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Summary
A major goal in cell biology is to understand the functional organization of macromolecular
complexes in vivo. Electron microscopy is helping cell biologists to achieve this goal, thanks to its
ability to resolve structural details in the nanometer range. While issues related to specimen
preparation, imaging, and image interpretation make this approach to cell architecture difficult, recent
improvements in methods, equipment, and software have facilitated the study of both important
macromolecular complexes and comparatively large volumes from cellular specimens. Here, we
describe recent progress in electron microscopy of cells and the ways in which the relevant
methodologies are helping to elucidate cell architecture.
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Introduction
Light microscopy (LM) of living samples has made tremendous contributions to our
understanding of macromolecular organization in cells, thanks to improvements in specific
stains, optics, and cameras that can now record low levels of light with a good signal-to-noise
ratio (SNR). Nonetheless, the spatial resolution of these methods imposes limitations on the
data available, and the unavoidable motions of small components in living materials impose
more, making alternative imaging methods necessary. Electron microscopy (EM) provides
almost three orders of magnitude better spatial resolution than LM, permitting another
flowering of observation, data, and discovery [1]. However, EM too has limitations, like the
need for samples to withstand high vacuum and damage from the electron beam. Fortunately,
technologies have recently emerged or been popularized that allow EM to make significant
contributions to our understanding of cellular organization. Rapid freezing immobilizes cells
and molecular structures in amorphous ice, a “vitrified” state that preserves native biological
structure, allowing a high resolution “snapshot” of physiological conditions. Cryo-electron
microscopy (cryo-EM) has long been popular for 3-D structural studies of isolated
macromolecules [2], but modern electron guns with improved coherence and cameras with
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improved detective quantum efficiency have helped to improve image SNR and make cryo-
imaging of cells more practical.

It is difficult, however, to freeze samples so quickly that only vitreous ice is formed. The
crystallization of water damages cellular structure, and to avoid this one must either drop the
cell’s temperature at ~104 °C/sec or inhibit ice crystal formation with solutes or a physical
effect, like high pressure. Moreover, the frozen sample, like any other EM specimen, must be
thin enough to minimize multiple scattering of beam electrons and to make inelastic scattering
rare. This means that for view by EM, most cells must be sliced into thin “sections”, be they
frozen or not. Frozen-hydrated samples are particularly sensitive to the electron beam, so they
must be imaged with sufficiently few electrons that biological structure is preserved at a
resolution suitable for the questions being addressed. Moreover, since cryo-EM images are
low in electron contrast, they usually display low SNR; visible image detail is therefore limited
not by the microscope but by the available data about the electron scattering that occurs at each
volume element (voxel) in the specimen. Averaging of multiple images of equivalent structures
is necessary to improve the SNR and allow the intrinsic resolution of EM to be realized in
visible detail.

An alternative way to handle frozen samples is to maintain low temperatures while the vitrified
cellular water is dissolved by an organic solvent containing solutes that will cross-link
macromolecules (freeze-substitution fixation), making them hardier to subsequent treatments,
like embedding in plastic. These samples are comparatively easy to cut into thin sections, but
they commonly require stain to improve their contrast. This increases image SNR, but one is
now imaging stain, not the macromolecules themselves, and there is concern about the
congruence of the sample with a living cell. Nonetheless, these methods have been evaluated
by comparison with images from LM, freeze-fracture EM, and x-ray scattering, documenting
their reliability to a resolution of ~5 nm [3]. They are therefore now in widespread use.

An additional problem is that biological structures are intrinsically three-dimensional (3D).
Electron images, like all lens-generated images, are projections into two dimensions, which
superimposes densities along the direction of projection, discarding valuable information. If,
however, samples are imaged from multiple angles, these projections can be combined by any
of several algorithms to generate accurate 3D images, a process called tomography. This
approach can provide information about both cellular and macromolecular structures, so it has
become the imaging method of choice for many biological specimens.

The combination of these technologies defines modern EM. Below we provide examples to
demonstrate the value of both cryo-EM of frozen-hydrated cells and cell parts and of samples
prepared by rapid freezing, then freeze-substitution fixation (RF/FSF). We conclude with our
opinions about the ways in which these approaches to cell structure can most profitably be
merged into a suite of technologies that will connect the living cell, as seen by LM, with the
organization of its component macromolecules.

A. Cryo-Electron Tomography
The excellent preservation of cellular structures by rapid freezing and cryo-electron
tomography (cryo-ET) is illustrated in Figure 1. This bacterial cells was thin enough to be
imaged in toto; multiple tilted views have allowed a 3D reconstruction, which is sampled here
as a single, 10 nm slice at the midplane of the cell. The visible detail is impressive, since
tomograms allow one to extract thin slices from the reconstructed volume, removing the
material above and below the selected slice; details of cell structure can thus be seen directly.
The result is analogous to confocal light microscopy, which can display narrow planes of image
data from a cell’s fluorescence without the out-of-focus fluorescence that plagues conventional,
full-field imaging. In this tomogram one can see individual ribosomes, both cell membranes,
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together with blebs on the cell surface, and a slender cytoskeletal fiber that connects adjacent
“magnetosome”, the small particles of iron whose ordered arrangement makes a detector that
allows these organisms to navigate relative to the earth’s magnetic fields.

Some regions of even eukaryotic cells are thin enough for this kind of direct imaging and 3-D
reconstruction (ca. 300 - 500 nm). Filopodia [4•] and the edges of naturally flat cells, like
fibroblasts [5] and Dictyostelium, have been imaged as whole-mounts after growth directly on
EM-grids. In these cases cryo-ET has been particularly powerful for elucidating the complex
inner structure of cytoplasm; it reveals the organization of cytoplasmic membranes and
cytoskeletal fiber, both in 3D and with unprecedented detail. This possibility has opened a new
approach for structural investigations into small eukariotic cells (Ostreococcus tauri) [6] and
bacteria (e.g. [7•-11]). Typically, these cryo-images or tomograms allow direct visualization
of detail at 6-8 nm on cellular specimens (Fig. 1a) and approximately to 3 nm on very thin
specimens (Fig. 1B); this resolution defines small structural features, like individual kinesin
motor domains, without the use of averaging procedures. The structures preserved by cryo-
fixation include even finer details, but seeing them requires averaging to improve image SNR.
This may be achieved either by conventional methods based on 2-D projections, or now by
averaging 3-D volumes picked from tomograms [12••] (Fig. 2).

Cryo-ET has also contributed to our understanding of specimens like microtubules and actin
complexes, particularly in situations where single-particle averaging or symmetry-based
methods, like helical reconstruction, would have failed, Examples include the randomly
distributed densities observed inside microtubules [13,14] and reconstruction of the seam in a
microtubule lattice (Hoenger group, unpublished), the Actin-Arp2/3 complex [15],
intermediate filaments [16], Clathrin-coated pits [17•], and nuclear pore complexes [18]. Fig.
1B shows 3-D reconstructions of several microtubules, most of which exhibit a lattice seam;
they are therefore unlike the volume shown in the inset that came from a truly helical, 15-
protofilament microtubule, to which helical methods could be applied.

Similar imaging of thicker samples requires that they be sectioned before they are imaged.
While microtomy of frozen-hydrated samples was initiated in the 1970s [19] and improved in
the eighties [20], the technology did not become popular until recently. The Manella team
[21] and the Dubochet lab [22] have collected beautiful data from vitrified, unstained/unfixed
thin-sections. Ways to make this demanding technique easier are now emerging [23-26], and
the potential of vitrified sectioning for molecular analysis is shown in the molecular
arrangement of cadherins in desmosomes produced by a combination of vitrified sectioning
and averaging of subvolumes extracted from the initial tomogram [12] (Figure 2). Essentially
the same image enhancement strategy has been used to study the structure of plunge-frozen
axonemes [27••]; detailed descriptions of the power of tomographic subvolume averaging are
given in [28] and [29].

B. EM of Fixed and Embedded Samples
Tomographic imaging of sections 50 – 400 nm thick, cut from RF/FSF samples, has provided
informative 3D views of many biological samples [30]. Thicker samples have also been
imaged, but at some cost in resolution and often to characterize the distribution of specific
stains [31]. These reconstructions can be made either with free software (e.g., IMOD
<bio3d.colorado.edu>) or with commercial packages from the makers of EMs or suitable
digital cameras. Slices of the 3D images reveal impressive cellular detail (Fig 3), because the
viewer can alter the position, orientation, and thickness of the plane of sampling until a
scientific question is answered. This capability is particularly valuable for a complex mixture
of membranes and fibers, like that found in the cell plate that forms at the midplane of a plant
cell during cytokinesis (Fig. 3A). Here, the density of vesicles, microtubules, and matix
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components had confounded morphologists using conventional EM. ET, on the other hand,
allows such a fine sampling of detail that minute structural features, like aberrations in the
walls of single microtubules can be found and characterized (Fig. 3B-D). The combination of
this kind of detail with the overview provided by 3D imaging has allowed biologists to
determine the relative position of many cytoplasmic constituents, providing data to build highly
informative models of cellular substructure (Fig. 3E) [32].

To make such a display (Fig. 3E), multiple slices were viewed seriatim, and features of interest
on each section were abstracted as graphic objects, resulting in a “model” of cellular
substructure that facilitates the analysis of connectivities, surface areas, volumes, proximities,
and visible textures. The advantages of this approach are the reliability of cell preservation
achieved by rapid freezing, the likely preservation of this structure by freeze-substitution
fixation and embedding, the high SNR of stained images, the ability to image in 3D, and the
quantitative approach to structure that is facilitated by having all the information in a computer.
Space resolution of these samples is 4 – 8 nm, depending on the preparation and the conditions
of imaging/reconstructing. Equally important, the amount of sample imaged can be large.
While most electronic cameras have only ~4 × 106 useful pixels, bigger cameras have been
constructed [33], and montages from conventional cameras are possible [32]. When such
imaging is coupled with serial sections, considerable cellular volume can be reconstructed,
e.g., an entire fission yeast cell [34•]. By combining lower resolution images of individual areas
with large-scale montaging, it is realistic to think about reconstructing entire mammalian cells
[35], but the use of 2 nm voxels to represent a sample with ~5 nm resolution means that a
cuboidal mammalian cell, 20 μm on a side, will require 1012 voxels, a daunting amount of
information to manage, process, and analyze.

The good news, though, is that parts of any tomogram may be viewed and “segmented”, i.e.,
broken down into the parts that are relevant for the current scientific question, and the resulting
graphic model is often smaller and simpler than the initial 3D data (Fig. 3E). Even more
important, available software packages can extract numerical information from such
reconstructions, so quantitative relationships can be derived from the data.

EM has long been combined with protein labeling to locate specific macromolecules in cells.
Melding these methods with ET, however, presents problems. High quality fixation often
inactivates epitopes, and more gentle fixations can fail to preserve biological structure at the
required resolution. Several investigators have developed partial solutions to these problems.
One school has accepted the limitations of room temperature aldehyde fixation, so they
impregnate fixed samples with sucrose, then cut cryo-sections, and image them by ET. Some
membrane structures are well preserved by this method, but others are not, and most
cytoskeletal fibers are essentially invisible. Another school insists on RF/FSF, whereupon the
sample is in an organic solvent and cannot be treated directly with antibody. However, these
samples can be infiltrated with hydrophilic plastic at temperatures as low as −55°C, the plastic
polymerized with UV light, and thereafter one can warm to room temperature, cut sections,
apply antibodies, and stain. Now antibody labeling is limited to the section’s surface, but the
preservation of both antigenicity and cell structure are excellent, even for cytoskeletal
structures. Moreover, ET reveals structures that are not labeled, in addition to those that are,
placing the immune labeling in the context of 3-D organelle structure. For example, this
approach has allowed the group led by Andrew Staehelin to localize an isoform of α-
mannosidase to two medial Golgi cisternae with high accuracy and confidence (Fig 4).

Another method for protein localization employs a small, membrane-permeating, arsenical
ligand that binds a fluorophore to a tetra-sulfhydryl structure, which can be engineered into a
protein of interest. The fluorophore converts energy from incident photons into free radicals
that can oxidize diaminobenzidine (DAB) into an osmiophilic precipitate that is EM-visible
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[36••]. While this method has not yet been made suitable for RF/FSF samples, it has produced
valuable data. Likewise, some fluorescent dyes can be photobleached to precipitate DAB into
an EM-visible form, labeling aspects of intracellular membrane traffic [37]. Photo-conversion
of the green fluorescent protein (GFP) has also been demonstrated [38], but the utility of this
approach seems to be limited to situations where the labeled protein is abundant and localized
within a membrane. Clearly, it would be of great value to have an EM equivalent of GFP, but
although several labs have pursued this goal, no widely used method has yet appeared.

C) Perspective on the Use of Frozen-Hydrated and Low Temperature-Fixed
samples for the Characterization of Macromolecules in cells

From the above it is clear that each of these approaches to sample preparation for EM has
strengths and limitations. Cryo-ET has great advantages over other kinds of cryo-EM for the
study of large, flexible, and non-periodic structures, like cells and organelles, because it
provides 3D information without symmetry-based reconstruction methods. Tomography is
now available to many investigators and is quite easy to do. Tilt-series at room-temperature
can be recorded almost automatically within 30 min [39], and analogous data for vitrified
samples usually take <80 min. New procedures for the alignment of tilted views should increase
the accuracy of reconstructions, particularly when focused on small volumes [40,41]. New,
cartridge-based tilting stages that shield specimens from perturbations have also been
implemented. However, getting sufficient contrast from cryo-specimens currently requires
under-focusing the objective lens by 2-6 μm. Imperfections in electronic lenses (particularly
spherical aberration) allow defocusing to enhance phase contrast, which is the major source of
information in cryo-micrographs. This trick, however, affects high-resolution components of
the image by an unfavorable modulation of the contrast-transfer-function. Hence, visualizing
structures smaller than 2.5nm requires a correction for the details of lens imaging, a process
that is particularly tricky on tilted images. This problem could be avoided by the use of “phase
plates”, analogous to phase imaging in the LM; then lower defocus values could be used [42,
43]. Furthermore, improved lens technology, such as in the FEI-Titan series, and direct electron
detectors (e.g. CMOS detectors [44,32]), as well as imaging filters and aberrations correctors
[45] promise to generate improved cryo-ET data in the near future.

Cryo-EM of frozen-hydrated samples is capable in principle of yielding resolutions of ~ 0.2
nm, but very large numbers of identical images would have to be averaged to approach this
goal. Achieving even1-2 nm resolution requires 10,000 – 20,000 particles to make a 3-D map.
Cryo-ET is further limited by inaccuracies in the alignment of serial tilts, but this approach
should still be able to achieve <2nm, good enough for direct comparisons with atomic
resolution structures. Reaching this resolution will again require the averaging of many
identical samples to get sufficient SNR, so effective and efficient methods for image processing
are necessary. Moreover, macromolecular complexes in cells are commonly machines that
move through multiple states, each with its own structure, so in practice even more samples
must be imaged, allowing classifications of multiple states as well as their alignments. This
kind of work has been accomplished for muscle myosin [46••], but it is both demanding on the
investigator and consumptive of computer time. Nonetheless, it represents an important frontier
for future work in cellular imaging. Several computer programs are now available to help with
this work, such as “particle estimation by electron tomography” (PEET) in the IMOD package
or software from the Frangakis [12], Subramaniam [28] and Baumeister labs [47]. This
endeavor is likely to be a domain where cryoEM has its biggest impact on solving cellular
structures to molecular detail.

Viewing large expanses of cellular material, on the other hand, is not the greatest strength of
cryoEM. Even when excellent sections have been cut, they are rather thin, and serial cryo-
sectioning is still in its infancy. Serial tomography of plastic sections, on the other hand, is
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now routine in several labs, so imaging large cellular volumes at a resolution of ~5 nm is
straightforward. Granted, there is the potential for artifact, as a result of RF/FSF and the use
of stains, but if the resolution goal is not too demanding, these methods, properly employed,
are likely to be very reliable. They also offer the possibility of macromolecular recognition
through labeling, and there are several novel approaches to this kind of imaging now being
developed in different labs; a “GFP for EM” may become a reality in the not far distant future.
Thus, high resolution imaging of cellular detail is most likely to come from cryoET, while for
work where information at 5 nm or bigger can answer the question, RF/FSF samples are likely
to be preferable. If labeling methods become perfected, the value of the latter kind of imaging
will increase even more, but regardless of such progress, it will be the intelligent combination
of these methodologies that is likely to help elucidate cell architecture in macromolecular terms.
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Fig. 1.
Slices through a cryo-electron tomography volumes. A: Magnetospirillum magneticum sp
AMB-1: adapted from [7•] with permission. General features of AMB-1 cells are highlighted
in this 12-nm thick slice from a cryo-ET reconstruction: outer membrane (OM), inner
membrane (IM), peptidoglycan layer (PG), ribosomes (R), outer membrane bleb (B),
chemoreceptor bundle (CR), poly-b-hydroxybutyrate granule (PHB), gold fiduciary marker
(G), intracellular fiber (F) and the magnetosome chain (MG). (B: Tomographically
reconstructed microtubule-Eg5 kinesin complexes compared to a helical reconstruction (inset:
Eg5 motor domain shown as yellow densities). Red and orange frames mark the location of
the tomographic slice with respect to the total microtubule volume. Red cuts at the lumen of
the tube, and orange cuts along the outer surface). Both tomograms demonstrate molecular
preservations to ~3nm resolution. AMB-1 images reveal that magnetosomes are invaginations
of the inner cell membrane. Image B: Julia Cope, Hoenger lab, CU-Boulder). Scale bars = 100
nm.
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Fig. 2.
Cryo-ET reconstruction of cadherin molecules bridging the extracellular space in a
desmosome. This tomogram was obtained from a cryo-section cut from a fully vitrified
specimen. A: Due to the absence of chemical fixation and/or any substitution processes cryo-
ET reveals molecular details at high resolution. The inset outlines the density of a spanning
molecular bridge. B: Image as in A with the membranes marked in pink and the connecting
cadherins-based density in purple. C: 3-D volume obtained from an average of subtomograms.
D: Molecular model with the X-ray structures of C-cadherin fitted into the volume shown in
C. Figure adapted from [12••] (with permission).
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Fig. 3.
Tomographic 3-D reconstructions from ~300-nm thick plastic sections, showing both the fine
details and the global view of cellular structure that are visible in this kind of ET. A: 20 nm
slice from a tomogram of the plant cell cytokinetic organelle; the “phragmoplast”, and its
associated cell plate assembly matrix (cpam) are outlined in red. For details see [48•]. Figure
adapted with permission. B – D: ~2 nm slices from a tomogram of a mitotic spindle showing
that RF/FSF preserves molecular details, such as defects in microtubule structure caused by
katanin [49•]. Arrows indicate breaks in the microtubule wall that are absent when katanin is
deleted. E: 3-D model of phragmoplast microtubules, linking their plus-ends to the cpam. These
models demonstrate the complexity of 3-D data that can be analyzed by tomography and
tomographic modeling methods [48] (with permission).
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Fig. 4.
3D localization of antigens by the combination of ET with immuno-labeling. Arabidopsis
meristems were prepared by RF/FSF, sliced ~300 nm, labeled with antibodies to α-1,2
mannosidase 1, and imaged as tilt series for ET [50•]. C1 – 6 label successive cisternae in the
cis, medial, and trans parts of this Golgi complex, and the position of the antigen is marked
by 15 nm gold particles through indirect immuno-localization. (With permission).

Hoenger and McIntosh Page 13

Curr Opin Cell Biol. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


