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A B S T R A C T  

The development and structure of myelin sheaths have been studied in the optic nerves of 
rats and of Xenopus laevis tadpoles, l~oth potassium permanganate- and osmium-fixed ma- 
terial was examined with the electron microscope. In the first stage of myelinogenesis the 
nerve fibre is surrounded by a cell process which envelops it and forms a mesaxon. The 
mesaxon then elongates into a loose spiral from which the cytoplasm is later excluded, so 
that compact myelin is formed. This process is similar to myelinogenesis in the peripheral 
nervous system, ahhough in central fibres the cytoplasm on the outside of the myelin is 
confined in a tongue-like process to a fraction of the circumference, leaving the remainder 
of the sheath uncovered, so that contacts are possible between adjacent myelin sheaths. 
The structure of nodes in the central nervous system has been described and it is suggested 
that the oligodendrocytes may be the myelin-forming cells. 

I N T R O D U C T I O N  

Studies with polarised light (1), x-ray diffraction 
(2, 3), and electron microscopy (3, 4 6) have 
shown that, in both the central and peripheral 
nervous system, myelin is made up of regular 
concentric lamellae arranged around the en- 
closed axon. Geren (7) first suggested that in the 
peripheral nervous system these lamellae are ar- 
ranged in a spiral, formed from many turns of 
the Schwann cell membrane,  and this concept has 
been confirmed and extended by Robertson (6, 8, 
33). Since it is relevant to the following account, 
it will be advantageous to consider briefly how 
peripheral myelin is formed. Initially, a Schwann 
cell surrounds a length of nerve fibre and encloses 
it. When the axon is completely enclosed the outer 
surfaces of the membrane bounding the envelop- 
ing lips come into apposition, so that a double 
membrane,  termed the mesaxon (9), is formed. 
The mesaxon then elongates and forms a loose 
spiral around the enclosed axon. At this stage, 
Schwann cell cytoplasm is present between each 

of the turns of the mesaxon, but as the mesaxon 
elongates further the cytoplasm is eliminated so 
that the cytoplasmic surfaces of the membranes of 
adjacent turns come into contact, and a thick or 
maior dense line (6, 33) is formed by this apposi- 
tion. Compact  myelin results; and the major dense 
line, which separates the lamellae, alternates with 
the intraperiod line which is formed within the 
mesaxon where the external surfaces of the mem- 
brane come together. This arrangement is shown 
diagrammatically in Fig. 1 A. Schwann cell cyto- 
plasm persists on both the inside (Fig. 1 A, C1) and 
the outside (Fig. 1 A, Co) of the myelin lamellae 
and it is in the outer cytoplasm that the nucleus of 
the Schwann cell is found. The ends of the spiral 
persist as the inner (Fig. l A, Mi)  and outer (Fig. 
1 A, Ma) mesaxons. 

In their electron microscope studies on osmium- 
fixed material, Luse (10) using young rats and 
mice and De Robertis, Gerschenfeld, and Wald 
(11) using young cats and rats, suggest that cen- 
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tral myelin is formed in a different manne r  to 
peripheral  myelin. Luse (10) concludes that  within 
a length of central  myelin the lamellae are not  
produced by the elongation of a single membrane  
as within an internode in the peripheral  nervous 
system, but  by the plication of the membranes  of 
several glial cells, and, in part icular ,  those of the 
oligodendrocytes. Her  evidence is inconclusive and 
contrary to tha t  of De Robertis,  Gerschenfeld, and 

Wald (11), who, a l though they consider that  the 

oligodendrocytes form the m.gelin, pu t  forward 

the hypothesis tha t  the lamellae arise within the 

cytoplasm of these cells, which have a well de- 

veloped endoplasmic ret iculum. These theories 

imply the absence of both  a spiral and  an  internal  

mesaxon, a l though De Robertis,  Gerschenfeld,  
and  Wald (11) find tha t  internal  mesaxons are 
occasionally present. 

In  an  earlier electron microscope study based on 
potassium permangana te  fixed optic nerves and 
spinal cords from tadpoles of the toad Xenopus 
laevis Daudin,  the present au thor  (12) presented 
evidence against  the above theories. In these tad- 
poles the nwelin lamellae are a r ranged  in a spiral 

and internal  mesaxons are always present. Fur ther ,  

no discontinuities in the myelin lamellae have been 

observed, though these would be expected, at  least 

dur ing  the formation of the lamellae, if the mecha-  

nisms suggested by either Luse (10) or De Ro- 

bertis, Gershenfeld, and  Wald (11) are correct. 

! D 
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FIGURE IA FIGURE 1B 

Diagrams to show the structure of peripheral (Fig. I A) and central (Fig. I B) myelin shcaths. The 
cytoplasm of the axon, the Schwann cell (Fig. I A) and the myelin-forming glial cell (Fig. l B) is 
stippled. In both, cytoplasm (CI) lies internal to the first turn of the spiral which begins at the interna! 
mesaxon (,~¢j). The intraperiod line (l) arises within the internal mcsaxon, which is formed by apposi- 
tion between the external surfaces of the myclin-torming cell membrane. The major dense line re- 
suits (1)) from contact between the cytoplasmic surfaces of the same membrane. Both lines continue in a 
spiral and alternate throughout the thickness of the myelin sheath. In peripheral nerves (Fig. l A) 
a continuous layer of cytoplasm (C~) surrounds the myelin spiral, which terminates at the external 
mesaxon. In the central nervous system. (Fig l B) the outer cytoplasm is confined to a tongue so 
that the major dense line is the outermost line of the sheath, except in the region covered by the 
t o n g u e .  

These tigures arc reprinted from the following article: Peters A., J. Biophy~ic. and B*ochem. Cylo[., 
1960, 7, 121. 
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The  observed structure of the myelin sheaths in 
the central  nervous system of Xenopus tadpoles is 
in terpreted d iagrammat ica l ly  in Fig. 1 B, and  the 
basic difference from per ipheral  myelin (Fig. 1 A) 
lies in the a m o u n t  of cytoplasm present on the out- 
side of the sheath. In  central  myelin, tile outer  
cytoplasm (Fig. 1 B, Co) is confined to a tongue, 
which  varies in size, so tha t  in a very few cases it 
may be as extensive as tha t  of per ipheral  nerves, 
when  an  external  mesaxon (Fig. 1 A, M0) is pres- 
ent. However,  the tongue is usually small and  
because cytoplasm is absent  over most of the outer  
surface of the myelin, adjacent  sheaths come into 
contact .  Such contacts have not been recorded in 
the per ipheral  nervous system where the outer  
layer of cytoplasm always separates the sheaths. 

In  the present account  these observations have 
been extended to the optic nerves of young rats 
and  a study of the deve lopment  of the central  
myelin sheath has been made  in bo th  rats and  
Xenopus tadpoles. 

M A T E R I A L S  A N D  M E T H O D S  

The material used was the optic nerves of 18 day 
postnatal rats and of tadpoles of the toad Xenopus 
laevis Daudin. The tadpoles were between stages 
50 and 57 of Nieukoop and Faber (13). Small pieces 
of tissue were fixed at 0°C. in either (a) the potassium 
dichromate-osmium tetroxide mixture of Dalton 
(14) for 1 hour, or (b) the veronal acetate-osmium 
tetroxide mixture of Palade (15) for 1 hour, or (c) 
1 per cent potassium permanaganate (16) in 0.9 
per cent saline for 2 hours. After fixation, pieces of 
tissue were washed in l0 per cent alcohol and de- 
hydrated. The osmium-fixed material was then 
embedded in an 8:1 butyl-methyl methacrylate 
mixture and the potassium permanganate material 
in araldite, Sections were cut with glass knives on a 
Porter-Blum Servall  microtome, then mounted on 
carbon films and examined in a Metropolitan-Vickers 
EM 6, electron microscope. 

D E S C R I P T I O N  

In  the optic nerves examined,  myelin sheaths were 
still being formed, so tha t  many  early stages of 
myelinogenesis were present. As seen in the thin 
sections, the external  surfaces of sheaths are fre- 
quent ly in contact  wi th  those of adjacent  nerve 
fibres and  at  the same time they come into close 
proximity to the sur rounding  non-myel inated  
nerve fibres and  the glial cells (Figs, 2 and  3). 
There  are no nerve cells in the optic nerves and  
the majori ty  of glial cells arc oligodendrocytes. In  

the ra t  optic nerve there are large numbers  of 
these ceils a r ranged in columns which run  the 
length of the nerve, but  in the tadpole, the oligo- 
dendrocytes are relatively fewer and  appear  to be 
distr ibuted in a more r a n d o m  manner .  Astrocytes 
are less numerous  than  oligodendrocytes and  no 
microglia have been recognised in the tissue which 
has been examined.  

Identif icat ion of the different varieties of glial 
cells has been based on the work of Fa rquha r  and 
H a r t m a n n  (17) and  Schuhz,  Mayna rd ,  and  
Pease (18), the difference between these cells being 
relatively well defined in osmium-fixed mater ia l  
(Fig. 3), The  oligodendrocyte nucleus has c lumped 
ehromat in  (Fig. 3, ONu) and the cytoplasm, in 
which the endoplasmic re t iculum is well developed 
(Fig. 3, OC), stains darker  than  tha t  of ei ther the 
astrocytes (Fig. 3, AC, AC,) or the sur rounding 
nerve fibres (Fig. 3, N and  NN). The  darker  
staining of the cytoplasm is more marked  after 
t r ea tmen t  wi th  Dal ton 's  fixative (Fig. 14) than  
after Palade 's  fixative (Fig. 3). In  direct  com- 
parison to the oligodendrocytes, the astrocytes 
have a darker  nucleus in which the dis t r ibut ion of 
the chromat in  is more homogeneous (Fig. 3, ANu). 
Thei r  cytoplasm is lightly stained (Fig. 3, AC and 
AC,) ra ther  like tha t  of the nerve fibres, and  has 
a very poorly developed endoplasmic ret iculum. 
Both types of cell send out  processes between the 
sur rounding nerve fibres, bu t  while those of the 
oligodendrocytes can be traced for only short  
distances, the astrocyte processes are long (Fig. 
2, 3 and  15, AC and AC1) and frequently come 
close to the processes of other  astrocytes (Fig. 3, 
AC and AC~). In mater ia l  fixed in potassium per- 
mangana te ,  these differences between the cells 
are less marked,  since only the membranes  are 
stained appreciably.  However,  the oligodendro- 
cytes can again be identified by the well developed 
endoplasmic re t iculum (Fig. 2, OC), the astro- 
cytes having a cytoplasm which is relatively de- 
void of inclusions other  than  mitochondria .  

The  process of myelin formation in the tadpole 
and  the ra t  is so similar tha t  the following descrip- 
tion applies equally well to bo th  animals. 

The  first stage in myelinat ion is one in which  a 
nerve fibre is enclosed by a process of the myelin- 
forming cell, and  an early phase in this enclosure 
is shown in Fig. 4. Here a nerve fibre (N) is par- 
tially surrounded by the cell process (P), the cyto- 

plasm of which contains more vesicles and  is 

stained ra ther  darker  than  that  of the enclosed 
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(N) and ac[jacent nerve fibres (N,, N.~, Na). A 
slightly later stage in which a nerve fibre has been 
fur ther  enclosed is seen in Fig. 5. This is f iom a 
permanganate-f ixed block of tissue and shows the 
nerve fibre (N) almost completely engulfed by the 
process (P), a l though its lips (arrows) have not 
yet come together. When  the lips of the process 
meet  they become apposed (Fig. 6) and  form a 
mesaxon (M). This mesaxon then elongates in a 
spiral m a n n e r  around the enclosed nerve fibre. 
Two stages in the elongation are shown in Figs. 
7 and  8. In Fig. 7 the mesaxon (M) describes half 
a turn a round the nerve fibre (N) and  in this 
osmium-fixed section it will again be observed 
that  the cytoplasm of the process (P) is distinct 
fi'om that  of the enclosed axon (N) and surround-  
ing non-myel inated nerve fibres (A:b N,.,, and Na) 
in tha t  it contains many  more vesicles. In Fig. 8 
the mesaxon (M) has completed two-thirds of a 
turn  a round  the nerve fibre (A:). 

Dur ing  these prel iminary phases, the external  
surfaces of the cell membrane  come into contact  
within the mesaxon (Fig. 8) to form the intra-  
period line, so tha t  no appreciable gaps exist be- 
tween the membranes  (Fig. 7). Since cytoplasm is 
present between the turns, the spiral is loose, but  
usually by the time 3 or 4 turns have been pro- 
duced, most of the cytoplasm has been excluded. 
This results in apposit ion of cytoplasmic surfaces 
of the spiralled membrane ,  so tha t  compact  myelin 
is formed. Apposit ion of the cytoplasmic surface 
leads to the formation of the major  dense line, 

which in compact  myelin al ternates  with the intra-  
period line arising within the mesaxon (6, 12) 

Three  early stages with compact  myelin arc 
shown in Figs. 5, 6, and 9. The  nerve fibre in Fig. 
9 is from a tadpole optic nerve (fixed in veronal-  
acetate OsO4) and  here, most of the cytoplasm 
between the turns has disappeared so that  compact  
myelin is present th roughout  the sheath in which 
only 2 or 3 lamellae exist. In such osmium-fixed 
mater ial  only the major  dense line is consistently 
visible; the intraperiod line may show faintly, but  
usually it is not visible. Both lines are more com- 
pletely visible after potassium permangana te  fixa- 
tion, and two fibres fixed by this means are shown 
in Figs. 5 and 6. In Fig. 6 cytoplasm is still present 
between the turns at  x~ and  x..,, and  as expected, 
it is the major  dense line that  is in ter rupted by 
this cytoplasm. However, in Fig. 5 the gaps z t 
and z2 are produced by separation of the external 
surfaces of the membrane ,  so tha t  the breaks have 
been produced in the intraperiod line. When  the 
sheath is thicker, such gaps are usually absent  
(Figs. 14 and  15), but  when cytoplasm intervenes 
it is found most fi 'eqnently between the outermost  
lainellae. As described previously (12), the intra-  
period and  maior  dense lines al ternate within the 
sheath, and  while the major  dense line terminates  
(Fig. 5, D) as the surfaces of the membranes  sepa- 
rate to enclose the cytoplasm of the tongue ( 7 )  
the intraperiod line (Fig. 5, I)  ends where the 
membrane  of the tongue diverges from the sur- 
face of the sheath (Fig. 5, S). 

FIGURE 

Micrograph cf a transverse section through a pcrmanganate-lixcd optic nerve fl'om 
an 18-day postnatal rat. The nerve is made up of both non-myelinated and myelinated 
nerve tibres and frequent contacts occur hetween adjacent myelin sheaths. An 
oligodendrocyte is present within the ficld and its nucleus (ON,,) is surrounded by a 
cytoplasm (OC) in which the endoplasmic reticulum is well developed. At the bottom 
of the figure is an astrocyte process (AC). X 4,800. 

FIGVRE 3 

Transverse section of a Palade-tixed optic nerxc from a stage 51 tadpole. The large 
oligodendrocyte nucleus (ON,~) has clumped chromatin and is surrounded by a darkly 
stained cytop|asm (OC) in which the endoplasmic rcticulum is well developed. In 
contrast, the chromatin of the astrocyte nucleus (AN,,) is more homogeneous and the 
nucleus is stained darker. The cytoplasm (AC) of the astrocyte contains very few in- 
clusions and comes into close proximity with a process (ACI) from another astrocyte. 
The cytoplasm of tills process, which extends to the top of the inicrograph, contains 
rather more inclusions, but is easily distinguished fi'om the cytoplasm of the 
oligodendrocyte (OC). Surrounding the glial cells arc both myelinated (N) and non- 
myelinated (NN) nerve tihres. X 6,800. 
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Infrequently,  cytoplasm is retained after many  
turns of the spiral have been completed and such 
a loose spiral is shown in Fig. 10. In this spiral, 
which has 6 turns, cytoplasm is present between 
all turns except in one small region (X) where 
the membranes  have come together to form com- 
pact myelin. However,  this may be a section 
through a node, for here cytoplasm would also be 

present between the turns. 
Al though cytoplasm is excluded from between 

the turns of the spiral dur ing  the formation of 
compact  myelin, it is retained to varying degrees 
on both  the inside and the outside of the sheath. 
Usually cytoplasm is present between the first 
turn  of the mesaxon and the membrane  ensheath-  
ing the axon, but  occasionally it may either extend 
to par t  of the first turn of the spiral (Fig. 5), or be 
el iminated in places between the axon and  the 
inside of the sheath (Fig. 6, F). The  amount  of 
cytoplasm on the outside of the sheath is very 
variable,  so tha t  the size of the tongue differs from 
sheath to sheath (Figs. 5, (5, 14, and 15), but  
usually the tongue is quite small, part icularly in 
the more mature  sheaths. However,  in rare in- 
stances cytoplasm persists a round the entire sheath, 
when an  external  mesaxon, such as occurs in 
per ipheral  fibres, is present. In  this latter situa- 
tion, which  seems to occur invar iably in the 
peripheral  nervous system, the outer  cytoplasm 
(Fig. 1 A, Co) mainta ins  a separation of adjacent  

sheaths. 
The  general lack of cytoplasm on the external  

surfaces of the sheaths in the central  nervous sys- 

tem allows adjacent  sheaths to come into contact  
(Figs. 2, 5, and  15). Similar contacts may also 
occur between sheaths and  tongues (12), as well 
as sheaths and  the external  surfaces of cell processes 
surrounding axons which have not  yet myel inated 
(Figs. 5 and  6, C). In  all these situations, where 
the external  surfaces of membranes  of myelin- 
forming cells come together,  an  in t raper iod line 

is produced. 
Both this and the previous study (12) have 

shown the similarity in the structure of per ipheral  
and central  sheaths, the essential difference being 
the amoun t  of cytoplasm on the outside of the 
sheath. The  similarity is further  emphasised by 
the structure of the nodes in the central  nervous 
system (Figs. 11 to 13). The  nodes shown here 
are from the optic nerve of an 18-day postnatal  
rat,  so tha t  they are at a relatively early stage of 
development.  At a node, two segments of myelin 
terminate ,  leaving a bare  length of nerve fibre 
which comes into close proximity to the surround-  
ing non-myel inated nerve fibres and glial cell 
processes (Figs. 11 and 12). The  nerve fibres 
show no special features in the nodal  region, 
a l though mi tochondr ia  (Figs. 11 to 13, M)  are 
often present in the axoplasm near the terminal  
par t  of the sheath. 

The  terminat ion of a length  of myelin is ac- 
complished by the lamellae of the sheath ending 
in a helix, so tha t  the sheath gradually becomes 
th inner  (Figs. I I to 13). In this terminal  helix, the 
lamellae separate along the major  dense lines 
(Fig. 13, arrows) and the double membranes  con- 

Fn~IJRE 4 

An early stage in myelination taken fl'om a Palade-fixed optic nerve of a stage 51 
tadpole. The nerve fibre (N) is partially surrounded by a cell process (P) the cyto- 
plasm of which contains more vesicles and is more darkly stained than that of the 
enclosed axon (N) and surrounding non-myelinated nerve fibres (N1, N2, and Na). 
The process extends as far as the arrows. X 74,000. 

FIGURE 5 

Transverse section of part of an optic nerve of an 18-day postnatal rat fixed in potassium 
permanganate. The nerve fibre (Nj) has a myelin sheath of 4 lamellae in which there 
are gaps (zl and ze) where the intraperiod line is interrupted. The major dense line 
of the sheath terminates (D) where the membranes of the spiral separate to enclosed 
the cytoplasm of thc tongue (T). The intraperiod line (I) ends where the inner mem- 
brane of the tongue turns away (,S') from the outside of the sheath. At the bottom of 
the micrograph is a smaller nerve fibre (N) which is surrounded by a cell process (P) 
whose lips (arrows) have not met to form a mesaxon. This cell process (P) is in contact 
with the sheath of the upper tibre and an intraperiod line (C) is present at the point 
of contact. X 120,000. 
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taining the intraperiod lines (mesaxons, Figs. 12 

and 13, Z) turn inwards towards the axolemma. 
When they reach the axolemma the individual 
membranes of the pairs separate, each to turn on 
itself and enclose a part of the cytoplasmic helix. 
Thus, the membranes form a tunnel which is filled 
with cytoplasm containing numerous round or 
oval profiles. Longitudinal sections through the 

helix of the cytoplasm give the appearance of a 

series of pockets of cytoplasm (Figs. 11 to 13, C) 
lying between the myelin sheath and the nerve 
fibre. This expanded end of the spiraled sheath is 
wrapped around the nerve fibre in a tight coil, 

approaching the axolemma on its internal surface, 
in which each turn is sandwiched between the 

previous and succeeding turns. Sometimes the 
membranes bounding the cytoplasmic helix on its 
inside appear to come into contact with the 
axolemma (Fig. 13, A1), but in other cases 
(Fig. 12) a well defined gap is present. Int imate 
contact between the axolemma and the Schwann 

cell menrbrane has been described at peripheral 

nodes by Robertson (27). 
As the double membranes  pass towards the 

axon, the angle that they make with the axolemma 
varies from node to node, but, in general, the 
innermost membranes come off at an oblique 

angle so that in longitudinal sections the pockets 
of cytoplasm are flattened between the axon and 

the sheath (Figs. 11 and 12). However, as the 
helix progresses towards the node, the diameter  of 
the sheath increases while that of the nerve fibre 
decreases, so that the spiral tunnel widens. Thus. 
the middle pairs of membranes come off the sheath 

almost at right angles, but they begin to tilt again 
in the juxtaterminal  region as the myelin sheath 
constricts and the nerve fibre bulges out into the 
nodal region, where the sheath is absent. 

The type of glial cell that forms the myelin 
sheath in the central nervous system has not been 

determined. The choice appears to lie between the 
oligodendrocytes and the astrocytes, since in these 

young optic nerves no microglial cells have been 
identified. As pointed out previously (12), nuclei 
have not been found in the tongues on the outside 
of the sheath, so that it is unlikely that the nucleus 
of the myelin-forming cell is situated in the outer 
cytoplasm (Fig. 1 A, C~b), immediately adjacent 

to the sheath as it is in peripheral nerves. It seems 
most probable that a myelin sheath in the central 
nervous system is formed by cell processes at some 
distance from the cell body, although no such con- 
nections between cell bodies and any point of the 
sheaths have been found. Identification of the 

FIGVRE (} 

Transverse section of part of a permanganate-fixed optic nerve from an 18-day post- 
natal rat. The nerve fibre (N) is surrounded by a cell process (P) which has formed a 
mesaxon (M). The process (P) is in contact (C) with the outside of the sheath of an 
adjacent nerve fibre (N~). This sheath is thin and in two places (Xl and X2) the lamellae 
are separated by cytoplasm, so that the major dense line is interrupted. The intraperiod 
line, which begins in the internal mesaxon (M~), terminates where the membrane 
surrounding the tongue (T) turns away from the outside of the sheath (arrow). At 
Y the cytoplasm has been eliminated between the ncrve fibre and the inside of the 
myelin sheath. X 120,0(X), 

FIGVRE 7 

Micrograph of a stage in myelinogenesis in which the mesaxon (M) produced by the 
cell process (P) has completed half a turn around the nerve fibre (N). The cytoplasm 
of the cell process (P) contains more vesicles and is stained somewhat darker than the 
axoplasm of surrounding non-myelinated nerve fibres (NI, N~, and N:~). This is part 
of a transverse section of a Palade-fixed optic nerve from a stage 51 tadpole. X {i4,()()0. 

FIGURE 8 

A slightly later stage in myelinogenesis than Fig. 6. This nerve fibre is from the po- 
tassium permanganate-fixed optic nerve of an 18-day postnatal rat. The mesaxon 
(M) produced by the apposition of the external surfaces of the membrane of the cell 
process (P) has completed two-thirds of a turn around the enclosed nerve fibre (N). 
X 100,000. 
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myelin-forming glial cells must  depend therefore 
on indirect  evidence. 

Examina t ion  of mater ial  fixed in potassium 
permangana te  throws little l ight on this problem, 
since only membranes  are well displayed. How- 
ever, a survey of a large n u m b e r  of sheaths and of 
processes at  various stages of myelin formation,  
indicates that ,  on the whole, the cytoplasm of the 
myelin-forming cell has a bet ter  developed endo- 
plasmic re t iculum than tha t  of the axons (see 
Figs. 5, 6, and  10). More  information is available 
from the osmium-fixed material ,  for here cyto- 
plasmic inclusions as well as membranes  are 
stained. F rom this mater ia l  it is evident  tha t  at  
all stages of myelin formation (Figs. 4, 7, 9, 14, 
and 15) the cytoplasm of the myelin-forming cell 
usually stains darker  and  contains more vesicles 
than  that  of the nerve fibres or astrocytes. The  
difference between the tongue and astrocyte cyto- 
plasm is clear in Fig. 15 where the astrocyte 
process (AC) is stained l ighter and  contains fewer 
inclusions than  that  of the tongue (7") on the out- 
side of the sheath surrounding the nerve fibre 
(N). The  astrocyte cytoplasm is very similar to 
tha t  of the sur rounding nerve fibres. If the cyto- 
plasm of a tongue is compared  with tha t  of an  
ol igodendrocyte there is more similarity. This  is 
best seen in Fig. 14, where the cytoplasm in the 
tongue (T)  of the nerve fibre (N) can be com- 
pared  wi th  tha t  of the oligodendrocyte (Ol) at 

the bo t tom of the photograph.  On  the basis of 
this indirect  evidence it appears likely tha t  the 
format ion of myelin can be a t t r ibuted  to the 

oligodendrocytes ra ther  than  to the astrocytes. 

D I S C U S S I O N  

The  process by which myelin is formed in the 
central  nervous system, as shown here in the optic 
nerve, is similar to tha t  described in the per ipheral  
nervous system (6, 7, 33), a l though minor  dif- 
ferences occur. In bo th  cases, the first step in 
myelinogenesis is one in which  the nerve fibre is 
sur rounded by the myelin-forming cell. In the 
per ipheral  nervous system (19, 90) each Schwann 
cell may surround a n u m b e r  of nerve fibres initi- 
ally, so tha t  in a section of a developing nerve, a 
Schwann cell may be seen at  the centre of a group 
of nerve fibres, each of which is embedded  in its 
cytoplasm. However,  before a mesaxon is formed 
the n u m b e r  of Schwann cells increases, so tha t  
each contains only one myel inat ing nerve fibre. 
In  the central  nervous system the a r r angemen t  is 
somewhat  different, for at  any stage of myelino- 
genesis never more than one nerve fibre has been 
found embedded  in a myelin-forming cell process. 
At present, the significance of this is not clear, 
because the myelin-forming cells have not been 
identified, a l though indirect  evidence suggests 
that  they may be the oligodendrocytes. However,  

FImJRE !) 

An early myelinated nerve fibre from a Palade-fixed stage 5l, tadpole optic nerve. 
The nerve fibre (N) has a thin myelin sheath composed of three or four lamellae. The 
internal mesaxon (M) and the tongue (T) are indicated. The tongue (7"1) from the 
sheath of an adjacent nerve fibre (N1) is also shown. X 43,000. 

FIGURE ]0 

A nerve fibre (N) surrounded by a loosely spiralled mesaxon. Cytoplasm is present 
between all the turns of the spiral except in the region x, where a small area of com- 
pact myelin has been formed. The tongue (T) is quite large and its cytoplasm contains 
vesicles, lg-day postnatal rat optic nerve, fixed in permanganate. X 50,000. 

FIGURE l l  

A longitudinal section through a permanganate-fixed optic nerve from an 18-day 
postnatal rat. A node is shown at which two adjacent lengths of myelin terminate. 
At the node, the nerve fibre (N), which contains mitochondria (M), is naked and 
comes into close proximity to a glial cell (G). As the spiraled lamellae of myelin turn 
inwards from the inside of the sheath, the individual membranes of the lameUae sepa- 
rate and turn back on themselves to enclose part of the cytoplasmic helix (C) derived 
fi'om the myelin-forming cell. X 21,000. 
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no nuclei have been located in the tongues within 
the immedia te  vicinity of the sheath, as they are 
in the per ipheral  nervous system, so tha t  the dis- 
position of the myelin-forming cells must  certainly 
be different from that  of the per ipheral  nervous 
system where the nuclei of the Schwann cells are 
encountered within the outer  cytoplasm. In the 
optic nerve of the rat,  for example, the glial cells 
are a r ranged in columns between which run  
bundles of nerve fibres completely devoid of nuclei. 
Therefore on structural  grounds alone it is proba-  
ble tha t  the nucleus-containing body of the 
myelin-forming cell is some distance from the site 
where the myelin is formed. This  a r rangement  
could account  for both the absence of nuclei 
within the tongues as well as the failure to find 
connections between tongues and  glial cells, since 
the thin sections so essential to electron microscopy 
would tend to preclude the possibility of obta ining 
the whole length of a connect ion in one section. 

The  cytoplasm of the myelin-forming processes 
is akin to tha t  of the oligodendrocytes, bu t  differs 
from the astrocyte cytoplasm, which suggests that  
the former may be responsible for the formation 
of myelin. Other  evidence to suggest tha t  the 
oligodendrocytes may give rise to the myelin is the 
preponderance  of these cells in the optic nerve. 
In addit ion,  the oligodendrocytcs have a well 
developed endoplasmic reticulum, which is con- 
sistent with  an  active metabolism, such as would 
occur dur ing  the sythesis of cell membranes  neces- 
sary for the formation of myelin. The  results of 
other workers have not  clarified this problem 
which has been deba ted  unsuccessfully by neurolo- 
gists and histologists for many  years. Both astro- 
cytes and oligodendrocytes (21, 22) have both  
been held responsible and the formation of myelin 
has even been a t t r ibuted to the axons them- 
selves (23). 

The  later stages in myelinogenesis are similar 
in the peripheral  and central  nervous system. In  
both,  tile mesaxon, formed by contact  between 
the lips of tha t  par t  of the cells which engulfs the 
nerve fibre, elongates in a loose spiral, in which 
the cytoplasmic surfaces of the membranes  are 
held apar t  by the cytoplasm of the myelin-forming 
cell. Later,  cytoplasm is el iminated from between 
the turns so tha t  the cytoplasmic surfaces of the 
membranes  come into contact  to form the major  
dense line. In the peripheral  nervous system 
Schwann cell cytoplasm completely covers the 
internal  and external  surfaces of the spiral myelin 
sheath, bu t  in the central  nervous system the cyto- 
plasm is much  less extensive, so that  a l though it 
forms a complete internal  layer, externally it is 
confined to a tongue, which covers only a fraction 
of the outside. This  structure of central  sheaths 
which was first described in Xenopus tadpoles (12), 
has in the present study been confirmed in the 
optic nerve of the rat. 

The  structure of the nodes of Ranvier  in the 
per ipheral  nervous system has been described by 
U z m a n  and  Noguei ra-Graf  (24), Rober tson 
(25-27) and Engst rom and Wersall (28). How- 
ever, there has been no previous information about  
the structure of central  nodes, a l though on the 
basis of light microscopy their  presence has been 
recorded by a number  of workers (29, 30). Elec- 
tron microscope photographs  of nodes have been 
published recently by Gray (31), but  unfortu-  
nately these are not clear enough for a detailed 
analysis of their s tructure to be made. The  present 
study shows that  the nodes resemble those of the 
per ipheral  nervous system, a fact which serves to 
re-emphasise the similarity between the sheaths. 
In both  cases the sheath terminates as the spiralled 
lamellae turn off from the inside to enclose a helix 
of cytoplasm derived from the myelin-forming cell. 

FmURES l~ and 1.3 

Sections of nodes from the permanganate-fixed optic nerve of an 18-day postnatal 
rat. At a node the spiraly arranged lamellae of myelin turn off from the inside of the 
sheath which becomes progressively thinner. The lamellae separate along the major 
dense lines (Fig. 13 arrows) and form pairs of membranes (Z) analogous to mesaxons. 
The individual membranes of each pair separate as they reach the axolemma (Al) 
and enclose the helix of cytoplasm (C) in which there are vesicles. When the mem- 
branes meet the axolemrna, they either come into contact with it (Fig. 13) or remain 
separate (Fig. 12). Near the termination of the sheath, mitnchondria (M) are usually 
found within the nerve fibre (N) which at the node itself is naked and comes into close 
proximity to adjacent cell processes and non-myelinated nerve fibres. Fig. 12, X 33,000. 
Fig. 13, X 75,000. 
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T h i s  s t ruc tu re  is very  charac te r i s t ic .  I t  s hou ld  be 

po in t ed  o u t  t ha t  the  hel ix  of  c y t o p l a s m  p re sen t  a t  

the  node  is c o n t i n u o u s  w i t h  the  c y t o p l a s m  on  b o t h  

the  inside and  the  ou ts ide  of  the  shea th .  T h e  on ly  

o the r  p lace  whe re  such  a c o n t i n u i t y  a p p e a r s  to 

exist  is a t  the  S c h m i d t - L a n t e r m a n  clefts (32) in 

w h i c h  the  l ame l l ae  are  s e p a r a t e d  by a s h e a r i n g  

defect ,  b u t  w h e t h e r  or  no t  these  clefts are  p re sen t  

d u r i n g  life a p p e a r s  to be u n c e r t a i n .  I n  the  re- 

m a i n d e r  of  the  s h e a t h  the  l ame l l ae  a re  in  such  

close c o n t a c t  t h a t  the  possibi l i ty  of  c o n t i n u i t y  of  

c y t o p l a s m  is p rec luded .  

O n e  fea ture  in w h i c h  these y o u n g  cen t ra l  nodes  

differ f rom m a t u r e  pe r i phe ra l  nodes  is re la ted  to 

the  bare  pa r t  of  the  ne rve  fibre. I n  b o t h  cases  the  

noda l  fibre is comp l e t e l y  free of  mye l in ,  b u t  in  

m a t u r e  pe r i phe ra l  ne rves  the  fibre is no t  u n -  

covered ,  for as R o b e r t s o n  (27) has  shown ,  it is 

s u r r o u n d e d  by a "co l l a r  of  m i n u t e  f inger- l ike 

processes of  the  two S c h w a n n  cells ."  T h e s e  

processes are  de r ived  f rom the  ou t e r  cy top l a smic  

process  a n d  m a y  serve  to isolate the  bare  ne rve  

fibre f r om s u r r o u n d i n g  nerves .  I n  the  cen t r a l  

ne rvous  sys tem,  where  the  ou t e r  c y t o p l a s m  is con-  

f ined to a t ongue ,  the  noda l  ne rve  fibre f r om a n  

18-day pos t na t a l  r a t  op t ic  ne rve  h a s  no such  

cover ing ,  so t h a t  it  is in close p r o x i m i t y  to the  

s u r r o u n d i n g  ne rve  fibres a n d  glial cells. W h e t h e r  

this  s i t ua t i on  persis ts  in the  m o r e  m a t u r e  mye l i -  

n a t e d  ne rves  has  no t  ye t  b e e n  inves t iga ted .  

I wish to thank  Professor G. J .  R o m a n e s  tbr his 
interest dur ing  the  course of this work, Mr.  G. 
Wilson for his skilful ma i n t enance  of the electron 

microscope, which is on loan f rom the Wel lcome 
Trus t ,  and  Mr.  H. Tul ly  for his able technical  
assistance. T h e  Xen@us tadpoles were kindly provided 
by Dr. B. Hobson.  

A D D E N D U M  

Since the manuscr ip t  of this paper  was submi t ted  for 
publicat ion,  the investigation of M a t u r a n a  into the  
s t ructure  of the optic nerves of various A n u r a  has 
appeared  (J. Biophysic. and Biochem. Cytol., 1960, 7, 
107). This  work was publ ished alongside tha t  of the 
present  au thor  (,L Bioph~sic. and Biochem. Cvto[., 1960, 
7, 121) in which the s t ructure  of the myelin sheaths  
in the  optic nerve and  spinal cord of tadpole of a 
toad, Xenopus laez,is Daud in  was considered. T h e  
interpretat ion of the s t ructure  of  the myelin sheaths  
is the  same in bo th  cases. M a t u r a n a  also discussed the 
s t ructure  of nodes in the optic nerves of anu rans  and  
the  results f rom the present  work are in complete  
agreement  with his findings. 

R E F E I t E N C E S  

1. SCHMIDT, W. J. ,  Z. wissench. Mikr., 19'.¢7, 5 t ,  
159. 

2. SGtlMITT, F. (). ,  and  BEAR, R. S., BioL Rev.. 
1939, 14, 27. 

3. FERNXNDEz-MoRXN, H.,  and  F1NEAN, J .  B., 
J. Biopl~ysiv. and Biochem. Cylol., 1957, 3, 
725. 

4. FERNXNDEz-MoRC.N, H.,  Exp. Cell Research, 1950, 
1, 143. 

5. FERNXNDEZ-MOR~,N, H.,  Exp. Cell Research, 1952, 
3 , 283 .  

6. ROBERTSON, J. D., J. Biophysic. and Biochem. 
Cytol., 1958, 4, 349. 

FIGURE 14 

Micrograph  from the Dalton-t ixcd optic nerve of a stage 51 tadpole.  O n e  entire sheath  
and  parts of three others are shown. In  these osmium-f ixed sheaths  only the major  
dense lines are visible and  in the sheath  of one fibre (N) the major  dense line (D) can 
be seen to te rmina te  at the tongue (T)  on the outside of the sheath.  Note the  similarity 
between the cytoplasm of the tongue (7") and  tha t  of the ol igodendrocyte (Ol) at the  
bo t tom of the  photograph .  X 43,000. 

FIGUI~E 15 

Micrograph  of a myel ina ted  nerve fibre f rom the Palade-fixed optic nerve of a stage 
51 tadpole.  T he  sheath  of the  nerve fibre (N) is in contact  with  tha t  of another  fibre. 
Only  the major  dense line is visible within the  sheath  and  this te rminates  at the tongue 
(T).  Non-mye l ina ted  nerve fibres are ad jacent  to the sheaths  and  at thc  bo t tom left 
hand  corner of the micrograph  is an astrocytc process (AC). Note the  difference between 
the cytoplasm of this process and  tha t  of the  tongue (7") the  cy toplasm of which is 
more  akin to tha t  of the  ol igodcndrocytc in Fig. 14. X 75,000. 

444 THE JOURNAL OF BIOPHYSICAL AND BIOCHEMICAL CYTOLOGY • VOLUME ~ 1960 



PETERS Myelin Sheaths in Central Nervo~s System 445 



7. GFREN, B. B., Exp. (;ell Re.search, 1954, 7, 558. 
8. ROBERTSON, J. D., Ultrastructure and cellular 

chemistry of neural tissue, in Progress in 
Neurobiology, (H. Waelsch, editor), New 
York, Hoeber-Harper, 1957, 2, 1. 

9. GASSER, H. S., Cold @ring Harbor @rap. Quant. 
Biol., 1952, 17, 32. 

10. LUSE, S. A., J. Biopt~ysic. and Biochem. Cytol., 
1956, 2, 777. 

11. DE ROBERTIS, E., GERSCIIENFELD, H. M., and 
WALD, F. J., Biopt(~sic. and Biochem. Cytol., 
1958, 4, 651. 

19. PETERS, A., J. Biopltysic. and Biochem. Cytol., 
1960, 7, 121. 

13. NIEUKOOP, P. D., and FABER, J., Normal Tables 
of Xenopus laev, is (Daudin), Amsterdam, North 
Holland Publishing Co., 1956. 

14. DALTON, A. J., Anat. Bec., 1955, 121, 281. 
15. PALADE, G. E., J. Exp. Med., 1952, 95, 285. 
l(i. LUFT, J. H., J. Biophysic. and Biochem. Cytol., 

1956, 2, 799. 
17, FARQUHAR, M. G., and HARTMANN, F, J., 

.l. Neuropath. and Exp. Neurol., 1956, 16, 18. 
18. SCHULTZ, R. L., MAYNARD, E. A., and PEASE, 

D. C., Am. J. Anat., 1957, 100, 369. 

19. PETERS, A., and MUIR, A. R., Quart. J. Exp. 
Physiol., 1959, 44, 117. 

20. PETERS, A., 1959, data to be published. 
21, DEL RIO HORTEGO, P., Arch. Histol. Norm. Path., 

1942, I, 5. 
22. ALPERS, B. J., and HAYMAKER, W., Brain, 

1934, 57, 195. 
23. H1LD, W., Z. Zellforsch., 1957, ,t6, 71. 
24. UZMAN, B. G., and NOGUEIRA-GRAF, G., J .  

Biopkysic. and Biochem. C)tol., 1957, 3, 589. 
25. ROgERTSON, J. D., J. Physiol., 1957, 135, 56P. 
26. ROBERTSON, J. D., J .  Physiol., 1957, 137, 8P. 
27. ROBERTSON, J. D., Z. Zellforsch., 1959, 50, 553. 
28. ENOSTRO~, H., and WFRSALL, J.,  Exp. Cell 

Research, 1958, I$, 414. 
29. ALHSON, A. C., and FEINDEL, W. H., Nature, 

1949, 16'1, 449. 
30. HESS, A., and YOUNG, J. Z., Proc. Roy, Soc. 

London, Series B, 1952, 140, 301. 
31. GRAY, E. G., J. Anat., 1959, 93, 420. 
32. ROBERTSON, J. D., J. Biopbysic. and Biochem. 

Cytol., 1958, 4, '.:;9. 
33. ROBERTSON, J. D., J. Riophysic. and Biochem. 

Cytol., 1955, I, 271. 

4:~6 THE JOURNAL OF BIOPHYSICAL AND BIO(HEMICAL CYTOLOGY • VOLUME 8~ 1960 


