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Abstract Transmission electron microscopy has provided
most of what is known about the ultrastructural organiza-
tion of tissues, cells, and organelles. Due to tremendous
advances in crystallography and magnetic resonance imag-
ing, almost any protein can now be modeled at atomic reso-
lution. To fully understand the workings of biological
“nanomachines” it is necessary to obtain images of intact
macromolecular assemblies in situ. Although the resolution
power of electron microscopes is on the atomic scale, in
biological samples artifacts introduced by aldehyde fixa-
tion, dehydration and staining, but also section thickness
reduces it to some nanometers. Cryofixation by high pres-
sure freezing circumvents many of the artifacts since it
allows vitrifying biological samples of about 200 pm in
thickness and immobilizes complex macromolecular
assemblies in their native state in situ. To exploit the per-
fect structural preservation of frozen hydrated sections,
sophisticated instruments are needed, e.g., high voltage
electron microscopes equipped with precise goniometers
that work at low temperature and digital cameras of high
sensitivity and pixel number. With them, it is possible to
generate high resolution tomograms, i.e., 3D views of sub-
cellular structures. This review describes theory and appli-
cations of the high pressure cryofixation methodology and
compares its results with those of conventional procedures.
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Moreover, recent findings will be discussed showing that
molecular models of proteins can be fitted into depicted
organellar ultrastructure of images of frozen hydrated sec-
tions. High pressure freezing of tissue is the base which
may lead to precise models of macromolecular assemblies
in situ, and thus to a better understanding of the function of
complex cellular structures.
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Introduction

Transmission electron microscopy (TEM) has proven cru-
cial to the advancement of modern cell biology. Thanks to
the much higher resolution than that achieved with a light
microscope, many cellular organelles and substructures
were first discovered by TEM (Palade and Porter 1954);
however, it is a drawback of electron microscopy that sam-
ples containing liquid water cannot be imaged directly at
room temperature. Accelerated electrons propagate only
under high vacuum conditions where water is evaporating.
Further, only thin layers or sections of solid matter can be
viewed (Hayat 2000). In the standard procedure, biological
samples are aldehyde and osmium tetroxide fixed, dehy-
drated, embedded into a resin, and ultra-thin sections are
prepared that are stained with heavy metal ions (Luft 1961;
Pease and Porter 1981). All preparation steps can introduce
artifacts; fixation with glutaraldehyde and dehydration with
organic solvents lead, e.g., to aggregation of proteins, col-
lapse of highly hydrated glycans, and loss of lipids (Cope
and Williams 1968, 1969a, b; Kellenberger et al. 1992).
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Moreover, the contrast seen in classical EM micrographs is
based on differential adsorption of heavy metal cations to
various sample components (anion formation depends on
sample fixation and embedding conditions), rather than to
the biological structures themselves (Hayat 2000; North
et al. 1999). Thus, although atomic resolution is possible
with the electron microscope in theory (and in practice with
inorganic samples; Batson et al. 2002), preparation artifacts
limit the effective resolution for biological specimens in
practice to about 2 nm (Hayat 2000). As outlined in the
next paragraph, cryofixation (Dubochet et al. 1988; Moor
et al. 1980; Studer et al. 1989) is the basis for pushing the
electron microscopic resolution toward the imaging of
macromolecular assemblies in intact cells and tissues.

Physical principles of cryofixation

Ideally, one would like to image a biological specimen
under conditions resembling the living state as closely as
possible, i.e., when it is fully hydrated. In the vacuum of the
electron microscope, this can only be achieved if all sample
water is frozen (Dubochet et al. 1988); however, simple
freezing of living tissue at low cooling rates (e.g., in a
freezer) has disastrous effects on cellular structure and
integrity. Ice forming in the cytoplasm induces phase segre-
gation between water and solutes (organic matter and salts),
with the effect that cellular components are concentrated
and precipitate between ice crystal ramifications. In elec-
tron micrographs, so-called segregation patterns become
visible (Allison et al. 1987; Dubochet 2007; Escaig 1982).
In the worst case, growing ice crystals poke holes into cel-
lular membranes and destroy organelles (Meryman 2007).
When thawed again, such badly frozen tissues or cells are
nothing but dead mush. Deleterious ice crystal formation
can be avoided by pre-incubating a biological sample in
anti-freeze agents that reduce the concentration of free
water, such as sucrose, glycerol, DMSO, or various poly-
mers. Since most cells survive freezing and thawing after
proper anti-freeze treatment, this widely used method
allows keeping single cell suspensions, small organisms,
tissue pieces, even embryos viable for storage. Due to their
dehydrating activity, however, anti-freeze agents introduce
various alterations in cellular structure, such as severe
shrinking and specific responses to osmotic stress
(Meryman 2007). Although these types of changes are not
lethal and reversible, the ultrastructure of such cryopro-
tected samples is changed. Thus, the only means to pre-
serve ultrastructure close to the normal living state is to
freeze cells or tissues in such a way that their intrinsic water
turns into vitreous (“glassy”) ice even in the absence of
cryoprotectants (Dubochet 2007). This is achieved by very
high cooling rates that do not allow water to crystallize. In
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consequence, water becomes a very viscous fluid, so-called
amorphous (vitreous) ice.

The simplest way to obtain the cooling rates required for
water vitrification is implemented in the so-called “bare-
grid” method (Adrian et al. 1984). In this approach a very
thin sample (<100 nm) is plunge-frozen in, e.g., liquid eth-
ane. In theory cooling rates as high as 10% K/s are possible. It
is an inherent limitation of plunge freezing, however, that
biological samples can be vitrified in the best case only to a
depth of a few micrometers from their surface (Galway et al.
1995; Nitta and Kaneko 2004; Richter et al. 2007). The
physical reason lies in the poor heat conduction properties of
water, which causes even infinitely high superficial cooling
rates to decay rapidly within the sample, until they reach a
much smaller value that again allows water crystallization
(Dubochet 2007; Shimoni and Muller 1998; Studer et al.
1995). The only practicable approach to vitrify thicker sam-
ples is to reduce the necessary cooling rate for vitrification.
The first possibility is to add cryoprotectants; as mentioned
above this is only possible with deleterious effects on ultra-
structure. The alternative exploited first by Moor and his stu-
dent Riehle (Moor et al. 1980; Riehle and Hoechli 1973) is
to increase pressure to 210 MPa (2,048 bar) during cooling.
Water has some very remarkable properties (see Chaplin:
http://www Isbu.ac.uk/water/). Some of them may explain
the pressure effect on water vitrification. Water expands dur-
ing crystallization and pressure works against expansion,
with the effect that at 210 MPa the melting point of water
reaches its minimum of —22°C. Crystalline ice has a larger
specific volume (i.e., a lower density) than liquid water until
the pressure of 210 MPa, in contrast to amorphous ice that is
about as dense as water (Kanno et al. 1975). At higher pres-
sures this does not hold; ice becomes denser than water and
hence the melting point increases in temperature. A second
reason may be the supercooling to —92°C at 210 MPa, com-
pared to —42°C at ambient pressure. In cryotechnical terms,
the most important effect of high pressure is a reduction in
the cooling rate required to vitrify water. Whereas about
several 100,000 K/s are required to vitrify a cell at ambient
pressure, a few 1,000 K/s are sufficient at 210 MPa (Studer
etal. 2001; Vanhecke et al. 2008). Because water does not
conduct heat well, cooling rates of a few 1,000 K/s are also
the maximal cooling rates theoretically possible in the center
of a 200 um thick aqueous sample (as depicted in Fig. 1).
With very fine thermocouples, cooling rates of about
4,000 K/s could be measured in aqueous samples of 200 pum
in thickness (Studer, unpublished results). These measure-
ments confirm that theory and practice are consistent. In
general, biological samples thicker than 200 pm cannot be
vitrified. However, in very special cases, where for any rea-
son enormous amounts of intrinsic cryoprotectants are
present (as for example the huge concentration of the protein
crystallin in eye lens epithelial cells), thicker tissue pieces
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Fig. 1 This scheme shows how calculated cooling rates (shaded ar-
eas) and temperatures (curves) depend on the distance from surface (z)
and on time (#) during freezing of an aqueous sample in an HPF device.
The basics of the calculations resulting in the data presented are de-
scribed in the appendix of Studer et al. (1995). The assumptions are: A
slab with infinite x, y dimensions and a thickness z of 200 pm is uni-
formly cooled from both surfaces with a jet of an efficient cryogen
starting at time 0, generating a superficial cooling rate of at least
10,000 K/s. In the graph, the sample surface is at left, and its center at
right. On the sample surface (z=0), the cooling rate is high
(>10,000 K/s) at the very beginning of cooling, and it decreases when
the surface temperature approaches that of the coolant. In the center of
the sample (z =100 um), the calculations show that at the start the
cooling rates are quite small; a maximal cooling rate of 6,000-8,000 K/s
is achieved after 10-20 ms that decreases again later. When following
the light green —20°C isotherm (corresponding to the melting point of
water at 210 MPa), one observes that, at any location having this tem-
perature, the slab is cooled as rapidly as theoretically possible (cooling
rates >6,000 K/s). Further, one can see that 20 ms after the start of
cooling, the slab has reached a temperature of <—100°C at 25 pm un-
der the surface, whereas in the sample center at the same moment the
temperature is at —20°C. At 210 MPa and —20°C water is still liquid
and ice crystals cannot form. This “supercooling” of water is likely to
be a major reason for the efficiency of high pressure freezing. After
50 ms the whole water slab has reached a temperature of less than
—100°C and water has become vitreous. It is important to realize that
due to the poor heat conduction properties of water, a higher superficial
cooling rate does not result in increased cooling rates within the sam-
ple; thus as experienced by many users samples thicker than 200 pm
cannot be vitrified

can be vitrified. Reversely, if the concentration of intrinsic
cryoprotectant is very low in a specific sample, a thickness
of 200 pm may be too much for complete vitrification
because the achievable cooling rates are too low. Neverthe-
less, it is correct to say that for freezing of any given sample,
applying a pressure of 210 MPa increases the thickness of
the vitrified layer by a factor of ten compared to freezing at
ambient pressure (as, e.g., in plunge freezing; (Sartori et al.
1993). An evident limitation of high pressure freezing is the
fact that gaseous compartments collapse completely at a
pressure of 210 MPa. For this reason, intercellular air-filled
spaces (e.g., in plant leaves) need to be filled with a chemi-
cally inert solvent not mixable with water, as, e.g., 1-hexa-
decene (Studer et al. 1989).

Technology of high pressure freezing and follow up
procedures

High pressure freezing (HPF) devices are currently avail-
able from three different manufacturers (Leica EMPACT
and Bal-Tec HPM 100, Leica-Microystems, Vienna, Aus-
tria; Bal-Tec HPM 010, ABRA-Fluid AG, Widnau, Swit-
zerland available from Boeckeler Instruments, Inc.,
Tucson, Arizona, USA; Compact 01, Wohlwend, Switzer-
land available from Technotrade International, Inc., Man-
chester, NH, USA) and two distinct designs are being used.
One (Leica, EMPACT) is based on the machine built by
Riehle (Riehle and Hoechli, 1973). The machine builds up
pressure on the sample and then cools it by an independent
mechanism. The specimen is introduced into a small closed
chamber that is first pressurized to 210 MPa, and then
immediately cooled from outside to —196°C by a double jet
of liquid nitrogen. The other machines (Bal-Tec, Wohl-
wend), developed according to Moor et al. (1980), pressur-
ize liquid nitrogen to 210 MPa and then “shoot” it onto the
sample holder to freeze the specimen. Thus, in this design
the cryogen also acts as pressurizing agent. Pressurization
and cooling of the sample are synchronized to occur within
20 ms in both systems (Fig. 2). All commercially available
devices do their job reproducibly well. There are differ-
ences in size of machine and sample holder, liquid nitrogen
consumption and specific sample preparation tools. It is a
big advantage of the EMPACT device (Studer et al. 2001)
that the sample is completely sealed with the help of so-
called membrane specimen carriers during high pressure
freezing. Thus, possible solvent interactions with the sam-
ple are eliminated. In the end, the choice of the most suit-
able machine depends on the kind of sample that needs to
be processed, and on the required preparation technique.
Before being frozen in a HPF machine, the biological
specimen has to be introduced into a specially designed
sample holder or chamber. Different types exist that are
optimized for various samples and applications. Copper
tubes are used for cell suspensions or small organisms (like
C. elegans; Claeys et al. 2004) and are best suited for sub-
sequent cryosectioning (Al-Amoudi et al. 2005b). Two spe-
cial tissue microbiopsy systems have been designed
(Hohenberg et al. 1996; Vanhecke et al. 2003). The Van-
hecke system allows the transfer of needle biopsies
obtained from various tissues into specimen carriers con-
taining a slot with the same dimensions as the biopsy-nee-
dle notch. Specimen carriers with a central cavity (200 pm
deep) can hold anything from plant leaves (Pfeiffer and
Krupinska 2005), small organ pieces (Shanbhag et al. 2001;
Wang et al. 2005), to vertebrate embryos (Epperlein et al.
2000). Transparent sapphire discs that can be fitted into the
specimen carriers are suitable substrates for cell cultures
(Eppenberger-Eberhardt et al. 1991; Verkade 2008).
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Fig. 2 Record of temperature (blue line) and pressure (red line)
changes during freezing (total time = 200 ms) in the EMPACT high
pressure freezing machine. The temperatures and as a result the cooling
rates are measured with a thermocouple located just below the speci-
men carriers. The pressure is measured in the pressure system that is
connected to the sample. As a consequence, the pressure measured is
the one that really acts on the sample, whereas the temperature record
just tells us that pressure and temperature have been synchronized cor-
rectly and that the freezing cycle was technically working

Since the aim of vitrifying is to allow imaging of cellular
ultrastructure close to the living state, it is of course impor-
tant to keep the time between sample collection and freezing
as short as possible. Concentrated cell suspensions and small
organisms are easily introduced into sample holders and fro-
zen in a HPF machine within considerably less than a min-
ute. Cells cultured on sapphire disks can be frozen within 5 s
with the help of the so-called rapid transfer system (RTS;
Verkade 2008) of the EMPACT2 (Leica-Microsystems).
Tissue samples are far more critical, because they often have
to be dissected and trimmed before they can be fitted into the
specimen holders. This not only takes time, but also causes
cell damage that might affect the integrity of the entire tissue
sample. Here, the biopsy system described above is useful by
allowing sample collection and freezing within 30 s.

After sample collection, high pressure freezing is the
second step of sample preparation. A sample of 200 pm
thickness is cryoimmobilized within 50 ms (Fig. 2; Studer
et al. 1995). The next steps are required to process the vitre-
ous sample into sections or replicas suitable for electron
microscopy. Four principally different follow-up proce-
dures are used that are described below. Freeze fracturing
(Moor and Miihletaler 1963) generates a replica of a frac-
tured surface through the sample. Freeze substitution (Van
Harreveld and Crowell 1964) and freeze drying (Edelmann
1978), respectively, result in resin-embedded samples that
are suitable for conventional ultrathin sectioning. Last but
not least, after mounting and trimming in a cryo-ultra-
microtome the sample can be cryosectioned and the resulting
frozen hydrated sections investigated on a cold stage in the
electron microscope at —170°C (Al-Amoudi et al. 2004;
Dubochet et al. 1983).
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Freeze fracturing

Originally, high pressure freezing (Moor 1987) was intro-
duced as a cryofixation method for freeze fracturing (Moor
and Miihletaler 1963). In the latter procedure, a frozen bio-
logical sample is broken open in the vacuum, and a plati-
num—carbon replica is prepared from the fractured sample
surface that can be investigated in the electron microscope.
In contrast to thin sections, freeze fracture replicas show
mostly surface views of organelles and cellular membranes
since the two lipid layers of a membrane tend to separate
during fracturing. Thus, the method is especially suited for
membrane studies, for e.g., it allows estimating the density
of transmembrane protein molecules that appear as parti-
cles on a smooth lipid leaflet (Kopp 1973; Shotton et al.
1978). In the original freeze-fracturing procedure, samples
were first fixed with aldehydes and soaked in cryoprotec-
tants in order to avoid ice crystal formation during freezing,
and high pressure freezing was developed to make these
pretreatments obsolete. Specialized sample holders are
available that allow freeze fracturing immediately after
high pressure freezing (Craig et al. 1987; Walther 2003).

Freeze substitution

Freeze substitution is a hybrid method that combines the
improved structural preservation of cryofixation with resin
embedding (Humbel and Schwarz 1989; Van Harreveld
and Crowell 1964). After cryofixation the sample is dehy-
drated with solvents (acetone/methanol/ethanol/) at around
—90°C, then in most applications chemically fixed (e.g.,
with uranyl actetate, osmium tetroxide, and aldehydes) dur-
ing the warming-up period. Osmium tetroxide starts to fix
(i.e., to crosslink carbon double bonds) at —70°C (White
et al. 1976) and glutaraldehyde starts crosslinking at —40°C
(Humbel et al. 1983). The dehydrated sample is finally
embedded in resins at temperatures between —50°C and
room temperature. At a first glance the effort to high pres-
sure freeze and then chemically crosslink the sample may
confuse. The big difference is that at room temperature the
cell is fixed from the liquid phase. In freeze substitution,
however, a stabilized (frozen, solid) framework is cross-
linked. One important feature has to be noted that no
osmotic effects can take place (Studer et al. 1992). Epoxy
resins (Matsko and Miiller 2005) are preferentially used for
morphological analysis, and methacrylates for immunola-
beling (Acetarin et al. 1986; Carlemalm et al. 1982; New-
man and Hobot 1987; Newman etal. 1983; Roth et al.
1981a; Scala et al. 1992). Important to know: the freeze-
substitution protocol (and there may exist about 100 differ-
ent ones) determines contrast formation. In our experience
this can result in very different patterns for initially identi-
cally well preserved samples (membranes with and without
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contrast; Walther and Ziegler 2002; collagen fibrils with
and without water-rich “halos”; Studer et al. 1996).

Freeze drying

En bloc freeze drying of cryofixed samples before resin
embedding was shown to preserve the location of diffusible
ions significantly better than other methods (Edelmann
1986; Linner et al. 1986). However, the structural preserva-
tion is mostly not as good as after freeze substitution (e.g.,
there is shrinkage of mitochondria). However, for SIMS
(secondary ion mass spectroscopy) applications the method
is still used (Guerquin-Kern et al. 2005).

CEMOVIS

Cryo-electron microscopy of vitreous sections (CEMOVIS;
Al-Amoudi et al. 2004) is the only one method in tissue
electron microscopy where the “real” in situ structure is
imaged directly. However, even such images need to be
interpreted critically. In this case, the “real” structure is
what remains from a sample after high pressure freezing,
ultrathin sectioning and exposure to the electron beam at
low temperature (—170°C). In contrast to freeze-substitu-
tion or freeze-drying, in CEMOVIS only purely physical
treatments are applied to the sample and no chemical inter-
actions take place. Thus solvents, fixatives, resins, and
stains cannot dehydrate crosslink and precipitate sample
molecules; the main concern is damage by the electron
beam. It was shown that by this method it is possible to
depict the structures of distinct macromolecular assemblies
(Lucic et al. 2005; Lucic et al. 2008). The correct arrange-
ment of cadherins in the desmosome structure (Al-Amoudi
et al. 2007) will be discussed in detail below.

Structural preservation of high pressure frozen
versus chemically prefixed tissues

Despite of the clear advantage of cryofixation over immedi-
ate aldehyde fixation in aqueous solution, there are limita-
tions. Because of the inherent physical limits of high pressure
freezing described above, only small samples can be pre-
pared (thickness 200 pm, diameter 1.3-3 mm). This is in fact
a severe handicap because only very small intact organisms,
organs or tissue can be fixed without preceding dissection.
Possible alterations of distinct structures due to the high pres-
sure are another concern. The two reports that we consider to
be important in this respect are on the one hand the work of
Leforestier etal. (1996) who showed that a liquid crystal
phase of DNA did not persist during high pressure freezing,
whereas slam freezing preserved the structure perfectly. On
the other hand, Semmler etal. (1998) demonstrated that

some (not all) distinct lipid mixtures change structure when
high pressure frozen. These two described artifacts are an
indication that chromatin and membranes may show pres-
sure-induced changes in their original molecular structure.

Neither the limitations in sample size nor the chance of
pressure-induced artifacts questions the fact that, for most
applications, high pressure freezing leads to improved
ultrastructural preservation. Nowadays, many objects under
investigation that are of high interest, as for example cell
cultures, can be fixed as complete entity. In all cases so far,
well cryofixed samples show a better morphology when
compared to chemically (aldehydes and/or osmium tetrox-
ide) prefixed ones. The criteria for “better” are not easy to
determine and are often based on theoretical or esthetical
considerations. However, a few reports show ample evi-
dence that cryofixation leads to an ultrastructure closer to
the living state than immediate chemical fixation. During
aldehyde and osmium tetroxide prefixation membranous
structures are reorganized resulting in the formation of
mesosomes (Dubochet et al. 1983; Ebersold et al. 1981),
collapse of early endosomes (Murk et al. 2003), rearrange-
ment of membrane discs of photoreceptor cells (Szczesny
et al. 1996), and degradation and loss of proteins (Behrman
1984; Maupin and Pollard 1983). Different osmotic pres-
sures (solute concentrations) in the individual cell compart-
ments are not maintained (Studer etal. 1992). The
extracellular matrix of cartilage and soybeans nodules is
preserved on the ultrastructural level only after cryofixation
(Studer et al. 1995, 1996). Last but not least, specimens
with an almost impermeable coat such as C. elegans or
plant pollen are practically impossible to preserve by direct
aldehyde fixation. After high pressure freezing and freeze
substitution, however, their ultrastructure is beautifully pre-
served (Hess 1993; Hohenberg et al. 1994; McDonald and
Morphew 1993).

Synapses in the rat hippocampus are well preserved after
high pressure freezing and freeze substitution (Fig. 3a, c;
Frotscher et al. 2007). To judge the quality of preservation
in comparison to aldehyde fixation we took as a reference
the structural features of frozen hydrated brain sections
shown by Zuber et al. (2005). After high pressure freezing
membranes are smooth, the structures are not shrunken and
the cytoplasm appears denser, demonstrating that there is
less precipitation and loss of solid matter. The tissue is uni-
formly stained when high pressure frozen whereas wrinkles
and empty spaces dominate the aldehyde and osmium
tetroxide fixed brain tissue (Fig. 3b, d).

Immunolabeling of high pressure frozen samples

In situ localization of biomolecules by means of specific
antibodies is one of the most powerful and popular
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Fig. 3 Ultrastructural differences between brain tissue that was either
high pressure frozen or chemically prefixed, respectively. Organotypic
slice cultures were prepared from P6 rat hippocampus and maintained
for 7 days in vitro before being processed for EM. a, ¢ The tissue was
high pressure frozen and freeze-substituted in acetone containing 2%
osmium tetroxide. b, d The tissue was directly chemically fixed with
glutaraldehyde and osmium tetroxide. Note the following characteris-

techniques in cell biology. On the ultrastructural level, this
method has been boosted by the development of colloidal
gold-coupled protein A or secondary antibodies (Romano
and Romano 1977; Romano et al. 1974; Roth et al. 1978),
which allow to localize a specific antigenic site (for review
see Roth 1983). Labeling efficiency depends on the specific
antigen—antibody combination, the fixation and embedding
protocol (pre-embedding approaches are not considered).
As a rule of thumb the better the sample is fixed (and pre-
served) the worse is the labeling efficiency (Schwarz and
Humbel 1989). In general, Lowicryl resins (Acetarin et al.
1986; Carlemalm etal. 1982; Humbel et al. 1983; Roth
etal. 1981a) are better suited for successful labeling than
epoxy resins because they do not crosslink epitopes
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tics of high pressure frozen tissue: (1) the membranes are clearly delin-
eated, (2) synaptic vesicles (S) are of uniform size and perfectly
circular, (3) fusion (F) of vesicles with the bouton membrane is fre-
quently seen (catching this event may be facilitated by freezing), (4)
the nuclei (N) appear as “turgescent” ellipsoids without concavities
indicating shrinking, (5) mass distribution appears more regular and
therefore the structures are more evenly stained

(Carlemalm et al. 1982; Causton 1986). Best efficiency of
labeling is usually achieved with the so-called Tokuaysu
technique (Tokuyasu 1973, 1980): aldehyde prefixed,
sucrose impregnated samples are frozen and cryosectioned.
The sections are thawed and labeled.

To improve structural integrity and to try to maintain
labeling sensitivity, high pressure frozen samples are sub-
jected to immunolabeling. In the following, four represen-
tative examples are described in more detail where this
approach has produced superior results compared to con-
ventional methods. In one case, the ultrastructure was pre-
served well enough to determine the exact arrangement of a
motor protein within a microtubular network (Sharp et al.
1999). By pairing excellent ultrastructure with high labeling
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efficiency, another paper demonstrates that trafficking of
membrane proteins can be assessed ultrastructurally at least
in a semi-quantitative way by immuno-EM (Sawaguchi
et al. 2004). To label very small molecules like small hor-
mones the chemical crosslinking of epoxy resins can be
advantageous (Wang et al. 2005). COPII labeling by com-
bining high pressure freezing with the Tokuyasu approach
is the forth example discussed (Van Donselaar et al. 2007).

Sharp et al. (1999) investigated the role of bipolar kine-
sin KPL61F for microtuble dynamics in mitotic spindles of
Drosophila embryo blastoderm. They prepared antibodies
against a terminal peptide of KPL61F both in its non- and
serine-phosphorylated form and found by immunocyto-
chemistry that phosphorylated KPL61F specifically associ-
ates with spindle microtubules. For EM localization of
KPL61F, Lowicryl or Epon sections from high pressure-
frozen and freeze-substituted embryos were labeled with
the antibodies. The phospho-peptide antibody detected
KPLO6IF on the surface of spindle microtubules with
extremely high efficiency in Lowicryl-embedded samples.
On Epon sections labeling efficiency was much reduced,
but because of better contrast of the microtubules they were
better for statistical analysis. The KPL61F phospho-peptide
epitope was localized within 10 nm from the microtubule
surface. Moreover, a quantitative evaluation of the Lowi-
cryl sections revealed that the observed rows of gold parti-
cles on the surface of adjacent microtubules were spaced
laterally by 60 nm in average, corresponding to the pre-
dicted distance between antibody epitopes on the tetra-
meric, bipolar kinesin molecule. These data strongly
supported a sliding filament model, where KPL61F cross-
bridges microtubules and moves parallel to them. The
results also clearly demonstrated the value of the HPF
approach. In this study it is interesting that the antibody
against the unmodified KPL61F peptide did not label on
EM sections, although it worked as well as the phospho-
peptide antibody for immunofluorescence on permeabilized
cells and for Western blotting. Because the two described
antibody epitopes are identical except for the modification,
there is no obvious reason why their accessibility or stabil-
ity should differ so drastically on identically treated EM
sections. Despite of the excellent results with one of the
two antibodies, this example proves that it is impossible to
predict whether a certain antigen—antibody combination
will yield satisfying results by immuno-EM.

The work by Sawaguchi et al. (2004) shows that HPF in
combination with freeze substitution and post-embedding
immunolabeling can be used to study the trafficking of a
membrane antigen between intracellular compartments
after cell stimulation. These authors isolated gastric glands
from rabbits and kept them at 37°C for 30 min in medium
containing histamine for stimulation of secretion. There-
after the glands were immediately high pressure frozen,

freeze substituted, and embedded into Lowicryl or Epon.
On Epon sections, the ultrastructure of various intracellular
compartments in gastric parietal cells was excellently pre-
served and incubation with an antibody to H*/K*-ATPase
produced very specific and efficient labeling on various
intracellular membranes. By image analysis, the membrane
length of different compartments was measured, and all col-
loidal gold particles within 20 nm distance from mem-
branes were counted. Importantly, the labeling intensity of
the (Golgi-derived) tubulovesicles was found to be the
same in non-stimulated and stimulated parietal cells,
whereas after stimulation the labeling for H*/K*-ATPase
was increased fourfold on the intracellular canaliculi (with
which the tubulovesicles fuse when stimulated). Thus, in
principle, optimized cryofixation and embedding allows to
follow membrane protein redistribution during cellular pro-
cesses by immuno-EM in a semi-quantitative way. Due to
the excellent ultrastructure, it could also be shown for the
first time that H*/K*-ATPase localizes to specific endocytic
compartments of parietal cells. In the same study, an anti-
body to ezrin was used to localize this actin-associated pro-
tein to the microvilli of intracellular canaliculi; however,
this antibody gave satisfactory labeling only on Lowicryl
sections with the disadvantage that they exhibited reduced
contrast and structural preservation.

Small molecules, such as hormones and neurotransmit-
ters can pose difficulties for immunolabeling because they
can be lost during the tissue processing, although this
depends on the molecules studied (Ravazzola et al. 1981;
Roth et al. 1981b) The hormone mesotocin is an extremely
small molecule of nine amino acids only (Cys-Tyr-Ile-Gln-
Asn-Cys-Pro-Ile-Gly-NH,) with only one primary amine
group that can be fixed by aldehydes. Wang et al. (2005)
described that after HPF, freeze substitution and Lowicryl
embedding, the vesicles containing the mesotocin were
electron-translucent and showed no immunoreactivity.
When the glands, however, were embedded in Epon the
secretory vesicles appeared dark and mesotocin could
clearly be immunolabeled. Here, the epoxy resin acted
obviously as an additional chemical crosslinker (Causton
1986; Matsko and Miiller 2005; Sung et al. 1996) and was
essential for a successful localization. This example clearly
shows that there should be no dogmas in immunolabeling.
After all, the first protein A-gold immunolabeling was per-
formed on thin sections of epoxy resin-embedded tissue
(Roth et al. 1978).

A new method has recently been developed in which
HPF-fixed and freeze-substituted samples are rehydrated,
sucrose/ice-embedded and cut, thus combining the advanta-
ges of rapid cryofixation with the high labeling efficiency of
the Tokuyasu technique (Ripper et al. 2008; Van Donselaar
et al. 2007). The Tokuyasu technique excels in visualizing
membranes and in general in high labeling efficiency. The
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new method proves its value when delicate membrane
interactions need to be studied, or when the object cannot
adequately be fixed chemically. In combination with cryo-
fixation, small changes or interactions between membranes
can be interpreted with increased confidence (Zeuschner
et al. 2006). In general, the labeling efficiency seems indeed
higher with the van Donselaar approach than on resin sec-
tions after freeze substitution. It seems, however, to be
lower than on samples prepared by chemical fixation and
processed by the original Tokuyasu technique. An ultra-
structural comparison between chemically fixed (Tokuyasu
1980) and cryofixed (Van Donselaar et al. 2007) sections
shows that in the latter not only membranes seem to be
straighter, but also the cytoplasm appears much denser
(Fig. 4). A “disadvantage” of better preservation of cyto-
plasmic content is the fact that ribosomes cannot be dis-
cerned in the dense, heavily stained cytoplasm.
Immunolabeling for ultrastructural localization has still a
big potential for improvement. It appears that the superior
structural preservation achieved with cryofixation, espe-
cially high pressure freezing, may be combined with
sophisticated immunolabeling protocols, such as genetic
engineering of antigen—antibody binding sites to improve
docking. This may result in almost perfect localization of
small and/or globular proteins in optimally preserved sam-
ples, which so far cannot be detected by other means. Iden-
tification of proteins by tomography as shown in the next

Fig. 4 COPII antigen immunolabeling shown in a mouse chondro-
cyte. Following van Donselaar et al. (2007) the sample was high pres-
sure frozen, freeze-substituted, rehydrated and subjected to
cryosectioning and immunolabeling according to Tokuyasu. Vesicles
in the cis-Golgi region show specific labeling with immuno-gold
spheres. Note the clear membrane contrast and their straight appear-
ance. N nucleus, G Golgi apparatus, E endosomes. Scale bar represents
200 nm. Reproduced with permission of Wiley Inc.

@ Springer

paragraphs, i.e., without labeling, will for a long time only
be possible for large molecular assemblies with a character-
istic shape.

Electron tomography of high pressure-frozen sections:
from tissues to molecular assemblies in situ

Cryofixation and imaging by cryo-electron microscopy is
the only method to preserve at the same time not only the
molecular structure of macromolecules but also their con-
text within the cell, and novel techniques are required to
exploit the full power of this approach. For example, a new
‘virtual labeling’ method has been developed to identify
distinct protein species within cells or tissue sections
(Bohm et al. 2000; Frangakis et al. 2002). From thin layers
of cells grown and cryofixed on electron microscopy grids,
or alternatively from cryo-sections, cryo-electron tomo-
grams are taken. Knowing the number of images and tilt
angles, the spatial resolution for a protein of interest can be
estimated. The molecular structure of the protein available
from a protein data bank is reduced to the expected resolu-
tion, and a virtual template is made. Then the whole tomo-
gram is searched with the template in all possible
orientations. The place where a molecule within the tomo-
gram fits the template is marked and thus the protein of
interest can be located in all three dimensions in the tomo-
gram (Baumeister 2002, 2005; Frangakis et al. 2002; Lucic
et al. 2005; Medalia et al. 2002; Nickell et al. 2006). The
limitation of this method is that the proteins must be large
(>2 x 10° Da) and have a characteristic, unique signature
in terms of shape. With increasing resolution of the tomo-
grams, smaller proteins could be localized by the template
matching method.

A recent review in this journal is entirely devoted to
cryo-electron tomography in general (Lucic et al. 2008).
Here, one line of research shall be described in more detail
that demonstrates the power of combining high pressure
freezing with electron tomography of frozen sections and
molecular modeling. Among the organelles originally dis-
covered by electron microscopy are various junctions that
connect lateral surfaces of neighboring epithelial cells. Des-
mosomes are easily recognized as plaque-like structures
between adjacent cells with bundles of intermediate (cyto-
keratin) filaments emanating from their electron-dense
cytoplasmic surface (Drochmans etal. 1978; Waschke
2008). In electron micrographs of chemically fixed and
stained epidermis, desmosomes are characterized by a gap
of a constant width of 35 nm between adjacent plasma
membranes; the only additional structure visible in classical
electron micrographs is an electron-dense “midline” in the
gap between the two membranes (Drochmans et al. 1978).
To reveal more detail, skin samples were high pressure-fro-
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zen, freeze-substituted, embedded in Epon, and contrasted
by conventional methods (He et al. 2003). After sectioning,
electron tomograms of desmosomes revealed tiny filaments
in the gap region that extended from the cell membranes to
the midline. Their ends appeared to join at the midline in
knot-like structures, forming an irregular network. This
suggested that in desmosomes, the cell adhesion trans-
membrane proteins of the cadherin family (desmogleins
and desmocollins) were arranged more or less stochasti-
cally (He et al. 2003). The picture changed when desmo-
somes were viewed on high pressure-frozen but unstained,
frozen hydrated sections. Now, complex regular patterns of
varying electron density became visible in the desmosomal
gap region (Al-Amoudi et al. 2005a). In a follow-up study,
electron tomography was applied to ultrathin vitrified sec-
tions through desmosomes (Al-Amoudi et al. 2007). These
revealed electron-dense rod-like structures perpendicular to

Fig. 5 From electron tomo-
graphs of frozen hydrated sec-
tion to a molecular model of
desmosome structure. a Electron
micrograph of a frozen hydrated
section of human skin, depicting
adesmosome. Note the regularly
spaced W-shape filaments (in-
sert in a) crossing the desmo-
some gap. b Averaged sub-
tomogram of desmosome sec-
tion (/eft), and calculated density
map (right). ¢ Molecular model
of two cadherin tetramers. d
Molecular cadherin model fitted
into the density map. Scale bar
in a represents 35 nm, inb 7 nm.
Reproduced from Al-Amoudi
et al. (2007) with permission

opposing plasma membranes, with a lateral periodicity of
7 nm. The regularity of desmosomal structure became even
more obvious when sub-tomograms extracted from small
areas were rotationally aligned and averaged in the com-
puter. In averaged images, the rods appeared to be curved
and to interlock, in a stagger, at the midline with similar
rods emanating from the opposite cell membrane (Fig. 5;
Al-Amoudi et al. 2007).

A priori, the ultrastructural model described above was
obtained in an unbiased way that did not depend on previous
assumptions about cadherin or desmosome structure. There-
fore, it could be used for evaluating published molecular
models, by fitting them into the averaged electron tomo-
grams (Al-Amoudi et al. 2007). Atomic models of desm-
ogleins and desmocollins are not available, but the crystal
structure of the closely related and highly homologous
C-cadherin ectodomain has been solved (Boggon et al. 2002).
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Like desmosomal cadherins, C-cadherin possesses a large
ectodomain built from five consecutive immunoglobulin-
like (Ig) modules. The crystal structure of complete C-cad-
herin ectodomains suggested that they arrange as parallel
dimers interacting in cis, i.e., within the plane of the cell
membrane (Boggon et al. 2002). On the other hand, a crystal
structure of the N-terminal Ig domain (EC1) of N-cadherin
indicated that it is able to form parallel cis- as well as anti-
parallel trans-interactions with its neighbors in a zipper-like
manner (Shapiro et al. 1995). The EC1 had been proven
essential for homophilic interactions between cadherin mole-
cules by mutational studies, but there was disagreement
about whether cadherin ectodomains would zipper rather
than interact head-on (Koch et al. 1999; Pertz et al. 1999). In
parallel, a model for cadherin-mediated cell-cell adhesion
was derived from biochemical and ultrastructural data on the
isolated proteins (Haussinger et al. 2002), as well as from
functional studies with mutant cadherins (Koch et al. 1999;
Pertz etal. 1999). It proposed that cadherins first form
dimers by cis-interactions within the plane of one cell mem-
brane, and that cis-dimers subsequently interact in trans via
their EC1 domains to form tetramers bridging the intercellu-
lar space (Pertz etal. 1999). Finally, cadherin tetramers
were thought to aggregate laterally, establishing adherens
junctions (or desmosomes, respectively) between neighbor-
ing cells. The problem was that such a regular stochiometric
model was difficult to reconcile with the appearance of des-
mosomes in electron micrographs of classically fixed
(Drochmans et al. 1978) or freeze-substituted samples (He
et al. 2003); however, Al-Amoudi et al. 2007) used their
high pressure frozen, hydrated samples to fit the published
structural models of cadherin dimer/tetramer complexes into
the electron density maps of their desmosome tomograms.
With only a few assumptions (e.g. concerning the angles
between single cadherin domains), a surprisingly good cor-
relation was achieved with the cis-dimer/trans-tetramer
model (Al-Amoudi et al. 2007). This is one of the very
recent successful attempts to bridge the gap between ultra-
structure and atomic resolution for a macromolecular com-
plex within intact tissue samples and the basis for this
achievement was cryofixation by high pressure freezing.

Perspectives

At the moment high pressure freezing, as the first step of
fixation after sample collection and excision, seems to be
the most promising approach to preserve a sample as close
as possible to a snapshot of the living state. Immunolabel-
ing of small antigens (up to about 30,000 Da) of high pres-
sure frozen samples has to be improved and facilitated. The
most challenging follow-up procedure is cryo-electron
microscopy of vitreous sections (CEMOVIS). In combina-
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tion with molecular modeling, tomography of such sections
allows the identification and localization of macromolecu-
lar complexes in cells and tissues. Also for CEMOVIS, we
have to improve and facilitate the steps to let it become a
routine method. This is a big technical challenge for the
next years. In our opinion, there is at the moment no
equivalent alternative available to describe the molecular
architecture of cells.

X-ray microscopes (Williams et al. 2008) and sophisti-
cated STED-light microscopes (Schmidt et al. 2008) are
able to depict living cells. The resolution achieved with
both systems is nowadays in the range of 40 nm. In the far
future X-ray microscopes may depict ultrastructural details
in the range of a few nm in a living cell, as it should be theo-
retically possible. Until then, high pressure freezing in
combination with CEMOVIS will be the only way to visu-
alize the close to native ultrastructure of living matter.
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