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ABSTRACT

The receptor-rich postsynaptic membrane of the elasmobranch electric organ was
fixed by quick-freezing and then viewed by freeze-fracture, deep-etching, and
rotary-replication . Traditional freeze-fracture revealed a distinct, geometrical pat-
tern of shallow 8.5-nm bumps on the E fracture-face, similar to the lattice which
has been seen before in chemically fixed material, but seen less clearly than after
quick-freezing . Fracture plus deep-etching brought into view on the true outside
of this membrane a similar geometrical pattern of 8 .5-nm projections rising out of
the membrane surface . The individual projections looked like structures that have
been seen in negatively stained or deep-etched membrane fragments and have
been identified as individual acetylcholine receptor molecules . The surface protru-
sions were twice as abundant as the large intramembrane particles that characterize
the fracture faces of this membrane, which have also been considered to be
receptor molecules . Particle counts have always been too low to match the
estimates of postsynaptic receptor density derived from physiological and bio-
chemical studies ; counts of surface projections, however, more closely matched
these estimates . Rotary-replication of quick-frozen, etched postsynaptic mem-
branes enhanced the visibility of these surface protuberances and illustrated that
they often occur in dimers, tetramers, and ordered rows . The variations in these
surface patterns suggested that in vivo, receptors in the postsynaptic membrane
may tend to pack into "liquid crystals" which constantly appear, flow, and
disappear in the fluid environment of the membrane . Additionally, deep-etching
revealed a distinct web of cytoplasmic filaments beneath the postsynaptic mem-
brane, and revealed the basal lamina above it, and delineated possible points of
contact between these structures and the membrane proper .
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lution currently attainable on thin metal replicas
(2 nm). Particularly valuable is the opportunity to
observe in such replicas the overall organization
of molecules associated with membranes-either
individual molecules floating in the bilayer of the
membrane or complex structural molecules com-
prising the cell cytoplasm beneath the membrane,
or the extracellular coat outside. This is accom-
plished by deep-etching (i .e ., shallow freeze-
drying) of tissues that have been frozen in the
absence of cryoprotectants . Cryoprotectants can-
not be used because they do not etch away during
freeze-drying. Thus it becomes difficult to avoid
bad ice crystal formation during freezing . One way
it can be avoided is by freezing at very high rates-
by cooling at >20,000°C/s-which can be done
with the freezing machine recently designed to
capture synaptic vesicle exocytosis (38) . Other
rapid biological processes can now be viewed in
this new way as well.
The problems that remain with this new viewing

technique, besides the difficulty in freezing fast
enough, are: (a) that etching leaves behind salts
and other soluble components of the tissues, and
these limit the final depth of etching and partly
obscure the view ; and (2) that the metal replica is
produced in what is fast-becoming an old-fash-
ioned Balzers' vacuum evaporator by depositing
platinum and carbon onto tissue at a relatively
warm temperature (-100°C) . Cooling the tissue
closer to 0°K would produce much finer grain
replicas, but further cooling would cause severe
contamination of the tissue surfaces by condensa-
tion of the residual gases that persist in the rela-
tively poor vacuum obtainable in a standard Bal-
zers'. Thus, further clarity of view must await
better vacuum systems in which finer grain metals
can be evaporated onto tissues held at lower tem-
peratures (1, 8, 32).
The tissue first viewed by this method is the

electric organ of Torpedo, a tissue composed al-
most entirely of acetylcholine-secreting nerve ter-
minals and chemically excitable electric cells . The
postsynaptic membranes of these electrocytes are
already known to display an unusually high con-
centration of intramembrane particles when they
are split apart and platinum-shadowed by stan-
dard freeze-fracture techniques (2, 17, 20, 56, 66).
At other cholinergic synapses, such collections of
intramembrane particles have been found espe-
cially in regions that bind a-bungarotoxin (a-
BTX) (5, 25, 27, 34, 37, 58, 65, 68), a snake
neurotoxin which is known to bind specifically to

the acetylcholine receptor (43, 63). Thus the par-
ticles have been thought of as freeze-fracture views
of the acetylcholine receptor molecules. Because
the receptors are proteins which are known to
form transmembrane ion channels when exposed
to acetylcholine (4, 44, 57, 61), their appearance as
particles in freeze-fracture replicas would be con-
sistent with the widely accepted ideas that particles
represent membrane proteins (12, 13) .
One problem with the notion that the freeze-

fracture particles represent cholinergic receptors
has been that the concentration of particles per
square micrometer is much less than the estimated
density of receptor molecules.' A possible expla-
nation for this discrepancy has recently been
hinted at by Cartaud et al ., who obtained views of
the true external surface ofthis postsynaptic mem-
brane by deep-etching isolated membrane vesicles
purified from Torpedo electric organ (16, 17) . Such
vesicles were extremely enriched in cholinergic
receptor proteins (21, 70), and, after freeze-etching,
they appeared to be studded all over their surfaces
with tiny, 8- to 9-nm flat-topped particles which
often packed into tight hexagonal arrays where
they reached concentrations in excess of 10,000/
pmt . Cartaud's platinum replicas of these surface
structures looked very much like the negative-stain
images of isolated cholinergic receptors (3, 16, 17,
55, 67), so naturally he interpreted these structures
to be external views of the acetylcholine receptor
molecules (17) . He did not consider the problem,
however, of why there are more of these surface

' Estimates of receptor density have been obtained in
two ways. First, physiological recordings of the maxi-
mum postsynaptic membrane conductance produced by
applying a saturating dose of acetylcholine have been
compared to the best measurements of the individual
acetylcholine channel conductance (4, 44, 57) to yield an
estimate of 10,000 channels/[Lm . Second, quantitative
autoradiography of saturable '"'l a-BTX binding to the
postsynaptic membrane (27, 68) (which yields 21,000 ±
3,000 a-BTX binding sites/irm2 , according to recent cor-
rections provided by M. Salpeter) has been compared
with the best current estimates of how many a-BTX
molecules bind to a single receptor (which is now gen-
erally thought to be 2 toxins/43, 63, 70), to yield an
estimate that is also - 10,000 receptors/tm 2 . In compar-
ison, the reported concentration of intramembrane par-
ticles in the postsynaptic membrane of the cholinergic
synapse has been reported to be between 3,000 and
6,000/pm t , depending on the laboratory and the partic-
ular method of freeze-fracture (2, 17, 20, 39, 56, 58, 64,
66) . This is 2-4 times less than the estimates of acetyl-
choline receptor density .
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structures than there are intramembrane particles

on the fracture faces of this same membrane.
A clue to understanding this problem has been

provided by closer looks at the external fracture
leaflet . This E face (13), in addition to displaying
a low density of intramembrane particles, shows a
subtle "roughness" which several observers have

described as myriads of tiny particles that are
ordered in some sort ofgeometrical array or lattice
(20, 56, 66). Unfortunately, the values reported for
the size and spacing of these structures in their
lattice have been so small (6-7 nm) that it has

been impossible to understand how they relate to
the surface structures seen by Cartaud et al ., or to
the more typical fracture-face particles found
within these membranes.

In the present report, we use quick-freezing to
stabilize the molecular architecture of the postsyn-
aptic membrane in the electric organ, and then use
the new procedure of deep-etching, rotary-
shadowing, and three-dimensional viewing of elec-
tron microscope negatives to examine true mem-
brane surfaces and compare them with the mem-
brane's two fracture-faces . By means of this ap-
proach, we reach several conclusions which rec-
oncile the various views obtained by earlier inves-
tigators .

MATERIALS AND METHODS

Quick-Freezing
Tiny pieces of tissue were snipped out of the electric

organs of small Torpedo californica or Narcine braziliensis
under MS 222 anesthesia and immediately quick-frozen
by slamming them against an ultrapure block of copper
cooled to 4'K. The design and operation ofthe apparatus
used for freezing have been described elsewhere (35, 38,
40). The apparatus performs high-speed impedance mea-
surements at the time of tissue impact to ensure that the
rate of cooling exceeds 20,000°C/s and that the surface
of the tissue freezes in <1 ms .

Homogenization
Other pieces of tissue were gently sheared apart in 10

vol of distilled water containing 2mM EGTA and 2mM
N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic acid
(HEPES) buffer, pH 7 .2, by four up-and-down strokes
in a Kontes-duall homogenizer (Kontes Co ., Vineland,
N.J .) with a loosely fitting Teflon pestle rotating at 50
rpm. We have shown previously that this treatment
shears the electrocytes into broad sheets of innervated
and noninnervated plasma membrane surfaces (36), as
can be seen by comparing Figs . I and 2 with Figs. 3 and
4. These membrane sheets were immediately pelleted by
a brief spin at 10,000 g and washed once more by
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resuspension and pelleting in the same distilled water
medium . Then the pellets were mounted on the freezing
machine and frozen in the same way as intact samples.
This produced frozen samples of electric organ mem-
branes which were essentially free of intracellular and
extracellular salts and were thus particularly suitable for
deep-etching. Postsynaptic membranes are easy to distin-
guish from other membrane fragments in the frozen
homogenates because the nerve terminals remain at-
tached throughout (Fig . 4) . However, the absence of salt
made these samples particularly prone to form large ice
crystals as they froze, so quick-freezing with our liquid-
helium-cooled machine became mandatory.

Exposure to Drugs and Fixatives
In an effort to visualize the receptor in the "open-

channel" condition, small pieces of tissue or pellets of
homogenates were soaked in 2 x 10 ` g/ml prostigmine
for 15 min to block acetylcholinesterase, and then ex-
posed to 10 4 M acetylcholine chloride for 10 s before
quick-freezing . Other pieces of tissue were soaked in
10 ' M carbachol for 10 s before freezing. With such
brief saturating doses of cholinergic agonists, more than
half of the receptors should have been "open," yet few
should have become desensitized (C F. Stevens, personal
communication) . In an effort to visualize receptors in the
densensitized state, the exposure to 10 ' acetycholine or
10 ' carbachol was continued for 15 min before freezing.
Finally, to serve as controls, other pieces of tissue were
soaked in 10"5 M D-tubocurarine for 15-30 min before
quick-freezing, to make sure the receptors were "shut."

For comparison with the quick-frozen samples, elec-
tric organs were taken from two fish that had been
chemically fixed by rapid perfusion through the heart
with 2% formaldehyde and 2% glutaraldehyde in a
buffered medium made isotonic with elasmobranch
blood. Tiny fragments from these fixed organs were
soaked in 22°ßo glycerol in elasmobranch Ringer's for I h,
mounted on gold carriers, and frozen in the traditional
way by immersion in Freon 22 cooled with liquid nitro-
gen. Other prefixed fragments were washed in distilled
water, quick-frozen, and then fractured and deep-etched
for comparison with the fresh homogenates that had
been washed in distilled water.

Freeze-Fracture and Etching
All these frozen samples were stored in liquid nitrogen

until transfer into a Balzers' 301 freeze-fracture machine
(Balzers Corp ., Nashua,N.H .) . There they were fractured
through the most superficial 10-pm thick region of good
freezing by gently scraping the surface with a new ul-
trasharp razor blade mounted in the freezing microtome.
The vacuum at time of fracture was ? 2 x 10-'torr and
the tissue temperature was -120°C . At this point, some
samples were etched for 3 min at -100'C and others
were not. Some were replicated with a 2-nm thick layer
of platinum-carbon (a change of 0.22 kHz on the quartz
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FIGURE I

	

Light micrograph of a '/4-[Lm section through the electric organ of Torpedo, showing several
flat electrocytes stacked on top of each other . x 1,000; so I mm = I pm .

FIGURE 2

	

Electron micrograph of the same field illustrates that each electrocyte is studded with nerve
processes along its ventral surface . The dorsal surface of each cell displays myriads of deep, branching
invaginations . The intervening cytoplasm contains wisps of material which are not visible at this low
magnification. x 4,000 ; so I cm = 2 .5 [Lm .

FIGURE 3

	

Alight micrograph of a section through the low-speed pellet of the tissue fragments produced
by gentle homogenization ofelectric organ . The electrocytes are sheared apart, but their plasma membranes
hold together to form the convoluted profiles seen in the pellet . Nerve terminals still cling to the
postsynaptic fragments, giving them a "beaded" appearance . x 1,000 ; so 1 mm = 1 pm .

FIGURE 4

	

Low power electron micrograph of the same pellet confirms cell disruption, but illustrates
continuity of broad sheets of postsynaptic membrane and presence of relatively intact nerve terminals .
x 4,000; so 1 cm = 2.5 ,nm .
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crystal monitor) deposited with an electron beam gun
mounted at 45° to the tissue surface, and operated at
2,050 V and 70 [A beam current . Others were rotary-
replicated (49) with the new Balzers' rotary-stage attach-
ment. In this case, the electron beam gun was mounted
very flat, at 16-24° relative to the tissue surface, and
operated at 2,050 V and 70 yA for 6 s, during which time
the tissue was rotated through 360° six times. Both
unidirectional- and rotary-replicas were backed with
carbon deposited by 5-7 s of thermionic evaporation
from pointed carbon rods .

Replicated tissues were removed from the Balzers' to
a plastic scintillation bottle of frozen methanol which
was allowed to thaw and "freeze-substitute" the tissue at
the same time . This helped keep the replica intact . Then
tissues were rinsed once in water and submerged in
standard household bleach (sodium hypochlorite) . The
replicas floated off the tissue in the first few seconds of
immersion in bleach and did not roll unless too much
carbon backing had been deposited. They were then
broken into grid-sized pieces which were individually
transferred through two rinses of water in l0-ml dishes
and picked up on 75-mesh Formvar- and carbon-coated
grids . (Carbon was applied to the back of the grids to
prevent them from becoming hydrophobic .)

Microscopy and Photography
Replicas were photographed at x 50,000 in a JEM

1000 electron microscope operated at 80 kV with a 50-
fm objective aperture . Stereo microscopy was performed
with the high-resolution top-entry goniometer of a JEM
100B electron microscope by tilting the grid ± 6° . Elec-
tron microscope negatives were routinely contact-re-
versed in a homemade automatic device so that they
could be printed as both positive and negative images .
The negative images (in which platinum looks white and
the shadows are black) were in general much more
informative and have been used throughout this paper.

Particle sizes were measured on prints at X200,000
using a 10X micrometer eyepiece . Only particles with
complete shadows were used, and the diameters were
measured across the interface between platinum and
shadow (cf. references I, 8, and 52) .

RESULTS

Tissue Organization
Survey light microscope views such as Fig. l

illustrated that the electric organ was composed of
flat electrocytes stacked like coins to form a series
battery capable of producing high voltages . The
lower surface of each electrocyte was seen to be
covered with tiny nerve branches . Low-powerelec-
tron micrographs such as Fig. 2 illustrated that the
electrocytes were relatively empty cells, with
highly invaginated dorsal plasma membranes and
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smoother ventral plasma membranes closely ap-
posed by nerve terminals .
When the tissue was homogenized, the electro-

cytes were sheared apart and yielded large, con-
voluted expanses of these two membrane surfaces .
Nerve terminals clung to what had been the ven-
tral membranes ofthe electrocytes throughout this
disruption and made these postsynaptic membrane
fragments look like "strings of beads" in light
micrographs such as Fig. 3 . They could thus be
distinguished easily from fragments of dorsal non-
innervated plasma membrane which looked thick
and velvety because of the myriads of minute
invaginations that characterized this surface .
Low-power electron micrographs of the inner-

vated membrane fragments illustrated a remarka-
ble preservation ofsynaptic morphology ; the nerve
terminals still contained their synaptic vesicles,
and postsynaptic membranes still displayed their
characteristic tubular invaginations, which were a
prominent feature in the electron micrographs of
intact tissue such as Fig. 2 . Such membrane frag-
ments could be quick-frozen and compared to
tissue prepared in a more conventional manner .

Conventional Freeze-Fracture

To establish a baseline for comparison, frag-
ments of electric organs from fish that had been
perfused with aldehydes were fractured by the
standard double-replica technique and platinum
shadowed in the conventional way. Fortunate
breaks yielded broad expanses of the innervated
surfaces of electrocytes such as Fig. 5. These illus-
trated the branching pattern of the nerve, which
was seen to contact almost half of the cell surface.
Between these nerve branches, and in regions
where the nerves were fractured away, fracture
faces of the postsynaptic membrane were visible .
These displayed a complement of intramembrane
particles similar to that which has been described
before in chemically fixed electric organs. P-face
views of the postsynaptic membrane (Fig. 6) dis-
played a high concentration of intramembrane
particles ("5,000/Ftrn) which were of rather uni-
form size (8-10 nm), and occasionally packed
together into tight aggregates . E-face views of this
same membrane (Fig . 7) displayed a relatively low
concentration of such intramembrane particles
(-500//Im"), and a high concentration of shallow
"pits" which appeared to correspond in distribu-
tion and packing to the aggregates of particles seen
on the opposite face . However, as is, typical in
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FIcURF 5

	

Survey view of the ventral surface of an electrocyte in a chemically fixed piece of Torpedo
electric organ . Freeze-fracture has followed mostly the backside of the nerve arborization (N) . but in the
lower part of the field has followed its synaptic surface (which is peppered with bulging synaptic vesicle
contacts resulting from the 20 mM magnesium in the fixative) . Between nerve processes protrude gentle
mounds in the postsynaptic membrane (arrows) . These areas provided most ofthe postsynaptic membrane
views presented in this report, but in fact represented the only "nonsynaptic" areas that existed in this
membrane . x 13,000 ; so I cm = 0.75 um .
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freeze-fracture replicas, the E-face pits looked
much smaller than the P-face particles.

Freeze-Fracture of Quick-Frozen Tissue
In contrast to this conventional image, postsyn-

aptic membranes in small fragments of electric
organ which were quick-frozen immediately after
removal from anesthetized fish looked somewhat
different. Micrographs such as Fig. 8, printed at
the same magnification as the previous two, illus-
trated that in quick-frozen tissue intramembrane
particles were less uniform in size and included
many larger, irregular forms, a few of which
looked like aggregates of two or more smaller
particles . Moreover, the partitioning of these par-
ticles between the two membrane faces was less
asymmetric than in fixed tissues . Though the P
face still displayed the majority of intramembrane
particles, micrographs such as Fig. 9 illustrated
that the E faces of quick-frozen membranes dis-
played considerably more particles than they did
in fixed tissues . This difference in particle parti-
tioning between quick-frozen and fixed postsyn-
aptic membrane has been observed before (40) .
Another basic difference in the fracturing prop-

erties of fixed and frozen postsynaptic membranes
could be readily appreciated by comparing micro-
graphs of E faces of the two, such as Figs . 7 and
9. In quick-frozen tissue, the postsynaptic E faces
displayed a rough-textured background behind the
intramembrane particles, which itself appeared to
be composed of very shallow bumps arranged in
rows, quite unlike the clusters of shallow pits seen
in chemically fixed tissues . The recent report by
Cartaud et al . (17) displayed this difference be-
tween fixed and frozen E-face images as well .

Deep-Etching of Quick-Frozen Tissue
The tryptych of Figs. 10-12 compares the dif-

ferent views that could be obtained ofpostsynaptic
membrane invaginations from three different
freshly homogenized fragments of Torpedo electric
organ, prepared in the same way as the ones in
Fig. 3 and then quick-frozen . In Fig. 10, the frozen
tissue was fractured and then immediately plati-
num-shadowed at 45° in the conventional manner .
An E fracture-face similar to that in Fig. 9 was
revealed, but the extracellular space above and the
cytoplasm beneath the membrane were without
obvious structure . In Fig. 11, the frozen tissue was
etched for 3 min at -100°C after fracture, before
platinum-shadowing . This lowered the water table
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enough to reveal the barbed-wire appearance of
the basal lamina above the postsynaptic mem-
brane in the synaptic cleft and to reveal a number
of filaments in the etched cytoplasm beneath the
postsynaptic membrane .
However, the structures revealed by etching

were partly obscured by the deep shadows cast by
evaporating platinum in the usual manner from a
fixed 45° angle. This problem was alleviated, as
seen in Fig. 12, by fracturing and etching for 3
min as before, but then coating the tissue uni-
formly with platinum by rotating it as the platinum
was deposited (49), similar to what is done during
gold coating for scanning electron microscopy .
This eliminated the deep, dark shadows and high-
lighted the exposed cytoplasmic and extracellular
structures with a thin layer of platinum .
Most fortunately, such rotary-shadowing also

highlighted subtle surface details on portions of
the postsynaptic membrane exposed by etching.
Fig. 13 was one particularly fortunate exposure of
what was unquestionably a view of the true exter-
nal surface of the postsynaptic membrane . The
surface was obscured on the left by an overlying
network, identified as the basal lamina in planar
view, and was broken through on the right to
reveal filaments in what must have been the un-
derlying cytoplasm. This interpretation of relative
depths could be made relatively accurately, even
by inexperienced observers, on such photographi-
cally reversed images as Fig. 13 . But a more posi-
tive identification could be made by examining
the stereo images in Fig. 14, printed the way the
replica looked in the electron microscope, with
platinum appearing black. The lower black hole
(white in this case) was seen to be the mouth of an
invagination in the postsynaptic membrane, lead-
ing away from the viewer and stuffed with a rind
of basal lamina . (It is important to stress that
stereo-pairs of freeze-etch replicas should not be
viewed by crossing one's eyes and fusing the cen-
tral image, because this actually reverses the sense
of depth and makes the replica look inside out, or
as if viewed from the backside . A pocket stereo
viewer must be used .)

Outer Surface of
Postsynaptic Membrane
The most striking feature of the true surface of

the postsynaptic membrane viewed in Fig. 13 was
the plethora of tiny protrusions that peppered it .
These were individually small 8- to 9-nm deposits
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FIGURES 6-9

	

Comparisons between P and E fracture-faces of postsynaptic membranes from chemically
fixed, glycerinated, and Freon-frozen tissue versus tissue quick-frozen immediately from the living state .
All are printed at the same magnification to clarify the differences discussed in the text . x 165,000; so I
mm = 6 nm .
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of platinum . In many areas they occurred in
groups of two or four, and so looked like tiny
"molars." In other areas, they lined up in charac-
teristic double-rows and these rows often occurred
in pairs, making four rows abreast. Often, how-
ever, the surface protrusions occurred in more
random aggregates . Their concentration was
>10,000/pmz in most areas. They were presum-
ably the same structures that Cartaud et al . (17)
observed on the external surfaces of the excitable
vesicles isolated from Torpedo electric organs .
The question immediately arose of the relation

of these surface structures to intramembrane par-
ticles . No particles were seen in Fig. 13 because
the membrane broke straight through to the cyto-
plasm. This was a characteristic ofall quick-frozen
tissue; there was much less tendency to fracture
within membranes and much more cross-fracture .
Also, those membrane fracture-faces that were
produced in quick-frozen tissue tended to develop
"pot holes" or collapsed completely during etch-
ing. Thus, it was easier to compare the surface
protrusions with intramembrane particles on rep-
licas of deep-etched samples of electric organ that
had been prefixed with aldehyde, washed in dis-
tilled water, and then quick frozen. (The wash in
distilled water after fixation removed the salts and
facilitated etching considerably .) Fig. 15 was an
area of postsynaptic membrane in such prefixed
tissue which was topologically very similar to Fig.
13 . On the far left, the (fixed) basal laminae over-
lay the membrane surface . In center left, the true
membrane surface was seen, with the characteristic
four-abreast alignments of 8- to 9-nm surface
structures. (The protrusions did not form such neat
rows in chemically fixed tissues, but displayed the
same overall pattern of organization as in quick-
frozen tissues.) Just to the right of this, the surface
changed texture and the high density of aligned
structures changed to a random scattering ofmore
pleomorphic platinum aggregates . This was the
rotary-replicated image of the P fracture-face ; here
the outer half of the membrane had been peeled
away during fracture . To the far right, the inner
half of the membrane with its P face was also torn
away and the underlying cytoplasmic filaments
were revealed (here somewhat coarsened by the
aldehyde fixation).
The crucial interface zone between the true

surface and P fracture-face, where the surface
protrusions and intramembrane particles could be
compared, was examined at higher magnifications

such as that in Fig. 16 . It was quite apparent that
the surface structures were much more abundant
and more strikingly organized than the adjacent
intramembrane particles. Also, the surface protru-
sions appeared to be more uniform in height than
the intramembrane particles, except along the im-
mediate interface with the fracture-face where the
surface structures often appeared considerably dis-
torted (arrows) .

Fig. 17 epitomized the appearance ofthe surface
projections under the best circumstances of tissue
preparation and viewing. This was from an exper-
iment in which isolated postsynaptic membrane
fragments were prepared in 0.1 M salt and quick-
frozen as soon as was practical. In this case, a
relatively thick layer of platinum was applied all
around, so the surface projections looked like
small "rings," not unlike the "doughnuts" seen
after negative staining of this membrane. They
were so distinct that it was easy to see the pattern
ofgrouping into rows four abreast and the cracked
variants thereof (arrow).

Comparison of Surface Structures with
Fracture-Faces

This pattern was quickly thought to relate in
some way to the subtle texture seen on E faces of
unfixed postsynaptic membranes, described in re-
lation to Fig. 9 above. The E face was, after all,
the underside of the external leaflet of the mem-
brane, out of which the projections extended . This
E-face texture also appeared to be composed of
rows of very shallow bumps, and upon close in-
spections of micrographs such as Fig. 18, printed
at the same magnification as Fig. 17, it was clear
that the E-face rows also occurred in groups of
two or four abreast in which adjacent rows
achieved the same close spacing (8-9 nm) as did
the surface protrusions .
More quantitative evidence that surface protru-

sions and E-face lattice bumps were opposite sides
of the same postsynaptic membrane components
was obtained by measuring the sizes of all the
particles in well-defined areas of each of the var-
ious views of the postsynaptic membrane. First,
surface structures and P-face particles were meas-
ured on areas such as that in Fig. 15 . When
compared to each other (Fig . 19) surface structures
were clearly smaller and more plentiful than P-
face particles. Then, E-face structures were meas-
ured in areas such as Fig. 18 . Those which stood
out prominently above the surface and cast a long
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FIGURE 14

	

Three-dimensional view of the same field as in Fig. 13, displayed the way it actually looked

in the electron microscope before photographic reversal . The platinum deposit which coated every surface
irregularity as a result of rotary-replication looks black here instead of white, so the image is harder to
interpret without the aid of a pocket three-dimensional viewer. x 60,000 .

black shadow were considered "particles" and
those which were shallower and grouped in rows
were counted as "lattice" structures . When com-
pared to each other in Fig. 20, it was clear that the
lattice structures were also smaller and more nu-
merous than the more prominent E-face particles.
Comparing the two graphs showed that E-face
particles were similar in size to P-face particles,
and, more important, confirmed that the E-face
lattice bumps were similar in size and concentra-

tion to the surface protrusions. Thus, it seemed
logical to conclude that these two were opposite
views of the same structure. This is diagrammed

in Fig. 21, which also displays the added suppo-
sition that the larger, more prominent P- and E-

face particles represented membrane-intercalated

structures that pulled out ofone membrane leaflet
or the other during fracture .

Attempts to Alter Posisynaptic
Membrane Structure

There was no apparent effect of acetylcholine

on the structure or packing of the surface protru-

sions, nor on the fracturing properties of the post-
synaptic membrane. It was impossible to distin-

FIGURE 13

	

Panoramic view ofthe postsynaptic membrane revealed by deep-etching a broken electrocyte
and replicating it by rotary deposition of platinum . To the left, the lacelike basal lamina lies above the
membrane and obscures it from view . Bottom center, this basal lamina assumes a ringlike appearance as
it dips down into a dark postsynaptic invagination . Here and there, strands of the basal lamina extend out
and attach to the postsynaptic membrane with clawlike feet (arrow). In the middle of the figure, the basal
lamina has been fractured away to reveal the true external surface of the membrane . Because of rotary-
replication, the clusters and linear arrays of 8- to 9-nm protrusions which characterize this surface can be
seen very clearly . To the right, the postsynaptic membrane has broken through to reveal the underlying
meshwork of cytoplasmic microtrabeculae (cf. 71) which gird it from beneath. x 175,000; so 1 mm = 6
nm .
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FIGURG 15

	

Deep-etched, rotary-replicated view of aldehyde-prefixed postsynaptic membrane, illustrat-
ing, from left to right, first the weblike basal lamina above the membrane, then the true surface of the
membrane with its profusion of aligned surface projections, then the P fracture-face with a lower
concentration of more randomly scattered intramembrane particles, and finally, on the far right, a break
in the membrane which reveals underlying cytoplasmic trabeculae . x 200.000; so I mm = 5 nm .
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FIGURE 16

	

Higher magnification of the interface between true surface (above) and fracture-face (below)
of the postsynaptic membrane, to contrast the appearance of surface projections and intramembrane
particles . Surface projections located at the immediate interface with the fracture-face appear distorted
(arrows) . x 300,000; so 3 mm = 10 nm .

guish membranes that had been soaked in 10' M
acetylcholine for 10 s before freezing (or in 10'
M carbachol, which was a more stable agonist)
from those that had either not been soaked, or had
been soaked in curare (10- M) for many minutes
before freezing to block all acetylcholine action .

Moreover, it was not possible to distinguish
membranes that had become "desensitized" by
prolonged exposure (15 min) to 10' M acetylcho-
line or 10' M carbachol from untreated mem-
branes. Thus, the structural differences between
"open," "closed," or "desensitized" states of the
receptor were too subtle to be detected in these
platinum replicas.

Deep-Etching of the Cell Interior

Deep-etching of postsynaptic membrane frag-
ments provided a wealth of other views of this
isolated synapse preparation . Fig. 22 was a partic-
ularly attractive field in a unidirectional shadow-
casting which showed a nerve terminal, on the
right, fractured open and etched to reveal the
synaptic vesicles inside . The terminal was spaced
apart from the electrocyte by a veil-like basal
lamina . Immediately to the left ofthe basal lamina,
the underside of the postsynaptic membrane was
visible, as it was in Fig. 11 ; and, again, cytoplasmic
filaments could be seen to contact its inner aspect .
A very similar field was found in one of the

early rotary-replicas of quick-frozen membrane
fragments, and is displayed in Fig. 23 for compar-
ison . The rotary deposition of platinum eliminated

shadows and brought into higher contrast such
internal cytoplasmic structures as synaptic vesicles
in the nerve and filaments in the electrocytes . The
photographic reversal made such structures white
against a dark background, so that the image looks
like a particularly high-resolution scanning elec-
tron micrograph, though it was produced in an
ordinary transmission electron microscope .

Fig. 24 displays another synapse found in this
particular replica . Here the nerve was not broken
open to reveal its vesicles, but instead looked like
a grey orb surrounded by a delicate veil of basal
lamina, which separated it from the postsynaptic
membrane . Here, etching had exposed a relatively
large expanse of the true inner (cytoplasmic) sur-
face of the postsynaptic membrane, which dis-
played more clearly the delicate web of cytoplas-
mic filaments which underlay the postsynaptic
membrane . Stereo views of this inner aspect of the
postsynaptic membrane (Fig . 25) demonstrated
how deep the etching was-often 0.25 pm or
more-and yet how little the etching had distorted
the thin filaments that comprised the cytoplasmic
web (cf. references 23, 45, and 71). (Again, Fig. 25
should not be viewed with crossed eyes, or else the
invagination in the lower right corner of the field
will look as though it is going away from the
observer.)

Fig. 26 displayed at optimum magnification the
organization of this postsynaptic web. It appeared
to be a branched, interconnected mesh of fila-
ments, each 5-10 nm thick . In this field, as in most
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true membrane surface versus the P-face intramembrane
particles, to illustrate that the surface projections are
smaller and more regular in size than the intramembrane
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FIGURE 20

	

Size histograms of tall versus shallow par-
ticles seen on the E fracture-face, to illustrate that the
shallower particles are significantly smaller and more
numerous than the taller intramembrane particles and
thus match the surface projections measured in Fig . 19 .

freeze-etchings, the filamentous strands appear to
run up to the postsynaptic surface and terminate.
It was not clear what relation they had to the
aforementioned protrusions seen on the opposite
side of this membrane .

FIGURE 21

	

Diagram illustrating, first, how cleavage of
intramembrane receptor molecules could generate the
match between the E face lattice and the surface lattice
of projections that is observed in etched Torpedo post-
synaptic membrane ; and second, how extraction of whole
receptors from one leaflet or the other could generate the
large intramembrane particles which also characterize
this membrane .

So far, all attempts to decorate these filaments
with the S, fragment of myosin have failed, so it
is not possible to conclude that they are composed
of actin . Nevertheless, electrocytes are embryol-
ogically derived from muscle cells and are known
to be rich in contractile proteins (41) . Thus, exper-
iments along this line are continuing .

DISCUSSION
The preceding observations suggest that the tiny,
ordered E-face "particles" seen by earlier investi-
gators in chemically fixed Torpedo electrocyte
membranes (20, 56, 66) correspond to the under-
sides of the surface structures that Cartaud et al .
exposed by freeze-etching purified postsynaptic
membrane vesicles (16, 17). There is a close cor-
respondence when the two can both be seen in the
same tissue, as after quick-freezing and the new
viewing technique outlined here . On both sides of
the membrane, these structures (a) appear to be of
the same size (-8.5 nm) and are packed closely
together, often at a density of >I0,000/ttm l; (b)
are aligned into long double rows, often into
closely spaced pairs of double rows ; and (c) look
like the structures seen before in negatively stained

FIGURE 17

	

Characteristic view of the pattern of grouping of surface projections seen on deep-etched
postsynaptic membrane fragments . The most obvious pattern is rows four abreast, with many breaks and
curves (arrow) . x 270,000 ; so 3 mm = 10 nm .

FIGURE 18

	

Unidirectional shadow-casting ofan unetched E face of the postsynaptic membrane, exposed
by fracturing intact, quick-frozen tissue, which illustrates that the shallow bumps seen on this surface also
group into curvilinear rows, most often two or four abreast (arrows), like the surface projections in Fig . 17 .

x 270,000; so 3 mm = 10 nm .
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fragments of postsynaptic membrane (3, 16, 17,
55, 67).

Previous investigators have argued that the or-
dered structures seen in such negatively stained or
in deep-etched membrane fragments represented
acetylcholine receptor molecules, largely because
the membrane fragments had been purified to the
point where they contained little else except this
membrane protein. Thus, it is reasonable to pre-
sume that the patterned arrays ofmembrane struc-
tures seen here, in quick-frozen and deep-etched
postsynaptic membrane in situ, also represent re-
ceptor molecules.

Fracturing Properties of the
Cholinergic Receptor

The structures in question differ in one impor-
tant respect, however, from what would be ex-
pected to result when membrane receptors were
freeze-fractured. Though they extend quite far out
into the extracellular space, as a receptor well
might, they extend inward into the membrane
interior only slightly more than halfway. That is,
when viewed from inside the cell, they extend only
a very short distance out of the E face . In fact,
they are so shallow in this view that they were
previously seen only faintly, and then only when
the postsynaptic membrane happened to be
shadowed at a very low angle which accentuated
differences in elevations (17, 56, 66). Then, their
size and spacing appeared to be only 7 nm, but
that may have been because such obliquely
shadowed membranes were tipped relative to the
electron beam and thus their image was fore-
shortened.

It was difficult to actually measure how much
the shallow E-face particles extended out of the
background fracture plane in this material, but
they clearly did not extend far enough to reach all
the way through the postsynaptic membrane to
the inside of the cell . Yet the receptor mediates a
transmembrane ionophore (44, 67). This possibly
indicates that the structures in question represent
only the superficial portion of the molecular com-
plexes that comprise receptors and ionophores in
this membrane . If so, these molecular complexes
would appear to be susceptible to fracture at a
point about midway through the membrane, at
about its hydrophobic center . This is diagrammed
in Fig. 21 . Possibly this could be a boundary
between different molecular subunits .

Scattered among the shallow E-face structures
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were taller, more prominent intramembrane par-
ticles which could have spanned the whole width
of the postsynaptic membrane before fracture .
These large particles may have resulted when re-
ceptor molecules did not break near their middle
but held together and pulled out of the internal
leaflet of the membrane during fracture . Similarly,
P-face particles would result when the molecules
also held together but adhered to the inner half of
the membrane more strongly and pulled their
heads out of the external leaflet during fracture .
Indeed, the Mace particles found in the postsyn-
aptic membrane often looked sufficiently tall to
extend all the way through the external leaflet and
5 nm into the extracellular space. (This was seen
clearly in oblique views where the true surface lay
adjacent to the P-fracture face, as in Fig. 16 .)
Indeed, some investigators have even been able to
show that such Mace particles display small dim-
ples at their apices, as do the surface structures
seen after deep-etching or negative staining (2, 65).
Thus, this theory of the origin of more traditional
intramembrane particles has been included in the
diagram of Fig. 21 .

Because the concentration ofsurface protrusions
was -.,10,000/~tm-, while the concentration of nor-
mal intramembrane particles summed for both E
and P faces totalled -5,000/tAm-, it would appear
that only about half of all the transmembrane
structures hold together to produce prominent par-
ticles during fracture . This can explain way parti-
cle counts have always been less than half that
expected from estimates of postsynaptic receptor
density (27, 62, 65, 68).
Which receptors will hold together during frac-

ture seems to be a random process unaffected by
the behavior of neighboring structures, because
histograms of intramembrane particle sizes
showed that only a small proportion of the parti-
cles were large enough to be aggregates of two or
three neighbors, and aggregates would be expected
if the tenacity of one receptor helped a neighbor
to hold together during fracture . The decision of
whether to break or not, and which face to stick to
during fracture, also did not appear to be affected
by applying agonists or antagonists to the mem-
brane in the moments before freezing, because
such treatments changed neither the concentra-
tion, nor the size, nor the partitioning of intramem-
brane particles .

It is puzzling that the intramembrane particles
were usually larger and more irregular in quick-
frozen tissue than were the surface protrusions, if
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FIGURE 22

	

Panoramic view of an electric organ synapse in deep-etched, unidirectionally shadowed
material, seen from a vantage point within the postsynaptic cell. To the left is electrocyte cytoplasm
containing its characteristic web offilaments . These are seen to insert into the underside ofthe postsynaptic
membrane (lower inset) . The upper crescent ofthe postsynaptic membrane has been fractured and reveals
the irregular intramembrane particles which characterize this membrane's E face after quick freezing
(upper inset). The center of the figure provides an oblique view through the synaptic cleft in which the
veil-like basal lamina has been exposed . To the right is the nerve terminal, inside of which can be seen
several synaptic vesicles and a few axoplasmic filaments . x 75,000 ; insets x 200,000.
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both were, in fact, different views of the same
structures . Possibly this was due to distortion of
the molecules when they pulled out of one mem-
brane face during fracture, or to decoration and
enlargement of the exposed molecules by non-
uniform condensation ofeither residual gases from
the vacuum or of the platinum itself during evap-
oration (1, 8, 32). Alternatively, the relatively
larger size of intramembrane particles may have
been a result of partial collapse of the monolayer
of lipids surrounding them in the course of etching
or replication (15) . In any case, the relative uni-
formity in the size and shape ofsurface protrusions
suggested that they were a more accurate indica-
tion of the original size of the postsynaptic receptor
molecules.

The Pattern ofReceptor Organization
in the Plane of the Membrane

The question naturally arose of whether the
pattern seen on the surface of this membrane and
on its E-fracture face, in this and previous studies,
represents the natural distribution of postsynaptic
membrane molecules or was produced during tis-
sue preparation . Most previous studies used alde-
hyde-fixed tissues, and because aldehydes fixed by
chemical crosslinking, it is possible that fixation
made molecules aggregate which were normally
free to move in the plane of the membrane . Those
previous studies which avoided chemical fixation
still used relatively slow methods of freezing (2,
17), which may have left time, during cooling, for
a membrane phase change to occur. Conceivably,
this could have pushed the molecules into patterns
that they do not normally assume . Nevertheless,
the pattern was still visible in our hands when
fresh, living tissue was quick-frozen with a ma-
chine which has measured freezing times of <2 ms
and which clearly freezes faster than other meth-
ods because it produces much smaller ice crystals.
Of course, the tissue frozen in this machine had
still been subjected to the trauma of dissection, but

the same pattern was also present when tissue was
perfused through the heart with isotonic aldehyde
fixatives before dissection and then quick-frozen .

In any case, regardless ofwhether the molecular
order was present in life or formed only during
tissue preparation, the pattern of the order should
indicate something about the basic bonding tend-
encies ofthe molecules involved . The most striking
feature of the pattern, on both the membrane
surface and on the E face was the alignment of
particles into double rows . Often these double
rows were broken crosswise into dimers or tetra-
mers . In some areas, the adjacent double rows
tended to align themselves parallel to each other
to form quadruple or larger linear aggregates,
which were the patterns recognized in earlier
freeze-fracture studies of this membrane (l7, 56,
66). Possibly, all these paired patterns reflect the
receptor's underlying tendency to form dimers in
vitro, which is a well-known biochemical finding
(43, 63).

Unfortunately, it has not been easy to see
whether the receptors in adjacent rows are strictly
in step, so that they form a square array, or
whether they are staggered relative to each other,
so that they establish true close-packing or hex-
agonal symmetry . The difficulty has been that the
membrane surfaces on which they sit are often
tilted relative to the electron beam and thus are
viewed obliquely . (Stereomicroscopy has only re-
cently become available and has not yet resolved
this problem.) If the molecules formed a true
square array, it would indicate that they tend to
bond to four nearest neighbors, which in turn
could suggest that they may be composed of four
symmetrical subunits . This would fit some of the
biochemical data on the number ofsubunits found
in the whole molecule (42, 46, 63, 70). On the
other hand, if adjacent rows are actually staggered,
it would instead suggest that the receptor moelcule
has a six-sided symmetry and tends to form a
hexagonal lattice . This would fit with a hexagonal
pattern of receptor packing that has been seen in

FIGURE 23

	

View of a freeze-etched synapse similar to Fig. 22, which was rotary-replicated instead of
unidirectionally shadowed . Contrast is higher, because platinum highlights synaptic vesicles and a
mitochondrion (M) in the axon and highlights filaments in the postsynaptic cytoplasm. x 25,000 : so 2 .5

cm = I pm .

FIGURE 24 Another freeze-etched and rotary-replicated synapse which was fractured more obliquely .
The nerve (N) was not broken open, and instead the lacelike basal lamina in the cleft around the nerve
was exposed . Also, the filaments that support the postsynaptic membrane were revealed more clearly .
x 40,000 : so I cm = 0.25 pm .
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FIGURE 25

	

Stereo view of the underside of the postsynaptic membrane, in an area of an invagination
(lower right), showing the loose mesh of cytoplasmic filaments which dangle from this surface . At the top
is a bit of the nerve (N) on the far side ofthe synaptic cleft and then a small "speckly" area of E fracture-
face . Interactions of cytoplasmic filaments with such surfaces are easier to see in such replicas than in the
translucent images produced by high voltage electron microscopy . The rest is true inner surface . x 60,000 :
so 1 cm = 0.17 ftm .

FIGURE 26

	

Higher magnification of the cytoplasmic filaments that appear to contact the underside of
the postsynaptic membrane and, in the upper left, the rotary-replicated image of intramembrane particles
on an E face that has partly collapsed because of deep-etching. x 133,000 ; so l mm = 7 .5 nm .
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negatively stained membrane fragments and has
been focused on because it allowed optical diffrac-
tion to be done (17, 55, 67). However, hexagonal
packing can also be created artifactually simply by
pushing molecules forcefully together until they
become close packed . This may well occur when
postsynaptic membrane fragments are dried on
grids and stained with heavy metals. For other
reasons, too, postsynaptic membrane fragments
may not be suitable for determining the native
pattern of receptor packing. Brisson has shown
that if such membrane fragments are left in a
warm, oxidizing environment for several weeks,
they display more and more hexagonally packed
areas (J .-P . Changeux, personal communication) .

Moreover, the pattern of aggregation seen in the
postsynaptic membrane can in most cases be dis-
tinguished from the hexagonal crystallization that
occurs in gap junctions when they become uncou-
pled (60) . Here the intramembrane particles go
from a random, loosely packed distribution in the
coupled state into a tightly packed, obviously hex-
agonal lattice in the uncoupled condition (19, 30,
48, 60). The pattern of this crystallization charac-
teristically begins with the formation of many
small hexagonal aggregates which then appear to
collapse into one large patch, thus strongly sug-
gesting that the proteins that form the intramem-
brane particles develop a very high affinity for one
another as soon as the junction is uncoupled (30) .
The pattern of the postsynaptic membrane is not
so tight and is not so obviously hexagonal.

In fact, after all the methods ofpreparation used
here, only portions of the membrane show any
obvious pattern at all . Possibly this reflects that
the receptors only barely express a tendency to
interact with each other during life, and are con-
stantly forming and dissolving small "crystallites"
which hold together by hydrogen bonds or electro-
static bonds. This would be reminiscent of the
currently favored model for the structure of liquid
water (9, 28, 54), in which ordered clusters of
molecules are thought to form and melt rapidly as
a consequence of local energy fluctuations . These
clusters, or microscopic "icebergs," are thought to
be present in fully liquid water and to form a
dynamic equilibrium with surrounding unbonded
molecules which are free to move from cluster to
cluster. If this were true also of the postsynaptic
membrane . the ratio of clustered to unbonded
receptors might depend can many factors, including
temperature, ionic strength, concentration of re-
ceptors, and fluidity of the membrane . However,

preliminary attempts to vary these parameters be-
fore quick-freezing the postsynaptic membrane, to
test whether such a "liquid crystal" model (29, 31)
could apply to the receptors in it, have so far not
yielded obvious differences in the extent of pat-
terned areas .

Interaction of the Membrane with
Cvtoplasmic and
Extracellular Components
The receptor's tendency to organize in the plane

of the membrane may help to explain how recep-
tors first collect in the immediate postsynaptic area
during development and how they stay put in the
fully developed synapse. Initially, the embryonic
postsynaptic cell is uniformly covered with recep-
tors which are apparently free to diffuse randomly
in the plane of the membrane (7, 26). Once it
receives a nerve and begins to mature, it develops
patches of high receptor concentration in the im-
mediate vicinity of the nerve (5 . 6, 59). The recep-
tors in these areas are no longer free to diffuse
away (7, 26) and are also slightly different bio-
chemically ( l4) . Perhaps this biochemical differ-
ence gives them an affinity for each other and
leads to the growth of postsynaptic aggregates of
receptors simply by gradual accretion. Once
formed, such "rafts" of tethered receptors would
naturally diffuse much more slowly in the plane
of the membrane than would individual molecules,
which could help to explain the stability of the
postsynaptic receptor patch. However, such a sim-
ple view of receptor interaction does not explain
why the crystallization would occur specifically
beneath the nerve in the first place. The currently
favored hypothesis to explain how this might occur
is that the receptor aggregates become linked,
either to stable cytoplasmic structures beneath the
membrane (11, 24, 37) or to stable structures out-
side the cell, such as the basal lamina (50) . The
techniques introduced in this report permit the
three-dimensional visualization of both such link-
ages .
The techniques illustrate that the cytoplasmic

filaments which pervade the electrocyte contact
the underside of the postsynaptic membrane di-
rectly . In addition, subsequent observations not
detailed here indicate that when these filaments
are dissolved by treatments which disrupt actin,
the pattern of receptor packing in the postsynaptic
membrane is also completely disorganized . How-
ever, there is no direct evidence yet that these
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filaments are actin and no evidence that actin
attaches directly to this membrane the way it does
in other situations (51, 53, 69). Moreover, it is
worth noting that Torpedo electric organ synapses
do not display the pre- and postsynaptic "densi-
ties" which characterize most other synapses and
which are thought to stabilize the synaptic mem-
branes and link them to underlying cytoplasmic
filaments (11, 22, 24).

Deep-etching and rotary-shadowing has also
provided a high-resolution, scanning electron mi-
croscope-type view of the attachment of the basal
lamina to the external surface of the postsynaptic
membrane . Its attachments appear to be at least
as abundant as the contacts of the underlying
cytoplasmic filaments . Experimental evidence is
gathering which suggests that the basal lamina
may influence the distribution of receptors (50) . It
is one of the first differentiations to appear at
developing synapses, even earlier than the cyto-
plasmic filaments beneath the postsynaptic mem-
brane. It is known to bind the rich mass of acetyl-
cholinesterase which is concentrated in the syn-
aptic cleft during development (10, 18, 33, 47).
Possibly, its attachments to the postsynaptic mem-
brane are also able to "seed" the first crystalliza-
tion of receptors that produces the "hot spots"
beneath the arriving nerve (6) .

It will be useful to observe embryonic or regen-
erating synapses with the techniques described
here to learn more about how the pattern of
postsynaptic membrane organization develops .
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