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ABSTRACT

An electron microscope study of goldfish Mauthner cells is reported.! The cell is covered
by a synaptic bed ~ 5 u thick conta’ning unusual amounts of extracellular matrix material
in which synapses and clear glia processes are implanted. The preterminal synaptic neurites
are closely invested by an interwoven layer of filament-containing satellite cell processes.
The axoplasm of the club endings contains oriented mitochondria, neurofilaments, neuro-
tubules, and relatively few synaptic vesicles. That of the boutons terminaux contains many
unoriented mitochondria and is packed with synaptic vesicles and some glycogen but no
neurofilaments or neurotubules. The bare axons of club endings are surrounded by a
moderately abundant layer of matrix material. The synaptic membrane complex (SMC)
in cross-section shows segments of closure of the synaptic cleft ~ 0.2 to 0.5 u long. These
alternate with desmosome-like regions of about the same length in which the gap widens to
~ 150 A and contains a condensed central stratum of dense material. Here, there are also
accumulations of dense material in pre- and postsynaptic neuroplasm. The boutons show
no such differentiation and the extracellular matrix is largely excluded around them. The
axon cap is a dense neuropil of interwoven neural and glial elements free of myelin. It is
covered by a closely packed layer of glia cells. The findings are interpreted as suggestive of
electrical transmission in the club endings.

INTRODUCTION

Teleost brains contain two nerve cells which are
of an unusually large size for vertebrates. They
measure from 0.5 mm to over 1 mm in length by
as much as 60 u in diameter. These giant cells
bear the name of Mauthner who, in 1859 (77),
discovered their giant axons in fish spinal cords.
They have been studied extensively with the light
microscope by Beccari (7) in 1908, Bartelmez (5)

1 The work presented has been reported in abstract
form (119).

in 1915, Bartelmez and Hoerr (6) in 1933, and
more recently by Bodian (11-13) and others (17,
92, 94, 95). This paper reports the first results of
an investigation of these cells and their synapses
by electron microscopy.? A new type of vertebrate
synaptic contact has been found, and a surprisingly

2 McGee-Russell and Palay (80) have taken some un-
published electron micrographs of the club endings
of Mauthner cells that became known to us after our
work was completed.
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Ficure1 Diagram taken with labels taken from Bodian (1) showing a Mauthner cell with its various syn-
apses. d, small dendrites; ¢, small end bulbs; %, axon hillock; LE, large end bulbs; m, myelin sheath of
Mauthner axon; sb, bundle giving origin to spiral fibers; sp, spiral fibers in region of “axon cap”; VIII
(Xed), crossed vestibular fibers giving rise to collaterals which terminate as small club endings; and VIII,

vestibular root fibers.

abundant extracellular matrix material, not
hitherto recognized in vertebrate central nervous
systems {(CNS), has been identified about synapses
and at nodes.

The giant Mauthner cells are found in teleosts;
they are also found in frog tadpoles but regress
after metamorphosis (126). Fig. 1 is a diagram
taken from Bodian (11) that summarizes the
general features of the cells in goldfish as seen by
light microscopy. The nucleus of each of the cells
in goldfish 3 to 4 inches long is located ~1 mm
above the ventral surface of the medulla ~0.3 mm
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lateral to the midline just cranial to the level of
the entrance of the eighth nerves. The cell is pe-
culiar in having, besides the usual smaller den-
drites, a very large so called lateral dendrite
running in a latero-caudal direction and a slightly
smaller so called ventral dendrite running in a
ventro-cranial direction. The axon runs dorso-
medially from the nuclear region. It decussates
with the opposite Mauthner axon at the midline
just beneath the floor of the 4th ventricle and
turns caudally to run into the spinal cord, giving
off branches to motor horn cells at various levels.
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The first 40 to 50 g of the axon narrows to ~10 g
in diameter and is unmyelinated. It is surrounded
by a specialized neuropil ~80 to 90 u in diameter
called the axon cap. Upon leaving the cap the
axon expands rapidly to a diameter of ~30 to 35 u
and becomes heavily myelinated.

The reader may very roughly visualize a
Mauthner cell in the medulla in the following
way. Hold one hand before the eyes with the
fingers fully extended and arm outstretched.
Imagine a line of sight running cranially along the
longitudinal axis of the medulla from the eye
through the hand. Let the dorsal direction be
upwards. Point the forefinger toward the opposite
shoulder and the thumb downwards and slightly
away from the body. The forefinger represents the
lateral dendrite and the thumb the ventral den-
drite with the nucleus between the bases of the
thumb and forefinger. The axon roughly follows
the line of the arm. If both hands are placed in
position at the same time the crossing of the wrists
represents the decussation of the axons.

The entire Mauthner soma dendrite, except for
the lateral surface of the ventral dendrite, is
covered by numerous synapses. The axon hillock is
surrounded by a dense, roughly spherical, neuropil
consisting of intermingled neural and glial fibers.
It contains some fairly large axons that appear to
be wrapped spirally around the Mauthner axon.
The whole neuropil is bordered by a layer of
special glia cells. This axon hillock apparatus is
referred to as the “axon cap.” The lateral part of
the lateral dendrite shows numerous so called club
endings. These are blunt perpendicular termi-
nations of fairly large myelinated fibers against the
lateral dendrite. They lose their myelin sheath
abruptly at the ending and the axon simply
flattens out over the dendrite surface with a very
slight increase in its diameter. The other major
endings are boutons terminaux. These are char-
acterized by a sudden bulb-like expansion of a
very small neurite to several times its diameter as it
spreads out over the postsynaptic membrane. We
have experienced no difficulty in identifying the
club endings with the electron microscope and the
boutons have posed no great problem since the
characteristics in electron micrographs of this
general kind of ending have been described by
Palay (85) and others. We feel confident, there-
fore, that we have correctly identified these two
general types of endings with the ones previously
described by light microscopy.

The large club endings on the lateral dendrites
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are known to be VIIIth nerve endings (5, 6, 11).
Some small club endings occurring on the cell
body near the nucleus are stated to be VIIIth
nerve fibers crossed over from the other side (13).
The origins of the boutons are less precisely known.

By virtue of large size and a thick myelin
sheath the Mauthner axons have conduction ve-
locities that are much higher than those of any
other nerve fibers in the spinal cord. Bartelmez (5)
states that they are part of a three cell reflex arc
with the main sensory input coming in from the
VIIIth nerve endings on the lateral dendrite and
efferent impulses leaving from motor horn cells in
the spinal cord. More recently, however, Wilson
(134) has produced electrophysiological evidence
indicating that vestibular stimulation by dis-
placement, tilting, or acceleration is alone not
enough to fire off the Mauthner axons in Protop-
terus (lungfish). By microelectrode recordings from
Mauthner axons it was shown that a sharp single
spike was obtained only as a startle response
elicited by a severe jar to the aquarium. This is
followed by a sudden flip of the tail. The ratio of
input stimuli to output was very high and it
appeared that only a special combination of
stimuli would elicit a response. It seems then that
the Mauthner cell system functions as an escape
mechanism. In this sense it may be analogous to
the giant fiber synapse systems of crayfish, prawns,
etc. It is clear that very fast, sure fire synaptic
transmission is needed in any such system. We
have found evidence of a structural specialization
in the club synapses that, to us, is suggestive of
electrical transmission, a feature that may be di-
rectly related to this need.

MATERIALS AND METHODS

Common goldfish (Carassius auratus) obtained from
Grassyfork Fisheries in Saddle River, New Jersey,
ranging from 2 to 4 inches in length, were used
throughout. The fish were kept in a conventional
aquarium in recirculated tap water freed of chlorine
and filtered through charcoal and a gravel bottom
filter.

The brains were fixed in several different ways with
variations of the perfusion technique of Palay et al.
(86). The most informative specimens were fixed by a
combination formalin-OsO; method according to
Pease (88), using formalin made up especially ac-
cording to Richardson’s method (97). All of the
preparations were embedded in Araldite by a modifi-
cation of the method of Glauert, Rogers, and Glauert
(46), and most were stained with saturated uranyl
acetate (132) or permanganate (66). The modifica-
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TABLE 1

Solution Component gm/liter
1. Goldfish Ringer* NaCl 5.85
KCl 0.19
CaCl, 0.17
NaHCO; 0.42
MgCl:-6H,O 2.03
NaH2PO4'H20 0.07
2. Formalin Fixative}
A. NaH.PO,-H:0O 22.6
B. NaOH 25.2
( Paraformaldehyde (trioxymethylene; 400.0
C.§ Matheson, Coleman, and Bell, East

Rutherford, New Jersey)
LGlucose 54.0
D 41.5 ml solution A
"1 8.5 ml solution B
Fixative : 45.0 ml solution D
1 5.0 ml solution C

3. OsO, Fixatives

i. Standard (pH 7.4) NaCl 4.71
KCl 0.19
CaCl, 0.17
NaHCO; 0.42
MgCl,-6H.O 2.03
NaH2PO4~H20 007
050, 10.0
ii. After Millonig (82)
A.  2.26 per cent NaH,PO,-H:O 22.6
B. 2.52 per cent NaOH 25.2
C. 5.4 per cent Glucose 54.0
D. 41.5 ml solution A

8.5 ml solution B
Fixative: 45.0 ml solution D

5.0 ml solution C

0.5 gm solid OsO4

iii. 2.5 per cent OsOy NaCl 2.98

KCl 0.19
CaCl, 0.17
NaHCO; 0.42
MgCl,-6H0 2.03
NaH2PO4'H20 007
OsO, 25.0

4. Pal’s Bleach (67) K:S0;3-2H 0 5.0
(potassium sulfite)
C.0H,-2H0 5.0
(oxalic acid)

5. Araldite (46) Resin M, 50 ml

Hardener, 50 ml
Dibutylphthalate, 2.5 ml
Accelerator 964C, 1.5 ml

* This solution was modified from one used by Forster and Taggart (36) by increasing the magnesium
chloride content.

I The pH of all fixatives was adjusted to 7.4 to 7.6 by addition of a few drops of N HCI.

§ Methanol-free formalin (solution C) is prepared by dissolving 40 gm of paraformaldehyde powder in
100 ml of double distilled H:O. The mixture is heated to 60 to 65°C and a few drops of 40 per cent NaOH
are added until the solution becomes clear. 5.4 gm of glucose is then added.
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tions of the embedding and staining techniques em-
ployed have been in use for several years but have not
been published.? Since we have had consistently good
results with these methods they will be described in
some detail. The composition of the solutions used in
all our procedures is given in Table I.

The technique for perfusing the brains was as
follows: The fish were anesthetized by placing them
in a beaker of 0.025 per cent tricaine methanesulfo-
nate (Sandoz Pharmaceuticals, Hanover, New
Jersey) in tap water until swimming movements
ceased. The heart was exposed and 0.25 ml of Pan-
heprin (Abbott Laboratories, North Chicago; 10,000
units/ml) was injected into the ventricle through a
No. 27 needle. This was followed by 0.5 ml of a 0.7
per cent solution of sodium nitrite. The conus arterio-
sus was then opened and a polyethylene tube (Clay-
Adams, Inc., New York, Intramedic PE 10 or PE 50,
depending on the size of the fish) tied into the aorta.
About 5 ml of Ringer solution at room temperature
was then injected with a syringe at a moderate rate,
flushing out most of the blood from the gills.The tube
was then connected, taking care to eliminate bubbles,
to a glass adaptor fed with fixative by a gravity drip
perfusion apparatus at a 5 foot head of pressure.

In the case of formalin—-OsO, fixation the first
10 ml (approximate) of the formalin fixative was at
room temperature but the remainder was prechilled
and passed through an ice-salt-water jacket about
10 inches long about 10 inches from the animal. The
temperature of the fixative upon entering the animal
was between 0° and 5°C. The fixative was allowed
to flow at a rate of 5 to 10 ml/minute. After about 75
to 100 ml of the fixative was used it was replaced by
Ringer (solution 1) to flush out excess formalin. After
about 100 ml of the Ringer solution entered the ani-
mal it was replaced by one of the OsO, fixatives.
After ~75 to 100 mi of the second fixative was used
the brain was removed and placed directly into the
OsO, fixative at ice water temperature. The total
fixation time (both fixatives) was usually 4 hours.
Sometimes the whole brain was left in the fixative
for the full time and sometimes the medulla was cut,
immediately upon removal to the fixative, into trans-
verse slices 0.5 to 1.0 mm thick. There seemed little
difference between these two procedures, the quality
of the preparation apparently being determined by
the uniformity of initial perfusion. If not already
sliced, the medulla was finally sliced in 25 per cent

3 Some of the techniques were developed while the
author was in charge of the electron microscopy lab-
oratory in the Department of Anatomy at University
College in London, England. Various aspects of the
techniques of embedding and permanganate staining
were suggested by Dr. Ruth Bellairs and Dr. Michael
Kidd. Mrs. Rose Wheeler also gave valuable techni-
cal assistance in developing the methods.
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acetone during dehydration. Each slice was numbered
and placed in a Minicube polyethylene ice cube tray
compartment of 2 ml capacity. Dehydration was
carried out by replacing the volume of each compart-
ment successively, using a glass pipette vacuum as-
pirator, by 25 per cent, 50 per cent, 75 per cent and
three changes of 100 per cent acetone at time intervals
of 10 minutes or more. The acetone was kept at 0 to
4°C until the final change, after which it was allowed
to come slowly to room temperature. An additional
change was then made at room temperature. The
slice was then oriented with its caudal face down and
the acetone aspirated thoroughly from the compart-
ment. While still wet with acetone the specimen was
covered carefully with Araldite (solution 5) and the
ice cube tray placed uncovered in a dry oven at 60°C for
24 to 48 hours. This procedure almost always yields
blocks of excellent cutting quality. The residual ace-
tone evaporates in the oven and is replaced directly
by Araldite of the correct composition for polymeri-
zation. This simple method avoids much of the diffi-
culty experienced with the older Araldite techniques.
The blocks readily separate from the ice cube tray.

A special hand microtome (to be described sepa-
rately) was constructed to permit successive sections
to be made free hand, with a razor blade, from the
block faces to locate the Mauthner cell. The blocks
were then trimmed to include only the desired area
of the cell, and thin sections were cut with a Dupont
diamond knife on an LKB microtome. The sections
were lifted on carbon films and stained with saturated
uranyl acetate at pH 5.4 or more frequently with
1.2 per cent KMnO, by a modification of the tech-
nique of Lawn (66). Since this modification has not
been published, the technique will be described.
About 2 ml of KMnOj, is freshly withdrawn from
below the surface of a stock bottle and placed in a
tightly covered ~50 mm disposable plastic petri dish.
The grids are floated, section down, on the KMnO,
and the dish tightly covered. After about 30 minutes
the grids are washed thoroughly with a jet of double
distilled water and floated for 30 seconds on a freshly
made 1:100 dilution of Pal’s bleach (67) (solution 4).
They are then rewashed and dried. Quite clean, well
stained specimens can be regularly obtained with this
technique.

The specimens were all examined with a Siemens
Elmiskop 1b electron microscope under instrumental
conditions given separately (118). Light microscopy
was done with a Zeiss Ultraphot using phase contrast
optics. Sections 0.6 to 1.6 u thick were cut with a
diamond knife, flattened with toluene vapor (122),
transferred to a drop of water on a glass slide, blotted
dry, and placed in 1.2 per cent KMnOy in a covered
coplin jar for about 30 minutes. The slide was then
dipped rapidly into distilled water, passed quickly
through 1:10 Pal’s solution and left in 1:100 Pal’s
solution for 60 seconds. It was then rinsed, dried,
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covered with immersion oil under a coverslip, and
examined. A longer staining time was used for Fig. 4.

In addition to using the techniques of electron
microscopy, we have studied the Mauthner cell by
various light microscope techniques including con-
ventional paraffin-embedded sections of brains fixed
and stained in various ways to provide background
information for our electron microscope studies. The
most informative material has been prepared by
Davenport’s modification of the Bodian protargol
method (60).

RESULTS
Laight Microscopy
A. GENERAL

We have studied extensively Mauthner cells
prepared for electron microscopy but sectioned at
about 1 u thickness for study by phase contrast
light microscopy. In one instance, after fixation
with 2.5 per cent OsO4 we cut sections serially
through an entire Mauthner cell beginning with
the lateral dendrite and ending with the terminal
portion of the ventral dendrite. This cell was from
a goldfish about 3 inches long. In this instance we
examined sections at roughly 15 u intervals until
the axon cap was reached. Here we took samples
at ~5 u intervals until the cap was passed, re-
suming the ~15 u steps thereafter. Thin sections
for electron microscopy were cut adjacent to many
of the sample sections for light microscopy.

Figs. 2 and 3 and 5 to 7 are sections of this
Mauthner cell. The plane of sectioning included
the axon in the axon cap in Fig. 6. This series
covered a depth of ~295 u parallel to the longi-
tudinal axis of the medulla. Since the Mauthner
cell is oriented with the lateral dendrite running
caudo-laterally and the ventral dendrite cranio-
medially it is difficult to measure its length di-
rectly. However, we were able to measure the
diameters of the various parts of the cell with
enough accuracy to provide useful figures and
from a simple calculation get some idea of its
length. The dimensions at various levels are given
in Table II in column A. Zero designates the start
of the series in the lateral dendrite. We estimated
that at this point the dendrite lay roughly 635 u
lateral and 150 g caudal to the nucleus. At the
end of the series the end of the ventral dendrite
lay about 565 u ventral and 100 u cranial to the
nucleus. These figures permit us to make a very
rough trigonometric calculation of the length of
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this particular cell. We calculate that it is ~1.2
mm long.

The successive levels in the series of sections are
designated as plus some number of microns in the
cranial direction. The measurements were made
along the minimum diameters of the dendrites to
reduce the error imposed by the obliquity of the
sectioning planes. In the nuclear regions the
measurements were made as maximum dimensions
along an axis parallel to the longitudinal axis of
the axon and one perpendicular to this direction.
In the axon hillock region the parallel measure-
ments were omitted and the maximum diameter
of the axon cap perpendicular to the longitudinal
axis of the axon was recorded. The outer borders
of the cap cells were taken as the boundary (large
block arrows in Fig. 2). Some comparable measure-
ments were made at about the same levels in
sections of paraffin embedded material fixed in the
one case with paratoluenesulfonic acid (PTSA)
(72) (Table II, column P) and stained with
hematoxylin and eosin, and in the other with
formalin followed by staining with Davenport’s
modification of Bodian’s protargol stain (60)
(Table II, column B). These figures are included
to give some rough idea of the comparable di-
mensions of the structures after embedding for
electron microscopy as compared with ones em-
bedded in paraffin. The dimensions are consider-
ably smaller in the latter, except, curiously, for the
cell body, but no effort was made to do a statistical
study of these differences.

From the figures for the Araldite-embedded
specimens we have made a rough estimate of the
total volume of the cell. If the lateral dendrite
is assumed to be a cylinder with a length of 650 u
and an average diameter of 40 y, its volume would
be 8.2 X 10% u3. If the cell body is taken to have
a diameter of 56 u, its volume is 9.2 X 10* u3
Similarly the volume of the ventral dendrite
is about 4.6 X 10% u3 The total volume of the
cell is, therefore, ~10% u®.

The particular series of Araldite embedded
specimens did not include the terminal regions
of the lateral and ventral dendrites but in other
series we have noted that there are usually two
main bifurcations of both the lateral and ventral
dendrites at their ends, as pictured by Bodian.
Further, we too have noted that there are occa-
sional relatively small dendritic branches, par-
ticularly in the nuclear region. These sometimes
enter the cap neuropil as in Fig. 6, again con-
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firming the previous workers. Bartelmez (5) states
that there are usually eight such dendrites in
catfish.

Fig. 2 shows the nucleus and axon cap of the
Mauthner cell measured in Table I. Note the
folded nuclear membrane and the very prominent
nucleolus. The nucleus measures about 30 pu
in its smallest diameter and the nucleolus is about
5 to 6 p in diameter. The cytoplasm shows nu-
merous dense granules about 1 u or less in dia-
meter.

B. Tae SynarTic BED

The entire surface of the Mauthner cell in-
cluding the lateral and ventral dendrites, except
for the lateral surface of the ventral dendrite,
is covered by a zone about 5 u thick that is clearly
differentiated from the surrounding tissue (small
block arrows in Fig. 2). This zone is generally
free of myelin and contains many synaptic
endings. We refer to it as the “synaptic bed.”
The club endings are easily identified in the
synaptic bed. They are particularly prominent
and large over the lateral dendrites (Fig. 3) but
smaller ones occur elsewhere (Fig. 2, C). They
are recognized by the presence of a myelin sheath
that extends right into the synaptic bed and
terminates only a few microns from the Mauthner
cell surface and by the fact that the unmyelinated
axon does not expand appreciably at the end-
ings. Often they are of relatively large size, and
striations are seen perpendicular to the synaptic
membrane. The boutons terminaux are less
easily identified by light microscopy. Sometimes,
however, we have been able to make out their
characteristics. They appear as granular bulb-like
terminations of very small (~1 u or less) fibers
that enlarge abruptly to several microns in
diameter spreading out over the Mauthner cell
surface to assume a shape rather like that

taken by a sealed plastic bag partially filled
with water and set on a table top (Fig. 1). The
connections between these endings and their
parent neurites are usually not seen in our thin
(~1 to 2 u) sections.

The axon cap is easily identified as a roughly
spherical rather dense neuropil enveloping the
initial segment of the axon and the axon hillock
region. It is free of myelin and this feature alone
is sufficient to differentiate it from the surround-
ing tissue in which myelinated fibers dominate.
A further differentiating feature is the distinct
layer of glial cap cells whose nuclei are confined
to the superficial boundary zone. The particular
axon cap (ax ¢ and large block arrows) in Fig. 2
is shown in different planes of sectioning in Figs.
5 and 6, and a different one including a part of
the Mauthner axon is shown in Fig. 4 at higher
magnification. In Fig. 4, the Mauthner axon
(M ax) lies to the right. Note the polygonal
cap cells (¢) to the upper center. These form a
compact pavement layer at the periphery of the
cap and extend long tenuous processes down into
the cap neuropil. Fig. 5 is a section tangent to the
cap through this layer. The shapes of the cells
are polygonal in this plane of sectioning as well
as the one in Fig. 4, and the nuclei are more
round.

Numerous small myelinated axons enter the
cap by penetrating between the cap cells while
losing their myelin. Branches of these axons may
be recognized deep in the cap and we have fol-
lowed some of them in a few serial sections by
light microscopy. While we have not yet attempted
any definitive serial section reconstructions, our
findings suggest that they follow a spiral course
around the axon and they may, therefore, be
components of the spiral apparatus in the cap
pictured by Bartelmez (5) and Bodian (11, 13).

Figure 2 Phase contrast light micrograph of ~1 u section near the axon hillock of a
Mauthner cell. It shows the nucleus with its prominent nucleolus, the axon cap (ax ¢
between apposed large block arrows to the right) and a part of the expanded myelinated
Mauthner axon (M ax). The aligned block arrows to the left mark the synaptic bed.
Note the small club ending at arrow C. 2.5 per cent OsOy fixation; KMnOy stain. Marker

is 10 . X 900.

Ficure 3 Phase contrast light micrograph of section of a lateral dendrite showing the
synaptic bed (block arrows) and several club endings (thin arrows). 2.5 per cent OsO;
fixation; KMnOjy stain. Marker is 10 u. X 900.
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Electron Microscopy
A. GENERAL

Figs. 8 to 10 show myelinated fibers in the
medulla well removed from the Mauthner cell.
They are included partly to illustrate the general
quality of fixation achieved but they also make
certain points that are not clearly established in
the literature. The presence of relatively large
numbers of ~200 A neurotubules in dendrites,
as demonstrated by Gray (48) in pyramidal cell
dendrites, led at first to some tendency to use the
presence of appreciable numbers of such tubular
forms in a neurite profile as one of the criteria
for identifying dendrites. That the problem is
more complicated than this has been recognized
more recently, and Wolfe (135) has given more
detailed criteria in which he recognizes that the
tubular forms also occur in axons. Our micro-
graphs support this and show that the tubular
forms may sometimes be quite abundant in
axons (Fig. 8, left insets). In addition, assessment
of their relative abundance is complicated by the
fact that the relative number of tubular forms
rises as the fiber diameter decreases (lower right
inset, Fig. 8).

Similar tubular forms are generally also seen in
the Mauthner cell. They may be seen prominently
in longitudinal profile in the Mauthner lateral
dendrite in Figs. 11, 12, 15, 25, and 30. They
occur in the cell body at the nuclear level and
are also found in the Mauthner axon (Figs.
35 and 36). Tubular forms occur in the axons of
club endings (Fig. 30, lower inset, and Figs. 31—
33). Perhaps statistical studies of their relative

abundance in axons and dendrites will allow
their relative numbers to be used as a guide,
but, without such, caution should be exer-
cised in using their presence even in dominant
numbers as a criterion to identify dendrites except
in combination with other more definite features.

Fig. 9 shows a group of myelinated fibers packed
closely together so that in places their myelin
sheaths become continuous by contact of the
outside surfaces of the outermost unit membranes
to make an extra intraperiod line (upper inset of
area indicated by arrow /). This configuration
was seen and interpreted in this way by Maturana
(76) and Peters (89, 90). The regions marked
¢ in the lower inset are bounded by the outside
surfaces of unit membranes and hence are extra-
cellular. The unit membrane strata do not show
up clearly but the presence of the outer ones may
be detected in the lower inset by the formation
of an intraperiod line of myelin. However, since
these spaces appear almost empty they could
represent artifact.

Fig. 10 illustrates a neurite filled with vesicles
in very close association with a myelinated fiber
on one side and several relatively clear cellular
profiles on the others. To the upper center (arrow
I and upper inset enlargement) there is a des-
mosome-like region (~300 A across) in which
the gap between the apposed membranes is
widened and contains dense material. To either
side but more marked below there is a slight
accumulation of dense material in the cytoplasm
next to the membranes. To the lower left (arrow
2 and lower inset) there is a region of contact
between two membranes of clear cell profiles in

Ficure 4 Higher magnification light micrograph of part of axon cap showing the
Mauthner axon (M ax) to the right and several cap cells (¢). Note the small myelinated
axons (ar) entering between the cap cells and losing their myelin (compare with Fig. 33).
Two capillaries (cap) are shown. Formalin—OsOy fixation; KMnOj stain. X 1500.

Ficure 5 Tangential section of edge of axon cap showing several cap cells (c). 2.5 per
cent Os0; fixation; KMnOjy stain. X 1600.

Froure 6 Section of Mauthner cell in axon hillock region showing the axon cap (block
arrows) and including the unmyelinated axon. Note the dendrite, (d), (inset), penetrating
the cap neuropil. 2.5 per cent OsOy-fixed; KMnOy-stained. X 650; inset, X 1800.

Ficure 7 Section of ventral dendrite. The medial surface is to the left. Note the synaptic
bed (block arrows) here and its absence on the lateral surface. 2.5 per cent OsOy-fixed;

KMnOQ;y-stained. X 1000.
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which the intervening gap is closed, making an
external compound membrane measuring about
160 A across. A faint suggestion of the united
outer strata of the unit membranes can be seen
here in the inset enlargement to the lower left.
This type of contact is like the ones previously
described in brain by Gray (50) and' Peters (91).
Fig. 28 shows a light cell profile considerably
removed from the Mauthner cell on which three
desmosome-like contacts with adjacent vesicle-
filled profiles occur. At each junction there is a
widening of the gap between the adjacent unit
membranes with intervening dense material.
There is also dense material in the cytoplasm
next to each membrane. This is more prominent
in the clear profile. These desmosome-like struc-
tures are, therefore, like the ones seen in some
synapses by others (49, 56, 79, 83-85). Schulte,
Maynard, and Pease (123) observed differentia-
tions rather like these on profiles that they des-
ignated as astrocytes. We, however, have no
basis on which to identify the profile in Fig. 28
and include it mainly to emphasize the difficulties
in making such identifications on isolated micro-
graphs.

B. MauraNeEr CYTOPLASM AND AXON

Figs. 11 to 13, 15, and 25 show the characteristic
appearance of Mauthner cell cytoplasm in the
formalin—osmium tetroxide-fixed preparations. It
contains numerous bundles of neurotubules ~200
A in diameter with about equal numbers of
neurofilaments <100 A in diameter. Endoplasmic
reticulum (ER) is present in moderate abundance
and sometimes shows Golgi differentiations (Fig.

11). Moderate numbers of vesicles ~400 to
500 A in diameter occur, sometimes in clusters,
particularly in the Golgi regions. Numerous
dense granules 150 to 200 A in diameter (pre-
sumably ribosomes) occur mainly in clusters
between bundles of neurofilaments and neuro-
tubules. Some of the ribosomes are attached to
membranes but they are predominantly free.
Occasionally we see peculiar myelin figure-like
membrane profiles as in Fig. 13. The membranes
here are generally rather loosely packed, the
unit membrane strata are not displayed, and we
cannot say whether they are concentrically or
spirally arranged. The minimum spacing of the
membranes is ~90 to 100 A. Such bodies measure
~1 to 2 u in diameter and are not uncommon in
the Mauthner cells. They may be related to the
“whorl-like” structures seen by Palay and Palade
(87) in the perikaryons of superior cervical
sympathetic ganglion cells.

Mitochondria are present in moderate numbers
in the Mauthner cells (Fig. 12). They are generally
elongated and appear unusual only in that their
matrix material is very dense and granular. This
is, however, not peculiar to the Mauthner cell
but characterizes the mitochondria everywhere
in our preparations after formalin-osmium tetrox-
ide fixation and permanganate staining (e.g.
sece Fig. 15). After prolonged permanganate
staining as in Fig. 27 (left inset) the mitochondrial
matrix shows dense bodies (arrows) attached to
the membranes between the cristae that might
perhaps be related to the ‘“electron transport”
or “elementary” particles found in fragmented

Ficure 8 Section of myelinated and non-myelinated fibers in medulla. Note the blown-up
clear glia cell process (g) classified as astrocytic. The nerve fiber at arrow I is enlarged to
the lower left to show the neurotubules and neurofilaments. An area indicated by arrow 2
in the adjacent fiber is shown to the upper left at higher magnification. The area at arrow 3
is enlarged to the right to show a small myelinated fiber and a few unmyelinated fibers
with neurotubules. This myelinated fiber incidentally shows the outer tongue of the myelin
spiral and the inner mesaxon. Formalin-OsO,-fixed; uranyl acetate-stained. X 9000. Left
lower inset, X 47,000; left upper inset, X 62,000; right inset, X 44,000.

Ficure 9 Group of myelinated fibers in medulla showing small amounts of extracellular
space (¢). The area at arrow I is enlarged to the left and the one at arrow 2 to the right.
Formalin-0s0; (Millonig)-fixed; KMnOQOy-stained. X 26,000; insets, X 55,000.

Figure 10 Neural and glial elements in medulla. The desmosome-like region at arrow I
is enlarged above and the external compound membrane at arrow 2 is enlarged below.
Note the small patch of dense extracellular matrix material at arrow 3. Formalin—OsO4
(Millonig)-fixed; KMnOj-stained. X 26,000; insets, X 184,000.
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mitochondrial preparations by Fernandez-Moran
(35).

The Mauthner cell cytoplasm should be com-
pared with the Mauthner axon in Figs. 35 and
36. The axon is relatively devoid of endoplasmic
reticullum membranes and contains but few
mitochondria. The dominant element is lon-
gitudinally oriented bundles of loosely packed
neurofilaments <100 A in diameter. In between
there are interspersed longitudinally oriented
bundles of neurotubles ~200 A in diameter.
There is a dense finely granular matrix material
between the rather closely packed bundles of
neurotubules. The neurofilaments show a delicate
beading. Ribosomes apparently are absent in the
axon although it is difficult to be sure that none
are present in the dense matrix about the neuro-
tubules. In Figs. 4, 35, and 36 the axon is obliquely
sectioned but the high degree of longitudinal
orientation of the neurotubules and neurofila-
ments is apparent.

C. THE SynapTic BED

The synaptic bed, as noted with the light
microscope, is a zone about 5 u thick (apposed
block arrows, Figs. 2 and 3). With the electron
microscope it is seen to contain numerous boutons
terminaux, club endings, and clear glia processes,
but very little myelin. In many regions, quite
large amounts of dense extracellular matrix
material (%) appear (Figs. 14 to 18, 23, 24, 30,

and 31). We have come to look upon this matrix
as a layer covering the entire soma dendrite of
the Mauthner cell as a mat-like bed in which the
synaptic terminals are implanted. Hence, it is an
important constituent of the ‘‘synaptic bed.”
It is most prominent around club endings. In
other nearby regions (Fig. 26) it may be reduced
over wide areas to the ~100 to 130 A gap
between adjacent neurites. This is usually the
situation where boutons terminaux dominate.

Figs. 16 and 17 show parts of the synaptic bed
with several small club endings (C) rather like
the one at arrow C in Fig. 2. Note the relatively
large amount of dense extracellular matrix
material (*) about the endings. Fig. 18 is a
similar region with mainly boutons terminaux in-
stead of club endings. Again note the abundant
extracellular matrix material (*).

Fig. 15 is a higher magnification of the synaptic
bed of a lateral dendrite. A few incompletely cut
synaptic endings are shown. The one to the lower
left is probably a club ending but the others
are not sufficiently well displayed for identifica-
tion. The abundant extracellular matrix material
(*) is well shown. It is a delicately fibrillar
amorphous substance that is bounded on all
sides by single unit membranes. However, this
fundamental point can be made clearly only in
regions in which all the membranes are per-
pendicular to the plane of sectioning and well
preserved. In Fig. 15, for example, the single
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Freure 11  Golgi region in Mauthner cytoplasm with the usual paired membranes and
vesicles. Note the neurofilaments (f), neurotubules (t) and ribosomes (r). Formalin-OsQ;-
fixed, KMnOy-stained. X 47,000.

Freure 12 Portion of Mauthner cell cytoplasm showing neurotubules, neurofilaments,
and a mitochondrion with dense matrix material. The ribosomes are indistinct. Formalin-
050;-fixed; KMnO,-stained. X 24,000,

Ficure 18 Portion of Mauthner cytoplasm showing a whorl-like membrane body about
1.5 u in diameter. These are seen fairly frequently and their nature is unknown. A cluster
of ribosomes appears to the upper left with some attached to membranes of the endo-
plasmic reticulum. Formalin-OsO;-fixed; uranyl acetate-stained. X 24,000,

Figure 14 Section through synaptic bed showing three neural elements containing
vesicles and mitochondria. Note the ~450 A vesicle with a dense content (arrow). Some
of the intermingled profiles look tubular but they could be flattened vesicles. Note the
dense extracellular matrix material (*) measuring over 0.6 u between the block arrows.
Formalin—0s0;-fixed ; uranyl acetate-stained. X 48,000,

FiGure 15 Section of synaptic bed on lateral dendrite showing dense extracellular matrix
material. Its thickness between the apposed block arrows is 1 u. See Text. Formalin—-0sQ;-
fixed; KMnOjy-stained. X 45,000.
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membrane bounding the matrix is clear to the
upper left (arrow 7). However, at the surface of
the lateral dendrite (arrow 2) the boundary
is not clear because of oblique sectioning. Sub-
surface cisternae of the type described by Rosen-
bluth (120) complicate the picture elsewhere
and even in one place (arrow 3) give a false
impression of a pair of membranes bounding the
matrix. In Fig. 14 the single membranes bounding
the matrix material are more clearly shown at
higher power and over a larger fraction of the
boundaries of the matrix. We are convinced from
carefully examining all our plates that the dense
matrix material (*) is always extracellular and
bounded by the single unit membranes of related
cellular elements. This point is again made in
Fig. 31. This shows a club ending of somewhat
smaller size but like the one in Fig. 30. The plane
of sectioning is, however, roughly perpendicular
to the long axis of the terminal axon instead of
parallel to it as in Fig. 30. The section includes
only a part of the unmyelinated segment of the
terminal axon. The collar of extracellular matrix
material (%) is unusually abundant about this
particular ending, measuring a micron or more
in thickness in some places. The distinction
between single unit membranes and paired unit
membranes is particularly clear in some regions
as between the aligned opposing arrows to the
lower right. A careful examination of the surface
of the axon and the surrounding irregular thin
overlapping layers of glia cell sheets or folds
reveals many regions (smaller arrows) in which
the unit membranes bounding the extracellular
matrix are sectioned perpendicularly. In such

places one may see clearly that only one mem-
brane is present even though at this magnifica-
tion the internal strata of the unit membranes are
not displayed.

Low power survey sections passing tangentially
through the synaptic bed are particularly reveal-
ing. Fig. 20 shows successively, proceeding from
the left along a line running diagonally from the
upper left corner to the lower right corner, three
distinct zones: 1) A very small area of Mauthner
cell cytoplasm just below the letter M to the upper
left; 2) the synaptic bed with boutons terminaux
(), club endings (¢), clear glia processes (g), and
intercellular matrix material (*); 3) a very close-
packed layer dominated by glia cells (G) con-
taining distinct intracellular fibrillae and inti-
mately investing all neurites. These glia cells are
probably best identified as astrocytes. However,
their intracellular fibrillae, perhaps because of
preparatory factors, are not so heavy and distinct
as the ones in the astrocytes in Figs. 21 and 22.

The amount of extracellular matrix material
varies and, as stated, in some regions it is re-
duced about most endings to the ~100 to 150 A
gap substance between adjacent cellular elements
(Figs. 26 and 27). Therefore, its presence in
large amounts can be assessed only if sufficient
samples in different regions are taken. This also
complicates any statistical assessment of its rela-
tive abundance and such an analysis has not yet
been attempted.

D. CLus ExbpinGs

Figs. 23 to 25 and Figs. 30 and 31 show club
endings on lateral dendrites rather like the ones

Ficure 16 Section through synaptic bed at surface of Mauthner cell to the lower left.
Several small endings are shown, one of which (left ¢} is definitely identifiable as a club
ending. Note the very abundant extracellular matrix material (*). Formalin—0sO;-fixed;

uranyl acetate-stained. X 6,800.

FicurE 17  Section of lateral dendrite (below left) showing synaptic bed (apposed block
arrows) with several club endings (C) and extracellular matrix material (*). Formalin—-
0s0;-fixed; uranyl acetate-stained. X 6,800.

Ficure 18 Section of lateral dendrite (below right) showing synaptic bed (apposed
arrows). Note the vesicle-filled boutons terminaux (b) and extracellular matrix material
(*). Formalin-0sO4-fixed; KMnO,-stained. X 6,800.

Ficure 19 Glia cell in medulla intimately related to myelinated fibers and having ER,
mitochondria, and ribosomes and containing glia fibrils (g). OsOs-fixed; KMnOy-stained.

X 14,000.
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in Fig. 3. Although the micrographs shown are
of too low power to make the point well, the
terminal myelin in the club endings (Figs. 23, 24,
and 30) is arranged rather like that in nodes of
Ranvier in the peripheral nervous system (105,
106, 111, 128) with numerous mesaxons visible
in longitudinal sections. The axon surface is
free of myelin or other intimate satellite cell
investments from the terminal myelin down to
the synaptic contact (~1.5 u in Fig. 24). There
is a fairly prominent zone of extracellular matrix
material (%) that completely covers the naked
axon terminal (Fig. 24 and inset) and extends out
in an interdigitating fashion among the surround-
ing cellular elements of the synaptic bed (Fig. 23).
A single unit membrane separates the axon,
the adjacent cellular elements, and the lateral
dendrite, respectively, from the matrix material.
The matrix material extends into the synaptic
cleft (arrow in inset to Fig. 24). Clear glia
processes (possibly astrocytic, see references 32,
123) often occur near the club endings as
well as between boutons terminaux (g, Figs.
24, 25, and 30). These sometimes bulge slightly
into the terminal axon (lower center, Fig. 30)
or even the lateral dendrite (Fig. 25). These
cellular profiles often appear completely empty
of organelles and are identifiable as cellular only
by their bounding membrane.

The synaptic membrane complex, SMC, (Fig.
30, arrows) in transection regularly displays a
succession of segmented regions about 0.2 to
0.5 p long in which the gap between the pre-
synaptic and postsynaptic unit membranes is
occluded with the formation of external compound
membranes, ECM’s, ~150 A thick. These regions
we believe from serial sections and frontal views
to be roughly disc-shaped. The unit membrane
triple-layered pattern does not generally appear
in the OsOsfixed material, but in the upper
inset enlargement of Fig. 30 we show a synaptic
disc, fixed with our standard OsO, method and
stained with permanganate, in which all of the
five strata expected of two unit membranes united
in an external compound membrane (109) can
be made out. This kind of pattern appears regularly
in KMnO,-fixed preparations (118). Partly for

this reason and partly because permanganate
has been shown to be a more reliable fixative than
Os0Q, for membranes (108, 110, 113), we believe
it is the more correct representation of the native
state of the membranes. In those ECM’s in
which the strata of the unit membranes do not
show up, the over-all thickness of the ECM is
somewhat higher than 150 A. However, they do
not measure over 200 A and contrast sharply with
the adjacent regions of gap widening, not only
by the narrowing of the gap but also by the
relatively rigid parallelism of the pair of mem-
branes. We regard the thickness values which are
slightly higher than that usually found in ECM’s
to be due simply to failure to fix the entire unit
membranes, for, if all the strata of the unit
membranes are successfully fixed so that they
show up as in the upper inset in Fig. 30, the thick-
ness is close to the usual value of 150 A.

Between each of the synaptic discs of the SMC
the gap between the presynaptic and postsynaptic
membranes is widened to about 150 to 200 A and
there is, next to the widened gaps, a slightly
increased density of the cytoplasm bordering each
membrane, making hazy bands ~300 to 500 A
wide. This shows up best in Fig. 25. This ap-
pearance is typical of desmosomes, attachment
plaques or, as Farquhar and Palade (34) refer
to them, ‘“‘maculae adhaerentes.” The inset en-
largement shows that in common with desmosomes
there is also condensation of dense material
in the gap between the apposed membranes
making a central dense line. Since the unit mem-
brane strata do not show up here, this paired
membrane complex shows three dense and two
light strata bearing some resemblance to the ones
displayed by an external compound membrane,
and these structures must not be confused. The
dimensions alone are sufficient to distinguish
clearly between these two fundamentally different
junctional complexes. In the desmosome-like
structure the over-all thickness of the paired
membrane complex is ~300 A as compared with
~150 A for the ECM’s making the synaptic discs.
The fine dense and light strata in each are due
to quite different things.

The axoplasm of the axon of the club ending

Ficure 20  Oblique section through synaptic bed with small area of Mauthner cytoplasm
to upper left. See text for legends. Formalin—-OsO4-fixed; KMnO;-stained. X 13,000,
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Ficure 21 Section in medulla showing glia cells with dense bundles of intracellular fibrillae (f). The
cytoplasm to the left of the upper fibrillar bundle (arrow 1) contains organelles rather like the cytoplasm
of axon cap cells, but to the lower center (arrow 2) the cytoplasm appears relatively empty. This empty
appearance may represent artifact. Formalin—0sO4-fixed; KMnOj-stained. X 7,000.

Fieure 22 Section deep in the axon cap neuropil next to the Mauthner axon. Note the glia profiles with
bundles of intracellular fibrils (f). Between two of these there is a region of close contact between mem-
branes (arrow) in which the gap is closed making an external compound membrane. This is enlarged to
the right. The over-all thickness is ~150 A and a faint trace of the outer surfaces of the united unit
membranes shows as a faint dotted line appearing not unlike the intraperiod line of myelin after 0sQ;
fixation. It is clear here that each of the ~80 A thick dense strata next to cytoplasm is only the cyto-
plasmic dense stratum of a unit membrane appearing slightly thicker than it does after KMnQy fixation.
Formalin—0sO04-fixed; KMnOy-stained. X §2,000; inset, X 120,000.

contains moderate numbers of vesicles about
400 to 500 A in diameter accumulated randomly
in patches over most of the axon surface beyond
the termination of myelin. The vesicles are not
confined exclusively to the vicinity of the SMC
and bear no particular relationship to the synaptic
discs or desmosome regions. The terminal axoplasm
also contains large numbers of neurofilaments and
neurotubules terminating perpendicular to the
SMC (Fig. 30, lower inset, and Figs. 31-33).
These tubular profiles in common with those

seen elsewhere in neurites resemble those seen
in mitotic spindles by Ruthman (121), Kane (61)
and others. They are not apparent either here
or in the Mauthner cells in our permanganate
preparations (118). Since permanganate seems to
fix lipoprotein structures almost selectively, we
have tended to believe that the neurotubules are
not lipoprotein in nature.

There are moderate numbers of elongated
mitochondria in the club endings. They are usually
arranged with their long axes roughly parallel
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to the fibrillar elements. Sometimes they assume
an unusual shape, bifurcating at the SMC.

E. Boutons TERMINAUX

The boutons terminaux (11, 12) are prominent
throughout the synaptic bed and are easily
differentiated from the club endings because of
their distinctly different morphological charac-
teristics (Figs. 18, 26, and 27). They are packed
with synaptic vesicles and do not show neurofila-
ments or neurotubules. Dense particles measuring
about 200 to 300 A in diameter have been ob-
served in some (to the left in Fig. 27) and we
interpret these as glycogen (96). There are num-
bers of contorted mitochondria. No external
compound membranes have been found in the
boutons endings. The gap between the pre-
synaptic and postsynaptic unit membranes in this
kind of ending, wherever the membranes are
sectioned perpendicularly, regularly measures
~100 to 150 A (Figs. 26 and 27 insets). In some
micrographs synaptic vesicles are accumulated
next to the presynaptic membrane in the manner
described by others (85, 49, 56). There may be
some accumulation of dense material in the juxta-
membranous cytoplasm in such regions but the
densities might just as well be due to overlapping
of vesicles. While some dense material may be
present about the membranes, it is not clear to
us whether there is any intrinsic thickening of the
synaptic unit membranes in such regions. Densi-
tometer traces in better micrographs than Fig.
26 will be helpful in deciding this point.

We have not as yet identified with certainty in
our electron micrographs the axons from which
the boutons spring, as might be expected if they
are relatively small. Some of the smaller neural
profiles to the lower right in Fig. 20 may be such
axons, but serial sections will be needed to prove
this.

The boutons are often closely packed over the
surface of the lateral dendrite, as in Fig. 26, with
the extracellular matrix material reduced to
~100 to 150 A in thickness. Occasionally one
sees, between the boutons as well as club endings,
single unit membrane-bounded cytoplasmic re-
gions that are quite empty of structure and which
may represent astrocytic processes if we follow the
terminology of Farquhar and Hartmann (32)
and Schultz, Maynard, and Pease (123). In
other regions between boutons one sees accumula-
tions of extracellular matrix material as in Figs.

J. D. RoBertson, T. S. BopENHEIMER, AND D. E. Stace Ultrastructure of Mauthner Cell Synapses

18 and 26 (*). This is usually not so marked about
boutons as about club endings.

F. Tue Axox Carp

Figs. 2 and 4 to 6 are light micrographs of the
axon cap region. Fig. 29 is a low-power electron
micrograph of the boundary zone of a cap. As
noted above, numerous small myelinated fibers of
unknown origin enter the cap. These are easily
distinguished from the Mauthner axon by their
size alone. One such myelinated axon (ax) is
seen in Fig. 29, penetrating between the cap cells
and losing its myelin sheath in a node-like con-
figuration. The cap cells take over as satellite
cells for the now unmyelinated axons with their
membranes separated from the axon membranes
by a gap of ~100 to 150 A (Fig. 29, inset en-
largement). No accumulations of extracellular
matrix material like that replacing the terminal
myelin in club endings is seen about these fibers
as they enter the cap.

As seen with the light microscope the cap cells
are polygonal and form a fairly continuous sheet-
like boundary with nuclei confined to the super-
ficial zone and finger-like tapering processes
extending deep into the cap neuropil. Their
nuclei appear oval or round in our sections and
measure about 2.5 to 3.0 u by 6 to 7 u in diameter.
Irregular fairly light condensations of chromatin
are scattered throughout the nucleus, with only
a slight tendency to aggregate at the nuclear
membrane. In one instance we have observed
another kind of glia cell nucleus deeper in the
cap neuropil. This appears in Fig. 34 at the bottom
center. Its nucleus is rounder and smaller (2.0 to
2.5 u) than that of cap cells. Its chromatin is more
dense and more sharply defined as a peripheral
layer, next to the nuclear membrane, extending
connected folds into the central region. The
cytoplasm of this cell is sparse and we believe it
represents a different type of glia cell, probably
an oligodendrogliacyte.

The cap cells (Fig. 29) and their processes
contain numerous dense granules measuring
about 150 to 250 A in diameter, either free or
attached to endoplasmic reticulum. Most of these
appear to be ribosomes, although some of the
larger ones might represent glycogen. Some of
the smaller extensions of glial elements deep in
the cap are derived, we believe, from the cap
cells. They often contain typical astrocytic fila-
ments (Fig. 22) like those in the glia cells outside
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the cap in Figs. 19 and 20. The glia cell in Fig.
19 outside of the cap region is closely related to
myelin and contains glia filaments as well as the
ribosomes and ER characterizing the cap cells.
This cell would seem to be best classified as an
astrocyte and, if so, its similarity to the cap cells
makes it seem likely that the cap cells also are
astrocytes. In Fig. 21 we show some glia cells,
not far from the Mauthner cell, that have clear
bundles of glia filaments that would support
their classification as astrocytes. They are closely
related to myelin and in some regions display
clear cytoplasm almost free of structure (arrow
2). To the upper left (arrow /), however, there is a
transition zone, in one of these cells, to a region
in which the cytoplasm contains organelles and
gives an appearance rather like that given by the
cap cells. While it seems reasonable to us on the
basis of the above features to classify the cap cells
as astrocytes, the proof of this must await the
demonstration of glia fibrils in indubitable cap
cell cytoplasm. We believe that the fibrils are
present mainly in the smaller extensions of cap
cells and that, as they appear, the ribosomes and
ER are reduced in amount, so that all the dis-
tinguishing features are not frequently seen in one
region. Hence, our identification of the cap cells
as astrocytes is not yet certain.

The over-all picture of the cap region (Fig.
34) is one of a very dense, tightly packed neuropil
consisting of neural and glial processes, arranged in

a complicated, interwoven fashion with transected
elements measuring most often a few tenths of a
micron in diameter but reaching several microns
in some cases. The largest (~3 to 4 u) we believe
generally to be axons or dendrites. In some low
power micrographs we can see numerous desmo-
some-like regions. One of these is shown at the
arrow in the upper left inset in Fig. 34.

Throughout the cap neuropil there are fre-
quently seen dense, irregularly shaped regions
measuring a few tenths of a micron across. Several
of these are visible in Fig. 34 (unmarked arrows).
At higher magnification (Fig. 34, right upper
inset of circled area, and left inset from anothier
micrograph) these are found to be dense, extra-
cellular matrix material like that in the synaptic
bed.

Some of the neurites in the cap region show
great accumulations of mitochondria. Vesicles
occur in large numbers in some of the profiles
and some contain very dense granules ~600 to
1000 A in diameter (gr, Fig. 34) which we have
not yet identified.

G. NobEs

We have incidentally encountered several
nodes (Figs. 37 and 38) in the medulla. These
resemble, in agreement with the findings of
other observers (81, 129), nodes of Ranvier found
in the peripheral nervous system. The unmy-
elinated part of the axon is bounded by a single

Ficure 23 Low power view of club ending. Lateral dendrite is to lower right. Formalin—

0s04-fixed; uranyl acetate-stained. X 6,800.

Froure 24 Higher power view of edge of a club ending below. Note the empty large glia
process (g) to the left next to the boutons. This is bounded by several thinner sheet-like
glia processes (inset) that are intimately related to myelin above. Note the thin but clear-
cut layer of extracellular matrix material () extending into the synaptic cleft (inset).
The inset enlargement is from a serial section. Formalin-OsOy-fixed; uranyl acetate-

stained. X 14,000; inset, X 33,000.

Ficure 25 Section of a club ending (¢) in a Mauthner lateral dendrite (M). The clear
area (g) in the lower center probably represents a smaller clear glial process bulging into
the Mauthner cell and pushing under the synaptic membranes. The synaptic discs are
not well shown here but the intervening desmosomoid regions show up well. The one
designated by the arrow is enlarged to the right. Note the accumulations of dense material
in pre- and postsynaptic neuroplasm next to the synaptic membranes and the condensed
stratum of dense material bisecting the intermembrane gap. One can see the narrowing of
the gap as the synaptic discs are entered above and below but here the membranes do not
show up well partly because they are obliquely sectioned. Formalin-OsO;-fixed; KMnOy-

stained. X 30,000; inset, XX 120,000.
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Fieure 26  Section of lateral dendrite (M) with the synaptic bed containing many close-packed houtons
terminaux (b) filled with synaptic vesicles and mitochondria. A capillary lumen (cap) lies to the left above.
The opposed large block arrows designate the synaptic bed. A small amount of extracellular matrix
material () is present between some of the boutons. The inset below shows the synaptic membrane
complexes designated by arrows 1 and 2. Note the accumulations of synaptic vesicles next to the pre-
synaptic membranes. Arrow 3 points to multivesicular bodies in the lateral dendrite. 2.5 per cent OsOy-
fixed; KMnO4- and lead-stained. X 10,000; inset, X 39,000.

unit membrane.* The node in Fig. 37 is one of a
series of serial sections and we are convinced
here that there is an extracellular space next to the
unmyelinated part of the node. This preparation

4 This is fairly clearly evident in Fig. 38, but in Fig. 37
to the upper left the section gives an impression of two
membranes bounding the axon. Our serial sections
of this node showed that this is not so. The lower dense
line is probably due to an axon filament lying close
to the surface. We have included this micrograph for

was fixed with our standard OsO; fixative and
we believe that it may be for this reason that no
appreciable extracellular matrix material shows
up. Only a few delicate strands (arrows) persist.
However, sometimes the matrix does show up
even with this technique. In Fig. 38, another
node is shown after fixation with the formalin—

the reasons indicated in the text, and it is not selected
to show the characteristics of the axon membrane, a
topic that will have to be dealt with separately.
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OsO, technique. Here, in the analogous space
next to the axon, dense extracellular matrix
material (%) like that in the synaptic bed shows
up clearly. The demonstration of the matrix
material provides a good reason for believing the
perinodal space to be real. Our findings on this
point are in agreement with the conclusions of
Metuzals (81).

DISCUSSION

Many features of CNS ultrastructure have been
touched upon in our findings, but there are two
subjects which we would like to discuss in some
detail, the problem of the extracellular space of
brain and questions relating to synapses. The
belief among electron microscopists that the extra-
cellular space of vertebrate brain is confined to the
very thin ~100 to 200 A gaps between adjacent
neural elements is now well established. To be
sure, the published electron micrographs of others
occasionally have shown appreciably large spaces
between synaptic elements at neurone surfaces
(84, 85, 51) but they have generally been re-
garded as artifact. This has seemed reasonable
partly because the spaces have appeared empty
of structure and partly because it was evident
sometimes that the surfaces bordering the spaces
would fit together like the pieces of a jigsaw puzzle,
suggesting that they had separated during or after
fixation. Only Blackstad (9) and Blackstad and
Dahl (10) have chosen to take seriously any such
spaces and their interpretations stand as an iso-
lated exception. We believe we have presented
in the literature the first evidence that strongly
suggests that any such spaces be regarded as real,
mainly because we have demonstrated within them
a definite extracellular matrix material that could
hardly arise as a preparatory artifact. Our results
are, to be sure, confined to one specific case,
and a general survey will be necessary before any
generalities can be made. Nevertheless, since our
results provide a clear-cut exception to the
generally accepted concept of minimal extra-
cellular space, it seems appropriate to examine
briefly some of the evidence on which this im-
portant concept is based.

The minimal extracellular space viewpoint
seems to have been explicitly recorded first by
Wyckoff and Young in 1954 (139) and 1956
(140). Dempsey and Wislocki (25) and Maynard
and Pease in 1955 (78) and Dempsey and Luse
in 1956 (24) indicated that there might be no
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more than the narrow gap between adjacent
cellular elements in contact to represent extra-
cellular space. Subsequent papers by Schultz,
Maynard, and Pease (123), Farquhar and Hart-
mann (32), and Horstmann (58) in 1957, and
Horstmann and Meves (59), and Gray (49)
in 1959 have supported the notion of minimal
extracellular space in brain. Horstmann and
Meves attempted a quantitative study of the
extracellular space in certain regions, and es-
timated a mean volume percentage of no more
than 5 per cent.

A less direct method of discerning the amount
of extracellular volume in the central nervous
system has been that of administering substances
which supposedly remain in the extracellular
compartment, and measuring the extent of their
uptake. This has been done in vitro by incubation
of brain slices with a substance to be measured,
and in vivo by injection into the animal. Early
studies were done with chloride ions, which were
assumed to be distributed in the brain only ex-
tracellularly. Values of 30 to 40 per cent were
obtained for chloride space by Manery et al.
(73~75). It has been agreed since that chloride
does enter at least some of the cells, and that these
values are much too high (1, 2). In vitro studies,
such as that by Allen (1) which yielded an inulin
space of approximately 15 per cent, might be
questioned because of possible brain swelling and
distortion. Davson and Spaziani (19) calculated
an extracellular space of 14 to 22 per cent, using
I, sucrose, and p-aminohippuric acid (PAH),
also relying on an in vitro method. More recent
tn vivo studies, however, report values close to
5 per cent for what is thought to be the true
extracellular volume. Woodbury et al. (137, 138)
and Barlow e¢f al. (4) found the sulfate space to be
about 4 per cent. Similar values were reported by
Woodbury for inulin (137), by Streicher and
Press (127) for thiocyanate, and by Reed and
Woodbury (93) for 1%,

Thus we find that there is at present more
agreement between the biochemical and the
morphological estimations of the amount of
extracellular space of the brain than there was at
first. However, a distinct note of caution must
accompany this agreement. First, neither dis-
cipline has employed methods of high intrinsic
accuracy. The small samples represented by
electron micrographs pose difficult statistical prob-
lems, and the chemical methods are limited by
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unknowns such as penetration of the substances
into cells and incomplete passage from blood to
brain (28, 65). Secondly, while the older indirect
studies doubtless suggested values that were too
high, the more recent in »ivo experiments may
have led to values that are too low because of
blood-brain barrier problems. Our results sug-
gest that the older estimates from electron micros-
copy also were too low for two reasons. First,
lakes of extracellular matrix larger than the
~200 A gaps between cells might exist in many
places other than those reported in this paper.
Secondly, there may be an artifact of fixation
whereby certain kinds of cells swell differentially,
making the extracellular volume appear less
since the total volume of the brain is rigidly
restricted. Several experiments (45, 63, 71) sug-
gest that one kind of glia cell, called astrocytes by
most observers (31, 32, 78, 79) but oligodendroglia
by Luse (68-71), displays a definite tendency to
take up water very readily if subjected to trauma
before fixation. Since these cells in the un-
traumatized experimental controls did not show
such extreme swelling, it seems reasonable to
agree that the extreme swelling was due to the
prefixation trauma. This says nothing, however,
about the possible effects of the trauma of fixa-
tion itself. Perhaps the less dramatic swollen
appearance that astrocytes so often display in
electron micrographs is related to some extent
to an unusual susceptibility to the trauma attend-
ing fixation. These cells, even in apparently
well fixed normal preparations, often have a

completely empty cytoplasm that makes one
very suspicious of artifact (e.g., Fig. 24). Some of
the previous observers appear to have reasoned
that since the surrounding cells look well fixed,
so must be the astrocyte. However, it may well be
that when these cells look poorly fixed by the
usual criteria, they are poorly fixed. In support of
this viewpoint - we have seen transitions, in the
same cell, from regions with a swollen watery
appearance to regions that look better preserved
and are fairly well filled by organelles (Fig. 21).
Thus, selective astrocyte swelling during fixation
could have the effect of decreasing to some degree
the amount of extracellular space thereby making
it different from that existing in vivo. In the ex-
periments of Van Harreveld (130) and Van
Harreveld and Schadé (131) on cortical impedance
changes after asphyxiation, these changes that
were explained by the authors as due to neuronal
swelling are, perhaps partly explainable by
astrocytic swelling. This is not to say that we
believe that this alone can account for such very
high values for brain extracellular space as the
extreme ones (~30 per cent) suggested by these
authors. This kind of argument, based on selec-
tive swelling of some cellular element, whether
applied to astrocytes, neurones, or other types of
cells, could have only a limited application if we
assume the presence in any hypothetical in vivo
spaces of a matrix material like that we have
demonstrated about the Mauthner cell. Selective
swelling of cells into these spaces could only occur
to the extent to which the matrix material could

FiGure 27 Section of bouton, The lateral dendrite lies to the right. Numerous vesicles
are seen near the lateral dendrite and to the left these are replaced by aggregates of dense
granules of similar size. These are interpreted as glycogen. The indicated portion of the
synaptic membrane complex is enlarged above. The unit membranes do now show up but
the ~100 to 150 A gap is evident. The mitochondria show dense aggregates of material in
the matrix between the cristae (arrow) that may be related to the electron transport
particles described by Fernandez-Moran (35). Formalin—-OsQ, fixation. KMnQy stain,
X 28,000. Right inset X 170,000; left inset, X 210,000.

Ficure 28 Clear cell process in medulla with three desmosomoid membrane differentia-
tions between it and three profiles with many vesicles. The process contains one mitochon-
drion and suggestive tubular profiles (arrows 1) and dense filaments or granules (arrows 2).
Formalin—0sQ4 (Millonig)-fixed; KMnO;-stained. X 54,000,

Ficure 29  Axon cap cell. Note the axon (ax) losing its myelin (arrow) as it penetrates
the cap. The inset enlargement shows the ~250 to 800 A paired membrane (arrow) be-
tween the satellite cap cell and the axon. Note the numerous ribosomes in the cap cells
and the oval nuclei with lightly dispersed chromatin. OsOgfixed; KMnOj-stained. X

5,400; inset, X 20,000.
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be dehydrated without becoming so dense as to
restrict further swelling. While this might allow
for considerable change since the matrix may be
very highly hydrated, it seems probable that other
factors need to be invoked to explain the findings
of Van Harreveld and Schadé.

Light microscope techniques, although used
extensively in the past in assessing the over-all
volume of extracellular space in brain, have not
often been used in attempts to define localized
accumulations of matrix material such as we have
found about Mauthner cells. The only study known
to us that is relevant to this problem is one by
Gasic and Badinez (42). These authors, using a
combined enzymatic and histochemical technique
(see reference 43), have produced light microscope
evidence suggesting the presence of a thin layer of
a Hale-positive mucopolysaccharide around the
soma dendrites of many neurones in frog brain.
We have applied the periodic-acid—Schiff tech-
nique to the Mauthner cell in formalin-fixed,
paraffin-embedded material and obtained a
strongly positive reaction in the synaptic bed.
This could be due to the matrix material. How-
ever, the axon cap, where there is very little
matrix, i8 also strongly PAS-positive, serving to
emphasize the difficulties in making interpreta-
tions, from such methods, about the chemical
nature of the reacting material (57) in any given
location. However, the Gasic and Badinez tech-
nique, utilizing enzyme-treated controls, offers a
possibility of greater specificity.

Apart from the chemical nature of the matrix
material, we have found this material in extra-
cellular reservoirs around bare axon surfaces at
synapses and nodes, places at which one might
expect major exchanges of ions during nerve
impulse propagation. Frankenhaeuser and Hodg-
kin (37) and Ritchie and Straub (98) have pro-
duced, independently, physiological evidence

that the thin hydrated film of gap substance be-
tween nerve membranes and satellite cell mem-
branes in unmyelinated nerve fibers can act as an
immediate donor and receiver of the ions ex-
changed between axoplasm and the outside
during impulse propagation. Their results, how-
ever, showed that the balance of the ions in these
small spaces can and must be restored rapidly by
diffusion from extracellular reservoirs located no
more than a few microns away, with the ions
moving, in the cases studied, along mesaxon clefts.
It seems reasonable to suggest that the reservoirs of
extracellular matrix material about Mauthner
cell synapses and nodes may serve not only as
immediate sources and sinks for ion currents,
but also for restoration of ion imbalances in the
thin intermembrane gaps in the vicinity of the
reservoirs up to a radius of a few microns. The
reservoirs in turn could be supplied slowly by
diffusion from capillaries through the thin inter-
membrane gaps between glia cells and neurites,
provided all of these are not completely occluded
(51, 91). Alternatively, the reservoirs could be
supplied by astrocytes as suggested from previous
work because, in the absence of sizable reservoirs
of extracellular material in brain, astrocytes
seemed a logical candidate for the functional
role normally assumed by extracellular material
in other tissues. This hypothesis, giving the
astrocytes the role of an ion reservoir, requires
the existence of a three compartment, two mem-
brane system for the events of nerve impulse
propagation; i.e.,, neuronal and astrocytic cyto-
plasm, their cell membranes, and the extra-
cellular gap. However, for the places around the
Mauthner cells where increased extracellular
reservoirs are found, it seems unnecessary to
postulate such a three compartment, two mem-
brane system, since the neuronal cytoplasm, the
extracellular reservoir (or narrow gap in the

Frcure 30 Part of a club ending at higher power showing synaptic discs (arrows). Note
the mitochondria terminating perpendicular to the SMC along with neurotubules and
neurofilaments that are better shown up in the left lower inset. The synaptic vesicles bear
no particular relationship to the SMC or synaptic discs. The main figure was formalin—
OsOy-fixed and uranyl acetate-stained. The upper inset shows a higher magnification
picture of a synaptic disc from a preparation fixed with OsOj only and stained with KMnO,
in which all the unit membrane strata show up. Here the external compound membrane
measures ~150 A. The lower inset shows another club ending with the presynaptic axon
above. Note the neurotubules and neurofilaments terminating perpendicular to the SMC.
This preparation was OsOy-fixed and KMnO;-stained. X 25,000. Upper inset, X 170,000;

lower inset, X 17,000.
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Ficure 31 Cross-section of a club ending on a lateral dendrite. The plane of the section passes through
the non-myelinated portion of the axon. Note the numerous synaptic vesicles preferentially accumulated
in the peripheral zone of axoplasm. Neurotubules and neurofilaments are prominent in the central core
zone. Mitochondria are seen as small round profiles in keeping with their perpendicular orientation to
the SMC. Note the collar of extracellular matrix material (*) surrounding the axon. The opposed arrows
include a sheet-like fold of glia cytoplasm and the distinction between single and paired unit mem-
branes is clearly made. The other arrows point to regions in which the matrix material is clearly bounded
by single membranes. In other regions the membranes are blurred by oblique sectioning. Numerous glia
folds surround the matrix and other synaptic endings with vesicles appear to the right above and below.
Formalin-2.5 per cent OsO,-fixed; KMnO4- and lead-stained, X 26,000.



vicinity of a reservoir), and the neuronal cell
membrane may be sufficient. It remains to be
seen, from further studies of brain structure, to
what extent this viewpoint has geenral significance.

The structural differentiations occurring in
synaptic regions have already been studied
extensively by electron microscopists. For example,
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and Ladman (64) have studied the retinal rod
synapses.

One of the most difficult problems in the cor-
relation of structural and functional concepts
is that of accurately defining the synapse. One
may define a synapse in physiological terms as a
region in which functionally effective neural

Ficure 82 Higher magnification micrograph of axoplasm of a club ending in longitudinal section show-
ing neurofilaments and neurotubules. OsOs-fixed, KMnO,-stained. X 38,000.

Ficure 33

Transection of the preterminal axon of a club ending near the synaptic bed. Note the neuro-

tubules. One bundle of these is enlarged in the inset. OsOsfixed; KMnO,-stained. X 14,000; inset,

X 53,000.

invertebrate synapses were studied by De Robertis
and Bennett (26), Robertson (99-104, 114),
Estable et al. (30), Hama (55), De Iraldi et al.
(20), and by Gerschenfeld (44). Vertebrate CNS
synapses have received attention from Palade
and Palay (83), Palay (84, 85), Gray (49, 51, 52),
De Lorenzo (22, 23), Gray and Whittaker
(53, 54), Whittaker and Gray (133), Schulte,
Maynard, and Pease (123), Boycott, Gray, and
Guillery (14), and Hamlyn (56). Degeneration
of CNS synapses has been studied by Colonnier
and Gray (18). In addition, Sjostrand (124)
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influences are transmitted from one neuron to
another. This requires the fairly close contiguity
of pre- and postsynaptic cells at some loci. Such
loci were defined by light microscopy as regions
of discontinuous membrane contact and a definite
physiological correlation was made by Cajal
(16) when he ascribed to such regions the func-
tion of synaptic transmission. The electron mi-
croscope has shown that in such contact regions,
which may extend for many microns, the pre-
and postsynaptic membranes are for the most
part separated by a cleft ~150 to 200 A in width.
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Within these relatively broad areas of contact,
small localized membrane differentiations in the
range of a few tenths of a micron in size have been
defined, and a unique role for them in synaptic
transmission has been imputed. However, we do
not know to what extent the intimate physiological
events underlying synaptic transmission are lo-
calized or diffuse in terms of tenths of microns.
Hence we cannot possibly say with any certainty
to what degree any particular small structures
within synaptic regions many microns in extent
may be uniquely involved in the physiological
events.

By leaving aside such problems of the exact
sites of nerve impulse transmission at synapses
and dealing only with the intimate structural
differentiations that are found, certain general
concepts of synaptic ultrastructure have been
developed. First, the neurone doctrine of Cajal,
whereby the integrity of pre- and postsynaptic
neuroplasm at synapses is maintained by the
intervention of a distinct membranous structure
between them, has been abundantly confirmed
and each of the two synaptic membranes has
been identified as a unit membrane (49, 23). The
gap, or synaptic cleft, between the two membranes
in some regions has been found to be slightly
widened to ~250 to 300 A as compared with the
usual ~150 to 200 A gap between adjacent cell
membranes. Gray (49), following the practice of
earlier workers (83-85), focused attention on
certain desmosome-like focal differentiations at
axodendritic and axosomatic contact regions and
classified cortical synapses in rats into two types
(I and II). Type I is characterized by the presence
of desmosomoid regionsabout 14u long in transverse
section and has a cleft ~300 A wide containing a
thin condensed stratum of gap substance lying
closer to the postsynaptic membrane. There is
a condensation of presynaptic vesicles and a
distinct accumulation of dense material in post-
synaptic cytoplasm next to the membrane. Type
IT shows smaller desmosomoid regions about

half as long in sections in which the synaptic
cleft is narrower (~200 A) and contains no
intervening dense stratum between the membranes.
The postsynaptic dense material is less marked
and the presynaptic vesicles are less numerous.
Both types occur on dendrites but Type I is
characteristic of dendrite spines and Type II
of axosomatic synapses. In Hamlyn’s (56) ma-
terial the Type Il desmosomoid regions show
symmetrical accumulations of dense material in
pre- and postsynaptic axoplasm and because of
this fairly small difference in structure he regarded
them functionally as*“attachment plaques” (desmo-
somes) rather than synapses. The regions between
the synaptic discs in our Fig. 25 have similar
structural features. Should they then be regarded
functionally as attachment plaques?

This question brings us back to the very serious
problem, already alluded to, of deciding whether
or not any particular structural entities that may
be observed in anatomically defined synaptic
regions have anything crucially important to do
with the physiological processes of synaptic
transmission. Schultz, Maynard, and Pease (123)
have already brought up this problem when they
claimed to show regions of differentiation in
brain like those believed by most observers to be
characteristic of synapses at contacts between
neural processes and cell profiles that they iden-
tified as astrocytic. This has been regarded by
some as casting doubt upon the unique involve-
ment of such junctional complexes in synaptic
transmission, by some as evidence of synaptic
transmission to glia cells, and by some as an
example of incorrect identification of glia cells.
While there are some differences such as their
asymmetry, these desmosomoid regions in synaptic
areas resemble closely desmosomes seen elsewhere,
It has seemed reasonable to ascribe to the very
similar structures in organs other than brain a
function of holding cells together that might
otherwise be pulled apart mechanically because of
a sparsity of supporting connective tissue elements.

Ficure 34 Low power view of cap neuropil showing interwoven glial and neural elements.
The latter often contain vesicles or many mitochondria. Note the small granules (gr) in one
profile. These are of unknown nature. Several patches of extracellular matrix material
occur as in the insets. There also are suggestions of desmosomoid differentiations as in the
upper left enlargement (arrow) from another micrograph of a similar region. Note the
nucleus to the lower center having dense peripheral condensations of chromatin and scanty
cytoplasm. This might be an oligodendrogliacyte. Formalin-0sQ; (Millonig)-fixed;
KMnOy-stained. X 10,000. Right inset X 44,000; left inset, X 48,000,
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Such elements are unusually sparse in brain and
it seems reasonable to expect to find large numbers
of desmosomes particularly in synaptic regions
where things obviously need to be held together
unusually well.

Along these same lines, we show in Fig. 22
and possibly in Fig. 10 (lower inset) a type of
intimate membrane contact that raises the same
questions with regard to our synaptic discs.
We feel quite sure that in Fig. 22 the membranes
of two adjacent glia cells are involved, since both
cells contain characteristic glia filaments (50,
15). Their junctional complexes are like the
ones previously described between glia cells in
brain by Gray (51) and Peters (91). They are
also similar to regions of close membrane contact
with external compound membrane formation
that have been observed by Robertson between
intestinal epithelial cells (113), capillary endo-
thelial cells (115), and in nodes of Ranvier (108,
111), and recently by Farquhar and Palade
(33, 34) in intestinal and other glandular mucosae.
In fact, nerve myelin is the extreme example of
such a tight junction of membranes. A most
reasonable functional role in all these situations
has seemed to be the restriction of free diffusion
of materials along the clefts between the cells
involved. Are we then justified in assigning any
unique role to the synaptic discs in synaptic
transmission? The situation is directly analogous
to that involving the desmosome-like regions
and we are left in the same position of uncertainty.

The various differentiated structures discussed
all occur in synapses, and it is reasonable to
ascribe some role to each of them in the physio-
logical processes of synaptic transmission. The

main purpose of the above discussion is to inter-
ject a note of caution into the problem of deciding
too soon precisely what role they may play. Their
functions could be directly related to the functions
of their counterparts elsewhere or they could be
different. We have no way to decide with our
present incomplete information.

Another problem is the involvement of various
types of anatomical structures outside the im-
mediate contacting membranes with the physio-
logical events of synaptic transmission. The
anatomical investigations of synapses have been
much concerned with the physiological concept
that a transmitter substance is responsible for
activity in most central nervous system synapses.
That acetylcholine is one of the most important
transmitters and that it and other possible trans-
mitters may be enclosed in packets in unit mem-
brane bounded vesicles ~400 A in diameter,
like the ones found accumulated in large numbers
by Palade and Palay (83), Robertson (107, 112)
and others (8) in vertebrate motor end plates,
and by De Robertis and Bennett (26) and others
in vertebrate and invertebrate synapses, has
become a widely discussed concept although it
remains unproven in rigorous terms. Such vesicular
structures were called synaptic vesicles by De
Robertis and Bennett (26). Del Castillo and
Katz (21), from electrophysiological studies of the
miniature end plate potentials of frog motor nerve
endings provided early evidence suggesting that
each vesicle in a motor end plate might contain
a packet of ‘acetylcholine molecules, giving a
miniature potential on discharge by coalescence
with the presynaptic membrane. Recent work by
some groups has been concentrated on attempts to

Figure 85 Low power view of Mauthner axon with its cap neuropil. The axon is cut
obliquely. Note the granules (gr) in the central profile. Formalin-0sO4-fixed; KMnOy-

stained. X 7,000.

Ficure 86 Higher magnification oblique section of Mauthner axon. Formalin-OsOs-

fixed; KMnOg-stained. X 56,000.

Fi1eure 37 Section of node in medulla. Note the tenuous remnants of extracellular matrix
material (+) at the arrows. OsOy-fixed; KMnOy-stained. X 27,000,

Ficure 38 Myelinated fiber with node in medulla near Mauthner cell. Note the multiple
mesaxons perpendicular to the axon and the dense granules in the cytoplasm between
separated myelin lamellae. The axon contains prominent neurofilaments and endoplasmic
reticulum (ER) membranes. The nature of the area (X) bordered by the ER is undecided.
Note the dense extracellular matrix material (*) bordering the unmyelinated axon sur-
face. The photographic masking technique described by Gonzales (47) was used for this
micrograph. Formalin—-0sOs-fixed; uranyl acetate-stained. X 27,000,
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isolate synaptic vesicles and measure their content
of acetylcholine and other possible transmitters.
Some measure of success has been achieved in
associating acetylcholine activity with synaptic
vesicles by Gray and Whittaker (53, 54, 133) and
by De Robertis et al. (27). In relation to this
problem, Wolfe ¢t al. (136) have recently shown
an association between tritiated norepinephrine
and vesicle-containing sympathetic nerve endings
in rat pineal bodies. This supports the belief that
such vesicles contain a neurohumoral agent.
That direct electrical synaptic transmission
might be important in the central nervous system
has been considered in the past (3), but work in
recent years has led to the belief that chemical
neurohumoral transmission dominates in ver-
tebrate central nervous systems (see Eccles,
reference 29). Recently Furshpan and Potter
(41) have produced very convincing evidence of
electrical synaptic transmission in crayfish giant
fiber synapses. This has been correlated with the
electron microscope demonstration of especially
intimate pre- and postsynaptic unit membrane
contact (external compound membranes) in
these synapses by Robertson (114, 116, 117)
(See also Hama, reference 55). Recently, ex-
perimental electrophysiological evidence of elec-
trically mediated inhibitory effects in the region
of the axon cap of Mauthner cells in goldfish
has been reported by Furakawa and Furshpan
(38, 40). Our findings in the cap region offer
but little basis for correlation with this evidence,
beyond perhaps our finding of relatively little
over-all extracellular matrix material in this
region. However, there does seem to be some
possibility of a more direct correlation with
physiological findings in the lateral dendrite
synapses. Here, there is a clear morphological
distinction between the club endings and the
boutons terminaux. Synaptic vesicles are very
prominent in the boutons and, following the
prevailing concepts, may be considered to suggest
neurchumoral transmission. The club endings,
while containing moderate numbers of vesicles,
differ distinctly from the boutons by showing closed
intermembrane gaps, or synaptic discs. Because
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such intimate membrane contacts were like those
we had associated with electrical transmission in
crayfish ganglia, and because external compound
membranes seem to occur at junctions between
cardiac muscle cells (125) where electrical trans-
mission is probable, we wondered about the
possibility of electrical transmission in the club
endings. It was gratifying to learn, while we
were making our structural observations, that
Furshpan (39) found electrophysiological evidence
that suggests the possibility of excitatory electrical
transmission at the eighth nerve endings on the
Mauthner cell. It thus seems reasonable to say
that the presence of external compound mem-
branes in synapses should at least make one think
of electrical transmission. If this is so, the func-
tion of the vesicles in club endings is enigmatic
unless we suppose that these synapses may
transmit both electrically and neurohumorally.
Perhaps this idea of dual transmission mechanisms
in one synapse should be explored further, but
we must keep in mind the fact that both of the
structural differentiations on which it is based are
found elsewhere in locations suggesting other
functions. We may conclude that other more
subtle structural differentiations that may be
peculiar to synaptic transmission should be sought.
The paper that follows this one shows that such
more refined differentiations do exist in the
synaptic discs but we still do not know to what
extent these may be uniquely involved in physio-
logical synaptic transmission, because related
structures in other tissues may be found to have
the same features.
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