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old and new techniques,
including laboratory and
field investigations, and

their applications.

The power
behind an
electron
MICroscopist

e are made up of approximately 1013-10'* cells.

That is over a billion cells for every cubic
centimetre. The cells are so small (1/100th of a
millimetre in diameter) that we need a microscope to
see them. Optical microscopes can be used to examine
whole cells, but they offer insufficient resolution to
examine the fine details. It is possible to magnify the
image produced from an optical microscope, but in the
same way that an enlargement of a picture
from a low-resolution digital camera or a
newspaper has no detail, the optical micro-
scope image would be fuzzy and would yield
no new information.

To obtain greater resolution, a transmission
electron microscope must be used (see BioLog-
ICAL SCIENCES REVIEW, Vol. 13, No. 2, pp. 32-35). Such
electron microscopes are able to resolve to approximately
0.2nm (2 X 107°m), which means that magnifications
in the millions are possible. Transmission electron micro-
scopes have a resolution and magnification that is more
than adequate to image the membranes of individual
cell organelles (see Figure 1). This Techniques explains
how transmission electron microscope images are gener-
ated and how images are interpreted. Electron micro-
scopes have long been used to produce two-dimensional
images of cell sections, which aid in our understanding
of cell structure. The new generation of researchers is
taking electron microscopy into three dimensions. We
examine also the progress being made by these exciting
developments.

Sample preparation

The interior of an electron microscope is a harsh
environment. The sample is in a high vacuum and is
irradiated with electrons travelling at near to the speed

Transmission electron microscope.

of light. To prevent proteins in the sample from disinte-
grating, they are chemically cross-linked — ‘fixed’, then
embedded in plastic. These fixation and embedding
processes, which are carried out before the specimen is
inserted into the microscope, chemically ‘lock’ the
proteins in place. During the embedding step the water
in the cells is replaced with plastic resin, which maintains
the cell’s shape during the rest of the procedure. The
plastic also allows the cell to be sliced into very thin
sections, using an ultramicrotome — like roast ham on
a slicer! The thin slices allow staining and high-resolution
imaging. The samples are stained with solutions of
heavy metal salts, such as lead citrate and uranyl acetate.
The metal ions bind to cell components and make the
distinguishing features stand out from the resin.

Examining the sample

A transmission electron microscope works on a similar
principle to an optical microscope, but electrons are
used instead of light. The focusing of electrons is
achieved using electromagnetic lenses, rather than glass.
Most of the electrons pass through the sample unhin-

Figure 1 The relative size of cellular components.
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[image: image2.jpg]Box 1 Whatis the scale?

At a magnification of x20 000 an organelle that is 10 mm
long on the micrograph will be 500 nm long in the
original sample (10 mm/20 000 = 5 x 104mm, which is
equivalent to 5 x 107m, or 500 nm). If an enlarge-
ment is printed to look at the organelle in more detail,
this will effectively increase the overall magnification.
To save having to continually recalculate the magnifi-
cation by comparing the micrograph to the final image,
a scale bar of a known size is printed on the micro-
graph. The scale bar is then enlarged with the image,
so that it is always possible to judge the size of the
original features.

dered but some are scattered by the large atomic nuclei
of the metal ions from the stain. Variation in stain inten-
sity creates regions that are electron-opaque (stained),
and electron-lucent (unstained). Once the electrons pass
through the sample they are focused onto a phospho-
rescent screen. This screen glows green when the elec-
trons hit it, which allows the electron microscopist to
view an enlarged image of the stained sample. The elec-
trons can also be focused onto photographic material to
create a permanent electron micrograph of the image,
or collected by a digital camera and the image viewed on
a computer.

Identifying features

Each cell contains many components that can be iden-
tified using transmission electron microscopy. We will
only discuss the components of a typical mammalian
cell. Thus we will not cover plant cell specific compo-
nents, such as the cell wall, vacuoles, or chloroplasts.

The plasma membrane

The plasma membrane is a phospholipid bilayer that
forms a boundary with the cell’s external environment
(see Figure 2 and Box 1). The plasma membrane
contains pores and signalling proteins that ‘sense’ the
environment. Most stains bind to the membrane, which
appears black in the printed image.

The cytosol
The cytosol is an aqueous environment contained by the
plasma membrane. It contains soluble proteins, carbo-

TE R M s explained

Electron micrograph A micrograph is a photograph
that has been taken in a microscope. The general prin-
ciples are similar to producing a photographic negative,
but, in an electron microscope, instead of photons of
light causing chemical changes, electrons alter the
film to create an image from the projected electron
beam.

Resolution The resolution of a microscope is a
measure of its ability to discern fine details. A resolution
of 0.2nm (2 x 10~°m) means that objects separated
by more than 0.2 nm will be seen as separate. Objects
that are closer than 0.2 nm will appear to blur into one
another.
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dilute nature of the cytosol makes it appear
transparent in the micrograph as there is little
protein or lipid to which the uranyl or lead
ions can bind.

Golgi apparatus

Vesicles

The nucleus

The nucleus (see Figure 2) is usually the most conspicu-
ous organelle in a mammalian cell because it stains very
densely. The nucleus occupies approximately 10% of
the volume of a mammalian cell, and so it is normally
the largest organelle in the section. The nucleus is
surrounded by the nuclear envelope which appears
black, that is to say it is electron opaque, like the plasma
membrane. Within the nucleus the high concentrations
of DNA and basic (positively charged) histone proteins
cause an intense dark staining that makes the nucleus
‘stand out’ from the cytosol.

Endoplasmic reticulum

The endoplasmic reticulum (ER, see Figure 3) is identi-
fiable as a meshwork of sacs (cisternae) enclosed in a
membrane. There are two main forms of endoplasmic
reticulum, smooth (SER) and rough (RER). The RER is
distinguished by a coating of darkly stained ribosomes,
each about 20nm in diameter. The ribosomes are
involved in the translation of messenger RNA (mRNA)
into protein. They are brought to the RER by signals
coded in the protein that initiate the production of either

Figure 3 Rough endoplasmic reticulum from a cultured cell. Yellow arrows indi-
cate endoplasmic reticulum cistenae. Red arrows indicate ribosomes: small
arrows are free ribosomes, arrow heads show membrane-bound ribosomes.
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[image: image3.jpg]Box 2 Free and bound ribosomes

Ribosomes are not attached permanently to the RER but exist initially as

free ribosomes on

which protein synthesis starts when a messenger RNA

is bound. Those proteins destined for secretion possess specific signals —
short amino acid sequences at their N-termini. These determine that the
protein being synthesised on the ribosomes should become membrane-
bound and enter the secretory pathway.
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Figure 4 Golgi
apparatus from an
embryonic tendon
cell. The micro-
graph shows
three Golgi stacks
indicated by blue
arrows. Each stack
is surrounded by a
membrane that
has stained black.
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a membrane-bound or a secreted protein (see Box 2).
The proteins are then packaged into small vesicles and
transported to the Golgi apparatus.

Golgi apparatus

Mammalian cells contain a single Golgi apparatus (see
Figure 4). In a cell section the Golgi appears as a stack
of between four and seven membrane-bound flattened
sacs, each 10-30nm in diameter. The Golgi can be
divided, roughly, into three regions. The region closest
to the RER (the cis-Golgi) is the part where new proteins
enter the Golgi system. As the proteins pass through the
central region (medial Golgi) they undergo post-trans-
lational modifications: these could be modifications such
as glycosylation which occurs after translation of the
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Figure 5 Mitochondria from an embryonic tendon cell. The
micrograph shows two mitochondria near to some rough
endoplasmic reticulum. The mitochondria are surrounded by
a double membrane. The inner membrane contains many
folds (cristae) which increase its surface area (red arrows).

mRNA on ribosomes. This adds carbohydrate chains to
the proteins which alters the proteins’ physical proper-
ties. Proteins are packaged into vesicles at the final Golgi
compartment (trans-Golgi) and transported to the cell
surface.

Mitochondria

The mitochondria (see Figure 5) are bounded by a
double membrane and are responsible for releasing
energy for the cell. The outer membrane is usually
sausage-shaped, 3-5um long by 0.5-1 pm wide (though
this will appear circular when sectioned across the long
axis). The inner membrane is usually ruffled into cristae, -
so increasing the surface area across which energy can
be made available. This process operates by setting up a
hydrogen-ion potential, rather like the electrical poten-
tial of a battery. The potential is used to drive the phos-
phorylation of adenosine diphosphate (ADP) to
adenosine triphosphate (ATP), which then acts as a
mobile energy source throughout the cell. A relatively
inactive cell can contain as few as 20 mitochondria,
while an active cell such as a muscle cell can contain up
to 1000 mitochondria.

Vesicles

Vesicles are small membrane-bound compartments (see
Figure 6) that are used by the cell to transport proteins,
lipids and carbohydrates from one organelle to another
(e.g. ER to Golgi apparatus, or Golgi apparatus to plasma
membrane). There are three main types of vesicles.
Protein transport vesicles take proteins from the RER to
the Golgi apparatus, and from the Golgi to the plasma
membrane for secretion. Degradation vesicles take waste
products (e.g. old or damaged proteins), to be degraded
in lysosomes (see BIOLOGICAL SCIENCES REVIEW, Vol. 17,
No. 3, pp. 14-16). Finally, storage vesicles contain lipids

_or proteins that act as a ‘larder’ to hold supplies of
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[image: image4.jpg]proteins or lipids that the cell may need later. It can be
difficult to distinguish different types of vesicles. Local-
ising a protein involved in one of the pathways is a
good method of identifying a particular vesicle type.

Labelling of proteins

The ability to pinpoint the location of a protein in a cell
by electron microscopy is a powerful technique in cell
biology. To achieve this it is necessary to ‘label’ the
protein with an electron-opaque material. The most
common method of labelling a protein is to bind a
specific antibody. The antibody technique relies on the
high level of specificity that antibodies show to their
antigens (target molecules). This means that the anti-
body will bind to the protein of interest and nothing
else, so the position of the antibody will reveal the
protein’s location. To detect the antibody, it is either
modified specifically with silver-based substances that
appear as dark patches in the electron microscope
image, or the antibody is itself tagged with a small
(5-20nm) particle of gold (see Figure 7). The small gold
particles block the electron beam, so the micrograph
will show a black sphere where the gold particle is
located.

ROGER MEADOWS/UNIVERSITY OF MANCHESTER

Figure 7 Immuno-localisation of fibrillar collagen in embryonic tendon. Sections
through tendon were labelled with anti-collagen antibody tagged to 10 nm gold
beads. The micrograph shows part of a tendon cell (fibroblast) with banded
collagen fibrils outside the cell at the top of the image. The location of the anti-
bodies is indicated by the black spots caused by the gold blocking the electrons.
Most of the gold can be seen labelling the collagen at the top of the image (e.g.

The importance of information in three
dimensions

Looking at two-dimensional slices of a cell is rather like
looking at a thin section of an aeroplane and trying to
guess how many passengers are on board. Without
knowing the length of the aeroplane, how many seats
there are in the average aisle and what percentage of
seats are occupied, it is impossible to get the answer.
Similarly, when we look at a thin section of a cell and
see, perhaps, two mitochondria we can only say that the
cell contains at /east two mitochondria — there may be
many more. Three-dimensional images of whole objects
can be obtained using a scanning electron microscope
(see BIOLOGICAL SCIENCES REVIEW, Vol. 13, No. 3, pp. 6-9).
However, if we are considering internal structures then
we must use a different approach. Increases in computer
processing power are now opening up new opportuni-
ties to look at the world of cells in three dimensions,
rather than as flat two-dimensional images.

One approach is three-dimensional reconstruction
from serial sections (see below). This approach has
recently been used to examine the three-dimensional
structure of tendon. Tendons are long, rope-like struc-
tures that attach muscles to bone. Tendon strength is
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Figure 6 Vesicles from an embryonic tendon cell. Vesicles
appear as circular membrane-bound objects in tissue
sections.
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red arrows), but some gold is labelling a vesicle in the cell (blue arrow). This indi-
cates that the collagen is being transported in these vesicles to be secreted from

the cell.

dependent on cells laying down a highly organised
protein scaffold (predominantly collagen) into the extra-
cellular matrix that surrounds the cell. As a tendon
forms, the tendon cells (fibroblasts) change from a
spherical shape to become very long and thin. Many
cells align to form a tendon precursor that has the
correct shape, but none of the strength. The organisation
of the cells into long thin channels acts as a template for
the creation of the collagen scaffold that gives the
tendon its strength. Without understanding how the
cells line up it was difficult to identify how tendons got
their shape (see Figure 8 on p. 20).

From sections to a reconstructed volume

To create an impression of three dimensions the micro-
scopist can take advantage of the fact that people are
used to viewing the world through two eyes. A stereo
pair of images can be made by tilting the sample a few
degrees and taking two images. If the observer then
squints at the images side by side an impression of the
sample in three dimensions can sometimes be achieved.
This technique is simple to use, but most people find it
difficult to cross their eyes on cue and so it can be
painful to view many images.

Using a similar tilting principle the microscopist can
generate a three-dimensional image on a computer.
Rather like holding an object and looking at it from all
angles to get an impression of its overall shape, the
computer can use images taken while rotating the
sample to create a model of the original object. Using
these methods cell biologists have been able to create
accurate reconstructions of organelles and other
structures.
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Figure 8 Thme-dlmensmnal reconstruction of a bundle of fibrils surrounded hry a tendon cell. (A) Indmdual sections cut
transverse to the long axis of the tendon are imaged in the microscope. (B) By tracing the plasma membrane and a few

collagen fibrils the computer is able to generate a wire-frame model. (C) The computer covers the wire frame in a virtual
‘skin’ to give the model a three-dimensional appearance. The tendon runs top to bottom, with the fibrils aligned parallel

to the tendon axis. The model gives insight into how cells shape the tendon.

The increased power of modern computers now
means that microscopists can take a whole series of
sections and model each one individually. The sections
can then be recombined in the computer to recreate
the whole structure (see Figure 8).

The future

The world of three-dimensional cell reconstruction is
just starting to reveal the importance of the shape of a
cell in its interactions with other cells and the space
around it. The ability to view a large volume of tissue
containing multiple cells is opening up the opportunity
to examine cell interactions that occur over larger
distances. For example, understanding cellular interac-
tions is allowing cell biologists to determine how a single
fertilised egg is able to grow into a complex multicellular
animal using signals created within the developing
embryo. The ability to localise proteins within the three-
dimensional volume of a cell or tissue will be extremely
useful for cell biologists.

Electron microscopy is undergoing continual devel-
opment. The rapidly developing field of cryoelectron

microscopy (low temperature electron microscopy) is
removing the need to fix, stain or embed samples in
resin. Samples can be frozen and transterred to the
microscope where they can be imaged at temperatures
of liquid nitrogen (-196°C) or liquid helium (-269°C).
Maintaining the specimen at low temperature minimises
the damage caused by electrons, thereby improving the
quality of information that is recorded in the image.
Future developments will allow us to image entire
hydrated (albeit frozen) cells and to recognise individual
proteins by their shape. After more than 70 years of
existence, electron microscopes are still offering new
information, new techniques and new insights for cell
biologists.
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