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Microscópio ÓpticoLOOKING AT CELLS IN THE LIGHT MICROSCOPE

(for deep red). In practical terms, bacteria and mitochondria, which are about
500 nm (0.5 pm) wide, are generally the smallest objects whose shape we can
clearly discern in the light microscope; smaller details than this are obscured by
effects resulting from the wavelike nature of light. To understand why this
occurs, we must follow the path of a beam of light waves as it passes through the
lenses of a microscope (Figure 9-3).

Because of its wave nature, Iight does not follow exactly the idealized
straight ray paths that geometrical optics predict. Instead, light waves travel
through an optical system by several slightly different routes, so that they inter-
fere with one another and cause optical dffiaction effects. If two trains of waves
reaching the same point by different paths are precisely in phase, with crest
matching crest and trough matching trough, they will reinforce each other so as
to increase brightness. In contrast, if the trains of waves are out of phase, they
will interfere with each other in such a way as to cancel each other partly or
entirely (Figure 9-4). The interaction of light with an object changes the phase
relationships of the light waves in a way that produces complex interference
effects. At high magnification, for example, the shadow of an edge that is evenly
illuminated with light of uniform wavelength appears as a set of parallel lines
(Figure 9-5), whereas that of a circular spot appears as a set of concentric rings.
For the same reason, a single point seen through a microscope appears as a
blurred disc, and two point objects close together give overlapping images and
may merge into one. No amount of refinement of the lenses can overcome this
Iimitation imposed by the wavelike nature of light.

The limiting separation at which two objects appear distinct-the so-called
limit of resolution-depends on both the wavelength of the light and the
numerical apertureof the lens system used. The numerical aperture is a measure
of the width of the entry pupil of the microscope, scaled according to its distance
from the objec| the wider the microscope opens its eye, so to speak, the more
sharply it can see (Figure 9-6). Under the best conditions, with violet light
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Figure 9-2 Resolving power. Sizes of
cel ls and their components are drawn on
a logarithmic scale, indicating the range
of objects that can be readily resolved by
the naked eye and in the l ight and
electron microscopes. The fol lowing units
of length are commonly employed in
mrcroscopy:
pm (micrometer) = 10-o m
nm (nanometer) = 10-e m
A (Angstrom unit) = 1O-10 m
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Figure 9-3 A l ight microscope. (A) Diagram showing the l ight path in a
compound microscope. Light is focused on the specimen by lenses in the
condenser. A combination of objective lenses and eyepiece lenses are
arranged to focus an image of the i l luminated specimen in the eye.
(B) A modern research light microscope. (8, courtesy of Andrew Davies.)
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Figure 9-4 Interference between light waves. When two light waves
combine in phase, the amplitude of the resultant wave is larger and the
brightness is increased. Two light waves that are out of phase cancel each
other partly and produce a wave whose amplitude, and therefore
brightness, is decreased.

(wavelength = 0.4 pm) and a numerical aperture of 1.4, the light microscope can
theoretically achieve a limit of resolution of just under 0.2 pm. Microscope mak-
ers at the end of the nineteenth century achieved this resolution and it is only
rarely matched in contemporary, factory-produced microscopes. Although it is
possible to enlarge an image as much as we want-for example, by projecting it
onto a screen-it is never possible to resolve two objects in the light microscope
that are separated by less than about 0.2 pm; they will appear as a single object.
Notice the difference between resolution, discussed above, and detection. If a
small object, below the resolution limit, itself emits light, then we may still be
able to see or detect it. Thus, we can see a single fluorescently labeled micro-
tubule even though it is about ten times thinner than the resolution limit of the
Iight microscope. Diffraction effects, however, will cause it to appear blurred and
at least 0.2 pm thick (see Figure 9-17). Because of the bright light they emit we
can detect or see the stars in the night sky, even though they are far below the
angular resolution of our unaided eyes. They all appear as similar points of light,
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TWO WAVES IN PHASE TWO WAVES OUT OF PHASE

: the resolv ing power of  the
microscope depends on the width of  the
cone of  i l luminat ion and therefore on both
the condenser and the object ive lens l t  is
calculated using the formula

0 .61  i ,resot  ut |on
n s i n 0

where:

0 = hal f  the angular  width of  the cone of
rays col lected by the object ive lens
from a typical  point  in the specimen
(since the maximum width is  180o,
s i n  0  has  a  max imum va lue  o f  1 )

n = the refract ive index of  the medium
(usual ly  a i r  or  o i l )  separat ing the
specimen f rom the object ive and
conoenser tenses

l ,  = the wavelength of  l ight  used ( for  whi te
l ight  a f igure of  0 53 pm is commonly
assumed)

the object ive lens
col lects a cone of
light rays to create
an  rmage

the condenser lens
focuses a cone of
l ight  rays onto
each point  of  the
specrmen

Figure 9-5 lmages ofan edge and ofa
point of l ight. (A) The interference
effects, or fringes, seen at high
magnif icat ion when l ight of a specif ic
wavelength passes the edge of a sol id
object placed between the l ight source
and the observer. (B) The image of a
point source of l ight. Diffract ion spreads
this out into a complex, circular pattern,
whose width deoends on the numerical
aperture of the optical system: the
smaller the aperture the bigger (more
blurred) the dif fracted image. Two point
sources can be just resolved when the
center of the image of one l ies on the
first dark r ing in the image of the other:
this defines the l imit of resolut ion.

Figure 9-6 Numerical aperture. The path
of l ight rays passing through a
transparent specimen in a microscope
il lustrates the conceot of numerical
aperture and i ts relat ion to the l imit of
resolut ion.

, : n s i n 0 i n t h e
equat ion above is  cal led the numerical  aperture
of  the lens (NA) and is  a funct ion of  i ts  l ight-
col lect ing abi l i ty  For dry lenses th is cannot be
more than 1,  but  for  o i l - immersion lenses i t  can
be as high as 1 4.  The higher the numerical

aperture,  the greater  the resolut ion and the
br ighter  the image (br ightness is  important  in
f luorescence microscopy) However,  th is advan-
tage is obtained at the expense of very short
working distances and a very smal l  depth of  f ie ld
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A resolução de um sistema pode ser limitado por dois fatores
de origens diferentes e não correlacionados:

aberração (morfológica ou cromática explicada via óptica
geométrica). Pode ser solucionado $$$
difração (originado devido a natureza ondulatória da luz e
determinado pela abertura finita dos elementos ópticos)

A resolução angular de um sistema óptico pode ser estimado
pelo critério de Rayleigh [Lord Rayleigh: 12 de Novembro de
1842 - 30 de Junho de 1919]. Dois pontos são considerados
minimamente resolvidos quando o máximo principal da
difração de uma imagem coincide com o primeiro mínimo de
uma outra imagem. Considerando a difração de uma onda λ,
por uma abertura circular de diâmetro D:

sin θ = 1.220
λ

D

Onde θ é a resolução angular.
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These equations describe the Rayleigh criterion for the resolution of two closely
spaced diffraction spots in the image plane. By this criterion, two adjacent object points
are defined as being resolved when the central diffraction spot (Airy disk) of one point
coincides with the first diffraction minimum of the other point in the image plane
(Fig. 6-3). The condition of being resolved assumes that the image is projected on the
retina or detector with adequate magnification. Recording the real intermediate image on
film or viewing the image in the microscope with a typical 10! eyepiece is usually ade-
quate, but detectors for electronic imaging require special consideration (discussed in
Chapters 12, 13, and 14). The Rayleigh resolution limit pertains to two luminous points in
a dark field or to objects illuminated by incoherent light. For a condenser and objective
with NA " 1.3 and using monochromatic light at 546 nm under conditions of oil immer-
sion, the limit of spatial resolution d " 0.61λ/NA " 0.26 #m. Numerical apertures are
engraved on the lens cap of the condenser and the barrel of the objective lens.

An image of an extended object consists of a pattern of overlapping diffraction
spots, the location of every point x,y in the object corresponding to the center of a dif-
fraction spot x,y in the image. Imagine for a moment a specimen consisting of a
crowded field of submicroscopic particles (point objects). For a given objective magni-

88 DIFFRACTION AND SPATIAL RESOLUTION

(a) (b) (c)

a

b

c

Figure 6-3

Rayleigh criterion for spatial resolution. (a) Profile of a single diffraction pattern: The bright
Airy disk and 1st- and 2nd-order diffraction rings are visible. (b) Profile of two disks
separated at the Rayleigh limit such that the maximum of a disk overlaps the first minimum
of the other disk: The points are now just barely resolved. (c) Profile of two disks at a
separation distance such that the maximum of each disk overlaps the second minimum of
the other disk: The points are clearly resolved.
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O fator 1.22 vem de um cálculo da posição do primeiro circulo
escuro em torno de um disco de Airy (1.22 é aproximadamente
o primeiro zero da Função de Bessel de primeiro tipo, de
ordem 1, (J1) dividido por π.

A resolução de um microscópio é medida em distância:

R = 1.220
λ

NAcondensador + NAobjetiva
, onde NA = n sin θ

NA é a abertura numérica, e n o índice de refração entre a
amostra e a lente. Se as duas NAs forem iguais R = 0.61λ/NA
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Figure 9-4 Interference between light waves. When two light waves
combine in phase, the amplitude of the resultant wave is larger and the
brightness is increased. Two light waves that are out of phase cancel each
other partly and produce a wave whose amplitude, and therefore
brightness, is decreased.

(wavelength = 0.4 pm) and a numerical aperture of 1.4, the light microscope can
theoretically achieve a limit of resolution of just under 0.2 pm. Microscope mak-
ers at the end of the nineteenth century achieved this resolution and it is only
rarely matched in contemporary, factory-produced microscopes. Although it is
possible to enlarge an image as much as we want-for example, by projecting it
onto a screen-it is never possible to resolve two objects in the light microscope
that are separated by less than about 0.2 pm; they will appear as a single object.
Notice the difference between resolution, discussed above, and detection. If a
small object, below the resolution limit, itself emits light, then we may still be
able to see or detect it. Thus, we can see a single fluorescently labeled micro-
tubule even though it is about ten times thinner than the resolution limit of the
Iight microscope. Diffraction effects, however, will cause it to appear blurred and
at least 0.2 pm thick (see Figure 9-17). Because of the bright light they emit we
can detect or see the stars in the night sky, even though they are far below the
angular resolution of our unaided eyes. They all appear as similar points of light,
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(1.515), refraction of specimen rays at the coverslip-air interface is eliminated, the
effective half angle is increased, and resolution is improved. The reader can refer to
Pluta (1988) for more details on this important phenomenon.

SPATIAL RESOLUTION

For point objects that are self-luminous (fluorescence microscopy, dark-field micro-
scopy), or for nonluminous points that are examined by bright-field microscopy in
transmitted light where the condenser NA is ≥ the objective NA, the resolving power of
the microscope is defined as

d ! 0.61λ/NA,

where d is the minimum resolved distance in "m, λ is the wavelength in "m, and NA is
the numerical aperture of the objective lens.

In the case of bright-field microscopy, where the condenser NA # objective NA
(the condenser aperture is closed down and/or an oil immersion condenser is used in the
absence of oil), the resolution is given as

d =
+

1 22.
.

λ
condenser NA objective NA

87SPATIAL RESOLUTION

Air Oil
NA = 0.95

72°
NA = 1.4

67°

n = 1 n = 1.515

Figure 6-2

Effect of immersion oil on increasing the angular extent over which diffracted rays can be
accepted by an objective lens. Numerical aperture is directly dependent on the wavelength $
and the sine of the half angle of the cone of illumination % accepted by the front lens of the
objective. For dry lenses, NA is limited, because rays subtending angles of 41° or greater are
lost by total internal reflection and never enter the lens (dotted line). The practical limit for a
dry lens is &39°, which corresponds to an acceptance angle of 72°, and an NA of 0.95. By
adding high-refractive index immersion oil matching that of the glass coverslip (n ! 1.515), an
oil immersion objective can collect light diffracted up to 67°, which corresponds to NA ! 1.4.
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To differentially alter the phase and amplitude of the direct (undeviated) light, a
phase plate is mounted in or near the back focal plane of the objective (Figs. 7-6 and 
7-7). In some phase contrast objectives, the phase plate is a plate of glass with an etched
ring of reduced thickness to selectively advance the phase of the S wave by !/4. The
same ring is coated with a partially absorbing metal film to reduce the amplitude of the
light by 70–75%. In other lenses the same effect is accomplished by acid etching a lens
surface that is in or near the back focal plane of the objective lens. Regardless of the
method, it is important to remember that phase contrast objectives are always modified
in this way and thus are different from other microscope objectives.

The optical scheme for producing positive and negative phase contrast images is
given in Figure 7-8. As discussed in the preceding section, the D wave emergent from
the object plane is retarded by !/4 relative to the phase of the S wave. In positive phase
contrast optics (left side of the diagram), the S wave is advanced in phase by !/4 at the
phase plate, giving a net phase shift of !/2, which now allows destructive interference
with D waves in the image plane. Generally, the manipulation of relative phase advance-
ment, while essential to phase contrast optics, is still unable to generate a high-contrast
image, because the amplitude of the S wave is too high to allow sufficient contrast. For
this reason, the ring in the phase plate is darkened with a semitransparent metallic coat-
ing to reduce the amplitude of the S wave by about 70%. Since P " S # D, interference
in the image plane generates a P wave with an amplitude that is now considerably less
than that of S. Thus, the difference in phase induced by the specimen is transformed into
a difference in amplitude (intensity). Since the eye interprets differences in intensity as
contrast (C " $I/Ib), we now see the object in the microscope. (See Chapter 2 for dis-
cussion of formula.) Positive phase contrast systems like the one just described differ-
entially advance the phase of the S wave relative to that of the D wave. Cellular objects
having a higher refractive index than the surrounding medium are dark in appearance,
whereas objects having a lower refractive index than the surrounding medium appear
bright.

105PHASE CONTRAST MICROSCOPY

S (  )

(  )

+ λ
4

– λ
4D

Figure 7-7

The action of a phase plate at the rear surface of the objective lens. Surround or background
rays (S) are advanced in phase relative to the D wave by !/4 at the phase plate. Relative
phase advancement is created by etching a ring in the plate that reduces the physical path
taken by the S waves through the high-refractive-index plate. Since diffracted object rays (D)
are retarded by !/4 at the specimen, the optical path difference between D and S waves
upon emergence from the phase plate is !/2, allowing destructive interference in the image
plane. The recessed ring in the phase plate is made semitransparent so that the amplitude
of the S wave is reduced by 70–75% to optimize contrast in the image plane.
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Figure 7-8

Comparison of positive and negative phase contrast systems. Shown in pairs, from the top down: phase
plates for advancing (positive contrast) or retarding (negative contrast) the surround wave; amplitude
profiles of waves showing destructive interference (positive phase contrast) and constructive interference
(negative phase contrast) for a high-refractive-index object. Notice that the phase plate advances or
retards the S wave relative to the D wave. The amplitude of the resultant P wave is lower or higher than
the S wave, causing the object to look relatively darker or brighter than the background. Vector diagrams
showing advancement of the S wave by !/4, which is shown as a 90° counterclockwise rotation in positive
phase contrast, and retardation of the S wave by !/4, which is shown as a 90° clockwise rotation in
negative phase contrast. Addition of the S and D wave vectors gives P waves whose amplitudes vary
relative to the S waves. Images of erythrocytes in positive and negative phase contrast optics.
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Figure 9-8 Four types of l ight microscopy. Four images are shown of the same f ibroblast cel l  in culture. Al l  images can be
obtained with most modern microscopes by interchanging optical components. (A) Bright-f ield microscopy. (B) Phase-
contrast microscopy. (C) Nomarski differential-interference-contrast microscopy. (D) Dark-field microscopy.

system have been largely overcome. Electronic imaging systems have also cir-
cumvented two fundamental limitations of the human eye: the eye cannot see
well in extremely dim light, and it cannot perceive small differences in light
intensity against a bright background. To increase our ability to observe cells in
Iow light conditions, we can attach a sensitive digital camera to a microscope.
These cameras contain a charge-coupled device (CCD), similar to those found in
consumer digital cameras. Such CCD cameras are often cooled to reduce image
noise. It is then possible to observe cells for long periods at very low light levels,
thereby avoiding the damaging effects of prolonged bright light (and heat). Such
low-light cameras are especially important for viewing fluorescent molecules in
living cells, as explained below.

Because images produced by CCD cameras are in electronic form, they can
be readily digitized, fed to a computer, and processed in various ways to extract
latent information. Such image processing makes it possible to compensate for
various optical faults in microscopes to attain the theoretical limit of resolution.
Moreover, by digital image processing, contrast can be greatly enhanced to over-
come the eye's limitations in detecting small differences in light intensity.
Although this processing also enhances the effects ofrandom background irreg-
ularities in the optical system, digitally subtracting an image of a blank area of
the field removes such defects. This procedure reveals small transparent objects
that were previously impossible to distinguish from the background.

The high contrast attainable by computer-assisted differential-interference-
contrast microscopy makes it possible to see even very small objects such as sin-
gle microtubules (Figure 9-9), which have a diameter of 0.025 pm, less than one-
tenth the wavelength of light. Individual microtubules can also be seen in a flu-
orescence microscope if they are fluorescently labeled (see Figure 9-15). In both
cases, however, the unavoidable diffraction effects badly blur the image so that
the microtubules appear at least 0.2 pm wide, making it impossible to distin-
guish a single microtubule from a bundle of several microtubules.

Figure 9-9 lmage processing. (A) Unstained microtubules are shown here
in an unprocessed digital image, captured using dif ferential- interference-
contrast microscopy. (B) The image has now been processed, f i rst by
digital ly subtracting the unevenly i l luminated background, and second by
digital ly enhancing the contrast. The result of this image processing is a
picture that is easier to interpret. Note that the microtubules are dynamic
and some have changed length or posit ion between the before-and-after
images. (Courtesy of Viki Al lan.t
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Specific Molecules Can Be Located in Cells by Fluorescence
Microscopy
Fluorescent molecules absorb light at one wavelength and emit it at another,
longer wavelength. If we illuminate such a compound at its absorbing wave-
length and then view it through a filter that allows only light of the emitted wave-
length to pass, it will glow against a dark background. Because the background
is dark, even a minute amount of the glowing fluorescent dye can be detected.
The same number of molecules of an ordinary stain viewed conventionally
would be practically invisible because the molecules would give only the faintest
tinge of color to the light transmitted through this stained part of the specimen.

The fluorescent dyes used for staining cells are visualized with a fluores-
cence microscope. This microscope is similar to an ordinary light microscope
except that the illuminating light, from a very powerful source, is passed through
tvvo sets of filters-one to filter the light before it reaches the specimen and one
to filter the light obtained from the specimen. The first filter passes only the
wavelengths that excite the particular fluorescent dye, while the second filter
blocks out this light and passes only those wavelengths emitted when the dye
fluoresces (Figure 9-13).

Fluorescence microscopy is most often used to detect specific proteins or
other molecules in cells and tissues. A very powerful and widely used technique
is to couple fluorescent dyes to antibody molecules, which then serve as highly
specific and versatile staining reagents that bind selectively to the particular
macromolecules they recognize in cells or in the extracellular matrix. TWo fluo-
rescent dyes that have been commonly used for this purpose are fluorescein,
which emits an intense green fluorescence when excited with blue light, and
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Figure 9-12 RNA rn situ hybridization.
As described in chapter 8 (see Figure
8-71), i t  is possible to visual ize the
distr ibution of dif ferent RNAs in t issues
using ln sltu hybridization. Here, the
transcription pattern of five different
genes involved in patterning the early f ly
embryo is revealed in a single embryo.
Each RNA probe has been f luorescently
labeled in a dif ferent way, some direct ly
and some indirect ly, and the result ing
images false-colored and combined to
see each individual transcriot most
clearly. The genes whose expression
pattern is revealed here are wingless
(yellow), engrailed (blue), short
g a stru lati on (red ), i nte rm ed i ate
neuroblasts defective (green), and muscle
specific homeobox (purple). (From
D. Kosman et al., Scrence 305:846,2004.
With permission from AAA5.)

Figure 9-1 3 The optical system of a
fluorescence microscope. A filter set
consists of two barrier f i l ters (1 and 3)
and a dichroic (beam-spl i t t ing) minor (2)
This example shows the f i l ter set for
detection of the f luorescent molecule
f luorescein. High-numerical-apertu re
objective lenses are especial ly important
in this type of microscopy because, for a
given magnif icat ion, the brightness of
the f luorescent image is proport ional to
the fourth power of the numerical
aperture (see also Figure 9-6).

L I G H T

SOURCE

1 t i rs t  barr ier  f i l ter :  lets throuoh
only b lue l ight  wi th a wavelenj th
between 450 and 490 nm object ive lens



Visualizando as Células

Microscópio de FluorecênciaLOOKING AT CELLS IN THE LIGHT MICROSCOPE

fl3;fi :;lf,lii:ffi:1:ffi'"T'iff"T?n#I"ft'xilt"J:?3,:ffi :l
relation to the corresponding colors of the spectrum. The photon emitted
by a f luorescent molecule is necessari ly of lower energy ( longer
wavelength) than the photon absorbed and this accounts for the
difference between the excitation and emission peaks. CFP, GFB YFP and
RFP are cyan, green, yellow and red fluorescent proteins respectively.These
are not dyes, and are discussed in detai l  later in the chapter. DAPI is widely
used as a general f luorescent DNA probe, which absorbs UV l ight and
fluoresces bright blue. FITC is an abbreviation for fluorescence
isothiocyanate, a widely used derivative of fluorescein, which fluoresces
bright green.The other probes are al l  commonly used to f luorescently label
antibodies and other oroteins.

rhodamine, which emits a deep red fluorescence when excited with green-yel-
low light (Figure 9-14). By coupling one antibody to fluorescein and another to
rhodamine, the distributions of different molecules can be compared in the
same cell; the two molecules are visualized separately in the microscope by
switching back and forth between tlvo sets of filters, each specific for one dye. As
sholrm in Figure 9-15, three fluorescent dyes can be used in the same way to dis-
tinguish between three types of molecules in the same cell. Many newer fluo-
rescent dyes, such as Cy3, Cy5, and the Alexa dyes, have been specifically devel-
oped for fluorescence microscopy (see Figure 9-14). These organic fluo-
rochromes have some disadvantages. They are excited only by light of precise,
but different, wavelengths, and additionally they fade fairly rapidly when con-
tinuously illuminated. More stable inorganic fluorochromes have recently been
developed, however. Tiny crystals of semiconductor material, called nanoparti-
cles, or quantum dots, can all be excited to fluoresce by a broad spectrum of blue
light. Their emitted light has a color that depends on the exact size of the
nanocrystal, between 2 and 10 nm in diameter, and additionally the fluores-
cence fades only slowlywith time (Figure 9-16). These nanoparticles, when cou-
pled to other probes such as antibodies, are therefore ideal for tracking
molecules over time. If introduced into a living cell, in an embryo for example,
the progeny of that cell can be followed many days later by their fluorescence,
allowing cell lineages to be tracked.

Fluorescence microscopy methods, discussed later in the chapter, can be
used to monitor changes in the concentration and location of specific molecules
inside liuingcells (see p. 592).
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Figure 9-1 5 Multiple-fluorescent-probe
microscopy. In this composite
micrograph of a cel l  in mitosis, three
different fluorescent probes have been
used to stain three different cellular
components. <GTCT> The sPindle
microtubufes are revealed with a green
fluorescent antibody, centromeres with a
red fluorescent antibody and the DNA of
the condensed chromosomes with the
b/ue fluorescent dye DAPI. (Courtesy of
Kevin F. Sullivan.)
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microscopy, and fluorescent labels are usually used for the most precise optical
localization.

Antibodies are made most simply by injecting a sample of the antigen sev-
eral times into an animal such as a rabbit or a goat and then collecting the anti-
body-rich serum. This antiserum conlains a heterogeneous mixture of antibod-
ies, each produced by a different antibody-secreting cell (a B lymphocyte). The
different antibodies recognize various parts of the antigen molecule (called an
antigenic determinant, or epitope), as well as impurities in the antigen prepara-
tion. Removing the unwanted antibody molecules that bind to other molecules
sharpens the specificity of an antiserum for a particular antigen; an antiserum
produced against protein X, for example, when passed through an affinity col-
umn of antigens X, will bind to these antigens, allowing other antibodies to pass
through the column. Purified anti-X antibody can subsequently be eluted from
the column. Even so, the heterogeneity of such antisera sometimes limits their
usefulness. The use of monoclonal antibodies largely overcomes this problem
(see Figure 8-8). However, monoclonal antibodies can also have problems. Since
they are single-antibody protein species, they show almost perfect specificity for
a single site or epitope on the antigen, but the accessibility of the epitope, and
thus the usefulness of the antibody, may depend on the specimen preparation.
For example, some monoclonal antibodies will react only with unfixed antigens,
others only after the use of particular fixatives, and still others only with proteins
denatured on SDS polyacrylamide gels, and not with the proteins in their native
conformation.

lmaging of Complex Three-Dimensional Objects ls Possible with
the Optical Microscope
For ordinary light microscopy, as we have seen, a tissue has to be sliced into thin
sections to be examined; the thinner the section, the crisper the image. The pro-
cess of sectioning loses information about the third dimension. HoW then, can
we get a picture of the three-dimensional architecture of a cell or tissue, and how
can we view the microscopic structure of a specimen that, for one reason or
another, cannot first be sliced into sections? Although an optical microscope is
focused on a particular focal plane within complex three-dimensional speci-
mens, all the other parts of the specimen, above and below the plane of focus,
are also illuminated and the light originating from these regions contributes to
the image as "out-of-focus" blur. This can make it very hard to interpret the
image in detail and can lead to fine image structure being obscured by the out-
of-focus light.

TWo distinct but complementary approaches solve this problem: one is
computational, the other is optical. These three-dimensional microscopic imag-
ing methods make it possible to focus on a chosen plane in a thick specimen
while rejecting the light that comes from out-of-focus regions above and below
that plane. Thus one sees a crisp, thin optical section. From a series of such opti-
cal sections taken at different depths and stored in a computer, it is easy to
reconstruct a three-dimensional image. The methods do for the microscopist
what the CT scanner does (by different means) for the radiologist investigating a
human body: both machines give detailed sectional views of the interior of an
intact structure.
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Figure 9-18 Indirect immunocyto-
chemistry. This detection method is very
sensit ive because many molecules of the
secondary antibody recognize each
primary antibody. The secondary antibody
is covalently coupled to a marker
molecule that makes i t  readi ly detectable.
Commonly used marker molecules
include f luorescent dyes (for f luorescence
microscopy), the enzyme horseradish
peroxidase (for either conventional l ight
microscopy or electron microscopy),
col loidal gold spheres (for electron
microscopy), and the enzymes alkal ine
phosphatase or peroxidase (for
biochemical detection).
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The computational approach is often called image deconuolution. To under-
stand how it works, remember that the wavelike nature of Iight means that the
microscope lens system produces a small blurred disc as the image of a point
light source (see Figure 9-5), with increased blurring if the point source lies
above or below the focal plane. This blurred image of a point source is called the
point spread function. An image of a complex object can then be thought of as
being built up by replacing each point of the specimen by a corresponding
blurred disc, resulting in an image that is blurred overall. For deconvolution, we
first obtain a series of (blurred) images, usually with a cooled CCD camera,
focusing the microscope in turn on a series of focal planes-in effect, a (blurred)
three-dimensional image. The stack of digital images is then processed by com-
puter to remove as much of the blur as possible. Essentially the computer pro-
gram uses the microscope's point spread function to determine what the effect
of the blurring would have been on the image, and then applies an equivalent
"deblurring" (deconvolution), turning the blurred three-dimensional image into
a series of clean optical sections. The computation required is quite complex,
and used to be a serious limitation. However, with faster and cheaper comput-
ers, the image deconvolution method is gaining in power and popularity. Figure
9-19 shows an example.

The Confocal Microscope Produces Optical Sections by Excluding
Out-of-Focus Light
The confocal microscope achieves a result similar to that of deconvolution, but
does so by manipulating the light before it is measured; thus it is an analog tech-
nique rather than a digital one. The optical details of the confocal microscope are
complex, but the basic idea is simple, as illustrated in Figure $-20, and the results
are far superior to those obtained by conventional light microscopy (Figure
9-2r).

The microscope is generally used with fluorescence optics (see Figure 9-13),
but instead of illuminating the whole specimen at once, in the usual way, the
optical system at any instant focuses a spot oflight onto a single point at a spe-
cific depth in the specimen. It requires a very bright source of pinpoint illumi-
nation that is usually supplied by a laser whose light has been passed through a
pinhole. The fluorescence emitted from the illuminated material is collected
and brought to an image at a suitable light detector. A pinhole aperture is placed
in front of the detector, at a position that is confocalvnth the illuminating pin-
hole-that is, precisely where the rays emitted from the illuminated point in the
specimen come to a focus. Thus, the light from this point in the specimen con-
verges on this aperture and enters the detector.

By contrast, the light from regions out of the plane of focus of the spotlight
is also out of focus at the pinhole aperture and is therefore largely excluded from
the detector (see Figure 9-20). To build up a two-dimensional image, data from

Figure 9-1 9 lmage deconvolution.
(A) A l ight micrograph of the large
polytene chromosomes lrom Drosopht
stained with a fluorescent DNA-bindin
dye. (B) The same field of view after
image deconvolution clearly reveals tf
banding pattern on the chromosomes
Each band is about 0.25 pm thick,
approaching the resolut ion l imit of thr
light microscope. (Courtesy of the Joh
Sedat Laboratory.)
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Figure 9-20 The confocal fluorescence
microscope. This simpli f ied diagram
shows that the basic arrangement of
optical components is similar to that of
the standard fluorescence microscope
shown in Figure 9-13, except that a laser
is used to i l luminate a small  pinhole
whose image is focused at a single point
in the specimen (A). Emitted fluorescence
from this focal point in the specimen is
focused at a second (confocal) pinhole
(B). Emitted light from elsewhere in the
specimen is not focused at the pinhole
and therefore does not contribute to the
final image (C). By scanning the beam of
l ight across the specimen, a very sharp
two-dimensional image of the exact
plane of focus is bui l t  up that is not
significantly degraded by light from other
regions of the specimen.

Figure 9-21 Conventional and confocal
fluorescence microscopy compared.
These two micrographs are of the same
intact gastru la-stage D rosophilo embryo
that has been stained with a fluorescent
probe for act in f i laments. (A)The
conventional, unprocessed image is
blurred by the presence of fluorescent
structures above and below the plane of
focus. (B) In the confocal image, this out-
of-focus information is removed,
result ing in a crisp optical section ofthe
cells in the embryo. (Courtesy of Richard
Warn and Peter Shaw.)

emitted fluorescent
l ight  f rom in- focus
point is focused at
pinhole and reaches
detector

each point in the plane of focus are collected sequentiallyby scanning across the
field in a raster pattern (as on a television screen) and are displayed on a video
screen. Although not shown in Figure 9-20, the scanning is usually done by
deflecting the beam with an oscillating mirror placed between the dichroic mir-
ror and the objective lens in such a way that the illuminating spotlight and the
confocal pinhole at the detector remain strictly in register.

The confocal microscope has been used to resolve the structure of numer-
ous complex three-dimensional objects (Figure 9-22), including the networks of
cytoskeletal fibers in the cytoplasm and the arrangements of chromosomes and
genes in the nucleus.

The relative merits of deconvolution methods and confocal microscopy for
three-dimensional optical microscopy are still the subject of debate. Confocal
microscopes are generally easier to use than deconvolution systems and the
final optical sections can be seen quickly. In contrast, the cooled CCD (charge-
coupled device) cameras used for deconvolution systems are extremely efficient
at collecting small amounts of light, and they can be used to make detailed
three-dimensional images from specimens that are too weakly stained or too
easily damaged by the bright light used for confocal microscopy.

Both methods, however, have another drawback; neither is good at coping
with thick specimens. Deconvolution methods quickly become ineffective any
deeper than about 40 pm into a specimen, while confocal microscopes can only
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obtain images up to a depth of about 150 pm. Special confocal microscopes can
now take advantage of the way in which fluorescent molecules are excited, to
probe even deeper into a specimen. Fluorescent molecules are usually excited
by a single high-energy photon, of shorter wavelength than the emitted light,
but they can in addition be excited by the absorption of two (or more) photons
of lower energy, as long as they both arrive within a femtosecond or so of each
other. The use of this longer-wavelength excitation has some important advan-
tages. In addition to reducing background noise, red or near infrared light can
penetrate deeper within a specimen. Multiphoton confocal microscopes, con-
structed to take advantage of this "two-photon" effect, can tFpically obtain
sharp images even at a depth of 0.5 mm within a specimen. This is particularly
valuable for studies of living tissues, notably in imaging the dynamic activity of
synapses and neurons just below the surface of living brains (Figure S-Zg).

Fluorescent Proteins Can Be Used to Tag Individual Proteins in
Living Cells and Organisms
Even the most stable cellular structures must be assembled, disassembled, and
reorganized during the cell's life cycle. other structures, often enormous on the
molecular scale, rapidly change, move, and reorganize themselves as the cell
conducts its internal affairs and responds to its environment. complex, highly
organized pieces of molecular machinery move components around the cell,
controlling traffic into and out of the nucleus, from one organelle to another,
and into and out of the cell itself.

Various techniques have been developed to make specific components of
living cells visible in the microscope. Most of these methods use fluorescent pro-
teins, and they require a trade-off between structural preservation and efficient
labeling. All of the fluorescent molecules discussed so far are made outside the
cell and then artificially introduced into it. Now new opportunities have been
opened up by the discovery of genes coding for protein molecules that are them-
selves inherently fluorescent. Genetic engineering then enables the creation of
lines of cells or organisms that make their or,rm visible tags and labels, without
the introduction of foreign molecules. These cellular exhibitionists display their
inner workings in glowing fluorescent color.

Foremost among the fluorescent proteins used for these purposes by cell
biologists is the green fluorescent protein (GFp), isolated from the jellyfish
Aequoria uictoria. This protein is encoded in the normal way by a single gene
that can be cloned and introduced into cells of other species. The freshly trans-
lated protein is not fluorescent, but within an hour or so (less for some alleles of

20 
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Figure 9-22 Three-dimensional
reconstruction from confocal
microscope images. Pol len grains, in this
case from a passion flower, have a
complex sculptured cel l  wal l  that
contains f luorescent compounds. lmages
obtained at dif ferent depths through the
grain, using a confocal microscope, can
be recombined to give a three-
dimensional view of the whole grain,
shown on the r ight. Three selected
individual optical sections from the ful l
set of 30, each of which shows little
contr ibution from its neighbors, are
shown on the left. (Courtesy of
Brad Amos.)

Figure 9-23 Multi-photon imaging.
Infrared laser l ight causes less damage to
l iving cel ls and can also penetrate further,
al lowing microscopists to peer deeper
into living tissues.The two-photon effect,
in which a fluorochrome can be excited
by two coincident infrared photons
instead of a single high-energy photon,
al lows us to see nearly 0.5 mm inside the
cortex of a live mouse brain. A dye,
whose f luorescence changes with the
calcium concentrat ion, reveals active
synapses (yellow) on the dendritic spines
(red)that change as a function of time.
(Courtesy of Karel Svoboda.)
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LOOKING CELLS AND MOLECULES IN THE
ELECTRON MICROSCOPE
Light microscopy is limited in the fineness of detail that it can reveal. Micro-

sional objects by combining information either from many individual particles
or from multiple tilted views of a single object. Together these approaches are
extending the resolution and scope of electron microscopy to the point at which
we can begin to faithfully image the structures of individual macromolecules
and the complexes they form.

The Electron Microscope Resolves the Fine structure of the cell
The relationship between the limit of resolution and the wavelength of the illu-
minating radiation (see Figure 9-6) holds true for any form of radiition, whether
it is a beam of light or a beam of electrons. with electrons, however, the limit of
resolution can be made very small. The wavelength of an electron decreases as
its velocity increases. In an electron microscope with an accelerating voltage of
100,000 V the wavelength of an electron is 0.004 nm. In theory the resolution of
such a microscope should be about 0.002 nm, which is 100,00b dmes that of the

, In overall design the transmission electron microscope (TEM) is similar to a
Iight microscope, although it is much larger and "upside dor,rrn" (Figure s-42).

. telectron Iqun

condenser lens

specrmen

\ objective lens

vrewtng
screen or
photographic
f i lm

Figure 9-41 The limit of resolution of
the electron microscope. This
transmission electron micrograph of a
thin layer of gold shows the individual
f i les of atoms in the crystal as bright
spots. The distance between adjacent
f i les of gold atoms is about 0.2 nm (Z A).
(Courtesy of Graham Hil ls.)

Figure 9-42 The principal features of a
l ight microscope and a transmission
electron microscope. These drawings
emphasize the similari t ies of overal l
design. Whereas the lenses in the l ight
microscope are made of glass, those in
the electron microscope are magnetic
coils. The electron microscope requires
that the specimen be placed in a vacuum.
The inset shows a transmission electron
microscope in use. (Photograph courtesy
of FEI Company Ltd.)
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contrast in the electron microscope depends on the atomic number of the
atoms in the specimen: the higher the atomic number, the more electrons are

various degrees of contrast. Lipids, for example, tend to stain darkly after
osmium fixation, revealing the location of cell membranes.

Specific Macromolecules Can Be Localized by lmmunogold
Electron Microscopy
We have seen how antibodies can be used in coniunction with fluorescence

in the electron microscope (Figure 9-46).
Thin sections often fail to convey the three-dimensional arrangement of cel-

lular components in the TEM and can be very misleading: a linear itructure such
as a microtubule may appear in section as a pointlike object, for example, and a
section through protruding parts of a single iregularly shaped solid body may give
the appearance of two or more separate objects. The third dimension can be
reconstructed from serial sections (Figure g-47), but this is still a lengthy and
tedious process.

Figure 9-45 Thin section of a cel l .  This
thin section is of a yeast cel l  that has
been very rapidly frozen and the vitreous
ice replaced by organic solvents and then
by plast ic resin. The nucleus,
mitochondria, cel l  wal l ,  Golgi stacks, and
ribosomes can al l  be readi ly seen in a
state that is presumed to be as l i fe- l ike as
possible. (Courtesy of Andrew Staehelin.)
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image, the sEM uses electrons that are scattered or emitted from the specimen's
surface. The specimen to be examined is fixed, dried, and coated with a thin
layer of heavy metal. Alternatively, it can be rapidly frozen, and then transferred
to a cooled specimen stage for direct examination in the microscope. often an
entire plant part or small animal can be put into the microscope with very little
preparation (Figure 9-48). The specimen, prepared in any of these ways, is then
scanned with a very narrow beam of electrons. The quantity of electrons scat-
tered or emitted as this primary beam bombards each successive point of the
metallic surface is measured and used to control the intensity of a second beam,
which moves in synchrony with the primary beam and forms an image on a tele-
vision screen. In this way, a highly enlarged image of the surface as a whole is
built up (Figure 9-49).

The SEM technique provides great depth of field; moreover, since the
amount of electron scattering depends on the angle of the surface relative to the
beam, the image has highlights and shadows that give it a three-dimensional
appearance (see Figure 9-48 and Figure 9-50). only surface features can be
examined, however, and in most forms of sEM, the resolution attainable is not
very high (about l0 nm, with an effective magnification of up to 20,000 times).
As a result, the technique is usually used to study whole cells and tissues rather
than subcellular organelles. <AACG> very high-resolution sEMs have, however,
been developed with a bright coherent-field emission gun as the electron
source. This type of SEM can produce images that rival TEM images in resolu-
tion (Figure 9-5f ).

Metal Shadowing Allows Surface Features to Be Examined at
High Resolution by Transmission Electron Microscopy
The TEM can also be used to study the surface of a specimen-and generally at
a higher resolution than in the SEM-to reveal the shape of individual macro-
molecules for example. As in scanning electron microscopy, a thin film of a
heavy metal such as platinum is evaporated onto the dried specimen. In this
case, however, the metal is sprayed from an oblique angle so as to deposit a coat-

1 m m

Figure 9-48 A developing wheat flower,
or spike. This delicate flower spike was
rapidly frozen, coated with a thin metal
film, and examined in the frozen state in
a SEM. This micrograph, which is at a low
magnif icat ion, demonstrates the large
depth of focus of the SEM. (Courtesy of
Kim Findlay.)
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Figure 9-49 The scanning electron microscope. In a SEM, the specimen is scanned by a beam of electrons brought to a
focus on the specimen by the electromagnetic coi ls that act as lenses. The detector measures the quanti ty of electrons
scattered or emitted as the beam bombards each successive point on the surface ofthe specimen and controls the
intensity of successive points in an image bui l t  up on a video screen. The SEM creates str iking images of three-dimensional
objects with great depth offocus and a resolut ion between 3 nm and 20 nm depending on the instrument. (photograph
courtesy of Andrew Davies.)
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imen itself. Noise is important in light microscopy at low light levels, but it is a
particularly severe problem for electron microscopy of unstained macro-
molecules. A protein molecule can tolerate a dose of only a few tens of electrons
per square nanometer without damage, and this dose is orders of magnitude
below what is needed to define an image at atomic resolution.

The solution is to obtain images of many identical molecules-perhaps tens
of thousands of individual images-and combine them to produce an averaged
image, revealing structural details that were hidden by the noise in the original
images. This procedure is called single-particle reconstruction. Before combin-
ing all the individual images, however, they must be aligned with each other.
Sometimes it is possible to induce proteins and complexes to form crystalline
arrays, in which each molecule is held in the same orientation in a regular lat-
tice. In this case, the alignment problem is easily solved, and several protein
structures have been determined at atomic resolution by this tlpe of electron
crystallography. In principle, however, crystalline arrays are not absolutely
required. With the help of a computer, the digital images of randomly dis-
tributed and unaligned molecules can be processed and combined to yield
high-resolution reconstructions.
intrinsic syrnmetry make the task gnment easier and more accurate, this
technique has has also been used for objects, like ribosomes, with no symmetry.
Figure 9-55 shows the structure of an icosahedral virus that has been deter-
mined at high resolution by the combination of many particles and multiple
views.

With well-ordered crystalline arrays, a resolution of 0'3 nm has been
achieved by electron microscopy-enough to begin to see the internal atomic

6 1 1

Figure 9-54 Negatively stained actin
f i laments. In this transmission electron
micrograph, each f i lament is about 8 nm
in diameter and is seen, on close
inspection, to be composed of a hel ical
chain of globular act in molecules.
(Courtesy of Roger Craig.)

Figure 9-55 Single-part icle
reconstruction. Spherical protein shells of
the hepati t is B virus are preserved in a thin
f i lm of ice (A) and imaged in the
transmission electron microscope.
Thousands of individual part icles were
combined by single-Part icle
reconstruction to produce the three-
dimensional map of the icosahedral
part icle shown in (B). The two views of a
single protein dimer (C), forming the
spikes on the surface of the shel l ,  show
that the resolution of the reconstruction
(0.74 nm) is sufficient to resolve the
complete fold of the polypeptide chain.
(A, courtesy of B. Bottcher, 5.A. Wynne, and
R.A. Crowther; B and C, from B. Bottcher,
5.A. Wynne, and R.A. Crowther, Noture
386:88-91, 1 997. With permission from
Macmil lan Publishers Ltd.)
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