patches, semiserial
horizontal sections of the entire grafted brain were performed 50 to 150 days after
grafting [2]. This study showed that myelin patches were widely distributed
throughout the brain in both hemispheres and in the commissures. They were
generally isolated from each other and one could never reconstitute a continuum
of M BP-positive myelin from the region of the graft up to the more distant
patches. At last, whatever the extension and the dispersion of the patches, MBP-
positive fibers were always visible at the periphery of the graft. When
immunoreactive myelin segments were tightly aligned in the same fascicle, patches
appeared rather dense, but in no case were all axons in one fascicle wrapped by
normal myelin as proved by EM (Fig. 1 d).

Migration behaviour of the transplanted cells

The location of WP-positive patches at long distances from the site of grafting
suggests significant migration of transplanted cells. In several cases we found
M BP-positivity in the rostral spinal cord even when the graft was placed in the
thalamus [2]. In order to analyse the conditions of this migration, we designed
two types of experiments. First, in order to evaluate the influence of the cellular
environment, fragments of olfactory bulb were injected into different regions of
the CNS [9]. Second, fragments from different regions of the CNS (spinal cord,
cerebellum, roof of the lateral ventricle, olfactory bulb) were injected into the
rostral thalamus. We thus tried to determine: a) if a regional heterogeneity of the
oligodendrocyte population exists, and b) if privileged targets exist for
oligodendrocytes from defined anatomical regions [-].

In both types of experiments the transplanted oligodendrocytes were able to
survive, migrate and synthetise MBP-positive myelin after transplantation, and
no behavioural trait could be correlated with the origin of the graft (Fig. 3 a, b).
However, the migration appeared to be correlated in some way with the
anatomical environment. More precisely, the dispersion of the oligodendrocytes
was favoured by the proximity of large axonal pathways [2].
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Host-graft interactions

This study has been performed on shi / shi homozygotes implanted at birth with
fragments of olfactory bulb from normal mice.

The graft region was dissected and processed for EM, following standard
procedures [¢]. An ultrastructural examination of the graft showed an intensive
membrane activity between graft and host tissue from s to 15 days. A ring of cell
processes arising from all types of neural cells surrounded the graft. Cells from
both graft and host tissue contributed to the formation of this ring. Moreover,
isolated oligodendrocytes have been observed between the host and the graft,
suggesting that these cells are leaving the graft (Fig. 2 d).

Healthy astrocytes, oligodendrocytes and neurons could be observed in the
graft even 130 days after transplantation. At this stage the graft was surrounded
by gliotic astrocytes and isolated from the host tissue by a basal lamina. No sign
of acute rejection was observed.

Ultrastructural study of newly-formed myelin

The EM examination of the implanted region showed that in transverse sections
axons myelinated by normal oligodendrocytes were dispersed among bundles of
nonmyelinated axons or axons surrounded by Shiverer myelin. The normal
myelin, morp compacted and more electron-dense could be easily distinguished
from the Shiverer myelin (Fig. 2 d). Longitudinal sections showed that the same
axon might be myelinated by both types of myelin. In this case the node of
Ranvier seemed normal, although the number of oligodendroglial loops formed at
the node was greater on the normally myelinated side than on the abnormal side.

At higher magnification, the Shiverer myelin was typically noncompacted,
vl\\;IhSIE the normal myelin was thicker and presented a well-defined continuous

Because of the very extensive dispersion of the normal myelin patches
observed after transplantation, it was necessary to design a procedure allowing
the immunohistochemical prelocalization of the M BP-positive regions in the host
brain before their ultrastructural observation. We used in this case thick
vibratome sections (60[n). One of two sections wastreatedfor immunohistolocali-
zation of the M BP-positive patches and the corresponding region of the adjacent
section was dissected and prepared for classical EM [s].

After coloration with toluidine blue, the normal myelin which was thicker
and more contrasted, could be distinguished from the Shiverer myelin on semi-
thin sections. Their EM examination showed that they could be recognized
ultrastructurally as normal myelin and one similar to the myelin observed at short
distances from the graft. No sign of rejection (inflammatory reaction, reactive
gliosis) was observed in the vicinity of the normal myelin even 150 days after
implantation.

Heterochronic grafts: transplantation of human embryonic CNS
tissue into the newborn mouse brain

In order to investigate the chronological aspects of myelination, homochronic
transplantations — newborn into newborn — were carried out.

These studies demonstrate that the timing of myelination by transplanted
oligodendrocytes is similar whatever the origin of the graft and wherever the site
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of implantation. However, the first appearance of myelin is delayed (15 days after
transplantation), when compared with myelination in situ [io].

In order to demonstrate an inductive or modulating effect of the cell
environment on the differentiation and the myelinating behaviour of the
transplanted cells, we designed an experiment in which human embryonic CNS
tissues were grafted into the newborn shi / shi brain. Indeed, in man, according to
Yakovlev and L e c o ur s [23], myelination starts at £ 150 in the motor roots
of the spinal cord and at £ 180 in the brain itself. By contrast, it starts at E 20 and
is almost completely achieved at P 35 in the mouse. The timing of myelin
differentiation in these two species is so different that interspecies grafts may
provide a useful model to demonstrate the effect of environment on
oligodendrocyte differentiation.

The human MBP is cross-reactive with the antisera used in our homospecific
experiments, and the human myelin can be recognized by EM because of its high
degree of compaction and the presence of MDL. It was thus possible to study the
myelinating behaviour of the transplanted oligodendrocytes [10].

In a preliminary series, fragments of human embryonic CNS tissue from
different regions were grafted into newborn shi / shi rostral thalamus. Under these
conditions human oligodendrocytes from all parts of the CNS were able to
differentiate, migrate, and form M BP-positive myelin at distance from the graft.
The ultrastructural examination confirmed the normal phenotype of MBP-
positive myelinated fascicle. Transverse ultrathin sections through major fascicles
showed axons with normal myelin adjacent to axons with Shiverer myelin [10].

The chronological study of the MBP-positive myelin was performed on a
series of shi/shi brains implanted at birth with human embryonic CNS
(fragments of the roof of the lateral ventricles). Tissue from 6,10,17 and 18-week-
embryos was used for this study.

In these series, MBP-positive myelin was observed 20-30 days after
transplantation. Under these conditions human cell lines differentiated and
matured much more rapidly than in situ. These results showed a strong
modulating influence of the cell environment on the timing of differentiation of
the transplanted cells.

Conclusions

Intracerebral transplantations in the newborn mouse CNS is so far the only
method allowing a long-term study of identified populations of oligodendrocytes
in the very complex spatial environment of the developing CNS in situ.

The fact that normal (mouse or human) and Shiverer oligodendrocytes
compete to myelinate axons in the same fascicle suggests a recognition of similar
myelination signals in different species. This lends support to the use of this
model in the study of the behaviour of myelinating cells in vivo. This may be
especially true in the case of oligodendrocytes, which seem to be sensitive to the
biological environment for the expression of their sophisticated behaviour.

The long-distance dispersion of M BP-positive myelin patches attributed to
migratory behaviour of the transplanted oligodendrocytes after birth reflects their
usual behaviour. This can only be studied under in vivo conditions.

The study of the first appearance of MBP-positive myelin after
transplantation suggests a strict timing of myelin expression under these
conditions regardless of oligodendrocyte origin. Mouse and human implanted
oligodendrocytes express MBP 15 to 20 days after transplantation. This is very
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surprising in case of human oligodendrocytes which would not be expected to
myelinate for 10 weeks after transplantation. Therefore, there may be a strong
modulating effect of the host environment on the differentiation chronology of
grafted cells.
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Reactive recombination of myelin nervous fibres
In the process of normal myelination

(Hypothesis on the further development of myelination mechanism)

O. Sotnikov, V. Mayorov, O. Homy
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N. n. tibiales were investigated in 2 to 11-day-old rats, using electron microscopy.
All the main types of membrane junctions were found: serial desmosomal,
continuous, septate, gap and tight junctions. The junctions were both of glio-glial
and axonglial type. These types may be stages of a unified process of membrane
interaction. They are located in multiple loci and form intermediate dense myelin
line upon merging. Such junctions result from aggregation and retraction of outer
paramembrane electron-dense material. The same mechanism of inner surface
membrane coupling was observed in lamellopodies of lemmocytes. Thus, “inside-
out” local junctions were fomed. Merging of these junctions forms the main dense
line of myelin. Consequently, compact myelin, thus formed, should be considered
as a gigantic complex membrane junction.

Key words: myelination, ontogenesis, membrane junctions, myelin fibres.

At present there exist two groups of hypotheses trying to elucidate the
complex mechanism of myelin sheath formation. The first group supposes myelin
to be the product of lemmocyte membrane of the Schwann cell [3, 9]. The second
group of hypotheses was based on morpho-biochemical research. According to it,
in the process of myelin formation equally important part play both the neuron
and the gliocyte. Not only gliocyte but also neuron do participate in the
phospholipid and protein provision of the biogenesis of myelin sheath [, 2].
Both concepts presuppose the existence of certain intermembrane glio-glial or
glio-neuron interactions. In this respect, frequently desorbed findings of glio-
neuron and glio-glial intermembrane junctions are of special interest. The role of
intercellular junctions in ontogenetic development of many organs has been
known for a long time [16]. The part these junctions play in the process of
myelination seems to be significant. We consider this problem to be of particular
interest because our laboratory has shown the reactive nature of some glio-glial
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and glio-neural intercellular junctions. They appear in the period of increased
activity of the nervous system, during some changes in metabolism and upsetting
of homeostasis of intercellular liquid. As one of the main conditions of the
commencement of myelination is a certain signal coming from the axon to the
glial cell [s, 10,], myelination may be considered a reactive process, a response to
the axon signal followed by recombination of the glial membrane. It may well be
that this axon signal is not a special factor, but an ordinary primary impulse
activity of some developing nonmyelinized axons, connected with the release ol
potassium ions by the axon and their assimilation by the glial cell [4, 10]. This
study considers myelination as a reactive process accompanied by membrane
alteration and membrane junction formation.

Materials and methods

Our concepts are based on the study of the myelination process in Wistar breed
white rats aged from one to eleven days. The object of research was nervus
tibialis. The rats were decapitated, a fragment of the nerve was segregated and
fixed in 2,5% glutaraldehyde on phosphate buffer. Postfixation was then carried
out in 1 % solution of osmium tetraoxide. The substance was enclosed in araldite
and examined by means of transmission electron microscopy.

Results and discussion

Rats aged from 24 to 36 hours did not display any myelin nervous fibres (non-
myelin period). Around non-myelin axons several flat and broad cytoplasmic
processes of lemmocyte (windings) were formed. Forty-eight-hour-old rats
showed a few fibres with myelin sheath having sometimes up to s lamellae
(Fig. 1). In this period we succeeded in finding the first structures suggesting the
formation of Ranvier nodes and Schmidt-Lantermann clefts. That was the earl}
myelination period. It should be noted that transition from the first to the second
stage takes not days but hours.

The period of active myelination was registered in 5 to 11-day-old rats, greal
variations in the degree of myelination being observed. Some fibres already had a
developed structure of nodes and clefts and a thick myelin sheath of up to 30-4C
lamellae of myelin. Other fibres were in the incipient stages of myelination or did
not have myelin at all. At all stages of nerve fibre myelination there is a greal
number of membrane junctions. This suggests their sharing in the process ol
myelin sheath formation.

Just as it has been shown for gliocytes or the central nervous system, the non-
participating in myelinogenesis lemmocytes are, firstly, capable of forming all
known types of membrane junctions and, secondly, they do it in two differenl
ways. The first one represents a well-known junction between the outei
membrane surfaces (Fig. 2) of two adjacent lemmocytes or two adjacenl
cytoplasmic tongues of one and the same lemmocyte. We observed suet
junctions at all stages of myelination throughout the fibre. All types of junction!
are present: septate (sj), continuous (cj), gap (gj) and tight (tj) junction, as well as
others. At later stages, however, the number and size of tj and gj increases. This
happens probably as a result of gradual transformation of the various types ol
junctions into tj and their gradual fusion. As a result of fusion of adjacenl
junctions formed by their membrane outer surfaces, intermediate dense lines ol
myelin are formed. Such elongated junctions (lines) may form independently ol
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