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The work of Young (1) on the anatomy of the squid nervous system revealed the 
existence of giant nerve fibers suitable for exploring the fundamental mechanisms of 
nerve function. Geren and Schmitt (2) made the first electron microscopic observa- 
tions of these fibers. Our  work has been concerned with the study of the functional 
organization of these giant nerve fibers (3-6). 

The present paper deals with three different problems: (a) the general structure 
in the different species of squid used, (b) the nature of the pathways located in the 
Schwann cell layer, and (c) the structure of the axolemma. 

G E N E R A L  S T R U C T U R E  

Three species of squid have been examined with the electron microscope. They are 
Dorytheutis plei and Sepioteuthis sepioidea from the Caribbean Sea and Dosidicus gigas 
from the Pacific Ocean. 

The giant nerve fiber of the first stellar nerve presents an axon 200-500/~ in diam- 
eter in the tropical species, and about 800-1200 ~ in diameter in D. gigas. In this 
latter species, as previously described for the other species (3-5), the axoplasm con- 
sists of bundles of filaments 50-70 A thick and, scattered among them, rows of smooth 
membranous vesicles and some large cisterns of the endoplasmic reticulum. Mito- 
chondria appear in concentrations of about 40 per 100/~2 at the peripheral axoplasm, 
and about 30 per 100 /~ in deeper regions. They are elongated bodies, 0.2-0.4 
thick, with their major axes, up to 3 # long orientated longitudinally. About 25 % 
of the most peripherally situated mitochondria are rounded and have diameters over 
0.4 ~. 

The Schwann cell layer of the giant nerve fiber is formed by several Schwann 
cells arranged in a single row around the axon (Fig. 1 a). Each Schwann cell is 0.2- 
0.8 /~ thick in the squid D. pM (3), while in the S. sepioidea and D. gigas it is about 
1.5-6 ~ in thickness. In the latter species, the cytoplasm of the Schwann cell, especially 
in the perinuclear region, contains numerous membranous vesicles. The nucleus does 
not differ in aspect from the other squid species studied (3). 

The Schwann layer is crossed by tortuous channels which represent intercellular 
spaces between two neighbor cells or between two processes of the same cell (6). A 
thick basement membrane, about 0.2 /~ in thickness, covers the external surface of 
the Schwann cells, and, especially in S. sepioidea and D. gigas, deeply invaginates 
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these outer surfaces. In  the tropical species studied, the basement membrane  consists 
of a homogenous,  medium dense material, while in the D. gigas, the membrane  is 
formed by 200-A thick fibrils grouped in tight bundles, parallel to the Schwann cell 
surface, in the inner region of the basement membrane  (Fig. 2). At  the outer region 
the fibrils are loosely intermingled. In  each of the three species examined, there 
exists, outside the basement membrane,  a zone 0.3-0.8 # thick, where islets of a 
homogenous,  dense material are observed, as well as some collagen fibrils. This zone 
separates the basement membrane  from the alternated layers of connective tissue 
cells and fibrils forming the endoneurium. 

Farther  out  of the endoneur ium lie bundles of small nerve fibers which could be 
classified according to their size and glial relationship as follows. (a) A type with 
axons 1.5-10 ~ in diameter,  usually ensheathed by only one Schwann cell (Fig. 1 b, 
and Fig. 4). However,  two or three Schwann cells have been observed sometimes 
surrounding the largest fibers of this type. (b) A second type corresponds to small 
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FIGURE 1. Scheme representing the 
four different types of nerve fibers 
found in the stellar nerve of the squid. 
At a, the giant fiber with the axon 
surrounded by several Schwann cells. 
At b, the medium-sized fiber with the 
axon, 1.5-10 # in diameter, en- 
sheathed by one Schwann cell. At c, 
the small fibers with several axons, 
0.5-1 /z in diameter, surrounded by 
one Schwann cell. At d, the minute 
fibers with bundles of axons, less than 
0.5 /z in diameter, ensheathed by one 
Schwann cell. 

fibers 0.5-1 ~ in diameter, grouped in bundles enveloped by only one Schwann cell 
(Fig. 1 c). Each  fiber is separated from its neighbors by glial cytoplasm. This pat tern 
is similar to that  of the vertebrate unmyelinated fibers (7). (c) Finally, the last type 
is represented by minute fibers, less than 0.5 ~ in diameter, forming large bundles 
ensheathed by one Schwann cell (Fig. 1 d and Fig. 3). In  each bundle, the axons are 
apposed membrane  to membrane  without  intervening glial cytoplasm. This arrange- 
ment  is similar to the one described in the olfactory nerve (8). The  basement mem- 
brane covering the Schwann cell of the three types of small fibers is about  150-300 A 
thick. 

N A T U R E  O F  T H E  P A T H W A Y S  L O C A T E D  IN  T H E  
S C H W A N N  C E L L  L A Y E R  

To study the permeabili ty of the pathways crossing the Schwann cell layer, we inves- 
tigated, with the aid of the electron microscope, the diffusion of an electron-opaque 
substance (9). These pathways are the mesaxon gaps in the small nerve fibers and 



FIGURE 2. Electron micrograph of the D. gigas giant fiber. Cross-section showing part 
of the axon (A), the Schwann cell layer (SC) crossed by channels (Ch) and covered at the 
outer surface bv the basement membrane (BM). A fibrous dense material forms the 
basement membrane and appears loosely intermingled with connective tissue fibrils 
towards the layered endoneurium (E). OsO4-fixed, Epon-embedded material. 
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the Schwann- layer  channels  in the g iant  nerve fiber. Artif icial  sea wate r  con ta in ing  
thor ium dioxide ( thorotrast)  was used as incuba t ing  medium.  

Act ion  potent ials  elicited by electr ical  s t imula t ion  were recorded before and  after 
1 hr  incubat ion.  T h a t  the electron microscope examina t ion  demons t ra ted  p inocytot ic  
vesicles in the Schwann cells and  axons also accounts for a sign of vi tal  act iv i ty  dur ing  
the incubat ion  (Fig. 3). In  the small  nerve fibers the concent ra t ion  of tho r ium par t i -  

FIGURE 3. Electron micrograph of D. plei stellar nerve showing the diffusion of thorium 
dioxide in the minute fibers. Thorium dioxide particles are observed in high concen- 
tration in the endoneurium (E) and appear bound to some dense material. Particles 
are also observed in the mesaxon gaps (arrows) and distributed in the spaces separating 
the axolemma of neighbor axons (A). Pinocytotic vesicles (P) containing thorium dioxide 
are seen in the Schwann cell cytoplasm (SC). OsO4-fixed, Epon-embedded material. 

cles was high at  the endoneur ium,  mesaxon gaps, and  a x o n - S c h w a n n  cell space 
(Figs. 3 and  4). O n  the other  hand,  in the g iant  nerve fiber, in spite of the high con- 
cen t ra t ion  of part icles observed at  the endoneur ium,  their  concent ra t ion  in the base- 
men t  m e m b r a n e  was low and  only few of the smallest  part icles were observed in the 
channel  l umina  and along the axon Schwann cell space (Fig. 5). These  results gave 
d i rec t  evidences on the pe rmeab i l i ty  of the pa thways  crossing the Schwann cell layer  
and  of the space sur rounding  the axo lemma  (9). S imilar  results were la ter  repor ted  
by Baker  (10) in c rab  nerve. 



FIOURE 4. Electron micrograph of D. plei stellar nerve showing the diffusion of t ho r ium 
dioxide in the medium-sized fibers. Notice the h igh concent ra t ion  of t ho r ium micelles 
bound  to the endoneur ia l  (E) dense mater ia l  and in the mesaxon gaps (MG). Particles 
are also observed in the space separat ing the axon (A) from its Schwann  cell (SC) and 
housed in pinocytotic vesicles (P) in the Schwann  cell cytoplasm. A th in  basement  mem- 
b rane  (BM) lines the Schwann  cell outer  surface. Same mater ia l  as in Fig. 2. 
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FIOURE 5. Electron micrograph of D. plei stellar nerve showing the diffusion of thorium 
dioxide in the giant fiber. Micelles of different sizes are observed in the endoneurium 
(E) while in the basement membrane (BM) practically disappear. A few particles of the 
smallest diameters are observed at the Schwann cell outer surface, channel (Ch) lumina 
and reaching the space between the axon (A) and the Schwann cell (SC). Insert is a 
blow-up of the area in the rectangle. Same material as in preceding figure. 
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T h e  low concentra t ion  of thor ium dioxide part icles found in the basement  mem-  
brane  and  channels of the giant  nerve fiber, m a y  be considered an  indica t ion  ei ther  
tha t  the basement  m e m b r a n e  is a bar r ie r  for the tho r ium part icles or tha t  they are 
t r apped  in the endoneur ium.  The  thor ium part icles appea r  clustered in the endo-  
neur ium,  jux taposed  to dense patches of ext racel lu lar  mater ia l ;  the clear  zones among  
those patches are devoid of thor ium particles. 

FIOURE 6. D. Plei giant fiber treated with hyaluronidase prior to the incubation in 
thorotrast. The basement membrane (BM) shows a granular appearance instead of the 
homogeneous one. Clear areas (arrows) are observed near the Schwann cell plasma 
membrane. The channel lumina (Ch) and axon-Schwann cell space present a low 
electron opacity. At the endoneurium (E) only scant, isolated particles of thorium 
dioxide are observed (circles). A, axon; SC, Schwann cell. OsO4-fixed, Epon-embedded 
material. 

Pr ior  t r ea tment  of the nerve fibers wi th  hya luronidase  (50 U / m l )  dur ing  1 hr, 
demons t ra ted  that  the basement  m e m b r a n e  had  lost its homogene i ty  and a p p e a r e d  
to have been formed instead by a finely granular ,  dense mate r ia l  scat tered on a clear  
background  (Fig. 6). Low e lec t ron-opaque  areas separa ted  the fine, g ranu la r  mater ia l  
f rom the Schwann cell p lasma membrane .  The  channel  l umina  and  a x o n - S c h w a n n  
cell space presented also low electron opacity.  When  live hya luron idase- t rea ted  
nerve fibers were incuba ted  in the sea wate r  conta in ing tho r ium dioxide,  the electron 
microscope examina t ion  revealed tha t  ent ry  of part icles into the Schwann cell chan-  
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nels and  per iaxona l  space d iminished and tha t  the tho r ium micelles r emained  main ly  
in the endoneur ium,  far ther  outside the basement  m e m b r a n e  than  in the un t r ea t ed  
nerve fibers (Fig. 6). Revel  (11) has demons t ra ted  tha t  acid  polysacchar ides  b ind  
col loidal  thor ium.  In  addi t ion,  the pene t ra t ion  of mann i to l  in D. plei giant  axons 
also decreases when the tissue is t rea ted  with  hya luronidase  (unpubl ished data) .  

These results led us to s tudy the polysacchar ides  in the squid nerve fiber. T h e  

FIGURES 7 and 8. D. plei giant fibers treated with periodic acid-thiosemicarbazide- 
osmic acid (Seligman et al. method) before embedment for demonstrating mucopoly- 
saccharides. Fig. 7 corresponds to a 200/z giant axon while Fig. 8 corresponds to a 400 
/z giant axon. Basement membranes (BM) show a positive reaction and also the material 
deposited in the endoneurium (E). Notice that this dense material is more abundant in 
the larger fiber than in the smaller one. A, axon; SC, Schwann cells. 

me thod  of Sel igman et al. (12) was used at  first. I t  consists of a his tochemical  react ion 
for demons t ra t ing  a ldehydic  groups l ibera ted  f rom the polysacchar ides  by the peri-  
odic acid;  the free a ldehyde  groups are  then combined  wi th  th iosemicarbaz ide  or 
th ioca rbohydrazyde  to form a compound  which  selectively binds osmium tetroxide.  
This  compound  appears  a t  the electron microscope as a mater ia l  of h igh electron 
opacity.  

Two  groups of nerve fibers of squid D. plei, one group with  d iameters  of abou t  
200 ~ and  the other  wi th  d iameters  of abou t  400 #, were s tudied after the t r ea tment  
wi th  the Sel igman method  per formed in block, before embedding ,  or in fine sections 
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after embedding.  Some damage  of the structure due to the na ture  of the me thod  
was observed. However ,  the preservat ion was sufficient to demons t ra te  and  locate 
positive mate r ia l  in the channel  lumina  and  a x o n - S c h w a n n  cell space (Fig. 9). This  
fact  was more evident  in the nerve fibers t rea ted  after embedd ing  (Fig. 10). T h e  

FIGURE 9. High-magnification electron micrograph of a channel (Ch) of the Schwann- 
cell layer of a giant fiber treated as stated in the preceding figures. Notice the positive 
reaction of the material filling the channel lumen. BM, basement membrane. 
FIGURE 10. Electron micrograph of a smaller giant fiber of D. plei fixed in glutaralde- 
hyde and embedded in Epon. The Seligman et al. method, as said for the preceding 
figures, was performed in fine sections. The nonstainability of the membranes, in this 
case, shows distinctively the positive material contained in the channel lumina (Ch) and 
axon-Schwann cell space. A, axon; SC, Schwann cell; BM, basement membrane; E, 
endoneurium. 

basement  m e m b r a n e  was also positive and more  dense in the fibers wi th  larger  
d iameters  than  in the smaller  ones (Figs. 7 and  8). Dark  areas of positive mate r ia l  
were also observed outside the basement  membrane .  These da rk  areas are  more  
numerous  and  of higher  densi ty in the large fibers than  in the small nerve fibers 
(Figs. 7 and 8). 

T h e  silver n i t r a t e -hexame thy l ene t e t r amine  method  (13) was also used for observing 
the macromolecules  laying outside the p lasma membranes  of the squid g iant  nerve 



FICURES 1 1--14. High-magnification electron micrographs of boundary between giant 
axon (A) and Schwann cell (SC). Schwann cell plasma membrane, channel wall (Ch), 
and axolemma (Ax) show three-layered continuous pattern and areas with septa placed 
among external and internal dense zones of membrane (double-stemmed arrows). In 
some regions (Fig. 14) favorable orientation of section permits easy identification of 
globular units in septated regions. Cytoplasmic densities (arrows), closely apposed to 
internal dense zone of axolemma are observed spaced along membrane. OsO4-fixed, 
Epon-embedded material. 
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fibers. The  results show that  only the basement  m e m b r a n e  is highly positive. This 
positivity turns negative in the control reaction performed without  periodic acid. 

T H E  S T R U C T U R E  O F  T H E  A X O L E M M A  

The  axolemma, or plasma membrane  of the axon, measures 85-105 A across and  

presents the three-layered pat tern  that  characterizes cell membranes  as observed 

FIGURE 15. Giant fiber incubated during 15 min with 4 mM sodium lauryl sulfate. 
The boundary between the axon (A) and the Schwann cell is occupied by a group of 
membranous bubbles. 
FIGURE 16. Electron micrograph of the same material as in Fig. 15 showing part of 
the axon (A), Schwann cell (SC), and basement membrane (BM) of a giant fiber. The 
axolemma (Ax) is replaced by a myelin-like sheath while the Schwann cell plasma 
membrane (Scm) does not show the same alteration. 
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with the electron microscope. The internal dense zone of the membrane, which is 
directly apposed to the axoplasm, is thicker than the external dense zone. In addition, 
local thickenings attached to the internal dense zone and almost regularly spaced 
along the membrane have been observed in the three species of squid studied (Figs. 
11 and 12). These thickenings measure 400-800 A in length by 50-90 A across and 
remain in the nerves treated with hyaluronidase. The local thickenings resemble the 
so-called postsynaptic densities (14, 15) which has been assumed to be the point of 
transmission. Elfvin (16), Andres (17), and Peters (18) have shown cytoplasmic 
densities close to the axolemma in the Ranvier nodes of the peripheral and central 
nervous system and have related these densities to the permeability of the membrane 
at those points (16), to areas of activity (18), or to diffusion barriers (17). Sabatini, 

FIGURE 17. Axoplasm of a giant axon treated during 4 rain with 4 mg sodium lauryl 
sulfate. Mitochondrial (m) alterations consist of myelin-like sheath (My) replacing zones 
of the outer membrane, and dense, round depots associated with the inner membrane 
and remnants of cristae. 

Di Polo, and Villegas I have shown in the axolemma, areas of ATPase activity with 
the aid of histochemical techniques. These areas are spaced along the membrane. 
The local thickenings of the axolemma observed in the giant nerve fiber and the 
local regions of ATPase activity suggest that only certain areas of the membrane 
are able to accomplish specific functions. 

In the last 5 yr several reports tend to demonstrate a closely packed micellar 
arrangement for the so-called unit membrane (19-21). In high-resolution electron 
micrographs, membranes appear to be formed by globular components separated 
by dense septa. On this basis Sj6strand (22) has proposed a globular arrangement 
of the lipid micelles which form the membranes of the mitochondria and smooth 
cytoplasmic membranes. The protein chains would cover the surface of the micelles 
and prevent them from fusing into a continuous layer. Green and Perdue (27) have 

1 Sabatini, M. T., R. Di Polo, and R. Villegas. ATPase activity in the membranes of the squid nerve 
fiber. Submitted for publication. 
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also proposed that the membrane structure is formed by systems of lipoprotein- 
repeating units, each membrane having its own specific repeating unit  regarding 
shape or size. The arrangement of lipid rnicelles found in model systems (23, 24) is 
compatible with the existence of water-filled pores in the membrane (25, 26). 

The electron microscope examination of the squid nerve fibers shown in the present 
work demonstrates the existence of septa across the clear central zone of the plasma 
membranes of both the axon and the Schwann cell (Fig. 13). Globular units, 60-70 
A in diameter, were distinguished between the septa (Fig. 14). These septa occur 
only at certain regions of the membrane,  together with regions where the three- 
layered continuous pattern is observed. The septa have been observed mainly in 
regions different from those having the local thickenings (Figs. 11 and 12). 

Raizin, Morowitz, and Terry (28) used detergent to dissolve the membrane of 
Mycoplasma laidlawii, the separated units then reaggregated when the detergent was 
removed and cations were added. 

An at tempt  was made to separate the observed globular units of the 
squid axolemma by means of detergent. Nerve fibers of D. Plei were immersed in a 
4 mM sodium lauryl sulfate solution prepared in artificial sea water. The recorded 
action potential disappeared rapidly, within 2 inin of exposure to the detergent. The 
nerve fibers were then fixed for electron microscopy after 4, 15, and 45 rain of immer- 
sion in the test solution. The alterations observed consisted of (a) the formation of 
zones of conglomerated membranous bubbles in the Schwann cell-axon boundary 
(Fig. 15) that might be formed by elongation of the axolemma and Schwann cell 
plasma membrane which have to pleat in order to occupy a more reduced area, and 
(b) the appearance of nmhilayered periodic structures, similar to the so-called myelin 
figures, involving the axolemma and the mitochondrial surface (Figs. 16 and 17). 

At certain regions, the axolemma and the outer membrane of the axonnal mito- 
chondria are substituted by a myelin-like sheath formed by four, six, or more dense 
lines with a regular spacing of 50-60 A between them. In the peripheral region of 
the axoplasm, the multilaminated structures may appear  connected to the multi- 
laminated sheath replacing the axolemma. Other  periodical structures observed did 
not present the regular spacing, but they appear to be formed either by components 
of two fused membranes, each component measuring 120-150 A across and exhibiting 
one thicker, dense line in the center, or by apposition of unit membranes, about 80 
A thick, separated by spaces 100 A across. Dense masses, in which a fine period of 
35-40 A was discernible, were also observed at some places in connection with the 
multilaminated sheaths. 

At the regions where the multilaminated figures were not seen, the axolemma 
shows the three-layered pattern and the septa observed in the untreated nerve fibers. 
(Figs. 18-20). After 45 min these regions appeared blurred, but disaggregation of the 
subunits was not observed (Fig. 21). 

I t  is worth mentioning the striking difference observed between the behavior of 
the axolemma and the Schwann cell membranes (plasma membrane and channel 
walls). The mnltilaminated sheaths and myelin figures seem to be formed from the 
axolemma, while the Schwann cell plasma membrane and channel wails do not 
show the same alterations. After 15 rain incubation, the Schwann cell appeared 
swollen and the channels dilated, but the membranes themselves still showed the 



FIGURES 18--21. Boundary between the axon (A) and the Schwann cell (SC) of giant 
fibers treated during 4 (Figs. 18 and 19), 15 (Fig. 20), and 45 min (Fig. 21) in 4 mM 
sodium lauryl sulfate. In  these specimens, electron micrographs present areas of the 
plasma membranes of axons and Schwann cells showing the continuous three-layered 
pattern or the septated pattern (double-stemmed arrows) observed in nontreated speci- 
mens. After 45 min incubation in the detergent (Fig. 21) it is noted a blurred appearance 
of the membranes. 
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normal  pa t t e rn  (Fig. 16). On ly  in the 45-min incuba ted  specimens, numerous  
vacuoles,  wi th  mu l t i l amina t ed  walls rep laced  the channels,  and  myel in  figures 
appea red  in the Schwann cytoplasm. 

Since the lauryl  sulfate was placed at  the outside of the nerve fibers and  the a l tera-  
tions a p p e a r e d  first in the axon, it  m a y  be considered as an indica t ion  tha t  the axo- 
lemma,  as well as the membranes  of the axonnal  mi tochondr ia ,  are  more  susceptible 
to the act ion of the de te rgent  than  the Schwann cell membranes .  This  m a y  be due 
to a different  l ipidic  composi t ion or to a different  a r r angemen t  of the l ipids and  
prote in  forming these membranes .  

C O N C L U S I O N S  

T h e  results herein presented indicate  that  the systems of pa thways  on the nerve 
fiber surface (endoneur ia l  spaces, mesaxon gaps, lumina  of the Schwann layer  chan-  
nels, and  a x o l e m m a - S c h w a n n  cell spaces) are pe rmeab le  and al low the diffusion of 
part icles as large as those of tho r ium dioxide.  However ,  these pa thways  are not  
empty  spaces but  are occupied by a mater ia l  which gives positive react ion to the 
his tochemical  methods  for mucopolysacchar ides  and  binds, to a cer tain extent,  the 
thor ium dioxide micelles. This  ext racel lu lar  mater ia l  is present  in small  and  giant  
axons. In  the lat ter ,  the higher  electron opaci ty  observed in the g iant  axons with 
larger  d iamete r  ( ~ 4 0 0  ~ in d iameter ) ,  after use of the his tochemical  methods,  indi-  
cates a higher  concentra t ion  of mucopolysacchar ides  in those axons. This  electron- 
opaque  mate r ia l  appears  to restrict  diffusion, as is ind ica ted  by the difference between 
the concentrat ions of thor ium dioxide part icles in the mesaxon gaps of the small  
fibers and  channels of the g iant  nerve fibers. Nevertheless,  the normal  s t ructura l  
organiza t ion  of the mucopolysacchar ides  seems to provide  a necessary m e d i u m  for 
diffusion, since previous t r ea tment  wi th  hya luronidase  restricts even more  the entry  
of part icles to the basement  membrane ,  gaps, channels,  and  per iaxonnal  space. 

T h e  p lasma m e m b r a n e  of the axon or axo l emma  presents, after the usual t reat-  
men t  for electron microscope observat ion,  an asymmetr ic  three- layered pa t t e rn  
which  at  cer ta in  zones appears  to be d ivided by septa into g lobula r - repea t ing  units. 
A t  present  it  is not  possible to say how frequent ly  these septa ted areas occur along 
the membrane .  I t  is t empt ing  to suggest that  they are  specific pa thways  for some of 
the substances to move across the axolemma.  

There  are  local  thickenings of the in ternal  zone of the axo lemma that  resemble the 
densities observed in the postsynapt ic  cy toplasm and Ranv ie r  nodes. There  are also 
local areas of A T P a s e  act ivi ty  in the axolemma.  I We have also shown tha t  detergents  
a l ter  the axo lemma  only at  cer ta in  regions. Therefore,  one might  consider  the axo- 
l emma  not  as a homegenous  m e m b r a n e  but  as a mosaic formed by specific areas 
which  accompl ish  different  functions. 

The authors wish to express their thanks to Messrs. J. Aristimufio and F. Paredes for their technical 
assistance, to Mr. R. Pingarr6n for the photographic labor, and to Miss Arlene Dupr~ for the 
secretarial work. The drawings of Fig. 1 were made by Messrs. C. Quintero and J. Machin. 
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