FEATURING: CONFOCAL

MiICcROScOPY

TECH,SIGHT

Optical Sectioning—
Slices of Life

Steve Paddock

ince its introduction, the confocal microscope has contributed
Sto many fields of contemporary biomedical research and en-

hanced the display of biological information in a most aestheti-
cally pleasing manner. Confocal microscopy came of age in the early
1980s with the introduction of laser scanning confocal microscopes
for biology (/). Before this time, images of relatively thick, fluores-
cently labeled biological specimens such as embryos were technical-
ly challenging to capture with the use of a conventional wide-field
epifluorescence light microscope. With this latter type of mi-
croscope, background from labeled structures within the
specimen can mask the signal from the focal plane of inter-
est because the entire specimen is flooded with light. The
power of the confocal approach lies in its ability to collect
images in optical sections at different excitation wavelengths
from intact fluorescently labeled biological specimens.

The images produced by a confocal microscope are
called optical sections because the instrument effectively re-
duces the background signal by scanning the specimen with
discrete points of light. For example, the laser scanning con-
focal microscope (LSCM) produces optical sections by us-
ing a focused laser beam to scan the specimen. A spatial fil-
ter, usually an adjustable iris, blocks the passage of any back-
ground fluorescence from above and below the focal plane.
The LSCM does not create a real image; rather, a light-sensi-
tive photomultiplier tube (PMT) detects light that passes
through the iris, and the resulting signal is sent to a digital
imaging system that constructs it into an image (I, 2). Thus,
a confocal microscope can yield images of sections of a
specimen without the need to physically slice it, as would be
necessary for conventional microscopy.

Advancements have been made in recent years to the in-
strumentation for imaging multiple probes in specimens
prepared by immunofluorescence, fluorescence in situ hy-
bridization (FISH), or direct labeling (2). The lasers of the
commercially available LSCMs excite fluorophores at-
tached to probes that label distinct structures (see figure,
right) and can be used in a plethora of applications for the analysis
of the spatial distribution of macromolecules in cells and tissues.
Many instruments produce images of two, three, and sometimes
four different fluorescent probes in a specimen, and a spectral detec-
tor has now been developed that could theoretically distinguish
among as many as 32 different probes labeling a specimen (3).

If an emission wavelength of one fluorophore “bleeds through” into
that of another, it can interfere with the interpretation of images col-
lected from multiply labeled specimens. Because the emission wave-
lengths of many fluorophores overlap, bleed-through most often occurs
when a single laser is used to simultaneously excite more than one flu-
orescent probe (4). Therefore, fluorophores for an individual specimen
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must be chosen judiciously to counteract bleed-through and to avoid
fluorescence from naturally occurring molecules in the specimen
(known as autofluorescence). Some of the more traditional probes in
immunochemistry, such as fluorescein and rhodamine, are now passed
over in favor of brighter, more photostable alternatives that have nar-
rower excitation and emission curves, such as the cyanine and the
Alexa dyes (5). Nanocrystals of semiconducting materials, also known
as quantum dots, are promising alternatives to conventional probes be-
cause they can be engineered to fluoresce at very specific wavelengths
of light (6).

Technological improvements have been made to the LSCM to
control bleed-through. Some scan several fluorophores sequential-
ly so that the filter combinations which more precisely match the
fluorescent emissions of the probes are used. In the early instru-
ments, sequential imaging was achieved by physically changing

Confocal imaging of a triple-labeled butterfly embryo. The specimen was fixed, im-
munofluorescently labeled, and imaged with an LSCM equipped with a krypton/argon
laser, and the three probes were imaged simultaneously (2, 77). The subsequent im-
ages are different color combinations produced by rearranging the red, green, and
blue channels in the image, also known as “channel surfing” (78). In the image at top
left, the segment polarity genes cubitus interruptus (red) and engrailed (blue) are ex-
pressed in the anterior and posterior compartments of each segment of the embryo,
respectively, and the Distal-less gene (green) is expressed in the distal region of each
of the developing appendages. Image courtesy of J. Selegue, C. Brunetti, and S. Carroll.

filters, which took time, exposed the specimen to more light, and
potentially resulted in registration problems when the images were
merged digitally. Furthermore, glass filters are now being replaced
with an acousto-optical tunable filter (AOTF) that not only better
matches the excitation wavelength from the laser to each of the
fluorophores but also controls the laser power to each channel (7).
In addition to the LSCM (I, 2), other options for optical sec-
tioning include the spinning disk microscope (8), the multiple-
photon microscope (9), and deconvolution of images collected
with a wide-field epifluorescence microscope (/0). Many appli-
cations can be performed with any one of these systems, although
some run more optimally with the use of a particular microscope.
The spinning disk microscope uses a different scanning system
from the LSCM (&). Multiple spots of light that are produced by a
spinning disk with many small holes (called a Nipkow disc) scan the
specimen, and each spot of fluorescent light emitted from the speci-
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men is detected simultaneously. Optical sections are viewed in real
time either by eye or, more commonly, with a charge-coupled device
(CCD) camera. Early models of this instrument were only useful for
imaging the brightest specimens because so much light was lost
through the instrument. Modern spinning disk microscopes have been
improved by the addition of laser light sources, better light transmis-
sion through the optical path, and high-quality CCD detectors.
Spinning disk systems are generally chosen for experiments
where both spatial and temporal resolution are required. For ex-
ample, a spinning disk microscope has recently been used for flu-
orescent speckle imaging of the interactions between purified mi-
crotubules and F-actin bundles (/). Good temporal resolution
can be achieved with the LSCM but at the sacrifice of spatial res-
olution. Using the LSCM with the line scan mode, a time resolu-
tion of 2 milliseconds can be achieved, whereas full spatial reso-
lution images are collected at less frequent time intervals (/2).
Multiple-photon micro-
scopes have evolved from
confocal instrumentation;
many of them use the same
scanning systems and may
even use an adjustable iris
in front of the detector for
further improvement of
the quality of the optical
sections (9, 13). The light
source in a multiple-photon
microscope is a high-
energy pulsed laser with
tunable wavelengths, and
the fluorophores are excit-
ed by multiple, rather than
single, photons. Optical
sections are produced
simply by focusing the
laser beam in the speci-
men. Multiple-photon ex-
citation of the fluorophore
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Multicolor confocal image of a brain

slice from a mouse. The specimen was
loaded with seven combinations of fluo-
rescent lipophilic dyes using the “DiOlis-
tic" method and imaged with an LSCM
(79). The image is a projection of 132
optical sections that represents approxi-
mately 50 pm in depth. Image reprinted
with permission from Elsevier Science
from (79), courtesy of J. Lichtman.

is confined to the region
where energy levels are
statistically high enough at
the point of focus.

The multiple-photon
microscope improves the
imaging of live cells be-
cause only those fluo-
rophores in the focal

plane are excited. More-
over, cells are usually less susceptible to photodamage by the
longer wavelength red light delivered by the laser (unless they
happen to contain pigments that absorb in the red). In a recent
study of hamster embryonic development, most of the embryos
died after 8 hours of illumination in the LSCM; they developed
normally after 24 hours of illumination with 1047-nm light from
a multiple-photon system (4).

Optical sections can also be computed from conventional wide-
field microscope images by using deconvolution to subtract the out-
of-focus information from the digital image (/0). Early versions of
the method were relatively slow; for example, it could take hours for
some algorithms to compute a single optical section that, at the
time, took seconds to produce with the LSCM. Deconvolution has
become much faster because of improved computers and software,
and it is now practical for multiple-label imaging of both fixed and
living cells. Additional background from images that were collected
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with the LSCM, the spinning disk microscope, or a multiple-photon
microscope can also be removed with deconvolution methods.

Though confocal imaging of fixed and multiply labeled specimens
has become relatively routine, many advancements have been made
in the confocal imaging of multiple probes in living specimens (see
figure, opposite page). Experiments that previously were practical on-
ly for fixed and immunofluorescently labeled tissues can now be per-
formed with live tissue. These advancements have been dependant on
the introduction of new fluorescent probes as well as technological
improvements to the instruments themselves. The engineering of the
green fluorescent protein (GFP) and its spectral variants together with
DsRed, a novel red fluorescent protein recently isolated from sea
anemones, have enabled multiple-label imaging of living cells (15).

The development of the ability to collect a series of optical sec-
tions from multiply labeled living specimens by confocal microscopy,
deconvolution, or multiple-photon imaging and to maintain registra-
tion between successive images has made multidimensional imaging
a practical option. Four-dimensional (4D) imaging is the collection of
optical sections (in the x and y dimensions) from different depths (the
z dimension) in the specimen at different points in time (the fourth di-
mension). Naturally, the time frame within which the phenomenon
under study occurs should not be faster than the time taken to acquire
a single z series. Also, the structures of interest should be within the
resolution of the microscope. Using a 60x objective lens with a nu-
merical aperture of 1.4, the maximum lateral resolution is ~0.1 um
and the maximum vertical resolution is ~0.2 pm (2).

Multidimensional experiments can present problems in data
handling because a single 4D imaging experiment can amass gi-
gabytes of information. File sizes are dramatically increased
when multiply labeled specimens are imaged in 4D, especially
with the recent development of a spectral detector coupled with a
32 PMT array that can separate as many as 32 channels of emis-
sion data simultaneously (3). Movement of a structure through
the consecutive stacks of images can be traced, changes in vol-
ume of a structure can be measured, and the 4D data sets can be
displayed as movies in stereo (16).

For successful optical sectioning, whether by confocal, spinning
disk, multiple-photon, or wide-field microscopy, a minimum num-
ber of photons should be used to efficiently excite each fluorophore
labeling the specimen. As many of the emitted photons from the flu-
orophores as possible should make it through the light path of the
instrument to the detector. Or, to paraphrase from a song in Monty
Python’s “The Meaning of Life,” “Every photon is sacred!” Follow-
ing this maxim, scientists may soon be able to avoid photobleaching
probes and photodamage to living specimens and, thus, to collect
the maximum amount of biological information.

References

1. J. G.White, W. B. Amos, Nature 328, 183 (1987).

2. S. W. Paddock, Ed., Confocal Microscopy: Methods and Protocols (Humana, Totowa,
NJ, 1999), vol. 122.

3. M. Dickinson et al.,, BioTechniques 31, 1272 (2001).

4. T.C.Brelje et al, Methods Cell Biol. 38,98 (1993).

5. R. Haughland, Handbook of Fluorescent Probes and Research Products [online],
(Molecular Probes, Inc., Eugene, OR, ed. 8, 2001). Available at: www.probes.com/
handbook/

6. E.Klarreich, Nature 413, 450 (2001).

7. A.Smallcombe, BioTechniques 30, 1240 (2001).

8. P.Maddox et al., Microsc. Microanal. 7, 8 (2001).

9. D.W.Piston, Trends Cell Biol. 9, 66 (1999).

10. W.Wallace et al,, BioTechniques 31, 1076 (2001).

11. C.Waterman-Storer et al., J. Cell Biol. 150, 361 (2000).

12. H. Cheng, W. J. Lederer, M. B. Cannell, Science 262, 740 (1993).
13. G.Y.Fan et al,, Biophys. J. 76,2412 (1999).

14. ). M. Squirrel et al,, Nature Biotechnol. 17, 763 (1999).

15. P.van Roessel, A. H. Brand, Nature Cell Biol. 4, E15 (2002).

16. W.A. Mohler, Mol. Biol. Cell 10,3061 (1999).

17. C.Brunetti et al., Curr. Biol. 11, 1578 (2001).

18. S.W. Paddock, BioTechniques 30, 756 (2001).

19. W. B. Gan et al., Neuron 27, 219 (2000).

’I(new your genome.
All of it.
»» «(ompletely'

Pedant-Pro™| Sequence Analysis Suite

. Systmuti(ull analyze

entire genomes

e Easily navigate

through DNA and protein sequence data

e Automatically generate 2

comprehensive; well-structured analysis reports

The Pedant-Pro system quickly predicts genetic elements
and delivers complete functional and structural characteriza-
tion of gene products. The system uses advanced viewers
for optimal navigation and comprehensive genome
exploration and provides convenient cross-references

with public databases.

The Pedant-Pro software was used to
produce the PEDANT Genome Database.
This database is freely available for the
academic community from the [nstitute
for Bioinformatics (formerly MIPS)
at www.pedant.gsf.de.

(Commercial use of the database
requires a license.)

CALL BIOMAX TODAY
+49 89 895574-850
http://pedant.gsf.de Biomax Informatics AG

Biomax Informatics Lochhamer Str. 11 82152 Martinsried Germany




