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Fluorescence microscopy has undergone a resurgence in interest following the
discovery of green-fluorescent protein (GFP) and its increasing use in live-cell
imaging. This article describes an enhanced form of epifluorescence microscopy,
digital imaging microscopy, that can be used to produce high-resolution three-

dimensional images of samples labelled with GFP, or other fluorochromes, using
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Digital imaging microscopy

of living cells

them is reduced by out-of-focus
fluorescence from the remainder of
the cell, and their spatial relationship

simple instrumentation and image-restoration software.

Rosario Rizzuto, Walter Carrington and Richard A. Tuft

to each other might therefore be
obscured. The spatial relationship of
features separated in the focus (or Z)
direction is often not apparent at all.
The reduced contrast and the lack of
a fully connected 3-D view in a con-
ventional fluorescence microscope
hinder understanding of the organiz-
ation of the fluorescent probe
throughout the volume of the cell.

In this article, we describe an ap-
proach, known as the digital imaging
microscope (DIM), which uses se-
quentially focused wide-field fluor-
escence images and computational
algorithms to reconstruct high-

resolution 3-D images. Because it
involves imaging in parallel, wide-

Much of the recent progress in
understanding the biology of individ-
ual cells has come through study of
the structural organization of the key
components of signalling and regu-
latory pathways. Central to this
understanding has been the ability to
image, visualize and analyse the cell

as a three-dimensional (3-D) object.
A single image taken with a standard
epifluorescence  microscope pro-
duces a 2-D representation of a com-
plex 3-D specimen. Small features
adjacent to each other in the plane-
of-focus (X-Y) can be resolved dis-
tinctly, but the contrast between

Copyright © 1998 Elsevier Science Ltd. All rights reserved. 0962-8924/98/$19.00
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field microscopy requires a weaker
illumination intensity than confocal
microscopy, and, with appropriately
designed filters, all green-fluorescent
protein (GFP; see Box 1) mutants can
be employed, alone or in combi-
nation. Moreover, computation allows
a significant improvement in spatial
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BOX 1- GREEN FLUORESCENT PROTEIN

The green-fluorescent protein (GFP) of Aequorea victoria has emerged as a unique new tool with exciting applications in cell biol-
ogy'. Its properties make it an ideal fluorescent probe: its fluorescence is not species specific (its simple recombinant expression
yields a strong fluorescence signal in cell systems as diverse as bacteria, yeasts, plants and mammalian cells), no cofactor is needed,
and the protein is relatively small (238 amino acids), allowing fusion to proteins of interest without interfering significantly with
their assembly or function. Following the first report of the recombinant expression of GFP', interest in this protein has grown
rapidly; GFP is now a widely employed reporter for a variety of cellular phenomena and it is likely that GFP applications will
continue to increase. A number of mutants are now available with increased fluorescent emission** and with their excitation or
emission spectra shifted from that of wild-type GFP®-* (see figure), which both enhances their efficiency as reporter proteins and
allows simultaneous in vivo labelling of two or more proteins, compartments or cell lineages of interest'®. Moreover, fluorescence
resonance energy transfer (FRET) between GFP mutants opens the way to novel approaches for dynamically monitoring
protein—protein interactions, as well as other physiological events, in living cells. In fact, it has been recently demonstrated that
FRET between two GFP mutants
connected via a Ca?*-sensitive linker

ally every cell type and targeted to
the cell region of interest, further
expanding the potential applications
of GFP in cell biology.

1.00 - = 1.00
is a function of [Ca%"], and that this A T |
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. c . S " ' c
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(@) Excitation wavelength (nm)

The wavelength-shifted mutants of GFP. The left and right panels show, respectively, the
excitation and emission spectra of the Y66H (blue line), Y66W (turquoise line), S65T,A,C (green
line) and T203Y (yellow line) mutants.

(b) Emission wavelength (nm)

resolution (to ~100 nm, several times
higher than with traditional con-
focal or epifluorescence microscopy).
Here, we describe the use of a single
targeted GFP probe as the experi-
mental example. However, this imag-
ing approach can be applied success-
fully to all the various GFP moieties
and chimeras as well as to standard
fluorescent probes. Moreover, with a
filter wheel alternating the excitation
wavelength, simultaneous imaging of

probes based on different GFP
mutants can be attained easily.

Basic acquisition system and
operating principles

Figure 1 presents a diagram of the
essential elements of a DIM. It can usu-
ally be built using any of the modern
commercial wide-field epifluorescence
microscopes, either upright or inverted.
In addition to a standard arc lamp illu-
minator (generally Hg or Xe, or both),
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FIGURE 1

Essential components of a digital imaging microscope (DIM). These systems can be
built on any of today’s excellent epifluorescence microscopes. A number of vendors sell
the integrated add-on hardware and software to control the instrument and perform
image restoration and image display (see Table 1).
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a DIM requires a high-resolution focus
drive and a scientific charge coupled
device (CCD) camera. The focus drive
can be either a motor or a piezoelectric
translator. The CCD camera is one of
the most important components
because its quantum efficiency (QE)
and readout noise are crucial determi-
nants of system performance. For the
most crucial imaging applications,
such as the multiple-exposure imaging
of living cells, we find that thinned,
back-illuminated CCDs with ~70% QE
and readout noise of <10 electrons per
picture element (pixel) give good
results. A computer-controlled filter
wheel facilitates the use of several
wavelength-shifted GFP chimeras in
one experiment by allowing rapid
alteration of the excitation wavelength.
Under computer control, the instru-
ment takes exposures, or optical sec-
tions, at sequential focal planes within
the cell. The images in this data set are
then computer processed using an
image-restoration algorithm to prod-
uce a 3-D image of the cell, which can
be displayed and viewed as a volume,
from any angle, on a computer moni-
tor. Over 1600 optical sections, pro-
ducing 40 3-D images, have been
obtained from a single GFP-labelled cell
by using such a system.

Image restoration
Image restoration, also known as
deconvolution or computational
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FIGURE 2

Three-dimensional (3-D) image of mitochondria in a live cell, labelled with a specifically
targeted green-fluorescent protein chimera (mtGFP)?2. Bars, 1 um. (a) Set of optical
sections of GFP fluorescence before processing. The objective lens used was a 100X

NA 1.4 Planapo. The pixel size is 80 nm, and the spacing between the sections shown is

500 nm. The full data set consists of 21 optical sections at 250 nm, spaced from the top

of the cell to the bottom. Note the substantial amount of out-of-focus light present as
haze in the images. The data were collected on a custom-designed digital imaging
microscope (DIM,) with wide-field 488-nm laser illumination and an experimental high-
speed charge coupled device (CCD) camera. Optical sections were acquired with

20 msec exposure, with 10 msec between sections to shift focus. (b) Image restoration
of the data in (a). The same pixel size and step size in the focus direction (z) were used in
the calculations as in the data; all 21 optical sections at 250-nm spacing were used. Note
that the out-of-focus light is substantially eliminated and resolution is increased. Image
restoration was performed with software developed at UMASS Medical Center and
licensed to Scanalytics, Inc. (c) 3-D projection of image restoration of data in (a)
calculated on a finer grid. In this image restoration, the calculations were performed on a
grid with 27-nm subpixels and 125-nm steps in Z (i.e. three times finer in the X-Y plane
of focus and two times finer in Z than the sampling of the data). Software developed at
UMASS Medical Center, not yet commercially available, was used for this restoration.

optical-sectioning microscopy, is a

process that computes a high-resol-

ution 3-D image of a cellular fluor-

escence distribution from three pieces

of information:

¢ A 3-D image of the cell in the form
of optical sections.

e A quantitative calibration of the
spatial blurring of the microscope,
generally in the form of a 3-D image

of a small fluorescent bead. This
‘point spread function’ (PSF) pro-
vides the information needed for a
computer simulation of the 3-D
imaging process.

e Constraints on the fluorescence dis-
tribution (e.g. fluorescence inten-
sity must be non-negative).

Image restoration generates a 3-D
fluorescence image of the sample

that is quantitatively more accurate
than the unprocessed data: out-of-
focus haze is removed, the resolution
and contrast are increased, and quan-
titative fluorescence measurements
are more accurate than with the
unprocessed data. Several computa-
tionally intensive nonlinear iterative
algorithms have been applied suc-
cessfully to 3-D fluorescence imag-
ing'>-1%. Algorithms can be designed
to produce a fluorescence estimate
whose simulated data match the
measured data as well as possible.
However, this approach magnifies
any noise present in the measured
data. Therefore, the most successful
algorithms impose some smoothing
on the fluorescence density, either
explicitly or implicitly. The approach
we use minimizes noise and errors by
an explicit smoothing based on an
extensive mathematical theory'820.
Our approach also differs from others
in its model of the imaging process —
as it considers the cell as a continuous
object. Image data, on the other
hand, are composed of a finite num-
ber of discrete pixels. This discrete
data/continuous cell model allows
reconstruction of the cell on a grid
that is finer than the sampling grid of
the data.

Example application

The biological sample analysed in
Figure 2 shows a clear example of the
increase in image quality and resol-
ution that can be obtained with this
computational method. In the unpro-
cessed image, Figure 2a, the pixels
are 80 nm square. Restoration of
these data with the same pixel size is
shown in Figure 2b. Figure 2c shows
what can be achieved with our most
recent algorithm. It shows an image
computed from the same data with
subpixels smaller by a factor of three
in the X-Y plane and two in the
Z plane. This result could also be
obtained by using greater magnifi-
cation and finer focus steps, but, since
the light would be spread out over
18 times as many pixels, 18 times the
light exposure would be required to
obtain the same signal : noise ratio.
This flexibility can also be used to
reduce the number of optical sections
needed for live-cell imaging, thus
reducing the light exposure'20.21,

Resolution using this sub-pixel
approach has been tested in several
ways. In cells, it is possible to resolve
branching microtubules when the
two branches are separated by
112 nm (Ref. 18). In a recent experi-
ment in which a very accurate
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TABLE 1 - EQUIPMENT PROVIDERS

City

Web site

CCD camera manufacturers
Photometrics
Princeton Instruments

Applied Precision
AutoQuant Imaging
Improvision

Scanalytics

Scientific Volume Imaging
Universal Imaging

Vaytek

Tucson, Arizona 85706, USA
Trenton, New Jersey 08619, USA

Software and integrated system suppliers

Issaquah, Washington, USA
Watervliet, New York, USA
Coventry, UK

Fairfax, Virginia, USA
Hilversum, Netherlands

Westchester, Pennsylvania, USA

Fairfield, lowa, USA

www.photomet.com
WWW.prinst.com

www.api.com
www.agi.com
www.improvision.com
www.scanalytics.com
www.svi.nl
www.imagel.com
www.vaytek.com

Abbreviation: CCD, charge coupled device.

piezoelectric driver was used to
move a fluorescent bead of diameter
40 nm, bead images separated by
100 nm were fully resolved — the
two bright spots were separated by
a black zero-intensity region. This

resolution is several-fold better than
that achieved by confocal or wide-
field microscopy without image
restoration. In addition, as can be
seen in Figure 2a, the raw data con-
tain a great deal of haze from out-

of-focus light. In the restored images,
this haze has gone and contrast is
much enhanced. The numerical
accuracy of fluorescence quantifi-
cation in the restored images is also
much improved.

BOX 2 - DIM AND CONFOCAL MICROSCOPY

The digital imaging microscope (DIM) is one of several approaches developed over the past 15 years to deal with the three-
dimensional nature of microscopic images and the problem of out-of-focus light (see Table 2). Laser scanning confocal
microscopes'? (LSCMs) optically reject out-of-focus light and provide instant viewing without image restoration, a com-
putation that takes several minutes to many hours. LSCMs can also image simultaneously two (or more) emission wave-
lengths during a single image scan. In commercially available LSCMs, light losses in the scanning optics and the lower
quantum efficiency of the photomultiplier detectors can result in LSCM collection efficiencies that are a factor of two to
ten times lower than a DIM, leading to increased photobleaching. Furthermore, an LSCM image is created point by point
as the laser beam is scanned throughout the sample volume and so can improperly reflect a cellular process that is chang-
ing rapidly compared with the time to scan the volume.

While both DIMs and LSCMs excite fluorescence throughout the whole depth of the sample at each plane of focus, the
newer two-photon and multiple-photon LSCMs'# excite a layer only one to several microns thick, considerably reducing
photobleaching. The longer excitation wavelength of multiple-photon LSCMs also reduces photodamage. Both single and
multiple-photon LSCMs provide superior contrast and resolution when imaging deep into thick specimens.

TABLE 2 - PROS AND CONS OF IMAGING TECHNIQUES

High acquisition speed
Reduced photobleaching and
photodamage

Disadvantages
Requires accurate PSF

Heavy computation
Off-line analysis and viewing

DIM LSCM Two-photon
Advantages
Low cost Instant viewing Instant viewing

Analysis of thick samples

High photobleaching and photodamage

Limited number of excitation wavelengths

Fluorescence saturation

Analysis of thick samples
Reduced photobleaching
and photodamage

Limited number of
excitation wavelengths

High cost

Fluorescence saturation

Abbreviations: DIM, digital imaging microscope;
LSCM, laser scanning confocal microscope;
PSF, point spread function.
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Guidelines for building a DIM
system

Table 1 lists some of the vendors of
CCD cameras as well as the hardware
and software that can be used to con-
trol the imaging hardware and per-
form image restorations. This list is
not intended to be exhaustive and
does not represent an endorsement
of any given product. DIMs have
been configured to perform cellular
imaging over a range of time scales,
resolutions and signal intensities. In
all applications, the CCD camera is
generally the most important com-
ponent: a high QE, low-noise CCD
will be the ultimate determinant of
system sensitivity and resolution.

Concluding remarks

Digital imaging microscopy, in its
most basic form, is a relatively inex-
pensive alternative to confocal micro-
scopes (for a comparison of the two,
see Box 2). Its use of wide-field
microscopy and sensitive CCD cam-
eras makes it particularly useful for
repeated 3-D imaging of live single
cells with GFP. Recent advances in
image-restoration methods provide
high-resolution 3-D images that
show cellular detail not available from

other methods. Recently published
studies demonstrate both the high
spatial resolution to which this
method can be extended?3, as well as
the quantitative accuracy that can
be obtained with single-molecule
probes labelled with as few as five
fluorochromes?*.
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Stuck on the ECM

Li-Huei Tsai

One of the Keystone meetings in early
April* consisted of two simultaneous
conferences on extracellular matrix
(ECM) signalling and vertebrate devel-
opment, with some sessions being
common to both meetings. Combin-
ing these two meetings has become
increasingly appropriate given the
emerging evidence for a fundamental
role for the ECM and its receptors in
embryonic development. This report
gives an overview of the salient fea-
tures of the ECM signalling portion of
the meeting, which focused on
cell-matrix and cell-cell interactions
plus downstream signalling events.

Integrins and their ECM ligands
in proliferation, differentiation
and cell-fate determination
Integrins a5B1 and avp1 are ex-
pressed by smooth muscle cells and

serve as important regulators of
angiogenesis. Both fibronectin- and
a5-integrin-null embryos die early
during development, displaying de-
fects in heart development and
vasculogenesis'. Analysis of «5-null
cells suggested that avB1 can substi-
tute for a5B1 and thus that the func-
tions of av and a5 might be similar?.
To compare the knockout pheno-
types of av and o5, Richard Hynes
(Cambridge, USA) and colleagues
generated mice lacking av. Eighty
per cent of the av-null embryos died
before birth, and the remaining 20%
were born but died within one day
with brain haemorrhages. Hynes pro-
posed that vascularization in the
brain, particularly, is dependent on
the presence of a functional av integ-
rin. Russell Ross (Seattle, USA) pro-
vided some molecular insight into

Copyright © 1998 Elsevier Science Ltd. All rights reserved. 0962-8924/98/$19.00
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the function of integrins in angiogen-
esis. Ross showed that fibrillar col-
lagen inhibits smooth muscle cell
proliferation by suppressing cdk2
phosphorylation and upregulating
the expression of the cyclin-depend-
ent kinase (CDK) inhibitors p21 and
p27. By contrast, monolayer collagen
allows cells to induce cyclins A and E
and proliferate in response to mito-
gens. Fibrillar collagen also inhibits
the fibronectin receptors avp1 and
o581 and fibronectin fibril assembly,
which is required for DNA synthesis
in smooth muscle cells growing on
monomeric collagen. Thus, integrin—
matrix interactions appear to regu-
late smooth muscle cell proliferation
positively or negatively depending on
the microenvironment.

The overall theme of a given integ-
rin transducing distinct signals de-
pending on the composition of the
ECM was a recurrent topic at the
meeting. Fiona Watt (London, UK)
discussed an important bidirectional
role for integrins in cell-fate determi-
nation. During keratinocyte differen-
tiation, B1 integrins can control the
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