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Abstract

Introduction
The

introduction of the Balzers freeze-fracture

The introduction of the Balzers freeze-fracture machine by Moor in 1961
had a much greater impact on the advancement of electron microscopy
than he could have imagined. Devised originally to circumvent the
dangers of classical thin-section techniques, as well as to provide unique
en face views of cell membranes, freeze-fracturing proved to be crucial
for developing modern concepts of how biological membranes are orga-
nized and proved that membranes are bilayers of lipids within which pro-
teins float and self-assemble. Later, when freeze-fracturing was combined
with methods for freezing cells that avoided the fixation and cryoprotec-
tion steps that Moor still had to use to prepare the samples for his orig-
inal invention, it became a means for capturing membrane dynamics on
the millisecond time-scale, thus allowing a deeper understanding of the
Junctions of biological membranes in living cells as well as their static
ultrastructure. Finally, the realization that unfixed, non-cryoprotected
samples could be deeply vacuum-etched or even freeze-dried after freeze-
fracturing opened up a whole new way to image all the other molecular
components of cells besides their membranes and also provided a power-
ful means to image the interactions of all the cytoplasmic components
with the various membranes of the cell. The purpose of this review is to
outline the history of these technical developments, to describe how they
are being used in electron microscopy today and to suggest how they can
be improved in order to further their utility for biological electron
microscopy in the future.

ron

that could not be obtained by classical thin-section
techniques, freeze-fracturing proved to be crucial

machine by Hans Moor in 1961 [1] had a much
greater impact on the advancement of electron
microscopy than he could have ever imagined.
Devised originally to circumvent the dangers of
dehydration and plastic embedding required for
classical thin-section techniques, as well as to
provide unique en face views of cell membranes

for developing modern concepts of how biological
membranes are organized, as it proved once and for
all that membranes are bilayers of lipids within
which proteins float and self-assemble in the
myriads of ways that lead to the proper functioning
of the cell. Later, when freeze-fracturing was com-
bined with methods for freezing cells that allowed
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microscopists to avoid even the aldehyde-
prefixation and cryoprotection steps that Moor had
still to use to prepare the samples for his original
invention [2,3], it became a means for capturing
membrane dynamics on the millisecond time-scale,
thus allowing a deeper understanding of the func-
ttons of biological membranes in living cells as well
as their static ultrastructure.

Finally, the realization that non-fixed, non-
cryoprotected samples could be deeply vacuum-
etched or even freeze-dried after freeze-fracture [4]
opened up a whole new way to image all the other
molecular components of cells besides their mem-
branes and also provided a powerful means to
image the interactions of all the cytoplasmic com-
ponents with the various membranes of the cell.
Thus, the molecular ‘coats’ and ‘scaffolds’ that form
on the surfaces of membranes, both inside and
outside, could be imaged at sufficient resolution to
reveal their mechanism of action upon membranes
in all sorts of cellular processes as diverse as exo-
cytosis, endocytosis, vesicular transport, viral mor-
phogenesis and budding, etc. [5-7]. The purpose of
this review is to briefly outline the history of all
these technical developments in freeze-etching and
to describe how they are being used in electron
microscopy even today and to suggest how they
can be improved in the future in order to further
their utility for biological electron microscopy.

Description and critique of platinum
replication

First, we briefly review the method of platinum
replication that has always been used throughout
the history of freeze-fracturing, from Hans Moor’s
original freeze-fracturing [1,8-10] to all the present-
day ‘quick-freeze, deep-etch’ methods reviewed in
this article. The ‘secret to the success’ of all these
approaches has always been the simple fact that
frozen biological samples somehow tolerate the
generation of platinum replicas on their surfaces,
despite it being done using the amazingly harsh and
hot procedure of vacuum evaporation of molten
platinum (from a source or a ‘gun’ operating at
>3800°C). How or why this works (i.e. why frozen
cells can tolerate this) is still a total mystery and a
bit of a miracle. Why frozen cells do not melt under

the withering heat and light of the vacuum evapor-
ator, especially when gaseous platinum condenses
on their surfaces to form a solid metallic replica of
their contours, is still not
understood — but that it does work cannot be
doubted. No one has ever documented any melting
phenomena in freeze-etch replicas, even though a
whole host of other artifacts can occur during
improper platinum replication. Thanks to this
miracle of platinum replication, freeze-etched
samples can be viewed at a much higher resolution
than is obtainable with scanning electron
microscopy [even with the new scanning electron
microscopes (SEMs) with advanced field-emission
electron sources], because a thin platinum replica
can be viewed using the transmission EM. Indeed,
when we introduced the ‘deep-etch’ technique three
decades ago, in the days long before field-emission
SEM, we described it as an alternative to high-
resolution SEM [4], and even today, some of our
closest collaborators mistakenly describe our
‘deep-etch’ procedure as actually being high-
resolution SEM, which it is not.

Platinum replicas have been recognized to be
ideal samples for TEM since the earliest days of
biological EM [11-14]. This is due to the exceed-
ingly high contrast that they offer and their
near imperviousness to electron-beam damage.
Moreover, they are relatively fine-grained, thus are
faithful to the contours of the original sample onto
which they are applied, offering significant and
meaningful topological information down to ~3 nm
resolution. Efforts to reduce the granularity of
freeze-fracture replicas in order to further improve
this resolution, by further lowering the temperature
of the frozen sample or by amalgamating other
metals into platinum, or by switching entirely to
higher melting-point metals such as tantalum and
tungsten, have offered modest
[15-17], but they have not generally been necessary
or advisable. Thus, the ‘shadowing’ techniques that
were originally developed by Robley Williams and
William Wyckoff in the early 1940s (op. cit.) and
that were used so effectively to demonstrate the
first hints of molecular architecture in the TEM in
the days before thin-sectioning was even perfected
[18-20] were adopted essentially unchanged by
Moor and his colleagues in their initial

most delicate

improvements
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establishment of freeze-etching [1] and are being
used even today in the latest versions of
‘deep-etching’ as well as other powerful forms of
freeze-fracturing such as Kazushi Fujimoto’s replica
immunolabeling procedure [21,22] (as detailed by
Toyoshi Fujimoto in this 60th Anniversary Issue).
Indeed, the images provided in this review are all
such simple, primitive platinum replicas, albeit pre-
sented in anaglyph 3D to illustrate their remarkable
preservation of topological information. Debate has
erupted over the years about the best way to
prepare platinum replicas, and their 3 nm resolution
limit has often been decried [23,174]; but still today,
platinum replicas represent the only way to view
membrane surfaces at sufficient resolution to see
their associated protein molecules, and to do so by
direct inspection in the TEM, rather than by the
laborious image-reconstruction techniques
described elsewhere in this anniversary issue.
Finally, no discussion of the history or contem-
porary use of platinum replication can omit the
huge ‘boost’ that this technique got when Branton
introduced the rotary-replication procedure in 1976
[23-25]. Before that, all replicas had been uni-
directional ‘shadow castings’ produced by applying
platinum from a fixed-angle platinum source onto a
stationary sample. Although beautiful (and informa-
tive, since the shadows provided accurate z-axis
information regarding the exact height of the
sample above the substrate), they were not terribly
easy to interpret, particularly for samples that pos-
sessed a complex 3D topology. Thus, they contribu-
ted little to the understanding of whole-cell
ultrastructure per se and were applied mostly to iso-
lated cellular components, macromolecules, viruses
and bacteria. Luckily, right at the time that we
began to realize that non-cryoprotected ‘quick-
frozen’ samples could be ‘deep-etched’ or freeze-
dried, due simply to the lack of a cryoprotectant
[4], Branton’s rotary-replication technique came
along to solve our problem of losing details in the
depths from overly dark shadows and excessively
high relief. All we needed was a method to rotate
our samples while platinum was being deposited
and while they were being kept frozen. Again, the
Balzers company came to our rescue and it
designed and marketed a 7rotary-cryostage that
could be retro-fitted into the existing freeze-etch

machines, and we were ‘off and running’. While not
depositing platinum from all angles, as is done with
the omni-directional metal coating used in SEM (or
as accomplished with ‘sputter-coating’ — a technique
not readily adaptable to platinum or to frozen
samples), nevertheless, Branton’s fixed-angle rotary
replication created the impression of uniform metal
coating and thereby yielded images that looked
delightfully like those produced by ultra-high-resol-
ution SEM. This was the ‘final piece of the puzzle’
that made our deep-etch technique a robust and
widely applicable approach to electron microscopy.

A brief history of ‘freeze-etch’ EM

Although Hans Moor was heralded as the founder
of the technique, he was, of course, not working in
a vacuum (no pun intended) but had predecessors
who led the way — most notably a student of Robley
Williams named Russell Steere, who worked most
of his career in an obscure post at the Beltsville
Agricultural Station of the US Government, but who
was truly the originator of the whole field [26] and
who actually taught us the freeze-fracture tech-
nique, personally, in the early 1970s. Steere actually
built the first primitive freeze-fracture device in the
mid-1950s, far in advance of Moor and his col-
leagues [27]. Later, Steere developed a ‘double-
replica’ device that allowed him to split a frozen
sample into two and replicate both halves [28].
Thereby, he produced complimentary views of frac-
tured membranes from opposed vantage points,
which was an extremely important demonstration
that freeze-fracturing did not seriously distort bio-
logical membranes — except in certain interesting
details that can be gleaned by reviewing Steere’s
early papers [26-29]. Also active in the field at
about this time was the New Zealander Stanley
Bullivant, who developed an ingeniously simple
device for performing freeze-fracturing [30] and
used it effectively in a series of studies with Ron
Weinstein at the Massachusetts General Hospital to
learn more about membrane structure [31]. What all
these pioneers failed to do, and where Hans Moor
succeeded, was to establish an excellent working
relationship with a commercial manufacturer of
vacuum evaporators (Balzers, Inc., in Lichtenstein)
and work together with the company to produce
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a quality-machined cryomicrotome that would
mount inside their evaporators. This provided elec-
tron microscopists around the world with a really
straightforward means to perform freeze-fracturing
and the field took off.

It is important to note here that Dan Branton,
mentioned above for his invention of rotary replica-
tion, traveled to Switzerland as a young man to do
a post-doc with Hans Moor, and in this context,
was the first to recognize that freeze-fracturing did
not actually expose membrane surfaces, as his
Swiss mentors believed at the time, but that it actu-
ally split membranes through their interiors, sep-
arating the two opposed leaflets of the phospholipid
bilayer and yielding internal ‘faces’ of the bilayer
[32,33]. Branton ultimately named these ‘P’ and ‘E’
faces (‘P’ for the half that rests on the cytoplasm or
protoplasm and faces out from the cell and ‘E’ for
the half that has extracellular (or in the case of
organelles, luminal) space behind it and faces
toward the cytoplasm (e.g. the outer leaflet of the
plasmalemma) [34]. Branton’s finding of complimen-
tary bumps or protrusions on one face, matching
complimentary pits on the opposite face, led further
to the notion that these ‘intramembrane particles’
(‘IMPs’) were likely to be transmembrane proteins
and the seemingly random distribution of these IMPs
in most freeze-fracture replicas (with notable excep-
tions at cell junctions, etc.) led in large measure to
Singer and Nicholson’s famous ‘fluid-mosaic’ model
of the cell membrane [35,36]. Perhaps this is why,
even today, freeze-fracturing of unfixred membranes
offers the most direct means for determining the
extent to which certain membrane proteins are in
some cases non-randomly distributed into domains
such as ‘rafts’ within the membrane.

In any case, the fundamental point of this brief
historical review of freeze-fracturing is to stress that
the technique is still capable of teaching us many
important things about membranes, thanks to the
fact that the pioneers mentioned above developed
robust and reproducible ways to carry out the pro-
cedure, and in doing so, they proved that freeze-
fracturing does not reveal membrane surfaces per se,
but rather membrane ‘faces’ — internal views of the
bilayer that are beautifully punctuated by ‘particles’
that represent transmembrane proteins — all the
channels, pumps, receptors and effectors that we

now know function within the living cell membrane.
The later development of ‘deep-etching’ was required
to allow microscopists to finally replicate and image
the true surfaces of biological membranes.

The introduction of ‘deep-etching’

The term ‘freeze-etching’ was often used by Moor
and others in the early days of freeze-fracturing
[1,8-10], but this so-called etching was usually brief
(around 1 min) and was always carried out on
tissues impregnated with high concentrations of
antifreezes (generally 20-30% glycerol), which have
a very low vapor pressure, hence a very low ten-
dency to vacuum sublime at the -100 to —-150°C
temperatures
machines. Consequently, very little ‘etching’ actually
was done in those days — only enough to slightly
roughen up non-membranous regions and thus high-
light the relative smoothness of membrane fracture
faces. Only after the need for antifreezes was over-
come, by developing ultra-rapid methods of freezing
that did not allow sufficient time for ice crystals to
form, was it possible to subject a freeze-fractured
sample to a significant period of vacuum sublima-
tion and thereby to remove enough ice to finally
observe membrane surfaces to a greater extent [2,3]
(see also [37,38]). The greater vapor pressure of ice
compared with that of glycerol (5x log;, greater)
meant that if we left a fractured sample in vacuum
at —100°C for a minute or two before we generated
the platinum replica of its surface, we could
achieve a substantial degree of etching — roughly a
quarter micron or more. (We came upon this quite
by accident, during a teaching session at the Marine
Biology Laboratory in Woods Hole. While explaining
the freeze-fracture procedure to a group of students,
our timing got off and we delayed the platinum-
evaporation step to almost 5 min after performing
freeze-fracturing. The students exclaimed at the time
that this first ‘deep-etched’ sample looked like some-
thing straight out of Walt Disney Studios — almost a
cartoon of the usual freeze-fracture replica.)
Subsequently, we realized that because we had no
cryoprotectants in our samples, we could prolong
the ‘etch’ period at —100°C up to 15 min or so and
thereby achieve complete freeze-drying of our
samples (i.e. achieve vacuum sublimation up to

used in most freeze-fracture
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>10 um in depth) [4]. This is enough to expose an
entire monolayer of tissue-cultured cells and, in
fact, it paved the way to our imaging using the TEM
anything that could be applied as a monolayer onto
any solid substrate, from cells (Figs. 2-4), to bac-
teria and viruses, to macromolecules (Fig. 5) or
bacteria to viruses, to macromolecules, or to
man-made materials such as liposomes, or more
recently, at the new iCeMS Institute in Kyoto, to
‘mesoscale’ entities such as drug-delivery particles
(10-100 nm), or even to nanoscale entities such as
carbon fibers and fullerenes. Such freeze-drying of
samples adsorbed to solid substrates thus compli-
mented and extended our earlier efforts to view all
such materials by freeze-fracturing aqueous suspen-
stons of them. It truly brought the original Balzers
freeze-etch machines to the point where they were
creating samples not unlike the original replicas
viewed by Williams and Wyckoff in the 1940s — but
with the huge advantage that the samples’ 3D top-
ology could finally be properly preserved by freeze-
drying, where this topology was largely obliterated
during the air-drying step that could not be avoided
in the early days. The 3D ‘anaglyph’ images pre-
sented in this article review these developments
and applications.

A note on alternative methods of
platinum-replicating samples on hard
substrates, such as critical point drying

Because few investigators have availed themselves
of the opportunity to freeze samples by ultra-rapid
cooling against a metal block, alternative strategies
have proliferated for obtaining the same sorts of
replicas of samples adsorbed to solid surfaces,
whether the samples are whole cells or cell deriva-
tives or purified macromolecules. Some years ago,
Dan Branton developed an ingenious technique for
air-drying molecules suspended in sprayed droplets
of glycerol [23,38-40], a technique that became
quite widely used because glycerol droplets con-
veniently recede and leave the macromolecules
nearly ‘high and dry’ on the substrate, with minimal
distortion from surface-tension effects [41,42].
However, chronic problems with residual glycerol
clinging to the molecules ultimately doomed this
technique. The method widely used today as an

alternative to freeze-drying is critical point drying, a
technique perfected especially by Tatyana Svitkina
et al. [43-45]. Their TEM images of critical point-
dried materials look remarkably similar to our
images of freeze-dried samples. However, the tech-
nique of critical point drying requires that samples be
immersed in liquid COs,, so they must be dehydrated
with alcohol in order to substitute the liquid COs,
which means that the samples must be chemically
fixed in order to withstand alcohol dehydration.
Thus, one of the great advantages of the ‘quick-
freeze, deep-etch’ approach is lost with critical point
drying — the opportunity to image unfixed samples
using the TEM. For this reason alone (not to mention
the need to generate platinum replicas of critical
point-dried material at 1room temperature rather than
at —100°C, which leads to increased granularity of the
platinum replica, hence reduced resolution), we still
strongly advocate quick-freezing and freeze-drying
over chemical fixation, dehydration and critical point
drying. Nevertheless, the latter technique yields very
good results in proper hands [46—49] and thus fully
substantiates the results of ‘deep-etch’ EM. Besides
this, it offers a better bridge to high-resolution SEM,
where critical point drying is standard.

History of ultra-rapid freezing by
‘slamming’ against a cold metal block

Years before the advent of high-pressure freezing,
we realized that we needed to avoid the use of
chemical fixation and antifreezes in order to prop-
erly study synaptic vesicle exocytosis and recycling
at the frog neuromuscular junction. A colleague of
Moor’s named Klaus Peper had shown that the frog
neuromuscular junction would be an ideal substrate
for freeze-fracturing [50,51], and this preparation
was the same as that used by Sir Bernard Katz to
first observe the ‘quantal’ nature of neurosecretion,
for which he had won the Nobel Prize [52]. As a
post-doc project in Katz's laboratory, we were
asked to obtain convincing ultrastructural evidence
that neurotransmitter ‘quanta’ originate from exocy-
tosis of individual synaptic vesicles [53].
Unfortunately, all our efforts to capture this event
by chemical fixation and thin-sectioning turned out
to be ambiguous, to say the least [64] (Fig. 1).
(In retrospect, this should not have been surprising,
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Fig. 1. Classical freeze-fracturing of the frog neuromuscular junction, circa 1974 [54], showing the elongated presynaptic nerve terminal
(pale green) punctuated every micron or so by transverse bands (orange) which represent the presynaptic ‘active zones’ where synaptic
vesicles undergo exocytosis (captured as a great abundance of ‘pores’ adjacent to IMPs that likely represent voltage-activated calcium
channels). The nerve terminal is surrounded by Schwann cells (purple) and is separated by the synaptic cleft (blue) from the surface of the
muscle fiber (dark green). This sample was chemically fixed during nerve stimulation, impregnated with antifreeze (25% glycerol), and slowly
frozen by ‘quenching’ in Freon 22 before freeze-fracturing and unidirectional ‘shadow casting’ with platinum. This was the standard approach
used before the ‘quick-freeze’ technique was invented. A few years after having learning how to generate such images, we developed a liquid
helium-cooled ‘Cryopress’ slam-freezer [3], which made it possible to obtain comparable freeze-fracture images of nerves that received only
one single stimulus and were then ‘quick-frozen’ immediately thereafter. This permitted us to capture individual synaptic vesicle openings at
the presynaptic “active zones” more definitively, and then to correlate their exact abundance with the number of transmitter quanta that had
been discharged, thus proving Katz's vesicle hypothesis [52].




J.E. Heuser The origins and evolution of freeze-etch electron microscopy S9

Fig. 2. Quick-freeze, deep-etch, rotary replication (QF-DE-RR) view of the inside surface of a cell infected with the SSPE version of
measles virus, circa 1984 (unpublished), illustrating the helical viral nucleocapsid (yellow) strongly and specifically attached to an
orthogonal scaffold of M-protein (or matrix-protein), which this virus assembles onto the plasmalemma in order to bud new viruses.
Because this was a budding mutant of the virus, derived from an SSPE patient (subacute sclerosing panencephalitis), the bud site is
usually large and flat and is less closely associated with surrounding subcortical actin filaments (green) than usual. Such images
originally explained the mechanism of viral latency in SSPE [163,164]. A ~0.1 um diameter clathrin-coated pit in the lower left of the field
(purple) is shown for a sense of scale.

since neurotransmitter quanta discharge in a frac- to minutes.) We thus realized that we had to
tion of a millisecond [55], while chemical fixation = develop freezing techniques that would be fast
proceeds at a leisurely pace ranging from seconds enough to capture synaptic vesicle exocytosis on
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Fig. 3. View of the inside surface of the plasmalemma of a HELA cell, prepared as in Fig. 2 by ‘unroofing’ a monolayer culture grown on a
glass coverslip before quick-freezing and freeze-drying it according to our standard procedures [165]. Here, we focus on the variety of clathrin
lattices that are seen on all cells and illustrate the stages in their evolution from totally flat lattices to fully curved ones, ready to pinch off
from the cell surface during endocytosis. Such images were the first to illustrate that actin filaments (purple) become involved in the later
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tts own time-scale. The only method available at
the time (and the only method that we thought
might be amenable to freeze-fracturing, as well)
was the ‘slam-freezing’ technique developed by van
Harreveld et al. at Caltech [56-58]. This involved
abrupt application of a living piece of tissue to a
highly conductive block of metal (usually copper or
silver), which van Harreveld held at liquid nitrogen
temperatures (—196°C). We realized that this ‘slam-
ming’ onto metal was strictly one-sided freezing,
and it could not possibly be expected to freeze a
whole frog muscle all the way through, but we
reasoned that if we could achieve freezing fast
enough on the side that struck the cold block, and
if we could freeze-fracture into the neuromuscular
Jjunctions very close to that side, we might obtain
samples that had been frozen fast enough to exhibit
exocytosis. This indeed worked [2,3,59-61], and our
images of synaptic vesicle exocytosis at the frog
neuromuscular junction remain, even today, the
only definitive proof of Katz's ‘vesicle hypothesis’.
Many light microscopic studies using ingenious
fluorescent tracers in or on synaptic vesicles
have provided additional support for his hypothesis
[62—64], but, of course, these all remain necessarily
indirect.

In practice, we found that we could obtain ‘better’
freezing (i.e. smaller ice crystals, only beginning to
be noticeable at greater depths) if we cooled the
copper block even further, down below the liquid
nitrogen temperature that van Harreveld used [65],
all the way to liquid helium temperature (-269°C)
[2,3] (see also [66]). Indeed, we still advocate liquid
helium cooling today, in modern versions of the
technique. However, there is no strong theoretical
reason that it should be better, since the fundamen-
tal limiting factor in freezing living biological
tissues is how fast heat can be withdrawn from the
water in the tissues. (The heat capacity of water is
so high and its heat conductivity is so low that the
Sun was able to slowly heat the oceans of the Earth
and thereby make life possible on this planet. It is
not easy to reverse that process!) In contrast, the

cold block of copper is so much greater in mass
(and in heat capacity) than that of the biological
tissue that it probably does not warm up much
during the cooling, and so its temperature is pretty
irrelevant. In fact, we think these days that liquid
helium works better than liquid nitrogen for trivial
reasons having to do with issues such as keeping
frozen air and water vapor off of the cold block,
which may work better when the block is cooled
with liquid helium rather than with liquid nitrogen.

We often worry that our advocacy of the use of
liquid helium for such ultra-rapid ‘slam-freezing’ has
perhaps been the biggest hurdle to its broader
acceptance by the field, since liquid helium is rela-
tively expensive everywhere (and is prohibitively
expensive or totally unavailable in some countries).
Moreover, people worry that liquid helium might be
dangerous to handle in a biological laboratory. On
this point, we can state categorically that it is not.
For more than 30 years, we have had people at all
skill levels, from rank beginners to the most skilled
technicians in the laboratory, using liquid helium
for cooling the ‘slammer’ without a single
accident — not even one frostbitten finger. Unlike
the tricky propane or ethane gasses that are lique-
fied with liquid nitrogen and then used for ‘quench-
freezing’, liquid helium is utterly non-flammable and
is supplied in Dewars that are simply loaded with
safety devices to prevent any over-pressurization or
any danger of explosion.

Why ‘slam-freezing’ is the best way to
prepare samples for freeze-fracturing

Perhaps the single most important reason for using
slam-freezing over other methods of freezing cur-
rently available is that it yields relatively huge areas
of high-quality freezing, roughly 10-20 mm® in
dimension, each and every time. (Note that we say
area and not volume, because the quality of freezing
declines rapidly and progressively from the surface
of the sample that actually comes into direct
contact with the copper block, where it is essen-
tially ice-crystal-free, so that by 10 um under the

stages of the budding process, a fact now well established [166,167], and remain behind as circular ‘scars’ after the coated vesicles have left
the surface (arrow). The opportunity to view such expanses of the plasma membrane, at such high resolution, was a lucky outcome of being
able to freeze at speeds high enough to avoid ice-crystal formation and then rotary replicate with platinum for TEM without melting these

quick-frozen samples.
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Fig. 4. First-time published image of a brand new variation of the QF-DE-RR procedure for imaging the interiors of unroofed cells, which
involves doing everything on a pre-formed carbon substrate rather than on glass, so that the platinum replica does not ever need to be
separated from its substrate before TEM viewing. This eliminates the huge problem of replica breakage that has always plagued the field — the
breakage occurring when the replica is separated from the underlying cells and substrate, in order to be viewed in the TEM. Also, because
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surface, ice crystals become large enough to
seriously disrupt ultrastructural study. Still, the
whole surface of the sample is frozen equally, and
this surface can be as large as 20 mm? Moreover,
this surface is utterly flat due to its impact against
the copper block. Thus, it is a perfect substrate for
freeze-fracturing, as is usually done with Moor’s
lovely old cryomicrotome in a Balzers freeze-etch
machine. The microtome knife can be carefully
swept across this vast, flat plane of quality freezing,
and only the most superficial bits of ice can be
removed. (Often, these most superficial fractions of
a micron are partially air-dried due to the few
seconds of exposure that elapse between mounting
of the sample on the ‘freezing-head’ and transferring
of this ‘head’ to the plunger that will drop down
onto the copper block.) Thus, replicas of incredibly
broad areas of well-frozen material can be obtained,
and they are often too large to put on a single EM
grid. These can be compared with the minute
pieces of tissues that can be well frozen with high-
pressure freezers, typically 0.5 mm on the side —
which are not accessible for freeze-fracturing
anyway, because they have to be enclosed in
narrow copper tubes or tiny copper planchettes in
order to withstand the abrupt application of high
pressure.

It is worth mentioning here that to our knowl-
edge, there is no moment during ‘slam-freezing’ that
the biological sample experiences any exposure to
high pressure, although it is worth considering this
possibility when attempting to understand why
freezing is always so good on the surface. The
reason for this is that the freezing machine is
designed to mechanically ‘yield’ or dampen the
blow immediately upon impact against the copper
block, and also that the sample is supported under-
neath by a cushiony sponge of some sort — usually
a thin slab of aldehyde-fixed lung or liver from
laboratory-animal that has been

some small

sacrificed for other studies. This natural ‘sponge’
compresses immediately upon impact and thereby
absorbs any pressure that might be developed by
the ‘slamming’ and the resultant flattening of the
sample’s surface. Finally, the chamber of the freez-
ing ‘head’ is larger in volume than the sample itself,
so the sample never fills the chamber, not even
when it is flattened. (For comparison, we should
mention here that we have recently patented a high-
pressure ‘slammer’ that specifically avoids this gen-
tleness and traps the sample inside a very tightly
confining chamber at the moment of impact against
the copper block, thus totally preventing its expan-
sion into cubic ice and achieving ideal freezing
throughout. However, the biological samples frozen
with this new device are subjected to such huge
pressures (>8000 atm), and are so confined, that
they cannot be freeze-fractured without actually
exploding at the vitreous-to-hexagonal ice transition
temperature of -135°C.) To date, we have not
figured out how to avoid this.

Alternative methods of freezing available
today, part I: ‘quench-freezing’

It would be incorrect to claim that normal-pressure
‘slam-freezing’ achieves the truly vitreous state of
ice, even on the immediate surface that strikes the
cold block of copper. In fact, there is no unambigu-
ous way to determine how good the freezing is, even
there. All we can say for certain is that if ice crystals
are present on the surface, they are below the resol-
ution of the platinum replicas generated (<3 nm).
The only technique of freezing that has ever been
proven to yield truly vitrified samples is‘quench-
freezing’ or ‘plunge-freezing’ of thin films, initiated
by Hoerr way back in the 1930s [67], but fully devel-
oped for EM by Adrian and Dubochet [68-70]. This
is, of course, being used routinely even today for all
cryo-EM single-particle analyses [71,72]. This

freeze-fracture replicas were always so fragile, they formerly had to be supported by carbon films deposited on top of them, which tended to
confuse or obscure the final images. Now, with the carbon substrate underneath the cells, this ‘backing’ or support film can be eliminated,
and vastly larger and more stable replicas can be obtained, even so. This permits approaches possible never before, as in this experiment,
where HeLa cells that were in suspension culture, and thus were highly ‘blebby’, were exposed to glow-discharged carbon and allowed to
attach to it for only 1 min before they were ‘unroofed’, thereby yielding images of the inside surface of such highly dynamic cell processes as
blebs (the obvious, micron-sized circular domains in the cell) where actin polymerization is known to be going on actively [168,169] but could
never before be visualized at this resolution. Close inspection of the circular domains illustrates that actin polymerization in situ is via the
formation of y-shaped branches from the existing actin filaments, exactly as was predicted from the ‘dendritic branching’ model we derived

earlier from our n vitro imaging of actin and Arp2/3 [170].



S14 JOURNAL OF ELECTRON MICROSCOPY, Vol. 60, Supplement 1, 2011

Fig. 5. Illustration of the three basic approaches to in vitro imaging of macromolecules permitted by QF-DE-RR, using molluscan
hemocyanin as an example. This barrel-shaped didecamer (molecular weight ~4 mDa) appears in replicas as having a diameter of ~28 nm
and normally a length of ~30 nm (except in certain snails, as in the central panel, where lengths are multiples of the 30 nm didecamer).
Classical ‘shadow casting’ of platinum from a fixed angle (11° above the horizontal in the upper panels) yields dramatic shadows whose
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procedure involves blotting of an aqueous film
spread on an EM grid to a thickness of ~0.1 um and
then abruptly plunging it into a cold organic liquid,
such as liquid propane or liquid ethane or new mix-
tures [71]. How fast thin films get frozen in this situ-
ation is unknown, but because all the frozen films
that result from it measure sub-microns in thickness,
they can easily be penetrated by the electron beam
of a TEM and are thus amendable to electron diffrac-
tion, which proves that they are truly vitrified. (That
is, they are composed of amorphous or non-
crystalline ice, equal in structure and density to
supercooled water.) Since these samples can be
imaged using a cryo-EM below the transition point
of vitreous ice (-135°C at atmospheric pressure),
they yield ideal images of the substance originally
suspended in the thin films, images that are truly
undistorted by any ice-crystal formation. This is
what has made single-particle analysis such a power-
ful technique in modern electron microscopy.

Unfortunately, this thin-film technique works only
for biological samples that are small enough to fit
entirely into the films [73]. Larger entities such as
whole cells are too thick to be penetrated by the
electron beam, except in their thinnest peripheries,
and to our knowledge, there has never been any
proper analysis done on the condition of the ice in
and around these entities after ‘quench-freezing’.
Nevertheless, when whole cells are grown on thin
carbon films supported on EM grids, they can and
do yield ideal images of their thinner regions in the
cryo-EM [74-77]. These samples look essentially
ice-crystal-free, although the ice around them is too
thick to carry out proper electron diffraction to
prove this.

What everyone agrees does not work is trying to
‘plunge-freeze’ cell monolayers grown on normal
substrates such as glass and plastic. The reason for
this is that their substrates are so thick (and have
such poor thermal conductivity) that the cultures
do not cool at all well from the cell-attached sides,
and cooling becomes basically one sided, much like

‘slamming’ against a copper block. But cryogenic
liquids have less than one ten-thousandth the heat
conductivity and heat capacity of metals, so this
sort of ‘one-sided’ heat removal becomes much too
slow to freeze cell monolayers. Ice crystals on the
ventral, substrate-attached sides of the cells invari-
ably grow to grossly distorting proportions before
the freezing is complete. Importantly, an ingenious
way around this impasse was proposed by Heinz
Horstmann and coworkers at the MPI in Heidelberg
in the early 1990s [78]. It involved growing cells on
thin wafers of synthetic sapphire instead of on
glass. These sapphire wafers are hundreds of times
thicker than carbon films on grids, so one would
not expect them to support adequate ‘quench-
freezing’; but they have such a high thermal conduc-
tivity (>10,000x the conductivity of glass) that they
apparently do permit cooling from both sides, at
least as well as can be judged from the vastly
improved quality of freezing that Horstmann et al.
achieved on the ventral, sapphire-attached sides of
their cell monolayers grown on sapphire. (This
useful ‘trick’ seems to have been forgotten by the
current manufacturers of contemporary freezing
machines, but it certainly should be resurrected.)

Alternative methods of freezing available
today, part II: ‘high-pressure’ freezing

Besides mechanizing freeze-fracturing in its early
days, Hans Moor and colleagues advanced the field
profoundly in another way, by developing
high-pressure freezing techniques that would yield
essentially ice-crystal-free freezing of relatively
large samples — even up to small pieces of whole
tissues — without the need of any sort of cryopro-
tectants [79-81]. Again, they did this initially via
their collaboration with Balzers, Inc., of
Lichtenstein. Since then, a variant of their approach
has been developed by Studer et al., working with
Leica Microsystems [82]. The reasoning of all these
developers was that if a biological sample could be

lengths are direct measures of the hemocyanin’s elevation above the mica. The newer approach of rotary replication with platinum (center
and lower panels) yields better overall delineation of surface architecture, in this case showing the basic helical construction of hemocyanin
particularly clearly in molecules loosely adsorbed to mica flakes (center panels, derived from our original 1983 introduction of this
procedure) [171]. More recently, we have learned that the carbon substrate approach described in Fig. 4 also works extremely well for
molecules as well as for cells and cell derivatives, allowing controlled adsorption of nearly anything, almost as on a Biacore SPR chip. Shown
on the lower panel is how wuniformly such spreads of molecules can be made on carbon, which makes them particularly suitable for

contemporary single-particle analyses.
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Fig. 6. Freeze substitution and plastic thin-sectioning samples frozen with our ‘Cryopress’ illustrates how good freezing can be (but only in
the uppermost layer of cells that come into direct contact with the liquid helium-cooled copper block). The upper two fields in the figure
show sections, about a half-micron apart, of a cultured cell infected with vaccinia virus that was serially sectioned, and the left section is
enlarged below to illustrate the characteristic poxvirus factories of cytoplasmic DNA (highlighted in yellow) surrounded by dark spherical
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put under sufficiently high pressures immediately
before and during its freezing (>2000 atm), ice crys-
tals would not form because the aqueous environ-
ment within the sample would be brought to a
point on the phase diagram of water where only the
vitreous state exists [83,84]. In simple terms, this
could be thought of as freezing in a manner that
does not permit the growing solid phase (the ice) to
expand into hexagonal crystals [85], since these
crystals are actually 10% greater in volume than
liquid water (which explains why ordinary ice floats
in water — because its density is 10% lower than
that of water).

Whether Moor, Studer and their followers actually
achieved true vitrification of such thicker samples
has never been established. This would require per-
forming X-ray diffraction or electron diffraction on
them, but they end up totally encased in the metal
containers used for the high-pressure freezing. In
any case, the very high quality of the cryo-thin sec-
tions that experts have learned to make from such
high-pressure frozen samples (see the article by
Peters in this 60th Anniversary Issue) would
suggest that high-pressure freezing does accomplish
the goal of keeping ice crystals below the resolution
of the images that can be obtained (~4 nm).

The only other way to view such high-pressure
frozen samples, besides cryo-thin-sectioning [175],
is to freeze-substitute them, embed them in plastic
and thin-section them. This is standardly done in
many laboratories, with obvious success. However,
this involves substituting the frozen samples way
above the ice-recrystallization point of —135°C, typi-
cally starting at —90°C (the melting point of acetone
or methanol used to dissolve the ice out of the
samples and prepare them for plastic embedding).
Hence, freeze substitution would not be expected
to yield an accurate representation of the size of
any ice crystals that might have been present orig-
inally in such high-pressure frozen samples. (To
properly justify this assertion, more needs to be
said about the process of freeze substitution.)

History of the process of freeze
substitution for electron microscopy

Feder and Sidman [86] introduced the technique of
freeze substitution in electron microscopy way back
in 1956, and van Harreveld and Crowell [56] used it
to great advantage in their original developments of
freezing by impact against an ultra-cold copper
block in 1964, and it remains absolutely critical for
the application of EM-tomography to high-pressure
frozen samples even today [87]. For all these
reasons, it deserves consideration in the context of
this review of ‘deep-etch’ EM, even though we use
it only as an ancillary technique (see the cover of
this 60th Anniversary issue and Figure 6 for
examples of our application of freeze-substitution
to our ‘slam-frozen’ samples). Again, how (and
why) freeze substitution works has long remained
another of the wonderful mysteries of our field,
ever since its first halting introduction seven
decades ago [88]. The substitution fluid has always
been acetone or methanol, which is intended to dis-
solve the ice out of the sample and prepare it for
some sort of embedding (either in wax in the early
days of the technique [89-92], or in modern plastics
today). Fixatives such as aldehydes + osmium tetr-
oxide + uranyl acetate are generally added to these
solvents to achieve some degree of cross-linking
and stabilization of the tissue during substitution,
but often these are reduced or omitted entirely
when the tissue is to be used for immunocytochem-
istry [93,94]. In any case, substitution or removal of
ice from within and around the tissue cannot begin
until the organic solvent is itself in a liquid state.
Here then is the problem: the melting point of
acetone is -89°C and of methanol is -93°C, but if
truly vitrified samples must be brought to these
relatively warm temperatures for substitution to
begin, they must have to pass through the ice tran-
sition-temperature of —135°C, where vitreous ice is
thought by most physicists to recrystallize into hex-
agonal ice [95-97]. Why this apparently does not
happen during freeze substitution is indeed a

virions in various stages of maturation and compaction. Barely visible at this low magnification are numerous granular deposits of proteins
and lipids that are depots for supporting the growing, initially crescent-shaped membranous envelopes of the viruses (highlighted in green).
Without nearly perfect freezing, none of these cytoplasmic inclusions and differentiations could be properly distinguished nor could viral

morphogenesis be properly determined.
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complete mystery! (Likewise, why our slam-frozen
samples do not re-crystallize while they are being
brought up to fracturing temperature or while they
are being deep-etched at —100°C is a total mystery.)
Indeed, the mysteries do not stop there, since we
have no way of knowing how warm samples get in
a cryo-EM during the period when they are being
bombarded with electrons. We only know that their
darker, more electron-dense regions develop severe
bubbles when the electron beam gets too strong. (If
this mystery is ever to be understood, what should
be done is some ‘time-lapse’ EM imaging of cryo-
sections, or of Dubochet-type thin films, or of the
thinner regions of cryopreserved cells, to determine
what the transition to hexagonal ice or what other
forms of re-crystallization and freeze-drying actually
look like in the EM.)

In any case, it is not at all clear why samples
do not de-vitrify or re-crystallize during freeze
substitution, which is wusually carried out by
leaving the sample at around -80°C for days.
Regardless of this, the quality of the results that
can be obtained with this technique attest to the
fact that somehow ice crystals stay small enough
and/or the spaces in which they reside collapse
back down as the ice is removed, so as to
become imperceptible in the final images. The
point is that freeze substitution works and yields
images generally better than traditional fixation,
and when applied to our slam-frozen samples, it
yields huge areas of good freezing — but also
shows us exactly how fast this good freezing
deteriorates with distance away from the surface
that hit the copper block. This gradual worsening
of freezing and increasing size of distorting ice
crystals provides us with a painful reminder of
the limitations of normal-pressure freezing, but it
correlates well with the signs of ice crystal
damage we see in our replicas when we freeze-
fracture tissues at progressively greater depths.
We cannot spell out here all the different proto-
cols of freeze substitution advocated today or
compare and critique them. Suffice to say that in
our case, with only 10 um of good freezing to
work with in the first place, but with a huge flat
surface for exchange or substitution, we can carry
out the procedure in hours rather than in days
and find that agitation of the sample during

substitution even allows us to reduce the time to
minutes (simply by removing the frozen sample
from LN2 and letting it warm up on a shaker on
the lab bench) (Fig. 6). Feder and Sidman or van
Harreveld and Crowell would be shocked to hear
this, since when they pioneered the technique,
they advocated a minimum of 2 days to accom-
plish the substitution, and modern commercial
devices for freeze substitution often take even
longer times.

Personal reminiscences on the ‘heyday of
deep-etch EM

Once our basic protocol was established, that of
ultra-fast freezing by ‘slamming’ against a copper
block, followed by freeze-fracturing, deep-etching
and platinum replication inside a dedicated Balzers
apparatus, we entered a period that could safely be
described as our ‘heyday’. We were joined at that
time (1979 onwards) by a young post-doc named
Nobutaka Hirokawa, who quickly became the
leading practitioner of this art and skillfully applied
it to a wide range of problems in cell biology
[98-100,176]. During his tenure in the laboratory,
Hirokawa was supported by the Muscular
Dystrophy Association of America, holding its
highly prestigious George Meany postdoctoral fel-
lowship. He promptly established in-depth collabor-
ations with many leading cell biologists of the day,
most notably with Louis Tilney, who was one of the
brightest stars to emerge from Keith Porter’s orig-
inal cadre of EM trainees and who went on to have
a long and productive career, most notably in the
study of actin dynamics [101-104]. Together with
Tilney and others, Hirokawa skillfully used
deep-etch EM to map the structure of actin and all
the other important cytoskeletal components in a
number of important tissues (nerve, liver, gut,
sperm, etc.) and then developed methods for per-
forming immunocytochemistry via deep-etch EM
and ultimately for performing molecular imaging
using deep-etch EM. These successes led to
Hirokawa’s being recruited directly from post-doc
to Associate Professor at our institution, but we
could not keep him there for long, as he was asked
within a year to return to the University of Tokyo
Faculty of Medicine as the Chairman of the
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Department of Anatomy and Cell Biology. At Tokyo
University, Hirokawa continued his outstanding
work in deep-etch EM, until he came upon the
broad family of kinesin-related proteins and his
work took off in a multitude of other important
new directions [105-109].

Other gifted and active deep-etch EM prac-
titioners in the Ilaboratory during its ‘heyday’
included Doug Chandler (now at the University of
Arizona), Wallace Ip (now at the University of
Cincinnati), Eisaku Katayama (now at Tokyo
University), Cliff Harding (now at Case Western
University) and, notably, Ursula
Goodenough (long at Washington University, who
along with Heuser used deep-etch EM to uncover
the basic structure and organization of dynein mol-
ecules in cilia and flagella [110-113]). Taken
together, the combined efforts of all these prac-
titioners established the utility of the ‘deep-etch’
EM technique over a broad range of problems in
cell biology and established it permanently in the
armamentaria of techniques used
microscopy. Over 50 Balzers freeze-etch machines
were garnered by Japanese Universities alone, and
a large number of these were also used to do out-
standing work in ‘deep-etching’ as well as to
perform more traditional forms of freeze-fracturing.
This was nicely reviewed by Hirokawa in 1989 [100].

Reserve

in electron

Enter the ‘perfectionists’

Every field breeds a few individuals who, due to
their basic nature, are compelled to push its techni-
cal limits to the maximum and to seek the highest
quality data. So too with freeze-etch EM, where a
major follower of Hans Moor in Zurich, Heinz
Gross, devoted his career to absolutely perfecting
the production of platinum replicas, by engineering
fantastic high-vacuum evaporators that permitted
ultra-clean and ultra-low temperature replica pro-
duction [114-116]. No replicas ever exceeded Gross’s
in terms of their perfect clarity and cleanliness.

Only one man chose to follow his lead and carry it
further. That man was Toku Kanaseki at the Tokyo
Metropolitan Institute of Neurology. Kanaseki had
already discovered the ‘honeycomb’ organization of
the clathrin coats on endocytotic vesicles [177] and
thus had established himself in the upper echelons of

electron microscopists, but he was not content with
this and sought to uncover further structural marvels
by acquiring a duplicate of Heinz Gross’s ultra-high-
vacuum evaporator, the Balzers UMS 500P, which he
used for years in Tokyo to generate all sorts of gor-
geous replicas of all sorts of biological preparations.
Unfortunately, the wealth of beautiful freeze-etch
data that Kanaseki generated using this ‘ultra-high-
vacuum’ approach may never be fully appreciated,
because he published so little of it. A tantalizing
subset of his works may be found in [117-122].

Dramatically opposite in temperament (and
output) was another genius of the technique, Harold
Erickson, who published scores of papers on the
fine structure of platinum-replicated molecules,
which he generated by the more conventional
means of air-drying aerosols of molecules sus-
pended in glycerol and then freeze-drying and repli-
cat in the molecules in a normal vacuum. This was
the technique that Branton had originally cham-
pioned but did not pursue for long. However, in
Harold Erickson’s hands, due to his complete grasp
of physical biochemistry as well as his deep under-
standing of basic cell biology (plus his innate ‘good
eye’), his replicas will always remain matchless in
terms of their clarity and definitiveness (and thus,
matchless in terms of their information content con-
cerning all sorts of macromolecular structures). A
small subset of Erickson’s valuable works in the
field of molecular imaging via platinum replication
can be found in references [41,42,123-130].

Directions for future improvements in
deep-etch EM

Several technical problems with the whole
approach of ‘deep-etch’ EM have been alluded to
above, and their possible solutions are discussed
here. Foremost is the need today for a commercially
available ‘slammer’ and for a contemporary
freeze-etch machine that is specifically designed to
handle the frozen samples that derive from it. The
classic Balzers freeze-etch machines are no longer
made, and today’s commercial freeze-etch machines
are not designed to properly handle slam-frozen
samples. Recently, a few homemade versions of our
freeze-etch machine have been produced and have
been disseminated, and the few laboratories that
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Fig. 7. Platinum replica of freeze-fractures through cells infected with vaccinia virus and then quick-frozen, exactly as was done in Fig. 6,
permit imaging of individual viruses in their cytoplasmic context, at much higher magnification. This illustrates that the developing poxvirus
crescents, as well as the complete spheres, have a distinctive geodetic [172] or ‘honeycomb’ scaffold on their external surface, not unlike the
lattices on clathrin-coated vesicles (Fig. 3) but more than twice as fine (only 7 mm vertex to vertex). This lattice is highlighted in yellow to
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have them have individually modified their
freeze-etch machines in order to handle the large
samples that emerge from them, but no systematic
effort to create the proper amalgamation has been
attempted. As with Hans Moor’s introduction of the
first Balzers freeze-etch machine, such an effort
would make the ‘deep-etch’ technique available to all
and would greatly stimulate its further development.

Additionally, we can properly hope to witness in
the coming years the development of valuable
alternatives to freeze-fracturing for gaining access
to the interior of cells — most particularly, the pro-
cedure of focused-ion-beam milling, which when
carried out with gallium ions could have an accu-
racy of +5nm [131] and could be directed so as to
remove precisely as much material from the surface
of a frozen sample as desired [132,133]. This would
be quite an improvement over standard freeze-
fracturing, which remains a very hit-or-miss affair —
even with the best of the cryomicrotomes available
today. See Fig. 7 for particularly successful frac-
tures into vaccinia virus-infected cells, comparable
to ultrathin plastic-sections of the same material
shown in Fig. 6. Focused-ion-beam milling of quick-
frozen samples would hopefully yield preparations
that were entirely equivalent to those used in the
new procedure of ‘ion-abrasion SEM’ [134-138] but
would permit their visualization at the higher resol-
ution of the TEM.

Alternatively, there is no a priort reason why a
‘slam-frozen’ sample cannot be mounted in a
cryo-ultramicrotome so that its surface can be
skimmed off precisely, before deep-etching and
platinum replication. Paul Walther in Ulm has pub-
lished his preliminary efforts to do just this [139—
141]. Cryotransfer devices between the two instru-
ments would need to be devised, but the proto-
types of such devices are already available for

commercial cryo-SEMs. We have further demon-
strated the feasibility of this general approach by
recently developing a method to successfully
platinum-replicate  immunogold-decorated
microtome cryosections that have been prepared
by the so-called Tokuyasu technique (the very
powerful technique of freezing in concentrated
sucrose, followed by cryo-thin-sectioning and
thawing of the sections for antibody decoration
[142-146]) (Fig. 8). This has shown us that ultra-
microtomy with a diamond knife yields a perfectly
suitable surface for ‘deep-etching’ and platinum
replication, even though it does not create rough
freeze-fracturing in the classical sense [147,148]
(Fig. 8).

Besides such improvements in dissecting, acces-
sing, or cutting into the immediate interiors of
slam-frozen samples where their freezing is the
very best, we can also hope to witness the devel-
opment in the next few years of SEMs that can
truly reach the resolution of our current replicas,
which would mean that we could fully circumvent
the current requirement to clean the biological
material away from beneath the replica so that it
can be penetrated by the beam of the TEM. This
cleaning step almost invariably damages the
replica and often shatters it into myriads of tiny
pieces, making the TEM analysis much more diffi-
cult. (See Fig. 4 for a new method we are cur-
rently working on for partially overcoming this
problem.) Moreover, we can hope that SEMs will
soon be able to achieve the same level of resol-
ution on uncoated samples that remain frozen in
the microscope, just as soon as means are
devised for preventing the loss in clarity that
results from sample-charging and from excessive
penetration of the electron beam into the ice.
When that magical day arrives, we will finally be

ultra-

illustrate how freeze-fracturing breaks through it and travels along the bumpy membrane of the developing virion (the dome-shaped
examples) or ‘cross-fractures’ the virions to expose their inner core of protein and DNA (the flatter examples). One of the granular ‘supply
depots’ of membrane and protein for making the envelopes of these virions, which are barely visible as the green-highlighted entities in
Fig. 6, is seen distinctly in the lower panel (it is highlighted in green). It is composed of a scrambled collection of 7 mm granules that we have
shown in earlier work [147,148] to represent trimers of a 63 kDa self-assembling coat protein (made by the ORF ‘D-13 L’ in vaccinia
nomenclature). Comparison of the granular texture of this viral inclusion with the rest of the surrounding cytoplasm illustrates why
QF-DE-RR is a particularly useful technique for discerning and mapping all kinds of cytoplasmic inclusions in health and disease: (i) the
imaging is unperturbed by any chemical cross-linking or dehydration; (ii) it does not require any differential staining of the substances in the
inclusion and (iii) it relies entirely on the natural surface texture of the inclusion, which is readily apparent in such 3D views.



S22 JOURNAL OF ELECTRON MICROSCOPY, Vol. 60, Supplement 1, 2011

Fig. 8. Thawed Tokuyasu cryosections of vaccinia-infected cells decorated with anti-D-13, the honeycomb scaffold protein [148], and imaged
using the standard method (upper two panels) or by re-freezing the thawed and decorated cryosection and then freeze-drying and platinum
replicating it (lower three panels). In keeping with the fact that nearly anything can be put on a substrate, and then quick-frozen and
freeze-dried for platinum replication, a particularly useful application of this is to image Tokuyasu-type immunogold-decorated cryosections.
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able to observe freeze-fractured and ‘deep-etched’
samples without ever exposing them to the with-
ering beam of the platinum evaporator! And com-
bining these advances, we presume that the day
will come when one can image the true surface
of a ‘slam-frozen’ sample and then cut progress-
ively into it via ion-beam milling or ultramicrot-
omy to image successively greater depths within
it. This would finally allow a proper evaluation of
how fast its ‘quality’ freezing declines and, ulti-
mately, would allow the development of improved
freezing methods, in general.

Moreover, we can hope to witness in the near
future the introduction of new procedures for pre-
cisely controlling the vacuum sublimation of ice
from these cut surfaces (e.g. the freeze-etching or
‘deep-etching’ step) — procedures such as con-
trolled infrared surface heating or focused ion
beam or electron-beam etching or sputtering. This
would allow precise control over how much topo-
logical relief is being revealed on the precision-cut
surfaces of the sample and would vastly improve
the current situation, where the only variable that
can be manipulated in today’s freeze-etch
machines is the basic temperature of the cryo-
stage on which the sample is mounted. The effect
of this manipulation on etching parameters is very
crude and approximate, as it depends greatly on
how firmly the sample is thermally coupled to the
stage, as well as on the overall vacuum conditions
in the machine and the amount of water vapor in
the vacuum, etc. This gives us very limited
control over the extent of etching we achieve and
renders this critical step in the procedure a very
‘hit-or-miss’ affair as well. Finally, we can reason-
ably look forward to significant improvements in
the electron-beam guns that generate platinum
replicas, to the point that someday they should be

able to properly handle higher melting-point
metals such as tantalum and tungsten, without
imposing excessive heat loads on the frozen
samples, and thus can achieve more finely-grained
replicas, and we can hope that someday these
‘suns’ will even be able to shield our frozen
samples from all radiant (photon) heating while
still allowing the evaporative deposition of metals
onto their surfaces. (Here, we can imagine that
beam splitters or deflection coils could be
devised, which would redirect the evaporated
metal onto the surface of the sample while allow-
ing the blazingly hot emitted photons to pass right
by it.)

3D Electron microscopy — yesterday,
today and tomorrow

The replicas generated by deep-etch EM are ideal
samples for 3D viewing, since they are essentially
opaque ‘masks’ that reflect the underlying topology
of the molecules and membranes that are partially
emerging from ice. From the earliest days, we have,
therefore, presented them in 3D in all our publi-
cations and lectures, originally as black-and-white
stereo pairs, when publishing color prints in scienti-
fic journals was prohibitively expensive, and more
recently, as color prints have become standard in
modern journals, as 3D ‘anaglyphs’ (e.g. superim-
posed stereo pairs where the left image is red and
the right image is green, so that viewing them
requires R/G glasses). Figures 2-5, 7 and 8 are pre-
sented in such “anaglyph” 3D forms in this article,
and supplied in higher-resolution versions in the
Supplemental Figures. For lectures, on the other
hand, we have always superimposed our stereo-
pairs onto a single screen. Originally, we did this
with two projectors sending images through

The Tokuyasu technique is widely used and highly successful [142-146], but has always suffered from the exceedingly low e-contrast of the
sections, making it particularly difficult to discern cellular membranes in any detail. This can be overcome by making ‘deep-etch’ replicas of
these sections after they have been antibody- and gold-decorated. This provides remarkably clear 3D information about the location of gold
relative to cellular structures. (To make the comparison more obvious, the upper left panel is contrast-reversed in the upper right panel, to
make the gold dots look white, as they do in our platinum replicas). (Actually, all the white dots have been artificially highlighted yellow here,
for ease of interpretation.) Readily apparent in the 3D views of the platinum replicas, below is that the ‘honeycomb’ lattice labels only on its
uppermost cut edges, where apparently the D13 epitope must be exposed. This immediately explains why earlier Tokuyasu cryosection EM
with anti-D-13 antibodies incorrectly assigned this protein to an internal location in the virion [173]. (Note how the left-most virion in the
upper panel would seem to suggest this.) Namely, all the virions that are just barely cut open (e.g. are ‘scalped’), or are otherwise not cut
exactly through their equators during the cryosectioning, stain only on their uppermost cut edges, which are invariably inside the widest
circumference of the virion. The lack of this 3D information, plus the lack of clear-cut imaging of the surfaces of membranes in Tokuyasu

cryosections, can lead to such misinterpretations.
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oppositely oriented polarizing filters onto a silver
screen, which required our audiences to wear polar-
izing glasses like people did while watching the old
3D movies of the 1950s. In this, we were following
the lead of the pioneers of high-voltage electron
microscopy, Kiyoshi Hama in Japan [149-154] and
Keith Porter in the USA [1565-159]. These pioneers
were the first to obtain high-resolution micro-
graphs of really thick sections or whole mounts
of cells, thanks to the great penetrating powers of
their high-voltage microscopes. As a consequence,
their amazing micrographs contained significant
depth information and absolutely required 3D
viewing to be interpretable. However, few people
could properly view stereo pairs printed in jour-
nals, let alone projected through polarizing filters,
and we will always fondly remember the consterna-
tion and fuss that arose among the audiences who
were privileged enough to witness one of Hama's
or Porter’s classic silver-screen presentations.

All these were rendered obsolete with the
advent of digital projectors and computer pro-
grams that could properly generate ‘anaglyph’
images with full color separation and saturation.
(Our early attempts to present 3D EMs in ‘ana-
glyph’ form via high-quality 35 mm color films
such as Kodachrome were sadly inadequate, as is
the CMYK color printing in scientific journals
even today — in both cases due to very poor
color separation.) This problem was entirely
obviated by modern RGB computer screens and
projectors, and so we can now recommend that
the interested reader download the online sup-
plemental versions of the micrographs presented
in this article in a truly proper ‘anaglyph’ 3D
form and observe how we prepare them [160].
Such digital ‘anaglyphs’ can be projected onto
any screen or wall and provide stunning 3D rendi-
tion of the topological vrelief provided by
‘deep-etch’ replicas. (More difficult to view are
anaglyph images of translucent objects such as
thick plastic sections or whole mounts — more
difficult simply because the human brain is not
naturally attuned to observing such
transparent objects. Compound this with the eye
strain resulting from the awkward color bombard-
ment between the viewers' eyes that results from
looking through such disparate red and green

semi-

filters, and much of the value of 3D viewing is
lost on most people).

This remains a significant problem today and one
that has been greatly compounded by the rapid
advances in EM tomography, which can generate
3D volume sets incredibly more rich in information
than the early stereo pairs obtained with the behe-
moth high-voltage TEMs of yesteryear. How should
this volume information be presented to contempor-
ary audiences? The temporary answer has been to
generate movies of artificial ‘computer flythroughs’
of these tomographic data sets, as if they had been
re-sliced by some magical ultramicrotome (but actu-
ally by the computer) into exceedingly thin and
contrasty sections, and then observe them as stacks
of serial sections, something that microscopists and
their followers are already comfortable with
viewing. However, this approach does not fully
recapitulate or reveal the amazing 3D relationships
that exist in such tomographic data sets, so
computer-generated surface renderings of ‘segmen-
ted’ serial stacks are generally presented along with
the flythroughs, and attempts to show 3D relation-
ships in these renderings or models are done, using
simple computer-generated rotation of them about
one or more axes. This entails an extremely unfor-
tunate loss of 3D information, since translucent
entities such as cytoskeletal filaments and phospho-
lipid membranes are rendered as opaque surfaces,
almost as if the original biological sample had been
‘plasticized’.

Clearly what is needed in the future, for proper
viewing and interpretation of both EM tomographic
reconstructions and 3D platinum replicas, is a
means of projecting 3D that does not use color
filters such as anaglyphs and can properly portray
color information as well as topological infor-
mation. Only then will we be able to color-code
different objects in an image to allow the viewer to
appreciate their overall extent and their precise
interrelationships, as is done for the figures in this
article. (This color coding will be done exactly as
segmentation is currently done on tomographic
data sets or even by direct inspection on our more
easily interpretable platinum replicas.) The 3D pro-
jection itself will most likely be done by simple
application of the -circular-polarizing techniques
currently being used by modern commercial movie
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houses, namely alternate projection of left/right
images at high frequencies (30-60 Hz) through
liquid-crystal polarizers whose axis of polarization
is electronically ‘flipped’, by computer control, in
precise synchrony with the left/right image alterna-
tion. Presently, such technology is available for
movie theaters worldwide and is even being tested
on the next generation of home TVs. So it will cer-
tainly not be long before it is streamlined, and
reduced in cost enough, to be brought into the
scientific laboratory and the academic lecture hall.
Then, audiences will be able to sit back and look
deep within the cell and fully appreciate the
marvels of its 3D organization. We eagerly await
this next advance in the technology of viewing elec-
tron microscopic data!

Deep-etch electron microscopy’s new
opportunity to compliment and inform
cryo-EM-tomography

With the rapid development and dissemination of
powerful new ways to image unfixed, still frozen
cells by EM tomography (as described by others in
this Anniversary Issue), the utility of ‘deep-etch’ EM
seems greater than ever. The sharp contrast and 3D
topology that it provides by TEM provide a ready
check for the advanced 3D computer reconstruc-
tions generated by tomography, where contrast is
initially so low that individual images or stereo
pairs cannot provide any discernable structure.
Additionally, the simple, relatively ancient pro-
cedure of freeze-fracturing permits one to gain easy
access to the interiors of samples that can other-
wise only be reached by exceedingly difficult pro-
cedures such as cryo-thin-sectioning. Undoubtedly,
these procedures will be dramatically improved in
coming years, just as classical plastic thin-
sectioning was steadily improved in the early days
of EM. To date, most of the EM tomography is
being performed either on freeze-substituted
samples (as described above, on samples chemi-
cally fixed, dehydrated and embedded - albeit at
sub-zero temperatures, which greatly improves the
outcome) or on cryo-samples that are intrinsically
thin enough to be penetrable by the electron beam
— a remarkable throwback to the earliest days of
biological TEM before thin-sectioning had been

developed, when only the thinnest regions of whole
cells could be observed [161,162].

The very thinness of the latter whole-mount
samples also means that they are ideal samples for
ultra-rapid freezing techniques and can yield essen-
tially ice crystal-free freezing, and so they are also
ideal samples for freeze-fracturing and deep-
etching. So again, they provide ideal substrates for
comparison between techniques and approaches.
The future seems bright, then, for a range of
approaches for carrying out electron microscopy on
all sorts of biological entities frozen ‘direct from
life’ and thereby preserved in the most life-like state
possible. This already has yielded, and certainly
should continue to yield, significant insights into
the basic composition (and physical state) of the
cytoplasm and all its components, as well as
further understanding of the dynamics of intracellu-
lar organelles and further understanding of the
interactions of man-made materials with living
cells. The next 60 years of electron microscopic
research should prove to be even more glorious
than the past 60 years!

Supplementary data

Supplementary data are available at http:/jmicro.
oxfordjournals.org/.
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