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3-D Electron Microscopy of Cells and Organelles by High-voltage EM,

Tomography, and Stereopair Analysis

Michael Marko
Wadsworth Center, P.O. Box 509, Albany, NY 12201-0509, USA

MICROSCOPY

3-D electron microscopy is greatly facilitated by
the high-voltage EM (HVEM, ca. 1000kV) and the
intermediate-voltage EM (IVEM, ca. 200-500kV).
Compared to the conventional transmission EM
(CTEM, ca. 100kV), the increased penetration of
the specimen by the high-energy beam allows the
use of thicker specimens without loss of resolution.
Thus, there is the potential for more depth informa-
tion in the images.

For effective 3-D microscopy using stereoscopy
or tomography, the thickness of the specimen
must be an appreciable fraction of the width of the
image field. In the case of CTEM, the specimen
thickness is limited to not much more than 100 nm.
This means that a final magnification of at least
80-100,000X is required, otherwise the stereo view
or tomographic volume has little depth. At such
high magnifications, only quite small volumes can
be examined. For IVEM, specimens as thick as
300-1000 nm can be used, so magnifications as
low as 15-30,000X will provide reasonably deep
volumes. For HVEM, specimens of 1000 nm are
commonly used, but the instrument is capable of
good imaging up to about 10 micrometers, in certain
cases. Thus, quite low magnifications can be used
with good 3-D results. Clearly, with higher voltage
the range of usable thickness and magnification in-
creases.

RECONSTRUCTION METHODS

There are three basic methods by which the 3-D
structure of cells and organelles can be obtained
using EM: (1) observation of stereopairs, (2) making
serial-section reconstructions, and (3) making
tomographic reconstructions.

1. Stereopairs

Stereopairs can be used for critical observation
and analysis when the specimen is not excessively
crowded with detail, and when a useful amount
of the specimen volume is present within the thick-
ness of the section. Stereopairs are created by
tilting the specimen and recording two images. This
is still the most common procedure used in
HVEM. Within the limits mentioned above, optimum
imaging requires that the specimen tilt angle be
chosen for the section thickness and magnification
used (Beeston 1973). Since the structures seen-in
EM stereopairs are semi-transparent, excessive
over-lapping details limit the.useable section
thickness for some specimens. For sections much
over 1 micrometer in thickness, selective staining is
often required.

Stereopairs not only provide a 3-D view, but
can be used to make reconstructions and mea-
surements of objects in the specimen. We have
developed a computer system which includes
provision for drawing parallel depth contours, and
3-D lines, within the 3-D volume of a stereoscopic
image. The contours are stored in a database,
and used to determine statistics such as length,
volume, and surface area. The contours can also
be used to create surface-rendered reconstructions.
This system is called Sterecon (Marko et al. 1988,
1992).

2. Serial-section reconstructions

Serial-section reconstruction is an appropriate
technique when the volume of the specimen to be
reconstructed is too large to be contained within
the thickness of a single section. Although serial
sections of 50-100nm thickness can be used with
the CTEM, there are advantages to using serial-
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section stereopairs of “thick” (about 0.25 to 1.5 mi-
crometers) sections, recorded using the IVEM or
HVEM. Fewer but thicker sections can be used,
reducing microtomy and microscopy time. The
use of Sterecon avoids loss of z-resolution associ-
ated with fewer sections, since tracing takes place
on several planes within each section (Fig. 1a).
The major advantage of using thicker sections is
that the 3-D structure of the specimen can be ap-
preciated during tracing. This makes decisions
about branching and connectivity of structures
much easier and more certain.

For correct serial-section reconstruction, the
actual section thickness during microscopy has to
be measured and compared to the pre-irradiation
thickness. The actual thickness is measured
by Sterecon, and the original thickness by interfer-
ence microscopy or a well-calibrated microtome.
The difference is due to mass loss from electron
irradiation (Luther 1992). Any incidental tilt of the
specimen is measured and corrected by Sterecon
during tracing. Alignment between sections is
aided by comparison of the contours of the top
plane of one section with the structures on the
bottom plane of the succeeding section. Fiducial
marks independent of the specimen (Bron etal. 1990)
are needed for alignment if it is important to find
the exact overall shape of the specimen. The con-
tours from all of the sections are combined and
grouped to make a reconstruction of the specimen,
and to find any desired morphometric parameter.

3. Electron tomography

For an important class of objects, such as
some cell organelies, HYEM tomography provides
the ideal means of high-resolution 3-D study. Any
object which can be contained within a single sec-
tion not thicker than about 2-3 micrometers is a
candidate for HYEM tomography. Tomography is
required when there is too much information in a
stereopair view of the specimen to make a recon-
struction by stereoscopic tracing. A tomographic
reconstruction (Frank 1992) is created by combin-
ing a series of tilted views. The number of views,
and the maximum tilt angle, are important resolu-
tion-limiting factors (Crowther et al. 1970).

A 3-D resolution of about 6nm is readily ob-
tained by HVEM tomography. The same 3-D re-
solution cannot be obtained by serial ultrathin sec-
tions. The depth resolution of a conventional
serial-section reconstruction is limited by the mini-
mum thickness it is possible to cut, and the loss of
material between sections due to microtomy and

electron irradiation. Thus, depth resolution better
than 30-40nm would not be expected. Stereoscopic
tracing within serial sections can provide better
resolution than this (although not as good as
tomography), but only if the specimen is not too
complex.

In common practice, a tilt series is recorded
around a single axis. It is not possible to tilt sections
to 90 degrees (the maximum tilt is often around 70
degrees), so there is a loss of resolution due to
incomplete filling of Fourier space during the recon-
struction process. We have developed methods
to combine tilt series around two axes, thus reduc-
ing the missing information (Marko et al. 1994).
Compared to a single-tiit reconstruction--even if
the same total number of tilt images are recorded
in both cases--the 3-D resolution and faithfulness
of the reconstruction is increased, and artifacts are
reduced (Penczek et al. 1995). We have found
that the key to obtaining a good reconstruction
is accurate alignment of the tilt-series images,
which is only possible if specimen distortion during
imaging is controlled or corrected {(Marko et al. 1995).

VISUALIZATION METHODS

Visualization of the results of either contour-
traced or tomographic reconstruction methods often
requires more effort than the reconstruction itself.
Reconstructions based on contours are often
visualized by surface rendering. The first step
is “tiling”, in which the points on contour lines at
adjacent depth levels are connected to form pol-
ygons (often triangles). In the second step, these
triangular tiles are shaded and smoothed to pro-
duce a realistic surface. Since the contour database
provides for grouping contours into objects, display
scenes with all objects in the specimen, or only
selected objects, can easily be created (Fig. 1b)

Tomographic reconstructions can be volume-
rendered by applying voxel density thresholds in
an attempt to select or “segment” objects of
interest. The opacity of the volume can also be
adjusted to make internal structures visible. An
example of volume rendering is seen in Fig. 1c.
Often, volume-rendering methods work poorly on
EM specimens because density segmentation
fails due to low contrast. In those cases, we use
Sterecon to trace 3-D contours within successive
depth regions of the tomographic volume (Fig. 1a).
The resulting contours are surface-rendered as
above (Fig. 1b). Alternatively, the contours can
be used to create a 3-D mask to apply to the volume
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Fig. 1. Stereopair examples of segmentation and rendering techniques, using HVEM tomographic volumes from 0.5-0.7-micrometer
thick sections of isolated rat-liver mitochondria (work in progress, Mannella et al. 1995). Scale bar = 1 micrometer, applies to all
figures. (a)Segmentation of membranes by contour tracing using Sterecon. A portion of a tomographic volume, with contour lines
drawn during stereoscopic viewing. Outer membrane (red) and inner membrane and cristae (green) traced on five depth planes.
Same technique used with HVEM stereopairs for serial thick sections. (b)Surface rendering of cristae made from contours traced
within a tomographic volume, of which (a) is a portion. About one-half the thickness of the full volume is shown. Inner and
outer membranes removed. (c)Volume rendering of a portion of a mitochondrion in the “condensed” state (based on results
in Mannella et al. 1994). Membranes (green) and matrix material (red) segmented by setting two density ranges; opacity adjusted
to show interior structure. Outer membrane not shown.
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for segmentation purposes. The segmented objects
can then be volume rendered.

The Albany HVEM is part of the Biological Mi-
croscopy and Image Reconstruction Resource,
supported in part by NIH PHS grant R01219 (P.l.
Dr. Conly Rieder). The Sterecon software, and that
used for tomography, a subset of SPIDER, were
developed in association with our image-proces-
sing lab, supportedin partby NSF grant BIR 921 9043
(P.l. Dr. Joachim Frank). The mitochondrial work
is supported in part by NSF grant MCB 921 9043
(P.1. Dr. Carmen Mannelia).
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Confocal Microscopy of Cyanobacteria in Calcite Speleothems
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'Electron Microscope Unit, University of Sydney, NSW 2006, Australia

2School of Chemistry, University of Sydney, NSW 2006, Australia

3School of Biological Sciences, University of Sydney, NSW 2006, Australia

Speleothems apparently deposited by the
action of algae or bryophytes have long been
known in caves where some light is present but
the environment is protected from atmospheric
weathering (Cubbon 1976). These include small
tufa-like deposits and small stalactites containing
cyanobacteria (Braithwaite and Whitton 1987), but
are relatively insignificant in scale. We have recently
described (Cox et al. 1989 a, b) an altogether
different type of speleothem - massive, ridge-shaped
stalagmites which can measure metres in length
and height. Cyanobacteria are abundant in the
superficial calcite layer and give the stalagmites a
deep green colour when they are damp. Both
in external appearance and cross section they re-
semble some stromatolites.

These stalagmites are found in large tunnel-like
caves with high roofs and large entrances, open at
both ends. Specimens from all known sites share
certain distinctive morphological features. They are
shaped like a humped ridge, and they have a very
characteristic stepped or layered profile. In size
they may be anywhere between 200mm long and
100mm high to 2m by 1m.

Scrapings from the surface of the stalagmites
reveal predominantly coccoid cyanobacteria, with
abundant sheaths, which have been assigned to
the genus Gloeocapsa (Cox et al. 1989b). Mas-
sive stalagmites do not normally form in the re-
latively dry environment of large cave entrances.
For this to happen requires fairly rapid removal of
GO, from the drip water landing on the stalagmite.
Photosynthetic CO, fixation by cyanobacteria
would provide a mechanism for this, and seems
likely to be the major source of calcite deposition in
these stalagmites.

Under the microscope the flora of these stalag-

mites is revealed as an almost pure stand of one
or possibly two species of Gloeocapsa. This is in
striking contrast to nearby pebbles and bedrock
surfaces, most of which support a very mixed com-
munity of cyanobacteria (filamentous and coccoid)
and eukaryotic algae (Chlorella, diatoms, dinoflagel-
lates and chrysophytes) often lichenized with
fungal hyphae. It would appear that calcite deposi-
tion is sufficient to exclude all but those species
adapted to it; this further supports our view that
these stalagmites are the product of a specific asso-
ciation.

Further investigation requires an understanding
of the organization of the cyanobacteria within the
speleothem. The confocal microscope is the only
tool capable of providing this information. Small
(~500m thick) flakes were taken from the surfaces
of some of these speleothems. These were im-
aged in well slides in the confocal microscope
using the red and yellow autofluorescence of the
chlorophyll and phycobilins of the cyanobacteria.
It proved possible to obtain satisfactory images
down to almost 250um below the surface of these
flakes, so that by scanning from both sides virtually
the whole volume could be sampled. Clearly
there will be some refractive index mismatch but
in practice the water-filled porous calcite seems to
be sufficiently close in mean refractive index to
immersion oil for adequate imaging down to the
point at which the lens touches the coverslip.

Fig. 1 shows a Voxel-View reconstruction of
a confocal dataset from one of these flakes. A
depth of 27um is sampled from within the flake -
cyanobacteria are ‘cut’ by the optical sections at
both the top and bottom of the set. Cyanobacteria
are organized in clusters joined by a common
sheath, as is typical of Gloeocapsa. It is also clear
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Fig. 1. Views of a confocal flyorescence dataset obtained on a Bio-Rad MRC600 confocal microscope. The original dataset sampled a
volume 153x102x27 mm; this was been clipped slightly for volume rendering and pressntation. An oilimmersion lens (x100, NA 1.3)
was used. (a) Top view, looking straight down on the dataset. (b) bottom view, looking our from the inside of the calcite flake. (c),
(d), (e) Tilt series, inclined 35°, 65° and 85° from the top view. In (e) we are looking almost along the plane of the flake.

that the cyanobacteria are overall quite uniformly
distributed both laterally and vertically - there is no
sign of vertical stratification at this scale, or indeed
at the scale of the entire flake. Cell densities and
arrangement are not visibly different when looking
at either the top or the bottom of a flake. No point
is more than 50um from the nearest clump of
cells, implying that the cyanobacteria are well posi-
tioned for effective .removal of CQ, from the
water surrounding them. The whole pattern of
their distribution strongly supports the view that
this Gloeocapsa is adapted for life in this habitat,
and that calcite is being deposited around them
while they grow and divide - they are not an opportu-
nistic species simply colonising new bare calcite
surfaces.

The combination of confocal microscopy and
volume rendering has provided a powerful tool for
imaging this unusual bioherm in a way that would
have been simply inconceivable a few years ago.
Since all of the data is in digital form it is also
simple to make it available for numerical analysis.

These stalagmites are tens of thousands of years
old, and still growing. Understanding the mecha-
nism by which they form will provide the key to the
information about past climates which lies buried
in their lower layers.

We are very grateful to the management and
staff of Jenolan Caves for allowing us to work in
Nettle Cave, our study site. This work was sup-
ported by an Australian Research Council small grant.
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Evidence has been accumulated indicating
that the cell nucleus is compartmentalized both
structurally and functionally. In particular, it has
been demonstrated that chromosomes occupy
distinct territories (Cremer et al. 1993). Chromo-
some territories and subchromosomal regions
(e.g. genes) can be visualized by multiple color
FISH and optical sectioning with a Leica confocal
laser scanning fluorescence microscope. To
study their structure in more detail we have devel-
oped truly three-dimensional imaging approaches.
In addition, we describe Monte Carlo simulations
which consider the distribution of such objects
under the influence of various geometrical con-
straints. Such developments are essential in order
to establish tools for refined studies of nuclear archi-
tecture.

QUANTITATIVE IMAGE ANALYSIS USING
THREE-DIMENSIONAL VORONOI DIAGRAMS

The image volume consisting of the whole
stack of optical sections is first tessellated into
polyhedra providing the Voronoi diagram (Bertin et
al. 1993, Eils et al. 1995a). The neighborhood of
the polyhedra is described by the dual Delaunay
graph. Thereafter painted chromosomes consisting
of connected polyhedra are extracted providing a
three-dimensional segmentation of the image vol-
ume. The geometrical structure of the Voronoi dia-

gram allows the rapid calculation of morphological
parameters of segmented objects, such as volume,
surface area, length and a shape factor. The con-
struction of the Voronoi diagram for an image
volume of a size of 256x256x32 is typically com-
plteted within 90 seconds on a Silicon Graphics
Workstation (CPU R4000/100 MHz) (Eils et al.
1995a). The localization of subchromosomal
targets within chromosome territories is described
by two distance parameters. Firstly, the shortest
distance d1 between the gravity center of the target
and the surface of the tessellated chromosome
territory is calculated. Secondly, the shortest
distance d2 between the gravity center of the target
and an inner line of the territory is territory. This
inner line is obtained by the shortest path in the
Delaunay graph connecting the two points with
maximum distance in the chromosome teritory. The
ratio D=d1/d2 provides a rough estimate for the
more interior (D>1) or more peripheral (D<1) local-
ization of the target within the chromosome territory.
All parametrization steps described in this section
are performed without any user interaction and
typically completed for a given chromoscome territory
in less than 10 seconds.

We have applied this technique to study the
three-dimensional morphology of chromosome 7
and X territories. Volume ratios calculated for the
two chromosome 7- and X-homologs in female
human amniotic fluid cell nuclei were similar sug-
gesting that the inactive X chromosome territory (Xi)
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was not much more condensed than the active one
(Xa). However, the Xi-territory had a ***significantly
rounder shape and smaller surface than the Xa-
territory (Eils et al. 1995b). These data are con-
sistent with a recently proposed model predicting
that the overall genetic activity of a chromosome
territory is related to its surface (Cremer et al. 1993,
Zirbel et al. 1993). To study the localization of
genes within a given chromosome territory the
c-myc protooncogene on chromosome 8 was
visualized with its respective territory (Fig. 1).
Figure 2 provides distance parameters as described
above for the localization of this protooncogene in
14 chromosome 8 territories.

ARTIFICIAL NEURAL NETWORKS FOR A
CLASSIFICATION OF CHROMOSOME
TERRITORIES

Artificial neural networks have been applied in '

an attempt to distinguish the inactive X-chromo-
some territory from the active one. 3D microscopic
images of the chromosome territories serve as
input for these networks. The artificial network
consists of a layer of M input neurons and one out-
put neuron. Each input neuron i€ {1...M} proces-
sestheinputdatab = (b4, bs,..., by) € R,,and produces
one bit B; of information (which is then passed to
the output neuron):

J=

N
Zt.l-b»—ﬂ,) ie {1.M}

B=6|

1171

where O(x) is 0 for x <0 and 1 for x> 0. The synaptic
couplings “J; and the thresholds ¥; determine the
output functions of the neurons. Equivalently, the
one output neuron of the network collects the in-
formation of the input layer neurons and produces
one output bit of the whole network:

N \
Bou!: e Z IBn e ‘)|)
j=1 /

In our case the input string b is a sequentially
stored raw image of a X-chromosome territory.
The network should decide whether this chromo-
some is active or inactive (B, =0 or 1, respectively).
The network must be trained, i.e. the synaptic
couplings and thresholds of the network must be
adjusted to fulfill this task as good as possible. Well
defined examples of active or inactive X-chromo-
some-territories (independently defined by Barr
body staining) are used in the training algorithm.
We have developed a novel training algorithm,
called RECOMI (Repeated Correlation Matrix
Inversion). RECOMI uses techniques of mathemati-
cal optimization theory and is able to optimize the
stability of each neuron against noisy input, e.g.
background fluorescence. Another major advantage
of this algorithm is its high performance speed,
since RECOMI does not use the images them-
selves, but only the image to image correlations.
In 80%up to 90% depending on the amownt and
set of training examples the network prforms a true

Fig. 1. Computer graphic visualization of a chromosome 8 territory (blue) painted with a chromosome 8 composite probe together with the
chromatin domain harboring the c-myc protooncogene (red) hybridized with a phage-contig. The experiment was performed with a
cultured, human female ammiotic fiuid cell nucleus. The chromosome is shown from two sides (rotation 180 °)
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Fig. 2. Position of c-myc in 14 chromosome 8 territories deter-
mined by its D = d1/d2 ratio (for further explanation see text)
in 7 diploid amniotic fluid cell nuclei (compare Fig. 1).
Abscissa: Number of nucleus. Ordinate: Logarithm of the
ratio values D. Note, that ratio values D smaller (larger) than
1 indicate a more peripheral (interior) localization of the
target within the chromoscome territory.

classification of active or inactive x-chromosomes.

MONTE CARLO SIMULATION OF THE
DISTRIBUTION OF CHROMOSOMAL
TARGETS IN CELL NUCLEI

The distribution even of "point like" subchro-
mosomal targets in cell nuclei is affected by the
spacious extension of chromosome territories. To
study such geometrical constraints in a model sy-
stem chromosome territories and cell nuclei were
represented by ellipsoids and spheres. For com-
parison with experimentally observed distributions
of point like targets, various assumptions were
made with regard to their location either within or
at the surface of model territories. For each as-
sumption the distance between two targets, repre-
senting homologous chromosome regions, and be-
tween each target and the center of the model
nucleus was calculated by Simple Sampling
Monte Carlo simulations. Distributions of targets
under the various constraints show strong devia-
tions from a model, which assumes that pointlike
targets are distributed uniformly and independently
from each other within the nuclear space. Experimen-
tally observed distributions of the pericentromeric
heterochromatin of chromosome 17 in human
lymphocyte nuclei by and large are compatible

with the assumption that the respective three-
dimensional distributions are solely affected by
geometrical constraints. Distributions obtained for
chromosome 7 heterochromatin, however, sug-
gest that other than geometrical factors may be
involved (Munkel et al. 1995).

To overcome possible drawbacks imposed
by the shape rigidity of the geometrical model
described above another model was developed
which allows flexibility in chromosome territory
shape. In this model each territory is composed by
some hundred spherical subdomains. In a first step
these subdomains are randomiy located in a spheri-
cal model territory by hybrid Monte Carlo simula-
tion. The volume of these model territories is
directly related to the relative DNA-content of
the respective chromosome. In a second step
the volume of the model chromosome territories
is reduced to some 15% allowing all 46 model
territories of a diploid human chromosome com-
plement to be placed randomly in the model nucleus.
In the third step the volume of the model chromo-
some territories is increased stepwise by hybrid
Monte Carlo simuiation till they regain their original
size. The simulation is continued to allow relaxation.
The last two steps force an originally spherical
model chromosome territory to form a more
flexible shape. Neighboring territories obtain com-
plementary shapes. The localization of point like
targets in the original and transformed territory
can also be simulated.

A hybrid Monte Carlo simulatiocn for a nucleus
with 46 territories required one day on an up-to-date
workstation. To optimize performance, simulation
was parallelized (geometrical parallelization and
dynamic load balancing). Using four PowerPC
(PowerXplorer, PARIX) the calculation time
was reduced to approx. seven hours. The mean
distance between the gravity center of the trans-
formed chromosome territories and the center of
the model nucleus is shown in Fig. 3. The
data suggest that larger chromosome territories
in comparison with smaller ones should be pre-
ferentially distributed toward the nuclear interior.
More advanced models which take into account
the additional restriction that each territory should
be attached to the nuclear envelope are presentiy
under consideration.
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High resolution transmission electron micros-
copy (HRTEM)is a very powerful technique to resolve
the structure of the materials at atomic level. How-
ever, One of the limitations of the HRTEM technique
is that it provides little information about the com-
position in materials. Except for some special case
such as the one shown inthe Fig. 1, a high resolution
image of AlZr precipitate in Al matrix. This image
was recorded at the Scherzer underfocus which
is about -50 nm for JEOL 4000EX. The Zr atoms
are shown as dark contrast and the Al atoms bright
dots in the Scherzer focus so that we can see the
composition distribution at the atomic level near the
interface.

When the high energy electrons pass through
the specimen, the electrons are not only scattered
elastically but also accompanying the inelastic
scattering. Using an imaging filter which is coupled
with TEM allows us to select inelastic scattering
electrons associated with a particular energy loss
which corresponds to a particular element in the
materials to form the image. The energy slit locates
in the dispersion plane. This technique is very
similar to the regular dark field technigue, however,
it is a dark field technique in the energy space. This
technique provides us the information about the
distribution of the composition in the materials. Two
examples are given below. We have used this
technique to study the phase transformation in the
Cu-Be alloy and the interlayer characteristics be-
tween diamond film and the silicon substrate. Fig. 2
(a) is a bright field image of the y phase precipitate
in the Cu alloy. This y phase precipitate is about
6 nm in width and exhibits only little contrast due
to being not strongly diffracted. However, it shows
brighter contrast in the energy filtering image of
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Fig. 2 (b) which is recorded using Be K edge loss
(111 ev) with the width of energy slit 10 ev. This
image implies the y phase precipitate is Be rich.
Diamond film was grown using microwave
plasma CVD technique which consists of three
steps: carburization, bias and growth. At the bias
stage there is an interlayer of 6 nm thick be-
tween diamond and silicon substrate . Most of the
regions of the interlayer are of amorphous char-
acteristics which presents a barrier to identify the
elemental compositions. Fig. 3 (a) and (b) are the Si
and C jump ratio maps of the energy selecting
images, respectively. The jump ratio maps were
obtained by dividing the post-edge loss image by

Al3Zr

Al

Fig. 1. High resolution image of Al Zr precipitate in Al matrix.



12 Focus on Microscopy '95

(a)

(b)

Fig. 2. (a) Bright field image of g precipitate in Cu alloy. (b) The Be K-edge core loss (111 ev) image of (a)

Diamond

(a)

(b) (c)

Fig. 3. (a) high resolution image of microwave plasma CVD diamond on silicon. (a} the jump ration map of Si. (b) the jump ration map of

C.

the pre-edge image. The post-edge image of Si
and C were recorded at the 119 and 303ev, respec-
tively. The pre-edge image were recorded at 79
and 263 ev. The width of the energy slit was set to
be 10 ev. There are three contrast levels in both
images. It could confirm that the interfacial layer
is SiC. We have done the same anaylsis on the
specimen in the carburization stage. An amorphous
layer consisting of carbon was covered on the Si
amorphous layer. It may suggest that the thin inter-
layer transforms from carbon in the process of car-
burization to SiC in following bias stage.

With combination of the high resolution TEM
and energy filter, we are able to obtain the infiorma-
tion of the structure and composition at near atomic
level simutaneously. There is, however, still a limita-
tion of detection of the minor elements within the
materials due to the low intensity of the inelastic
scattering electron and low signal to background
ratio of electron source. With the recently devel-
oped field emmision TEM, these two techniques
will become more powerful from the excellent
coherency and the high brightness of the electron
source.
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Visualization of cytoskeleton in sea urchin em-
bryos is an important process for its developmental
analysis on biology. There are many suggestions
between the early developmental processes (i.e.
nuclear positioning, formation of asymmetric mitotic
apparatus and determination of division plane).
Despite of the existence of these suggestions, it was
very hard to visualize cytoskeleton in whole mounted
embryo. One difficulty of visualization was the rela-
tively big diameter of sea urchin egg. The big diam-
eter of sea urchin egg interferes to the normai
working distance of conventional immuno fluores-
cence light microscopy and results fow resolution of
image unless samples were sectioned or flat-
tened artificially. In fact, most objective lenses with
high magnification for conventional fluorescence
microscopy have about sixty to eighty u meter of
working distance. So, the whole diameter of sea
urchin egg comes to physical limit of objective work-
ing distance. Three dimensional visualization of
embedded physical sectioned eggs requires very
large number of sections. When these images are
exported to the computer system for three dimen-
sional visualization, it needs more power of proces-
sor and more large area of memories and hard disk
for to make the reconstructed image of spatial distri-
bution of cytoskeleton. Optical sliced images are
gotten easily without physical sectioning and ex-
ported directly to the reconstruction program. One
problem of three dimensional reconstruction is the
resolution of resultedimage. Usually, final 3-Dimage
showed low resolution and “CG like” artificially en-
hanced view. The solution for this problem is to
increase the number of optical sections, which
means longer LASER excitation to the samples. To
minimize the fading of fluorescence dye, more fast
scanning method is required for high resolutional
three dimensional analysis. Another problem is
the way of expression of the three dimensional ob-
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jects. The most popular style of visualization is
stereo-pair or red-green stereo images. These visu-
alization methods are easy to use but does not
show the depth of samples naturally. So, | choose
the Simulated Fluorescence Process (SFP) method
for the expression of reconstructed three dimen-
sional images. This process makes a rendered
realistic image with ray tracing algorithm after the
correction of axial distortion. The resuit of ray tracing
is more natural 3-D view than stereo (or red-green)
type reconstructions. Cytoskeletons in the mitotic
phase embryos were preserved by the optimized
isolation medium and fixed. After immuno-stained,
confocal images were obtained by the InSIGHT
plus-1Q (Meridian Instruments Inc.) equipped on the
inverted microscope (IMT-2, Olympus). Embryos
were settled on the grass-bottom culture dish and
observed with 60X objective (Plan-Apo, NA=1.4).
Optical series of sectioned confocal images were
obtained for each 0.1micro meter or 0.5 p meter
in depth, and for 100 to 256 in total number. As a
result, whole height of mitotic apparatus or embryo
is sliced in the confocal sections. Images were
analyzed with three dimensional SFP algorithm
equipped in InSIGHT plus-IQ system, or exported
to the IRIS Indigo (Silicongraphics, Inc.) and ren-
dered with VoxelView system (Vital Images Inc.).
Reconstructed SFP images of first mitosis were
made through the metapahse to late telophase em-
bryos and streak stake embryos. Projected X-Y
image and computer-aided X-Z sectioned images
were also made for the whole height of embryos.
Animated series of SFP images were also made
for the analysis from multi-pointed view.

This work showed the possibility of three dimen-
sional analysis of microtubules in sea urchin embryo
with SFP, projection and X-Z sectioning method.
With SFP method and enough number of optical
sliced images, reconstructed images are free from
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Fig. 1.SFP reconstructed mitotic apparatus of sea urchin Fig. 2. SFP reconstructed image atthe anaphase embryo. Arrows
Hemicentrotus pulcherrimus at the first metaphase. Whole recon- indicated the position of chromosome in the mitotic spindle. (Bar=
structed mitotic aster and spindle are clearly shown. (Bar=10 p 10 meter)

meter)

artificial enhancement of microtubule image in the  the usefulness of confocal system for the analysis
whole height of embryos. These results suggest of the three dimensional distribution of cytoskeleton.
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The new generation of research light microsco-
pes opens the way for an easy interaction with PC-
based commercial image processing systems.
The DM microscope from Leica used by these work
is one of such microscopes with many function
controlled via RS232C. In these work z-axis position,
light intensity and zoom are used only. The z-axis
has a very high precision of 0.1um per step. The light
intensity is controlled by the lamp voltage in the
range from 5 to 12 V DC in 256 steps. The zoom can
be changed by PC from 0.9x up to 2.5x with a
resolution by 0.1x. So it is possible to work with a
very high magnification. The camerais a SONY 3chip
1/2" color DXC930P. It is possible to control all
camera parameters and functions by PC applicat-
ing the 930Control kit. It is also possible to work in
the low light field applicating the long time integra-
tion mode. Up to 256 normal frames can be in-
tegrated directly on the CCD-chips, so that the cam-
era is up to 256 times more sensitive then before. It
is possible to acquire color fluorescence images
particularly FISH (fluorescence in situ hybridization)
in a very high quality. A cooling kit with Peltier-
element and head sink reduced the noise for image
calculation and long time integration. A special
image processing filter -called “starkiller’- eliminates
really the last pixel defects. Parameter set for
special probes and color light temperatures can be
saved or loaded, so an optimal adjustment is pos-
sible. A color frame grabber CFG from Imaging
Technology Inc. digitise the RGB-signals of the
CCD camera with a resolution of 768x 512 pixel
and 3x 8bit. A normal ISA-bus PC 486/50 was ex-
tended in the RAM to 32 MByte to opens the field
of application with larger voxel cubes without swap-
ping to the hard disc drive. The systems works
under MS-Windows for work groups version 3.11.
The image processing software is OPTIMAS from
Optimas Inc. version 4.1 extended by Macros written
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with the ALI- language from OPTIMAS. Functions
being critical in time are written as fast C-functions
by MS-Visular C++ version 1.5 as Dynamic Link
Libraries and are included into ALI. OPTIMAS is an
open System with an interface -the Register() and
Cali() functions- to include fast owner functions.
These functions creates voxel cubes in an optimal
structure for the 486 processing unit. Using these
special structure is possible to the CPU to do a lot
of image calculation work directly with dates in the
very fast 1. level cache on the CPU. A macro gener-
ates multiple layers grabs and fills the voxel cube
V with the information from the 2-D image fieids
(dimensions: sizeX, sizeY) automatically up to
sizeZ steps. The first operation is a deconvolution
like:

Va(x,y,z)=V(x,y,z2)+A*V (x,y,z+1)+B*V'(x,y,z-1)
V'(X,y,Z) =XZV(x+i,y+j,z+k) -1<=ij,k<=1 O<=x<sizeX,
O<=y<sizeY, O<=z<sizeZ

A and B are parameter to describe a simple Point
Spread Function with 0>A,B>=-5/90. The results
can larger the 8bit and small values are also impor-
tant to, so it is necessary to scale with a large factor
and a non-linear gamma transformation is also
necessary to a good D2- field on the display monitor.
These operations will be done in some seconds
for the full cube. The global result is a new color
voxel cube with more details and a broad contrast.
The new voxel can be displayed as a sequence of
differed cuts ore different projections can be calcu-
lated. Also the way for 3-D segmentation is open.
The experience from these will be included into a
now more powerful version based on fast 300MHz
DEC-Alpha RISC processing units with high speed
PCI- frame grabber, up to 256MByte RAM and
larger 2. level cache based on Windows- NT. The
problem of visible digitising noise after the calcula-
tion will be reduced by frame integration behind
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the ADCs and an extension to 10bit input frames  of Molecular Biology of the University Jena espe-
ore by cooling the ADCs. This work could be done  cially to Mr. Schwertner.
by the friendly help and support due to the Institute
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Electrofusion is a powerful tool for studying
membrane properties, organization of cytoskel-
eton and cell motility on the early process of
cell fusion. Recently, confocal microscopy
have become available for the detection of
actin filaments and aggregates in protoplasts
(Kobori et al. 1989). The purpose of the
present study is to report on the three dimen-
tional structure and dynamical aspects of
plant protoplasts during early process of
electrofusion. Protoplasts from soybean (Glycin
Max) and lettuce cotyledons (Lactuca sativa)
were isolated by using the enzyme solution
(Phansiri et al. 1991, Taniguchi and Maeda
1991). Protoplasts aligned in an alternating
electric field at frequency of 1 MHz and a field
strength of 200 V/cm for 30 s. Fusion was
induced by DC pulses of 1,600 V/cm of 50 us
duration using Shimadzu Somatic Hybridizer.
Control and AC and /or DC field applied proto-
plasts were stained by rhodamine-123 for
mitochondria (Wu 1987, Chen 1989, Taniguchi,
Maeda 1991). or rhodamine-phalloidin for
actin (Taniguchi et al. 1993). The specimens
were viewed with a confocal scanning laser
microsocpe (Noran Instruments) equipped with
a Nikon oil-immersion objective lens with x
100 objective magnification and numerical
aperture of 1.3. An argon laser with 488 nm or
529 nm was used to excite for rhodamine- 123 or
rhodamine-phalloidin, respectively. Protoplasts
were photographed with 20 to 40 parallel
optical slices 0.2 to 0.5 um apart. These images
were projected to create a single image in
which the specimen was in focus. A series of
images was collected at different fcus focus
levels (step size 0.05 to 0.5 um).

When protoplasts from soybean were treated
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with AC field and stained with rhodamine-123,
many yellow-green fluorescence spots (mito-
chondoria) were observed in the areas of cyto-
plasm (Fig. 1). In this figure, two protoplasts
contact with wide surface areas but in one of
two protoplasts mitochondrias are seen to
localize in other side. We have also examined
the distribution of actin in lettuce and soybean
protoplasts. The actin filaments in the dark
and light grown protoplasts from lettuce were
stained with rhodamine-phalloidin. In control
protoplasts, actin located mostly at the periphery
of the cells. In AC-treated protoplasts, on the
other hand, actin was located at the contact
area and at the periphery of nucleus and chloro-
plasts. After electrofusion we analyzed the

Fg. 1. Confocal microscopic image of soybean protoplasts
stained with rhodamine-123, Scale bar, 10 um.
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changes of F-actin organization by time sequen-
tial images of confocal micrographs.

Three dimensional observations of proto-
plasts were also made by a high voltage electron
microscope (1 MeV) equipped with a revolving
stage to get a pair of stereo-micrographs. Mini-
mum dose and low temperature techniques
were used. We discuss these images in detail.

ACKNOWLEDGEMENTS

This work was supported by the Joint Stud-
ies Program (1993-1994) of the National In-
stitute for Physiological Science.

REFERENCES

Chen LB. 1989. Fluorescent labeling of mitochiondria. Meth-
ods in Cell Biology. 29: 103-123. Acad, Press.

Kobori H, N Yamada, A Taki, M Osumi. 1989. Actin is
associated with the formation of the cell wall in rverting
protoplasts of the fission yeast Schizosaccharomyces
pombe. J. Cell Sci. 94: 635-646.

Phansiri S, T Taniguchi, E Maeda. 1991. Morphological
study of soybean protoplasts in early electrofusion pro-
cess. Jpn. J. Crop. Sci. 60: 550-557.

Taniguchi T, E Maeda. 1991. Analysis of the fusion process
of plant protoplasts by fluorescence microscopy. Plant
Tissue Culture 1: 1-8.

Taniguchi M, N Watanabe, S Aoki, H Kihara, S Phansiri, T
Taniguchi, T Arii. 1993. Comparative studies on cul-
tured plant protoplasts using X-ray and optical micro-
scopes and high voltage electron microscope. 4th. Int.
Conf. on X-Ray Microscopy. D-8.

Wu FS. 1987. Localization of mitochondria in plant cells by
vital staining with rhodamine 123. Planta 171: 346-357.



Zoological Studies 34, Supplement | (1995)

Measurement of Distances in Three-dimensional Dual-colour Confocal

Images

Erik M.M. Manders'*, R. Hoebe', J. Strackee?, A.M. VossepoeF and J.A. Aten’
I* aboratory for Radiobiology, University of Amsterdam, The Netherlands

2L aboratory for Medical Physics, University of Amsterdam, The Netherlands

3Facu-'ry of Applied Physics, Delft University of Technology, Delft, The Netherlands

For the quantitative analysis of the spatial rela-
tionship between different biological structures in
the same preparation, dual-colour confocal micros-
copy (Carlsson, 1990) has proven to be a success-
ful technique. The spatial relationship between
different objects in a two-colour image can be
guantified in several ways, depending on the
biological information that has to be abstracted
from the image. Measurement of co-localization
of objects is one of the relevant quantities that can
be determined. The large number of methods to
quantify co-localization (Ackner et al., 1991;
Manders et al., 1993, Wansink et al., 1994) illustrate
that each application needs its individual method.
An other important quantity of three dimensional
dual-colour images containing a large number of
spots is the average distance between nearest
neighbouring spots. We have developed an
image analysis method to measure the latter
quantity. We will present this method and show
how it can be applied on dual-colour confocal
images of cells that were double-labelled with
IdUrd and CldUrd (Manders et al., 1992; Manders
et al., submitted) to investigate the dynamics of
DNA replication (Fig. 1).

To calculate distances between multiple spots
in dual-colour images, an accurate determination
of the 3-D positions of these spots is essential. The
position of the centroid, as an estimator for the
position of a spot, can be calculated on the basis of
all voxels that belong the domain of the spot. For
this calculation a domain that defines which voxels
belong to the spot must be delimited (defining a
boundary). To create a boundary for a domain
we developed a 3-D image segmentation procedure:

the Largest Contour Segmentation (LCS) (Manders
et al., submitted). By means of this procedure the
position of each spot can be determined accurately
and automatically (Fig. 2).

After applying this LCS procedure on both
colour-components of a dual-colour image (in the
sequel we will mention these components as the
red and the green component) and the determination

Fig. 1. Preprocessed optical section through the center of a Chi-
nese Hamster cell nucleus, pulse-labelled first with IdUrd
(red) and with CldUrd (green) 40 minutes later. After the
application of the described method, we measured that the
average distance between neighbouring red and green
spols is 0.4, pm.

“current address: Physics IV, The Royal Institute of Technology, S-10044, Stockholm, Sweden
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Fig. 2. An optical section through the middle of an early (A) and a late (D) S-phase nucleus as recorded by the confocal microscope. The
same 2-D sections (B) and (E) after 3-D image restoration and after 3-Dimage segmentation (C) and (F). Using the LCS segmentation
procedure most domains are detected and their boundaries are defined. However, some are missing (arrows in E and F) and some
domains are split into two separate domains (arrowheads in E and F).

of the positions of the spots, the distance between
each red spot and each green spot, defined
as the distance between their centroids, was com-
puted. Subsequently, pairs of nearest (red-green)
neighbours were indicated. A red and a green spot
were defined as being paired when there is no
other red domain nearer to the green spot and no
other green spot nearer to the red one. In that
case the inter distance of the pair was listed.

When the average inter-distance of the paired
domain is large relative to the accuracy of measure-
ment, the interpretation of the data is simple; the
average distance is a direct estimator for the dis-
tance that separates the paired red and green spots.
When, however, this distance is of the order of the
size of the statistical error of measurements, a geo-
metric effect spoils this estimator. The influence
of this effect was estimated statistically after which a
correction of the data was performed.

This study was supported by the Netherlands
organization for Scientific Research (NWO) and
SPIN, project 3-D analysis.
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The high optical resolution and sensitivity of
near field scanning optical microscopy (NSOM)
promises important applications in biology and
biochemistry. In particular fluorescence microscopy,
with fluorescent labels as markers for biochemical
processes, requires an improvement in resolution.
In situ hybridization is an example of a technique
that demands a higher resolution, especially
when used for DNA mapping. With conventional
optical microscopes DNA probes can be resolved
at distances of about 500 nm. Modern techniques
like electron microscopy and atomic force micros-
copy offer a much better resolution, but give pro-
blems with multiple 'color' ISH and with the prepara-
tion of the samples.

Near-field scanning optical microscopy
(NSOM) might play an important role in the localiza-
tion of genes on morphologically preserved inter-
and metaphase chromosomes: the technique
combines the high resolution of scanning probe
microscopy with the optical selectivity and sensitivity
of optical microscopy. A forthcoming, but important
advantage is that a topographic (force) image is
obtained simultaneously with the fluorescence im-
age, such that the location of the fluorescence
signals can be correlated to the morphology of the
chromosome.

The near-field optical microscope used for the
detection if in situ hybridization signals is integrated
on a Zeiss Axiovert inverted microscope: chromo-
somes are inspected with a high quality epi-
fluorescence microscope and preselected for mea-
surements with the near field microscope. The
sample is illuminated through a adiabatically
tapered, aluminum coated optical fiber with a small
aperture at the tip end. The size of the tip, ap-
proximately 100 nm, determines the illuminated
area of the sample, and thus the resolution. A
feedback on shear-force is used for distance re-
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gulation.

Fluorescence of the sample is collected by the
microscope objective and detected by a photon
counting avalanche photo-diode. The sample is
raster scanned while both fluorescence and height
are measured resulting in a simultaneously ob-
tained fluorescence and topographic map of the
chromosome.

The possibility to detect indirectly labeled DNA
probes with a near-field scanning optical micr-
oscope is demonstrated. Both satellite and
plasmid probes are accurately localized on human
metaphase chromosomes. The fluorescence im-
ages show a lot of detail that is not seen with conven-
tional fluorescence microscopy. Optical
resolution in the fluographs is better than 100 nm.
The fluorescent sites can be correlated to the
topography of the chromosomes, which is re-
corded with a lateral resolution of about 50 nm.
Furthermore, two color fluorescence in sifu hybrid-
ization on a single chromosome is shown.

As an example of the resuits described above, a
7x7 um image of a human metaphase chromo-
some 1 is shown. The chromosome is hybridized
with dioxygenated p1-79 and immunologically de-
tected with CY-3. We have combined the fluores-
cence signal and the topography in one image
in order to emphasize the simultaneous recording
of the signals. The topography of the chromosome
is given in grey, and the chromosome structure
is clearly recognized. The fluorescence intensity
is given in orange. Several signals are observed
at the telomer region, giving the location of the
p1-79 probe. With conventional microscopy
p1-79 usually is observed as a single spot at the
telomer, although some sub-structure is re-
cognized. Several other signals are found on
the chromosome, which is probably due to non-
specific hybridizations.



22 Focus on Microscopy '95

Concluding we clearly demonstrate the possibil-
ity and sensitivity to detect fluorescently labeled
DNA fragments on human metaphase chromo-
somes with an optical resolution substantially
better than possible with conventional microscopy.
Furthermore, a force image of the chromosome
morphology is afforded simultaneously.
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We have integrated an atomic force microscope
(AFM) with a conventional optical microscope into
a system to study the structures of human chromo-
somes (Fig.1). This integrated system is very
convenient for locating objects of interest in the
AFM imaging processes. In addition, the system
has the capability of directly comparing the chromo-
some images taken by AFM with those taken by
the optical microscope. Though human chromo-
somes have been extensively studied by other
microscopic techniques, such as optical microscopy
and electron microscopy, each technique has its
disadvantages. The optical microscope has only
low power of resolution (around 1 micron), while
the electron microscope requires elaborate
procedures which may destroy natural states of
the sample. It is considered that the structures
reflect biochemical characters. Therefore, to
understand the nature states of chromosome
structures is very important.

The AFM, on the contrary, requires only mini-
mum sample treatment and can give three dimen-
sional surface configurations. It also reveals the
chromosome structures at a high resolution around
50nm. However, in general, sample damage is a
serious problem by using AFM to study the biologi-
cal systems. We have tried out tips with four different
force constants. The tips with 0.064 N/m force
constant were finally selected because they gave
better image resolution. In addition, the structures
of the chromosomes were quite stable during
scanning processes and good quality images can
be easily reproduced.

There are four major findings in this study.
First, chromosomes are observed with elastic pro-
perties, e.g., the images obtained depend greatly
on the force applied by the tips. Secondly, AFM
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Fig. 1. lllustration showing the integrated optical microscope and
the AFM system. From the optical microscope, animage of
low resolution is taken. It also provides a sideway to look at
the scanning processes. A high-resolution image is ob-
tained by the AFM system.

images reveal the ends of loops of 30nm chromatin
fibers, where the fiber reaches the surface and
folds back into the body of the chromosome (Fig.2
(A.B)). These results confirm earlier electron micro-
scope observations (Harrison et al. 1981, Adoph
et al. 1983). Thirdly, there is a one to one corre-
spondence between the height variations in the
AFM image and the banding patterns observed
after stained with Giemsa in the optical image.
Finally, images of the bivalents isolated from sper-
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Fig. 2A. A typical AFM image of a human chromosome, with scan size 6.3 x 6.3 um. Fig. 2B. The arc part of the same chromosome with
scan size 3 x 3 um. In these high-resolution images (resolution around 10nm), subunits with sizes in the range between 50nm to

100nm are predominant.

matocytes have shown twisted chromosome con-
figurations which are not apparent in the optical
image.

In conclusion, we have demonstrated that AFM
is a useful and reliable tool for chromosome studies.
This research is partly supported by National
Science Council in Taiwan, R.O.C.
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Recently, the scientific visualization techniques
have been widely used in medicine, biology, geogra-
phy, and many other scientific and technical re-
searches. The scientific visualization exploits
sophisticated computer graphics and data proces-
sing techniques, such as 3D reconstruction of
histological, optical, and tomographical sections, to
gain insight and understanding of complex pro-
blems characterized by large data sets. In the last
couple years, many scientific visualization systems
have been developed, such as AVS (Upson et al.
1989), apE (Dyer 1990), and IRIS Explorer (IRIS
1991), and DISCOVER (Chen et al. 1994).

In this paper, we describe a distributed comput-
ing system for scientific visualization applications,
called “DISCOVER” (a Distributed Interactive
Scientific Computing and Visualization Envi
Ronment) (Chen et al. 1994). Currently, the system
is a medical application framework targeted at
physicians in hospitals for clinical applications.
The system allows users to interactively display
and manipulate the 2D and 3D medical objects,
visualize the results, take control of the system
computation, and drive the analysis and discovery
processes. The system can also be used for the
visualization of other scientific data: either numeri-
cally computed data, such as the pressure distribu-
tion within a fluid reservoir, or empirically measured
data, such as tomography radiation measurements
or microscopy images.

Our system consists of a virtual host, which
consists of one or more personal computers, and
one or more workstations, which are the computa-
tion servers. Each window in the virtual host is a
client of the computation servers. When a com-
mand is issued by the user from any window in a
host, it is sent to a global command queue and
waits for being broadcasted to all the computation
servers. After the computation is done, the results

25

will be sent back to the client. In other words,
the command queue can be thought of as a single
virtual client of the computation servers in the
whole system.

In our system, we use MS-windows 3.1 as the
underlying window system for the user interface
(Fig. 1). Images created by various medical modali-
ties such as CT and MRI are converted into a
specific volume data format that is suitable for
further processing. The data structure of the
volume data, called a quadtree-segment structure,
is based on the combination of a quadtree and a
run length encoding scheme (Chen et al. 1989). The
run length encoding is used along the X direction
and a quadtree data structure is used on the Y and
Z dimensions to some level. On the bottom level
(the leaf of the quadtree), each node is a 16X16
square in size. In other words, an object data con-
sists of a quadtree and a lot of 16X16 node data
structures, called boxes, that are pointed to by the
leaf node of the quadtree.

There are four different types of windows in the
system; a global command window, 2D image
windows, 3D image windows, and album windows
(Fig. 1). The global command window is used to
display and issue the global commands to other
three kinds of windows. The 2D/3D image windows
are used to display 2D/3D images respectively.
The album windows are used to simulate the tradi-
tional film-based medical images and the viewing
boxes used by the physicians. The medical im-
ages, such as CT or MRI images, are displayed in
the album window in a row by row, column by
column fashion. Images can be moved around in-
side the album window for comparison just like
the photos in an album. The images of interest in
the album can be brought to the 2D image windows
for more advanced processing.

Forthe 2D image window, there are three classes
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Fig. 1. The graphical userinterface of the DISCOVER system. The
global command window is on the upper-right comer. The
album window is on the lower right corner. The 2D image
and 3D image windows under “NCKU DISCOVER" are
activated (see the green boxes) and are thresholded sim-
ultaneously.

of tools for image processing: (1). Image manipula-
tion tools, such as zooming and panning, contrast
and windowing. (2). Image processing tools, such
as high-pass and low-pass filters, histogram equal-
ization, detecting connected components, image
combinations, and display of histogram. (3). Image
analysis tools, such as density, distance, and
angle measurements, coordinates, and drawing re-
gion of interest.

For the 3D image windows, there are many
3D visualization and manipulation tools available.
The visualization techniques includes surface ren-
dering, volume rendering and volume-surface ren-
dering (Chen et al. 1994) (Fig. 2). The surface ren-
dering method we use is a front-to-back rendering
method (Reynolds et al. 1987, Chen et al. 1989). In
this method, line segments are used to represent
both object and image generated. This method is
a fast method to render a complex voxel-based
object, such as a medical object. In many clinical
applications, there is a need to visualize the spatial
relationship between the outer shape of an object
and its internal detailed structures. For this purpose,
a visualization technique called volume-surface
rendering is provided to let user visualize the ex-
ternal and internal structures of medical objects si-
multaneously. The manipulation processes includes
3D thresholding, cutting the object with a contour
specified on the screen, connected component de-
tection, and logical operations such as AND, OR, or
XOR, to create new objects.

Fig. 2. Some 3D image processing techniques provided by the
DISCOVER system. (a) The manipulation with a specified
depth (z = 145). (b) The volume surface rendering after
the manipulation (a). (c) The volume rendering of the ob-
ject (b). (d) Another manipulation with a specified depth
(z = 190). (e) The volume surface rendering after the
manipulation (d). (f) The volume rendering of the object (e).

The DISCOVER system, as it stands today, is
in practical use in the Hospital of National Cheng-
Kung University in Taiwan for real clinical applica-
tions. Physicians can use their desktop personal
computers to run the DISCOVER. Due to the fact
that the DISCOVER system can process any kind
of 2D sectional images and reconstruct them into
3D, we hope that the DISCOVER system can be
applied in more research areas in addition to medi-
cine very soon, such as microscopy in neurobiology
or cell biology.
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Continuous capillaries have very high hydraulic
conductivity and provide a partially selective diffu-
sion barrier between the blood and the interstitium.
Electron-dense tracers, which are used intravitally
to test the conductivity of capillary permeability
pathways, are found in the interstitial compartments.
It is uncertain, however, whether the tracers have
crossed the capillary wall through interendothelial
junctions or via the vesicular membranous com-
partments from two-dimensional electron micro-
graphs. Previous studies (Chen and Wagner 1990,
Wagnerand Chen 1991) indicate that electron-dense
patches of terbium precipitate were often found in
regions bounded by pericytes and the abluminal
capillary surfaces in the rete mirabile. To answer this
question, i.e., whether vesicular pathways are the
source of interstitial tracer deposits, three-dimen-
sional information is needed. A reconstruction
image from continuous series of thin sections pro-
vides a three dimensional map of the areas of
dense tracer deposits and any associated path-
ways via interendothelial junctions or the vesicular
membranous compartments across the endothe-
lium.

The rete capillaries were administrated with
tracer, fixatives and embedded in British araldite
resin as previous reports (Chen and Wagner 1990,
Wagner and Chen 1990, Wagner and Chen, 1991).
Ribbons of serial thin sections were picked up on
slotted grids coated with Formvar film and observed
with a Zeiss CEM 902 transmission electron micro-
scope. Sections in the mid-range of a series were
examined first. If a patch or dense terbium deposit
between a pericyte and endothelial cell was
detected, the adjacent sections were examined
to determine the distribution of the tracer toward
opposite ends of the series. High magnification
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micrographs (X 30,000) of these regions in all
adjacent sections of the series were taken. The
negatives of series were sequentially image-
registered by Image-l analysis software. Then the
registered and digitalized images were exported
to the Silicon graphics IRIS workstation. The three
dimensional volume visualization system, voxel-
view, was used to render exterior surfaces and inte-
rior structures in sections. The three-dimensional
projections of the vesicular system or interend
othelial junctions may reveal the permeability path-
ways across the capillary wall.

Whenthe interstitial plaques were traced through
serial sections, the amount of terbium deposits and
the plaque areas within mid-series decreased
continually to sparse deposits at both ends of the
series. In two series, fused vesicular profiles
filled with terbium seem to form a continuous chan-
nel from the lumen to the interstitium. The three-
dimensional reconstruction of membranous
compartments showed the continuity of totally elec-
tron-dense terbium within a trans-endothelial
channel of fused vesicles with the dense interstitial
patch deposits. The results indicate that the endot-
helial vesicular system has provided this transcel-
lular pathway. None of four inter-endothelial clefts
formed a paracellular pathway for terbium
(Figure 1). Previously, analyses of ultrathin serial
sections had not revealed any communications of
bound compartments across the endothelial cell
(Bundgaard et al. 1979, Frokjaer-Jensen, 1980,
Frokjaer-densen et al. 1988). The data indicates
that communications of membrane compartments
might occur by formation of transendothelial chan-
nels of fused vesicles or by connection of two close
racemose structures on opposite membranes of
endothelium.
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Fig. 1. The three-dimensional projections of the interendothelial junction after reconstruction of eleven sections. The in-terendothelial
clefts and adjacent vesicular profiles are filled dense depositions of terbium indicated by blue color. E1 and E2: endothelium, I;
interstitium, L: capillary lumen. Arrow: interendothelial junctions between endothelia.
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The cell nucleus is the repository for the genetic
information of all eucaryotic cells including that
of man. Despite enormous progress in defining
molecular properties of the genomic functions of
DNA replication, transcription and RNA splicing
and processing, our knowledge of how these pro-
cesses are organized and regulated inside the
three dimensional structure of the cell nucleus is
still in its infancy.

Research in our laboratory employ a dual ap-
proach to correlating genomic function and regula-
tion with nuclear architecture. In one series of
projects we are identifying, cloning and studying
the molecular, genetic and functional properties
of the nuclear matrix proteins which compose
the three dimensional nuclear architecture. A sum-
mary of our recent progress in this area is summa-
rized in a separate abstract in this volume (see
Mortillaro et al.).

The second direction of our research uses
mulecular labeling, microscopic and computer
imaging approaches to visualize in three dimen-
sions sites of genomic organization and function
within the in situ nuclear architecture and to
obtain precise structural and spatio-temporal infor-

Fig. 1.

mation about the individual sites where genomic
function and regulation occurs. Additionally, our
group is investigating the possible arrangement
of the functional sites into higher order domains
and their relationship to the overall architecture
and regulation in the cell nucleus. Our present
studies are concentrating on DNA replication and
are summarized below.

Fluorescence microscopic analysis of newly
replicated DNA has revealed discrete granular
sites of replication (RS). The average size and
number of RS from early to mid-S phase sug-
gests that each RS contains numerous replicons
clustered together. We are using fluorescence
laser scanning confocal microscopy (LSCM) in con-
junction with multi-dimensional image analysis
(MDA) to gain more precise information about RS
and their spatio-temporal relationships. Individual
RS are optimally visualized following short pulses
with BrdU (2 min) in mouse 3T3 fibroblast cells.
Using newly improved imaging techniques, we
can discriminate over 1x10° RS following a 2 min
pulse of cells synchronized in early S phase (Figs. 1
and 2). Preliminary data suggests that the
average number of detected sites following a 2
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Fig. 2.

min pulse is approximately 600 with each site
having an average x or y plane length of about
0.4 microns.

Double labeling experiments performed at two
different times (pulse-chase-pulse) enabled us to
examine the relationship of early versus later repli-
cated DNA at individual sites. Cells in early S
phase were labeled for 2 min with CldU (FITC
secondary antibody), chased for different times
and pulsed again for 5 min with IdU (Texas Red
secondary antibody). As a control, simultaneous
pulsing with both CldU and IdU resulted in the
virtual complete overlap of all the replication
sites with the two probes (yellow replication sites,
Fig. 3). Following a 15 min chase, over 50% of
the total RS were co-localized and decorated
granular RS similar to those observed after a single
2 min pulse (Fig. 4). Later pulsed replication
sites (red sites) were consistently observed in
juxtaposition to early ones (green or yellow sites).
Increasing the chase time between pulses to 1-2
hr resulted in an increasing spatial separation be-
tween early and later Rs (Fig. 5).

These results led us to consider the existence
of higher order spatial domains of neighboring
RS whose replication may be temporally regulated.
To investigate this further, we performed long
term double labeling (pulse-chase-pulse) experi-
ments, 3T3 cells in early S-phase were pulsed for

1-5 hr with CldU, chased for 0-4 hr and pulsed a
second time for 3 hr with IdU. Initial results suggest
that a significant portion of the temporally distinct
RS occupy separate spatial domains within the
nucleus. Arrays of RS in close proximity were often
observed within these domains.

We are currently applying pattern recongnition
techniques to elucidate the 3-D higher order as-
sembly of individual replication sites. Using a "near-
est neighbor" center to center distance of 0.6 mi-
crons, we find that the approximately 600 sites
with average diameters of 0.4 microns detected
after a 2 min pulse, separate into approximately
60 discrete domains (average distance between
sites of < 0.2 microns) or about 10 replication sites
per domain. The average number of domains
per nucleus is reduced to about 30 with a center
to center distance of 0.9 microns (< 0.5 micron
distance between sites).

In another series of experiments we are fol-
lowing the fate of individual replication sites through-
out the cell cycle of 3T3 fibroblasts. Previous
studies from our laboratory revealed that the ar-
rangement of replicated DNA into "RS-like" struc-
tures persists throughout the cell cycle and subse-
quent daughter cells. These results may be a cons-
equence of the three dimensional arrangement
of chromation into precise domains of clustered
loops. We have designed "double pulse - double
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Fig. 3.

Fig. 4.

chase" experiments to determine whether the
DNA sequences replicated at individual RS are
precisely maintained as the cell progresses through
the cell cycle. RS were labeled in early S (green
probe) and two hours later (red probe). Our results
demonstrate the maintenance of the temporally
distinct replicated DNA into spatially distinct
sites (separate green and red labeled sites) through-
out the 8 hr S-phase. The G,-plase, however,

was characterized by a significant mixing of DNA
between the two populations of sites (~30% yellow
sites). The percent of "DNA mixing" between the
two populations of sites increased to >50% in sub-
sequent cell generations. In future experiments
we will determine the specific genomic sequences
(genes) at individual RS and the cell cycle dynamics
of these associations.

In summary our combined LSCM-MDA results
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Fig. 5.

indicate that DNA replication occurs on an average
of 600 distinct sites at any given time in early to
middle S phase. "Pulse-chase-pulse" double label-
ing experiments reveal that the average RS takes
about 1 hr to complete replication. Assuming ap-
proximately 4-8x10" replicons per nucleus, this sug-
gests that each RS contains an average of 5-10
replicons which are replicated in a relatively synchro-
nous wave. The labeled DNA remains organized
in "replication-like sites" throughout the cell cycle

and subsequent cell generations. This suggests
that the imaged sites are not only sites of replica-
tion but are a fundamental aspect of the higher
order structure of the genome and its organization
inside the cell nucleus. An even higher level of
organization was indicated by pattern recognition
image analysis which revealed that the individual
RS are three dimensionally arranged into a series
of higher order domains (approximately 10 RS per
domain). (Supported by NIH grant GM-23922)
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Our understanding of the proteins which com- In this presentation | will report progress on the
pose the internal architecture of the nuclear matrix analysis of the two nuclear matrins, P-250 and SFA-
haslagged behind recent progress defining domains Cyp. The cDNA encoding, splicing factor associated-
of replication, transcription and prem RNA splicing cyclophilin (SFA-Cyp), a novel nuclear matrin, will be
associated with these structures. We are currently presented. Antibodies raised against a fusion protein

focusing our attention on identifying the major pro- of SFA-Cyp indicate that it is a 103k Da protein which
teins which constitute the nuclear matrix. A limited is located in the nucleus and enriched in the nuclear
number of interior nuclear matrix proteins, termed matrix. Also, this antibody stains a series of bright
nuclear matrins, were previously identified by our lab. foci in mammalian nuclei which colocalize with splic-

Fig. 1. Fig. 2.

33



34 Focus on Microscopy '95

ing factors (figure 1 shows anti-lamin A/C (Texas red)
and anti-SFA-Cyp (FITC) in primary rat hepatocytes,
figure 4 & 5 show human HelLa S3 cells stained with
the anti-snBRNP antibody Y12 (Texas red) and anti-
SFA-Cyp (FITC)). As suggested by its derived amino
acid sequence and immunofluorescent pattern SFA-
Cyp may chaperone specific proteins to sites of
splicesome assembly where it may then assist these
proteins to associate with forming splicesomes. A
monoclonal antibody raised against nuclear matrices
recognizes a protein of 250kDa that is enriched in the
nuclear matrix and termed P-250. The protein
detected by our antibody was shown by antibody
cross reactivity studies not to be a NUMA protein.
Laser scanning confocal microscopy of P- 250 visu-
alizes a complex architectural arrangement in the
nucleus consisting of several large bright foci and
many small, less intensely staining granules. Some
of the large bright foci are also stained by splicing
factor specific antibodies (figure 2 shows anti-P-250
(Texas red) and anti-SFA-Cyp (FITC) in mouse 3T3
cells). This may indicate an association of P-250 with
splicing factors.

Fig. 3.

Fig. 4.

Fig. 5.
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Although laser optics has been shown to be
an effective tool in the various fields of animal cell
and molecular biology, its application and utility
to plant cell and molecular biology have been
limited. The main reason, besides the number of
researchers in the plant fields, is that the plant cell
has a characteristic feature of the cell wall. The
cell wall interrupts a good sample preparation of
chromosomes and prevents the smooth incorpora-
tion of antibodies into the cytoplasm. It is also
true, in the case of the production of transgenic
plants, that the cell wall is a barrier for DNA to be
introduced into the cytoplasm and nucleus.

Nevertheless effective applications of laser op-
tics in the plant cell and molecular biclogy are
being explored and some achievements have re-
cently been attained. Three major applications of
laser optics, laser microdissection of plant chromo-
somes, laser poration of plant protoplasts and
laser as the optical tweezers in plant cell biology,
are reported.

LASER DISSECTION OF PLANT
CHROMOSOMES

After establishment of an improved enzyme
maceration method to digest and remove cell
walls from plant cells (Fukui and Kakeda 1990,
Fukui and lijima 1991), good chromosome sample
preparations without cell debris became a routine
protocol. Microdissection of defined chromosomal
regions of barley and rice chromosomes has been
reported (Fukui et al. 1992).

Fig. 1. shows the representative steps of
microdissection of barley chromosomes prepared
by the improved maceration method. Barley chro-
mosomes, air-dried on a polyester membrane,
were subjected to laser microdissection. The 488
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nm line from a 5 W argon ion laser through a 100x
objective lens dissected the chromosomes by 0.5 um
in width. All the barley chromosomes except for
the two pairs of the satellite chromosomes, chro-
mosome 6 and 7, were ablated by using the
stronger laser beam. Then the specific regions of
chromosome 6 (6p1.5) and chromosome 7 (7p1.1
and 7q1.1) were dissected out from the rest of the
chromosomal regions.

Direct cloning of the part of 455 and 5S rDNA
from the nuclei cytologically prepared and the dis-
sected chromosomal nucleolar organizing regions
have successfully been carried out by using a
PCR method. The amplified DNAs were also
labeled during the PCR cycle by incorporation of
biotinylated dUTP. The fluorescence in situ hy-
bridization (FISH) confirmed that the amplified
DNAs had been originated from the nucleolar
organizing region dissected (Nakamura and Fukui
in press). Direct cloning and direct labeling of
certain DNA sequences from dissected chromo-
somes and nuclei becomes a standard chromo-
some technigue. Fig. 2. shows a multi-color FISH
of 58 and 45S rDNAs in rice using the probes
prepared by the laser dissection method (Ohmido
and Fukui in press).

LASER-PORATION OF PLANT
PROTOPLASTS

After the establishment of protoplast prepara-
tion and culture methods (Takebe et al. 1968),
a living plant cell without the cell wall became
available in the various experiments. The pro-
toplast system has been used in electroporation
for producing transgenic cells and subsequently
transgenic plants. Laser-poration has been tested
to explore the possibility of developing an aiternative



36 Focus on Microscopy '95

Fig. 2. Multi-color FISH of african rice 5S and 45S rRNA genes using the probes directly cloned and labelled. a) Laser dissection of the
membrane with nuclei on the surface. b) Direct cloning and direct labeling of the 5S and 45S rDNAs. c) Multi-color FISH using the

probes. Yellow: 5S rDNA. Red: 45S rDNA.

transformation system using protoplasts.
Laser-poration was tested by the incorporation
of a dye, Evans Blue, which is not incorporated
into living protoplasts. Fig. 3. shows a pro-
toplast before and after optical poration. The
living protoplast with green chloroplasts were
stained dark blue after laser beam irradiation. It is

shown that laser-poration induced the successful
incorporation of the dye into the cytoplasms of the
protoplasts. Further investigation is needed to
clarify the relationship between the strength of
the laser beam and the pore sizes for minimizing
protoplast damage. The incorporation of DNA/
RNA into protoplasts is underway.
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Fig. 3. A protoplast before and after optical poration.

OPTICAL TWEEZERS FOR CHROMOSOME
MEDIATED GENE TRANSFER

Chromosome mediated genetic transfer is an
alternative method for development of transgenic
plants, although the number of reports have
been quite limited. The method of ranclom incor-
poration of the chromosomes and subsequent
selection is not an effective way to produce trans-
genic plants as there is no selection markers for
the protoplasts with specific chromosomes.

Thus specific chromosome should be in-
troduced into the plant protoplasts. To meet the
objective, flow cytometry is a possible way , although
the method needs much more conditions to be re-
fined.

Optical tweezers combined with laser-poration
provide an alternative method for chromosome
mediated genetic transfer by using a single
targeted chromosome and a single cell. To de-
velop the method, the ability of optical tweezers
in a viscous solution like cytosol has been examined
using cells of Sacchromyces cereviciae, pollen
grains of Erigeron annuus, and nuclei separated
from suspension cultured tobacco cells. The
optical power of grasping objects was measured
by using the combinations of the different laser
scan strength and different glycerol conce:ntrations.

Table 1 shows the results of optical tweezing
on the pollen grains. In the case of 20% glycerol,
pollen grains were easily grasped by the laser

Table 1. Optical tweezers for pollen grains’

Laser Laser scan strength (%)?
power

in mW 100 80 60 40 20
100 + + + - -
80 + + +-

60 +- +- -

40 +- -

20 =

1) Glycerol concentration: 20%
2) +: Good movement, +-: Poor movement, -: Not moved

beam with 60% or more of the scan strength at
100mW laser power. They could readily be
moved around by the movement of the laser
beam under the above conditions. As a result
the optical tweezers have been showed to have
the capacity to pick up and transfer any plant
chromosome in viscous solutions like cytosol.
Thus it is anticipated that the combination of
laser tweezers and laser poration will provide an
alternative transgenic system.

As the three types of applications of laser
optics described here are all in progress now,
there are several areas for refinement. It is, how-
ever, clearly demonstrated that the applications
of laser optics particularly effective also in the field
of plant cell and molecular biology.
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The release of histamine and other inflamma-
tory mediators from mast cells and basophils is
the primary event in a variety of acute allergic and
inflammatory conditions. The release of granules
from these cells is an energy- and calcium-depen-
dent process which is initiated by the receptor
crosslinking with antigen. However, it has not been
determined yet how the receptor crosslinking
induces signal transduction in mast cells and baso-
phils.

Then, we have studied here receptor-mediated
calcium signals in rat basophilic leukemia cells
(RBL-2H3) and rat mast cells by a confocal fluores-
cence microscope with an argon ion laser and a
He-Cd laser (Nakato etal. 1992, Teshima et al. 1994,
Horikoshi et al. 1994). Confocal fluorescence
images of fluo-3 loaded RBL-2H3 cells, excited by
an argon ion laser (488 nm), became much brighter
and more nonhomogeneous than those before
antigen stimulation (Fig. 1). Time-dependent
fluorescence changes in intensities were abrupt
and quite similar to the patterns of the intracellular
calcium ion concentration [Ca?*]; observed by a
conventional fluorescence microscope using
fura-2. From the morphological patterns of the cal-
cium images, the parts of the bright fluorescence
seemed to belong to the nucleus in RBL-2H3 celis.
To confirm the above events we measured con-
focal fluorescence images of the nuclei in RBL-2H3
cells. From the fluorescence images of co-loaded
Hoechst 33342 (a DNA-specific fluorescent probe),
which was excited by a He-Cd laser (325 nm), the
brighter part of the fluo-3 fluorescence intensity
was identified to the nucleus in the cell (Fig. 1).

These results suggested the possibility that the
receptor-mediated calcium signals may transfer
not only to the cytoplasm but also to the nucleus
(Nakato et al. 1992, Horikoshi et al. 1994). Similar
kinds of nuclear calcium signals were also ob-
served in the activation of B lymphocytes, T lym-
phocytes and mast cells (Yamada etal. 1991, Furuno
et al. 1993, Okamoto et al. 1995).

It was said that the nucleus contains an autono-
mous phosphoinositide signaling system every
bit as complex as that at the plasma membrane
(Berridge 1993). Then, we have studied the mecha-
nism of the intranuclear calcium signaling path-
ways using Ba®* and Mn?* instead of Ca?*, because
Ba* and Mn?* entered into these cells through
Ca?* channels (Kwan and Putney 1990). We found
that Ba®* and Mn?* entered into the cells through
Ca?* channels and quenched the fluo-3 fluores-
cence both in the nucleus and in the cytoplasm.
This showed that the increased intranuclear
calcium ions after antigen stimulation may come
from the cytoplasm not from the nuclear calcium
stores (Okamoto et al. 1995).

Next, a confocal fluorescence microscope was
used to study the exocytotic secretory processes
of mast cells in combination with an fluorescent
molecular rotor, 9-(dicyanovinyl) julolidine (DCVJ)
(Furunoc et al. 1992). DCVJ is known to be a unigue
fluorescent dye which increases its quantum yield
with decreasing intramolecular rotation (Kung and
Reed 1989, lwaki et al. 1993). Here, DCVJ-loaded
rat mast cells were stimulated with compound 48/
80 and lecithins (Furuno et al. 1992, Nishimura
et al. 1994), and their fluorescence images were

*To whom all correspondence should be addressed.
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Fig. 1. Confocal fluorescence images of a fluo-3 and Hoechst
33342-loaded RBL-2H3 cell. (left) A fluo-3-fluorescence
pseudo-images just before antigen stimulation. (middle)
A fluo-3-flyorescence pseduo-images after antigen
stimulation at 37°C. (right) A confocal fluorescence
iamge of DNA-specific fluorescent probe (Hoeschst
33342)-loaded RBL-2H3 cell which was excited by a He-Cd
laser (325 nm).

compared with fluorescence calcium images of
fluo-3-loaded mast cells. Subsequent to transient
increases in intracellular free calcium ion concentra-
tion, DCVJ fluorescence increased dramatically in
the cytoplasm and formed a ring-like structure
around the nucleus (Fig. 2), suggesting the possibility
that the dye bound to the proteins composing the
cytoskeletal architecture. Furthermore, the in-
creases of DCVJ fluorescence intensities were
mostly blocked in the presence of cytochalasin
D. However, fluo-3 fluorescence intensities still in-
creased after addition of compound 48/80. This
suggested that the dye bound to the proteins com-
posing the cytoskeletal architecture and that the
molecular movements of proteins and their as-
sembly occurred before the histamine secretion
(Furuno et al. 1992, Nishimura et al. 1994).

Lastly, we have investigated the surface ex-
pression of CD63 antigen in RBL-2H3 cells and
rat mast cells after stimulation of antigen and com-
pound 48/80, respectively. CD63 antigen is located
on the basophilic granule membranes in resting
basophils, mast cells and platelets (Metzelaar et al.
1991). Activation of basophils and mast cells is
thought to induce the fusion of cytoplasmic granules
with plasma membranes and to induce the suc-
cessive release of inflammatory mediators, such
as histamine. The surface expression of CD63
antigen was visualized by confocal fluorescence
microscopy using anti-CD63 antibody and FITC-
labeled anti-mouse antibody (Fig. 3). After antigen
stimulation FITC-fluorescence intensities of the
membrane surfaces in RBL-2H3 cells became
much brighter than those before stimulation. This
indicated that the amounts of surface expression

Fig. 2. Confocal fluorescence images of a DCVJ-loaded mast cell
after the addition of compound 48/80. DCVJ fluorescence
formed a ring-like structure (red color) around the nucleus
(yellow color).

Fig. 3. Confocal fluorescence images of the surface expression
of CD63 antigen in RBL-2H3 cells. The expression of
CD63 antigen was visualized using anti-CD63 antibody
and FITC-la-beled anti-mouse antibody on the cell surfaces
(yellow color).

of CD63 antigen in RBL-2H3 cells increased
after antigen stimulation. The expression of CD63
antigen was maximal between 10 and 20 mins
after antigen stimulation (Fig. 3). Time-courses of
the surface expression of CD63 antigen were
well consistent with the time-courses of the his-
tamine secretion in RBL-2H3 cells. For com-
parison, we stimulated RBL-2H3 cells with
thapsigargin, an in-hibitor of intracellular C&*
pump. Thapsigargin neither induced the surface
expression of CD63 antigen nor the secretion of
histamine in RBL- 2H3 cells, although thapsigargin
increased intracellular free calcium ion con-
centration in RBL- 2H3 cells. These result indicated
that the surface expression of CD63 antigen is
closely related to the histamine secretion in RBL-
2H3 cells.

All of the above findings elucidated new
insights of the dynamic cellular functions of ex-
ocytotic processes in mast cells and basophils.
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Near-field optical scanning microscopy (NSOM)
has the capability of the conventional optical micro-
scope as well as the high resolution comparable
to the scanning electron microscope. In NSOM, a
probe with sub-wavelength tip size scans the
sample surface with sample/tip separation in 100A
length scale. During the scanning period, light
emitted by the probe is modulated in accordance
with the optical properties of the sample surface.
Two configurations can be used to record the light
intensity changes, one is to detect the backward
scattering light from the surface, the other is to col-
lect the transmission power through the sample.
These two images are in opposite contrary and
known to be the reflection and transmission mode
near-field optical images, respectively. However,
due to the configuration, previous NSOM4-7 did
not deal with these two images simultaneously. In
this paper, we present our new NSOM system
that can obtain simultaneous reflection and transmis-
sion mode images.

Figure 1 sketches the setup of our NSOM. The
system can be divided into two different branches.
At the heart of the system is a glass fiber, pulled
to form a tapered shape with about 80nm tip size.
Some 75nm of alumni are deposited on the tapered
fibers sides to prevent linkage of light. The fiber
probe is fixed on a piezoelectric plate, and set into
vibration near its resonance. Upon approaching
the probe to the sample within 100A scale separa-
tion, the distance between sample and probe tip
causes an attractive Van-der Waals force. This
results in the damping of the tip’s vibrational ampli-
tude. The amplitude is recorded and is compared
to a preset value. The resulting difference feeds
back to the z piezo and maintains the sample/tip
separation.

In the above feedback system, how to measure
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the tip’s vibrational amplitude is important. We
have used a simple method to measure it. First,
an Ne-He laser (15mW at 633nm) is focused near
the tip end, then the intensity of the scattered light
is detected by a photodetector. By using a lockin
instrument, the small AC component in the scat-
tered light is measured. The AC signal con-
tains the message of the vibrational amplitude and
can be explained by a simple ray-optics model. The
principle of the model is following: Suppose the
fiber tip is located at x, part of the incident light
(form x to x+a) is scattered to the detector. After
probe vibrates with a small amplitude Dx, the
incident light which scattered to the detector is little
changed. the intensity change can be represented as

L () =25 e (x+a)=lpe (£)] (1)
were | is the AC component and I is the DC
component of detected scattered light. Because
only small part of scattered light can reach to
the detector, the resultant relation between the ampli-

tude and measured AC component is then repre-
sented as

Lic(x)=Ax-Inc(x) ()

Above result shows that the measured AC
component is the derivative of the DC component,
and the vibrational amplitude can be easily obtained
by only comparing the DC and AC values. Fig. 2
shows the measured results of the IDC and IAC
signals when the vibrational probe moves along x-
axis. As shown in Fig. 2, the AC signal is clearly
in proportional to the derivative of DC intensity dis-
tribution and the vibrational amplitude is calculated
to be about 50A. ‘

In the optical branch, another Ne-He laser with
green light is coupling to the fiber probe to excite
the near-field optical source. It is necessary to use
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Fig. 2. Measured results of the DC and AC signals of a vibrational
probe moving along x-axis.

another wavelength laser because the feedback
laser is focused very near onto the tip position that
will affect the detection of the near-field power. With
another wavelength, we can use a filter to reduce
such effect. In the recording of transmission mode
image, a planar silicon detector is placed directed
below the sample. When near-field light transmit-
ted through the sample, it is collected by the detector.

(]

Fig. 3. Simultaneous transmission(a) and reflection(b) near-field
optical images of gold gratings on glass.

At the same time, the scattered near-field power
by the sample is focused by an objective lens
and then directed on to a photo multiplier tube
(PMT). The output of the PMT contains the reflec-
tion mode image, and a lockin instrument is used
to readout the signal variations.

We have used the system to scan a number
of samples of different compositions and structures.
In our experiments, the resonance frequency of
the fiber probe was 62.5 kHz, the driven voltage to
the planar PZT was 0.01V. The NSOM light source
was 0.5mW unpolarized He-Ne laser at 540 nm
wavelength and optical power from the tip end was
measured to be about 1 nW. The preset value was
set to maintain the distance between the tip and
sample to be about 200nm. To demonstrate our
NSOM system with simultaneous reflection and
transmission images, a sample of gold grating



Focus on Microscopy '95 43

on glass was tested. The grating had a period of
1mm, and 2000nm thickness of gold. Fig. 3 shows
the simultaneous transmission(a), and reflection
(b) NSOM images. These images show good agre-
ement with the sample.

In conclusion, we have presented a scanning
probe microscope using attractive-mode force
signal to regulate the tip/sample separation, and
provided three images of one topographic and two
optical images. We believe the system is the first
NSOM that can deal these three images sim-
ultaneously. Also, we present a new method to
measure the small tip’s vibrational amplitude for
the feedback system. The method is much simpler
than others. A simple ray-optics theory can illustrate

the mea-surement of vibrational amplitude.
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The depth resolution of conventional confocal
microscopes is limited by the confocal parameter.
In the visible spectral range it is possible to make
the confocal parameter as small as 0.5um. Yet
as with any microscopy, one always finds many
applications which demand better resolution than
available. In this paper we report our development
of a new confocal technique, tentatively called dif-
ferential confocal microscopy, which can be used
for imaging and profiling surface structures with
depth resolution as large as 20 nm. We demon-
strate the potential of this technique by profiling
calibrated nanometer semiconductor structures
and micrometer optical ridge waveguides, and by
imaging a layer of collagen fibers whose diameter
is about 100 nm.

In conventional confocal microscopy, the signal
light comes mainly from the focal point by fluores-
cence, reflection, or scattering. Light from outside
of the focal region is heavily attenuated by spatial
filters. A typical response curve is shown in Fig. 1.
The depth resolution is equal to the width of the
response curve, which is in the best case equal to
the confocal parameter. Although at the focal
point the response is largest, in the case that
the signal light comes from a reflective surface,
placing the sample at the focal point is not the
most advantageous. At the focal point the deriva-
tive of the response curve with respect to the
sample position is zero, which means the response
is least sensitive to sample height variation. In
contrast, if one places the sample slightly away
from the focal point, so that its position is at the
slopes of the response curve, the sensitivity is the
greatest. At the slopes the sample height varia-
tion causes a differential change of the signal.
The sensitivity is sufficiently large that the effect
can be utilized to profile surface structures with
depth resolutions as large as 20 nm.

Our experiments are done in two types of set-
ups. One uses a superluminescent laser diode
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(Spindler & Hoyer DC25E) in a confocal feedback
configuration (Lu et al. 1995). The other uses a He-
Ne laser (Melles Griot 05-LHP-121) in a conven-
tional feed-through configuration. The confocal
feedback configuration is almost self-aligned, but
due to the multi-mode nature of our laser diode,
the lateral resolution is not as good as that of the
He-Ne laser. Fig. 2 shows the He-Ne laser feed-
through configuration. The laser output is focused
by a 40x microscope objective onto the sample.
The position of the sample at the z-axis is contro-
lled by a piezoelectric transducer, and the
sample point in the x-y plane is set by com-
puter-controlled translation stages. Before the
measurements, we first move the sample to the
focal point by maximizing the reflected power.
Then we raise the sample by about 1/2 confocal
parameter, so that the reflection changes linearly
with the sample height. Finally we scan the sample
in the x-y plane and profile the surface structure
with great depth resolution.

Fig. 3(a) shows a 3-dimensional image of an
H-shaped trench on top of an InGaAs surface.
For comparison, we also show in Fig. 3(b) its
profile measured with a mechanical contact
probe, the Dektak 3030 surface profiler made by
Veeco Instruments, Inc. The measurements
show that the confocal laser-feedback technique
not only has much better lateral resolution, but
also contains less noise. It is clear that the sensi-
tivity of our experiments is great enough to
see features in depth on the order of 20 nm, even
though the lateral resolution is still limited by diffrac-
tion.

Unlike with scanning tunneling microscopes,
atomic-force microscopes, or the recently devel-
oped scanning near-field optical microscopes
(Betzig et al. 1992), our experiments are conducted
in open loop; no servo control is used to lock the
sample distance to a constant value, nor is lock-
in detection applied to enhance the signal-to-noise
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Fig. 1. Axial response of a confocal microscope.
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Fig. 2. Experimental setup.

ratio. The response time of the detection is limited
only by the amplifier and the analog-to-digital
converter and the speed of the mechanical trans-
lation stages. If electro-optical instead of me-
chanical scanning is used, we believe that with
optimized system components measurements can
be performed in the 30 frame/sec video rate.

Fig. 4 shows a 3-dimensional image of a poly-
methyl-methacrylate optical ridge waveguide on a
silica substrate. The measured thickness of
the waveguide is by the Dektak 3030 surface
profiler. This measurement demonstrates the
large linear dynamic range of the technigue, which
is many times larger than that of interferometric
methods. Large linear dynamic range is important
for high speed scanning in open-loop measure-
ments because it eliminates the need of shifting
the base-height during measurements. With other
techniques which have the potential of open-loop
measurements but do not have a large dynamic

~—
20um
measured depth = 60 nm
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0 20 40 60 80
position {(um)
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Fig. 3. (a) The 3-dimensional image of a 60-nm deep H-shaped
trench on top of an InGaAs surface, compared with (b) that
measured with a Dektak 3030 surface profiler.

20\

0/1,,7 measured thickness = 2.9 um

Fig. 4. The 3-dimensional image of a 3-um high polymethyl-meth-
acrylate optical ridge waveguide.

range, such as interferometric confocal micro-
scopy (Bearden et al. 1993, Juskaitis et al. 1993,
1994), the need of dynamic base-height adjust-
ment greatly reduces the scanning speed when
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the sample height variation exceeds a fraction of
the wavelength,

The surface profiles shown in Fig. 3 and Fig. 4
cannot be seen under conventional optical
microscopes due to lack of contrast mechanism.
High resolution nearly contact techniques such
as scanning tunneling microscopy, atomic-force
microscopy, and scanning near-field optical
microscopy can provide much greater lateral re-
solution, but their measurement speed is much
slower than the differential confocal technique due
to the necessary close-loop operation mode.
Moreover, with the differential confocal technique
the distance between the probe head (objective)
and the sample can be as large as several mil-
limeters, as compared to nanometers in nearly
contact techniques mentioned above. This is impor-
tant to in-situ diagnosis in the fabrication of surface
microstructures such as semicon-ductor devices,
or in studying the morphology of living biologic
samples.

Fig. 5 shows the image of a layer of collagen
fibers extracted from bovine skin tissues. Unlike
in Fig. 3 and Fig. 4, the measurement was done
with the He-Ne laser in the feed-through configura-
tion for better lateral resolution. The diameter of
the fiber estimated from pictures taken by scan-
ning electron microscopes is about 100 nm, which
is apparently beyond the 0.8-um lateral resolution
of our system. Yet the fiber structure is recognized.
The lateral resolution could be further improved
by using oil-immersed objectives and shorter wave-
length light sources.

In summary, using the concept of differential
confocal microscopy, we developed an optical
scanning microscope capable of measuring sur-
face microstructures with 20-nm depth resolution
and dynamic ranges as large as micrometers.
In several respects the technique is complemen-
tary to the nearly contact techniques discussed
above, vet it costs much less and is much simpler
to operate. We believe that this technique has
great potential not only in surface diagnosis
and metrology needed by the microfabrication

10 1m

10 um

Fig. 5. The scanned image of collagen fibers. The actual diameter
of the fiber is about 100 nm.

industry, but also in biomedical applications in
which rapid measurements of living structures are
highly desirable.
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The ability to perform optical section with a con-
focal laser scanning microscope, provides great op-
portunity to take images at different depths within a
sample. But images obtained from deep into the
sample will also have longer optical paths, which will
have lower signal intensities because of absorption
and scattering by the sample 1. This gradual signal
attenuation at increasing optical path will reduce S/N
ratio and dynamic range of the image stack. The
registration of similar structure with reducing intensity
will also create difficulty in subsequent analysis such
asimage segmentation and three dimensional recon-
struction. A heuristic method is developed to com-
pensate this attenuation effect.

There is several parameters can be adjusted
during the imaging process to get optimal images.
The supplied voltage to photomultiplier tube (PMT) is
a primary one to control the amplification of incoming
signals. Since the gain of a PMT is a function of the
supplied voltage, when taking an image stack from a
thick sample, it is possible to change the supply
voltage of the PMT to modify its amplification, and
thus compensate signal attenuation at different depth.
The output signal of a confocal microscope can be
shown as:

I=LxG(Vpmt)

where L is incoming light detected by the PMT, G is
the total amplification of the electronic system, Vpmt
is the supplied voltage to PMT and | is the output.

If we add appropriate compensation voltage
(Vcom) to the PMT supplied voltage (Vpmt), it will
increase or decrease the amplification on detected
signals. This will bring output signals from images at
difference depth to a similarintensity level. Therefore,
the intensity of an image at step i in an image stack
can be expressed as:
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I(i) = L(i) x G( Vpmt + V(i)com )

Then, the task is to select proper intensity repre-
sentation of the images, and calculate the compensa-
tion voltage base on them. One method to achieve
this is to let the microscope user to select similar
features (e.g. cell nuclei) in images obtained at differ-
ent depth, and derive the compensation voltage from
the images. Gererally, the features of interest in an
fluorescent image are composed of pixels with high
signal levels. Therefore, in an automatic approach,
the mean of a certain range of bright pixel value can
be used to calculate the compensation voltage.

Our heuristic algorithm to compensate attenua-
tion in an imaging stack can be summarized as:

1. The relationship between supplied voltage of the
PMT and signal intensity is measured from a
homogeneous sample of certain fluorescent dyes
such as 0.1% FITC in DMSO solution.

2. Atthefirstslice (the slice closes to the objective) of
an image stack, proper illumination intensity and
PMT voltage are selected in order to obtain optimal
image and with enough adjustment range of the
PMT voltage for later compensation. Acquire the
image and calculate the mean value of the bright-
est group of pixels.

3. Move the specimen to the position of last slice (the
deepest slice) and repeat step 2 with a proper
voltage setting.

4. Use the differences between the mean values from
step 2, 3 and data from step 1 to interpolate for
compensation voltage.

5. Start the sequence of acquiring a stack of serial
optical sections by adjusting the PMT voltage as a
function of the sectioning depth based on the
interpolated result.

A maize stem, fixed in a1:3 acetic acid/EtOH
fixative, dehydrated in EtOH and cleared in winter
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Fig. 1. Cross section of a maize stem. 1A: near the top surface of the sample; 1B: optical section obtained at a depth of 42um from the section
shown in 1A; 1C: optical section obtained at the same position as 1B but with proper compensation; 1D: optical section obtained at
the same position as 1B but with over compensation.
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Fig. 2. Intensity histogram of image 1B, 1C and 1D.

green oll, was used as the test sample. The 488nm
Ar ion line was used as the excitation wavelength
anda515nmlongpass filter was usedin the detecting
path. The image in Fig. 1A was taken near the top
surface of the sample (first slice). Figure 1B shows
the 21st slice which was 42um deeper than the
first slice. Figs. 1C and 1D were also taken at the
same position as Figure 1B, but with proper com-
pensation and overcompensation (2X of com-
pensation voltage). The intensity histogram of
these four images are plotted in Fig. 2. It clearly
demonstrates the compensation method was able
to move the histogram of an attenuated image ob-
tained from deeper slice up to a similar level in
comparison to the first slice.
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This intensity compansation process is in-
corporated into the control software (developed in
our lab at SUNY) for Olympus GR-200 laser scan-

ning confocal microscope running under Microsoft
Windows.
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A part from the ability to capture 3D images of
microscopic structures, a confocal laser scaning
microscope (CLSM) equipped with multiple detec-
tors allows one to add an extra dimension to the
data acquisition process by using fluorochromes
with different emission spectra. In these studies,
position and distribution of microscopic structures
such as DNA particles and cell nuclei are of particular
importance in studying the morphogenesis of the
samples of interest. For double labeling of DNA
replication sites, mouse 3T3 cells exponentially
grown on cover slips or synchronized at specific
times in S-phase were pulsed for brieftimes
(2-5 min) with CldU (chlorodeoxyuridune) followed
by a chase period and a second labeling with 1dU
(iododeoxyuridine), The pulsed cells were then fixed
(Nakayasu and Berezney 1989) and processed
for fluorescence microsocpy using monoclonal
antibodies, appropriate extraction conditions and
fluorochrome-conjugated secondary antibodies
which enabled differential recognition of sites of
CldU versus IdU incorporatio into newly replicated
DNA (Aten et al. 1992). Under the conditions used,
there is no measurable cross reaction between the
antibodies for CldU versus IdU labeled replication
sites. Figure 1 shows the two channel composite
image of a mouse 3T3 nucleus. In an effort to
automate the analysis of these microsocpic struc-
tures, we developed a host of image processing
and analysis techniques to process these multi-
channel 3D images. These techniques include pro-
cedures for leakage correction between channels
due to overlapping spectra of the fluorochromes,
linear and non-linear filtering methods to reduce
the effects of noise and image segmentation algo-
rithms to detect the replication sites (Ma et al.
1994a, Samarabandu et al. 1994b). In this article, we
present some of the segmentation and pattern
recognition procedures used at different stages.
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A three-dimensional imaging system such as a
confocal microscope encodes structural information
of an object in to a 3D array of gray levels. The task
of an image analysis system is to extract structural
information from this array of gray levels and
present it to the researcher in a form that allows
easy access to manipulate and extract morphome-
trical information (Samarabandu et al. 1991,
Samarabandu et al. 1993)

Segmentation is the process of classifying a
given pixel as the background or the structure of
interest. Once classified, each region needs to be
labeled with a unique number to allow interaction
with individual structures. Inorderto take advantage
of the regularity of the data,we devised the following

Fig. 1. Two channel composite image of a mouse 3T3 fibroblast.
original image was a 768 x 564x15 pixel image.
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Fig. 2.(a) Single channel composite image of a moouse 3T3 cell
nucleus showing the DNA replication sites. (b) Domains of
DNA replication sites obtained using the segmentation and
clustering algorithms.

sequence of steps to perform classification and
labeling.

1.Detection and numbering local maxim

2.Boundary formation

3.Three dimensional connected component
analysis

Steps 1 and 2 (detection of local maxima and
boundary formation) are performed on individual
two dimensional sections of the three dimensional
image. Step 3 (three dimensional connected com-
ponent analysis) uses boundary data on all sections.

The final task of the segmentation process is to
form three dimensional objects from individual con-
tours for each section of the 3D image. A unique
label for each contour is generated by taking the
section number as the two MSB's and the contour
number within the section as the two LSB's of a 32
bit number. During the first pass, labels of each
contour in one section are propagated to all over-
lapping contours of the next section. If a contour
inherits two or more labels from the previous
section, the lesser of them is assigned to it and an
equivalence relation is recorded among all the
competing labels. During the second pass, each
label is examined for any equivalence relations
and is replaced by the smaller of the equivalent
labels if one exists. During this process, various
statistics gathered for each section are accumulated
for each object. Details of these algorithms and
their performance was presented in a previous
article (Samarabandu et al. 1994b).

Determining the position and boundary of the
replication sites in three-dimensional space allows

(b)

us to apply pattern recognitio techniques to further
elucidate the 3D higher order assembly of individual
replication sites. In one approach, we applied the
above segementaiton procedure to each of the two
channel images separately and calculated the per-
centage of overlap for each replication site between
the two channels.

The next approach involved clustering the repli-
cation sites in to replication domains by grouping
them according to the distance between their
centers of gravity. The algorithm used in the pre-
vious section. Each particle is compared against
every other particle and if the distance is less than
a pre-set value, they are assigned the same domain
number. If the other particle already has a domain
number assigned, an equivalence relation is set
up between the domain numbers. finally, domain
numbers are consolidated with the equivalence
relation table. Figure 2 shows such domains for a
single channel image.
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There has been an increasing concern world-
wide about deterioration of coral reefs due to natural
and anthropogenic environmental perturbations.
At present, however, environmental monitoring of
coral reefs is limited by difficulties in recognising
coral stress, other than by measuring and document-
ing corals' mortality over time. Mortality generally
means that the major deterioration of the coral com-
munity has already taken place. Thus, more sensitive
means of detection of sub-lethal effects of stress
are urgently needed.

Recently, attention has more and more been
focussed on the symbiotic relationship of corals and
their dinoflagellate algae, commonly known as
zooxanthellae. The zooxanthellae release organic
nutrients to the coral host, which form the major
portion of the animal's nutrition and stimulate its
calcification (reviewed by Hinde 1988). The major
tropical reef-building coral species are all associated
with zooxanthellae, as are some temperate
corals, such as Plesiastrea versipora, which was
the species used in the present study.

Under optimal environmental conditions the
coral/algal symbiotic relationship remains stable
and only small quantities of zooxanthellae are
regularly expelled (Hoegh-Guldberg et al. 1987).
However, even relatively small environmental
changes can cause an increase in the rate of algal
expulsion (e.g. Hoegh-Guldberg & Smith 1989).
One sign of acute damage to coral reefs is mass
'bleaching', during which corals actively expel most
of their zooxanthellae (e.g. Glynn 1983).

Bleaching can also result from the ioss of algal
pigmentation (Kleppel et al. 1989, Szmant & Gas-
sman 1990), or more commonly, is a combination
of the two factors - loss of algae and loss of pho-
tosynthetic pigments (e.g. Szmant and Gassman
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1990). In either case, the host appears lighter or even
white in colour. The loss of symbionts leads to
the loss of organic nutrients which are normally
translocated to the coral host, leading to reduced
coral growth and often coral mortality (Glynn 1983).

Recently, a number of studies have shown that
a change in the rate of algal expulsion is a sensitive
response of corals to environmental stress (eg.
Muscatine et al. 1991, Gates et al. 1992). In addition,
the measurement of specific growth rates of zo-
oxanthellae in corals exposed to sub-lethal effects
of stress may also prove to be useful for monitor-
ing environmental impacts on these animals (Brown
1988).

Therefore, the determination of the sizes of
algal populations provides a potentially highly effec-
tive technique for detecting a reduction in coral
vitality well before sustained coral mortalities occur.
This study is a preliminary investigation of using
Confocal-Laser Scanning Microscopy (CLSM) as a
tool for monitoring coral health by quantitative as-
sessment of zooxanthella population densities,
their division rates and the changes in their morphol-
ogy.
Algal numbers are generally estimated either by
homogenising the whole animal or by macerating a
tissue sample and counting the cells on a
haemocytometer, while algal division rates are calcu-
tated from mitotic indices (ratio of dividing cells to
the total number of cells present) measured in such
populations (e.g. Hoegh-Guldberg and Smith 1989,
Gates et al. 1992). There are, however, no rapid
and accurate techniques for determining the
changes in algal morphology which may be as-
sociated with environmental change. Although
electron microscopy can provide an accurate
ultrastructural investigation of the algae, chemical
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fixation is a lengthy and tedious procedure and fre-
quently results in histological artefacts.

CLSM offers the advantage of high resolution
images obtained by optical sections of whole tissues
and individual algal cells. The collected images can
be stored on computer optical disc and statistically
analysed by image analysis software.

Small colonies of the temperate scleractinian
coral Plesiastrea versipora were used for these ex-
periments. They were maintained in flow-through
seawater tanks at 20-25°C. A set of colonies was
exposed to artificial light at approximately 80 mmol
quanta um? s (on a 12L:12D photoperiod) and
used for confocal imaging of zooxanthellae from
unbleached corals. Two other groups of coral colo-
nies were induced to expel large numbers of zo-
oxanthellae by either (i) maintaining the corals in
the dark for seven weeks, or (ii) by exposing corals
to heat stress (Gates et al. 1992). This was done
by increasing the seawater temperature by 7°C
for two days and subsequently maintaining them
at normal temperatures for the rest of the seven
weeks.

Prior to confocal imaging, colonies were
narcotised and a piece of tentacle was excised
with forceps for microscopic investigations. This
was sealed under a cover slip on a well-slide and
optically sectioned (oil immersion x100 objective)
using a Zeiss epifluorescence microscope. Images
were obtained from chlorophyll autofluorescence
produced by excitation by light at 488nm from an
argon laser and Voxel view software was used to
generate three-dimensional (3-D) reconstructions.

Confocal imaging produced detailed images of
the distribution of the zooxanthellae within coral tis-
sues, while transverse optical sections through
the algae clearly showed which cells were dividing
(Fig. 1). This technique, therefore, permits algal
population densities and algal mitotic indices to
be determined, provided a sufficiently large number
of samples are optically sectioned. Additional
quantitative information may be obtained by using
image analysis software for obtaining such data
as cell diameter, volume or numbers of degenerate
or irregularly shaped algae.

At high magnification, confocal imaging of the
zooxanthellae showed detailed structure of the
chloroplasts. The 3-D reconstruction of the optical
sections allowed the identiffcation of structural
changes associated with the effects of stress
not readily apparent when viewed under two-dimen-
sional light or electron microscopy. While chloro-
plasts of unstressed corals had the normal highly
lobed and compact appearance (Fig. 2 ), the chloro-

The scale bars for figures 1-3 are equal to 10mm and for figures 4-
6 are 5mm.

Fig. 1. A reconstruction from serial, confocal autofluorescence of
zooxanthellae within healthy coral tissues. Transverse
sections through algae show dividing cells. (30 optical
sections at 0.2 um intervals)

Fig. 2. Reconstruction of unstressed zooxanthellae showing sur-
face and internal structure of chloroplasts. (Reconstruction
depth 15 um)

plasts in corals subjected to bleaching showed
signs of different degrees of degeneration: a less
compact structure, probably a result of dissociation
of thykaloid membranes; breakage of chloroplasts
into minute fluorescing particles; prominent
holes in some chloroplasts; an enlargement of
accumulation body and an increased number of
crystalline inclusions (Figs. 3 - 6). Similar degenera-
tive changes have been found in senescent zo-
oxanthellae, which form a small percentage of the
total algae regularly extruded by corals and anemo-
nes (e.g. Steele 1975), but not present in any large
numbers within host tissues.

CLSM technigue has a number of advantages
over conventional microscopy: (1) it is fast, accurate
and easy to carry out and does not require com-
plicated staining and chemical fixation; (2) zo-
oxanthellae can be imaged in hospite, as this
allows their 3-D localisation within host tissues to
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Fig. 3.Degenerate chloroplast structure of zooxanthellae from
corals maintained in the dark, showing large holes and
dissociation of chloroplast lobes into pieces (25 sections at
0.4 um intervals).

Fig. 4. Zooxanthella in a coral stressed by temperature increase
(20 optical sections at 0.4 um intervals): (a) surface view
of reconstruction, showing chlorplast and inclusion
bodies; (b) view through mid-section, showing less com-
pact chloroplast appearance and signs of dissociation.

Fig. 5. Zooxanthella from coral at a more advanced stage of
bleaching (a) surface view; (b) mid-section showing degen-
eration and dissociation of chloroplast.

be investigated and prevents the development
of various changes associated with the isolation of
zooxanthellae from the host; (3) computer recon-
struction of the images allows 3-D viewing, manipula-
tion of optical sections, photography and statistical

—dh..

Fig. 6. Reconstruction of algal cells showing highly advanced
degeneration of chloroplasts: (a) diffuse structure of chloro-
plast lobes; (b) final stages of chloroplast degeneration.

analysis; (4) and the technique is relatively inexpen-
sive when compared to other methods used for the
assessment of sub-lethal stress on coral reefs.

The results of this investigation show that
CLSM provides a novel technique for monitoring
algal populations within coral tissues. More
importantly, confocal ultrastructural investigations
reveal differences between algae from stressed
and healthy corals. This represents a valuable
avenue for future research in the development of
techniques suitable for rapid and accurate appraisal
of sub-lethal damage on coral reefs.

REFERENCES

Brown BE. 1988. Assessing environmental impacts on coral reefs.
Proc. 6th Coral Reef Symp. 1988, Vol. 1. pp. 71-79.

Gates RD, G Baghdasarian, L Muscatine. 1992. Temperature
stress causes host cell detachment in_symbiotic cnidarians:
implications for coral bleaching. Biol. Bull. 182: 324-332.

Glynn PW. 1983. Extensive "bleaching" and death of reef corals on
the Pacific coast of Panama. Environ. Conserv. 10: 149-154.

Hinde R. 1988. Symbiotic nutrition and nutrient limitation. Proc. 6th
Coral Reef Symp. 1988. vol. 1. pp. 199-204.

Hoegh-Guldberg O, LR McCloskey, L Muscatine. 1987. Expulsion
of zooxanthellae by symbiotic cnidarians from the Red Sea.
Coral Reefs. 5: 201-201.

Hoegh-Guldberg O, GJ Smith. 1989. The effect of sudden changes
in temperature, irradiance and salinity on the population
density and export of zoosznthellae from the reef corals
Stylophora pistillata (Esper 1797) and seriatopora hystrix
(Dana 1846). J. Exp. Mar. Biol. Ecol. 129: 279-303.

Kleppel GS, RE Dudge, CJ Reese.1989. Changes in pigmentation
associated with bleaching of stony corals. Limnol. Oceanogr.
34: 1331-1335.

Muscatine L, D Grossman, J Doino. 1991. Release of symbiotic
algae by tropical sea anemones and corals after cold shock.
Mar. Ecol. Prog. Ser. 77: 233-243.

Steele RD. 1975. Stages in the life history of symbiotic zooxanthel-
lae in pellets extruded by its host Aiptasia tagetes
(Coelenterata, Anthozoa). Biol. Bull. 149: 591-601.

Szmant AM, NJ Gassman. 1990. The effects of prolonged "bleach-
ing" on tissue biomass and reproduction of the reef coral
Montastrea annularis. Coral Reefs. 8: 217-224.



Zoological Studies 34, Supplement | (1995)

Zoological
Studies

Two-color Confocal Fluorescence Microsocpy with Improved Channel
Separation; Applications to Neuroscience

Kjell Carlsson' and Brun Ulfhake?

"Physics IV, The Royal Institute of Technology, S-100 44 Stockholm, Sweden
2Department of Neuroscience, Karolinska Institute, S-171 77 Stockholm, Sweden

Intensity-modulated, multiple-beam scanning
(IMS) is a new technology that drastically reduces
cross-talk between the channels in multi-color confo-
cal fluorescence microscopy (Carlsson et al. 1994).
Experiments performed on free fluorophore in
solution showed that for FITC (green fluorophore)
and Lucifer Yellow (green-yellow fluorophore)
no cross-talk at all could be detected when using
the IMS method. With conventional detection tech-
nigues (i.e. using color filters to separate the light
from different fluorophores), these fluorophores
produce extensive cross-talk between the detector
channels (10-70%). For the red fluorophores
TRITC and Texas Red the cross-talk was reduced
by an order of magnitude when using IMS. The
rationale for application of the IMS technique for use
with multi-colored specimens in biology, is that a
number of the most useful fluorophores such as
Lucifer yellow, FITC and Cyanine-3.18 all are notori-
ously difficult to separate by using filters only. The
aim of the present study was to assess the
performance of the IMS method when applied to
neuronal tissue specimens, single- or dual-labeled
with widely used fluorophores. In the experiments
the specimen was simultaneously illuminated by
the laser wavelengths 488 nm and 568 nm, modu-
lated at different frequencies in the MHz region.
The laser power reaching the specimen was be-
tween 0.2 and 0.4 mW depending on the objective
used. These light intensities are well below those
reported to cause fluorophore saturation problems.
Detection was performed by two photomultiplier
tubes (PMTs) with filters for the green (615-545 nm)
and red (590- nm) wavelength regions respectively.
The outputs from the two PMTs were connected
to two lock-in amplifiers tuned to the same frequen-
cies as the laser beams. Two different objectives
were used, 40/1.0 and 63/1.4, depending on the

56

type of specimen profiles studied. To compare the
IMS technique with conventional detection, identical
measurements were also performed in the same
confocal microscope, but without using the lock-in
detection technique.

The studied specimens were from rat spinal
cord that was single- or dual-labeled with the
fluorophores FITC, Lucifer Yellow (LY), Texas
Red (TR), Lissamine Rhodamine (LRSC), and Cya-
nine-3.18. Labeling was performed by using direct
intracellular (IC) injection of the fluorophore and/or
by use of indirect immunocytochemistry. Thus,
neurons were labeled either IC with Lucifer Yellow
or by an antibody that recognizes MAP2, a cytoske-
letal protein, that was made visible by a FITC-
conjugated secondary antiserum. Axons were la-
beled with antisera raised against various
neuromodulatory peptides (CGRP, enkephalin,
substance-P), growth factor GAP-43 and/or the
transmitter serotonin (5HT). A variety of secondary
sera, conjugated to FITC, Cyanine-3.18, LRSC or
Texas Red were deployed to make these markers
visible. Comparisons of different fluorophores
were made using adjacent sections from the same
animal incubated with the same primary antibody.
The different fluorophores were evaluated both in
single- and dual-labeled specimens. Recordings
were made from tissue section series from six ex-
periments. For each fluorophore, or combination
of fluorophores, between two and eight recordings
were made. In the first experiment single-labeled
specimens were studied. In order to work with
realistic sensitivities in the two detecticn channels,
we first recorded the corresponding dual-labeled
specimens and adjusted the PMT voltages to obtain
a similar signal level in both channels. This balance
was then retained when recording single-labeled
specimens.
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Evaluation of the recorded image pairs was
done by manually selecting and encircling relevant
specimen regions, such as axon-, cell body- or
dendritic-profiles. For each region the average light
intensities in both detection channels were calcu-
lated. In each image pair, several regions (~10)
with different light intensities were selected.
Thus, the light readings were spread out over a
large part of the intensity range 0-255. Linear re-
gression analysis was then carried out for the
intensity readings of the two channels in each

(b)

image pair. The slope of the regression line re-
presents the level of cross-talk between the chan-
nels. By calculating the correlation coefficient, we
could also assess whether these values were
significant with respect to the statistical fluctua-
tions.

Fig. 1 shows examples of images obtained from
specimens labeled with FITC and LY. For
both fluorophores the IMS technique performs much
better than conventional detection - cross-talk is
reduced to negligible levels in both cases. Figure
2 shows the regression lines for the images in

(c)

(d)

Fig. 1. Examples of single-labeled specimens recorded using non-IMS (i.e. color filters only) and IMS detection methods. Ineachimage pair
the left image shows the green channel and the right one the red channel. Pseudo-colors ar used to illustrate the intensity levels.
a)FITC-label indicating CGRP-LI in rat spinal cord dorsal homn; non-IMS. b) Same as a), but IMS recording. c) Spinal cord neuron
labeled intracellularly with Lucifer Yellow; non-IMS. d) Same as c), but IMS recording. Scale bar=5 pm.
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Fig. 2. Regression lines between the two detection channels for the images shown in Fig. 1. a) FITC-labeled specimen. The cross-talk levels
are 15 % (non-IMS) and 0 % (IMS). Correlation coefficients of 0.99 and 0.08 respectively were obtained. b) LY-labeled specimen.
The cross-talk levels are 61 % (non-IMS) and 2 % (IMS). Correlation coefficients of 1.00 and 0.19 respectively were obtained.
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Fig. 1. In Table 1 results from cross-talk measure-
ments on 30 image pairs (six of each for all five
fluorophores) of single-labeled specimens are com-
piled. It can be seen that the cross-talk differs con-
siderably between different recorded images. This
is due to the fact that the strengths of the two fluores-
cent labels in the corresponding dual-labeled
specimens display large variations. Since the dual-
labeled specimens were used when setting the
PMT voltages of the two channels, these variations
will affect the level of cross-talk recorded. It is
therefore meaningless to talk about one specific
cross-talk level - it will depend strongly on the speci-
men, the labeling technique, and the excitation
wavelengths and filters used. Table 1 therefore
gives authentic examples of real situations, rather
than a standard for cross-talk. It should be men-
tioned that many of the cross-talk levels given for
the IMS method are uncertain because of low cor-
relation coefficients. This is due to the fact that

Table 1. Results of cross-talk measurements (%) in
30 image pairs of single-labeled specimens

non-IMS IMS
Fluorophore
Average | Range Average| Range

FITC 13.0 6.3-23.7 1.4 -1.4-3.7
LY 36.9 6.8-71.5 3.2 -1.2-11.2
TR 1.2 |0.8-1.7 0.3 0.0-0.9
LRSC 15 [1.0-1.8 0.5 0.1-1.1
Cyanine-3.18 22 13829 0.4 0.2-0.7

many values are so small as to be difficult to
measure; in such cases statistical fluctuations
may appreciably influence the results, and even
give negative cross-talk values.

The dual-labeled specimens were recorded
and evaluated in the same way as the single-
labeled ones. However, the results are more varied
and difficult to interpret. This is in part due to a
varying degree of co-localization for the two
fluorophores. Moreover, in specimens labeled
with more than one marker there is also a risk for
interaction which is not evident in single-labeled
specimens and this is particularly a problem when
using immunocytochemical labeling techniques.

In summary, we here report that applying the
IMS technique to confocal fluorescence microscopy
will substantially suppress unwanted cross-talk be-
tween labels, thus enabling the use of fluorophore
combinations such as Lucifer yellow and Cyanine-
3.18.
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A Study of the Dynamics of Solid Surfaces and Manipulation of Atoms
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Understanding the dynamical behavior of solid
surfaces and the physical properties of nanometer
size material structures as well as developing new
methods for producing these structures are be-
coming more and more important as high-tech
materials and devices are getting smaller and
smaller every year. Using the atomic resolution
field ion microscope and scanning tunneling
microscope, we have been studying the atom dy-
namics of metal and semiconductor surfaces, and
methods and principles for creating atomic size
structures on these surfaces. The atom dynamics
we have studied include random and directional
walks of single atoms, the mechanisms of the
atomic jump in these walks, surface atomic recon-
structions and electronic charge redistributions as
a result of quantum confinement effects and elec-
tron-phonon coupling or lattice strain, etc. We also
find new methods for creating atomic size material
structures, study the principles of these methods
and the physical properties of these nanometer
size structures.

In our study of single atom diffusion, we find that
Ir atoms diffuse on the Ir (001) surface by atomic-
exchange-displacement mechanism instead of
the conventional atomic hopping mechanism. This
mode of surface diffusion can occur already at
220 K. For Re adatoms on the same surface, Re-Ir
dimer-vacancy complexes can be formed at about
240 K, and diffusion of these complexes can occur
at this temperature via different mode of diffusion.
Above 280 K, the complex can dissociate. Once it
dissociates, the Re atom will substitute into the
top surface layer. From earlier studies we know
when diffusion adatoms encounter a lattice step,
they will either be reflected or will descend the step.
The question is when diffusing adatom on a terrace
encounter a lattice step, can they ascend the step.
Up to now nobody has ever observed the ascending
motion of adatoms. We have recently succeeded
in observing the ascending motion of Ir atoms at
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the Ir (111) step. We also successfully measured
the activation energy of this ascending motion as
well as the dissociation energy of step edge atoms.

In our STM studies, we have found new methods
for creating nanometer holes and mounds on Pt and
Au surfaces, and clarified the mechanisms for the
atom transfer process. In vacuum, we now can
create a single atom vacancy on the (7<7) recon-
structed Si (111) surface and refill it with an atom
from the tip. We can also induce an atomic motion
at the sample surface using the probing tip. In air
and insulating liquid, holes of 2 to 3 nanometer
sizes can be created on the Pt surface by applying
a positive voltage pulse of a few volts and width of
about 0.1 s. For the Au surface, both hole and
mounds can be created but the latter have a much
higher probability. We have also observed new
periodic image structures which arise from elec-
tronic charge redistributions as a result of the con-
finement effects of domain boundaries and lattice
steps. These new structures can be observed only
in a very narrow energy window near the Fermi
level. They show unique electronic characters,
but the structures are also closely correlated to the

Fig. 1. A field ion image of an Ir tip showing many small crystal
faccets.
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Fig. 2. Two atomic maps of Taiwan created on the Si (111). The size is 70 nm x70 nm.

original atomic arrangement of the surface. Such
structures can also be induced by strain field
produced by voltage pulse created nanometer
holes plus a domain boundary. These holes can be
filled up by surface diffusion. Once the holes are
gone, these periodic image structures also disap-
pear.

Thanks are expressed to my coworkers of
these works C. L. Chen, Y. R. Tseng, T.Y. Fu, C.S.
Chang and W. B. Su, R. L. Loand T. C. Chang.
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INTRODUCTION

The significance of electron microscopy as a
tool in structural molecular biology is directly re-
lated to the resolution that can be reached. In
general, the goal should be to obtain information
at a level which allows an accurate spatial localiza-
tion of all the building blocks of a biological macro-
molecule such as the amino acids of a protein. Re-
cently, this has been achieved for two membrane
proteins (Henderson et al. 1990, Kihibrandt et al.
1994). A requirement has been that protein moi-
ecules be arranged on a lattice forming a two-dimen-
sional crystal. If such an array is sufficiently large
and well ordered, averaging can produce signifi-
cant high resolution information. Thus, it is pos-
sible to circumvent one of the fundamental pro-
blems in high resolution biological electron micros-
copy: the conflict between using a sufficient
number of electrons to produce significant contrast
and protecting the specimen from the dose depen-
dent beam damage.

Electron crystallography is a method which is
of particular interest to the study of membrane
proteins. Formation of two-dimensional crystals
can be induced in a natural membrane environ-
ment with phospholipids, and such thin specimens
are ideal objects for electron microscopy. In the
present work, we have obtained large and well
ordered two-dimensional crystals of a membrane-
bound detoxification enzyme - microsomal glutath-
ione transferase (molecular weight of the monomer
17.3 kDa). Image data obtained through electron
cryomicroscopy and subsequent image processing
including compensation for lattice disorder and
phase contrast reconstruction has resulted in a
projection structure at 4 A resolution that allows
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interpretation in terms of secondary structure ele-
ments.

MATERIALS AND METHODS

Pure microsomal glutathione transferase was
solubilized in 1 % Triton X-100 and mixed with
bovine liver lecithin at a lipid to protein molar ratio
of approximately three. Slow removal of the deter-
gent was obtained through dialysis. The frequency,
size and order of crystalline domains were moni-
tored following negative staining. Image acquisition
and on-line Fourier transformation were per-
formed with a Tietz slow scan CCD system at-
tached to a Philips CM120 electron microspope.
High resolution images were collected on film at
200 kV with a Jeol 2000EX. The specimens were
stabilized in tannin and cooled by liquid n_itrogen
(Wang and Kuhlbrandt 1991). Some of thg images
were subjected to image processing which included
compensation for lattice disorder and phase con-
trast reconstruction (Henderson et al. 1'986).
A weight function was applied to the final image

amplitude data.

RESULTS AND DISCUSSION

Removal of the detergent resulted in a sponta-
neous formation of vesicles and membrane
sheets. About 20 % of them contained microsomal
glutathione transferase arranged on a lattice
(Fig. 1a). These 2D crystals often measured
about 1 um in cross section and consisted of a
single layer of protein molecules. An R-value test
determined the projection symmetry to be pgg and
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the unit cell dimensions were a=b=90.5 A. The
scanned areas (4400*4400 pixels at a pixel size
on the specimen level of 1.4 A) contained about
4000 unit cells. The lattice distortions were re-
latively small as measured by deviations from a
perfect least-squares adapted lattice. The Fourier
transforms of the images contained significant
information extending to 4 A. The phase residual
was typically 20 to 25 degrees for 320 observed
reflections.

The unit cell contains four tightly packed protein
domains forming a staggered pattern (Fig. 1b). A
local three-fold axis relates three molecules into a
trimeric structure. The presence of a trimer is con-
sistent with indications from other experiments
(Morgenstern et al. 1982, Boyeretal. 1986, Lundgvist
et al. 1992). Thus, we conclude that microsomal
glutathione transferase is a trimer in the mem-
brane-bound state. The projection structure of
each trimer can be described as consisting of two
concentric rings (Fig. 1c). The innermost of these
has a triangular shape and is subdivided into
six strong densities that have a center to center
distance of 10 A. In addition, the Fourier transform
has strong reflections at the corresponding spatial
frequency. Thus, we interpret the inner core as
consisting of six parallel o helices with the helical
axes running perpendicular to the plane of the
membrane. These helices delineate a central
featureless region. The outer ring consists of
three elongated domains that do not form a com-
pletely closed structure. Since CD spectroscopy
measurements have indicated the presence of B
structure in microsomal glutathione transferase,
this may correspond to § strands running more or
less perpendicular to the plane of the membrane
as in bacterial porins (Weiss et al. 1991, Cowan
et al. 1992).

Interestingly, soluble glutathione utilizing en-
zymes have a common structural motif consisting
of two parallel o helices and four (§ strands (Dirr
et al. 1994). The projection of this conserved
domain along the helical axes presents a structure
that fits the projection of microsomal glutathione
transferase as determined in the present work.
This indicates that a similar glutathione binding
domain could be present also in this membrane-
bound form. In addition, this would mean that
the microsomal glutathione transferase consists
of both o helices and [ structure. This has not
been observed in other membrane proteins that
have had their structures determined at high re-
solution (Cowan and Rosenbusch 1994). An
alternative interpretation that can be made from

the projection data alone is that the elongated
outer domain contains one or two slightly tilted
helices. The sequence of microsomal glutathione
transferase predicts at least three membrane in-
serted domains. One of these is known to pass
through the lipid bilayer (Andersson et al. 1994).

In the present work we have demonstrated
the formation of large, well ordered 2D crystals
of membrane-bound microsomal glutathione
transferase. From electron crystallographic an-
alysis it can be concluded that the protein forms
trimers. Each of these consists of two parallel o
helices and an elongated domain that could arise
from a [ sheet or tilted o helices. The projection
structure resembles the glutathione binding
domain found in soluble proteins with a similar
catalytic function. Obtaining a more detailed model
of the membrane topology will require the recording
of three-dimensional data. This work is now in pro-
gress and it is hoped that this will allow localization
of all the 154 amino acid residues of the protein

Fig. 1.(a) Electron micrograph of membrane sheets containing
two-dimensional crystals of glutathione transferase. The
specimen was stained with urany| acetate. Scale bar 1 pm.
(b) Projection map of the unit cell of the microsomal glu-
tathione transferase two-dimensional crystals after image
processing including data to 4 A resolution. The unit cell
dimensions are a=90.5, b=90.5 A and one asymmetric
unitcontains one trimer of the protein arranged about a local
three-fold symmetry axis. (¢) The microsomal glutathione
transferse trimer after imposing three-fold symmetry. The
inner core consists of six parallel transmembrane o helices
oriented with their helical axes perpendicular to the plane of
the membrane.
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monomer. Such a result is of interest, not only for
understanding the functional properties of this pro-
tein, but also as contributing to the knowledge
of membrane protein structure. Since this large,
important yet elusive group of proteins is difficult
to study with other structural methods, electron
crystallography may provide a tool which can be
applied more generally. It would be advantageous
if the requirement to form large and well ordered
cystals of the proteins could be relaxed to some
extent since this could still be a limiting factor. In-
strumental aspects play a key role in such a develop-
ment.
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The Use of Nano-scatterer for Near-field Scanning Microscopy
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Near field scanning optical microscope (NSOM)
is a version of laser scanning microscope (LSM),
in which a laser beam and a point detector image
is scanned on the sample surface in two or three
dimension. The resolution of NSOM is given by
the actual size of the probe rather than the wave-
length of the light due to diffraction, which is the
case of LSM and conventional microscope.

A variety of probes have been designed for
NSOM; most of them have small apertures at
their tips. The aperture collects the evanescent
photons localized near the sample surface, or it
illuminates the local area of sample surface with
evanescent photons. In this presentation, we de-
scribe the use of small scatterers rather than
small aperture for observing super-resolving
optical near field images. The scatterer converts
evanescent photons localized near the sample
surface to the propagating ones which can be de-
tected in the far field from the sample. In this presen-
tation, we present two types of probe as photon
scatterer and the methods to control the probe posi-
tion.

Fig. 1 illustrates the optical configuration
of NSOM with a scatterer probe. A laser beam
focuses on a position of the sample surface and
a point detector focuses on the same position
where a scatterer probe is placed. This configura-
tion is the same as the LSM configuration except
that the scatterer probe exists in the laser-beam
spot. Since the probe is placed very near the
sample surface, it can scatters evanescent
photons produced with the fine structure of
sample finer than the wavelength of light. Such
evanescent photons do not propagate to the far
field from the structure because the spatial
wavenumber of evanescent photons normal to
the sample surface is imaginary. The photons
scattered at the probe tip are detected in the far
field with a photodetector.
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Fig. 2 shows an example of near field
image(10umx10um) obtained by scanning a
metallic scatterer (Platinum Iridium needle with the
apex of 50nm) on the surface of the sample. The

Photodetector

Fig. 2. NSOM image of murine embryonal myocardial cell.
(10umx10nm)
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sample is murine embryonal myocardial cell. The
laser used for this experiment was a laser diode of
670 nm (10mW). The beam was incident on the
sample which was on a prism with the condition
of total internal reflection. The tip of metallic probe
shines (scatters photons) when it is inserted in
the near field of the sample surface. By vibrating
this probe (with the amplitude of 0.5 nm), only the
conversion of evanescent photons localized near
the sample structure to ordinary photons is detected
with lock-in detection technique (Inouye et al. 1994).
The distance between the probe and the sample
surface is controlled by ~1 nm by regulating the
electron tunneling current between the metallic
probe and the metal thin film (of the thickness of,
for example, 35 nm) coated on the sample (Inouye
et al. 1995). This regulation technique results in
the STM image detection in addition to the NSOM
image detection. Fig. 3 shows the STM image of
the same area of Fig. 2.

Since this probe does not contain an optical
waveguide inside nor the small aperture at the tip,
it could be sharp and small enough to attain uitra-
high spatial resolution for both NSOM and STM
imaging.

Another method we present here is the use of
laser trapping technology for controlling the probe
position (Kawata et al 1994). A small dielectric
probe isolated from the arm is trapped with a
focused laser beam near the sample surface.
Fig. 4 show the experimental system of this

Fig. 3. STM image of the same area of the same sample as shown
in Fig. 2.

scattered light

pinhole IR cut filter

excitation light€—>
cut filter 2

personal
computer

Xy
stage

Fig. 4. NSOM with a laser-trapped probe.

NSOM system. The probe is trapped laterally on
the optical axis; vertically it is pushed towards
the sample surface by setting the focal position of
the laser beam at the bottom of the probe.

Fig. 5 (a) and (b) show experimental examples

Fig. 5 (a)NSOM image of a polystyrene sphere in PMMA film.
(3.2 um x 3.2 pm) ’

Fig. 5(b)NSOM image of aggregated polystyrene spheres in
PMMA film. (1.6 um x 1.6 pm)
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obtained with the developed NSOM. The samples
are a polystyrene sphere (100 nm¢; refractive
index of 1.59) and its aggregation, respectively. The
samples are dispersed in PMMA film (refractive
index of 1.49) of the thickness of 100 nm. Since the
surface is flat, the image of polystyrene spheres
can not be observed either with STM or AFM. Only
NSOM gives the optical image of the sample. Fig. 5
(b) shows two-point resolution of 100 nm.

Some more experimental results with the inter-
pretation of NSOM images, such as polarization
dependency, nonlinearity, and parameter depen-
dency, will be presented in the presentation.
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INTRODUCTION

The outstanding role of confocal fluorescence
microscopy in modern biological research results
from its optical sectioning capability, which allows
three-dimensional analysis of thick specimens
(Shotton 1989). This property is due to the com-
bination of point-like light sources and detectors,
such that the illumination and detection volumes
are restricted. Only their common volume is re-
levant to the confocal observation volume. The
smaller it is, the better is the resolution. The per-
formance of a confocal microscope is therefore
primarily specified by the extent of the confocal
point spread function (PSF), which can be deter-
mined according to several criteria. Since confocal
theta microscopy (Stelzer and Lindek 1994) provides
different resolutions along the three axes, it
makes sense to introduce a three-dimensional
resolution criterion, e.g., the volume enclosed by
the isosurface at half maximum of the PSF (VHM -
volume at half maximum) (Lindek et al. 1994a).
For high-resolution microscopies the VHM is in
the range of al (attoliters, 1 al = 10° nm?).

Even with a high numerical aperture (NA)
oil-immersion objective lens, illumination and
detection are performed over only about 30% of
the total solid angle. This gives rise to a PSF that
is elongated along the optical axis, which implies
that the lateral resolution of any conventional
or confocal microscope is better than its axial re-
solution. Therefore, especially during the past
few years a lot of work has been devoted to the
improvement of the axial resolution (Sheppard and
Gong 1991, Sheppard and Gu 1991, Hell and Stelzer
1992, Bailey et al. 1993, Stelzer and Lindek 1994).

Recently, the development of multi-objective-
lens microscopes has revealed new prospects.
The 4Pi-confocal microscope (Hell and Stelzer 1992)
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has an increased aperture due to coherent il-
lumination and/or detection through two opposing
lenses. Therefore interference modulates the
PSF along the optical axis, and resolution is
improved. The confocal theta microscope (Stelzer
and Lindek 1994) uses two orthogonally placed
lenses to illuminate the sample and to detect
the fluorescence light, thereby eliminating the
elongation of the PSF along the illumination
axis. Both methods have their characteristics
and advantages: In 4Pi-confocal microscopy,
high-NA oil-immersion objective lenses have to
be used to reduce the number of interference
maxima (Lindek et al. 1995). This also guarantees
high spatial resolution, but will only allow the
investigation of thin samples because of the use
of interference and because of the short working
distance. In confocal theta microscopy, the
mechanical arrangement requires the use of objec-
tive lenses with a moderate NA (the maximum
with water immersion is 0.94). However, water-
immersion objective lenses with a long working
distance can be used, so no aberrations are
induced by a refractive-index mismatch (Hell et al.
1993) and one may work with large biological
specimens in an aqueous medium (Stelzer et al.
1995).

A CONFOCAL THETA MICROSCOPE WITH
THREE OBJECTIVE LENSES

The idea of confocal theta microscopy is to use
a second objective lens to collect the fluorescence
light at an angle to the illumination axis. This
diminishes the overlap of the illumination and
detection PSFs and thus increases the resolution
(Fig. 1). The smallest extent of the PSF is reached
when the detection axis is orthogonal to the i-
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Fig. 1.The iQea of confocal theta microscopy. The detection PSF
(red) is orthogonal to the illumination PSF (green). Thus,
the overlap is restricted to the region close to the geometri-

cal focus, and the confocal theta PSF becomes almost
spherical (blue).

|| [
06 04 02 0 02 04 06

X [um]

Fig. 2.Contour plots of the confocal (a) and confocal theta (b)
PSFs for an orthogonal setup (illumination wavelength 488
nm, detection wavelength 520 nm, NA = 0.94).

Ilgmunation axis (Fig. 2). In practice the barrel
diameter of currently available objective lenses
only allows an arrangement with water-immersion
lenses of NA =0.75 at an angle of 102, (Carl Zeiss,
Oberkochen, Germany).

Ho'wever. this has only little influence on the
resolution, and a setup with these lenses still has
a four times better axial resolution and a three
tm_aes smaller VHM than a confocal microscope
using a lens with the same NA (for an illumina-
tion wavelength of 488 nm and a detection wave-
length of 520 nm) (Lindek et al. 1994b).

An instrument with three of these objective
lelnses has been built at the European Molecular
Biglogy Laboratory (EMBL) (Lindek et al. 1994b).
It is a stage-scanning instrument set up on both
sides of.an upright bread-board (Fig. 3). The
sample is suck onto a patch-clamp capillary
that moves it through the common focus of the objec-
tive lenses.

The setup with three lenses is very flexible and
allows several microscopies to be realized:

-_Three confocal views are possible. With a
single-objective-lens microscope different views
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Fig. 3. Photograph of the illumination side of the confocal theta
microscope.

are only possible if the sample is rotated (Shaw
1990, Bradl! et al. 1992). However, a rotation or a
deformation of the sample can cause trouble
when evaluating the images. The present instru-
ment has the advantage of allowing observation
from three sides without moving the sample.
*Various theta microscopies are possible,
since each objective lens can be used for illumina-
tion and for detection. The fluorescence intensity
is recorded with two photomultipliers, which allows,
e.g., the simultaneous imaging of two fluorophores
in two different microscopy modes.

*The use of two different lasers (a pulsed tita-nium-
sapphire laser that can induce two-photon
absorption and an argon ion laser) increases
the number of microscopies even further and
allows various fluorescent dyes to be excited
(Fischer et al. 1995).

APPLICATIONS

The microscope has been designed for biologi-

cal applications with living specimens and is well
suited for developmental biology:
*Since the immersion medium is water, no aberra-
tions are introduced by refractive-index mismatch
when biological samples are observed in aqueous
media.
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*The working distance of moderate-NA water-immer-
sion lenses is quite large, which makes the micro-
scope ideal for the observation of thick sampies.

First measurements proved the feasibility and
the resolution improvement of confocal theta mi-
croscopy (Stelzer et al. 1995). The absence of the
elongation along the illumination axis and the
better quality of theta images were documented
with fluorescent beads. Experiments with a mouse
embryo showed that biological material can be
handled and that the effect of orthogonal detection
also appears clearly when working with biological
specimens.

CONCLUSION

Progress in three-dimensional microscopy

aims at instruments with a high resolution. This

is achieved with the confocal theta microscope,
which provides the best resolution ever presented
in light microscopy for the investigation of mil-
limeter large biological samples.
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Resolution beyond the Diffraction Limit: 4Pi-confocal, STED, and GSD
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In far-field light microscopy resolution is deter-
mined by diffraction. In a far-field light microscope
such as the confocal scanning light microscope,
the resolution is governed by the extent of the
squared intensity distribution in the focal region.
Precise measurements of the confocal PSF
(Brakenhoff et al. 1979, Hell et al. Appl Phys Lett,
64, 1994, Schrader et al. 1995) have shown that
the axial and lateral resolution of a confocal
microscope (NA=1.4 oil, A= 633 nm) is 520nm and
200nm (FWHM), respectively. At a wavelength of
375nm, this amounts to a resolution of 300 nm
(axial) and 120 nm (lateral), obtainable with a confo-
cal microscope of high aperture.

A 3-7 fold increase in axial resolution is achieved
with a 4Pi-confocal microscope (Hell 1990, Hell et al.
1992). The 4Pi- confocal micro-scope uses two
high numerical aperture objective lenses that are
used coherently for illuminating or detecting the
same point in the object space. The present
paper deals with the latest develop-ments in the
field of 4Pi-confocal microscopy. The Optical Trans-
fer Functions (OTF) of 4Pi-con-focal microscopies
oftype A, B, and C asrealised in Oxford are measured
and compared with their standard confocal counter-
part. The application of the three point deconvolu-
tion of Hanninen et al. (App! Phys Lett, in press)
demonstrates an axial resolution of 140 nm
(4Pi type A,B and 2-photon excitation type A) of
75nm (4Pi type C) at a (com-paratively long!) wave-
length of 633 nm. Furthermore we show that
the increased axial bandwidth of the 4Pi-confocal
OTF (Gu and Sheppard, JOSA A, 1994) can be used
to determine the axial distance between two point
objects with a high precision.

Furthermore we discuss STED-fluorescence
microscopy which is a concept to overcome the
diffraction resolution limit in lateral direction Hell and
Wichmann (Opt Lett, 19, 1994). The resolution in-
crease is based on the reduction of the lateral extent
of the effective PSF in a scanning fluorescence
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microscope by preventing exited fluorescent
molecules from undergoing spontaneous emission.
This is achieved by depleting the excited molecules
at the edge of the focus by stimulated emission. The
physics of the lateral resolution increase as well
as the depletion process is discussed and demon-
strated.

An althernate but related concept of depleting the
ground state of the fluorophore (Ground State Deple-
tion Microscopy) is introduced.

Measured Optical Transfer Functions (NA=1.4", il A.= 633 nm)

140 nm axial resolution in chromosome sample atan
excitation wavelength of 750 nm (!)

640 nm 140 nm

4Pl - conf
(Fig. Hanninen et al. Appl Phys Lett, in press)

2-phot conf
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Conjugated Polymers Studies by Near Field Optical Microscope
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We have used the near field optical microscope
(NSOM) to study the inhomogeneity as well as in-
itiate photochemical processes in conjugated poly-
mer films. A simple transmission-mode near field
optical microscope is constructed for these purposes.

Light emitting diode ( LED ) based on conjugated
polymers offers the flexibility of plastic and quantum
efficiency approaching the inorganic LED. However
the inhomogeneity is a integral part of conjugated
polymers film due to the fabrication processes
hence NSOM is an ideal tool for such studies at
deep sub-micron length scale.

A simple transmission mode NSOM is con-
structed for such purposes. It is built around a com-
mercial AFM scanning stage and a Si photo-
detector. The schematic of the microscope is
shown in Fig. 1. A special design sample holder
is used to mount a 1 cm?, 250 um thick Si PN
planar photo-detector. This NSOM can provide
topographic (AFM) and optical images simulta-
neously.

Fig. 2a shows the topographic image while Fig.
2b is the NSOM images of thin conjugated
polymer, DP-PTV, films. The NSOM image offers
the contrast at shear force image does not provide.
The bright spot shown in Fig. 3 is due to the x bond
breaking by the tapered fiber tip. Hence the NSOM
can also be used to initiate the photochemical
processes in light emiiting polymer films.

NSOM has also been apply to study the phase
separation phenomena in conjugated polymer,
polyanilide. Fig. 4a is the topographic and the
Fig. 4b is the corresponding NSOM images. It is
expected that if the NSOM contrast comes from
only the sample thickness inhomogeneity then
there should be a one-to one corresponding be-
tween the topographic and NSOM images. The
place that is high in topographic should also be
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dark in NSOM images. It is clear that in certain area
of the images this relation is not hold. In NSOM
images, there is a bright strip, but in shear force
image there is no corresponding height variations.
bright strip in NSOM image but no corresponding
in topographic images. Currently we are investigat-
ing the wavelength dependence of the above phe-
nomena.

l Near Field Light

Feedback Detector

[ ]

Planar photodiode detector

Shear Force Light

-1 \

Sample holder ——»

R High gain low

PZT scanner

oise amplifier

Computer and |
High Voltage |
OP

lock-in amplifier

Y lock-in amplifier

A-B input in AFM Feedback circuit

—

Fig. 1. The schematic of the transmission near field optical micro-
scope.
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(a) (b)

Fig. 2. The topographic and NSOM image of conjugated polymer
DP-PTV film.

Fig. 3. The photo-chemical processes initiate at DP-PTV film by
NSOM.

In conclusion, it is demonstrated that NSOM
can not only be used to probe the conjugated poly-
mer fiims but also to modify their properties at
sub-micron length scale. It should also be possible
to use NSOM to induce elimination reactions in
precursor polymer films. This research is partly
supported by National Sciences Council in Taiwan,
ROC.

(b)
Fig. 4. (a) the topographic and (b) the NSOM images of polyanilide.
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Cationic liposomes have become a popular
transfection vector for gene delivery in vitro as well
as in vivo. Because of their efficiency and ease of
production, handling, and quality control, these
liposomes provide an excelient alternative mode
to viral vectors. Aminolipids such as 1, 2-bis
(oleoyloxy)-3-(trimethylamonio)propane (DOTAP)
have been used as cationic components of these
liposomes. Yet, in spite of wide use of these lipo-
somes, results have not been consistent, mainly
because the mechanism of their cellular uptake is
not entirely clear, and the factors affecting the
uptake efficiency are not known.

In most cases, DOTAP and other cationic lipids
work better as a delivery vector when mixed with
a non-bilayer-preferring phospholipid such
as dioleoloyl phosphatidylethanolamine (DOPE).
These liposomes form complexes with negatively
charged DNA; the residue positive charges in
these complexes facilitate their adhesion to the
cell surface. The subsequent fate of these com-
plexes is not well understood. Either the entire com-
plex is phagocytized by the cell, or its lipids fuse
with the plasma membrane of the cell, thereby deliv-
ering the DNA to the cytoplasm.

We studied the factors affecting the DOTAP-
mediated transfection of CHO cells. DOTAP:DOPE
(1:1 molar ratio) liposomes were mixed, at a charge
ratio of 1:2, with pCMV-3-gal, a plasmid carrying
the reporter gene that codes for the enzyme -
galactosidase. 5 mol% of a fluorescent tracer,
rhodamine-PE, was added to the lipids to form lipo-
somes used for microscopy experiments. Ethidium
bromide was used to label “exposed” DNA in
double-labelled experiments. The complexes, when
initially formed, were typically 50 nm in size, as
measured by freeze fracture electron microscopy
and by quasi-elastic light scattering. When added
to cell culture media, the complexes aggregated
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because of polyvalent anions in the media. The
fate of DNA-liposome complexes was determined
by fluorescence confocal microscopy at various
times after adding to CHO cells in different media.
We found that the size and formation rate of ag-
gregates were closely related to the uptake of DNA,
and therefore the efficiency of transfection.

DNA-liposome complexes aggregated to >1um
almost immediately upon adding to phosphate
buffered saline (PBS) or to normal F-10 culture me-
dium containing NaHCO; (BRL/GIBCO). When
added to a special F-10 medium without HCO;*
anions, the complex aggregation was much
slower, and the terminal aggregate size was much
reduced (~380 nm). There was no aggregation
when the complexes were added to isotonic
sucrose medium containing no anions. The trans-
fection efficiency was measured by counting the
number of clones expressing the B-gal gene, using
X-gal staining. The subsequent transfection effi-
ciency correlates closely with the size and rate of
complex aggregation.

When observed by conventional and confocal
fluorescence microscopes, visible aggregates
formed immediately after the addition of liposome-
DNA complexes to cells in normal F-10 culture
medium containing bicarbonates. Most of these
aggregates were in suspension and some were
adsorbed on the cell surface upon sedimentation
(Fig. 1). After 1 hr, many of the aggregated com-
plexes were internalized, and the plasma and cyto-
plasmic membranes became bright, presumably
from fusion with labelled liposome membranes.
Figures 2 to 4 represent XY optical sections of a
typical cell at 9, 2-5 and 1 um from the supporting
substrate. The XZ section of the same cell is shown
in Fig. 5. Aggregated complexes are clearly seen
inside the cell. By 3 and 4 hrs (Figs. 6 and 7 re-
presenting one out of a series of optical sections of
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Fig. 1. An optical section 8-10 um from the substrate of a cell in
normal F-10 medium, immediately after liposome/DNA ad-
dition.

Fig. 4. An optical section 1 um from the substrate, of the same cell

in fig. 2.

Fig. 2. Anoptical section 9 um from the substrate of a cell in normal
F-10 medium, 1 hour after liposome/DNA addition.

Fig. 3. An optical section 2-5 pm from the substrate, of the same
cell in fig. 2.

each cell, respectively), bright aggregates were
mostly internalized. The plasma membrane and
some cytoplasmic membranes became fluorescent
at the same time. On those cells with fluorescent
labelled liposome aggregates adhered to their sur-

Fig. 5. An XZ optical section of the same cell in fig. 2.

Fig. 6. An optical section 4 um from the substrate of a cellin normal
F-10 medium, 3 hours after liposome/DNA addition.

faces, these aggregates were often swept to a cap
if cells were kept at 37° for over an hour. In contrast,
only a few small aggregates were formed an hour
after the addition of liposome-DNA complexes
to cells in special F-10 media without added bicar-
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Fig. 7. An optical section 3-5 um from the substrate of a cell in
normal F-10 medium, 4 hours after liposome/DNA addition.

8

Fig. 8. An optical section 7 pm from the substrate of a cell in
bicarbonate-free F-10 medium, 3 hours after liposome/DNA
addition.

bonate or other anions, and few are internalized
(Fig. 8). Cell membranes were not fluorescent,
indicating no significant fusion between liposome
and cell membranes. The transfection of cells in
media with few aggregates remained at the back-
ground level, whereas the transfection levels in
cells in media containing large aggregates were high
(Table 1).

Our results indicate that the intake mechanism
of liposome/DNA is activated by cationic lipid ag-

Table 1. Transfection of CHO cells

Transfection Averaged Number of
medium aggregate transfect
size (um) ed clones
Normal F-10 1880 155
Sucrose + PBS 1120 50
Sucrose 47 13
HCO;-free F-10 380 46

gregates over a certain size. Aggregates over a
certain critical size is needed to trigger phagoc-
ytosis and fusion. Without induced aggregation
of liposome/DNA complexes by anions in media,
fusion and internalization of complexes with cells
are limited, hence the transfection efficiency is
poor. The mechanism is not unlike that of calcium
phosphate induced transfection. This mechanism
may explain certain reported transfection inconsis-
tencies when the physical structure of the cationic
liposome/DNA complexes was not well defined.
From time-dependent, 3-D confocal microscopy
studies, we have shown that internalization, and
to some degree fusion of fluorescent liposome/
DNA complexes to cell membranes is the mecha-
nism of DNA intake, and that the amount of intake
is determined by the aggregation of these com-
plexes by anions in the transfection media.
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Axial Resolution in Confocal Imaging under Ultrashort Pulsed Beam
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A recent development in confocal scanning
microscopy is the introduction of an ultrashort
pulsedlaserbeam (Denketal. 1990, Guand Sheppard
1994a, Gu et al. 1994, Kempe and Rudolph 1993,
Sasaki et al. 1992). The combination of the con-
focal imaging technique and a pulsed beam pro-
mises a number of new imaging methods. One of
them is nonlinear confocal microscopy (Denk et al.
1990, Sasaki et al. 1992) including, for example,
two-photon fluorescence micrscopy (Denk et al.
1990). Another potential development is time-re-
solved confocal microscopy (Gu and Sheppard
1994a). It is also possible to perform three-dim-
ensional (3-D) imaging of an object embedded in
a highly scattering medium (Andreson et al. 1994).
We, in this paper, invesigate axial resolution in con-
focal microscpy.

We start with the image of a point source. If
the point source gives a pulsed beam of a temporal
amplitude Uq(t), its Fourier transform, the spectrum
of the source, is denoted by Vo(Aw). For a given
frequency component Aw=w-ay With the spectrum
Vo(Aw), the 3-D amplitude point spread function
(APSF) hy of a circularly symmetric lens can be
expressed as (Gu and Sheppard 1994b)

h](v,u,Aw):Kﬁzexp{-jﬁu/[4sin2(a/2)]}

exp{j[A0T +(Aw) 6]}

flP(r)]o(rVﬁ)exp[j(ﬁrzu/2—wr2)]rdr (1)
0

where w=Awt+(Aw)? § and B=(1+Aw/w). The defini-
tions of the parameters 1/, 1, § and 0 resulting from
material dispersion are the same as those given
by Kempe and Rudolph (1993). 3 denotes the nor-
malized fequency of the pulsed beam. Here vand u
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are radial and axial optical coorrdinates. P(r) is the
pupil function of the lens, K is a constant indepen-
dent of @, and J, is a Bessel function of the first kind
of order zero.

Compared with that of Kampe and Rudolph
(1993), hyin Eq. (1) includes an extra defocus-related
phase term

exp{-Bu/[4sin®(0/2)]} 2)
and an extra amplitude factor 2. These two fre-
quency-dependent factors can result in a significant
effect on 3-D time-resolved imaging in a reflection-
mode confocal microscope.

Consider the imaging lenses to be achromatic,
so that 1=5=0. 7' and &' can be justified to be zero if a
pre-frequency-chirped pulse is used. We assume
that the illumination is a Gaussian-shaped pulse
given by

Uo(t)=exp(-joot)expl-(/T)?] 3)
where t is the local time coordinate. The pulse width
(FWHM) At is equal to 2T VIn2 . As the paraxial ap-
proximation is assumed, we take as an example an
objective of numerical aperture 1/v2 which is
approximately the largest value for the paraxial
approximation to hold.

The effective 3-D APSF h, (v, u, Aw) for a confo-
cal non-fluorescence system can be obtained from
Eg. (1), which can be used to derive axial resolution
for confocal imaging (Gu and Sheppard 1994a). We
assume that At=10 fs and A,=0.8 um.

The axial responses of a perfect relfector for
time-resolved and imaging are shown in Fig. 1,
giving a measure of axial resolution in non-fluores-
cence imaging. [t is shown that the half-width of
the responses is approximately 2 and 2.65 for time-
resolved and time-averaged imaging methods,
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Fig. 1. Axial response of aperfect reflectorin time-resolved (dashed)
andtime-averaged (dotted) non-fluorescence cases ( A1=10
fs). The solid curve represents the axial response under
CW illumination.

respectively, exhibiting that the axial resolution is
improved by approximately 28% and 4-5%, respec-
tively, when compared with the value of 2.78 for
monochromatic illumination of freugency w,. This
conclusion is of importance for time-resolved con-
focal microscopy because this technique provides
not only information on the dynamic behavior of
the sample but also its 3-D structure with an
axial resolution higher than the current limit
in a confocal microscope under CW illumination.
The physical reason for resolution improvement in
the time-resolved imaging mode results from
the phase factor presented in Eq. (2). Because
confocal non-flucrescence imaging is a coherent
process, the phase resulting from different fre-
quency components contributes in a coherent fash-
jon.

In Fig. 2, the relationship of the half-width of
the axial response to the pulse width At is revealed.
The axial resolution can be improved dramatically
when the pulse width is less than 10 fs. There will
be, however, a physical limitation on the shortest
pulse width. This shortest pulse will result in the
highest axial resolution in practical time-resolved
confocal imaging.

For single-photon fluorescence confocal imag-
ing, the contribution from the phase in Eqg. (2) can
be washed out as the imaging process is incoh-
erent (Gu et al. 1994). Fig. 3 exhibits the com-
parison of the axial response for pulse and CW
illumination (deshed curves) for At=10 fs and Ag=
0.8 um. The magnitude of the improvement in
the former case is approximately 7%. however if
the pulse width is shorter than 10 fs, the improve-
ment becomes large (see Fig. 4). For example,

3 monochromatic —.

time-resolved

time-averaged

Halfwidth u 1,

0 10 20 30 40
At(fs)

Fig. 2. Half- width of the axial response of a perfect reflector as a
function of the pulse width At.
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Fig. 3. Axial response of thin single-and two-photon fluorescence
layers for pulse (At=10 fs) and CW illumination.
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Fig. 4. Half-width of the axial response of thin single-and two-
photon fluorescent layers as a function of the pulse width
At.
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when At=5 fs, one can improve the axial resolution
by 15%. The reason for the improvement is the
pre-factor §2 in the 3-D APSE and the spectral
width, and therefore frequencies higher thenay, con-
tributes more strongly than those lower.

Another spatially-incoherent confocal imaging
method is based on the nonlinear two-photon fluo-
rescence process. For the same reason as in the
single-photon fluorescence, the axial resolution
may be slightly improved. Fig. 3 gives the
axial response (solid curves) of the thin two-
photon fluorescent layer. As expected, the im-
provement is 2% in comparison with CW illumina-
tion. Even for a pulse of 5 fs, the change is not
pronounced (Fig. 4). The small change is caused
by the nonlinear dependence of the fluorescence
radiation, which makes the effective spectral band-
width narrow,
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In recent years interest in low temperature
scanning electron microscopy (SEM) has been
revitalized. Much of this interest resulted from
the introduction of the field emission (FE) SEM
which can be equipped with a new generation of
compatible cryosystems that are designed to take
advantage of this instrument. This combination of
instrumentation provides several advantages that
are not available in a conventional SEM operating
at either ambient or low temperatures: 1) For bio-
logical specimens, observation of frozen hydrated
specimens at low temperatures avoids artifacts or
physical changes in tissues that commonly result
from chemical fixation, dehydration, critical point dry-
ing and coating (Beckett and Read 1986, Read
and Jeffree 1991, Wergin and Erbe 1989). For
example, chemical fixation and dehydration are
identified with the extrusion of materials, critical
point drying can shrink and distort tissues, and
sputter coating with 20-30 hm of metal obliterates
fine structural details; 2) For specimens that are
soluble in aqueous fixatives and dehydrating
agents, for organisms that are tenuously associated,
or for tissues that are physiologically active, the
cryofixation procedure that is employed for low
temperature FESEM preserves features that can
not be maintained by conventional chemical fixation;
3) For nearly all types of specimens, the low tem-
perature FESEM can resolve structures that mea-
sure less than 10 nm; this attribute easily exceeds
that obtained with a conventional low temperature
SEM; 4) Finally, a recent technique developed in
our laboratory demonstrates that air, water and
lipids, components that are commonly present in
samples such as foods, cosmetics, pharmaceuti-
cals, soils, as well as most biological specimens,
cah be easily differentiated using low temperature
SEM, whereas they are nearly indistinguishable
in most conventionally prepared samples that are
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viewed at ambient temperatures.

To realize fully the advantages associated with
low temperature FESEM, many new techniques had
to be modified or developed. For example, the
greater resolution of this instrument is capable of
resolving grain particles in metallic films formed by
the conventional sputter coating technique; there-
fore, a new generation of cryosystems containing
planar magnetron sputter coaters, which have the
capacity to produce films with finer grains, were
introduced (Muller et al. 1990). This combination
of instrumentation, which enables biologists to in-
crease resolution of frozen hydrated samples to
less than 10 nm, allows observation of macromo-
lecular particles (Miiller et al. 1990, Walther et al.
1990, Wergin et al. 1993). An alternative coating
method achieves similar results by using high
vacuum evaporation of Pt/C to coat frozen samples
for low temperature FESEM (Wergin and Erbe,
1991). Because this method is carried out in a free
standing freeze-etch unit on a conventional vacuum
evaporator, the frozen, fractured, coated specimen
must be subsequently transferred to the cryostage
in the FESEM for observation.

Two additional benefits can be gained by mount-
ing samples in hinged gold hoiders and using high
vacuum evaporation to coat the freeze-fractured
samples. First, the procedure that is used to evapo-
rate PY/C is identical to the process that is utilized
to make replicas for observation in a transmis-
sion electron microscope (TEM). Therefore, after
frozen samples are observed at low temperature
in the FESEM, they can be removed from the in-
strument and their Pt/C surface replicas can be re-
covered for observation in the TEM (Wergin and
Erbe 1990). Second, the use of hinged holders pro-
vides fractures that reveal complementary
faces of the frozen specimens that can be readily
observed in the FESEM. Furthermore, if the replicas
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from these complementary faces are recovered,
they can also be observed and photographed with
the TEM (Wergin and Erbe 1992). Consequently,
use of high vacuum evaporation in combination
with low temperature FESEM provides direct
comparison of the same structural features by two
distinct electron imaging techniques.

Recently a new preparation procedure has been
developed whereby a sample is initially fractured
and freeze-etched. Next a portion of the surface
of this sample is refractured. Coating the sample
then allows observation and comparison of ad-
jacent areas of a frozen sample in which part of
the surface of the specimen is freeze-etched and
the other portion is merely freeze-fractured. Obser-
vation of the sample along the intersect formed by
this procedure provides adjacent freeze-etch and
freeze-fracture images. These images, which can
consist of areas as discrete as the two halves of a
single cell, enable one to distinguish and to identify:
1) voids that represent air spaces in the sample;
2) components that are etched denoting free water
and; 3) structures that are not etched that include
materials such as lipids. This technique assists
in more readily determining the sizes and distribu-
tion of these components not only in biological
samples but in aerosols, emuisions, creams and
other liquids as well.

In conclusion, new instrumentation and tech-
niques associated with low temperature SEM allow
investigators to observe frozen hydrated samples,
to avoid some of the artifacts associated with con-
ventional preparation procedures and to achieve
resolution of structures to less than 10 nm. In addi-
tion, frozen hydrated specimens can be easily frac-
tured, their complementary faces observed, and
the replicas from these fractured faces can be re-

covered for further analysis and comparison in the
TEM. Finally adjacent areas, consisting of a freeze-
fractured and a freeze-etched face, can be
compared to distinguish between air, free water and
lipids.
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INTRODUCTION rule which allows elegant extension to more com-

plex systems. This parameter is none other than

The need to summarize the overall resolution the root mean square spatial frequency of the

of an imaging system with a single indicator has transfer function (RMSF). The following sections
led to a variety of resolution parameters. Tradition- develop the elementary theory of the RMSF and its

ally measures such as the Rayleigh and Spar- relation to the FWHM and OBSVOL.

row criteria have been used for the transverse reso-

lution of an axially symmetric optical imaging

system. With the advent of confocal microscopy MOMENT EXPANSION OF THE PSF

the axial resolution became important too. Although

the imaging performance of an isoplanatic system

can be fully specified by the 3-D Point Spread The PSF, p(x, y, z), of an isoplanatic imaging
Function (PSF), or equivalently, its transform; the system is related to the optical transfer function, (&,
3-D Optical Transfer Function (OTF), there may 7, {), by 3-D Fourier

be some advantage to using a single-valued re-

solution parameter. One particularly attractive

option is e Full Width Half Maximum (FWHM). P(x’y’1)=f””(’5’"’§)e"P(

The idea of using the width of the PSF in one of —27i[x&+yn+zENd&dnd ¢

three orthogonal directions is conceptually simple (1)
especially when the width is specified at a point where (x, y, z) are the Cartesian spatial coordi-
where the system response drops monotonically nates in the focal region and (¢, n, ¢) are the corre-

to half its maximum value. A related parameter sponding spatial frequencies (see, for example Gu
called the “observation volume” (OBSVOL) has and Shippard 1994). The PSF is typically the modu-
been proposed for comparisons of multiple ob- lus squared of a amplitude PSF and consequently an
jective systems such as the 4Pi confocal theta even function which can be expanded as an even
microscope (StelzerandLindek 1994). The OBSVOL, order Taylor series about the origin:

like theFWHM is easily defined. It is, in fact, the

vqlun_1e of an ellipsoid which has each of its three P(x,y.2)= mErmoTro0 X0t 2k, L X2 Y2k g2l (2)
principal axes equal to twice the corresponding
FWHM. Unfortunately the analytic calculation of
FWHM for systems with large apertures or multiple
objectives (for illumination and detection) becomes

The polynomial coefficient is given by

rather awkward and the simplicity is sacrificed. “2j.2k _ ,

This, in turn, compromises the apparent simplicity i 1 321, 9% o P(x,Y,2)|y0ymz20-
of the OBSVOL. There is, however, a parameter (ZHIZRNEDY gx? 9y* 9x*! R
which is very closely related to both the FWHM (3)
and the OBSVOL which is easy calculated for all

confocal systems and has a simple combination Calculation of the FWHM from this expansion
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is accurate to better than 1% if {<2, k<2, K2},
which corresponds to a fourth order approximation.
If only the second order terms of the above expan-
sion are used, then the estimated FWHM can be as
much as 12% in error (for typical forms of the PSF).
Equation (2) can be rewritten in terms of the mo-
ments of P(€, 1, {) using the Fourier moment-deriva-
tive theorem.

aZj aZk a2l

ox2/ ayzk ox
= (_2”i)2(j+k+[)M2j,2k,21 (4)

p(xayaZ)Ixz)':z=O

The moment My; » o is defined by

M2j,2k,2l=JJ Eimpkip&,n,Hdéandd. (5)

The benefit of this description is that the mo-
ments of the system pupil function are easily
calculated analytically, even for systems with
apodization. Transfer functions can be represented
as correlations or convolutions of a few basic pupii
functions. Under the operation of convolution or
correlation moments add in a simple way. In particu-
lar, normalized second order moments are additive.

ESTIMATION OF THE FWHM

The second order approximation to the PSF is

p(x,y,2)=p [ 1—Lhoox? = Hopo y* — Hon 2 1. (6)

The normalized moments are

M, .
/12j,2k,21=ﬁ (7)

In equation (6) the second order normalized
moments are equivalent to the mean square
spatial frequencies of the transfer function measured
along the three axes. Equation (6) represents a
paraboloidal distribution which has ellipsoidal sur-
face contours of constant value (iso-surfaces).
Hence an ellipsoid can be defined which contains
all values of p greater than some specified propor-
tion of py. Generally the proportion specified is
one half and the FWHM along the x, y, and z
axes arise from the solution of equation (6).
As mentioned in section 2, the second order ap-
proximation is prone to systematic errors in the

predicted FWHM. A fourth order approximation
gives an accurate FWHM and a more realistic form
of the iso-furface contours. It is worth noting that
the iso-surface is no longer (in general) ellipsoidal.
This is the source of an inconsistency in the use of
an ellipsoidal OBSVOL for a non-ellipsoidal iso-
surface. One possible conclusion is that the
simple physical ideal of an ellipsoidal volume is in-
compatible with the precise representation of the
PSF. Clearly the ellipsoid no longer has any real
physical meaning - it is just a mathematical con-
struct. Such a construct can still be useful if it
has some other redeeming feature(s). It can be
argued convincingly that the ellipsoid is still a
good indicator of the effective OBSVOL. However,
a similar argument can be formulated for the
volume represented by the second order approxi-
mation which has the added advantage that it is
easily calculated and extended.

FEATURES OF THE SECOND ORDER
APPROXIMATION

Before examining some details of the second
order approach it is instructive to consider some
general aspects of a second order theory:

Firstly, for any particular PSF form the second
order approximation to the FWHM exihibits a fixed
error, for example:

sinc() -5%
sinc () squared -12%
Airy amplitude -6%
Gaussian -17%

The Gaussian is significant because it repre-
sents the limit of a PSF which is the product of
many individual PSFs as can be shown by the
Central Limit Theorem. The peak errors above
can be reduced by a consistent rescaling of the
estimate, so, for example, the new error could be
better than +/-9% in all cases.

Secondly, the concept of an ellipsoidal OBSVOL
can be considered to be implicitly second order.

Lastly, the second order approach resembles
second order statistics and its familiar concepts of
mean and variance which, again, are additive under
convolution.

Returning to the main discussion, the most
important factor to consider in this section is
the relation between the normalized moments
and the estimated FWHM. The second order
FWHM, w,, w,, w are determined from equation



Focus on Microscopy 95 83

(6) as follows:
1 w2 1_ (&)2 1. & 2
E—,U'zoo(j) ) 2—#020 7)o 2—#002(2) . (8)

The normalized moments ftixgy, Hoo and Logo
are the mean square spatial frequencies of the
transfer function measured along the three principal
axes. Consequently:

wx=£ and similarly for w,, and w.. 9)

Hogo

Simply stated the FWHM (second order) is in-
versely proportional to the root mean square spatial
frequency (or RMSF) of the transfer function.

The OBSVOL can now be defined in terms of
these FWHM. The treatment given here is purely
second order so that all confocal systems can be
compared in a consistent manner. The usual defini-
tion of OBSVOL, V, is as follows:

V=%7waw),wZ (10)
In the limit, as the PSF approaches an ellipsoi-
dal Gaussian distribution such a volume encloses
almost 85% of the PSF.
The rule for combining FWHM which result
from the product of multiple PSFs can be shown to
be:

1_y 1
W2_ n W2
X n,x

and similarly for w, and w,. (11)

Equation (11) is merely the re-expression of the
additive property of variances. The overall OBSVOL
is therefore such that:

i

Pl 5

1@
9 Lo Moo Mooo

Vi

(12)

The product of three orthogonal RMSFs is in-
versely related to the OBSVOL.

It has been suggested that in confocal systems
of the 4Pi type that the FWHM is not a useful param-
eter because it completely omits the effects of
large subsidiary maxima. Instead the variance of
the axial PSF has been mooted as a preferred
indicator. It is not difficult to show that (for any
semi-aperture less than 70 degrees) the variance
of the PSF is equal to the variance of the envelope
of the axial PSF. The implication is therefore that
no improvement is to be inferred from the interfer-
ence of two juxtaposed objectives. There is also
the more serious defiency of real space variances
that they are often infinite (especially in conven-
tional imaging systems) so they must be used
with great caution, if at all. The simplified methods
proposed here only work with variances defined in
the spatial frequency domain and FWHM in the
space domain. Such variances are always finite
because of the limitation upon maximum spatial
frequency. With this in mind it is expedient, in 4Pi
configurations, to utilize the FWHM of the envelope
of the axial PSF. This corresponds to using the
transfer function variance of either opposing objec-
tive, not both.

DISCUSSION

The three equations (9), (11) and (12) sum-
marize the simple formulae for FWHM, OBSVOL,
and RMSF. Obviously a more detailed analysis of
the consequences of an explicit versus an implicit
second order theory of OBSVOL is needed before
either procedure is adopted as a metric by practitio-
ners of confocal microscopy. Ultimately judge-
ment wili depend upon demonstration of a one-to-
one, monotonic relation between an approximate
formulation and the exact formulation. Assuming
(presuming!) this to be the case, then the simple
formulation presented here could become an at-
tractive alternative to the other currently in use.
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Most commercial confocal microscopes today
are shipped with software capable of carrying out
routine image processing. Typically, matrix con-
volutions are offered, working with either fixed or
user-defined kernels. These allow crispening, smo-
othing and edge-enhancement operations, usually
on square matrices of 3x3, 5x5 or 7x7 pixels. More
sophisticated (and processor-intensive) operations
such as median filtering may aiso be offered. All
these operations are well known (Gonzales and
Wintz 1987, Russ 1990) and are routinely em-
ployed where an image can be seen to benefit
from the processing. However in current com-
mercial systems they are applied only to two-dimen-
sional images.

Confocal microscopes are generally used to ac-
quire images in three dimensions, and in many
cases (where physiological processes are fol-
lowed through time) in four dimensions. One of
the commonest uses of image processing on con-
focal images is to reduce noise, of which the main
component in confocal fluorescence is photon
sampling or shot noise. This, by its nature, will
be randomly distributed in all 3, and indeed all
4, dimensions. Applying noise-reduction filtering
only to individual two-dimensional slices will modify
the noise distribution anisotropically, and is clearly
not the appropriate procedure.

Effective noise removal requires filtering in as
many dimensions as the data set contains (Chen
et al. 1990). However, using a conventional
square matrix this implies an exponential increase
in the number of pixels to be processed at each
point as the number of dimensions increases. A
3x3 matrix involves 9 pixels; 3x3x3 involves 27;
if we progress to 3x3x3x3 then 81 voxels have to
be used in computing each point of the output
image. However square matrices are not the only
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posibility. Cruciform matrices, in which only those
pixels adjoining the master pixel at a face are con-
sidered, are also often used in 2-D image proce-
ssing. For 3-D and 4-D processing the cruciform
matrix has the tremendous advantage that the in-
crease is linear - each extra dimension adds just
2 more voxels to the number which must be
handled at each point. We are therefore currently
developing 3 and 4 D cruciform filters for confocal
data sets, both matrix smoothing filters and a
median filter. These offer the promise of a simple
and rational noise removal technique for confocal
data sets.

While shot noise is isotropic in all dimensions,
other defects of the confocal image are not. The
optical resolution, in particular, is isotropic in two
lateral dimensions but substantially worse in the
axial direction. The effects of this on a three-dimen-
sional biological specimen are seen in Fig. 1 a & b.
Because the point spread function of a confocal
microscope approximates to an ellipsoid (Brake-
nhoff et al. 1989, Shaw and Rawlins 1991, Cox and
Sheppard 1993), it is logical to apply the conven-
tional tools of image processing in one dimension
only - the long axis of the ellipsoid - to improve the
perceived appearance of such images. Like all such
operations, this will not increase the resolution or
the information content of the image, but it will
make it possible to extract information which would
otherwise be obscured.

This approach was first applied by Cox and
Sheppard, 1993. As a test case we used a simple
edge-enhancing transform which detected the
magnitude of the gradient at a pixel and used that
as a weighting factor to modify the intensity of that
pixel. It can be represented as:

1)In<'—In_(|In_In—l|+lIn_In+1|)/S
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where | is the intensity of a pixel at plane n. The
scaling factor s determines what fraction of the
gradient is subtracted and must be matched to
the degree of over or under sampling in depth. The
effect on our biological image is seen in Fig. 1c.

A second transform is a simplification of (1),
using only the values of the neighbouring pixels, in
the interests of improving speed.

2)In('_In_(|In—1_In+11)/S

This will have the same effect on the slope of
the response curve but will behave differently
at maxima and minima. In practice, its effect is
generally visually indistinguishable from transform
(1).

An alternative approach, again applying a
classic technique of image processing, is to use an
erosion rather than a gradient transform. A con-
strained erosion is used so that maxima and minima
are preserved:

3) IF Iyt <y <oy THEN I, I - lnyq
IF vt > Iy > loy THEN Iy e Iy - oy

If a pixel has one neighbour higher than it and the
other lower its value is replaced by that of the
lower neighbour. The effect on an image is rather
different from that of transforms (1) and (2); back-
ground haze is less well removed but the effect
on the brighter part of the image is pronounced
(Figure 1 d & e). Repeated iterations wili ‘skeletonise’
the image, so that it could be used to find the true
positions of multiple superimposed planes in the
sample. This is not readily achievable in any other
way. ‘

All edge-enhancing transforms are susceptible
to noise, so that ideally a noise reducing filter such
as a median filter should first be applied to the
data set. However applying this in the lateral
plane only will be of little use - a 3-D filter is essential.
Hence these two techniques, 3-D filtering and 1-D
enhancing, are complementary. Providing imple-
mentations capable of adequate performance on
the type of computers typically used to host con-
focal microscopes should not be difficult, and in-
deed some of these processes are already in com-
mon use by users of our facility.

The image processing operations presented
here are conventional; what is novel is their ap-
plication in a more rational way to the confocal
image. For a 3D or 4D data set the combination of
3D and 1D processing is far more useful than the

Fig. 1. 3D recontruction of rhodamine-labelled astrocytes around
a capillary in the retina of a rat.
(a) Top view, showing good lateral resolution. The branches
of the astrocytes are known to be isodiametric, and so
should in a perfectimage appear the same size in side and
oblique views as in this top view.
(b) Oblique view of the original, unprocessed data set. The
overall shape is visible but the image appears strongly
smeared in the vertical direction; individual astrocyte
branches can barely be distinguished.
(c) Processed with transform (1) - the appearance is dra-
matically improved. Most of the branches visible in (a) can
be identified, though their depth still appears too large.
(d) Processed with the erosion transform (3) using one
iteration.
(e) Processed with transform (3} using two iterations. The
erosion gives more clarity in some areas, but a more
‘ragged' overall effect, than transform (1).
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2D-only processing offered by microscope manufac-
turers.

The techniques of image restoration, which
also work in three dimensions, represent a dif-
ferent and not strictly comparable approach to the
problem. An iterative approach is typically used
with the aim of generating a model of the object
which would, when operated on by the point
spread function of the system, produce the ob-
served image. These techniques were initially ap-
plied to widefield images, with the intention of
creating optical section data sets without confocal
optics (Agard et al. 1989, Carrington et al. 1990,
Holmes et al. 1991). Latterly they have also been
applied to confocal images, with the aim of creating
a data set with enhanced resolution, particularly
in the axial direction (Carrington et al. 1990 Shaw
and Rawlins 1991, Wilson and Tan, 1993). Image
re-storation is ambitious in scope, and demanding
in computer power, but limited in its objective - the
sole aim is to recreate the original object.

Image processing, by contrast, minimises
unwanted information or enhances wanted infor-
mation in the image. The unwanted information
may equally be an artefact of the imaging process
or a real part of the specimen; the wanted informa-
tion may be all the ‘real’ objects in the image or a
subset of them. Even if advances in computer
power allow image restoration to become a routine
part of confocal microscopy, there will still be uses
for simple image processing methods - particularly
if they are redeployed in a more appropriate form

for the confocal image.
We thank Jonathan Stone for the data set used in
Fig. 1.
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Investigating Large Microscopic Volumes of Lung by Computer-guided
3-D Image Compositing in Confocal Microscopy

Andres Kriete

Institute of Anatomy and Cytobiology, Image Processing Laboratory, Aulweg 123, 35385, Giessen, Germany

There is a long history of experimental difficul-
ties in the quantitative investigation of the respir-
atory part of lung, because such studies require
imaging of extended volumes at high resolution.
Structures like the pulmonary acinus, the ventilatory
unit formed of several alveolar ducts, extend to
a size of 2000x2000x2000 microns in rat and
mouse. They can only be analyzed for their struc-
tural organization and branching pattern if all struc-
tural details of the lungs parenchyma down to the
alveoli are completely resolved. Because of these
requirements, only one detailed and complete
investigation of an acinus is given in the literature,
based on a very time consuming manual per-
formed reconstruction of serial sections with a
wax plate technique (Boyden 1971). It was sug-
gested and demonstrated for smaller substructures
of the respiratory system, that confocal imaging
applied to thick sections and digital image proces-
sing might be an alternative way for such in-
vestigations (Oldmixon and Carlsson 1993). We
describe a computer-guided image acquisition pro-
cedure in confocal microscopy, which allows a 9-
fold increase of the field of view and an extended
imaging in axial direction by scanning aligned thick
serial sections.

Histological sections of 50-80 micron thickness
(HE stained) of a rat lung are the starting point for
our investigation. First the sections are previewed
with a low magnifying lens of 5x (such as Plan-
Neofiuar, NA 0.15). The numerical aperture of
this lens is not sufficient for a good axial resolu-
tion, but offers a wide field of view. These images
are aligned for linear shift and rotation and the
approximate region of interest is defined through
3-D visualization of the data stack. When transfer-
red back to the confocal microscope, these cor-
rected images serve for alignment of the histo-
logical sections. The goal of the next acquistion

87

step is to sample higher resolved volumes. Varia-
tion of the scanning offset, i.e. shifting the scan-
ning beam electronically away from the center in
all 8 possible directions at a lateral distance of
600 microns, gives 9 reference images. At a
zoom factor of 4 they construct a frame of 1800
um side length (data hold for a Zeiss LSM 410).
Switching to a 20x magnifying lens (Plan Neofluar
NA 0.5), the field of view at zoom factor 1 can be fit-
ted exactly to that of the individual reference im-
ages, so that 9 adjacient, non-overlapping subvol-
umes can be acquired by optical sectioning within
one histological section.

We give an example, where 13 histological
sections of 70 micron thickness, each scanned at
an axial step size of 10 microns, result in a total
of 9x7x13=819 images of 256x256 pixels each.
Subsequently these images are fused at every level
of optical sectioning, achieving a final volume
of 768x 768x 91 voxels being equivalent to 1800x
1800x 910 microns. This volume encloses one
complete acinus, but exhibits as well structural
details like the alveoli.

In order to visualize such a data volume, various
image preprocessing steps have to be per-
formed. The sponge-like character of the lungs
parenchyma does not give any insight if a volume
rendering algorithm is directly applied, but
the structures of insterest have to be segmented
and enhanced first. In particular, the intensity of
all sections has to be equalized by histogram nor-
malization, before an automatic segmentation of
tissue and background can be performed. In
order to detect connectivities and to differentiate
the structure of the acinus of interest from branches
of adjacient acini, the binary volume is seeded at
the largest visible diameter of the acinus and
binary operations are carried out up and down
the data stack, labeling connecting structures.
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This procedure is repeated until all connectivities
are detected and identified. Once the complete
structure of the acinus is defined, volume renditions
can take place.
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3-D Simulation of Form and Function of Lung
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Computer visualization is not only proven to be
a valuable tool to interpret data sets coming from
from various scanner systems, but also for the
investigation of simulated data based on physical,
biochemical or mathematical resources. We de-
scribe the necessary analytical and computational
steps required for a simulation and visualization
of a complete lung model of rat or human, based
on macroscopical and microscopical measure-
ments for the conductive and respiraiory parts of
the lung, respectively. To study flow of air and
the oxygen uptake, a set of mass transport equa-
tion is solved iteratively.

The structure of the mammalian lung is far
too complex for a complete analytical investigation
of an individual organ, beside the different
preparative ways required for studying macros-
copical and microscopical aspects. Instead, some
basic patterns of the structural organization have
to be deduced, which then can be used by the
computer to simulate a complete model. The
macroscopical, conductive part of the lung is
based on studies of corrosion cast models. Stereo
images of such models featuring the bronchial
tree were analyzed for their branching pattern
with the STERECON System, developed at the
New York State Department of Health in Albany.
Lung segments of interest were traced stereoscopi-
cally using a two monitor stereo display system, a
digitizer and a 3-D cursor. The end points of the
segments, the length, diameters and the angle
of branchings can be determined giving a 3-D
sceleton of the conductive air-ways. Analyzing
the angle/iength/diameter relationships gives
some basic fractal properties of the branching
pattern.

For a quantitative analysis of the respiratory
system of the lung, in particular the pulmonary
acinus, the imaging of volumes with a computer-
guided reference system allows to study the
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respiratory part of lung, as described in the prece-
eding abstract (A. Kriete: Investigating large
volumes of lung by computer-guided 3-D image
compositing in confocal microscopy). The mea-
surement of branching angles and lengths and
the overal topology is studied by 3D-TOP, a
software developed at our image processing labor-
atory in Giessen. This software evaluates
connectivities between corresponding contours
in adjacient sections are connected, based on bijec-
tive correspondance analysis. These connectivities
form a topological sceleton of the structure and
indicate nods and branches that are the backbone
to analyze volume and sur-face. These are param-
eters necessary to describe the function of the respi-
ratory system.

The computer based simulation of the structure
of a complete lung starts with the 3-D imple-
mentation of the main bronchial segments as
measured from the cast model. All daughter
branches are added by the computer program,
using fractal properties. Such a 3-D computer
generated graphical model can be displayed from
all sides and the effect of variation of angles
and lengths can be easily studied. Typically, such
a model of the human lung model features 75000
segments.

Based on the 3-D structural model functional
attributes can be added. One example is the flow
of air, which is predicted for all segments using
the diameter and the dead space relation of daugh-
ter branches. To study the oxygen uptake, the
mass transport equations have to be solved. Mass
transport has to include convection, diffusion
and oxygen uptake. Since this set of differential
equations can not be mathematically solved,
the process of inhalation and exhalation can only
be computed iteratively. For a stable solution, up
to 10000 time steps have to be calculated for
each of the segments. Using a Silicon Graphics
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Challenge L computer system with 2xR4400 pro-
cessors, this takes about 30 hours of computing
time. The final oxygen distribution is visualized
at the 3-D structural model. We give examples,
how the oxyen distribution in human and rat looks
like under various breathing conditions.
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In the optical fiber probe microscope (Cerre
et al. 1991), light is launched into a single mode
optical fibre and is incident on the object (Fig. 1).
The reflected light is coupled back into the fibre,
and after passing through a fibre coupler its intensity
measured with a photodiode detector. An image is
built up by scanning the fibre tip relative to the object
surface. This can be ach-ieved by mechanically
moving either the fibre tip or the object itself. The
strength of the light coupled back into the fibre de-
pends on the reflectivity of the sample, but also its
distance from the fibre (i.e. the surface height) and
the tilt of the surface. In practice there is also a
reflection of light from the fibre tip, which results
in interference fringes being formed as the object
is scanned in depth. The interference pattern
consists of fringes within an envelope defined by
upper and lower parts. Investigation of the details
of the interference ailows us to extract the various
properties of the surface at the particular scan
point. In this way it is very similar to the confocal
surface profiling methods, except that in the present
case there is no peak in intensity because the
radiation from the fibre is divergent rather than
convergent.

The light emerging from a single mode optical
fibre is closely approximated by a Gaussian beam.
The variation in intensity along the axis is pro-
portional to 1/(1+(z/z,)?), where z is the distance
from the beam waist, located at the fibre tip, and z
is the confocal parameter.

If there is a sample in front of the iliuminating
fibre tip, a fraction of the light can be reflected from
the sample surface back towards the fibre. Part of
this light couples back into the fibre, whilst the rest
is reflected by the fibre tip back to the sample. Thus
multiple reflections are set up, similar to a Fabry-
Perot resonator. For the particular case when
the normal to the sample surface is parallel to the
axis, i.e. when r=0 in Fig. 2, experimental results
have been presented previously (Fatemi and
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Sheppard 1993, Sheppard et al. 1995). It is pos-
sible to measure the geometrical parameters of
the light emitted from the fibre, e.g. z, by observa-
tions using a plane mirror as sample.

In the present study, we examine the effects
when the surface is tilted, so that 0. We assume
that the value of z;, and thus the far-field angle
of divergence, 9, and also the amplitude reflec-
tion coefficient v, of the fibre tip, are known. The
aim is to measure the amplitude reflection coef-
ficient r of the sample, and the local tilt of the
sample surface. The method is valid when the
illuminated surface can be assumed locally
plane. Spatial resolution is thus limited to about
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Fig. 1. A schematic diagram of the optical fibre probe microscope.
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the fibre spot size, which is around 3 um in our
experiments.

In order to investigate the behaviour of the
signal with different sample parameters, we used
a tilted mirror as sample.

The fibre tip is viewed and positioned relative
to the sample surface (Fig. 2), and can be tracked
from side and top views through an image
grabbing system. For a given surface tilt the axial
Position is scanned using a feedback-controlled
Pie-zoactuator, driven by a sawtooth generator.
The signal is digitally accumulatea in a storage
oscilloscope and processed using a computer. Fig. 3
shows an example of an experimental plot. The
figure covers the lower part of the envelope of the
interference fringes, the geometry of which can
be used to extract the reflectivity and tilt of the
Sample. An important property which is observed
s the zero of the lower part of the envelope. The
existence of this zero limits the measurements to
a value of r greater then 0.2. In practice this
Covers a wide range of industrial and biological
samples.

We have also been experimenting with differ-
ent geomtries of fibre tip, including angled polishing,
and the formation of tapers and microlenses.

REFERENCES

Cerre N, F de Fornel, JP Goudonnet. 1991. Reflection scanning
microscopy. Applied Optics. 31: 903-908.

S
!

T

microscope

single mode
optical fibre

CCD
camera

Fig. 2. A close-up of the fibre tip and sample.

Sheppard CJR, H Fatemi, Min Gu. 1995. The Fourier optics of
near-field microscopy. Scanning. 17: 28-40.

Fatemi HEG, CJR Sheppard. 1993. Topographic studies of re-
flecting surfaces by means of a single-mode optical fibre.
Australian Conference of Optics, Lasers and Spectroscopy.
Melbourne: Proceedings, p.70.

S SO i D -

JrIJ

S e B al
uQ u

Fig. 3. An example of an interference pattern from a mirror as sample. The lower part of the envelope is shown, depicting a zero in the

envelope.



Zoological Studies 34, Supplement | (1995)

7 77 2 77
gaveN el any

i\
0

/\>/y CJ\LJJ y/b)

Surface Profiling and Confocal Microscopy
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There is strong current interest in various ap-
proaches for measurement of surface profiles by
non-contacting methods. These have application
in a wide range of areas including non-destructive
testing and industrial inspection. These approaches
include various interferometric methods, confocal
microscopy, and reconstruction by inverse scat-
tering. The aim of this work is to examine by com-
puter modelling various confocal and interfero-
metric algorithms for surface profiling. In particular
we have investigated three methods. The first is
the confocal surface profiling method, in which
the position of the peak in intensity during an
axial scan is recorded (Hamilton and Wilson 1982,
Cox and Sheppard 1983). In the second the
position of the zero-order fringe in an interfero-
metric image is tracked. This interferometric
image can be produced by a range of different
forms of interferometric microscope, including
those of the Linnik or confocal geometry (Fig. 1).
The third method, which is only applicable for
surfaces of small RMS surface roughness, is
the measurement of phase in a single in-focus
image, again using an interferometric microscope.

In each case the two-dimensional image of a
one-dimensional rough surface was calculated
from scattering data generated using rigorous
theory (Wombell and DeSanto 1991). The sur-
faces were generated to satisfy the statistics of a
stationary Gaussian process with Gaussian cor-
relation, and of various degrees of surface rough-
ness. The aims of the study were to investigate
the accuracy of the various profiling methods and
the effects of system parameters.

The profiling methods can be regarded as non-
linear inverse methods for surface reconstruction
based on the Kirchhoff approximation (Sheppard et
al. 1993). Thus the methods are expected to
tend to break down when the surface roughness
is-such that the Kirchhoff approximation does not
hold. In particular the Kirchhoff approximation as-

sumes that the surface can be taken as locally
plane, so that the radius of curvature is large
compared with the wavelength. In addition the
Kirchhoff approximation neglects multiple scat-
tering effects.

According to the Kirchhoff approximation, the
scattering function for a surface of profileg(x, y) can
be expressed in terms of transverse and axial
spatial frequencies by (Sheppard et al. 1993)

S(m,n,s)—m +n + S ff exp{
—lk[mx+ny+SG(x,y)]}dxdy
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- | >~
7 v

(1)

Linnik Mirau
A A
t t
- _—>
¥ v
\/
Michelson confocal

Fig. 1. Different configurations of interference microscope.
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where m, n, sare related to the direction cosines 0.2 . . . —
of illumination and scattering my,n;; mon, by ots
0.1
m=mo,-my
0.05
N
n=nz-ny (2) oo
s=(1—m12—r112)1/2+(1—m22—r122)1/2 ~0.05
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Introducing the object function 3[z-¢(x, )] for

the profile, this can be written in the form of a 3D 15 -0 S o s 10 is
Fourier transform
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N
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The amplitude of the 3D image of the surface in (b)

the Kirchhoff approximation is then '

U(r):”_jc(m)S(m)exp(i/an-r)dm 7)

z /A

where c¢(m) is the 3D coherent transfer function.
The form of the coherent transfer function for a
confocal microscope has been described else- 02
where (Sheppard et al. 1994). However, in practice
it is possible to control the value of the transfer

15 1 -5 S
function within is passband by apodization or digital ’ x/o i * *
image processing. Thus in the following we as- (c)
sume a transfer function 0.8 :
0.6
c(m):z‘:l;z'k, m? <4 and mk>2cos « 0.4
=0, otherwise (8) <
~ 0
where o is the angular semiaperture of the lens, 02
which expression is chosen to exactly cancel the
premultiplying factor of Eq.4. 04
We have investigated surfaces with a correla- 06— " : . s s
tion lenghth of 1A, and of RMS surface height, G, in x/2
the range from 0.05 to 0.20 A. (d)

As examples, in Fig. 2. we show profiles recon- Fia. 2. Profi tructions (solid J using th focal

. e ig. 2. Profile reconstructions (solid curves) using the confoca

StrUCtoed gsmg the confocal profiling methOd_ for profiling method with a=60°. The surfaces (dashed

a=60°. It is seen that, although the reconstructions curves) have (a) 6=0.05%, (b) 6=0.10A (c) 6=0.15A (d)
are reasonably good, the reconstruction becomes 6=0.201.
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Fig. 3. Profile reconstructions (solid curves) using the confocal profiling method on the surface (dashed curves) ©=0.054. (a) 0=60°, (b)

0:=50°, (c) 0:=40°, (d) 0=30°.

poorer as the roughness is increased, with the peaks
and troughs, where the curvature is greatest, the
most likely regions for errors.

In Fig. 3. we show the effect of altering the
numerical aperture for a particular surface. It is
seen that the reconstruction is poor for o less then
about 50°, when the optical system cannot image
adequately the transverse spatial frequencies.

Studies of this type can determine the relative
performance and limitations in accuracy of the vari-
ous profiling methods.
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The three-dimensional (3-D) optical transfer
function (OTF) provides a complete description of a
fluorescence optical imaging system under the first
Born approximation (Sheppard and Gu 1992). 1t
gives the effeciency with which the spatial periodic
com-ponents in objects are imaged.

4Pi confocal fluorescence microscopy was
described by Hell and Stelzer (1992a) as a means to
increase effectively the aperture angle of a confocal
system. A problem existing in this system is the
appearance of the strong side peaks of the point
spread function along the axial direction, degrading
the image quality. This issue can be overcome
by using two-photon (2-p) fluorescence microscopy
(Hell and Stelzer 1992b). There are three imaging
modes in 4Pi microscopy: 4Pi-A, 4Pi-B, and 4Pi-C.
in this paper, the 3-D OTF for these modes in
single-photon (1-p) and 2-p 4Pi confocal fluores-
cence microscopy is invesitgated (Gu and Sheppard
1994, 1996).

As the numerical aperture of the objectives in a
4Pi system is large, an imaging theory for a high-
aperture system is used to derive the 3-D intensity
point spread function (IPSF). Performing the 3-D
Fourier transferm of the 3-D IPSF gives rise to the
3-D OTF for the 4Pi confocal fluorescence system.

Let us first consider 1-p 4Pi confocal systems.
Fig. 1 gives the 3-D OTFs, normalized to unity at
the origin, for a numerical aperture of 71°,
which corresponds to the maximum numerical
aperture of 1.25 possibly achievable in practice for
a water immersion objective. The 3-D OTF for the
4Pi-A confocal fluorescence microscope shows
three peaks along the axial direction (Fig. 1a) and
is identical to that for 4Pi-B 1-p systmes. The central
peak of the 3-D OTF is the 3-D OTF for 1-p non-
4Pi confocal imaging. Therefore, axial resolution
in the 4Pi-A system is better than that in the non-
4Pi system, as expected. The axial resolution can
be increased even further if a 4Pi-C 1-p confocal
microscope is used. This is because the 3-D OTF
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(Fig. 1b) for a 4Pi-C system presents five peaks
which results in a larger axial extension than that
in Fig. 1a. However, the multi-peak 3-D OTF

lies that there are strong side lobes of the

:

i

g

Y/
)
4
o
\\:'u\\
R
\.‘:‘:“:‘:‘:‘\\-‘“‘

(a) ) s

(b)

Fig. 1.3-D OTFs, normalized tovunity atthe origin, for 1-p 4Pi-A (or
4Pi-B)(a) and 4Pi-C (b) confocal fluorescence microscopes
obeying the sine condition for a=71°.
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3-D IPSF in the axial direction, which may degrade
the axial imaging performance (Hell and Stelzer
1992a).

Fig. 2 shows the calculated 3-D OTFs for2-p 4Pi
confocal fluorescence microscopes with same
objectives. For a type-A system, although the
3-D OTF (Fig. 2a) has the same axial extension as
that in Fig. 1a, the values of the OTF in the axial
direction are increased strongly and there is no
pronounced multi-peak structure. These features
suggest that high axial resolution may be achieved
and that there may be no strong axial side lobes in
the 3-D IPSF. itis clear from the 3-D OTF presented
in Fig. 2b that the imaging performance in a type-
B 2-p system is similar to that in a 1-p type-A (or type-
B) system. The difference between Fig. 1a and Fig.
2b is the slope of the central peak. In the case of 2-
p microscopy, the slope of the central peak is zero,
which is caused by the nonlinear excitation. This
feature may result in enhanced images of edge
objects (Gu and Sheppard 1995b).

It is important to note that the 3-D OTF for a 2-p
4Pi-C system has excellent behaviours: no multi-
peak structure exists and the cut-off axial fre-
guency is larger than that in the transverse direction.
We can conclude that the 3-D IPSF for 4Pi-C 2-p
confocal fluorescence microscopy has lower axial
side iobes and that the central peak of the 3-D
IPSF is confined to a small region (Hell and Stelzer
1992b). Therefore high axial resolution can be
achieved without degradation of images caused by
the side lobes of the 3-D IPSF.

It should be pointed out that when the nu-
merical aperture is increased, the minimum of the
multi-peak OTF becomes less pronounced. Even-
tually, the axial resolution is the same as the trans-
verse resolution in 4Pi-C systems. In the case of a
large numerical aperture, the effect of apodization
becomes important. In fact, if the objective obeys
the uniform angular illumination condition (Gu and
Sheppard 1994), the 3-D OTF approaches a sym-
metric form in the axial and transverse directions
for a complete spherical illumination (Gu and Shep-
pard 1994, 1995).

Inconclusion, the 4Pi-C 2-p confocal microscope
gives the best axial resolution and its 3-D OTF has
the largest information content.
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obeying the since condition for 0=71°.
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It has been recognised for some time, that the
fluorescence lifetime of a molecule not only
depends on the internal structure of the molecule
itself, but also on its environment. Recently this
environmental dependence of the fluorescence
lifetime has been introduced as an important con-
trast parameter in the field of microscopy. An ex-
ample is for instance the imaging of free cytosolic
Ca?* concentrations (Lakowicz and Szmacinski
1993 and the local pH in biological samples
(Draxler et al. 1993, Lippitsch et al. 1992].

The use of the fluorescence lifetime as a con-
trast parameter in microscopy is, among other ap-
plications advantageous when the fluorescence
lifetime of a probe molecule differs considerably
from that of the background radiation or
autofluorescence, thus providing an opportunity to
suppress the contributions of the latter to the total
signal. Also this technique can provide a straight-
forward alternative to the technique of ratio
imaging based on the excitation at two different
wavelengths and detection at one fluorescent
wavelength or vice versa excitation at one and
detection at two, as have been used for the imaging
of ion concentrations like Ca* in biological samples.

The principle of the newly developed method of
Double Pulse Fluorescence Lifetime Imaging
(DPFLIm) is that the fluorescent output from the
specimen is collected with excitation by pairs of
short pulses having two different timing conditions
between the pulses. Each of these pulses is suf-
ficient to drive the fluorescence into saturation or
very close to it. If the two pulses of the pair are
separated by a time interval which is short with
respect to the fluorescence relaxation time then
there will be no difference between the fluorescence
produced by a single pulse or by the pulse pair. This
is because the saturation induced by the first
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pulse has the effect that the second one cannot
induce any further fiuorescence. However if the
second pulse of the pair is delayed by an interval
which is a substantial fraction of the fluorescence
lifetime then at the arrival of the second pulse
sufficient fluorophore molecules will have decayed
to the ground state that additional fluorescence
can be induced by the second pulse. This extra
amount of fluorescence radiation will be higher for
longer delays between the pulses, thus providing
a means to determine the fluorescence lifetime
from the relative fluorescence in both pulse con-
ditons. These data are collected by separately
collecting, on a CCD with the bilateral confocal
imaging technique (Brakenhoff and Visscher 1992,
1993) two separate images being illuminated
by a stream of pairs of pulses with the indicated
different timing conditions. From these images
the fluorescence lifetime image can be calculated
with an appropriate algorithm.

A theoretical analysis of this new technique for
fluorescence lifetime imaging will be presented. Bi-
lateral confocal microscopy and a (cooled) CCD is
used for sensitive signal detection over a large dy-
namic range as required for the calculation of the
lifetimes from the image data The sensitivity of the
technique is analysed, taking into account: photo
degradation, the effect of the laser repetition rate
and the effect of non-steady state excitation and
the features of the technique are compared to
more conventional methods for fluorescence life-
time determination. It is found that under typically
experimentally expected conditions, images can be
obtained with contrasts corresponding to fluores-
cence lifetime differences of 10%, when differences
in the DPFLIm signal ratio can be resolved within
5%, something which appears feasible (Braken-
hoff et al. 1994). One may thus anticipate, that
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the DPFLIm technique is as an fluorescence lifetime
imaging technique will offer comparative or pos-
sible better life time discrimination in comparison
with existing techniques, creating new opportunities
for using fluorescence lifetime as a contrast param-
eter in confocal imaging.

Finally we want to emphasize two aspects. First
the technique does not require electronic gating of
the signal. Rather it relies on an optical gating
technique with a time resolution which, depending
only on the pulse duration, can be an order of
magnitude shorter resulting in the possibillity of
imaging with a correspondingly higher time resolu-
tion. Second the use of a cooled CCD-camera in
the detection - facilitated by the bilateral con-
focal scanning approach - is essential in this
new approach as it provides both the integrating
capabilties and the high dynamic range/ signal-
to-noise required for the calculation of fluorescent
life-time images. As an additional benefit it
facilitates fast image collection thanks to parallel
speciem excitation and data collection, a practical
proposition when operating in the line mode and
high excitation powers (Brakenhoff and Visscher
1983).
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Measurement of Femtosecond Pulses in the Focal Point of a High NA Lens
Using Two-photon Absorption
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' Department of Molecular Cytology, University of Amsterdam, Plantage Muidergracht 14, 1018 TV Amsterdam, The Netherlands
2 Center for Ultrafast Optical Science, University of Michigan, 2200 Bonisteel, Ann Arbor, Ml 48109-2099, USA

There has been increasing interest in the ap- beamsplitter is periodically varied. If some non-linear
plication of femtosecond optical pulses in the field response is employed, usually Second Harmonic
of microscopy (Curley et al. 1992). For instance, Generation (SHG) in a BBO crystal, the signal be-
femtosecond pulses have been used for two- comes a function of the amount of overlap in time
photon absorption (TPA) in microscopy on biological of the two pulses. Note that in principle any non-
samples (Denk et al. 1990, Piston et al. 1992). The linear interaction - that is also TPA - will fulfil the
inherent sectioning properties of TPA allows 3D- requirements for an autocorrelation measurement.
imaging of biological samples, a facility which We found, as illustrated in this contribution, that
has been shown to be of great interest by confocal TPA autocorrelation can indeed be realised in the

microscopy (Brakenhoff et al. 1985). It has been focal point of a high NA lens, thus providing a mea-
recognized that the strong focusing conditions of surement of the temporal envelope of the pulse
high NA lenses may distort the shape of the optical precisely at the point where the TPA induced fluores-
pulse (Horvath and Bor 1994). The unique value cence is generated. For the TPA autocorrelation

of the presented two-photon autocorrelation experiments we used a number of different Rhod-
technique is its capability of measuring the actual amine and Fluoresceine based samples.

pulse width at the focal point of a high NA lens, Using the TPA autocorrelation response we
where the interactions determining the two- found that it is not influenced by the specific non-
photon imaging take place. For instance we found linear medium in which the TPA takes place, indicat-
that a chirp-free input pulse of 47 femtosecond ing the possibility for a general application of this
may broaden by = 50% after focusing by a well technique. Also it permits the measurement of

compensated objective. We show that, with the the characteristic increasing penetration depth in
actual pulse width information obtained by the the sample. This behavior is expected by con-

presented methods, proper pre-chirp compensa- sidering the increase in spherical aberration that
tion can be applied to restore , the actual pulse occurs for larger penetration depth in a medium
width in the focus of such a lens system to (almost) with a refractive index that does not match that of
its initial value. the objective (Hell et al. 1993). A, not-unexpected

The general principle of the autocorrelation but still satisfying observation, was that when the

technique for the pulse width measurements of TPA autocorrelation signal is measured as a func-
ultra short optical pulses is schematically depicted tion of the pre-chirp compensation the minimal
in figure 1. An input beam is split by a 50% beam- pulse width corresponding to the highest peak
splitter into two equal beams. One of the beams power, does indeed coincide with the maximum in
passes a variable delay line before it is recombined the fluorescence signal amplitude.

with the other beam. Moving the delay line changes Summarising we may say that the measure-
the optical path of one of the beams with respect to ments presented in this paper show that it is possible
the other. This spatial translation thus translates to restore a pulse, broadened by propagation
in a time delay. By mounting the variable delay through the microscopic set-up, almost to its original
line on a “shaker” -inducing a periodic change in the transform limited width, by proper adjustment of the
delay - the overlap of the pulses at the recombining pre-chirp compensation and thus optimise the con-
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Fig. 1.a) Peinciple of autocorrelation measurement. The input
beam is split into two equal parts by a 50% beamsplitter
(BS). One of the beams passes a uariable delay line (VD)
before being recombined with the other beam on a second
- separate but identical -beamsplitter. The variable delay is
mounted on a home-built “shaker”. By applying a periodic
movement of the variable delay, one of the pulses is
scanned in time over the other. b) A two-photon autocor-
refation measurement of a pulse width of 50.9 + 1.2 fs in
the focus of a high NA objective. The trace was obtained
using a 103 pulse broadening induced by any objective
used for a particular application. We observed a strong
decrease in signal amplitude for M Rhodamine 6G solution
as a medium after optimizing the pre-chirp conditions.

ditions for TPA imaging under the for the imaging
relevant conditions.
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Storage Ring: Aplications in Environmental Science

|.P. Dolbnya and K.V. Zolotarev
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Some experimental capabilities of the experi-
mental station of X-ray transmission subtraction
microscopy and microtomography with the using
of the synchrotron radiation (SR) from the 2T wig-
gler-magnet installed at the VEPP-3 storage ring
(2 GeV, 100 mA) (Novosibirsk, Russia) (Dolbnya et
al. 1992} in com-bination with X-ray fluorescence
(XRF) energy-dispersive registration analysis and
fluorescence scanning microprobe technique are

presented. The X-ray double-crystal sagittally
focusing Si(111) monochromator was employed.
The using photon energies range from 7 to 25 keV.
The scintillation counters were usually in use as
X-ray absorption detectors. We have also employed
the ionization chamber filled with nitrogen at
normal pressure as the monitoring detector. To
register X-ray fluorescence quanta solid state
Si(Li) (180 eV at the energy of 5.9 keV, 7 um
Be window in thickness) detector was used. Point-
by-point scanning of an object across the properly
formed pencil monochromatic beam is used for the
X-ray imaging. X-ray transmission imaging enable
us to visualize two-dimensional not only an absorp-
tion mapping but also the elemental distribution
by means of XRF analysis.

There is special interest to study the distribu-
tion of elements over the single microparticles in
biomedical and environmental aerosol samples.
X-ray scanning transmission subtraction micro-
scopy in combination with X-ray fluorescence
energy-dispersive registration analysis and fluores-
cence microprobe technique have been expected
to be a promising analytical tool for such investiga-
tions.

As a test sample to check the capability of the
developed investigation technique, the filter fabri-
cated from the material Whatman-41 was taken. The
filter was chosen from the lot of similar filters
served as a filters of atmospheric aerosols at the
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environmental monitoring station near the city
Novosibirsk (the large industrial center). The filter
under investigation had microparticles with typical
mean size of ~7 um ranging up to ~30 um. Fig. 1a
demonstrates the subtraction roentgenograph
(80x80 image points, 8 um scanning step in hori-
zontal X-direction and 4um in vertical) of aerosol filter
under study which was taken at Fe K-edge.
The coordination cross made from two Mo wires
was inserted on a sample as absolute coordinate
marker over the image field. This Mo cross is also
seen in Fig. 1a. The XRF spectra were taken at
photon energies of excitation of 10 and 18.4 keV
from the region of different microparticles shown
in Figure. For estimation of absolute amount of
iron in one particle the information about absorp-
tion jump of intensity at Fe K-edge was used
from results of the X-ray subtraction imaging of
this particle on energies just before and after K-
edge. In table 1 the results of measurements and
calculations are presented. The detection limit in
these measurements is about 1 pikogram for iron.

Using insects as a convenient object for en-
vironment monitoring seems to be most promising.
Due to the fact that their integuments are not
smooth and there are a great deal of a pubescence
on their bodies, insects accumulate very well various
inclusions from the atmosphere. Moreover, due to
their durable flights, sometimes remote migrations,
the flying insects are able to give us some informa-
tion on the state of the atmosphere over rather vast
territories, which is very difficult to get by means of
conventional control techniques. The available
data show that in addition to the elements con-
tained in their food and stored in their organisms,
the flying insects can also store different kinds of
aerosol particles, being a factor of pollution, in
the integuments (Heliovaara et al. 1987).

In further detailed investigations, it seems to be
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Fig. 1. (a)-subtraction roentgenograph of _aerosol f!lter under
study taken at Fe K-edge, 80x80 |mage.pomts., 8 um
scanning step in horizontal and 4' um step in vertical; the
two-dimensional distribution of d_merent 'element.s under
study over the meadow moth, the size of 2all images is 50 _><46
points, the image pixel is 200x250 um*, (b)-general view,
the white contours are an art work, (c)-Ca, (d)-Fe, (e)-Ni,

(f)-Cu,(g)-Zn.(h)-Br.

important to determine “marking” elements which
can be used for reliable biological monitoring. The

Table 1. The results of microanalysis of aerosol
particles (absolute amounts of elements are in
pikograms (1071%g)).

Particle Ca Ti Fe Cu Zn
1 20.0 5.41 80.9 | 0.54 1.12
2 18.9 7.67 82.7 | 0.69 1.47
3 22.8 1.88 541 0.32 0.79
4 43.9 579 | 15629 | 0.96 1.23
5 24.9 1.79 451 0.42 1.48

application of the scanning XRF elemental analysis
allows one to determine the distribution of different
elements in the body of an individual meadow
moth. In this experiment, two moths were ex-
amined and the results of the study of one of them
are shown in Fig. 1. The images were taken at
the photon energy of 14.05 keV corresponding to
the position just upper Br K-edge. Analysis of the
obtained images has confirmed the hypothesis
on the nonuniform distribution of elements in every
moth. 1t is also seen that the major portion of the
pollutant elements is concentrated in the body of a
moth rather than on its wings. This circumstance
permits us to conclude that it is feeding that is
mainly responsible for the presence of pollutant
elements in moth’s bodies. The fraction of pol-
lutant elements which accumulates on the wings
from aerosol particles is insignificant.

Finally, the authors would like to thank V.F.
Pindyurin, V.B. Baryshev, P.K. Kotsenogy, V.A.
Trounova, 1.B. Knor and E.N. Naumova for a kind
cooperation.
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X-ray SR-based Microtomographic Investigation of Microporous
Granulated Mercury Catalysts
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There is the wide class of mercury microporous was employed. The imaging was performed at

granulated catalysts having a light matrix (quartz, two different energies of X-ray quanta 9 keV and 12.3
ceramics and others) with the granule size ranged keV (Hg Lj,-edge). Point-by-point scanning of
from ~0.5 mm to ~5 mm, and the typical pore sizes an object across the properly formed pencil mono-
of ~0.5-20 um. To reveal the internal 3D pore chromatic beam is used for the X-ray imaging. The
structure of such a catalysts and the level of the transmission (9 keV) and subtraction (at Hg Ly;-edge)
filling of the pores by Hg, the X-ray microtomo- imageshave been acquired. The space cross-
graphy study of the several granuiated Hg-contain- sectional resolution was established to be 2 um,
ing catalysts was conducted. For the study, the and the slice height size was ~10um. The results of
catalysts with the mean pore sizes of 3-10 ym were such investigations are presented and discussed.

chosen. The experiments were carried out at
the station of X-ray transmission subtraction micros-

copy and microtomography with the using of the REFERENCES

synchrotron radiation (SR) from the 2T wiggler-

magnet installed at the VEPP-3 storage ring (2 GeV, Dolbnya IP, NG Gavrilov, NA Mezentsev, VF Pindyurin. 1992.
100 mA) (Novosibirsk, Russia) (Dolbnya et al. 1992). Rev. Sci. Instrum. 63: 609.

The X-ray double-crystal Ge(111) monochromator
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The SRRC 1.3 GeV synchrgtron radlatlog
research facility has been operating for Op$9a9n3
a half years since its dedication in Oth_’bﬁ bright-
The storage ring is a low emittance, hig bl gin
ness light source with photon energy rf g’l'tg
from vacuum ultraviolet to soft x-ray. The a(:jl I );
has been opened to the public users to _conf uc
synchrotron radiation experiments starting rorr:c
April 1994, The overall machine perfprmahci'fp
the first year operation as well as its scién ':|IC
research programs will be presented. Presﬁ?neys’
there are three high resolution photon beam
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in use which are dedicated to VUV experiments.
In February 27, 1995, SRRC also announced the
successful commissioning of its 1.8 Tesla high
field wiggler magnet system which is another
outstanding accomplishment of the third gen-
eration ring. Another three x-ray beamline will

be operating in summer 1995. A PESM (pho-
tomission spectromicroscopy) beamline, which
will be set up at the SRRC-U5 undulator, provid-
ing photon energies from 90-400 eV in the first
harmonics, is presently under plan.
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Applications of the Confocal Fluorescence Microscopy in the Study of
the Centrosomal Proteins

Tang K. Tang and Chieh-Ju C. Tang
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During past several years, we have identified cence in situ hybridization technique. The NuMA
and characterized two proteins: NuMA (Nuclear DNA was biotin labeled and used as a probe to

Mitotic Apparatus protein) and protein 4.1 (P4.1). hybridize the metaphase chromosomes. The
NuMA, originally described as a predominantly chromosome DNA was stained with propidium
nuclear protein, is present in the interphase iodide and the biotinylated probe was detected
nucteus and concentrated in the spindle pole by FITC-conjugated avidine under a confocal
of mitotic cells, while P4.1 is an erythrocyte mem- laser-scanning microscope (BioRad MRC 600).

brane skeletal protein whose function is believed For localization of the large P4.1 isoforms (135

to strengthen red cell morphology. We and others kDa) within the cells, an antibody (anti-5') that spe-
have recently isolated the cDNAs that encoded cifically recognized the N-terminal end of this large
NuMA and P4.1, respectively. Our results showed P4.1 isoform was generated. The mouse 3T3 fibro-
that both NuUMA (Tang et al. 1993, 1994) and P4.1 blasts at various cell cycle stages were processed
(Tang et al. 1990a,b) constitute multiple isoforms for immunofiuorescence with anti-5' and anti-
heterogeneous in size. The heterogeneity of tubulin antibodies. Our results showed that the

NuMA (Tang et al. 1993) and P4.1 (Tang et al. large P4.1 was mainly detected at the interphase
1991, Huang et al. 1993) appears to be arisen centrosome and formed several large aggregates
by alternative RNA splicing from a single gene. within interphase nuclei. In prophase stage, the

Confocal fluorescence microscopes have an large P4.1 was clearly detected at the separated
improved resolution over conventional fluorescence centrosomes. However, some P4.1 spread within
microscopes by producing images in which out-of- the cytosol. When cells entered metaphase, the
focus blur is essentially absent. We have applied large P4.1 was found at the spindle poles and

the confocal fluorescence microscopy to finely the mitotic microtubules. Finally, in telophase
localize the subcellular distribution of NuMA cells, the large P4.1 was located at the midbodies

and P4.1. In order to elucidate the localization as well as the centrosomes. Interestingly, when
of various NuMA isoforms, we have developed we processed the mouse sperms for immuno-
a transient expression system (Tang et al. 1994). staining with our anti-5' antibody, the large P4.1 was
Expression of NuMA-large shows cell cycle-depen- mainly detected at the basal body complex
dent distribution indistinguishable from that of (centrosomal region) at the base of the sperm tail.

human NuMA; it is present in the interphase The differential subcellular localization of

nuclei and segregates to the spindle pole during various NuMA and P4.1 isoforms suggest that
mitosis. However, expression of the two other some uncharacterized functions of these proteins
isoforms (NuMA-medium and -small) shows distinct have not been identified yet.

subcellular localization. NuMA-medium and

NuMA-small are distributed in the cytosol and

appear to be clustered mainly at the centrosomal REFERENCES

region. When cells enter into mitosis, NuMA-

medium and. _'Sma” move into the mitotic spindle Huang JP, C-J Tang, KH Kou, VT Marchesi, EJ Benz, TK Tang.
pole. In addition, we have mapped the NuMA gene 1993. Genomic structure of the locus encoding protein
to human chromosome 11q12->g13.5 by a fluores- 4.1:Structural basis for complex combinational patterns of
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3-D Unbiased Stereological Measurements Using Conventional
Light Microscopy, Applied to the Study of Human Intra-uterine

Growth Retardation

C.V. Howard, D. van Velzen, P. Sibbons, T. Ansari, Y. Li and N. Pahal
Department of Fetal and Infant Pathology, University of Liverpool, PO Box 147, Liverpool L69 3BX, UK

Design-based, assumption-free, stereological
methods guarantee accuracy of estimates of
feature volume, surface, length and number
(Howard 1990a , b). The precision of these esti-
mates is known and can be 'tuned' by the intensity
of the sampling design (Gundersen and Jensen
1987). Those techniques requiring a scanned
optical plane for counting objects in 3-D space,
such as the 'unbiased brick' (Howard et al. 1985)
or 'optical disector' (Gundersen 1986), can be effi-
ciently employed using the confocal microscope
and were indeed first demonstrated on such a ma-
chine (Baddelcy et al. 1987). However almost
all commercially available confocal microscopes
operate in epi-illumination mode and therefore
the objects of interest have to either reflect or fluo-
resce. This cuts out much material prepared
by conventional histological methods. There are
now a number of papers extant in which the mea-
surement of numerical density of cells has been
made using the optical sectioning ability of high
numerical aperture oil immersion lenses in transmis-
sion mode (Braendgaard et al. 1990). The material
needs to be embedded in plastic media, such as
methyl methacrylate, which do not suffer the shrink-
age problems associated with paraffin embedding.
Microscopes also need to be fitted with either a
microcator to monitor stage movement in the z-axis
or a high precision motorised stage.

in developmental pathology it is essential to
know the normal growth trajectory of any partic-
ular parameter as precisely as is feasible (see
Fig. 2). We have shown that Intra Uterine Growth
Retardation (IUGR), which affects 20,000 pregnan-
cies per year in the UK, causes permanent stunting
of the microanatomy in the kidney, lungs and brain.
IUGR infants will have on average only 65% of
the normal complement of nephrons (Hinchliffe

109

et al. 1990). This effect has now been shown in
a majority of cases studied of Sudden Infant
Death Syndrome (SIDS) (Hinchliffe et al. 1930).
The number of terminal airways in the bronchial
tree has been shown to be reduced in IUGR (Bed-
does et al. 1993. Friedman et al. 19983). There
appears to be an overall reduction in the total
number of cortical brain cells in IUGR infants.
These findings indicate that generalised and irre-
versible developmental damage occurs in IUGR.
Epidemiological studies (Barker et al. 1989)
show that the life expectancy of low birthweight
children is, on average, reduced and that they
have an increased incidence of hypertension,
ischaemic heart disease and obstructive airways
disease in adult life Additionally there is evidence
of behavioural abnormality and intellectual impair-
ment in [IUGR infants (Ens-Dokkum et al. 1993). The
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Fig. 2. Demonstrates the difference in the kinetics of total cell
complement in the neocortices of normal birth weight (con-
trol) (and IUGR cases). By the beginning of the 3rD Trimes-
ter the cellularity of the neocortes has fallen behind the
control cases.

significance of this in the light of our findings will
be discussed.

Examples of the techniques used and the
quantitative resuits will be presented. It is worth
noting that these organs have been examined in
2-D microscopy for these conditions in the past.
3-D measurements are invariable more sensitive
indices of change. Our findings in IUGR could
only have been made with the use of stereological
techniques.
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INTRODUCTION

Photobleaching is a dynamic process in which
fluorochrome molecules undergo photo-induced
chemical destruction upon exposure to excitation
light and thus lose their ability to fluoresce. The
photobleaching phenomenon has been the basis
of many fluorescence measurement techniques
developed and successfully applied since the 1970’s.

The mechanisms of photobleaching in biologi-
cal objects are not yet well-understood. In micros-
copy, fluorochrome molecules are chemically
bound to targets of interest (such as DNA, RNA,
protein, or other cellular components) in which the
chemical micro-environment is very complex, often
differs from one specimen to another, and is very
difficult to control. Although a single-exponential
(or first-order) process is often used as a basis for
the photobleaching techniques in microscopy,
the experimental data from many studies deviate
from a pure single-exponential function /| =Be*
(Benson et al. 1985, Koppel et al. 1989, and Rigaut
et al. 1991).

The study reported here is aimed at a system-
atic analysis of photobleaching kinetics in micros-
copy. It focuses on the photobleaching process of
fluorescein alone.

PHOTOCHEMICAL AND PHOTOPHYSICAL
BACKGROUND

Lindqvist and co-worker (Lindqvist 1960 and
Kasche et al. 1964) demonstrated that the triplet
excited state fluorescein molecules became de-
populated via two major pathways: the reaction
between a triplet and another ftriplet or a ground
state dye molecule (Dye-Dye mechanism); and the
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reaction between a triplet dye molecule and an
oxygen molecule (Dye- Oxygen mechanism). These
reactions, in turn, were shown to produce the tran-
sient semi-reduced and semi-oxidized forms of
the dye triplet, and then became non-fluorescent
photo-product or were reverted back to the ground
state molecules.

To study the photobleaching behavior of fluo-
rescein, all of the photochemical reactions from the
studies of Lindqvist and Kasche are incorporated
into a model described by the following six coupled
differential equations:

%[M(t):[kd]\é*(t)+k1M*(t)+k2M2*(t)

+hy Nos (1) N, (1) + kg Nrw ()N, (1)
kg Now (1) N () + kg New (1) N, (£) ]
[ N,(1) 4 ks Mps ()N, (1)]

LN (=g N, (1) =Lk N (1) + i Ny (1))

L[Ny (1) 1= Now (1) = Uy M (1)

+hy N2 (£)+ kg New (£) N, (1)

+2ky N (1) +hes Npu N (£) + kg Nps (£) N (1)
+hy Nps (1) N () + kg Np (2) Np (£)

+hg Npw (1) N, (1)1 Eq. 1
%[M(t)]=k4M2*(f)+k5M*(t)M(t)
+ho N (1)N, (1)

UMD 1= ke M (1) + ks N (D N (1)
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where S, S*, T*, X and R refer to the §ing'le‘t ground,
singlet excited, triplet excited, se'mI-OXIdIZGd. and
semi-reduced state of fluorescein, respe_ctlvely,
and N refers to the molecular popula_ltlon. In
this system, k, 1O k, are those derived by
Lindgvist and Kasche (Lindgvist 1960, Kas%:e
1964) for the pH range in the curr'ent study. e
non-linearity introduced by the pmoleculgr pro-
cesses makes it extremely duf_ﬂcult to find adn
analytical solution for the sy§tem in Eq. 1. Insteab ,
an efficient iterative numerlcgl mgthqd has to be
used to study the photobleaching kinetics of fluores-

cein.

MATERIALS AND METHODS

- tics by Mathematical Simulation
Stu?/hzfl;wgttéotjegching kinetics was mc’Jnltor.ed
by numerically solving the system of OE)I_ES using
the highly-efficient software package ,!_lverm[c;lrze
Solver for Ordinary Differential Equatlops (LSODE)
(Hindmarsh 1983) and was customlzed for the
current study. A strategy qf a dynamlcally adjgstﬁd
step size took into consideration the drastically
different time scales originatmg. from the nanosec-
ond singlet excited state litetime and micro- to
milli-second triplet state lifetime (a so-called stiff
pmbé?:l)ﬂation of the photobleaching process gf
free fluorescein in solution apd bound fluorescein
in microscopy was accgmphshed by setting t::e
appropriate initial conditions and recordmg‘t e
population change of each energy'stafte over time.
For the simulation, only the excitation intensity and
fluorochrome concentration were vgrlted to closely
resemble the experimental conditions, an_d all
other rate constants aré intrinsic to fluorescein for
the pH used in the present study, and were quoted

directly from Lindqvist.

Free Fluorescein in Solution _
A fluorescein sodium solution of 0.01 UM was

in three cuvettes: (1) control sample,
wﬁir;hpl\zgzdng; bleached, (2) air-saturatgd sample,
and (3) deoxygenated sample, from which oxygen
was purged by flushing argon gas for 15 minutes.
A Leitz DM epi-fluorescence microscope with a
100W mercury arc jamp and a 450-490 nm exglta-
tion filter block was used as a bleaching light

source. o
Bound Fluorescein in Microscopy

Focus on Microscopy '95

Fluorescein surface-labeled microspheres
were centrifuged onto standard microscope
slides. The slides were air-dried in the dark and
embedded in PBS in the absence of anti-fading
agents.

Ficol-isolated human lymphocytes on glass
slides were in situ hybridized and fluorescein mol-
ecules were directly (without antigen-antibody
complex or spacer molecules) attached to probes
specific for the centromeric region of chromosome
1. The preparation was embedded under a cover
slip in PBS.

RESULTS AND DISCUSSIONS

The experimentally derived bleaching curves
and simulated kinetic curves demonstrated that
the simulation very closely resembled the bieaching
behavior observed in the actual experiment, both
for free and bound fluorescein. For simulated
air-saturated fluorescein solution, the ground state
depletion was completely described by a single-
exponential function with the least-square residual
very close to zero. The build-up of the bleached
dye population was largely due to the D-O mecha-
nism.

For both the experimentally-derived and the
simulated conventional fluorescence microscopy
case, the kinetic curve of the ground state deple-
tion deviated significantly from a single-exponential
function. The build-up of the bleached dye popula-
tion was predominantly due to the D-D mechanism.

Since the D-O mechanism consists of only one
pseudo-unimolecular reaction leading to the ble-
ached dye molecules, the bleaching behavior will
be a single-exponential process in the absence of
all D-D reactions. In the simulation of fluorescein
in solution, where N, is low and N; << N_,, the
probability of a reaction between dye molecules is
very low. This probability is governed only by
the concentration (or the intermolecular distance)
of the reacting molecules, since the rate of reaction
is constant at a given temperature. The pho-
tobleaching in this case is primarily caused by
the reaction between a dye molecule and an
oxygen molecule, since the intermolecular distance
between an oxygen molecule and a dye molecule
is smaller than that between the dye molecules.
Photobleaching then shows a single-exponential
behavior.

On the other hand, in microscopy where fluor-
escein molecules are bound to targets of a very
small surface area or volume, the average in-
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termolecular distance of fluorescein molecules is
smaller than the distance between a fluorescein
molecule and oxygen. A triplet dye molecule is
therefore more likely to react with another dye mol-
ecule than in solution. The high local density
of fluorescein molecules promotes the proximity-
induced D-D reactions. Since the D-D mechanism
involves more than one bimolecular reaction (and
thus more than one exponential term) leading to
the bleached dye molecules, the bleaching be-
havior will not be single-exponential even in the
absence of the D-O reactions.
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CONCLUSION AND WORK IN PROGRESS

The present study has addressed a fundamen-
tal question about the photobleaching mechanism
of fluorescein in microscopy. It has demon-
strated through both experimental and theoretical
methods that the single-exponential behavior is
only a special case of the bleaching process when
the average intermolecular distance of fluorescein
is significantly greater than the average distance
to oxygen, and that the photobleaching process
of bound fluorescein in microscopy is in general
not a single-exponential process. Further studies
are being carried out to provide additional
photophysical evidence for the role of the triplet in
the photobleaching of fluorescein in microscopy,
the results of which will be presented at the con-
ference. The improved understanding of pho-
tobleaching mechanism in microscopy will have
a direct application in quantitation of fluorescence
emission.
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Non linear laser microscopy responds to the
challenge of fundamental problems in biological
science by providing the means for microscopic
imaging of the dynamical microchemistry and for
microscopic pharmacology in functional tissues and
cells.

Simultaneous interaction of two low energy
long wavelength (deep red) photons with a chro-
mophore molecule adds their energies to excite mo-
lecular transitions that ordinarily absorb ultraviolet
or visible light. The 100 femto second pulses of a
strongly focused mode locked laser beam provide
high peak intensity in the focal volume for a localized
source of virtually simultaneous photons at about
1022 photons per second. Because two photon
excitation is intrinsically limited to the focal volume
there is no out of focus background, photoble-
aching or photodamage. Photoactivation of caged
bioeffector molecules, such as neurotransmitters,
can be localized to a submicron focal volume and
released on microsecond to millisecond time scales
for dynamical micropharmacology experiments. Be-
cause two photon excitation eliminates the need for
confocal and ultraviolet optics it allows sharp, high
efficiency fluorescence imaging deep within thick
preparations such as 100um thick hippocampal
brain slices that strongly scatter light of short wave-
length.

Ratio imaging of the calcium indicator Indo 1
using visible light of ~ 695 nm wavelength has rou-
tinely provided 3-dimensional (3-d) resolved
imaging of cytoplasmic calcium at 4 images per
second, and 3-d resolved linear scans at 1000 per
second. True video rate 3-d resolved fluorescence
imaging at 30 images per second has recently been
obtained using two photon line illumination.

Instrumentation for two photon excitation laser
scanning microscopy has been developed to a
stage ready for adaptation to industrial production.
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The two photon excitation cross sections and
spectra of many familiar fluorophores have been
measured for the first time with the pleasing result
that the optimum two photon excitation wavelengths
are frequently far shorter than twice the one photon
excitation wavelength as the simplest models had
suggested. Therefore many, if not most, fluorescent
markers and indicators that are commonly used in
biological research can be excited within the conve-
nient range of the commercially available titanium
sapphire mode locked femtosecond pulsed lasers.
However shorter wavelengths are preferred for
some photochemical applications. The emission
spectra of these fluorophores are essentially the
same with two photon excitation as with one photon
excitation.

Applications of two photon excitation in laser
scanning microscopy that will be illustrated as time
allows include dynamical 3-d resolved imaging of
(1) cytoplasmic calcium waves, sparks and signals
in several tissues, (2) neurotransmitter receptor func-
tion on cell surfaces by spatially resolved release
of caged neurotransmitters, (3) nuclear distribution
during embryonic development, (4) chromosome ar-
rangements during meiosis, (5) NADH imaging of
metabolic state, and others, Quantitation methods
for micro pharmacology including localized calcium
release, caged neurotransmitter release and 3-d
diffusion measurements will be illustrated.

Some recent publications on biological applica-
tions of two photon excitation are listed for further
reference to relevant literature.

REFERENCES

Denk W, DW Piston, WW Webb. 1994. Two-photon molecular
excitation in laser scanning microscopy. Handbook of Bio-
logical Confocal Microscopy, ed. by J. Pawley (Plenum 1995)

Denk W, JH Strickler, WW Webb. 1990. Two-photon laser scan-



116 Focus on Microscopy '95

ning fluorescence microscopy. Science 248: 73-76.

Denk W. 1994. Two-photon scanning photochemical microscopy:
Mapping ligand-gated ion channel distributions , Proc. Nati.
Acad. Sci. 91: 6629-6633.

penk W, KR Delaney, A Gelperin, D Kleinfeld, BW Strowbridge,
DW Tank, R Yuste. 1994. Anatomical and functional imaging
of neurons using 2-photon laser scanning microscopy. Jour-
nal of Neuroscience Methods 54: 151-162.

piston DW, MB Kirby, H Cheng, WJ Lederer, WW Webb. 1994.
Two-photon fluorescence excitation in laser scanning mi-
croscopy images calcium ion activity in three dimensions.
Applied Optics 33: 662-669.

piston DW, DR Sandison, WW Webb. 1992. Time-resolved fiuo-
rescence imaging and background rejection by two-photon
excitation in laser scanning microscopy. SPIE. 1640: 379-

390.

Strickier JH, WW Webb. 1991. Three-dimensional optical data
storage in refractive media by two-photon point excitation.
Opt. Lett. 16: 1780-82.

Strickler JH, WW Webb. 1991. Two-photon excitation in laser
scanning fluorescence microscopy. SPIE. 1398: 107-117.

Webb WW. 1990. Two photon excitation in laser scanning
fluorescence microscopy. In transactions of the royal mi-
croscopy Society, New Series Volume 1: MICRO 90, ed. H. Y.
Elder (Adam Hilger, Bristol 1990), pp. 445-450,

Williams RM, DW Piston, WW Webb. 1994. Two photon molecular
excitation provides intrinsic three dimensional resolution
for laser-based microscopy and microphotochemistry.
FASEB Journal 8: 804-813.



Zoological Studies 34, Supplement | (1995)
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Although those using the transmission electron
microscope (TEM) have long been accustomed
to thinking of the resolution of their instrument
as being usefully defined only in terms of contrast,
until quite recently it was common for those in-
volved in biological light microscopy to speak of
the resolution of their instruments in some sort of
absolute sense. In part, this due to the fact that, as
spherical aberration cannot be corrected in the
TEM, the contrast transfer function (CTF) of the
TEM varies with defocus in a complex manner:
oscillating in sign across the zero-contrast line as
one proceeds to higher spatial frequencies. In prac-
tice, the absolute TEM information-limit is set not
by diffraction but by the limited coherence of
the source and by electro-magnetic instabilities
which combine to cause the “envelope function” of
the CTF to decline steadily at higher spatial frequen-
cies. This complexity forces the user to explicitly
consider the CTF in order to interpret high-resolution
TEM images.

In contrast, when operated with absorption or
epi-fluorescence contrast, the CTF of a diffraction-
limited light microscope goes obediently to zero in
a fairly simple manner that holds few surprises
and, for most purposes, is adequately summarized
by the Rayleigh Criterion. At the other extreme, the
many biological applications of high-resolution LM
imaging often involve interference effects such as
differential-interference contrast (DIC) and are
used in combination with video-based image en-
hancement techniques. The CTF of such a complex
system is perhaps too complicated to encourage
theoretical analysis.

Unfortunately, this general lack of attention to
the relationship between contrast and resolution
in LM has tended to obscure a simple but important
fact: that the contrast produced by small features
is transmitted to the detector much less efficiently
than that of larger features. (i.e. that small features
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inevitably appear in the image with low contrast.)
The purpose of this paper is to focus on the way
this fact interacts with signal level and photo-
bleaching to place a practical limit on resolution
in fluorescence confocal imaging.

Although contrast is an essential ingredient in
our ability to “see” a feature, the signal-to-noise ratio
(S/N) of the data is equally important. These two
factors were first combined to produce a measure
of “visibility” by Rose (1948) who quantified the
relationship between the minimum size that a
feature in a television image must have in order to
be seen as different from its surroundings, 9,
the contrast and S/N. A similar analysis was
later applied to TEM images by Glaeser (1971, 1975)
who was trying to image molecules that were
damaged by the electron beam illuminating the
specimen. He wanted to calculate the minimum
dose of illumination necessary to produce a use-
able image and derived the equation, 8 = A/Cj(fen) 2
where n is the average of number quanta/unit-area
(g/pix), at the specimen and these are utilized to
form the image with a fractional efficiency, f. G is
the contrast (in %) intrinsic to the interaction be-
tween the specimen and the impinging radiation,
as transmitted by the microscope. This formula-
tion assumes that the only source of noise is the
statistical variation in n as described by Poisson
statistics. A is a constant that must be ~ 5 for a
single pixel to be “seen” above the local background
by a human observer but which is smaller for larger
image features.

In practice, this equation shows that in an
image with only 2 gray levels (feature and back-
ground), the intensity of a feature one pixel in size
must be >25q/pix in order to be dis-tinguishable
from a background of 1 g/pixel. In other words,
the staining ratio would have to be at least 25:1
even if the microscope did not reduce the contrast
of the feature at all. However, if the contrast be-
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tween two adjacent point features were reduced
to that of the Rayleigh Criterion (~25% darker at
the midpoint between the features), the peak bright-
ness would have to be about 400 g/pix to separate
the 75% signal from the 100% peaks by 5x the
statistical noise level. This represents a 16x in-
crease in signal that must be acquired and, hence,
in the dose of illumination applied to the specimen.
Dropping the contrast to 10% (making the dip in the
intensity between the peaks only 90% of the peak
value) implies a 100x increase in dose.

Now that confocal-fluorescence microscopy
is beginning to approach diffraction-limited resolu-
tion, it is easy to demonstrate the importance of
this relationship. Fig. 1 shows a series of con-
focal images made with only a few photons/ pixel,
of part of a test specimen consisting of a metal-
film-on-glass pattern over a “sea” of fluorescent
oil (Centonze and Pawley 1995). As the average
peak signal level varies from (a): 2, (b): 4, {(c): 8 to
(d): 16 counts/pixel, the visibility of the bars in the
smaller patches improves. This happens not be-
cause the optical resolution changes but because
by we are now counting enough particles to permit
such low-contrast features to be recognized
above the noise level, Unfortunately, in confocal
fluorescence microscopy, both fluorescence satura-
tion and photobleaching prevent an arbitrary in-
crease in the signal level.

This analysis emphasizes again the importance
of increasing the quantum efficiency (QE) of the
detector in the confocal microscope above its
present level of 3-20%. It also points to the
crucial importance of S/N in any effort to compare
the relative photon efficiency for 3D-microsco-
pical imaging of confocal/fluorescence microscopy
vs. the widefield/deconvolution technique. While
the CCD detector used with the latter technique
has a clear edge in QE, the contrast produced in
the recorded data is greatly reduced if highly
stained features are located above or below the

a b

v; Figure 1

h L -

plane of focus. It is as yet unclear where in the
range of staining sparcity, what is gained by
the widefield method in terms of QE (and hence
improved S/N) becomes more important than
that which is lost by the reduced contrast of the
recorded data. (i.e. the stain contrast as modified
by the point-spread function of the microscope).
What is clear is that it is most important to increase
the “use factor,” f, as much as possible and, in
the case of confocal-fluorescence microscopy,
this means increasing detector quantum efficiency.
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Electron cryomicroscopy has been advanced
to be a unique tool to study macromolecular as-
semblies which cannot be readily tackled by
X-ray crystallography and NMR (Chiu 1993). The
reliability of the technique has been illustrated
by a number of examples which the X-ray structures
of the individual components are known (Jeng et al.
1989, Wang et al. 1992). For the examination
of biological structures at different functional or
chemical states, advantages of using ice-embed-
ded specimens have been well established (Chiu
1986). For reconstructing the 3-dimensional struc-
tures of single particles, the approach of Frank’s
group is based on the assumption that the particles
in the electron images would have the same orien-
tations and their method has been applied to study
a variety of specimens (Penczek et al. 1992,
Radermacher et al. 1994). An alternative approach
of performing three-dimensional reconstruction
with particles at random orientations called angular
reconstitution has been proposed by van Heel (van
Heel 1987, van Heel et al. 1992). This paper reports
the first biological application of the angular re-
constitution to determine the three-dimensional
structure of the Ca®* release channel from rabbit
skeletal muscle in a closed state {Serysheva et al.
1995).

The calcium release channel is located in the
gap between the transverse tubular system and
the junctional membrane of the terminal cisternae
of SR. It contains a membrane spanning region
and a soluble region with 4 homotetramer of total
molecular mass of 2.4 million daltons. The C&*-
release channel is solubilized and purified from
rabbit skeletal muscle (Hawkes et al. 1989). The
Ca?*-release channel protein was driven towards
its closed state by depleting the Ca?* with 1 mM

EGTA in 300 mM KCI, 10 mM MOPS (pH 7.4).
Figure 1 shows an electron image of the ice-
embedded Ca?*-release channel with a moderate
contrast. Aithough a good number of the channel
proteins are oriented with its square shape face
perpendicular to the plane of the grid, we have
found single channei proteins in all possible orienta-
tions.

The 3D structure of the Ca?* release channel
seen from two different directions is shown in
Figure 2. The view of the channel protein facing
the SR lumen side shows an outer square and
an inner square, which are rotated with respect to
each other over an angle of ~ 40° (top panel). The
view of the protein, facing the cytoplasm towards
the transverse tubule, shows a central opening of
~ 50 A in diameter (bottom panel). The rim of the
central channel forms a continuous network that
extends to the peripheral mass. At the corners of
the peripheral mass is a most characteristic
domain shaped like a closed laboratory clamp
with four fingers. “Handles” or “bridging domains”

Fig. 1. 100 kV electron image of Ca®* release channel embedded
inice. Severalimages of the individual channel proteins are
circled and appear to have different orientations.
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Fig. 2. Stereo views of the 3D structure of ice-embedded Ca 2*-
release channel in closed state as viewed from the SR
lumen side (top panel) and from the cytoplasmic side
(bottom panel). The volume of the reconstruction at the
chosen density threshold level corresponds to a mass of 2.4
million daltons assuming a protein density of 1.35 g/cm 3. It
is a homotetramer with a membrane and a cytoplasmic
region. The image reconstruction was carried out with
IMAGICS software as following: The selected particle im-
ages were aligned by iterative multi-reference alignment
techniques, and sorted into homogeneous classes of simi-
larimages by automatic multivariate statistical classification
procedures. All molecular images belonging to the same
class were averaged to produce noise-free class averages
or characteristic views. The class averages were assigned
to angles by angular reconstitution technique. The 3D
reconstruction was computed and used for realignment to
improve the image statistics and accuracy in angular deter-
minations. The final 3D map was computed from 150 class
averages with a sufficiently uniform distribution of Euler
angles to attain 30 A isotropic resolution. The resolution of
the structure was estimated to be ~30 A based on the
Fourier shell correlation coefficients of two independent

interconnect the four clamps. Each of these
features may represent distinct domains of the
protein. As would be expected for a closed chan-
nel, there is no obvious opening of the Ca’*-
release channel on the lumenal side of this mem-
brane protein.
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Signal analysis is usually performed in the
space (time) or spatial-frequency (frequcncy) do-
mains through the classical Fourier transformation
(FT) (Goodman 1994, Stremler 1982). Since
these two domains are orthogonal to each other,
information on the spatial position is completely
lost when working in the spatial-frequency domain,
or vice versa. However, there are situations in
which it is still desirable to get information sim-
ultaneously on the position and spatial frequency
of a signal. Such information is limited by the uncer-
tainty principle.

The Wigner distribution function (WDF)
(Wignher 1932) offers the representation of a
signal function in terms of position and spatial-
frequency variables, called the phase-space vari-
ables. (x, k) simultaneously.

Recently the concept of the fractional Fourier
transformation (FRT), (Namias 1980, McBride and
Kerr 1987) has been introduced to the area of
optical signal processing, (Lohmann 1993, Ozaktas
et al. 1994, Dorsch et al. 1994). It has been pointed
out that a GRIN medium can be used to directly
produce the FRT of an input field by varying its
length. The FRT corresponds to the rotation of
the WDF in the phase space, (Lohmann,1993).

Geometrically, in phase space, the classical
FTis given by a (Pi)/2 rotation. Since the FRT allows
an arbitrary rotation angle, it can avoid the above
mentioned difficulty concerning the orthogonality
between the two domains. Recent investigations
on signal analysis based on the FRT shows how
effectively the noise filtering can be realized,
(Ozaktas et al. 1994, Dorsch et al. 1994). Optical
generations of the FRT, using free space pro-
pagation and a lens (es) has also been proposed,
(Lohmann 1993).

Here we first wish to discuss a more general
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class of the Fourier-type transformations. We
consider the special affine transformation in the
phase space, (i. e., the most general power-con-
serving linear transformation) and present the
corresponding integral transformation of the
signal function. It is referred to as the special
affine Fourier transformation (SAFT), (Abe and
Sheridan 1994a, Abe and Aheridan 1994b, Abe and
Sheridan 1994c, Abe and Sheridan 1995). In this
formulation, the FRT is the simple transformational
sub-case of the rotation.

Then we apply the SAFT to standard opera-
tions in geometric optics. We show the SAFT
interrelates geometric optics operations and the
corresponding wave-function transformations.
The operations of lens, free-space propagation,
magnification, and the FRT are seen to be he
Abelian subgroups of the SAFT, (Abe, Sheridan,
1994b). Next we apply the SAFT to an optical
system which has small imperfections, to establish
the concept of the almost-Fourier and almost-
Fresnel transformations, (Abe and Sheridan 1994c).

We briefly discuss the filtering problem based
on the SAFT. Such a mathematical formalism
can offer an unified approach to local signal an-
alysis. In particular, we show that the wavelet
and windowed Fourier transformations are in-
cluded as special cases.

Finally the FRT has also been shown to provide
a new means of interpreting and analysing afocal
imaging systems, (Bernardo and Soares 1994).
Once again the SAFT allows more general ideas to
emerge in this area.
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In this poster recent work on the development
of an optomechanical detector for weak, low
fequency (0.1 - 20Hz) mechanical vibrations is
presented. The device is patented, (Coutsomitros,
1993, Cousomitros and Franchi 1994), and some
earlier results have previously been presented at
international conferences (Coutsomitros 1994,
Cousomitros et al. 1994a and b).

The detector is essentially a dynamical in-
terferometer, coupled to and air fioated optical
table, Critically balanced vertical glass plates, in a
set of geometries, produce between them a
Fabry-Perot type interferometer, The resulting
dynamical interference pattern between the two
inner vibrating surfaces is then examined. The
mechanical properties of the plates and the effects
of the layer between the plates produce a system
which is sensitive to weak low frequency mechani-
cal excitation. The introduction of holographic
gratings onto the surfaces of the plates has been
found to strenghten the observable interference
fringes. The device works at room temperature
and pressure, is robust, and has been shown to
give reproduceable results (in terms of sensitivity).
Increased sensitivity with decreased temperature
has also been noted.

The development of such a device requires
the modelling and examination of the behaviour
of optical tables and isolation equipment, at
frequencies for which they are in general not de-
signed. It also requires careful analysis of the
mechanical properties of the system, including
contributions due to surface tension, electrostatic
charges, contact forces, thermal and mechanical
properties of the glass plates, and fiuid flow be-
tween the plates, A mechanical mode! based on
these effects and assuming the existence of
multiple non-resonant cavities is currently being
developed.

The detector, as it currently appears, is non-

123

optimised. Despite this fact a comparison with
commercially available accelerometers show
that the system appears competitive in per-
formance and potentially cheeper to manufacture,
Currently work to produce a more controlled device
is being carried out.

Correlation between the variations of the in-
terference fringes produced by the detector and
a periodic mechanical excitation system, made
using a rotating mass of 4Kg at distances of up
to 25m, has been established. Using a high
speed CCD camera and signal analysis software
developed at the Department of Applied Optics
of Strassbourg University further evidence for this
correlation has recently been found. (Miehe, 1993,
Miehe, 1994).

Other experiments involving the use of a me-
chanical shaker as a normalieed vibration source
are also being carried out. Measurements of the
transfer of the resulting vibration into the modes
of the table, using ESPI and piezoelectric based
accelerometers, allows an examination of the
transfer of vibration between the table and the
plates to be carried out.

It has also been found that the interference
pattern from the parallel plate arrangement can
also be stimulated into varying synchronously
with an incident modulated low power (>1mW)
light source. In this mode the system has char-
acteristics in many ways analogous to those of
one manufactured with a material which exhibates
bulk non-linear optical Kerr effect, as the optical
pathlength in the layer appears proportional to
the incident intensity.

Such an arrangement offers the possibility of
optically modulating an optical signal. (Coutsomitros,
1993, Coutsomitros et al. 1994a). By coating
the plates with metal it might also be possible to
modulate the resulting capacitors capacitance
using the input optical beam. In relation to the
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vibrational sensor this work makes available an
alternative method to measure and test the me-
chanical response of the device. In this way thermal,
and mechanical effects can be more carefully
examined.

The use of a hypersensitive form of this dynami-
cal interferometer to detest Newtonian graviational
gradients and the forces arising due to light radia-
tion pressure on the plates are also being examined.
(Coutsomitros 1994b, Coutsomitros et al. 1994b).
The sensor may also find use in seismic studies.
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The neuromuscular junction (NMJ) and the
myotendinous junction (MTJ) are two important
membrane specializations of vertebrate skeletal
muscle cells. At the NMJ, acetylcholine receptors
(AChRs) are clustered in response to motor innerva-
tion. This clustering of AChRs ensures the rapid
transmissions of signals from nerve to muscle to
elicit contraction. The AChRs are stabilized at
the postsynaptic membrane by a complex of
cytoskeletal proteins. The MTJ, on the other hand,
is the interface between the contractile apparatus
and the extracellular matrix in the form of the tendon
apparatus. The sarcolemma at the MTJ exhibit
extensive membrane invaginations, which distribute

contractile force to a large membrane area. Thus,
the MTJ is structured to ensure the integrity of
the sarcolemma during force transmission from
the myofibrils to the tendon. This specialization is
also marked by an extensive array of cytoskeletal
proteins.

Our lab has been interested in the celluiar and
molecular mechanisms involved in the development
of these specializations. Using light microscopy,
including conventional and confocal fluorescence
microscopy, a number of proteins have been local-
ized to these specializations, These include both
structural proteins, such as talin, vinculin and
dystrophin, and proteins with enzymatic activities,

Fig. 1. Confocal stereo views of the myotendinous junction (MTJ).

Dissociated single Xenopus myotomal muscle fibers were labeled

with an antibody against dystrophin which is highly concentrated along membrane invaginations at the MTJ. These invaginations
are seen as longitudinal streaks at the end of muscle fiber. (a) A longitudinal view. The sample was optically sectioned at2 um
intervals and a stack of 23 images were superimposed. (b) Longitudinal and end-on views. The sample was optically sectioned at

1 um intervals and the stack contained 41 images.
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such as focal adhesion kinase (FAK). However, the
distribution of these proteins at these two special-
izations is often non-overlapping. For example,
FAK is localized at the MTJ but not at the NMJ.
On the other hand, AChRs and the postsynaptic
43K protein are oniy clustered at the NMJ. Thus,
these proteins can be used as markers for these
two types of specializations.

To understand the development of these spe-
cializations, we have experimented with non-
cellular stimuli to induce their formation. One of
the most effective stimuli to induce NMJ and MTJ
is latex beads. Using cultured Xenopus muscle
cells as a model, we found that both NMJ-type
specialization, as evidenced by clustering of AChRs,
and MTJ-type specialization, as evidenced by FAK
localization, can be induced at bead-muscle
contacts. By coating beads with different endog-
enous and exogenous molecules, we were able to
make inference into the signal transduction pro-
cesses. Beads coated with heparin-binding
growth factors, such as basic fibroblast growth
factor and the newly discovered heparin-binding
growth-associated molecule (HB-GAM), were most
active in inducing AChR clustering. Heparan-sulfate
proteoglycan (HSPG) is a ubiquitous component
of the basement membrane of a variety of cell
types. Recent studies have shown that an impor-
tant function of the HSPG is to serve as storage

sites for certain growth factors. Factors that are
bound to the HSPG are essentially immobile and
thus are ideal candidates for pericellular signaling.
In fact, our confocal microscopy on cultured
Xenopus muscle cells has demonstrated that
HB-GAM is localized at the celi surface in associa-
tion with HSPG. This suggests that extracellular
matrix-associated molecules may be the endog-
enous ligands for the induction of these membrane
specializations. Our results are consistent with
the notion that these matrix-bound ligands are
locally presented to the muscle cell surface to
effect the development of NMJ and MTJ.

Since the receptors for these growth factors
are usually receptor tyrosine kinases (RTKs).
We used phosphotyrosine antibodies to probe
the signal transduction process initiated by bead
presentation. Our results have shown a concen-
tration of phosphotyrosine labeling at bead-
muscle contacts as one of the earliest detectable
changes. This is consistent with the notion that
beads induce the local activation of RTKs at the
contact site, leading to tyrosine-specific phospho-
rylation of substrate proteins. To identify RTKs
and their substrates, we have begun to isolate
specializations that are induced by beads. By re-
moving beads from muscle cell surface, pieces of
membrane with their associated specializations
are often isolated in high purity. This is evidenced

Fig. 2. Confocal stereo images of HB-GAM distribution on the surface of cultured Xenopus myotomal muscle cells before (A) and after
(B) heparinase treatment. HB-GAM is present on the entire cell surface. Heparinase removes a significant amount of this protein
from the cell surface. The arrowheads in B point to residual HB-GAM staining after enzymatic treatment. The large fluorescent
objects around the cell periphery are autofluorescent yolk granules released from damaged cells during dissociation.
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by fluorescence microscopy of AChR patches
that are left on beads upon their removal from
cells. When these bead-associated membrane
patches are subjected to biochemical analysis,
We found both structural proteins, Such as AChR
and syntrophin, and kinases, such as mitogen-

activated protein kinase, are components of the
bead-associated specialization. We are hopeful
that this analysis may lead us into the identification
of essential components of the signal transduction
complex in the induction of these sarcolemmal
specializations in skeletal muscle cells.
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The standard approach to describe the process
of image formation in optical microscopy is based on
scalar wave theory and on approximate models for
describing the interaction of the optical field with
the structure of the object. The validity of this ap-
proach becomes questionable when the object
contains features comparable to the wavelength,
and when the structures are optically thick.

in this work, we consider the problem of image
formation in scanning optical microscopy. Under
the assumption that the sample is one-dimen-
sional and assuming also a one-dimensional optical
system, we have developed a fairly rigorous ap-
proach to describe the image formation process.
By one dimensional we mean a sample whose
properties, when referred to a cartesian coordinate
system, may present changes along, say, the x
direction and are constant along the y one. We
divide the process of image formation in the scan-
ning optical microscope into three parts: We first
need a mathematical description of the field in-
cident on the sample. In the second stage, we need
an accurate model to describe the interaction be-
tween this field and the sample. This is essentially
a scattering problem, and there is no simple way
of solving problems of this kind. The main feature
of our work is that this aspect of the problem is
approached in a fairly rigorous manner. In the
third stage, the reflected light is propagated back
through the optical system toward the detector.
The angular size and position of the detector can
be rather arbitrary and in fact define the mode
of image formation. The image is formed on a point-
by-point basis by scanning the sample under this
point spread function. Various modes of image
formation have been considered, including coher-
ent, partially coherent, dark field and confocal. The
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sample is normally assumed to be a surface relief
object ruled on a homogeneous material character-
ized by its complex refractive index, but calculations
with layered objects have also been performed.

To illustrate the method, and for brevity, we
restrict the discussion here to the case of a perfectly
conducting surface illuminated by s-polarized light.
As mentioned, we first need to provide an adequate
description of the beam incident on the surface.
For an s-polarized beam the only non-zero com-
ponent of the electric field is its y component.
We assume that the lens is diffraction limited
and, thus, that the complex amplitude associated
with the incident field on the plane z=0 is a “sinc”
function. This in-cident field is propagated to out-
of-focus planes using angular spectrum techniques.
It results in the following expression (Aguilar and
Méndez, 1994):
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the optical coordinates v and u are given by

u=ko?z,
v=ko?x,

k=2n/) is the wavenumber, and the constant o
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represents the numerical aperture of the system.

Due to our assumptions, after interacting with
the surface, the field remains s polarized, and this
simplifies matters considerably; throughout the
whole process of image formation we then only
have to deal with the y component of the electric
field. The surface profile is represented by the func-
tion z={(x), and using Green’s integral theorem,
one can express the total fieild above the surface
as the sum of the incident and scattered fields:

E(x,z):Ei(x,z)+%f_L]j/22HE)”(k[(x—x')2
+ (2= L)1) dY, @)

where
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Here, H " represents a Hankel function of the
first kind and order zero, and L represents the length
of the surface. The second term on the right hand side
of Eqg. (3) represents the scattered field, which is
determined by the source function F(x), related to the
normal derivative of the field on the surface.

By taking the limit (x,z) -> [x,,{(x,)], and using the
fact that the total electric field on the surface must
vanish, it is possible to write an integral equation that
determines the source function F(x). We find that

L/2
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with n>0.

The integral equation expressed by Eq. (5) was
first converted into a matrix equation and then, to
find F(x), the matrix equation was solved employing
standard numerical techniques. The intensity

reaching the detector can then be calculated for a
given geometry. This provides the signal associated
with a particular position of the surface along the x
direction.

Rigorous images can be calculated in this fash-
ion. Effects such as mulitiple scattering and changes
in the state of polarization of the scattered light
are taken into account. We have found that for
steplike objects the Kirchhoff approximation gives
images that are in good agreement with those
obtained with the integral equation approach. A -
similar conclusion has been reached for the case
of ridgelike structures. However, for the case of
groovelike structures, multiple scattering is possible
and this makes the Kirchhoff approximation
inadequate to describe the image formation pro-
cess. This effect is more pronounced in pariially
coherent modes of image formation.

The confocal scanning optical microscope, with
its depth discrimination property, can also be used
to estimate the profile of highly reflecting samples.
In the profilometer mode of operation the sample
is scanned along the z direction, and the position
at which the maximum intensity is reached is as-
sociated with the relative height of the surface at
that particular position of the sample along the x
axis. For this case, we have found that the instru-
ment can successfully estimate a given surface pro-
file when:

i) - The local surface slope does not exceed a
given maximum value.

ii) - The surface can be considered locally flat.

Concerning the first statement, we have pro-
posed a criterion for the upper limit in the local
slope. The second conclusion implies that the
lateral resolution of the instrument is much worse
when used as a profilometer than when used as
an imaging system. It is also worth mentioning
that unresolved features introduce spurious details
in the estimated profile.
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Cryo-electron Microscopy, Antibody Labeling, and Image Analysis
Reveals Macromolecular Interactions in Enveloped Alphaviruses

R. Holland Cheng, Norman H. Olson, Timothy S. Baker, Richard J. Kuhn and Thomas J. Smith
Department of Biological Sciences, Purdue University, West Lafayette, IN 47907, USA

Electron microscopy is an excellent tool for
visualizing hydrated structures of biological speci-
mens (Stewart and Vigers 1986), especially vi-
ruses and complexes of viral-ceilular macromol-
ecules that are too large to study with current X-
ray crystallographic methods (Baker 1992). With
low temperature, low dose, and image analysis
procedures, cryo-electron microscopy (cryoEM)
has proven to be an effective means to reveal
both external and internal features of biological
specimens (Cheng et al. 1994} including envel-
oped viruses (Cheng et al. 1995). Aid with mono-
clonal antibody labeling, two alphaviruses were
used as a model system of enveloped viruses to
study virus: host recognition.

Ross River virus (RR) and Sindbis virus (SIN),
members from the SF and the SIN groups re-
spectively, were chosen for antibody binding stud-
ies since both native structures were known
(Cheng et al. 1995, Strauss and Strauss1994).
The 27 closely-related, icosahedral, positive
strand RNA viruses are subdivided into three
major groups with an extremely wide host
range. Three-dimensional structures of RR
and SIN, complexed with antibody Fab frag-
ments, were determined io a resolution of
about 2.7nm with cryoEM and image reconstruc-
tion. Two structures clearly show that the Fab
fragments bind to the extreme apexes of the
trimeric glycoproteins (Fig. 1). This region
of the spike appears to be composed of E2
glycoprotein since the epitopes that antibodies
recognize are on E2. Moreover, the binding
domains of the neutralizing antibodies were
shown to be involved in virus; receptor binding
(Vrati 1988, Stanley 1986). The overiap of
the antibody foot-prints in two of the three type
groups suggests that the tip region of the
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spikes is conserved for host recognition in
alphaviruses.

Knowledge of the virus structure allows us not
only to model the atomic structure of the capsid
protein into a monomeric packing arrangement
inside the viral envelope (Fig. 1), but also to map
the host protein into a monomeric packing ar-
rangement inside the viral envelope (Fig. 1),
but also to map the host recognition sites on
the surface of the glycoprotein (Chemg et al. 1995,
Choi et al. 1991, Liu et al. 1994). On the
basis of our model-building studies, the protein
residues that are predicted to be involved in pro-
tein: protein, protein: RNA, and protein: glycopro-
tein contacts in the nucleocapsid, can now be
probed with site-directed mutagenesis and X-ray
crystallography to investigate viral assembly and
uncoating.

Wethank Drs. Stephen Fuller, Jim Strauss, Hokkin
Choi, and Michael Rossmarm for helpful discus-
sions. This work was supported by NSF (TSB) and
NIH grants, and also a program project grant
from NIH to TSB, RIK, and TJS. Research was
also supported by a grant from the Lucille P. Markey
Charitable Trust for the development of structural
studies at Purdue University.
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Fig. 1.Stereo pairs of surface rendered three-dimensional reconstructions reveal the structures of Ross River virus in a native
and an antibody-bound conformation. The reconstruction was computed at 2.7 nm resolution with 68 and 42 independent
particle surface-shaded representations are viewed along an icosahedral twofold axis. Comparison of the surface
features of Ross River virus between its native particle and its complex form attached with monoclonal antibodies reveals
the locations where the 240 Fab fragments binds the 80 copies of spikes. Binding domain of these antibodies also
suggests to be a region in which the virus engages in the host recognition. The fact that the footprint of the antibody in
Sindbis virus (data not shown) is nearby the one in Ross River virus suggests that the host recognition site may be
conservative in alphaviruses. Bar=30 nm.
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Applications of Electron Microscopy to Materials and Earth Sciences —
Dislocations, Shape and Orientation Changes and Interdiffusion

Pouyan Shen

Institute of Materials Science and Engineering, National Sun Yat-sen University, Kaohsiung, Taiwan, R.O.C.

Interactions of solid materials with liquids, vapors
or other solids are of concern in earth sciences,
especially the diagenesis, weathering and meta-
morphic processes which involve the composi-
tional, structural and morphological changes down
to nanometers scale. The electron microscopy,
SEM, TEM, HRTEM and AEM have been used to
study some materials with emphasis on: (i) disloca-
tions, (ii) shape and orientation changes and (iii)
composition variation due to interdiffusion. The for-
mation mechanism of the materials can then be
inferred as outlined below.

TEM was used to characterize the defect
microstructures of chromium spinel and pyrite in
the serpentinized chromitite occurrence of the
Kenting melange, southern Taiwan (Hwang et al.
1988). Dislocations arranged as dipoles, tangles
and subgrains boundaries were found in chromium
spinel and pyrite indicating that they were plastically
deformed and polygonized later. The deformation
episodes of the Hengchun chromitite were then in-
ferred from the known creep behavior of analogue
spinel materials and pyrite. In the other case, the
disloca-tion outcrops revealed by optical microscope
and SEM were found to be useful indicator of
directional dissolution rate as demonstrated in
the acidic dissolution of willemite, ZnSiO,, an
important phase for Zn source, crystalline glaze
and phosphorous applications (Lin and Shen 1993a).

In the second category dealing with shape and
orientation, the optical and SEM images of curved
etch hillocks on the (0001) plane of willemite
showed the role of screw axis on dissolution
(Lin and Shen 1993b). Thus, lattice diffusion of
minerals may be significant in some weathering
processes under ambient temperature. Shape
and orientation are also of concern in composite
materials. For example, TEM indicated that the
shape and orientation of the intragranular NiO par-
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ticles have surprisingly aligned with those of the
zirconia matrix when the NiO/ZrQ, (alloyed with 10
mol.% Y,0,) composites were annealed for 300 h at
1600°C (Chen and Shen). Similar behavior is ex-
pected for the mineral assemblages in the interior
of the earth. Surface features and the shape of a
living organism can also be used as indicator of
its behavior. For example, frictional bars and
eroded areas of the coral-boring bivalve Lithophaga
nigra were revealed by SEM, suggesting that
this organism is a mechanical borer rather than a
chemical borer, as previously believed (Fang and
Shen 1988). However, the debris at the bottom of
the burrow may dissolve chemically when metabo-
lism reduces the pH. Near the carbonate com-
pensation depth, the level at which the complete
supply of carbonates is dissolved, the calcareous
particles may become nanometers in size, and the
size effect on dissolution (Lin and Shen 1994) may
become important.

Finally, interdiffusion was known to cause disor-
dering of atoms in some diffusion couples of
metal alloys, and recently in aluminized coatings
on Inconel 600, a Ni based alloy (Chen et al.). A
drastic concentration gradient at interface may
account for such changes. As for ceramic system,
preliminary AEM study of the annealed yttriumiron
garnet (YIG)/ZrO, composite showed that dit-
fusion-induced amorphization (DIA) occurred
within the lattice of YIG rather than at the YIG/ZrQ,
interface. These results have following implica-
tions: (1) previous determination of interdiffusion
coefficient may have overlooked the fact that an
intermediate phase exists at interface, (2) the diffu-
sion path of a diffusion couple may be different
from previous versions if phase and composition
changes are considered at nanometers scale, and
(3) DIA is expected in minerals assemblages such
as in metamorphic rocks.
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It is expected that future studies on surface
changes of samples immersed in wet medium and
spiked with poisons should improve the current
knowledge of the diagenesis and weathering
processes. Confocal microscopy should help to
some extent in this regard. STM and AFM have
been useful to reveal surface reconstruction and
electronic structure of the atomic planes of some
materials. However, the exact nature of an inter-
phase interface remains to be explored theoreti-
cally and experimentally. Hopefully, the variation
of the equation of state toward an interface can
be considered in the future simulation of HRTEM
images.

Acknowledgments: | thank Prof. A.C. Su for
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Differentiation-associated Modifications of Ultrastructures in Human
Cervical Carcinoma SIHA Cells
Hwan-Wun Liu', Yung-Fu Yang?, Su-Ping Teng', Yaw-Wen Guo' and Chung-Faye Chao'

'Department of Biology and Anatomy, National Defense Medical Center, Taipei, Taiwan, R.O.C.
2Department of Obstetrics and Gynecology, Tri-Service General Hospital, Taipei, Taiwan, R.O.C.

Differentiation is one of the most important cell monolclonal antibodies. In control cells (Fig. 1a),
processes and has been extensively studied for de- keratin filaments were evenly distributed in the
cades. However, modifications of ultrastructures cytoplasm. Aggregation of keratin filaments were
during the differentiation are not well defined. found in the cells treated with retinoid acid (Fig. 1b).
This communication reported differentiation- In the cells treated with arabinosyl cytosine (ara-C),
associated modification of ultrastructures in human cell size were increased, and distribution of keratin
cervical carcinoma SIHA cells treated with a variety filaments were more extensive. Cell sizes and distri-
of differentiation promoting reagents. Cell cycle an- butions of keratin filaments were not appar-
alysis and cell survival (MTT) assay showed that ently altered in the cells treated with phorbol diester
differentiation status of SIHA cells was modified (TPA). Electron microscopic observation, how-
by these reagents. Since keratins are epithelium- ever, revealed autophagosomes containing mito-
specific markers, and expression of keratins are chondria (Fig. 2). These results indicate that keratin
closely related to differentiation status of epithelial filaments and mitochondria are modified during
cells and carcinoma derived from epithelial cells. differentiation of SIHA cells. However, their roles in

Keratin filaments of SIHA cells were investigated cell differentiation needs to be determined.
by immunofluorescent staining with AE1/AE3

Fig. 1.Immunofluorescent staining showed that keratin filaments were evenly distributed in cytoplasm of control cells (a). In cells treated
with retinoic acid (b), keratin filaments aggregated in center of the cell.
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Fig. 2.In SIHA cells treated with TPA, autophagosomes containing mitochondria (arrow) were found. Morphology of mitochondria (M),
golgi apparatus (G) and nucleus were apparently normal.
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Polarisation Contrast in Scanning Microscopy
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We will begin by discussing the differences
between polarisation contrast imaging in conven-
tional and confocal systems and show that
because of the fundamentally different imaging
properties of the two systems, the extinction coeffi-
cient is finite in a conventional system even with
perfect polars, whereas an “infinite” extinction coeffi-
cient is to be expected in a confocal system.

We will then discuss the axial response of high
numerical aperture systems and show that a
potarisation effect leads to an asymmetric
response when the objective lens numerical aperture
is greater than the refractive index of the specimen.
The effects are reminiscent of spherical aberration
but occur even with the best corrected lenses.

In order to take advantage of polarisation
effects to enhance the contrast due to a particular
object property it is necessary to realise that the
optical field reflected from the .specimen contains
all the information about the object that can be
included in the image. The optical imaging
system then determines how this field is compressed
into a single pixel brightness value. The conven-
tional microscope imaging system performs this
compression by essentially integrating the intensity
in the exit pupil of the objective lens over the area
of the exit pupil whereas the confocal system
ef-fectively integrates the amplitude over the pupil
area. In both cases the information from the object
is the same but the imaging system has caused it
to be “averaged” over the pupil in a different way.
This inevitably causes a good deal of information
about the object to be obscured. This drawback
can be overcome if we modify the imaging system
to obtain images whose contrast is determined by
the form of the field at the exit pupil of the objective
lens. In its simplest form we couid form an image of
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the exit pupil which is ,of course, the basis of
CONOSCcopy.

In order to illustrate our approach we will con-
centrate on a variety of planar thin film structures.
The conoscopic patterns in these cases are
particularly sensitive to polarisation effects and
variations in film thickness. Indeed if we consider a
simple system consisting of a layer of silicon dioxide
deposited on a silicon substrate it is relatively easy
to use a curve fitting approach to determine the
film thickness. In this case it is only necessary
to analyse the data corresponding to the s or p
polarised beams. If we consider other angles
within the conoscopic pattern then it is possible
to extract the full ellipsometric data about the speci-
men. In effect the conoscopic system is acting as
a photometric or micro-ellipsometer.

Since the intensity in conoscopic pattern
depends only on the Fresnel reflection coefficients
rs Of 1, along mutually perpendicular diameters and
on a combination of the two along other diameters
that the pattern will, in general, not be angularly
symmetric. We may take advantage of this to
enhance image contrast. In a conventional system
the asymmetry integtates out and an image
intensity proportional to |5,/ +|r,[* results. We will
demonstrate a polarisation difference imaging
technique which enhances the asymmetry and
leads to and image where variation in film thick-
ness are clearly visible.

We will further consider imaging between cros-
sed and parallel polars and suggest a variety
of spatial filters which may be inserted into the
optical system to enhance specific image contrast.
The role and choice of wavelength and objective
lens numerical aperture will also be discussed.
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3D X-ray Microscopy: High-resolution Stereo-imaging with the
Gottingen X-ray Microscope at BESSY

Johannes Lehr

Forschungseinrichtung Réntgenphysik, University of Géttingen, Geiststra fe 11, D-37073 Géttingen, Germany

A multiple-angle viewing stage has been built
at the Forschungseinrichtung (FE) Roéntgenphysik
(University of Gottingen) and was implemented at
the Géttingen x-ray microscope at BESSY (Schmahl
et al. 1993). First TXM (transmission x-ray micro-
scope) stereo images have been taken of sheaths
of mineral accumulating bacteria Leptothrix Och-
racea and diatoms. It results that the three-dimen-
sional structure of these specimens can be revealed
at high resolution. For the studies a microzoneplate
with an outermost zonewidth of about 40 nm was
used at a wavelength of A=2.4 nm. Structures of 40
nm size can clearly be seen.

INTRODUCTION

The aim of x-ray microscopy is to study speci-
mens in a natural environment at resolutions far
beyond those of visible light microscopes. Image-
formation is based on the natural contrast of the
specimen-structures against the surrounding
media. Currently this technique is applied to
various fields of interest including biology, medical
research and soil science. The investigated
specimens typically have a thickness of up to 10um,
which is similar to the size of the image-field of
the Géttingen TXM. It is therefore obvious that the
three-dimensional structure of the objects must
be considered. As reflection at interfaces is ne-
glegibly small in the soft x-ray domain, it is possible
to look into thick specimens that are opaque for
visible light. The TXM is therefore an ideal tool for
the study of three-dimensional specimens. When

using a TXM in the traditional way, the information -

about one dimension is lost. Since the depth of
focus of the TXM is of comparable size as the thick-
ness of the objects, an appropriate approach to
recover this information is to apply the technique of
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stereoscopy to the TXM. First stereoscopy-experi-
ments with resolutions beyond those of visible light
methods have been performed by the Lawrence
Berkeley Laboratory (Loo et al. 1992), using the
scanning transmission x-ray microscope (STXM)
at the National Synchrotron Light Source, Brook-
haven National Laboratory.

EXPERIMENTAL

The optimum tilt angle for stereoscopic images
can be estimated from the classical parallax equa-
tion, which relates the parallax AY to the angle of
tilt, the magnification M and the vertical separation
Ah of two points in the object at the angle midway
between the two tilts.

AY=2AhMsin(©/2) (1)

For a good three-dimensional impression, the
parallax AY should be in the range between 3 and
5 mm (Hudson and Makin, 1970), when stereo-
pairs are viewed at a distance of 25 ¢cm from the
eyes. Assuming a total magnification of M=4000
and an object thickness of 5um, optimum tilt angles
© between 5 and 15 degrees can be calculated.
At the Géttingen TXM the maximum tilt angle is too
small for stereo-views, if a conventional specimen
holder with large dimensions in the direction perpen-
dicular to the rotation axis is used. To solve this
problem without major changes to the microscope,
a multiple-angle viewing stage with a specimen-
support of 0,5 mm width was constructed. Currently,
tilt angles of about 40 degrees can be achieved
with this modification.

RESULTS
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Fig. 2. Stereo-pair images of diatoms at a stereo angle of 5 degrees.

In a first series of experiments images of
sheaths of mineal accumulating bacteria Lepto-
thrix Ochracea (Fig. 1) and diatoms (Fig. 2) were
taken from various viewing angles. The exposure
times were around 2 seconds. From measure-
ments of the object-thickness it can be seen that
the range of depth that contributes to the three-
dimensional image is much bigger than the depth
of focus. In Fig. 1 for example, the obect-thickness
is 9 pm, whereas the depth of focus is about 1.5um.
it is therefore very likely that stereo-images can
be taken at even higher resolution, even if the
depth of focus is less than 0.5 um, when a
microzoneplate with an outermost zonewidth of
20 nm is used. Stereoscopy combined with x-ray
microscopy proofs to be a powerful technique for
studying the three-dimensional structure of speci-
mens from biology and soil science, as the results
show. For future applications of this technique it
will be advantageous to combine it with the cryo-

preparation method, which is also under develop-
ment at the FE Rontgenphysik (Schneider and
Niemann 1994). The range of specimens, which
can be examinated will be extended to objects
in aqueous medium and further applications in biol-
ogy and medical research will be enabled.
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Energy Filtering and Exit Surface Wavefront Reconstruction of Thick
Biological Specimens - Technical Development for Three Dimensional

Electron Microscope Tomography
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High resolution studies of cellular organellse
and nuclear structures are often investigated
by using transmission electron microscopy
(TEM). Three dimensional (3D) reconstruction
is essential to elucidate high resolution sub-
structures of these macromolecular assemblies.
There are two main approaches to obtain 3D
reconstructions in TEM: serial thin sections
and tomography. Our laboratory uses the latter
technique which has the advantage of nearly
isotropic resolution in 3D with the reconstruc-
tion resolution to be much higher than the former.
3D tomography is the reconstruction of an
object by combining multiple projection views of
the object at different tilt angles. in order to
accurately reconstruct these structures, it is
essential to understand the relationship between
the TEM image intensity and specimen mass
density. Due to the natural dimensions of these
structures, they are considered thick (0.3-1.0pum
at high specimen tilt angles) for TEM studies.
Compared with thin specimens (0.1 um ), the
imaging of thick specimens are additionally
complicated by multiple scattering which
gives rise to the incoherent and partially co-
herent components that degrade the images.
Two techniques were used to analyze the mecha-
nism of image formation for thick specimens:
electron energy-loss spectroscopic imaging
(ESI), and the exit wavefront reconstrction
using a through focus series. We showed that:
1) there is a significant amount of coherent
transfer in thick specimen imaging, 2) the coher-
ent component in the images are contributed
almost exclusively by elastically scattered elec-
trons, 3) the incoherent component are mostly
contributed by muitiple elastic and inelastic
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scattering, and 4) exit wavefront reconstruction
can act in part as an energy filter.

Electron-specimen interactions include
single and multiple, elastic and inelastic scat-
tering. Multiple and inelastic scattering events
give rise to nonlinear imaging effects which
complicates the interpretation of the images
collected. In addition, due to the chromatic
aberration of the TEM’s objective lens, multiply
scattered indlastic electrons cause a blurring
of the image due to an effective broadening of
the focus spread. We have shown previously
that when imaging our typical thick specimens
at 200 keV, only the elastic (zero-loss) and
plasmon (single inelastically scattered) electrons
contribute to high resolution images. Most
inelastically scattered electrons are multiply
scattered and contribute to fow resolution im-
ages.

The coherent component of the image can
be extracted in a three-dimensional power spec-
trum of a through focus series. The coherent
information in the opwer spectrum lies on a pa-
rabola which is the Ewald sphere4-6. In such
restroations, the components which are not
mutually coherent through focus are naturally
excluded, including multiple and inelastic scat-
tering. By analyzing the 3D power spectrum of
a through focus series, one can quantify the
relative amount of coherent and imcoherent
components. Figrue 1 shows a few representa-
tive cross-sections of the Ewald sphere from
the unfiltered esit wavefront of a 0.5um speci-
men (epon embedded, stained with uranyl
acetate and lead citrate) at 200 keV. As the
schematic diagram shows, the coherent com-
ponent is on the outer circle, and the noise or
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incoherent component is at the center. Contrary
to common assumption, coherent transfer is
significant in these thick specimens. Ehen the
same analysis was done on the thuough focus
series of only slastically scattered electrons
(or zero-loss filtering), we found that the coher-
ent component is greatly enhanced (Fig.2). The
central component is still quite prominent
perhaps due to multiple elastic scattering. When
normalized by total counts, the central com-
ponent is reduced in the filtered series. Images
from the plasmon electrons (25 eV-loss) contain
very weak paraboia component and a large
central component, while all images from other
energy ranges contain only the central (incoher-
ent) component. An analogous study was
done on a 0.7 um specimen where we showed
that only the zero-loss filtered series contain
the parabola (coherent) component (data not
shown). We conclude that the coherent com-
ponent of thick specimen TEM images are con-
tributed by elastically scattered electrons, and
the incoherent component contains mostly mul-
tiple inelastic and some multiple elastic elec-
trons.

From the results above, we showed that re-
stored specimen esit wavefront from and unfil-
tered through focus series effectively ‘filters’ out
the inelastically scattered electrons. This ap-
plies for thick specimens because most
inelastically scattered electrons are multiply
scattered and therefore contribute very little
to the coherent component of the images. By
virtue of excluding the multiple scattering
component, the restored images displayed en-
hanced contrast with higher resolution. Thus in
thick specimen imaging. the combined use of
energy filtering and through focus reconstruc-
tion is optimal to recover the exit wave (Fig.3).
The interpretation of the aberration corrected
images are proposed as follows: the amplitude
component coming from the absroptive effect

Fig. 1. Fig. 2.

Fig. 1. Selected cross sections through the Eeald Sphere of 0.5mm
thick specimen, unfiltered, at 200keV, displayed in order of
increasing reciprocal z. (Eesolution limit is 2.4nm 0

Fig. 2. Selected cross sections as in Figure 1, but from the zero-
loss filtered series, demonstrating an enhanced coherent
component. (Resolution limit is 2.4nm )

has a logarithmic relation to the mass density of
the specimen, and the high resolution phase
component is linearly related. This has direct
implications to the three dimensional recon-
structions of these specimens where aberrations
were not corrected and a simple direct relation-
ship was assumed.
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In situ hybridization and immuno cytochemical
staining have been the powerful tools for localization
of specific nucleic acids and proteins in tissue sec-
tions for the studies of cell biology, development
and genetics. In this study, bamboo mosaic
virus {(BaMV) was used as a model virus to demon-
strate ultrastructural locations and movement
of BaMV RNA and the proteins it encoded in in-
fected cells. BaMV has a single-stranded,
plus-sense RNA genome with five conserved open
reading frames (ORFs). Young leaves of green
bamboo (Bambusa oldhamii) showing systemic
mosaic symptom were harvested for electron
microscopy. Leaf tissue pieces were fixed with
glutaraldehyde and embedded in Lowicryl
HM20. immuno- and in situ hybridization electron
microscopy was performed. BaMV capsid protein
and masses of virions were detected in the cyto-
plasm and vacuoles of infected cells by antiserum
to BaMV capsid protein followed by gold-labelled
goat anti-rabbit IgG complexes. At the early stage
of infection, BaMV capsid protein was also de-
tected within the nuclei, especially in the nucleo-
plasm of the rolled young leaf samples (Fig. 1).
However, the electron-dense crystalline bodies
(EDCBs) were not labelled with antiserum to BaMV
capsid protein. On the other hand, EDCBs were
detected by using anti-ORF2 serum in the cyto-
plasm as well as in the nuclei (Fig. 2) whereas
the BaMV virions were not labelled. In addition,
digoxigenin (Dig)-labelled riboprobe, corresponding
to the 173 nts at the 3’ end of BaMV RNA, was
used to hybridize the viral nucleic acids in tissue
sections. The hybrids were subsequently reacted
with sheep anti-Dig antibody followed by immuno-
gold. BaMV RNA was specifically detected within
chloroplasts, motochondria and nuclei of infected
cells at all stages of infection. BaMV virions and
‘BaMV-specific EDCBs were also labelled (Fig. 3).
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Fig. 1-2. Immunological detection of BaMV capsid protein and 28
kDa protein in glutaraldehyde-fixed, Lowicryl HM20-
embedded and BaMV-infected green bamboo leaves.
Thin sections were first stained with dilute anti-BaMV-
CP serum (1) or anti-ORF2 serum (2}, followed by gold-
labelled goat anti-rabbit IgG complexes.
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Fig. 3. In situhybridization of BaMV RNA in BaMV-infected green bamboo leaves. Thin sections were hybridized with Dig-tabelled riboprobe

and detected with immunogolds.

C, electron-dense crystalline bodies; Ch, chloroplast; CW, cell wall; Cy, cytoplasm; IC, invtercellular space; M, mitochondria; N,

nucleus; Nuo, nuleolus; Va, vacuole; V, virion. Bars = 500 nm.

The in situ localization of BaMV RNA and BaMV-
encoded proteins provide important information
about BaMV pathogenesis and gene expression.
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The term “asymmetric cell division” is used
here to refer to any cell division in which the two
derivatives assume different paths of develop-
ment and have distinct cell fates. Therefore, the
asymmetry does not necessarily lie in the size dif-
ference of the derivatives, although the difference
in cell size often provides a marker and even has
been proposed as a driving force of differentiation
(Treinin and Feitelson 1993). Asymmetric cell
division provides a mechanism to generate cell
diversity in all organisms. Numerous examples of
asymmetric cell division exist during the develop-
ment of a plant. Because plant cells are confined
to rigid cell walls and do not undergo morphoge-
netic movement, the orientation of cell division
plane and the direction of cell expansion are key
determinants in plant morphogenesis, and thus
are tightly regulated. In many cases, differentiation
starts from an unequal cell division, in which the
small cell forms a specialized structure, either by
itself or by further concerted unequal cell divisions
in surrounding cells. While in others, the size dif-
ference is not as obvious immediately foliowing
the cell division, but later, one of the derivatives
becomes distinctly larger and is committed to an
altered path of development. Here | discuss
one example for each type of these asymmetric
cell divisions.

Trichome development starts from the small cell
delineated by an unequal cell division in the
protodermal layer, which then elongates away
from the surface into a defined shape. Three clas-
ses of mutations in trichome development have
been studied in Arabidopsis (Marks et al. 1991).
Among them, one is devoid of trichomes, and
the isolated gene encodes amino acid sequences
highly homologous to the protooncogene myb
(Oppenheimer et al. 1992). Myb protein contains
a DNA binding domain and a region participating
in protein-protein interactions (Sakura et al. 1989). It
does not fit the configuration for a transmembrane
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signaling molecule, and therefore could be a
downstream molecule in the signaling cascade of
cell determination.

Stoma differentiation is similar to trichome
development in several aspects but involves con-
certed asymmetric cell divisions in the neighboring
cells. Stomata are surface pores anchored by
derivatives of the protodermal layer, resulted
from unequal cell divisions, and distributed through-
out the epidermis in variable densities, without
direct contact of each other. Following an unequal
cell division in an epidermal cell, the small cell
becomes the guard mother cell (GMC). The nuclei
in the surrounding epidermal cells migrate toward
the sides of GMC, and further un-equal cell divisions
occur with precise orienta-tions in these cells and
the GMC to produce the stomatal complex, which
is highly specialized and distinct from ordinary
epidermal cells.

Lateral root initiation in ferns provides evidence
for the action of both induction and lateral specifi-
cation (Greenwald and Rubin 1992). The entire
lateral root structure originates from a single
cell within the endodermis, which is a single layer
of cells surrounding the vascular cylinder along
the axis of the main root. The lateral root initial
(LRI) is always the distal derivative of a cel! division.
The asymmetry of the cell division may not be
distinct prior to the completion of division, but the
cell destined to become LRI expands rapidly. It
first enlarges to reach approximately 20-fold the
volume of its sister cell or any ordinary endodermal
cell, then undergoes a series of cell divisions in
precise sequences and orientations within the
contour of the cell. Transversely, LRI always arises
from the endodermal initial facing the protoxylem
of the vascular cylinder. Thus in diarch fern roots,
only two longitudinal files of endodermai cells,
each facing one protoxylem pole, are potentially
capable of generating LRIs through establishing
cell polarity and asymmetric cell division.
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In recent years we have developed an experi-
mental confocal microscope that can acquire im-
ages in confocal transmission modes, such as
transmission brightfield and transmission Nomarski
differential interference contrast (DIC) (Cogswell et
al. 1994, Cogswell and O'Byrne 1992, Dixon and
Cogswell 1995). We have configured the micro-
scope with point-like laser illumination, with two
photomultiplier detectors (PMTs) in the transmit-
ted image (detection) path, and have used a beam
splitter to direct half of the light to each PMT. When
a pinhole spatial filter is placed in front of one PMT
detector, this portion of the microscope behaves
as a confocal transmission system. If the second
PMT is left as a large-area detector (i.e. no pinhole
is inserted) then it produces images similar to a
conventional transmission microscope. Using both
detectors provides us the opportunity to obtain
both a conventional and a confocal transmis-
sion image simultaneously, for each plane of focus
within the specimen, which is essential for precise
comparison and evaluation of the two modes.

Initial experimental results with this microscope
system show, particularly when using DIC optics,
that the confocal configuration helps reject flare
from out-of-focus scattering objects as compared
to the conventional large-area-detector microscope
configuration. In addition, the confocal transmis-
sion DIC mode appears to give an improvement
in the ability of the system to delineate the edges
and surfaces of objects in the axial direction as
compared to a conventional DIC microscope. How-
ever, in the two-dimensional (2D) optical sections
of a confocal focus series, these improvements
appear as well-illuminated features that go out of
focus more rapidly than in the conventional trans-
mission DIC microscope. Thus the images are
rather different from a typical confocal reflection
mode in which out-of-focus features contribute
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little to the image and therefore appear dark.

Because of the non-typical appearance of the
confocal transmission DIC images produced in
our experiments, our initial attempts to apply
standard confocal image processing and 3D
visualization techniques to analyze the conven-
tional versus confocal DIC images, or to extract
and display image features, were unsuccessful.
In order to help alleviate these problems, we have
begun to investigate alternative methods for
image analysis using Fourier transform techniques.
In this paper, we describe a digital 3D fast Fourier
transform (FFT) method for measuring and dis-
playing the spatial frequencies which comprise
our 3D image volumes. This 3D spatial frequency
information can then be used to evaluate the axial
and transverse resolution of our confocal versus
conventional transmission images. The 3D FFT
was developed by our group as a subroutine to
expand a 2D FFT algorithm in a commercial soft-
ware package (Vital Images VoxelMath) so that it
would produce a 3D FFT of the full image volume.
Besides evaluating resolution, the 3D FFT pro-
cedure is useful for determining if smali shifts in
registration have occurred between successive 2D
sections in a 3D image stack.

in addition to the 3D FFT analysis, we also
show that digital Fourier transform methods, such
as the Hilbert transform (Oppenheim and Schafer
1989), can be successfully employed to over-
come the difficulty of visualizing differentially-
shaded phase objects, in 3D, that are typical of
images acquired using transmission DIC optics.
The Hilbert transform has the property of invert-
ing one side of the differential shading gradient
while at the same time maintaining the high
spatial frequencies of the original DIC image
(Cogswell et al. 1995). This is in contrast to a stan-
dard (directional) integration algorithm which tends
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to act as a low pass filter, removing the high spatial
frequency information (i.e. fine detail) in the image
at the same time as it removes the shading
gradient of features typical of DIC. The Hilbert
transform algorithm allows us to extract object
features from our 2D transmission Nomarski DIC
image slices, in such a way that they can be further
processed with a high boost axial filter, and then
clearly visualized as a full 3D volume.

REFERENCES

Cogswell CJ, KG Larkin, MR Arnison, JW O'Byme.1995. 3D

Fourier analysis methods for digital processing and 3D visu-
alization of confocal transmission images. SPIE 2412: (in
press).

Cogswell CJ, KG Larkin, JW O’Byrne, MR Arnison.1994. High-
resolution. multiple optical mode confocal microscope: |I.
System design, image acquisition and 3D visualization. SPIE
2184: 48-54.

Cogswell CJ, JW O'Byrne.1992. A high resolution confocal trans-
mission microscope: I. System design. SPIE 1660: 503-511.

Dixon AE, CJ Cogswell. 1995. Confocal microscopy with trans-
mitted light. In Handbook of Biological Confocal Microscopy,
2nd edition, ed. JB Pawley. New York: Plenum, (in press).

Oppenheim A, R Schafer.1989. Discrete-time signal processing.
New Jersey: Prentice-Hall.



Zoological Studies 34, Supplement | (1995)

Transport Pathways of Lipoproteins across the Arterial Endothelial Cells

Cheng-Heng Kao?, Jan-Kan Chen?, Jong-Shung Kuo® and Vie Cheng’

" Department of Biology, Tunghai University, Taichung, Taiwan, R.O.C.

2Department of Physiology, Chung Gung College of Medicine and Technology, Lin-Kou, Taiwan, R.O.C.
3Department of Medical Research, Veterans General Hospital, Taichung, Taiwan, R.O.C.

Endothelial injuries in the artery have long
been considered as an initial event in the patho-
genesis of atherosclerosis. Increasing arterial
endothelial permeability can cause low density
lipoproteins (LDL) to filtrate and accumulate in the
intima (Ross 1993). However, the nature of the initial
damage to the arterial wall is not fully understood.
Our previous studies showed that the endothelial
ultrastructure of the branched regions of aortic arch
was quite different from that of the unbranched
regions (Kao et al. 1994). In this study, we use
fluorescein
(DiL) labeled LDL to compare the distribution of
LDL in the different regions of the arteries in the
hypercholesterolemic rats. We also use colloidal
gold labeled LDL to investigate in situ the transport
pathways of LDL across the arterial endothelium
at the branched regions of the arteries. Rat or
human LDL was separated from pooled plasma
by ditferential centrifugation. Then, LDL was
coupled to Dil or colloidal gold (diameter =10 nm).
Male Sprague-Dawley rats, weighing approxi-
mately 250 gm were fed high-cholesterol diet over
a period of 1 year. At 1, 3, 6 and 12 months after
feeding, three to five animals were anesthetized.
The thoracic and the abdominal aorta, the right
and the left femoral arteries were cannulated
with polyethylene tubings. After the vascular bed
was cleared with PBS at 37°C, the tubings be-
tween the thoracic aorta and the left ventricle and
the tubings between the femoral arteries and the
abdominal aorta were connected with peristaltic
pump to form two closed circuits. Then, the colloid
gold-LDL or Dil-LDL was infused. The animal
was then perfused through the left ventricle with
the fixative. The aorta, carotid artery, abdominal
aorta and their branched regions were collected

and prepared for quantitative electron microscopy.
The adhesion and penetration of mononuclear
cells into the intima occurred after 1-3 months of
high cholesterol diet treatment. The fatty streak
started to appear in the intima at 6 months,
whereas the endothelium still kept intact. More
LDL-Dil accumulated in the branched regions
than those in the unbranched regions of the arteries.
LDL-gold conjugates were observed in the
plasmalemmal vesicles, multivesicular bodies and
in the subendothelial space in both the branched
and the unbranched regions. Quantitative study
revealed that the volume densities of plasmal-
emmal vesicles which contained the LDL-gold
particles in the branched regions of aortic arch
were significantly (P<0.05) higher than the density
value in the unbranched regions. The incidence
of open junctions was significantly increased in
the branched regions of aortic arch whereas no
open junctions were observed in the unbranched
regions. Moreover, the LDL-gold conjugates
were present within most of these open junctions
(Fig. 1). These results indicated that the major
visible routes for transport of the LDL across the
endothelium in the branched regions of the arteries
are open junctions as well as plasmalemmal
vesicles. The region-associated permeability
changes might account for the incidence of athero-
sclerosis in the branched areas of arteries.
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Fig. 1. Endothelial cells (E) of rat aortic arch after 6 months on the high-cholesterol diet. LDL-gold particles (arrow) are seen within the open
junctions as well as in the subendothelial space (SS).
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In developing rodent brain, the noradrenergic CA1 area, after toluidine blue-staining of 1um
projections are among the earliest to be formed epoxy sections. These neurons had a dark ap-
(Lauder et al. 1974, Seiger et al. 1973). The adult pearance of both cytoplasm and nucleus and were
pattern of noradrenergic innervation in all areas of termed “dark cells” in contrast to the light staining of
the hippocampus was shown to be established by normal neurons. Electron microscopic examination
the postnatal 10th day (Loy et al. 1980). During this revealed a gradient of neuronal darkness, from nor-
early postnatal period, the existence of an intact mal light, grayish, gray, to completely dark. The

noradrenergic system is believed to be associated increased darkness were due to an accumulation of
with developmental plasticity (Kasamatsu et al. fine granules in both cytoplasm and nucleus (Fig. 1).
1979). Early manipulation of noradrenergic pro- Compared with normal neurons, the dark cells

jections significantly alter the normal course of barely maintained typical processes. In addition to
neuronal development. Neonatal treatment with the increase of fine granules and shrunk shape,
either 6-hydroxydopamine (6-OHDA) or N-(2- certain cytological changes were also noted. The
Chioro-ethyl)- N-ethyl-2-bromobenzylamine nuclear envelope of dark cells was rich in invagina-
(DSP-4) causes a permanent noradrenergic tion (Fig. 2). Stacks of mostly smooth endoplasmic

hypoinnervation of forebrain regions an a hyperin- reticulum and polyribosomes did not aggregate to
nervation of the brain stem (Gustafson et al. 1987). form Nissl bodies. Instead, they appeared to be
in the present study we investigated the effects abundant and distributed over the neuronal soma
of noradrenergic depletion by neonatal injection (Fig. 3). Even in the primary dendrites, while the
of DSP-4 on the hippocampal neurons by electron normal neurons did not have many organelles, the
microscopy. dark cells were found to be packed with mitochon-
Neonatal pups of Long Evans hooded rats dria, ribosomes and cisternal structures (Fig. 4).
were given subcutaneously DSP-4 in a dosage of Most of dark cells had an invaginated nucleus
100 pg/g, dissolved in 0.9% saline, once within containing a normal nucleolus with increased

12 hr after birth. Some litermates were used as fine granules but no increase of heterochromatin
control animals receiving an equal volume/body (Fig. 2). They either had stacks of long slender

weight of saline. Animals were sacrificed and endoplasmic reticulum (Fig. 3) or were packed
processed for immunohistochemistry to reveal with short tortuous and enlarged reticulum (Fig. 5).
noradrenergic innervation and for electron micros- In addition to abundant free ribosomes, mostly
copy to examine ultrastructural changes in the hip- polyribosomes, many lysosomes were found to be
pocampus 4-6 months after injection. in the form of lipofuscin granules (Figs. 3 and 5).
By applying a polycolonal antiserum made to Enlargement of several membranous structures,
dopamine B-hydroxylase, an synthetic enzyme including Golgi apparatus, endoplasmic reticulum
for norepinephrine and a reliable marker of norad- and nuclear envelope, and enrichment of polyribo-
renergic innervation, immunohistochemical somes and residual bodies were typical features
staining revealed a substantial decrease of noradr- in these cells.
energic fibers in the hippocampus. At the light Based on these ultrastructural characteristics,

microscopic level, heavily stained neurons were the dark cells appeared to be metabolically active.
found in the dentate gyrus, the hilar region and The morphological features of their soma are
the hippocampal CA1 area, but rarely seen in the similar to those of chromatolytic perikarya induced
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Fig. 1. Cellular elements in the dentate gyrus of DSP-4 treated
rats. Normal granule cells (G) reveal light appearance of
nucleus and cytoplasm. A dark cell (D) within tie granule
cell layer is characteristic of intensive electron density
throughout nucleus, cytoplasm and processes except en-
larged cisternal structures. Scale bars: 1 um.

by axotomy. Electron microscopic studies of chro-
matolytic neurons have shown fragmentation of
Nissl bodies in which the aggregates of granular
endoplasmic reticulum decreased markedly in size
with a concomitant increase of polyribosomes
(Lieberman 1974). Because of the appearance of
invaginated nuclear envelope, an enlarged Golgi
apparatus and increased numbers and complexity
of lysosomes, the chromatolytic response to
axonal damage was considered to be rather a
restorative process aimed at reconstituting the
neurons than a degenerative phenomenon
(Mathews et al. 1972). Similarly, the dark cells
could be in an active state of cytoplasmic protein
synthesis. The accumulation of fine granules in

treated rat. Note the increase of invagination (arrowheads)
of the nucleus (n), polyribosomes, endoplasmic reticulum
(e), mitochondria (m), and abundance of fine granules in
both nucieus and cytoplasm. No increase of heterochro-
matin was seen. Scale bars: 0.5 pm.

Fig. 3. Cytoplasm of a dark cell in the hilar region of DSP-4
treated rat. Except the increased polyribosomes, endo-
plasmic reticulum (e), mitochondria (m) and fine granules,
more lysosomes (l) were seen as a form of residual body
containing lipofuscin granules. Scale bars: 0.5 um.

the nuclei and the cytoplasm could have resulted
from an increased nuclear RNA synthesis, as
observed in the cytochemical analysis of chroma-
tolytic perikarya (Watson 1965 1978). Since the
amount of lipofuscin granules had increased in
the dark cells, accumulated fine granules could
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Fig. 4. Primary dendrite of a dark cell in the hilar region of DSP-4
treated rat. Like the soma, the dendrite is packed with great
amount of polyribosomes, mitochondria {(m) and fine gran-

ules. Scale bars: 0.5 ym.

;]

also be a different pattern of lipofuscin accumula-
‘tion as found in pyramidal neurons of the aging
brain (Braak 1984).

Concerning cytotoxic or neurotoxic effects of
DSP-4 on developing brain, noradrenergic neurons
and even other monoaminergic neurons degenerate
or undergo plastic changes after drug treatment.
In noradrenergic target areas, there was a dispute
about neuronal loss in the neocortex after 6-OHDA
injection (Ebersole 1981, Onteniente et al. 1980).
Despite the presence of few disintegrated cells,
no neuronal loss was observed in the hippocampus
4-6 months after injection in the present study. No
ultrastructural features indicating degeneration
processes, such as pyknotic cells and profiles of
dense or lamellar bodies, were seen in the dark
cells. Thus, most, if not all, of the dark cells are
unlikely too be in a process of degeneration. Exami-
nation of specimens from drug-treated animals
at several time points after injection revealed that
no significant amounts of dark cells were present
at light and electron microscopic levels until 2-3
months after injection. No significant changes
in neuronal numbers of the hippocampal areas
were found even in one-year-old norepinephrine-
depleted rats. Furthermore, deep toluidine blue-
stained pyramidal cells and granule cells have
been reported in the early postnatal hippocampus
of developing Long-Evans hooded rats before
the postnatal 7th day (Fuh et al. 1990). Like the
dark cells in this study, they contained fine

% AR FRts ATy
Fig. 5. Enlarged cisternae in the cytoplasm of a dark cell in the
hilar region of DSP-4 treated rats. Some dark cells, like the
one shown here, have enlarged cisternae (e) distributed
with abundant polyribosomes, mitochondria (m), lysosomes
(1) and fine granules. Scale bars: 0.5 um.

granules in both nucleus and cytoplasma dn had
a gray and dark appearance. These dark cells
developed gradually into normal neurons of
light appearance within a week after birth. 'In
other system, particularly in the reproductive
organs, cells of dark appearance are believed
to be germ cells having mitogenic potency or newly
formed cells from stem cells (Clemont et al. 1976,
Cormack 1987). Although a significant increase
in granule cells in the ventral dentate occurred 4
months after DSP-4 injection, no evidence of
cell division was seen in the current observation.
Nevertheless, dark cells may represent a popula-
tion of neurons at a physiological status different
from other cells.

In conclusion, neonatal injection of DSP-4
caused a substantial reduction of noradrenergic
fibers and the appearance of dark cells in the
hippocampus of rats aging between 4-6 months.
The dark cells may have occurred as a result of
long-term noradrenergic deficiency instead of
direct cytotoxic or neurotoxic actions of DSP-4
on hippocampal neurons. The nature of the dark
cells and their functional significance in norepineph-
rine-depleted rats are still unclear and require
further investigation.
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The Video-enhanced Light Microscope: A Renaissance Tool for

Quantitative Live-cell Microscopy

Charles E. Bracker

Department of Botany and Plant Pathology, Purdue University, West Lafayette, IN 47907-1057, USA

The in vivo dynamics of living cells, organelles,
and other moving objects on a microscopic scale
are especially amenable to study and quantitative
analysis by video enhancement and real-time
digital image processing of high magnification
light microscopic images. Dynamic events in cell
growth or other processes can be tracked and
measured with unprecedented precision and effi-
ciency. Videotaped images of cells growing in
thin slide culture chambers are spectacular, and
the results dramatically bring to life developmental
processes at high resolution that are impossible
to imagine, interpret, or accurately quantitate
from still images. The processing of these images
permits them to be measured precisely and ana-
lyzed. The magnification required as the resolu-
tion limit of the microscope is approached is in
the range of 5,000 x to 20,000 x on video display
monitors. While such magnifications necessarily
involve empty magnification, the enfargement is
essential for detecting positional changes in the 1-2
pixel range between video frames when using a
microscaler or the digital measuring function of
an image processor.

Images obtained through a video camera are
processed before they are displayed on a monitor
or recorded on magnetic storage media. Real-
time digital image processing simulates the video-
enhanced contrast championed by Robert Allen
for DIC microscopy of living cells, microtubules,
etc. and permits the ready detection and display
of delicate objects that are well below the size
range for Abbe resolution. This processing al-
lows background equalization to remove optical
irregularities, enables brightness control, provides
gamma control and contrast stretching to optimize
image contrast for parts of the object that are of
greatest interest, and it permits pseudocoloring
to discriminate specific gray levels. Real-time ap-
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plication of digital filters also allows special effects
to be recorded in real time. Videotaped images
can be analyzed frame by frame to precisely locate
and plot the displacement rate, trajectories, and
motion patterns of objects that are either moving
or changing size and shape during a video se-
quence. Successive freeze-frame images obtained
through a frame grabber can be subtracted from
each other to reveal difference images which reveal
patterns of dynamic change during a particular
time interval.

Traditionally performed with differential interfer-
ence contrast optics (DIC), video enhancement is
especially effective with phase contrast images
of living cells. Phase contrast often reveals
more information about the specimens than does
DIC because it reveals differences and dynamic
changes in refractive index, and it displays in-
formation in shades of gray that are related to dif-
ferential refractive index within the specimen.
Thus, images that are otherwise revealed as un-
differentiated “pseudo bumps and depressions”
in DIC images, appear distinct from each other
for more precise identification and characterization
when phase contrast optics are used. Delicate
objects in living cells, which may appear undetec-
table to the human eye in DIC images, can be seen,
tracked, and measured with enhanced phase con-
trast. To take best advantage of phase contrast
optics, cells should be mounted or grown in a medium
with its refractive index adjusted to a value similar
to that of the specimen, to minimize the distracting
phase haloes at the boundaries of cells.

Measurements of motion or growth near the
limits of optical detectability require appropriate
compromise among competing variables to as-
sure that true displacement is being measured
and that artifacts of the measurement technique
have been avoided. This requires attention to ac-
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ceptable noise levels in digital images, and selecting
appropriate time intervals between measurements
in relation to pixel size and displacement rate.
Without such precautions, non-linear displace-
ment patterns can be corrupted artifactually to
disclose artifactual changes in displacement rate
or suppression of rate changes, both of which lead
to erroneous conclusions about motion or growth.

The detection limits in low-noise images ap-
proach single pixels which represent image units
as small as 30 nm. When gray-scale images
are converted to pseudocolor, the positions of
specific gray-scale values are obvious to the un-
aided eye and can be used as objective markers
for locating and measuring positions of an object
in successive images. This is especially evident
for living fungal hyphae whose growth can now
be measured at one-second intervals, roughly
two orders of magnitude faster than was practical
with prior methodology.

This advantage has permitted measurements
that reveal cell elongation in altemating fast-slow
pulses with periods ranging from 3 to 30 seconds
depending on the organism and its overall cell elon-
gation rate. Individual organelles can be tracked,
their motion plotted, and dynamic processes
interpreted from the displayed data in ways that
were not previously possible.

One of the problems encountered in video mi-
croscopy is the potential image distortion caused
by electronic devices in the chain of components
leading from the original optical image created by
the objective lens to the final image that is dis-
played or printed (e.g. frame grabbers, video moni-
tors, printers, image processors, cameras, etc.). Fur-
ther, because of the nature of video imaging, point-
to-point resolution in a final image may differ from
that obtainable by the optical system alone and
will differ in the X and Y axes. Microfabricated
test targets are being developed to: a) routinely
record and measure resolution in X, Y, and Z axes,
b) to judge detection capability in X and Y, c) to
measure image distortion, and d) to establish ac-
curate size calibration, by recording phase and/
or amplitude test objects from the test targets
onto videotapes under specific conditions of micro-
scope alignment and operation. An angled ramp
with microfabricated resolution patterns etched
onto its surface yields a simple and direct measure
of depth-of-field under any conditions of micro-
scope alignment. This provides a simple means
of accurately measuring the thickness of in-focus
optical sections when it is necessary to acquire
images of specimens at known focal intervals for

three-dimensional reconstructions without overlap
or missing information. These targets will function
as routine calibration tools and as test targets
for critically evaluating the capabilities of optical
and electronic devices used in the total microscope
technology package.

Another problem important to quantitative
studies is artifactual drift, or creep, of the specimen
image. This is caused by thermal drift of micro-
scope parts as the instrument warms up after
the illuminator and other electrical elements are
turned on. Typically, the rate of drift is greatest in
the Z axis (reaching more than 30 pm in 2 hrs.)
and least in the X axis, and is influenced by the
construction, design, and brand of the microscope
as well as the time when the illuminator was turned
on. Thermal drift declines to a minimum about
two hours after the illuminator is turned on but
still continues at a measurable rate that cannot
be controlled with conventional microscope design.
A robotic auto-tracking stage can be program-
med to track several objects within the image
independently, and when the drift of stable markers
is automatically subtracted from the total motion
of target objects, net displacement due to true
motion or growth of the object can be plotted.

A recent development, which will be available
in the near future, is a robotic motion and/or cell
growth tracking stage for light microscopes that
will automatically track moving objects in real time,
in three dimensions, by analyzing the trajectories
of objects identified in successive video images.
The concept instrument will provide focus tracking
as well as automatic X-Y tracking and data record-
ing for displacement of the target objects. This
technological advance turns the microscope
stage from a relatively simple mechanical device
for adjusting the position and focus of the object,
into a sophisticated analytical tool for studying
guantitative aspects of cellular dynamics at a level
of accuracy, and with a response time, that lie
beyond the capability of human control of a manual
or motor driven stage. By tracking object(s) over a
coordinate field that is many times larger than
the window in view at any one time, tracking is
seamless, and continuous data streams are not
corrupted when the stage translates to track an
object as it moves from one field of view to another.

The convenience and power of the modern
video-enhanced microscope system has made it
possible to guantitatively analyze patterns of cell
morphogenesis as they are influenced by behavior
of subcellular structures. These include coordina-
tion between the positions and migration rates
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of secretory vesicles in fungal cells and sites of
localized cell expansion and wall growth. But the
technique is applicable to any object which changes
its position, orientation, or size during observation.
This approach has also provided an unprecedented

opportunity to merge microscopy of real
cell dynamics with computer simulations created
by computer-driven cell growth models and to
quantitatively compare predictions of the models
with actual images of growing celis.
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Distribution of Taste Pores and Ultrastructural Organization of Gustatory

Cells in Gerbil Vallate Taste Buds

Kuo-Shyan Lu', Ming-Huei Chen' and Ko-Kaung Liao?
'Department of Anatomy, College of Medicine, National Taiwan University, Taipei, Taiwan, R.O.C.
2Chung-Shan Dental and Medical College, Taichung, Taiwan, R.O.C.

The gerbil, a desert animal, is different from
other rodents such as rat, mice and others, because
it can survive under extremely dry conditions due
to its great capacity to conserve water. In a recent
review, Schiffman and Gatlin (1993) proposed
that the sense of taste conveys the attractive pro-
perties of foods (five primary taste properties: salty,
sour, sweet, bitter and umami) that promote and
maintain food intake. They also inferred that taste
not only play a role in protection against harmful
substance but also contribute significantly to nutri-
tional status as well as to the quality of life. Con-
sequently, it is reasonable to expect that the ultra-
structure of gerbil's taste bud may different from
that of other rodents. However, to our knowledge
so far, we retrieved only one abstract concerning
the ultrastructure of the gerbil taste bud in fungi-
form papilla (St. Joer and Kinammon 1987) and no
other previous reports have been published. More-
over, the quantification on the distribution of the
taste bud in the gerbils is lacking. In order to extend
our knowledge about the taste capacity and the
ultrastructure of the taste bud in gerbils, we deter-
mined to analyze the surface ultrastructure and
distribution of taste pores by scanning electron
microscopy and to characterize the ultrastructure
of gustatory cells by transmission electron micros-
copy in the gerbil vallate papilla.

In the gerbil, a single vallate papilla was located
on the midline of the tongue root. It comprised two
separated trenches (about 800) um in length and
300um in depth), which were separated more
widely at the rostral end than at the caudal end.
The lingual epithelium on the dorsal surface of the
papilla is parakeratinized and that on the trench
wall is nonkeratinized or slightly keratinized.

Transmission electron microscopy revealed
that the taste pore of the gerbil vallate taste buds
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was populated by a tuft of microvilli (equivalent
of taste hairs at light microscopic level) among
which an electron-dense material filled all the
intervillous spaces. Four types of taste cells were
identified by their ultrastructural characteristics:
type |, 1, intermediate and basal cells, and each
type comprised about 78%, 14%, 5% and 1-2% of
the total taste cell population, respectively (Fig.1).
Taste buds distributed randomly on both lateral
and medial sides of the trench wall in roughly equal
number as estimated by the number of taste pores
on the exposed trench wall surface (Fig.2). The
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total number of taste pores observed is 342 from
four different vallate papillae with an average
of 8511.67 (mean + standard error of mean) taste
pores per papilla (N=4). The distribution density
on the trench wall is 1.89 + 0.5 taste pores per
1000 um? (N=8; from either medial or lateral wall
of the trenches in five papillae). There were more
numerous taste pores on the caudal end than on
the rostral end. Figure 3 is a stereopair electron
micrographs of a rather clean taste pore demon-
strating a tuft of microvilli of taste cells underneath
the pore. It is revealed that the taste pore was
surrounded by layers of parakeratinized epithelial
cells characterized by numerous microridges
(microfolds or microreplicas) on the free surface.

Frequently, the taste pore was so deep and hin-
dered by the secretory material of the taste bud
and the mucus of the oral mucosa, and therefore,
no definite structures were identified.

This is the first report to reveal the ultrastructural
organization and to demonstrate quantitatively
the distribution of taste pores in gerbil vallate
papilla. The present data will provide a firm basis
for future comparative, immunocytochemical and
neurological studies involving the gustatory
system. Further studies on taste pore organization
by freeze-fracture to investigate their interceliular
junctions and the possible mechanism of gustatory
neural transmission are in progress.

Supported in part by grants Nos. NSC-81-
0412-B002-558 and NSC-82-0412-B002-407 from
National Science Council, Taiwan, ROC.
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Feldkamp-type Cone-beam Reconstruction: Revisited
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The cone-beam approach is desirable for faster
data collection, higherimage resolution, better radia-
tion utilization and easier hardware implementation,
therefore it attracts more and more attention in bio-
logical, medical and material studies (Smith 1990,
Gulberg 1992, Cheng et al. 1993). Despite important
progress in exact cone-beam reconstruction (Tuy
1983, Smith 1985, Grangeat 1991, Danielsson 1992,
Axelsson and Danielsson 1994), approximate cone-
beam formulas remain practically important.
Feldkamp-type formulas are popular in approximate
cone-beam reconstruction (Feldkamp et al. 1984,
Gullberg 1992, Wangetal. 1991, 1992, 1993a, 1993b,
1994).

The advantages of approximate cone-beam re-
construction are as follows. First, incomplete scan-
ning loci can be used. The completeness condition
for exact reconstruction rquires that there exist at
least a source position on any plane intersecting an
object. This condition cannot be satisfied in cone-
beam X-ray microtomography when planar or dashed-
line helical scanning loci are used (Wang et al. 1991,
1939a). Second, partial detection coverage is per-
missible. In exact cone-beam reconstruction, the
cone-beamis assumedto cover the entire objectfrom
any source position. Unlike emission tomography,
complete detection coverage is impossible in cone-
beam X-ray microtomography, since most speci-
mens are either rod-shaped or planar instead of
spheric. Third, computational efficiency is high. Be-
cause of the second advantage, approximate
reconstruction involves much less raw data, espe-
cially in reconstruction of rod-shaped and planar
specimens. The computational structure of
Feldkamp-type reconstruction is straightforward,
highly parallel, and hardware supported. Feldkamp-
type formulas are particularly fast in reconstructing
a limited number of slices or small regions of inter-
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est. The linogram idea (Edholm and Herman 1987)
used in exact fourier cone-beam reconstruction
(Danielsson 1992, Axelsson and Danielsson 1994)
may also be adapted to Feldkamp-type reconstruc-
tion. Fourth, image noise and ringing artifacts are
less. With the direct Fourier method (Axellson and
Danielsson 1994), it was found that exact cone-
beam reconstruction produces more ringing as
compared to the Feldkamp method. We hypothesize
that this is inherent to all exact cone-beam recon-
struction formulas that take the second derivative
of data. In most of the cone-beam fiterature synthetic
noise-free data are used, therefore this problem
did not ook too serious. Further evaluation and
comparison would be valuable

Feldkamp-type cone-beam formulas were
derived by modifying the convolution and back pro-
jection fan-beam formula. To reconstruct a voxel,
fan-beams tilted horizontally and passing through
the voxel are used. To Compensate for the tilted
fan-beam geometry, both the source-to-origin dis-
tance and the angular differential were modified,
and incremental contributions integrated. In this
paper we will formulate Feldkamp-type reconstruc-
tion in a manner that is clearer in terms of plausibility.

Let theX coordinate system be the cone-beam
reconstruction system, wherex=(x, y, 2)’, (.)'denotes
the transpose of a vector. A specimens( X ) is sup-
ported in the cylindrical region x*+)? < 1. A scanning
locus is described as ¢ (B)=(p(B)cosf, p(B)sing,
h(B))!, p(B)>1, where B is the X-ray source rotation
angle around the z axis counterclockwise. A
scanning turn is obtained by restricting § in [0, 2r).
Cone-beam projection data, R(p, ¢, B), or R( &, B),
are recorded on an imaginary detector plane passing
through the z axis and facing the X-ray source, where
p and ¢ are horizontal and longitudinal coordinates
of the detector system, and @=(«,4, 0, o) specifies
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the direction of an X-ray.

Let us consider § and ¢ functions: 6(X —X,)
models a 3-D point object located at Xy, ¢c(%) is
defined as being independent of z, thatis, ¢ (¥ )=c(x,
y).

Longitudinally projecting ¢ (8), e [0, 2r), onto
the z=z, plane. We have another scanning locus:
¢ (B)=(p(B)ycosB p(Bysinf z,) Pe0,2m). It
can be shown that exact fan-beam data R*(p, 0, )
in the z=z; plane can be obtained by multiplying
a horizontal profile of cone-beam projectionR(p, &, B)
with the cosine of the X-ray tilting angle,

Ve +pt
VPR(B)+p*+ &

¢ should be the longitudinal coordinate of projected
(% —=,).
Under the moderate conditions we proved a

derivative-free noncircular fan-beam reconstruction
formula (Wang et al. 1993a):

Note thatinthe case of 6( ¥ —% )

2r -
g(x,y>=%f 2D " pp By P

o (P(B)-s) P(BY=s
_ LB
DT E P W

where F(p, B) represents fan-beam data,
t=x cos B+y sinf and s=-xsinf+ y cosp,

fis a reconstruction filter. Hence, applying the deriva-
tive-free noncircular fan-beam reconstruc-
tion formula with R*(p, 0, B) will produce exact re-
construction o the z=z, plane.

As 3 and ¢ functions represent typical cases of
sharp and smooth variation, it is reasonable to apply
the same cone-beam data correction scheme
generally to approximate transaxial fan-beam
data. By doing so, we immediately obtain the
generalized Feldkamp cone-beam reconstruction
formula (Wang et al. 1993b):

2r o
g(X,)’:Z)=%J —pi’LLWR(p’g’ﬁ)f

o (P(B)-s)
PP p(B)
P = P [ (pyep el @

where

Czp(ﬁ)(z—h(ﬁ))
p(B)-s '

it becomes clear that the essential step in Feldkamp-
type cone-beam reconstruction is to modify cone-
beam projection data so asto achieve exacttransaxial
reconstruction for any & and ¢ functions,. Correction
is done by multiplying cone-beam data with the co-
sine of the X-ray tilting angle. Consequently,
Feldkamp-type reconstruction can be decomposed
into two steps: cone-beam to fan-beam data con-
version and fan-beam reconstruction.

With arguments similar to those described
above, cone-beam reocnstruction can also be
achieved via correcting cone-beam data to fan-
beam data in an inclined plane under the condition
that a projected scanning locus stays outside a
projected specimen support, the projection direction
being defined by the normal of the tilited plane. It
was previously established that the longitudinal
integral of an reconstructed image volume by
Feldkamp-type algorithms is exact (Feldkamp et al.
1984, Wang et al. 1992). We similarly proved that
Feldkamp-type reconstruction with respect to a
tiited longitudinal axis produces the exact 2-D
parallel projection along the tilted longitudinal axis.
This finding updates our earlier result that 2-D
parallel-beam projections can be aproximately
computed from cone-beam data (Lin et al. 1993). In
practice, full 3-D information is often not useful,
several stereo projection image pairs may be
sufficient in some applications. Hence, exact
2-D parallel-beam projection pairs are the most
desirable.

Our derivative-free noncircular fan-beam for-
mula utilizes full-scan data, which consist of two
complete projection data sets. Actually, fan-beam
reconstruction can also be performed with either
half-scan or double full-scan projection data. Ac-
cordingly, half-scan and double-helix-scan cone-
beam algorithms can be formulated. The above
discussion with one scanning turn can be extended
to half- and double-helix-scan cases, respectively.
With the same progection data correction, exact
transaxial reconstruction can be achieved for

0( ¥ —xp)and c(X) with half-or double-helix-scan
data. In tho half-scan case, the angular range ini-
volved in a transaxial slice reconstruction is sub-
stantially reduced. As a result, half-scan cone-
beam reconstruction (Wang et al. 1994) may im-
prove longitu dinaltemporal resolution. In the
double-helix-scan case, a transaxial slice is recon-
structed with consine-corrected and linearly com-
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bined projection data from twins of scanning turns.
Double-helix-scan cone-beam reconstruction is
exact for a specimen with linear longitudinal varia-
tion.
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INTRODUCTION

The basic events of embryo sac develop-
ment and fertilization have been extensively
studied using classical techniques in light mi-
croscopy and electron microscopy. The me-
gaspore mother cell produces four megaspores
after meiosis. Only one chalazal megaspore
survives and then goes through three mitotic
divisions giving rise to a 7-celled embryo sac.
However, the information concerning nuclear
positioning and anchoring, nuclear division,
cell wall and filiform apparatus formation and
its correlation to the changes of mcirotubular
cytoskeleton is still scarce due to the inac-
cessibility of megasporocyes and megagameto-
phytes.

In most of the species studied, the prominent
features during fertilization include the degen-
eration of one of the synergids, its subsequent
penetration by the pollen tube, and release of
the male gametes which subsequently migrate
and fuse with the female target cells. The ele-
ments of this fertilization system are well de-
scribed, butthe organization and possible invole-
ment of the cytoskeleton of the embryo sac have
only recently been examined. The exclusion of
the sperm cytoplasm before fusion is not yet
completely understood.

To obtain a better understanding of the mi-
crotubular and nuclear behavior during the em-
bryo sac development and the involvement of
cytoskeleton during fertilization, we have char-
acterized the changes of oganeflar DNA and the
role of the microtubular cytoskeleton during
megasporogenesis and megagametogenesis
in maize and structural and cytoskeletal changes
during fertilization in Nicotiana tabacum.
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RESULTS AND DISCUSSION

Embryo sac development is initiated by the
meiotic divisions of the megaspore mother
cell. The cytoplasmic organelles are predomi-
nantly distributed in the chalazal region of the
megasporocyte reflecting the early polarity of
the cell which confirm the previous reported
premeiotic establishment of megas-porocyte
polarity. After meiosis | the two nuclei of the
megasporocyte migrate to the opposite poles of
the cell which elongates to alarge extent. By the
completion of meiosis, the megasporocyte has
produced four megaspores, among which only
the chalazal-most megaspore survives while
the three other megaspores degenerate. The
organellar DNA of the megaspore is mainly
perinuclear. The first mitosis of the surviving
megaspore gives rise to the two-nucleate em-
bryo sac. The polarization of he microtubules
and organellar DNA becomes conspicuous.
Dense microtubule bundles in the perinuclear
region of the mcropylar end of the embryo sac
form an anastomosing network extending from
the nucleus to the cell cortex. The micropylar
nucleus is surrounded by a dense accumula-
tion of organellar DNA and perinucfear microtu-
bules, while those in the chalazal end are
present to a lesser extent. Although the precise
function of the these perinuclear microtubules is
unclear, it is likely that each pole of microtubules
claims a region of cytoplasm in which the micro-
tubules extend and maintain one pattern of po-
larity. The polarity of DNA-containing organeiles
is apparently established in the late two-nucle-
ate embryo sac with the DNA-containing or-
ganelies predominantly surrounding the micro-
pylar nucleus. Because the young egg cell con-
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tains a significant number of the DNA-containing
organelles after cellularization of the embryo
sac, it appears that this early event in the deter-
mination of the reproductive cells occurs in the
two-nucleate stage, although cellular differentia-
tion is delayed until cytokinesis at the eight-
nucleate stage.

The initiation of the second mitosis is fol-
lowed by simultaneous nuclear divisions at both
the micropylar and chalazal poles. Attelophase
of the second mitosis the phragmoplast at the
micropylar end is oriented parallel to te long axis
of the embryo sac and is nearly perpendicular
to the transverse orientation of the chalazal
phragmoplast. Consequently, the plane of align-
ment of the pair of sister nuclei at the micropylar
pole is nearly a right angle to that of sister nuclei
at the chalazal pole. Simultaneous nuclear
division also occurs in the four nuclei at the
third mitosis. At cytokinesis of the third mitosis
phragmoplasts ar simultaneously formed be-
tween the eight nuclei at the micropylar and the
chalazal poles, indicating the location of future
cell walls . The disturbance of the positioning
of the female gametophyte nuclei and their spa-
tial relationship during cell formation and dif-
ferentiation embryo sacs carrying the maize in-
determinate gametophyte (ig) mutation results
in the formation of unanticipated cell types.
This suggests that the positioning of the nuclei
by control of mitotic spindle orientation and by
control of unclear migration is fundamentally re-
lated to the determination of cell fate and cell
differentiation in the developing embryo sac.
After cellularization, two synergids and one egg
cell form at the micropylar pole, three antipodal
cells form at the chalazal pole, and the central
cell occupies the center of the embryo sac.
Numerous longitudinally aligned microtubule
bundles are localized at the synergids and the
antipodal cells, while sparse transverse micro-
tubule arrays are seen in the central cell, mainly
at the cortical region. The antipodal cells con-
tinue to divide and produce variable numbers of
cells at the chalazal pole until embryo sac matu-
rity.

Before fertilization, the synergid is a highly
polarized cell with dense longitudinally aligned
arrays of microtubules adjacent to the filiform
apparatus at the micropylar end of the cell asso-
ciated with major organelles. However, it is
evident upon examination of cryofixed material
that one of the synergids displays a dramatic
morphological change after pollination, which

begins to degenerate before pollen-tube arrival
with breakdown of the plasma membrane
and the larger chatazal vacuole delayed until
the penetration of the polien-tube. The electron
density of cytoplasmic organelles increases and
the nucleus becomes distorted. Abundant
electrondense material extends from the degen-
erated synergid into intercellular spaces at
the chalazal end of the synergid and between
the synergids, egg and central cell. Rhodamine-
phalloidin and immunogold labeling revealed
that this electron-dense material contains
abundant actin. Actin in the synergid be-
comes locally intense and particularly con-
spicuous at the chalazal end of the dengerated
synergid, forming two "corona"-like bands at
the inter-faces between the egg, central cell
and synergid. The location of myosin-like pro-
teins in pollen tube and on the surfaces of
generative cells and vegetative nuclei presents
the possibility that actomyosin interactions
act as a controlling factor in the deposition,
positioning and fusion of mate gametes during
fertilization. The sperm cell, which are believed
to lack actin, may therefore be passively
conveyed by means of the superficial myosin of
the sperm cells and the actin coronas of the
embryo sac. This actin is part of a mechanism in
the egg apparatus which apppears to precisely
position and facilitate the access of male ga-
metes to the egg and central cell for fusion.
Upon pollen-tube arrival, the male gametes
are released through a terminal aperture into
the degenerate synergid. Cellular organelles
remain largely intact after polen tube discharge.
This suggests that the onset of synergid degen-
eration occurs before the arrival of the polen
tube, but the breakdown of the cell occurs only
after polien tube penetration. Unfused sperm
cells within the degenerate synergid appear to
be strongly modified by their passage in and
discharge from the pollen tube. The exterior
of the sperm cell is delimited by a single mem-
brane. Apparently once pollen tube discharge
occurs, the inner pollen tube plasma membrane
is stripped off and releases the sperm and
vegetative nucleus triggering the disassocia-
tion of the male germ unit and allowing the
gametes to separate and follow their respective
fates. Before the gametic fusion, a few heritable
organelles, apparently mitochondrial, are evi-
dent in the cytoplasm of the sperm, but these
appear to be enclosed within ER inclusion.
Dictyosomes, ER, and a rounded nucleus are
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also prominent features priorto gametic fusion.
Vacuolization and the "rounding" of sperm cells
occur only after the sperm cells are deposited
in the degenerate synergid, but not during
normal growth within the pollen tube. The

exclusion of sperm cyto-plasm and explosion
of its single membrane may represent a
crucial phase in the preparation of the sperm for
fusion.



Zoological Studies 34, Supplement | (1995)

Z00) Ogczz//

Studies

Fast Confocal Beam Scanning Laser Fluorescence Microscope for Single-

photon and Two-photon Excitation
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A fast confocal fluorescence microscope whichis
based on the following technologies was designed
and built at EMBL:

(1) conventional inverted fluorescence microscope
as the basic unit
(2) Argonion laser as primary light source for single-
photon excitation
Titanium sapphire laser as light source for two-
photon excitation
resonant galvanometer for fast movement of
beam along first axis
conventional galvanometer for slow movement
of beam along second axis
piezo-electrically mounted objective lens for
focusing
photomultipliers operated in counting mode
multiple processors to record and process the
data
The instrument was built for applications in
modern cell biology. One of its specific interests is
the analysis of processes such as mitosis,endocy-
tosis, exocytosis, and phagocytosis as a function
of time not only in two (as e.g. in video microscopy)
but in three dimensions. A prerequisite is that the
object provides a specific contrast. This is accom-
plished by vital fluorescent markers that are in-
corporated into the cell body. At least one marker
is specific for the problem that is investigated. The
other marker is usually less specific and provides
a view of the cell body, the plasma membrane or
the nucleus.

The three-dimensional dye distribution is ob-
served as a function of time using two photomulti-
pliers that register the fluorescence emissions of
two different dyes. The fast scanner is capable
of producing 8000 lines per second which results
in about 15 frames (two channels) per second as-
suming an image size of 512 lines and 512 picture
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elements per line. The photomultipliers can resolve
up to 200 million counts per second. This means,
that at most 8 photons will be registered per picture
element. The number of photons per picture
element is recorded by a computer, stored in main
memory during the recording process and finally
copied to disk. Effectively the instrument is able
to record a complete 15-sections-deep data set
every 4 seconds.

For an evaluation of the instrument’s perfor-
mance, latex beads immersed in water were ob-
served to determine their diffusion rate. Diffusion
might not be an efficient way for distributing e.g.
proteins inside cells (low group velocity), but indi-
vidual particles tend to move quite a large distance
within a short period of time. Being able to determine
the diffusion rate of a single particle will therefore
provide us with an upper limit for the speed that
can be recorded with this instrument.

A biological application is the determination of
phagocytic pathways in macrophages. These experi-
ments are an extension of similar experiments per-
formed with video microscopy: phagocytosed fluo-
rescent latex beads are observed in three dimen-
sions while they move through the cell. The experi-
ments determine the transport rate and the exact
paths of the beads. The main goals of these in-
vestigations are the determination of the different
steps of phagocytosis and of the involved intracel-
lular compartments.

All of these experiments have been performed
using single-photon and two-photon excitation.
Naturally, two-photon excitation is less efficient
and results in a lower resolution than single-photon
excitation when used with the same dye. However,
it does not require the use of a pinhole and the
high excitation wavelength is less likely to affect
the viability of the biological system that is observed
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in the microscope.

The instrument has not been designed to pro-
duce “pretty pictures”. Although an image can be
averaged 16 or more times to increase the dynamic
range the goal is to use three-dimensional fluores-
cence-intensity distributions that have been
acquired at high speed. High speed means that
the sample does not change while the data is
being recorded. Effectively the difference in age
between the top left and lower right picture element
is reduced as far as possible. The three-dimen-
sional data set will then provide a flash view of the
specimen.

An important question in high speed confocal

fluorescence microscopy is, how many photons
are required to produce an image? Another question
is, how relevant are the intensity variations in
fluorescently labeled specimens? Are they relevant
or are they just an artifact of the labeling process?
Our instrument is designed to provide the answer
to a very simple question: “Is a fluorophore at
this location, Yes or No?” By recording three-dimen-
sional intensity distributions as a function of time
we are able to observe changes in the distribution
and by careful analysis assign a function to the
changes.
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INTRODUCTION

Although photonic tweezers are used regularly
in biological research (Block, et al. 1990, Finer et
al. 1994, Perkins et al. 1994), the forces they exert
on transparent particles with radii larger than half
the laser wavelength are still not weli character-
ized. Commonly accepted theories are an electro-
magnetic model (Barton et al. 1988, Wright and
Sonek 1993, Wright et al. 1994) for bead radii
smaller than half the laser wavelength and a ray-
optics model (Ashkin 1992, Roosen 1979, Wright
et al. 1990) for beads much larger than the laser
wavelength (r > 5 A). The electromagnetic model
has been used to calculate radiation forces for
particle radii up to 0.5 um in water (Wright and
Sonek 1993). The same theory has been applied
to 2.5 um-radius water droplets in air (Barton et al.
1988) and to 20 um-radius micro spheres with a
refractive index of 1.2 in vacuum (Visscher and
Brakenhoff 1991). No such theoretical studies
have been published for latex beads of that size
in water. An extension of the geometrical-optics
model to particle radii below 8 A has been attempted
using the properties of a Gaussian beam (Bakker-
Schut et al. 1991), but the validity of this approach
could not be shown. Another promising calculation
for particles with a radius of 5 A has been com-
pared to an indirect measurement (Wright et al.
1990). In this case the trapping region was investi-
gated experimentally but no direct force measure-
ment has been performed to compare theoretical
and experimental results. This extended geometri-
cal-optics model (Wright et al. 1990) has not been
applied to particles with radii between 1/2 A and
5A.

In this contribution axial trapping forces exerted

by photonic tweezers on dielectric latex micro
spheres are investigated theoretically and experi-
mentally for particles with radii between 0.25 um
and 3 um (1/4 X and 3 A). Currently discussed
theories have either not been validated thoroughly
by experiments or fail to predict forces for particles
of this size. Using the results of a theoretical
approach that uses the properties of Gaussian
beams and takes the size of the micro sphere
and its sub-microscopic interaction with the sur-
rounding medium into account an analytical phe-
nomenological expression is developed that
describes the axial forces as a function of the particle
radius. For micro spheres with radii 2 1 um the
theoretical results of a sub-microscopic theory
(Fig. 1) agree well with the measured forces. The
phenomenological theory (Fig. 2 and 3) describes
all experiments excellently. Since the axial force
is smaller than the lateral force we assume that

29 d radius 1.0 pm! 1

30 bead radius 1. p.m| incoming
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Fig. 1. Calculated axial forces for a particle (n=1.57) with a radius
of 1 um at various positions along the optical axis. The
assumptions are: wavelength 1064 nm, power 160 mW,
and an oil-immersion microscope objective lens (NA =
1.3) with an ideal beam waist radius of 0.43 um. The
geometric focus (z = 0) is indicated by the dashed lines.
The region with positive axial forces is the trapping region.
The transition from positive to negative forces at z =(r + 0.2
um) is the equilibrium position.
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experiments based on loosing particles from
photonic tweezers are sensitive for the axial force.

EXPERIMENTS

The basic idea of the experiments is to capture
a latex sphere of radius (r) and to move it against
the forces of friction through a solution of known
viscosity (m). The bead is gradually accelerated
until it drops out of the photonic trap. At this
maximum velocity (v__) the frictional force is
greater than or equal to the axial force of the
photonic tweezers. This is a direct force measure-
ment, since Stokes’ law for viscous media (Landau
& Lifschitz 1981, p.73)

I:max=67'm Vmax (1)

directly relates the drag force (F) and the velocity
(v.) of a spherical particle. It should be noted,
that a particle dragged through a viscous medium
has no significant macroscopic momentum. As
soon as the photonic tweezers loose their influence
on the particle movement is dominated by diffusion.

Theory

The phenomenological theory provides a formula
that can be fitted to the data if we assume that the
force is proportional to the radiation pressure and that
the lateral forces cancel each other along the optical
axis:
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Erf is the error function, B=(r2+z%)%, P is the
power of the incoming light, ¢ is the speed of light,
and n_and n__. are the refractive indices of the
particle and the medium respectively. ris the variable,
W, and z, are related. Thus only W, and q remain
unknown. The parameters were the forces as a
function of the bead radius. The curve was there-
fore fitted non-linearly to the experimental data
set (Fig. 2).

05 1 15 2 25 3
radius [pun]

Fig. 2. Measured maximum velocities of latex spheres (n=1.57)
with radii between 0.24 pm and 3.05 pm as a function of
the spheres radii. The curve summarizes 237 experiments
with 2 different materials and 11 different particle radii.
The calculated fitting curve is obtained from Eq. 2. The
fitting parameters were the lateral extent (W ;= 0.92 um) of
the Gaussian focal point and the factor g(n ,n,,) = 0.04.

40 phenomenological data
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Fig. 3. Comparison of forces derived from velocity measure-
ments as shown in Fig. 2 and calculated forces. The
experimental values were obtained using Eq. 1.

DISCUSSION

The sub-microscopic theory is an explicit calcu-
lation of a scattering cross-section and thus tells
us a lot about the behavior of latex beads and
probably of every other transparent object caught
in an photonic trap (Fig. 1). Looking at Fig. 2 which
shows escape velocities as a function of the
particle radius one can distinguish three different
regions. Latex spheres with a size of approximately
the extent of the microscope’s point spread func-
tion at a wavelength of 1064 nm are captured
most effectively. Above this size, beads are moved
slower since the increase in radius dominates the
fow increase in of axial force. The velocity and
thus the force for beads smaller than the extent
of the point spread function rapidly approaches
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zero. The steep slope for small particles results
from a rB-increase of the light intensity that in-
teracts with the volume of the micro sphere (see
Eq. 2). This volume effect for small particles is
typical for a scattering problem and has been ob-
served previously (Wright and Sonek 1993).

Although in the experiment the trapped particles
were moved in the x/y-plane the escape velocity
is related to the axial forces and not to the lateral
forces as done by some authors (e.g., Sato et al.
1991). Our interpretation is in agreement with
other theoretical resuits, which state that lateral
forces are much stronger than axial forces (Ashkin
1992, Malmqvist and Hertz 1992).

ACKNOWLEDGMENT

We thank Prof. Christoph Cremerand Prof. Gisbert
zu Putlitz. S. Lindek critically reviewed the abstract.

REFERENCES

Ashkin A. 1992. Forces of a single-beam gradient laser trap on a
dielectric sphere in the ray optics regime. Biophys. J. 61: 569-
582.

Bakker-Schut TC, G Hesseling, BG de Grooth, J Greve. 1991,
Experimental and theoretical investigation on the validity of
the geometrical optics model for calculating the stability of

optical traps. Cytom. 12: 479-485

Barton JP, DR Alexander, SA Schaub. 1988. Internal and near-
surface electromagnetic fields for a spherical particle irradi-
ated by a focused laser beam. J. Appl. Phys. 64: 1632-1639.

Block SM, LS B Goldstein, BJ Schnapp. 1990. Bead movement
by single kinesin molecules studied with optical tweezers.
Nature 348: 348-352.

Finer JT, RM Simmons, JA Spudich. 1994, Single myosin mol-
ecule mechanics: piconewton forces and nanometer steps.
Nature 368: 113-119.

Landau LD, EM Lifschitz. 1981. Lehrbuch der theoretischen
Physik. Hydrodynamik. 4th Ed. Akademie-Verlag. Berlin.

Malmgvist L, HMHertz. 1992. Trapped particle optical microscopy.
Opt. Comm. 94: 19-24,

Perkins TT, DE Smith, S Chu. 1994. Direct Observation of Tube-
Like Motion of a Single Polymer Chain. Science 264: 819-
822,

Roosen G. 1979. La levitation optique de spheres. Can. J. Phys.
57: 1260-1279.

Sato S, M Ohyumi, H Shibata, H Inaba. 1991. Optical trapping of
smail particles usinga 1.3-mm compact InGaAsP diode laser.
Opt. Lett. 16(5): 282-284.

Visscher K, GJ Brakenhoff. 1991. Single beam optical trapping
integrated in a confocal microscope for biological applica-
tions. Cytom. 12: 486-491.

Wright WH, GJ Sonek, Y Tadir, MW Berns. 1990. Laser trapping
in cell biology. IEEE J. Quant. Electr. 26:2148-2157.

Wright WH, GJ Sonek. 1993. Radiation trapping forces on mic-
rospheres with optical tweezers. Appl. Phys. Lett. 63: 715-
717.

Wright WH, GJ Sonek, MW Berns. 1994. Parametric study of
the forces on micospheres held by optical tweezers. Appl.
Opt. 33: 1735-1748.



Zoological Studies 34, Supplement | (1995)

TEM Study of Carbon Nanotubes

Sumio lijima

R & D Group, NEC Corporation, 34, Miyukigaoka, Tsukuba, 305, Japan

INTRODUCTION

High resolution transmission electron mi-
croscopy (HRTEM) has been intensively used
in characterization of crystalline defects, and
it can provide 3-D structural information in
some cases. For example structural instability
of nanometersized metal particles were found
in the real time VTR observation at the atomic
level resolution (lijima et al. 1986). Such low
dimensional structures are of rccent interest
among solid state scientists who expect
novel properties not found in bulk forms. More
recently discovery of Cgg, or the fullerene, has
brought a great excitements in interdisciplinary
fields of science and technology (Kroto et al.
1985). The individual Cgq molecule, which is a
graphitic shell structure consisting of 60 carbon
atoms, and 0.7nm in diameter, can be imaged
without difficulty be HRTEM. Many of funda-
mental problems with the molecule however
are not solved by HREM. On the other hand,
carbon nanotubes, a family of fullerenes and
discovered serendipitously by the present
author (lijima 1991), are an ideal subject for
the HRTEM investigation and in fact their
structures can only be analyzed by this tech-
nique. The present talk is concerned with car-
bonaceous materials and nanotubes with an
emphasis of unique use of the HRTEM.

GRAPHITIC STRUCTURES OF CARBON

Three forms of carbon, namely, diamond,
graphite and amorphous carbon, are well known
and their structures have been studied inten-
sively be HRTEM. Graphitic structures vary
from an amorphous state to a perfect graphite
crystal depending upon their thermal treatments
during the specimen preparation. Partially

graphitized carbon is familiar to electron micros-
copists for the microscope resolution test
specimen (c-spacing 0.34nm). The present au-
thor found spherical graphite particles of a
nanometer size in a vacuum deposited amor-
phous carbon films (lijima 1980). The particle
consists of nesting spherical shells of graphitic
sheets (Fig. 1). The most inner shell is about
0.7nm in diameter and close to the size of a G
molecule (lijima 1987). Growth of such a multi-
shell structure is a key to understand the
Cgo molecule formation (Kroto 1988).

MULTI-SHELL CARBON NANOTUBES

Search for the multi-shell graphite particles
leads to unexpected discovery of carbon na-
notubes which grow on a cathode in a carbon-arc
chamber for the Cg, production (lijima 1991).
HRTEM images of carbon nanotubes tell us
their diameters and the number of sheils (Fig.
2a).

The fact that basal plane lattice images
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Fig. 1.A HRTEM image of a carbon particle of multi-shelled
spherical shape. The most inner shell diameter is 0.7nm,
corresponding to the size of the C gg molecule (indicated in
the illustration).



Focus on Microscopy '95 171

are always seen independently in the tubule
orientations suggests that the graphitic shells
are nesting tubes rather than a scroll. In this
case the HRTEM enables us to deduce tubule’s
3-D structures, Cylindrical crystals are found
commonly in living cells but rarely in inorganic
structurcs. Atomic arrangements on the tubules
are studied by examining their electron diffrac-
tion patterns. This was carried out by the
micro-beam diffraction mode in the TEM. The
method enables us to examine a tubule struc-
ture on the basis of an single atom sheet. The
analysis of the diffraction patterns results in
finding a helical arrangement of carbon hexa-
gon rings on each cylinder (Fig. 2b). Helicity is a

popular structure in biological substances such
as micro-tubulines and a tobacco-mosaic virus.

SINGLE-SHELL CARBON NANOTUBES WITH
ABOUT ONE NANOMETER DIAMETER

Electronic band structure calculations of
nanotubes (Hamada et al. 1992) predict a
semiconductive nature of the tubules when
they are less than 2nm in diameter and single-
shelled tubes. Such an ideal nanotube has

been prepared successfully in a carbon-arc
deposition by feeding metal catalyst (lijima et
al. 1993, Bethune et al. 1993).

The thinnest

Fig. 2. (a) HRTEM images of multi-shelled carbon nanotubes with caps which contain pentgonal carbon rings as indicated by open circles
in illustrations. (b) and idealized 3-D model of a nesting carbon nanotube.

Fig. 3.A model for a single-shelled and helical carbon nanotube with a diameter of 0.9nm whose existance has been confirmed

experimentally.
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tubuic was only 0.7nm in diameter which is the
same as that of Czy. An electron diffraction
pattern recorded from such an individual tubule
shows the 2mm symmetry, which confirms
the presence of the helicity in carbon hexagon
arrangements (Fig. 3). The spiral pitches
are different from tublue to tubule.

MORPHOLOGY AND NON-HEXAGON
CARBON RINGS

The role of pentagons in fullerene molecule
structures is to introduce positive gaussian
curvatures into a flat carbon hexagon network.
A completely closed cage structure needs
twelve pentagons according to the Euler theo-
rem. The rule is applied equally to morphologies
of tubules and their caps (lijima et al. 1992). A
variety of cap shapes are attributed to a distribu-
tion of six pentagons on the tip (Fig. 2a). A
similar packing geometry is known in spherical
viruses. A negative curvature which is caused
by heptagons or octagons is observed often
in our nanotubes. Non-hexagon carbon rings
were found to be more reactive in oxidation
than hexagon rings (Ajayan et al. 1993, Ajayan
et al. 1993). This observation is suggestive in
the characterization of activated carbon.

GROWTH OF CARBON NANOTUBES

It is needed to measure well-defined tubules
in the characterization of their electronic pro-
perties since they are critically dependent on
their structures. Tubule morphologies are asso-
ciated with their growth and thus their analysis
is important (lijiman 1993). The effort is now in

progress. Our strategy is to under-stand the
growth mechanism of tubules and to control it
to produce any desired morphology. In the
single shelled tubule production th metal par-
ticles act as growth centers but their details
need further study (lijima 1994).
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The most common technique in Fluorescence
microscopy for discriminating between distinct
fluorescent species relies on differences in their
emission spectra. Thus experiments using multiple
labels utilize spectral filters to produce fluorescent
images corresponding to the distribution of each
probe. However, in many instances the fluorescent
probe molecules which need to be employed exhibit
overlapping emission bands and cannot be distin-
guished spectrally. Nevertheless, a discrimination
between them can be achieved by the simple
stratagem of exploiting the differences in their intrin-
sic fluorescence lifetime. Moreover, this contrast
mechanism can also be used for suppressing the
autofluorescence background from the images. The
method effectively imposes a lifetime filter on the
intensity image.

Several techniques are currently employed for
the measurement of fluorescence lifetimes of
fluorophores in bulk samples. The techniques may
be subdivided into frequency domain {e.g. phase
fluorometry) and time domain methods {time-gating,
time correlated single photon counting). Both types
of technique have been implemented for fluores-
cence lifetime imaging in wide field as well as con-
focal microscopes. Here we shall present applica-
tions of time-gated detection combined with confocal
imaging for the acquisition of selective images in
multilabelling experiments.

We have implemented a time-gated detection
scheme in a commercially available confocal laser
scanning microscope (CLSM). The setup utilizes a
low-power CW Ar-ion laser equipped with an
electro-optical chopper producing nanosecond
pulses with a repetition rate of up to 25 MHz . The
fluorescence emission excited by every light pulse
is acquired in two consecutive time windows. In
the simplest scheme, the first window is opened
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straight after the excitation pulse while the second
is opened immediately after shutting the first win-
dow. Both windows have identical widths (several
nanoseconds) and the fluorescence lifetime infor-
mation is obtained on taking the ratio of the accumu-
lated intensities.

Almost all of the fluorescence is detected in the
two time-windows after each light pulse. This makes
the method very efficient in terms of the number of
photons required to determine the fluorescence life-
time. Only 200 detected fluorescence photons are
necessary to achieve an accuracy of 10% in the
lifetime. In addition the simultaneous acquisition in
the two windows makes the method insensitive for
photo bleaching. Experience has shown that this
time-gated detection technique enables the mea-
surement of the fluorescence lifetime of a pixel in 40
US.

For a mono-exponential fluorescence decay,
the decay time 7 can be calculated from the ration of
the intensities recorded in the time windows (la/1g):

"C=At/|n(|A/|B)

with At the width of the windows. This equationis only
valid for windows of equal width and provided the
excitation pulse is short compared to the decay time.
The two channel time-gated detection affords the
determination of only a single decay time. Conse-
quently, it determines an effective lifetime if the
fluorophores exhibit a multi-exponential fluorescence
intensity decay. This limitation can be overcome by
adding more detection windows.

The potential of fluorescence lifetime contrast
for selective imaging in multilabelling experiments
will be illustrated using Sertoli cells stained with
three different probes: Syto 13, DiOG; and Nile Red.
These vital staining probes are commonly used for
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staining the nucleus, the cytoplasm and lipid droplets
respectively. The probes are cell permeable and
spread through the cell by diffusion. The overlap of
the emission spectra of the probes makes it difficult
to distinguish these probes by their emission
spectra. However, since the probes have different
fluorescence lifetimes (the lowest being Nile Red,
the middle DiOCg and the highest Syto 13) it is
possible to separate them by their lifetime.

The fiuorescence intensity image of a layer of
Sertoli cells stained with Syto 13, DiOG; and nile
Red shows a wide distribution of fluorescence
intensities, which cannot be related to the morphol-
ogy of the cells in a straightforward way. On the other
hand, the fluorescence lifetime image of the same
celis exhibits three distinct lifetime components,

each of which corresponds to the individual probes.
The image can now be subdivided in three different
lifetime ranges by imposing lifetime masks on
the image (thresholding), with eachmask correspond-
ing to one of the probes.

The maximal number of probes which can be
distinguished in this way depends on both the lifetime
range and lifetime resolution of the instrument. In
principle it should be possible to perform multi-
labelling experiments with 10 or more different
probe molecules and this number can probably be
doubled on combining the lifetime contrast method
with spectral filtering techniques.

We gratefully acknowledge financial support
by the Technical Foundation (STW) of The Nether-
lands, grant number UNS00.2225.
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Green algae do not form true grana. Instead
the chloroplast membrane(s) tend to form more
complex morphologies than the simple “lamellar-
like” structures usually associated with cell
organelles. One of us has recently shown that
the chloroplasts of the green alga Zygnema
form a 3-D structure described as a cubic mem-
brane, i.e. a triply self intersection-free mem-
brane structure based on the family of periodic
surfaces with cubic symmetries (Landh 1994).
Accordingly, analysis of previously published
electron micrographs reporting “lamellar lat-
tices” in the Zygnema revealed them to be a
primitive cubic membrane. This particular struc-
ture is, however, composed of several, approxi-
mately parallel, bilayers. Such a construction
represent a multicontinuous cubic membrane
described as foliated periodic cubic surfaces
(PCS) each differing only in the magnitude and
sign of their mean curvature. By definition such
a multimembranous structure partitions space
into n+1(where n equals the number of mem-
branes) physically distinct, intertwined, but
separate subspaces.

Due to the very complex geometries and symme-
tries of cubic membranes, their projected electron
densities, as produced in transmission electron mi-
croscopy (TEM), are inherently difficult to decipher.
However, the more complex the symmetries, the
fewer number of projections are actually needed to
recover the 3-D structure. Continuous membranes
with cubic symmetries have in fact, recently been
shown by one ofus tobe described by PCS's whose
mathematical expressions are well known (Landh
1994). We have developed a template-correlative
matching procedure in which mathematical simula-
tions of projected electron density maps of PCS's
are matched, through cross-correlation calculations,
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to the experimental TEM micrographs. As a part
of this work a “library” of theoretical projections
have been calculated as function of their potential,
crystallographic direction, and section thickness.

We have observed cubic chloroplast membranes
in TEM experiments using a sample preparation
protocol following a modification of that previously
published. Briefly, Zygnema (LB 923, UTEX) fila-
ments from cultures grown under a 16-18 hr. light
(3200 lux)-dark cycle were embedded in agar, fixed
with 2% glutaraldehyde: formaldehyde (1:1)in 0.1 M
cacodylate buffer containing 2.5% sucrose, washed,
and postfixed in 2% osmium tetroxide.

A chloroplast membrane with cubic symmetry
was observed in culture LB 923 after approximately
41 days of culture (Fig. 1a). In addition to the cubic
membrane, there were a small, but significant, amount
of lamellar-like morphologies “dispersed” throughout
the cubic membrane morphology. As is seen in
Figures 1 and 5 the membrane(s) of the lamellar
configuration is continuous with those of the cubic,
thus giving further evidence for the continuous
membrane folding model put forward earlier. Utilizing
the above mentioned technique we show that
the chioroplasts of Zygnema terminal to their log
phase of growth display a cubic membrane with
gryoid-based morphology (Figs. 1b, 2, and 3). Fur-
thermore, these chloroplast membranes seem to
be continuous with the membranes inside the
pyrenoid body through stalk lamellar-like morpholo-
gies. Inside the pyrenoid body the membranes
refold into another gyroid-based cubic membrane
(Fig. 4).

Intriguingly, we observe both single (Figs. 1, 2
and 3) and double gryoid-based membrane mor-
phologies (Figs. 5 and 6), but no primitive-PCS based
multicontinuous morphology as was identified in
earlier publications. The basis of such a seemingly
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Fig. 1.TEM micrographs showing the gryoid cubic mem-
brane morphology of a chloroplast in Zygnema (LB
923) (a) Overview. Note the continuous folding of
the membrane between the lamellar-like and gryoid-
based morphologies. Thus, while both structures,
define, at least locally, two subspaces in the chloro-
plast, this can only be directly proven (by projections)
through the study of the cubic membrane (b)Detail
of the cubic membrane of which several regions
can be matched to the theoretical projections a single
membrane gryoid structure. The gryoid membrane
has very close to zero potential i.e., an average mean
curvature of zero, and the section is approximately
a unit cell thick. Note the very well preserved details
of the pro-jected electron density as compared to the
theoretically determined expectation. Regions of
the projection along the [211] and the [110] directions
are indicated.

structural invariant choice is currently unknown.
However, in the case of the invariant choice of
the double diamond cubic membrane morphology
of the prolamellar body of etiolated chloroplasts in
higher plants, the underlaying structure-functional
reason seems to be fulfilling a particular need-

Fig. 2.The G-PCS (eight unit cells) shown as based on its

nodal surface representation’. The group/subgroup
relation is 1a3d/14,32. Naturally, the space group of
the cubic membranes must be that of the sugroup
of type 2, i.e., the black-and-white subgroup,
since the membrane is compositionally asymmetrical
and thus lacks the mirror symmetry creating the invari-
ance of the 1a3d spacegroup of the gyroid.

Fig.3.Three parallel G-based surfaces (one unit celljof

which the centered is the nodal (zero-potential), and
the other two parallel surfaces are the constant
surfaces (equi-potential). The potential differs only
with respect to the sign. These parallel surfaces
can be used to describe either: a single membrane,
in which case the centered surface is the “imaginary”
midbilayer surface and the two parallel surfaces are
the two apolar/polar surfaces; or they can describe
multimembranous (three membranes in this case)
arrangements in" whcih each surface describes
the midbilayer surface of each membrane (see Figure
5 for examples depicting two membranes).
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Fig. 4.G-PCS membrane in the pyrenoid body surrounded
by starch granuies (electron transparent). Note the
folding of the cubic to lamellar-like morphology
which forms a connective bundle or stalk of mem-
brane into the pyrenoid body. (a=500 nm)

namely, that of capturing photons.

The reason for the existence of mulitiple
separate subspaces in organelles is currently un-
known, but several theories have been put forward
(Landh 1994, Landh and Deng).
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A tilting device for full rotation (0-36C°) of bio-
logical specimens has been built on the basis of
the 3D-system described by Bradl et al. 1992 and
Bradl et al. 1994. The main feature of this device
is a quartz glass capillary (diameter 0.2mm, length
75mm) containing cells or cell nuclei of interest. The
axis of rotation is perpendicular to the optical axis,
and can be oriented on the microscope stage
parallel to the x- or y-axis. Different optical and
imaging effects (e.g. refraction index matching,
object position in the capillary) were analyzed by
means of test objects and computer simulation.

The three-dimensional image-forming pro-
perties of fluorescent beads in the capillary system
were experimentally examined using an inverse
confocal laser scanning microscope. The results
were compared to measurements obtained from
the same microscope with the standard stage for
plane slides with cover glasses. The measured
point spread function suggested that in spite of the a
berration effects, the optical arrangement used al-
lows a gain in the 3D resolution by tilting the object.

We have adapted this device to a Zeiss Standard
25 microscope, equipped with a step motor con-
trolled xy-table with a z-focus unit. The specimen
images are registered by a cooled black/white
CCD camera CF 8 RCC. All components are con-
trolled by a 80486/50 MHz MS-DOS computer with
a frame grabber board under Windows 3.1, with
the image acquisition and analyzing software
Optimas. With this setup, 3D imaging after optical
sectioning of objects in the capillary was performed.
To get an optimal perspective of the objects, the
capillary can be tilted automatically under any
angle desired. For example, this has the advantage
to acquire optical sections of an object, rotate this
object by 90°, and register an additional set
of optical sections. If both sets of sections are
merged in an appropriate way, an improved spatial
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resolution can be obtained (e.g. as described by
Shaw et al. 1989) (equal resolution in all three direc-
tions x, y, z). Rotating by further 90°C may also
be helpful to discriminate shading effects of high
absorbing regions in the object.

The device can also be adapted to other con-
ventional microscopes and to confocal laser-scan-
ning microscopes (CLSM). We have been able to
combine the tilting device successfully with the fol-
lowing microscopes:

Leitz Orthoplan, Leica TCS 4D, Zeiss Axiophot,
Zeiss LSM 10 and 310, Zeiss Standard 25, and
with the inverse CLSM at the EMBL described by
E.H.K. Stelzer, 1990) In those cases where an
automated xy-movement of the microscope table
and automated z-focusing were not available, a
modification of the basic device for manual tilting
was used. Results from cell nuclei with chromosome
regions labeled by fluorescence in situ hybridization
show that the tilting approach is suitable to improve
3D distance measurements.

For visual analysis, optical sections of two fluo-
rescent beads were recorded by CLSM. One bead
of 5.85 um diameter showed a light micro-
scopically observable internal structure. The
other, smaller one had a diameter of 3um. At tilting
angles of 0°, 10°, 20°,..., 360° the image planes
located centrally in the larger bead were re-
gistered. After alignment, the entire series was ani-
mated on a 80486/50 MHz PC (under the Linux
operating system). The online visualization
(“movie”) of rotating objects indicated the feasibility
of this procedure for 3D inspection.

A modification of the tilting device was per-
formed applying glass-fibres instead of capillaries.
This has the advantage that the biological objects
can be fixed onto the fibre instead of sucking in a
suspension into the capillary. The fibres can easily
be manufactured with different diameters, and
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glass types of different Prefractive indices can be
used for appropriate matching to different buffer
solutions. During reparation, the biological objects
are mounted into a specially designed device
which has the same dimensions as a microscope
slide. Standard preparation techniques can be
applied so that in situ hybridization has not to be
performed in su-spension. If by any reason the
refractive index of the glass-fibre and the buffer
medium cannot be matched in an accurate way,
the object can be tilted until it is located at its
nearest position to the objective. From there, 2D- as
well as 3D- images of the object can be acquired
under rotation angles of £40° without major
image distortions caused by the refractive index
mismatch. It is possible to work either with or
without a standard coverslip, which is located be-
tween the objective and the glass-fibre. With the
coverslip, the immersion oil for different objectives

can be used while the object can be mounted
into buffer solutions in a similar wayas in the con-
ventional microscopical setup, We thank Dr. T.
Cremer and Dr. P. Lichter Heidelberg, for access
to the Leica TCS 4D, the Zeiss Axiophot, and
the Zeiss LSM, respectively.
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Stereological methods are precise tools which
gives us information about three-dimensional (3D)
objects from essentially flat two-dimensional (2D)
images, which may be physical or optical slices
(Gundersen et al. 1988b, Mayhew 1992). To use
these techniques, a rigorously defined and uniform
random sampling must be executed, giving every
element of the object under investigation the
same chance of being selected. This is the only
way of ensuring an unbiased sample (Mayhew
1992). Systematic sampling is frequently used in
biology and materials science, and it has been
found to be much more efficient than simple
random sampling (Gundersen and Jensen 1987,
Thioulouse et al. 1993). It provides an “unbiased”
and “efficient” estimator, which mean respectively
“without systematic deviation from the true value”
and “with low variability after spending a moderate
amount of time” (Gundersen et al. 1988b). “New
stereology” does not rely on the use of simplistic
models of real objects and makes no assumptions
about object shape, size and orientation (Mayhew
1992).

Stereological methods can be applied to ali
levels of organization, estimating numbers of
particles, lenghts, surface areas and volumes.
The stereological estimators can be divided into
two groups, according to the necessity of randomiz-
ing only the location of the section planes (volume,
number) and also the orientation (surface, area,
lenght, particle spacing, layer thickness) (Cruz-
Orive and Weibel 1990, Gundersen et al. 1988a
and b, Mayhew 1992).

PARTICLE NUMBER

Number is a dimensionless quantity, so count-
ing particles is essentially equivalent to counting
points. Particle humber in 3D cannot be estimated
unless a 3D probe is used (Cruz-Orive and Weibel
1990, Gundersen et al. 1988a}).
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THE DISECTOR

The disector (Sterio 1984) is a probe which
samples isolated objects or particles with a uni-
form probability in 3D space, irrespective of their
size and shape. This device counts particles be-
tween randomly positioned pairs of parallel slice
planes separated by a known distance. Complete
transects (one or more profiles in the same particle)
are sampled if they appear in an unbiased count-
ing frame on one slice plane (the “reference plane”)
but not on its partner (the “look-up plane”) (Fig. 1).
The number (N} of particies so counted (@) is con-
tained within a volume (V) equal to the area of
the counting frame (A), multiplied by the distance
between the upper (or lower) faces of the slices
(d): est. N/V = Q/(A.d)

/...

Fig. 1. The disector counts particles between randomly posi-
tioned pairs of parallel slices separated by a known dis-
tance (d). Particle labeled + is counted because it is hit by
reference plane (RP), its transects ‘are captured by the
unbiased counting frame (cf), and it is not hit by look-up
plane (LP). The other particles are not counted because
they do not fulfil these requirements. Direct estimate of
N/V is obtained by dividing the number of particles counted
(Q-) by the volume (V) , which is equal to the area of the
counting frame (A) multiplied by the distance between the
planes: est. NV = Q/ (A.d).
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THE OPTICAL

Disector the ordinary or “physical” disector re-
quires cutting at least two sections, measuring
their thickness accurately and using two micro-
scopes to observe the reference and the look-
up sections simultaneously. By taking a reletively
thick section (25-50 mm) and using optical sec-
tions planes by moving the focal plane up or down
these problems can be avoided, and much labour
can be saved (Gundersen et al. 1988a).

Optical sectioning will be at its best when used
on a confocal microscope; if the particles exhibit
fluorescence or reflectance they can be counted
using un unbiased counting brick (Howard et al.
1985, Petran et al. 1968). However a conventional
light microscope, modified in various ways, can
be used when working with thick plastic sections.

The two main modifications are an electronic
microcator which has been fitted to the microscope
to measure the movements of the stage in the
z-axis with high precision and that the microscope
is fitted with a projection arm (or a television
monitor). It is essential to use high numerical aper-
ture, oil-immersion objectives, so that movements
in the z-direction reported by the microcator re-
present the true distance moved by the focal plane
through the thick section (Gundersen et al. 1988a)
and also that the optical section thickness is
tolerably thin (about 0.5 pm for a 1.4 NA lens).
The use of glycol methacrylate as an embedding
medium permits optical sectioning in thick sections
(25 mm) to be performed with minimal shrinkage
effects (Bjugn 1993, Braendgaard et al. 1990,
Jensen and Pakkenberg 1993, Korbo et al. 1993,
West and Gundersen 1990, West et al. 1991).
The importance of preparation artefacts such
as fixation shrinkage is due to the fact that the dis-
ector yelds numerical density, N/V, rather than N
itself. However, when combined with Cavalieri
estimates of volume, these difficulties can be
circumvented.

THE OPTICAL FRACTIONATOR

A recent development involving the combina-
tion of the optical disector with a fractionator
sampling scheme, referred as the Optical Fraction-
ator (West et al. 1991), involves counting particles
with optical disectors in a uniform and sys-
tematic sample, that constitutes a known fraction
of the region to be analysed. It is unnafected by
tissue shrinkage or expansion, and makes pos-

sible the analysis of frozen, vibratome, celloidin and
paraffin sections.

The fractionator (Gundersen 1986) is an ap-
plication of systematic sampling. To estimate some
quantity within an object we may cut it into a few
fragments. If we pick every f" fragment, with random
start between 1 and f, and measure for all these
fragments the quantity of interest, then we only
need to multiply this measured quantity by f to
obtain an unbiased estimate of the total quantity in
the whole object. This can be extended to several
subsampling stages; every f;"" fragment of the first
fractionation step is cut into subfragments, of
which every f," fragment is picked, and so on. To
obtain the total quantitiy we seek, the last (k")
subsample is multiplied with f;. f,. (...) .fx (Cruz-
Orive and Weibel 1990, Gundersen et al. 1988a,
Mayhew 1992).

West et al., in 1991, estimated the total number
of neurons in the subdivisions of the rat hippocam-
pus using the optical fractionator. After an exhaus-
tive sectioning of the hippocampus, a random sys-
tematic sampling of the sections was executed. In
each sampled section, counts of neurons were
made with optical disectors at regular predeter-
mined x,y positions within the subdivisions, again
after random placement of the first counting frame
within the first x,y interval, moving each section
in a raster pattern with stepping motors. The area
of the unbiased counting frame of the disector,
a(frame), was known relative to the area associ-
ated with each x,y movement, a(x,y step). The
latter was calculated from the size of the step
movements made on x and y axes (dx.dy = a(x,y
step)). The area sampling fraction (asf) was then
a(frame) / a(x,y step). The height (h) of the disector
was known relative to the thickness of the sections
(t) - mean thickness estimated with a microcator - as
was the section sampling fraction (ssf). The number
of neurons in the subdivisions (N) was estimated as:

est N=SQ . t/h. 1/asf . 1/ssf

SQ refers to the total number of neurons actu-
ally counted in the disectors that fell within the
sectional profiles of the subdivisions seen on
the sampled sections (Fig. 2).

OPTIMIZING THE SAMPLING SCHEME

One of the most valuable features of this
metod is that the evaluation of the precision of
the individual estimates, the coefficient of error
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Fig. 2. Hippocampal section, sampled by the fractionator tech-
nique. Each section is moved in a raster pattern with
stepping motors, so that in the center of the field viewed
on a video monitor we see those positions indicated by
the intersections of the lines of the sampling lattice. An
unbiased counting frame (black square) is superimposed
on he video image, and at positions where it falls over
the neurons of a subdivision, samples of neuron number
are made with an optical disector (Q7). Area of the
sampling fraction is the area of the counting frame, a
(frame), relative to the area assoicated with each step of
the stepping motors, a (x, y step): asf=(a (frame)/a
(x,y step)). The thickness sampling fraction is the height,
h/t. Adapted from West et al. 1991,

(CE), provides the information necessary for
determining whether or not a particular sampling
scheme is appropriate for a paricular study. In
this case, in order to do a complete study, the
sampling must be organized into a hierarchy of
levels such as individuals, sections, and disector
samples. The variance of the estimates at each
level contributes to the overall variance of the
estimate at the top level. For biological material,
the level that usually contributes most to the
total variance is exactly the biological variance
between individuals at the top level. This can
be easily solved by using larger experimental
groups. The strategy for effecting optimat sampling
is to ensure that the variance of the estimate at
a particular level (j), contributed by the variance of
the estimate at the next lower level (j + 1), is a minor
part of the variance observed at ievel j.

It should also be pointed out that although
the sampling and the estimates described for
the optical fractionator are unbiased, the CEs used
in the evaluation of the efficiency of the sampling
scheme are aproximations. Exact CEs can only be
obtained with simple random sampling schemes
(the expected CE for n independent observations

made from a Poisson distribution is 1/ n), a pro-
cedure impossible to realize in 3D space. The
method currently used to to estimate the CE (or
the precision of the estimate ofN) uses the quadratic
approximation formula described in Gundersen &
Jensen (1987). This approach to estimating CE
has been improved and provided with a more
thorough theoretical background by Cruz-Orive
(1990) and Thioulouse et al.(1993).
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The point spread function (PSF) in three-
dimensional (3-D) optical microscopy including
widefield and confocal (fluorescence, brightfield
reflective and transmission) is spatially variant
especially in the axial direction. Further, the PSF
depends upon various parameters such as the re-
fractive indices of the materials along the light
path, wavelength of the light and the depth of the
volume of interest from the coverslip (Hell et al.
1993). Even though empirically derived PSF is an
estimate of the true PSF, one must be aware of
the caveat that it may not be an accurate estimate
when optical conditions change. Rather than de-
pending on an unreliable, empirically determined
PSF, a type of image restoration called blind
deconvolution has been developed and introduced
in the literature (Holmes 1992, Krishnamurthy et al.
1992). In this paper, we present a novel, iterative
algorithm for simultaneous blur and image resto-
ration (SBIR) in 3-D optical microscopy. The
method described here requires fewer iterations
than those published in literature without sacri-
ficing numerical accuracy of the results. Moreover, all
the constraints necessary for the restoration are
derived from the data itself.

The process begins by sectioning data into
overlapping volumes so that overlap save method
of convolution can be performed (Oppenheim
and Schafer 1975). Since the PSF changes
rather slowly in the axial direction but never
abruptly, it can be modeled as spatially shift in-
variant within a given subvolume, but shift variant
across subvolumes. Each subvolume can be
processed independently as follows: The desired
result is initialized to the observed data while the
PSF is initialized to the Dirac delta function. Next,
the input image subvolume is examined to deter-
mine the constraints on the PSF. The spatial extent
of the PSF is usually overestimated in x-, y-, and
z-directions. The spatial extent of the image sub-
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volume is limited to the non-zero voxel intensities
within the volume after background subtraction.
The spatial frequency bounds are determined by
examining sections of the 3-D power spectrum
(periodogram) of the data in three mutually orthogo-
nal directions. This estimation is possible since it
is the PSF and not the true specimen which deter-
mines the bandlimits. The bandlimit estimation is
done as follows: First we notice the lowpass nature
of the power spectral sections. The magnitude
function pertaining to extreme high frequency
portions of the plotted spectral sections can be as-
sumed to represent underlying noise processes
and the bandlimit at each of the axis is determined
by locating the point where the image frequency
content drops off to the noise content as one
traverses from low frequency end to the high fre-
quency end. Generally, we overestimate this cut-
off frequency since significant artifacts can result
if the bandlimits are underestimated.

The iterative SBIR algorithm uses a generalized
Landweber-type method (Strand 1974) for both the
PSF and the image update in the Fourier domain.
Each iteration begins by computing a PSF estimate
in the Fourier domain given a specimen estimate.
Bandlimit constraints estimated from the observed
data are applied to the PSF in the frequency domain.
The PSF estimates are further constrained to have
unity gain with numbers being non-imaginary and
positive in the spatial domain. Next the specimen
update is obtained in the frequency domain by
using the PSF estimate from the previous step.
Constraints such as spatial bounds and positivity
are applied in spatial domain. Acceptable results
can usually be obtained within ten such iterations.

The SBIR algorithm was validated using simu-
lated 3-D images. Test images were obtained by
using a known computer generated specimen
which was corrupted by convolving with a known
PSF and by adding Gaussian noise. Blur and noise
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variances were varied to simulate different con-
ditions generally encountered in practice. Blurry
and noisy images were then restored with the
SBIR algorithm and the quality of restoration
was studied using a normalized mean squared
error criterion. Next fluorescent latex beads of
known diameter were used for the validation of
the SBIR algorithm under more realistic conditions.
The test specimen consisted of spherical fluores-
cent beads of 4um diameter (hollow) and 1um
diameter (solid). These beads were next to each
other in the axial direction. From the raw data,
one could not resolve these two beads nor deter-
mine that the 4um bead was hollow. In the pro-
cessed data, both these limitations were resolved
as both lateral and axial resolution of the image
were improved. Finally, the algorithm was applied
to unknown specimens. The preliminary results
have shown that successful restorations could
be obtained using the SBIR algorithm even when
the specimen is located deeper in the tissue.

In conclusion, the SBIR algorithm improved
lateral and axial resolution for different kinds of
specimens. Since all the constraints were based
only on the observed image data, the proposed

algorithm was applicable for improving the quality
of images at arbitrary depths. The algorithm pro-
vided acceptable results in fewer iterations than
the methods described in literature. Furthermore,
this procedure has potential to become a turn-
key system to deblur images in 3-D optical micros-

copy.
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PROBLEMS IN BIOLOGICAL CONFOCAL
MICROSCOPY

Especially in the biomedical field, the accu-
rate imaging of tiny three-dimensional structures
and the measurement of time-evolving micro-
scopical phenomena, generally require that the
specimen is irradiated in a spectrally adequate
and non-invasive way. Unfortunately, current
confocal microscopes give their best results in
materials research applications on reflecting
specimens in which spectral requirements, irra-
diation damage and saturation are of minor or no
importance.

Actually, the design of most confocal micro-
scopes, is based on the use of laser sources in a
confocal-point (CP) scanning, epi-illumination
configuration. On one hand, in fluorescence
analysis, this imposes scarce flexibility and
relatively high costs in the selection of a source
being suited to a particular chromatophore. On
the other hand, in many cases, specimen dam-
age due to the high instantaneous irradiation
doses and fluorescence saturation effects
can’t be tolerated (Wells et al. 1990, Visscher et
al. 1994). Moreover, instrumentation inthe latter
ciass is substantially unsuited to transmitted-
light confocal analysis that is very important in
many branches of the biological and medical
investigation.

In order to overcome some of the cited limi-
tations, confocal microscopes have been pro-
posed, based on multi-confocal-points (MCP)
scanning approaches, with the use of revolving
spatial modulators (Egger and Petran 1967,
Kino and Xiao 1990, Lichtman and Sunderland
1989) or on confocal-line (CL) illumination and
detection methods (Benedetti et al. 1992,
Brakenhoff and Visscher 1992). Conventional
sources can be more favorably adopted in
these cases and the instantaneous irradiation
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dose on the sample is substantially reduced,
due to parallel operation. When observing
specimens of small or moderate thickness, the
spatial resoiution performance of MCP instru-
ments essentially corresponds to that of CP in-
struments, but unfortunately the construction
is even more complicate and costly, the versatil-
ity is scarce and the epi-illumination configura-
tion prevents any practical possibilities for the
study of the light-absorbing properties of the
specimens. On the other hand, the CL methods
existing offer interesting capabilities, but their
spatial resolution performance remains inferior
to that of CP and MCP techniques (Benedetti
et al. 1994, Sheppard et al. 1991).

OPTICAL OR ELECTRONIC FILTERING ?

In current confocal instrumentation, most of
the light available from the specimen is deliber-
ately thrown out (Wells et al. 1990) by the spatial
selectivity of the detection pinhole (optical filter-
ing). Consequently, in many applications, such
as in the detection of low fluorescence signals
but even in the case of three-dimensional re-
constructions (Hiraoka et al. 1990), an extensive
part of microscopical activity is presently
performed with the aid of non-confocal micro-
scopes, using high performance image sensors
and computer deconvolution of spatial data (elec-
tronic filtering). While affected by intrinsic limita-
tions in the ultimate resolution performance, if
compared to the confocal techniques (Frieden
1967, Streibl 1985, Carringhton et al. 1990,
Sandison and Webb 1994), the latter approach
can be more sensitive and offer a higher
signal-to-noise ratio, along with a higher biologi-
cal compatibility. Also, the experimental setup
is more adaptable to a variety of microscopies
and different analytical requirements, due to the
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use of the conventional instrument, associated
to an advanced image sensor with relatively
powerful data processing devices and conse-
quent programming flexibility.

A MORE RADICAL SOLUTION

As a further improvement to the performance
of the current methods discussed above, the
authors have devised and experimentally
implemented a novel microscopical imaging

technique aimed to combine advantages of
confocal and non-confocal microscopies,
called Electronic Multi Confocal Points (EMCP)
microscopy (Benedetti et al. 1995). The method
is based on a substantially unmodified micro-
scope design and can achieve conventional,
partly-confocal or confocal imaging performance
in several configurations including reflection, fluo-
rescence, transmission, etc. Any imaging activ-
ity is performed with the aid of an image sensor
fitted to the photographic tube of the microscope

(Fig. 1).
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Fig.1. The EMCP optical setup. a) transmission configuration, b) epi-illumination configuartion
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in cases in which the confocal imaging per-
formance is desired, a multi-point spatial modu-
lator (hole-pattern) is placed in an image plane
along the illumination path of the microscope. As
a consequence, the specimen is Koehler illumi-
nated by the multitude of spots that corresponds
to the demagnified pattern of the modulator. The
image sensor is equally used for the detection,
but a spatial filtering process, conjugated to the
illumination spots, is performed here at the elec-
tronic level, selecting only those pixels that cor-
respond to the illumination spots. Spot position-
ing, on the detector surface, is obtained during a
preliminary reference measurement. A set of
subsequent images is collected while the
modulator is scanned in its plane in steps ca-
pable of covering the full object by means of
interleaved spot positions. The summation of
the images collected in this way, represents the
confocal image of the object.

The method is closely related to other MCP
techniques, with the important difference that
critical opto-mechanical parts are substituted by
more reliable opto-electronic processes, taking
advantage of modern technology.

The optical and mechanical characteristics
of the spatial modulator are not particularly de-
manding in EMCP and the size of the illumination
spots, their distribution and the fill-factor can
be easily changed with the simple substitution
of the modulator itself. The latter capability is
very important to optimize the multi-point opera-
tion to the specific characteristics of the sample.
The initial reference measurement provides
to adapt the data collection process to the char-
acteristics of the particular modulator selected
and also to correct a relatively wide class of
imperfections due to modulator manufacturing.

CONCLUSIONS

The EMCP method is simple and the resuit-
ing instrumentation, compared to existing con-
focal systems, is relatively simplified since it
requires only modest opto-mechanical additions
to a normal research microscope and an accu-
rate image sensor followed by suitable compo-
nents for electronic data processing.

As aresult, the mostsalientfeatures of EMCP
microscopy are:

a) The instantaneous irradiation doses are

orders of magnitude less than in CP microscopy,
resulting in lower specimen damage, improved
spatial resolution and linear photometric char-
acteristics. The latter aspect is specially impor-
tant when spatial deconvolution procedures are
employed on image data.

b) Conventional light sources can be used
with substantial advantages in spectral flexibil-
ity, simplified design and low cost.

c¢) The method is adaptable to different
microscopies and offers improved peculiarities,
over existing approaches, in the measurement
of space and time dependent phenomena.
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For the analysis of the spatial relationship
between different biological structures in the same
preparation, dual-colour confocal microscopy
(Carlsson, 1990) has proven to be a successful
technique. For example: experiments where DNA
double labelling techniques were combined with
accurate distance measurements in dual-colour
confocal images have shown that DNA replication
is a dynamic process (Manders et al. 1992,
Manders et al. submitted) . However, it is impos-
sible to prove the existence DNA move-ment
during the replication process by using a confocal
microscope equipped for the detection of only
two colours. A third (FISH; fluorescent in situ
hybridization) label should be used to investigate
the DNA-replication process in more detail. Also,
in many other biological and biomedical applica-
tions the recording of more than two different
fluorophores in the same preparation (Multi-colour
confocal microscopy) is an urgent need. Therefore,
we built a confocal microscpe for the voxel-simulta-
neous detection of three or four fluorophores.

Major interfering effects in multi-colour confocal
micrscopy (Brelje et al. 1993) are: 1) cross-talk be-
tween the fluorescence signals and 2) positionalshift
between the colour components of an image.
To minimize the latter effect, all fluorescence
signals should be recorded during one scan (exact
repositioning of the scanning table is difficult) and
UV-excitation of one of the fluorophores should
be avoided (large differences of excitation wave-
lengths will generally spoil the alignment of the
fluorescence signals). To minimize the amount
of cross-talk we applied a new technology, Intensity-
modulated Multiple-beam Scanning (IMS) (Carlsson
et al. 1994), that drastically reduces the cross-talk
between the fluorescence signals.

In this study we investigated the possibility to
use the fluorophores FITC, Texas Red and Cy-5
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for voxel-simultaneous scanning. For the excitation
of these fluorochromes we used an Argon laser
tuned to 488 nm and a Krypton laser in multi-line
mode. From the Kr-laser the wavelengths 568 nm
and 647 nm were selected and subsequently
separated (Fig. 1). The three wavelengths pre-
dominantly excite one fluorophore each. The three
laser beams were intensity-modulated by three
electro-optical modulators (EOMs) tuned to dif-
ferent frequencies in the MHz region, and combined
before entering the confocal microscope. The emit-
ted light was spectrally separated and detection
was performed by three photomultiplier tubes
(PMTs) with filters for green (500-550 nm), red (580-
630 nm) and far-red (665-695 nm). The outputs
of the PMTs were connected to three lock-in amplifi-
ers, each tuned to the modulation frequency of
the corre-sponding laser beam. The signals from
the three lock-in amplifiers were sampled voxel-
simultaneously and subsequently digitized and
stored. The recorded (fuil-colour) images can be
displayed during scanning.

In our experiments we used preparations of
pure fluorochromes, fluorochrome-conjugates and
microbeads coated with fluorochromes. All meas-
urements were performed with, and without the
lock-in detection technique in order to determine
the effect of the lock-in technique on cross-talk
quantities. In addition to the described triple-colour
set-up, we have investigated the use of a fourth
fluorophore, without using an additional iaser-line or
an additional PMT for this purpose we tested the
excitation and emission quantities of PerCP
(Beckton Dickinson). This fiuorophore can be ex-
cited with 488 nm and emits in the far-red region.
By using an extra lock-in amplifier connected to
the “far-red PMT’ and tuned at the modulation fre-
quency of the 488-nm-beam, we managed to
separate the PerCP-fluorescence signal from other
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Fig.1. The three colour IMS set-up. As shown, the set-up is con-figured for scanning four fluorophores using two lasers three detectors

and four lock-in amplifiers.

fluorescence signals. In this manner, the IMS
technique can be used for the application of an extra
fluorophore {instead of cross-talk reduction).
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A method was developed to monitor changes
in cytoplasmic ATP concentration in intact living
insulin-producing cells. Luciferase was introduced
into HIT M2.2 cells (Santerre e al. 1981, Edlund et al.
1985) by transient expression of firefly (Photinus
pyrialis) luciferase cDNA (de Wet et al. 1987). In
transfected cells, extracellular addition of luciferin
increased the luminescence signal to a miximum
within 50 to 120 seconds. Addition of 0.3,
3, and 30 mM azide (NaNs;) decreased the lumines-
cence in a dose-dependent manner; this effect
was completely reversed upon withdrawal of the
compound. Changes in the luminescence signal
were paralielled by changes in cellular ATP,
ADP, and AMP contents and in activity of the ATP-
sensitive K*channel (Katp channel).

This method may be used to monitor changes
in cytoplasmic ATP in real time and thereby to as-
sess the role of ATP in different key regulatory
steps of the simulus-secretion coupling in the
insulin secreting B-cell. Thus, in the future it should
be possible, using imaging techniques, to monitor
local changes in ATP concentration in well defined
areas of the cell.

For optimization of transfection, luciferase
activity was quantified in extracts from transfected
cells using a liquid scintillation counter. As means
of transfection, calcium phosphate precipitation,
lipofectin, and electroporation were tested. In our
hands, electroporation produced the highest and
most reproducible expression. The choice of
heterologous promotor to drive the luciferase
cDNA was based on analysis of CAT reporter
gene constructs driven by the rat, human insulin,
SV40 and RSV promotors. This demonstrated
that the relative promotor activities were approxi-
mately 80, 1, 20 and 100, respectively. We there-
fore used the RSV-driven luciferase construction
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(pRSVL).

Cells attached to coverslips were superfused
in a custom built open chamber with a flow rate
of 0.1 ml/min. The chamber was mounted on an
inverted microscope (Zeiss Axiovert 135TV, Zeiss,
Germany) equipped with a photon-counting pho-
tometer tube, chilled to between -30 and -25°C
with a custom made water cooled peltier element.
Lenses were Zeiss Achrostigmat 40x/1.30 Oil and,
for imaging, Zeiss Fluar 40x/1.30 Qil. Data ac-
quisition was performed with hardware from Spex
Industries (Edison, NJ). Integration time was 5 sec-
onds per time point and background (dark) signal
was in average 2.5 counts per second (cps).
Acquisition of images was done with a cooled CCD
(Charge Coupled Device) camera (CH50 with KAF
1400, Photometrics Ltd., Tucson, AZ) connected
to an imaging system (Inovision Corp., Durham,

NC). Integration time used for images was 300
seconds. Temperature during experiments was
33°C. In order to quantify the effect of azide on

luminescence, linear functions were curve fitted to
the trace before, during, and after the lowering
effect of the metabolic inhibitor was detected.
Curve fitting was necessary because of the decay
of luminescence and the signal to noise ratio. As
shown in Figure 1E, we denote the endpoints of
the fitted functions Sy, S,, S3, and S;. These
endpoints were corrected for background (dark
counts) in respective experiment. The effect on
luminescence (A-luminescence) was then calcu-
lated as (S,-S:)/S; (Fig. 1F), and the degree of
recovery after withdrawal of azide was calculated
as {(S4S3)/SH{(S2/S1)/S ¢} (Fig. 1G). Only experi-
ments in which the background was lower than 4
cps were included in the calculations.

To investigate the correlation between ch-
anges in ATP concentration and changes in lumi-
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nescence, we exposed cells to 0.3, 3, and 30 mM
sodium azide (NaNj), a mitochondrial electron
transport inhibitor of cytochrome a;. We then
compared theresponses in luminescence with two
other methods of ATP detection: Kyrp channel
activity and total ATP content.

The luminescence from 10-40 transfected cells,
in the same field of view, was measured in the
microscopic system. Addition of 0.1 mM D-luciferin
to the extracellular medium resulted in an increase
in signal, which reached a maximal value within
50 to 120 s. Thereafter luminescence decayed,
with slightly varying kinetics in the different ex-
periments. In response to addition of azide, a
decrease of the luminescence signal was recorded
and could be reversed by withdrawal of the
inhibitor. The retative decrease of luminescence
(A-luminescence) depended on azide concentration
(Fig. 1). Luminescence from a field of cells, as
well as distribution in single cells, was monitored
with image acquisition by a CCD camera. The
fraction of cells expressing luciferase was small at
the time of the experiment and the degree of ex-
pression was quite variable (Fig. 2). However, lumi-
nescence was apparently evenly distributed
within each céll.

Karp channel activity is regulated by cytosolic
ATP (Cook and Hales 1984, Ashcroft et al. 1984)
and this channel will thus serve as a biosensor of
the ATP concentration in the submembrane space.
We used the patch-clamp technique to study
changes in membrane potential and Kyp channel
activity in response to azide. The electrophysiologi-
cal experiments show a similar temporal and
guantitative response to azide as the luminescence
measurements. Azide (3 mM) hyperpolarizes the

cell within 30 s from the plaeau potential of -50 mV
to approximately -80 mV. Withdrawal of the com-
pound induces depolarizationof the cell and con-
comitant reappearance of overshooting action
potentials. In parallel experiments, we recorded
whole-cell Karp-currents by alterna-tively stepping
the potential to -60 and -80 mV, repeatedly, from a
holding potential of -70 mV. Following 3 mM azide,
an aproximately 5-fold increase in channel activity
was observed. In order to more directly study the
effects of azide on the K,rp-channel current, we
recorded single-channel activity using the cell-
attached patch configuration. In the presence of 3
mM glucose, little channel activity was observed.
The number of channel openings dramatically in-
creased upon exposure to 3 mM azide. In the
presence of 30 mM azide, the channel activity was
further increased and the opeings were more pro-
longed. These effects were fully reversed by with-
drawal of the metabolic inhibitor.

The Karp channel activity is inhibited by ATP
but stimulated by ADP. In fact the ATP/ADP ratio,
rather than the ATP concentration per se, is con-
sidered the actual parameter controlling channel
activity (Ashcroft and Rorsman 1989). In order to
further verify that the actual exposure to azide
indeed decreased both the ATP concentration
and the ATP/ADP ratio, we measured the total
content of ATP, ADP, and AMP in our cells, using
HPLC analysis. The ATP content, following
addition of azide, was decreased in a dose-
dependent manner (significant changes between

B

Fig. 2. A: Luciferase expressing HIT M2.2 cells visualized with DIC (differential interference contrast).
B: The same field {and the same focus) as in A shwing luminescence when the cells are exposed to 0.1 mM D-luciferin.
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0.3 and 3 mM azide as well as between 3 and 30
mM of the metabolic inhibitor). Also the ATP/ADP
ratio was decreased (significant between 0.3 and
3 mM as well as between 3 and 30 mM azide), as
well as the total adenine nucleotide content (signifi-
cant between 3 and 30 mM azide).
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Plant chromosomes are categorized into two
groups. One group consists of large chromosomes
represented by the genera Triticum and Hordeum.
The other is small represented by the genera Oryza
and Brassica, etc. It had been difficult to identify
the small chromosomes, because of the similarity
in the morphology at the mitotic metaphase stage.
Moreover the band patterns are simple and it is
even possible that there are no bands on the chromo-
somes after the banding treatments. The small
plant chromosomes, however, show on uneven
condensation pattern along the chromosomes
especially at the prometaphase stage of the mitosis.
The condensation pattern, CP, which appears as
darkly and lightly stained regions along a chromo-
some at the prometaphase stage of small plant
chromosomes was first defined by Fukui and Mukai
(1988). All the rice chromosomes have been identi-
fied based on the condensation pattern (Fukui
and lijima 1991). Moreover it has been shown that
the CP is a representative characteristic of the
chromosome morphology in plants since all the
rice chromosomes have been semi-automatically
identified using only the information of CP (Kamisugi
et al. 1993). For quantitative analysis of the CP,
image analysis has been employed. Quantitative
maps of small plant chromosomes have thus
been obtained based on the CP. In this paper, we
present new imaging methods that enable us to
obtain numerical data of the CP as the grey value
profile and to generate a quantitative chromosome
map based on the CP.

Two photographs, under- and normal exposure,
of the same chromosomal image have been em-
ployed for image analysis. The under-exposed
photograph has higher resolution in grey levels at
the condensed or darkly stained region of chromo-
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somes (lijima and Fukui 1991). This is used for
the precise determination of the density distribution
of the chromosomes. The normally exposed
photograph is suitable for the determination of chro-
mosomal areas. Thus this photograph is used to
discriminate the chromosomal regions.

The imaging programs that enable us to obtain
the quantitative map based on the CP are divided
into the six parts. The procedures for standardiza-
tion of the CP and the outlines of the programs are
as follows;

1. Under-exposed chromosome images are
captured into the image memories. Using the con-
tour lines of the normally exposed chromosome im-
ages, the background of the under-exposed image
is masked in preparation for the analysis.

2. Light deflection of the image is adjusted by
standardization of the grey values. i.e., the minimum
and maximum grey values of the chromosomal
area within a plate are extended from grey value, 1
to grey value, 255. Thus all the grey values in the
chromosomal area within the plate are distributed
between the grey values 1 and 255.

3. Each chromosomal region is extracted from
the image and each of their grey values are mea-
sured. Chromosomal constriction(s) is/are interac-
tively marked and the grey value profiles under the
mid-lib lines of the chromatids are read digitally.

4. The minimum and maximum grey values of
the homologous chromosomes in the plate are ad-
justed to the average grey values of all the plates
measured.

5. The length of each chromosome arm is ad-
justed to the average length of the arm of homolo-
gous chromosomes of all the plates by an affine
transformation.

6. The standard greygram of the chromosome
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Fig. 1. Standard greygram, idiogram and grey value profile of
chromosome 1 of Brassica nigra constructed by the semi-
automatic imaging programs.

is constructed from the average grey value. The
darkly, intermediately and lightly stained areas of
the standard greygram are decided, interactively.
The quantitative idiogram is developed by setting
two thresholds on the standard greygram. The
standard grey value profile of each chromosomes
represents well the characteristics of the condensa-
tion pattern of the chromosomes.

The image analysis and processing pro-
grams constructed are semi-automatic. Some
procedures in the standardization procedures
have already been automatized. For example, the

grey values of all the chromosome images within
the plate have been measured and standardized
automatically. The adjustments after the measure-
ment of the grey value profile of each chromosome
are also automatic.

The adjustments after measurement of the
grey gram profiles are also automatized. The
remaining two interactive steps in the imaging pro-
gram will be automatized. One is the automatic
positioning of the under exposed images to the
contour of the normal exposed ones for capturing
images to image memories. The other is the auto-
matic determination of the mid-lib lines of two
chromatids for measuring the grey value profiles
from the chromosomes. Although the mapping
of small plant chromosomes based on the CP had
taken long time and required an image analysis
expert, the fast and easy mapping is enabled by
the semi-automatic imaging programs.
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The third generation synchrotron radiation
light source at Synchrotron Radiation Research
Center (SRRC, Taiwan Light Source) has been
constructedin Hsin-Chu since 1993. Taiwan Light
Source could provided an ideal light source which
is a high brilliance, low emittance and excellent
photon source in soft ray energy range. It is well
suited to set up an experimental facilities for a
biological microscopy at SRRC. Currently, it is an
extremely powerful and useful research tool for
the research of the life science around the world.
The imaging microscope will operate in a real time
mode and recording the entire image at the
well spatial resolution. Imaging x-ray microscope
(XM) which receive radiation from an adjacent
bending magnet. XM has been initiated as a de-
velopment high resolution zone plate microscope.
This x-ray microscope will open a new experimental
technique to study the biological specimens in
the domestic area and development tool to investi-
gate the ray optics as well as the characterization
system of the key component.

A preliminary layout for the x-ray microscope
from the SRRC bending magnet is shown in figure 1.
An illustration of the main features of XM is
shown in figure 2. 1t uses a first mirror to reject
unwanted short wavelength radiation, a condenser
zone plate and aperture that serve as a modest
resolution linear monochromator and as the
sample illuminator. The remainder of the XM con-
sists of the sample chamber and high precision
translational stage, a high resolution micro zone
plate as an objective lens, and photoresist
contact image plate or a soft x-ray sensitive
charge couple device (CCD) image array detector.
The condenser len is being provided through a col-
laboration with the University Gottigens institut
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fur Rontegenphysik. The condenser micro zone
plate will include and derived by the translation
stage with some motion in this XM to enhance un-
iformity of illumination in the desired field of view.
Anticipated performance of XM is summarized in
table 1.

In order to optimum the parameters of the x-ray

Soft X-ray microscope beamline

i@ U0 beomiine

w

U10: iCcm period Undulotor
US: 5cm period Undulctor
W20: 25-pole 1.8 tesla 20cm period 'Wiggter
EPw: Elliptical Polorized wiggler

g-: Sending magnet beamiine

S—: Straight section beomline

SNM: Seya—Mamioka Monachromator

LSGM: Low—gnergy Spherical Grating Monochromator
HSGM: High—energy Spherical Grating Monochromator
DCM: Double Crystol Monochromator

-

109 beamiine

Micromachining 1,

Scale: 1:300

Fig. 1. Beamlines on the SRRC experimental floor.
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Fig. 2. Soft x-ray microscopy beamline conceptual layout

optics to use a micro zone plate as an imagde
element for a high resolution x ray microscope,
the theoretical calculation that is referred to,
Thieme 1983, are performed and an optical system
are also designed and specified. The key com-
ponents, such as reflected mirror, micro-zone
plate and two dimensional CCD image sensor are
ordered from abroad and will be installed from the
radiation source of the bending magnet at TLS
Beam line. The CCD camera is thinned and back-
illuminated device same as Advanced Light Source
(ALS) used in Berkeley. All components and XM
imaging system are underway and will be
characterized later on. The detailed results and sta-
tus will be reported on the conference meeting.
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Operational Summer, 1986
Objective lens Zone plate
Outermost zone-width 300 A
Nominal depth of focus 1 mm
Exposure time 10 sec
30 nm, 1000 counts/pixel 300
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Piezo-actuator &

(spectral resolution)
Tuning range (nominal)
Ondependent visible light

microscope mm translational stage
Translational stage Normal enviroment or
Sample cell in high vacuum chamber
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INTRODUCTION

The biliary tree forms an intricate system of
drainage ducts through which bile is transported
from the liver to the small intestine. Essentially it
consists of two parts: the intrahepatic (within the
liver) and the extrahepatic (outside the liver). The
biliary tree literally resembles the tributaries of a
river, where smaller ducts join to form larger and
larger ducts, the smallest of which is in contact with
the liver cell, while the largest drains into the small
intestine. Bile, which is produced by the liver cell
flows through this intricate system of ducts to reach
the small intestine.

The development of the biliary system in the
foetus has fascinated embryologists for many
years. It has been suggested that the intrahepatic
and extrahepatic biliary system develop separately
and connect at the porta hepatis region of the liver.
However more recent evidence suggests that the
intrahepatic and extrahepatic systems are in com-
munication throughout gestation. Through an
active remodelling process certain intrahepatic
ducts are selected for development while the
others are deleted. This process occurs at the
porta hepatis region of the liver between 11 and 13
weeks of gestation and leads to the creation of an
effective biliary drainage system. Errors in this
remodelling process may be the cause of the condi-
tion called biliary atresia which results in improper
biliary drainage, jaundice and later liver fibrosis
in infants.

The porta hepatis is the region of the liver where
the extrahepatic biliary tree ceases and continues
as the intrahepatic. As this is a very important
region in its development, we performed 3 dimen-
sional reconstruction of the biliary tree in this
region. As our work mainly involves histological
techniques, in this project we have used images
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from such techniques to perform 3 dimensional re-
constructions.

Three dimensional reconstruction of histologi-
cal sections poses problems that do not arise
with images of tomograms. One of the main pro-
blems is to align the sections so that the structures
fall one behind the other in a natural order. Another
difficulty is differences in staining intensity which
affect the brightness of the images. The aim of
this project is to study the feasibility of using
simple serial, histological sections to construct a
3 dimensional image that will show the true situation
within the organ.

MATERIALS

The paraffin embedded whole liver of an 11
week normal human foetus was seriaily sectioned
at a thickness of 5 n. The porta hepatis region
was identified and every third section was routinely
stained with hematoxylin and eosin. Thirty nine
sections were included in the 3 dimensional recon-
struction covering an area of 585.

IMAGE PROCESSING

The sections were viewed under a Carl Zeiss
(Germany) AXIOPHOT upright microscope. Images
were obtained through a PROGRESS 3012
camera using the PROGRESS software option.

Alignment was done using a RGB monitor con-
nected to the VIOB output of the IBAS 2.5 system
(Kontron Elektronik, Germany). In order to align
an image, the preceding image was converted
to overlay and the current image aligned according
to the overlay. Alignment was done at low magnifi-
cations of 2.5 using the outline and other clearly
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visible structures in the image as references.
Images were obtained at a magnification of 5.
Eight bit images were obtained at a size of 1024 X
1024 and stored for later use.

After the alignment all further work with the im-
ages was done on the HDD monitor (FLEXSCAN
F760i.W). Working with the IBAS, the images were
reduced to a size of 512 X 512. Uneven intensities
in the images were observed due to differences
in staining which were corrected in by using the
function normalize. The ducts in the biliary system
were selected manually using the eraseoutside
function in each image. The images thus obtained
by selecting the ducts was stored as a separate
sequence. As the stain used did not preferentially
stain the ducts there was no difference in grey
values between the ducts and other structures. In
order to create the difference, the original images
and the images of ducts alone were scaled differ-
ently and combined as in the following macro:
fori=1; i<40; i=i+1 #i=image number
eraseoutside i, i+40, 300, 0 #selects the ducts
subtract 300, i, i+80, 2 #removes ducts from the

original image
scalim i+80, i+120, 1,255,1,170,1,170,1
#scales background to
lower grey levels
scalim i+40, i+160, 1,225, 200, 255, 200, 255, 1
#scales the ducts to
higher grey levels

#combines the two

showing a difference
in grey values between
the ducts and other
structures

orim i+160, i+120, i

THREE DIMENSIONAL RECONSTRUCTION

Mipron system version 2.0 (running on the Ibas
computer) (Kontron Elektronik, Germany) was used
for 3 dimentional work. Thirty nine images were used
for the reconstructions shown in figures 1 and 2.
Voxel size of the images were 1.08 1 in the X, 1.04u
in the Y and 15u in the Z direction.

Surface distance shading was used for the im-
ages containing only the ducts without the back-
ground structures.(Fig. 1) The following parameters
were used for the reconstruction:

Rotation X: 0.0 Increment 5.0

Rotation Y: 0.0 Increment 20.0

Rotation Z: 0.0 Increment 0.0

view Point: 1000

Grey Threshold: 100-255

3-D RECONSTRUCTION OF HUNAN FOETAL BILE DUCTS IN THE PORTA HEPATIS
REGION AT 11 VEEXS GESTATION

Fig. 1.

3-D ‘MULTIPLANAR RECONSTRUCTION
OF FOETAL BILE DUCTS

Output Resolution: 1.08

The 4 images in a clockwise direction from top
left, show the following rotations:

1:X0,Y0,Z0

2:X10,Y 40,20

3:X15,Y60,Z0

4: X50,Y200,20

Using the images which were created to show
a grey level difference between the ducts and back-
ground structures multiplanar reconstruction was
done using the same parameters as above. (Fig. 2) A
cutplane has been used to show the continuity in
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the lumen of the biliary system which is not seen in
the other planes.

CONCLUSION

The 3 dimemsional reconstruction of this image
sequence shows that by using very simple histologi-
cal techniques in serial sections it is possible to
study the behaviour of the object of interest in the
real three dimensional situation. In this series
we were able to show that many of the ducts led
to dead ends, while one continued, maintaining

an open tract from the first to the last section. Exten-
sion of the reconstruction in either direction, which
we are currently pursuing, will add to the picture
and provide useful information.

REFERENCES

Desmet VJ. 1985. Intrahepatic bile ducts under the lens. J
Hepatol. 1: 427-447.

Tan CEL, GJ Moscoso. 1994. The developing human biliary
system at the porta hepatis level between 29 days and 8
weeks of gestation: A way to understanding biliary atresia:
Part 1. Pathol International. 44: 29-40.



Zoological Stufies 34, Supplement | (1995)

Zoological
Studies

Soft X-ray Microscopy Project at NSRL

Xingshu Xie' 2, Chengzhi Jia', Yongfei Zhao', Lei Shang', Jiangyang Zhang', Xiangtung Xu? and

Xhiping Jiang?

TCenter for Fundamental Physics

2National Synchrotron Radiation Laboratory, University of Science and Technology of China, Hefei 2300226, China

The Hefei Synchrotron Radiation Facility, a
national synchrotron radiation source was operated
and available for experiments at the end of 1991.
This 800 Mev storage ring produces the synchtotron
radiation in the spectral range from infared to VUV
and soft x-ray microscopy has been planned at
Hefe National Synchrotronyn Radiation labortory
(NSRL) since 1984 (Xie et al.) The aims of our
soft x-ray microscopy project are the construction
of a soft x-ray scanning microscope, development
of soft x-ray scaning microscope, development of
soft x-ray scanning microscope, development of
soft x-ray contact imaging techniques and demon-
stration of the unique capabilites of soft x-ray
microscopy in high resolution, element-specific
studies of biological specimens. We also begin
the project of other types soft x-ray imaging study,
e.g. x-ray holography.

A Prototype scanning transmission x-ray micro-
scope has been installed in beamline U12A. In the
first generation of our instrument the x-ray probe is
formed by a 2um pinhole. We have tested this
scanning x-ray microscope and obtained the real
time x-ray image using synchrotron radiation.
The specimen on stage is mechanically scanned
across the x-ray spot. The continuous scan (50um x
50um) is generated by a pair of PZTs and the
fast scan direction is horizontal. The PZTs ar driven
by fast, high voltage (1000) operational amplifiers
which are controlled by low voltage signals from a
CAMAC DAC. The position is sensed by a pair
of LVDTs, the outpu of which is converted to a
voltage by a high gain signal processor and inputted
to two channels of a CAMAC ADC. The x-rays
transmitted by specimen are detected by a flow
gas proportional counter which is fabricated in
our lab. The x-ray micrograph is dispisyed on a
color monitor via the video display interface and
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can be stored on a hard disk or diskette. Simple
image processing can be done in thses stored
images including changing contrast and color
level, pixel size and starting position (Xie et al.).
The effort of constructing a new x-ray scaning
microscope is undertaken. In the next generatio
of the instrument a high resolution micro zoneplate
with outermost zonewidth 45 nm which was fabri-
cated at IBM (Anderson et al.) will be used to focus
the x-rays. An improved scanning stage and an
x-ray image processing system also will be made.

Studies of soft x-ray contact microscopy have
been performed using ysnchrotron radiation. We
designed and built a prototype device for doing
the specimen exposure with synchtotron radiation.
This device is vacuum compatible and convenient
for the specimen handling. Typical time to reach
pressure of the order of 10-5 torr is about 10
minutes. The specimen holder consists of five
holes in which one is painted on P-31 phosphor
for beam alignment and others hold specimen-
resist assembly. The holder can be moved toexact
position through a linear feedthrough. We also
developed and tested a wet specimen chamber.
A Si3N4 window of thinkness 1000A is used to
seperate the beamline vacuum ad the expasure
area. The Si3N4 windows which is fabricated in
our laboratory has been used with-out breaking
and leaking. Exposures in a broad-hand beam
and monochromatic beam have been made. Simple
grid and some biological specimens have been
chosen for examination and demonstration (Jia et
al.).
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Near-Field Scanning Optical Microscopy Imaging of Individual
threading Dislocations on Relaxed Ge,Si, Films
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Using a near-field scanning optical microscpe
(NSOM), we investigate defects and morphology
on the surface of relaxed GeSi films that arise from
the strain release caused by lattice mismatch
between the heteroepitaxial films and the Si sub-
strates. Threading dislocations are identified by
simultaneously imaging the surface topography
and the photoelectric signals. Characterization
using an electron microscope is commonly used
for this type of defect imaging. Images based on
photoelectrical contrast is analogous to electron
beam induced current (EBIC) imaging. The resolu-
tion achieved with a NSOM it ten times higher
than with conventional far-field optical techniques,
and similarto that of EBIC. We will present results
of surface morphology and photoelectic response
near threading dislocations, as well as compare
our results with EBIC results.

The ability to integrate devices made of different
materials is the key to advancing modern electronic
and optoelectronic technologies. Thus, the growth
of good quality films having bulk properties on
lattice mismatched substrates and the characteriza-
tions of such fims have been major area of study
in material science. We will rport the use of a
novel optical technique, the near-field scanning
optical microscope (NSOM), to simultaneously
study, with spatial resolution better than 100 mm,
the surface morphology and electric-optical activity
of individual threading dislocations on relaxed
Ge,Siy, films. Because the size of each crystalline
defect is much smaller than the diffraction limit
of visible light, such defect characterization has
been limited until now to electron microscopy tech-
niques. This study also demonstrates the power
of the NSOM, which achieves a more than ten-
fold increase in spatial resolution from conven-
tional far-field optical methods. The capability to
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simultaneously study morphology and photores-
ponse of the same defect structure is the major
advantage of the NSOM over electron microscopy.

The NSOM used in this experiment operates
in reflection mode, and was modified from a com-
mercial scanning force microscope (PSI BD-2). The
tips were tapered, Al-coated optical fibers similar
to those reported in Betzig et al. 1991. Shear force
feedback (Betzig et al. 1992, Burrato et al. 1994)
was used to regulate the tip-sample separation
between 10 and 20 nm. Topographic images are
generated by applying a voltage to the z piezo
scanner to keep the shear force signal constant,
while the spatially resolved near-field photoresponse
is measured simultaneously.

Samples studied in this experiment are grown
by molecular beam epitaxy and consist of a un-
iform Ge,Si« cap layer of ~1um on top of a compo-
sitionally graded layer on Si (100) substrates. They
are completely relaxed, exhibiting bulk GeSi;.,
optical properties. (Fitzgerald et al. 1991, Xie et al.
1992) Typicaly, these graded films have threading
dislocation densities < 5 x 108 cm?2. This was deter-
mined with electron beam induced current (EBIC)
(Fitzgerald et al. 1992) because the density is
too low to be detected by transmission electron
microscopy. Fig. 1 shows side by side (a) topo-
graphic and (b) photovoltage images in a 10.9um x
10.9 um area taken simultaneously. In Fig. 1b,
three threading dislocations are easily identified
by the three dark spots in the image. The corre-
sponding topographic image (Fig. 1a) is domi-
nated by the cross-hatch pattern that is due to the
underlying misfit dislocation network characteristic
of these graded samples. Nevertheless, three shal-
low depressions corresponding to the region of
reduced photoresponse can be identified. These
electrically-active shallow depressions are individual
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(b)

(d)

Fig. 1. (a) Topographic and (b) photovoltage images taken sim-ulateously of a10.9 um x 10.9 um area. (c) Topographic and (d) photovoltage
images of a 3.6 um x 3.6 um area near disiocation #1, indicated in (b). The full gray scale for (a) & (c) represent 100 A and for (b)

& (d) correspond to a 10% change.

defects since their photoresponse is similar in both
magnitude and spatial extent to their morphoogy.
Fig. 1c and d show topography and photore-
sponse near threading dislocation #1 from Fig. 1a
and (b) with higher manification (3.6 um x 3.6 um).
It is now clear that these threading dislocations
display a distinctive morphology as reported in
Hsu et al. 1992 and act as carrier recombination
centers. The average spatial extent of the pho-
tovoltage reductionfor a threading dislocation is
(0.6610.16) um, larger than that of the depressions,
(0.3910.11) um. This is because the electrical
activity length scale is determined by carrier diffusion
length,which can be large in good materials, as
well as aperture size. EBIC images of threading

dislocations in these samples show dark spots
with ~1 um diameters. The full scale of Fig. 1band d
represents a 10% change about the average
photovoltage. Typical reduction of threading
dislocation photoresponse is measured to be 5 ~
10%. A few precent change is also what is observed
in EBIC.
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A projection X-ray microscope was constructed
by modifying a scanning electron microscope,
HITACHI S-2500CX, using a transmitting X-ray target
(Fig. 1). A LaBg cathode was adopted to get good
resolution. The resolving power of the microscope
was better than those of optical microscopes, as
was revealed by X-ray photographs of diatom: struc-
tures close to 0.1um were observed fairly clearly.
Thin films of gold and germanium of the thickness
of 0.1-1um were used as the target. Gold was
used for relatively hard X-rays (1-6A) and germa-
nium for relatively soft X-rays (1-10A). We used an
imaging plate and photographic films as a detector.
The former is better in time resolution but worse
in space resolution than the latter. We were inter-
ested in high-resolution images and used the films
in taking the images reported here. A projection
X-ray microscope has advantages of very large
focal depth and easiness in taking stereo-pair
photographs as described, for instance, by Yada
and Takahashi(1989). Hence one can inspect
three-dimensional internal structures of thick speci-
mens up to a few mm. We took stereo-pair photo-
graphs in most cases.

We can see inside of optically opaque samples
with the X-ray microscope. It is known that an aphid
is apt to be suffered by a parasititic small bee. Our
inspection of hypertrophic aphides clearly showed
existence of a parasitic bee in each aphid. Some
bees appeared to be a larva and some an imago.
Sometimes an aphid was just an empty body with
a large hole on the back from which presumably a
bee got out.

By a roentgenograph, one can see bones and
lungs of human beings as a high and low electron
density parts in body, respectively. The projection
X-ray microscope can be looked upon as an in-
strument to get enlarged roentgenographs. As is
well known, bones in animals are formed after
chondrogenesis. An intermediate stage from carti-
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Fig. 1. Structure of the projection X-ray microscope. Height is
1.7m.

lage to hard bone was observed in paw of new
born (one day old) rat. As the lung of human being,
tracheae of insects are filled with air and we
could observe them even through the cuticula
shell with X-ray microscope. We tried to observes
organs other than bone and trachea in living
insects treated by anesthesia. It was possible to
see some internal structures by selecting suitable
X-ray wave length for each specimen, but gen-
erally it was difficult to get very clear images. The
critical-point drying is widely used in preparation
of specimens for electron microscope. This method
was tried in order to get more distinct images of
organs in small animals such as ants and water
bears (a small aminal of the size of less than Imm:
cf. Mathews 1937). Arrangement of muscle
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Fig. 2. X-ray image of ant treated by the critical-point drying method. Target: Au(about 0.2 umthick). Acceleration voltage of electrons: 10kV.
Atmosphere in the sample room: He gas. Exposure time: 10 min.

fibres was clearly observed in ants as shown in
Fig. 2. Some organs (brain and digestive organ,
etc.) were seen in bodies of water bears.

A projection X-ray microscopy is a useful tool in
histology in medicine especially because one can
easily get stereo-pair photographs of as thick sec-
tions as a few hundred um compared to about
1um in ordinary electron microscopes and about
5um in high-voltage electron microscopes. Yada
and Takahashi (1989) presented stereo-pair
X-ray images of Golgi-stained sections of rat
brain. We continued the study and could clearly
see three-dimensional network of nerve fibres
with spines in Golgi-stained sections of rat brain.
As the sections were thick, we could observe
arrangement of capillary vessels and some spiral
structure around the vessel. Recently, Wake and
Sato (1993) studied three-dimensional structure of
stellate cells in porcine liver in connection with their
functions by means of optical and electron micro-
scopes. We took stereo-pair X-ray photographs
of Golgi-stained sections of porcine liver supplied

by Prof. Wake. Many section photographs were
needed to reconstruct three dimensional structure
in the case of optical and electron microscopes,
whereas one stereo-pair photographs were good
enough to see three-dimensional structure of
stellate cells and network of bile canaliculi
(capillary bile ducts) in the liver sections with the
X-ray microscope.

We wish to thank Prof. K. Hama for supplying
Golgi-stained sections of brain, and Prof. K. Wake
for Golgi-stained sections of porcine liver and Prof.
K. Utsugi for water bears.
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Constructions and Applications of a Simple Optical Tweezers
Y.C. Jong', H.M. Chen’, J.H. Hsu' and W.S. Fann?
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The combination of laser with optical mic-
roscope provides the exciting possibility of not
only observing small objects but also trapping or
even manipulating them. “A Single Beam Gradient
Force Trap”, also called “Optical Tweezers”, uses a
strongly focused laser beam to create a trapping
zone, which is stable in all three dimensions.
(Ashkin 1986) The axial stability of the trap is
derived from the large axial gradient in light in-
tensity near the focus. It gives rise to a gradient
force (also called “ negative radiation pressure),
capable of pulling a patrticle back into the trapping
zone (the largest light intensity area), even against
the direction of light propagation. (Block) In the
aqua, optical tweezers had been demonstrated
to trap dielectric particles with dimensions be-
tween 25 nm to 10 um. (Ashkin et al. 1986) It has
been used to manipulate small objects such as
motile bacteria and sperm cells, to move eurkaryotic
cells through the fluid, and to displace certain
vesicles and organelles within larger cells. (Ashkin
et al. 1987, Block et al. 1989) Recently, optical
tweezers has been applied to study the DNA
dynamics. (Perkins et al. 1994).

The schematic of our optical tweezers is shown
in Fig. 1. In order to ensure enough gradient force,
it is necessary to have a large gradient field
around the trapping zone. This is accomplished
by focusing the laser beam by a large N.A. objective.
A trapping zone is formed near, but not at the
focus. In addition, the same microscope is used to
observe the trapping phenomena. The laser is
an Argon laser operated at 514.5nm and the micro-
scope is the Nikon Optiphot-2. The microscope
has two auxiliary ports: the video output port, and
the epi-fluorescence attachment port. For precisely
adjustments and measurements, the video monitor
is more helpful than the eyepieces. The laser
beam is injected into the microscope through the
epi-fluorescence attachment port. The microscope

objective is a 100<ELWD Plan Achromat with N.A.
0.8.

Some modifications are made to the Nikon
Optiphot-2 microscope. (Afzal 1989) The laser
beam passes through a positive lens before entering
the epi-fluorescence attachment port to insure
the focus falling onto the object plane of objectives.

Microscape

Fig.1 Experimental Set Up

Fig. 1. The experimental set up contains two parts: Part (1) the
optical tweezers and Part (ll) the observation System.

Part (1) 8.Epi-fluorescence  15.Reflection mirror
1.Argon laser attachment port 16.Slide glasses
2.Prism 9.Dichroic mirror Part (Il

3.ND filter 10.0Objective 17.Eyepieces

4.ris 11.Stage 18.CCD camera

12.Color filter
13.He-Ne laser
14.Reflection mirror

19.Monitor
20.Video recorder

5.Reflection mirror
6.Reflection mirror
7.Positive lens
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This allows simultaneously observation of both
objects and laser spot. In addition, the laser spot
could be minimized by adjusting the position of
this lens. To reflect the laser beams down to the
objectives, a dichroic mirror is placed between
the epi-fluorescence attachment port and the objec-
tives. This dichroic mirror allows some portion
of white light from microscope going through, pre-
serving the original function of the microscope.
A long-pass color filter is added to block the
laser light from saturating the CCD camera. A
low power He-Ne laser is collinear with the Argon
laser to serve as the indicator for the laser focus.
Polystyrene latex is chosen to test the optical
tweezers because of its spherical shape and
uniform size. Trapping of 4um polystyrene latex
could be obtained using power as low as 1TmW, and
the trapped polystyrene latex can be pulled freely
within the field of view. We have estimated the
trapping force by the following method. By moving
the stage of the microscope continuously, we ob-
served that other objects moved rapidly with re-
spect to the trapped particle. The velocity of this
motion enabled us to estimate the trapping force
because most of the trapping force is used to over-
come the viscous force of water. The viscous force
of water can be obtained from the Stock’s law f=
6mn Ur, where 1 is the viscosity of water, U is the
velocity of the trapped particle, and r is the radius
of the particle. By putting proper numbers into the
formula, the trapping force is estimated to be on
the order of 0.1 to 0.01 pdynes. However, because
of the difficulties in measuring the actual velocity,

the trapping force should be larger than the above
estimations. In addition, since a polystyrene latex
with diameter 1.05 g/cn® will experience a gravity
of 0.03 pndynes. Thus, the trapping force is hard
to overcome the gravity. This helps to explain why
the optical tweezers need to work in the aqua.

We had also used the optical tweezers to study
Euglena. The Euglena, which belongs to the
Mastigophora of the Protozoa, has the dimens-
ions about 2x4 um and one flagella. It can swim
freely in the fluid. The optical tweezers can trap
a Euglena with laser power about 100mW. In addi-
tion, the trapped Euglena could be pulled freely by
the tweezers.

Other unconventional ways of constructing
optical tweezers as well as the possibility of inte-
grating the optical tweezers with scanning probe
microscope and confocal optical microscope will
also be discussed.
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Electron Microscopy Imaging and “3D” Reconstruction of Crystal

Surfaces [1]

Tung Hsu

Material Science Center, National Tsing-Hua University, Hsinchu, 30043, Taiwan, R.O.C.

While normally operated in transmission
mode, the transmission electron microscope
(TEM) can be operated to collect the electrons re-
flected off the crystal surfaces for forming the real
space images of these surfaces. This technique,
called reflection electron microscopy (REM) [2, 3, 4]
is an extension of a more familiar technique, re-
flection high energy electron diffraction (RHEED).
In REM, high energy electrons are reflected off
the surface of the specimen to form the RHEED
pattern. A high intensity spot in the RHEED pattern
is then selected with the objective aperture. Elec-
trons passing the aperture go through the lens
system and form an image on the view screen of
the electron microscope.

The REMimage of the surface is a foreshortened
picture equivalent to viewing the surface at a
glancing angle of no more than 5°. The power of
REM lies in its capability of detecting single defect,
such as dislocation, stacking fault, atomic step,
etc., on the crystal surface. It is also useful in
imaging the non-uniform distributions of these de-
fects, domains of reconstructions, and the periodic
structure of surperlattices.

All images are two dimensional. REM images
are no exceptions, but when the surface fluctuation
is more than a few atomic layers, the reflected
electron intensity may be affected by mor-phology.
Consequently, the REM image may appear to be
3D although it is actually still a density distribution
in the plane of the picture. Then the 3D model of
the surface can be reconstructed from one or
more REM images, based on information on the
crystalline structure of the surface extracted from
the sim-ultaneous RHEED data. This process
usually requires modeling on a computer and
may require more than one REM image of the
same surface area.
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Fig. 1. This REM image of a polished o-A1,05(1100) surface
appears 3D and is actually constructed with two types of
facets unparallel to each other.

Spatial resolution of REM is about 1 to 2 nm,
which lies between that of STM and SEM. In the
surface normal direction, REM is capable of detect-
ing one atom high steps. Since contrast of REM
comes from diffraction, the technique is very sensi-
tive to crystalline structure of the surfaces. Geometry
of the surface can be precisely measured from
REM and RHEED.

This work is supported by NSC grant 84-2112-
M-007-047.
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Hydathodes in Ficus Formosana Maxim Form. Himadai Hay

Chyi-Chaunn Chen and Yung-Reui Chen

Department of Botany, National Taiwan University, Taipei, Taiwan, R.O.C.

Leaf blades of Ficus formosana Maxim form.
Shimadai Hay were cut into small cubes in fixation
buffer containing 2.5% glutaraldehyde. These
cubes were transfered to a fresh fixation buffer for
2h, postfixed in 1% osmium tetraoxide for 4h,
dehydrated through an ethanol series, and then
infiltrated and embedded in Spurr’s resin. Sections
in golden color were collected on grids, doubly
stained with uranyl acetate and lead citrate, and
observed with a Hitachi H-600 transmission elec-
tron microscope (TEM). Thick sections, 1 mm in
thickness, were stained with Toludine blue and pho-
tographed with a Zeiss Photomicroscope lll. For
surface observation, samples were critical-pointly
dried after dehydration with ethanol, coated with
gold in an ion sputter and examined with a Hatachi
$-520 scanning electron microscope (SEM).

Hydathodes of Ficus formosana unexcep-
tionally distrubute on the adaxial surface of leaf
blade, whereas stomata are always on the abaxial
side. They arrange parallelly in two rows along
the axis of leaf blade and one on each side of the
midrib. The number of hydathodes on leaf surface
is closely related to successive appearance in
phylotaxy, and is determined in young extended
leaf and independent of leaf developmental stage.
The passive hydathodes consist of numberous
water pores and enclosed by a distinct trichome
and several cellular glands which involve in active
secretion. Water pores are preferentially located
within the regions of sunken hydathodes and their
number per each hydathode are around 60. The
openings of water pores are much smaller than
that of stomata. They are hydropassive and release
water passively under the control of root pressure.
Mineral crystals, bacterial sludges and fungal
mycelia are often oberved on the surface of hy-
dathodes. The complex hydathodes of this fig
contain five parts: water pores, enclosed by two
peripheral cells; subaperature chamber, bounded
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by 2 layers of parenchymatous cells which are
larger than that of epithem; epithem proper, con-
sisted of a group of thin-walled and more or less
elongated smallest cells; sheath layer, extend
from vascular bundles is 1-2 celled in thickness
surrounding the epithem proper; vascular endings,
contacted with epithem proper. Ultrasctructural
studies show that: peripheral cells of water pore
contain amyloplasts and employ with the partially
wall-thickening around pores; the pattern of their
wall thickening is differerent from that in guard
cells in stoma complex. Epithemal cells are sur-
rounded by the waveringly wall-thickening and
irregular in shape. Cells in sheath layer are charac-
terized by the centrifugal location of plastids which
is in intermediate type mediated between meso-
phyllous cells and epithemal cells. Tracheid with
distinct secondary wall are found in vein ending
contact with epithem.

Two major ways of water discharge from plant
leaves are vapour transpiration and liquid guttation
through stomata and hydathodes, respetively.
Besides pure water, guttation fluid also contains
various minerals, sugars and other organic sub-
stances which cause injury to plants or microbial
infections through their accummulation on leaf sur-
face. Functionally, hydathodes not only play an
important role on water excretion but also on re-
trieval minerals. Their structure are different from
those of stomata, even though both have same
phylogenic origin. F. formosana Maxim form.
Shimadai Hay. are small shrubs in height of 1-2 m
and grow in the regions near the creeks or beneath
the large trees in the leeward-slope of low moun-
tains. They like low light intensity, high humicity
and non-windy weather condition. The distribution
and structure of hyperdermal hydathodes and
hypodermal stomata could be fiffted with the
habitation of the shrubs. Moreover, the observations
of the complex passive hydathodes at ultrastruc-
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tural level are certainly limited. Epithemal cells
with special wall inward-growth referred as transfer
cells were reported in some plant species. Sheath
cells tightly contacted each other with cutinized

adjacent cells were also observed before. How-
ever, epithemal cells only with wave-formed
wall pattern and sheath cells without cutinization
on cell wall were observed in this studies.
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INTRODUCTION

In the last years, the development of zone plates
with high efficiency as optics for high resolution
X-ray microscopy of hydrated specimens has
undergone great steps towards an application of
such a microscope in biomedical research. Con-
comitant with the development of zone plates for
high resolution and high magnification it was also
necessary to develop stable environmental (‘wet’)
chambers as support for the hydrated specimen
during observation. With such an equipment we
were able to observe different biomedical speci-
mens at high resolution in the hydrated state using
amplitude contrast and/or phase contrast X-ray mi-
croscopy.

MATERIALS AND METHODS

For the experiments described, we used the
Gottingen X-ray microscope situated at the BESSY
(Berlin, Germany) electron storage ring facility oper-
ated with a wavelength of 2.4 nm (for more details,
see Rudolph et al. 1984, Niemann et al. 1994).
Different zone plates as objective lenses were con-
structed with electron beam lithography (David
et al. 1992) and had outermost zone widths in the
range of 50-20 nm and numerical apertures of
NA 0.06, thus allowing theoretical resolutions of
up to 25 nm and primary magnifications of up to
2400 X. The specimens were observed in special
environmental chambers (Schneider and Niemann
1992, see also Rudolph et al. 1992) consisting of
polypropylene foils with a layer of polyimide and
a stabilizing layer of silicon H evaporated on the
surface (for the ‘slide’ foil) and a layer of aluminium
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oxide (for the ‘coverslip’ foil). The metal carrier rings
of the foils were separated by a spacer ring and
due to a special syringe evacuation system the
distance of the foils could be calibrated to produce
an inner chamber width of about 10 um or less for
sufficient transmission of the X-rays and structural
preservation. Such foils could be sterilized by im-
mersion into 70% ethanol before the cultivation of
cell culture cells on the surface of the foil acting
as the ‘microscope slide’. We used PTK2
epithelal cells grown on the foil for 24 hours. In
other experiments we used freshly isolated
nucleoli and nuclear contents of oocytes of the
newt Pleurodeles waltlii or a dispersal of a culture
of E. coli bacteria. All specimens were slightly
fixed with a solution of 1-2.5 % glutaraldehyde
made up in appropriate buffers. After fixation
the specimen chamber was closed with the spacer
ring and the second plastic foit and mounted
into a special holding system (for details, see Sch-
neider and Niemann 1992) for observation in the
X-ray microscope. Prior to the observation the
thickness of the chamber was adjusted and cali-
brated with syringes to obtain a chamber of about
10 um in depth. Interesting regions of the speci-
men could be selected by a built-in light micro-
scope (Carl Zeiss, Oberkochen/Jena, Germany)
and prefocussed for X-ray microscopy to minimize H
radiation damage. Specimen images generated by
the microscope were taken with a high resolu-
tion CCD-camera with a thinned backside illumi-
nated chip. They were stored on magneto-
optical disks and photographed and printed with
appropriate equipment.
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RESULTS AND DISCUSSION

Fig. 1 shows an image of a PTK2 cell
culture cell as seen in the X-ray microscope in
the slightly fixed hydrated state using the phase
contrast mode. The nucleus and especially the
densely packed nucleolus are clearly visible. At
closer inspection also the nuclear membrane
and some cytoplasmic structures like vesicles,

Fig. 1.PTK2 cell in interphase as seen in the phase contrast
imaging mode of the X-ray microscope in the wet chamber.

N

Fig. 2. PTK2 cell in metaphase of mitosis imaged in amplitude
contrast. The arrow denotes the centriolar region, several
microtubules are demarcated by arrowheads.

mitochondria and stress fibers can be detected.
Fig. 2 gives an example of a cell division in a
PTK2 cell at metaphase with the amplitude con-
trast mode of the X-ray microscope. The paired
chromosomes and one centriole (arrow) are in the
focal plane. Numerous microtubules (some are de-
noted by arrowheads) are connecting the chromo-
somes with the centrioles. Fig. 3 gives an ex-
ample of nuclear contents of the oocyte of the
newt Pleurodeles waltlii as seen in amplitude
contrast. Three individual nucleoli can be seen in
the image. Interestingly, the internal structure of
the nucleoli with more ore less densely packed
constituents and nucleolar caverns can easily be
detected, even though the average of diameters of
such nucleoli is 12-15 um. In other images (data
not shown) we could observe parts of the lamp-
brush chromosomes with the characteristic tran-
scriptional aspects of the individual genes.
Further experiments will also deal with spread
defined amphibian oocyte ribosomal genes located
in the nucleoli (for images of such genes in light
and electron microscopy, see Spring and Trende-
lenburg 1990). Fig. 4 gives an example of hy-
drated Escherichia coli bacteria. Individual flagella
as well as the bacterial nucleoid can be detected.
In summary we can show, that the X-ray
microscope is a useful tool to investigate bio-
medical hydrated specimens, especially for obser-
vations at resolutions higher than offered by light
microscopy . It should be noted, that the exposure
time of the images we have shown was in the range
of several seconds. Further investigations with

Fig. 3. Nucleoli from the nuclear contents of the oocyte of the newt
Pleurodeles waltlii. Note that even from such thick speci-
mens (10-15 pm) a transmission of the beam can be
achieved.
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Fig. 4. Bacterial suspension of a culture of Escherichia coli. Nu-
merous bacterial flagella as well as the nucleoid can be
seen.

hydrated biomedical specimens will be undertaken
with a laboratory X-ray microscope with a plasma
X-ray source (for details see Schmahl et al. 1992)
with the advantage of short beam exposure
times avoiding image blurring due to molecular
(Brownian) movements in the specimens. It will
also be possible to observe living, unfixed cells.
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INTRODUCTION 50um, outermost zone width: 45nm, zone material:

Ni 0.13um, support: SiN 0.1um) (Anderson et al.

Soft x-ray microscopes offer observation meth- 1992), respectively. Characteristics of the other
ods for wet biological specimen with higher resolu- optical elements are the filter (SiN 0.1um and Ti
tion than that of optical microscopes (Sayre et al. 55nm), the mask (a 90% transparent Ni mesh of

1977, Rudolph et al. 1992). We have been assem- which the ¢ 2.4mm area is covered with Al foil),
bling imaging microscopes with zone plates at and the pinhole (¢ 20um).

UVSOR BL8A [synchrotron radiation facility (750 The CZP monochromatized the soft X-ray and
MeV, 200mA) at Institute for Molecular Science, condensed it at the properly placed pinhole. A
Okazaki, Japan] (Watanabe et al. 1992). wavelength of 3.2nm was selected for imaging

In our previous report, a 63nm line and space test. The third order radiation of the CZP was
pattern could be resolved, and dry biological speci- used, because the size of the source image at
men could be observed (Watanabe et al. in press). 3.2nm by the first order radiation was large com-
As a next step, an environmental chamber (wet cell) pared with that of the pinhole. The calculated mono-
was made and wet biological specimens were ob- chromaticity was 108 from the relationship A/AL=
served at 2.4nm. In the present microscope, the D/2d, where A: wavelength, D: a diameter of CZP,
numerical aperture of a condenser zone plate d: a larger diameter between that of the pinhole
(CZP) was much smaller than that of an objective and the image of the source (Niemann et al. 1974).
zone plate (OZP). To adjust both the numerical The specimen was imaged by OZP. The magni-

apertures, an ellipsoidal condenser mirror system fication ratio was 740. The image was focussed at
was made and imaging test was performed at the outside of the zero-th order radiation of OZP. A
3.2nm. film (Kodak T-max 400) and a microchannel plate
(MCP) were set at an image plane. When the MCP

was used, images were converted to visible ones

OPTICAL SYSTEM by a fluorescent plate (FP), and monitored by a

SIT camera(C2400, Hamamatsu Photonics K.K.).

The optical arrangement is shown in Fig.1. The The images from the SIT camera were digitized,
characteristics of the zone plates are CZP (diameter: accumulated, subtracted the background data
4.3mm, outermost zone width: 0.25um, material: (accumulated records of the same number of
Au 0.2um, support: SiN 0.1um) and OZP (diameter: frames without x-ray illumination) and then stored

*To whom correspondence should be addressed.
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M.ask Pinhole Specimen FilmE

Fig. 1. Schematic of the microscope
CPZ: condenser zone plate, OZP: objective zone plate.

2um

Fig. 2. Zone plate image at 3.2nm.
MCP and SIT camera, accumulation: 8s.

on floppy disks using an image processor (ARGUS-
100, Hamamatsu Photonics K.K.). The images of
these data were re-displayed on a monitor and were
photographed. Sliding the MCP perpendicularly to
the optical axis, the film could be used as a detector.

The optical performance was estimated using
a zone plate as a specimen. The characteristics of
the zone plate was the same with the OZP. Figs.2
and 3 show images of the zone plate at 3.2nm.
Almost the outermost zone of 45 nm width can be
resolved in Fig. 3.

OBSERVATIONS OF WET BIOLOGICAL
SPECIMENS

For observation of wet biological specimens, an
environmental chamber (wet cell) with SiN (0.1um
thickness) windows was made as shown in Fig.4.
imaging tests were performed at 2.4 nm with the
magnification ratio of 570. Fig. 5 shows an image of
a wet lettus protoplast. Fig.6 shows an image of
Deinococcus radiodurans strain.

ELLIPSOIDAL CONDENSER MIRROR SYSTEM

In the present microscope, the numerical aper-

1pum

Fig. 3. Zone plate image at 3.2nm.
Film(T-max 400) used as a detector, exposure: 2min.

O-ring
o SiN(0.1pum) window
Wet specimen

Spacer(3pum)

Fig. 4. Schematic of the wet cell.

Spm

Fig. 5. Lettus protoplast image at 2.5 nm.
Film (T-max 400) used as a detector, exposure: 5min.

1pm

Fig. 6. Deinococcus radiodurans strain image at 2.5 min.
Film (T-max 400) used as a detector, exposure: 2min.
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ture of CZP was much smaller than that of OZP.
To adjust both the numerical apertures, CZP with
the same outermost zone width of OZP has to be
made. It is difficult to manufacture such a zone
plate with a large diameter. Then an ellipsoidal
condenser mirror system was designed (Fig.7),
and imaging test was performed at 3.2nm. A
magnification ratio of soft x-ray was 320. Fig. 8
shows an image of Cu mesh (#2000).

DISCUSSION

The theoretical resolution of OZP is 55nm (1.22
x the outermost zone width). The experimental re-
solution is worse compared with the theoretical
one. This is probably due to low monochromaticity
of illumination and the second order radiation of
CzZP.

In the observation of Deinococcus radiodurans
strain (Fig.6), specimens moved to the outside of

czp Mirror
' ozp MCP

Mask Pmhole Speeimen

Fig. 7. Ellipsoidal condenser mirror system.
CZP: condenser zone plate, OZP: objective zone plate.

opm

Fig. 8.Cu #2000 mesh image.
MCP and SIT camera, exposure: 18s.

the imaging field during soft x-ray illumination, and
specimens that maybe died could be imaged.

Itis necessary to stop its motion for observations
of such a motile biological specimen. It is possible
to substitute the ellipsoidal mirror condenser sys-
tem for a condenser zone plate to adjust both the
numerical apertures of a condenser and OZP.
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The Ultrastructural Examination of Spray-dried Microalgal Cells with Low
Vacuum Scanning Microscopy and X-ray Microanalysis

Liang P. Lin and Ching B. Liu

Electron Microscopy Laboratory, Department of Agricultural Chemistry, National Taiwan University, Taipei, Taiwan 106, R.O.C.

A green alga, Chlorelia is cultivated on large
scales in Taiwan. Commercially, the harvested
Chlorella cells are dehy-drated by spray dryers
and dried products are sold as the health foods.
The microstructure of this powder reflects an im-
portant factor for the health food industry. This
research was performed by using a low vacuum
scanning electron microscope (LV SEM) with
x-ray energy dispersive microanalyzer (EDX) as
the important instrument to determine the fine
structures and chemical elements of spray-dried
microalgal cells. We mainly focused on the outer
surface and inner structure of particles, and also
determined the existence of some chemical ele-
ments.

Spray-dried Chlorella powders were mounted
on an aluminum specimen stage (stub) by pres-
sing on a double stick of 3M Scotch adhesive
tape. The prepared specimens were examined
in a JEOL JSM-5400LV at an accelerating voltage
of 2 to 15 kV, and specimen chamber pressure of
1410140 Pa(0.1to 1 Torr). The analysis of chemical
ions was performed by a JEOL “Mini Cup” energy
dispersive x-ray micro-analyzer. Most of the spray-
dried cells showed the range of 20 to 60 um in
diameter with an irregular spherical shape (Fig. 1).
At the higher magnification, it revealed that
wrinkled surface structure possessing a smooth
appearance (Fig. 2). This phenomenon was
produce by elevated temperature treatments during
the degradation and dehydration processes. The
higher temperature was used, the more alteration
was induced on the morphology of the particles. On
some samples, the ash-like materials were clearly
distributed on the surface of particles owing to
unsuitable heat treatments. These results were
not observed in our previous experiment (Lin 1985
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Fig. 1.A LV SEM photograph of spray-dried Chlorella celi-gran-

Fig. 2. A spray-dried Chlorella particle, showing a fused appear-
ance.
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Food Mic-rostruc. 4:341-348) by using the
conventional SEM.

Some particles possessed the hole structure
inside. This structure was formed during the evapo-
ration of water from an algal droplet surface
by spray-drying. The powder-particles of an acc-
eptable for commercial uses were 50 to 80 um
in size with suitable hardness and dispersibility
for tablet properties. Fig. 2. A spray-dried Chlorella
particle, showing a fused appearance. Fig. 1. ALV
SEM photograph of spray-dried Chlorella cell-
granules (particles).

The x-ray microanalysis spectra indicated that
Cu, Si, Mg, P, S, K, Ca, and Fe ions were present in
the powders. There were no indications of heavy
metal ions existing in significant amounts. El-
emental analyses were carried out without in-

terference of coating materials as used in conven-
tional SEM. The serious health effects from food
stuffs and drinking water contaminated by heavy
metals, such as lead (Pb) and arsenic (As) have
become one of the major concerns of the people
of Taiwan. The Pb and As contents of Chlorella
powders examined in our laboratory by atomic ab-
sorption spectrometry were about 1 to 3 ppm and
less than 0.5 ppm respectively. This contentis in the
safe level of food standards.

In conclusions, the LV SEM and x-ray micr-
oanalyzer provide us to observe fine structure and
elemental analysis for the food quality control. This
method also allows us to observe specimens
without any particular preparation, such as drying
and coating required by the conventional SEM.
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INTRODUCTION

In a zone plate soft x-ray microscope, the zone
plate must be used with monochromatic illumina-
tion because of the strong chromatic aberration.
A typical microscope employs a linear monochro-
mator consisting of a zone plate and a pinhole
(Niemann et al. 1983), which spectral resolution de-
pends on the dimensions of the zone plate and the
pinhole (Niemann et al. 1974). However, since
such a linear monochromator can provide an appro-
priate spectral resolution only when the zone
plate has a larger dimension and is illuminated ef-
fectively, it is suitable for radiation with a relatively
large angular divergence such as from a bending
magnet but may not be suitable for radiation with
a small divergence such as from an undulator as
well as the future light sources with a very low emit-
tance such as the 3rd generation synchrotron
radiation.

In addition, the object distance of a high resolu-
tion zone plate is very close to its focal length
which is usually shorter than 1 mm, its focal depth
is only several microns. The sizes of optical elem-
ents and objects are also very small. Therefore, itis
very difficult to find a correct focus of a zone plate
and align the x-ray optical system precisely without
any auxiliary implement.

On the basis of the above consideration, we
have introduced a grating monochromator and con-
structed a zone plate microscope associated with
a visible light pre-focus unit. Here, we would briefly
describe the optical system of the microscope and
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the visible light pre-focus unit. Some experimental
results are also presented.

BEAMLINE, THE SOFT X-RAY MICROSCOPE
AND THE VISIBLE LIGHT PRE-FOCUS UNIT

The microscope has been developed at the
beamline NE1B of the 6.5-GeV TRISTAN accumula-
tion ring {(AR) in KEK, National Laboratory for High
Energy Physics, where circularly polarized soft
X rays are produced by a helical undulator (Yama-
moto et al. 1989, Kitamura 1992). The wavelength
of its first harmonic can be tuned from 0.8 nm to
5 nm. The NE1B is equipped with a 10 m vertical-
dispersion grazing incidence spherical grating
monochromator and a post-focusing mirror
(Kagoshima et al. 1995). Fig. 1 shows the schematic
diagram of the optical arrangement of the NE1B
together with the soft x-ray microscope. The
spectral resolution of the monochromator, M/AA, is
estimated to be about 280 ~ 290 at A=2.37 nm
and meets the monochromaticity requirement of
the zone plate we used.

The optical system of the microscope consists of
a ¢$500 um pre-pinhole, a condenser zone plate
(CZP), a $20 um pinhole, and an objective zone
plate (OZP). The pre-pinhole placed at the focus
of the post-focusing mirror is used as a monochro-
matic secondary source. The CZP generates a re-
duced image of the pre-pinhole in an object plane
through the $20 um pinhole. The OZP generates
a magnified image of the object in an image plane.
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Pre-pinhole CZP Pinhole Objet OZP Image

mifror

~45'm from source

.Y
Beamline NE1B

6.5 GeV TRISTAN

Y
Ko %-ray microscope
Accumulation Ring (AR)

Fig. 1. Schematic diagram of the optical arrangement of the
beamline NE1B and the soft x-ray microscope.

The x-ray image can be recorded directly with
photographic film or converted into a visible image
by using MCP. The numerical parameters of the
zone plates are summarized in Table 1. The CZP
was fabricated by NTT (Sekimoto et al. 1988), while
the OZP was fabricated by IBM as a collaboration
between LBL and IBM (Anderson et al. 1992).

Fig. 2 shows the visible light pre-focus unit. The
unit works as a reflected illumination visible light
microscope consisting of two objectives inside a
vacuum chamber for the x-ray microscope and
common eyepieces outside the chamber. One of
the objectives is perpendicular to the x-ray axis
and provides a relatively low magnification (10 x).
It is called coarse adjustment objective and is used
to monitor an adjustment of the OZP, an object and
the pinhole in its view field (~ 1 mm) and to avoid
any collision between them. Anocther objective is
on the x-ray axis and provides a relatively high
magnification (20 x). It is called fine adjustment
objective and is used to measure an object dis-
tance of the OZP and a distance between the
pinhole and an object precisely along the x-ray
axis. One of the two optical paths of the objectives
can be selected by using a change-over splitter.
The fine adjustment objective has a $2 mm central
hole to make x rays pass through.lts focal depth is
designed to be about £1.5 um. Since that is less
than the focal depth of the OZP, the object distance
can be measured precisely. The working distance
of the fine adjustment objective is designed as long
as 10 mm. The distance between the pinhole and
an object can also be measured. Therefore, the
x-ray optical system of the microscope can be ad-
justed easily, quickly, and precisely by using the
unit.

RESULTS

A spatial resolution test has been performed at
A=2.37 nm to evaluate performance of the micro-

Table 1. Parameters of zone plates

Parameters Cczp ozP
Radius of the innermost zone  15.8 um 1.41 um
Number of zones 1000 200
Width of the outermost zone 0.25 pm 0.05 um
Numerical aperture 0.048 0.24
Focal length 105 mm 0.84 mm
(1st order at A=2.37 nm)

Focal depth +2.1 um
Zone material 500 nm Ta 100 nm Ni

Supporting material 300 nm SisN, 100 nm SizN,

Visible light |
Planoparallel plate
view ports 4
Eye piece
I ___ " 7 7] “Change-over
, splitter

Vacuum chamber )
| __ Coarse adjustment
objective

!_Fine adjustment
2> objective

| Holder ,l

Fig. 2. Schematic diagram of the visible light pre-focus unit.

55 nm lines & spaces

Fig. 3. An x-ray magnified image of the outer region of the zone
plate test pattern. X-ray magnification ~ 1020.
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scope. The test pattern is a zone plate with finer
structures than the OZP. The diameter of this zone
plate is 49 um and its innermost radius is 1.5 pm.
The width of the outermost zone is 45 nm. Here
the test pattern serves as an object and is imaged
by the microscope at a magnification of 1020.
Fig. 3 shows a magnified x-ray image of the outer
region of the zone plate. It is taken by Kodak
T-Max 3200 Professional Film with an exposure
time of 3 minutes. The small widths of zones down
to 55 nm are successfully resolved. According
to Rayleigh's criterion, the spatial resolution of a
zone plate microscope is comparable to the width
of the outermost zone. Since that width of the OZP
is 50 nm, we would believe that the resolution of
our microscope has almost reached its diffraction
limit.

Some dry biological specimens, diatoms, have
been clearly observed by the microscope. Fig. 4
shows their x-ray images. It has been confirmed
that the microscope is applicable to biology.

FUTURE EXPERIMENTS

Some attempts will be performed in the future.
First, an environmental chamber should be devel-
oped to observe biological specimens in their
natural state. Second, since the circularly polarized
soft x rays are available at the beamline NE1B,
helical structures which are much attractive in
biology may be observed by using circularly polar-
ized soft x rays (Kagoshima et al. 1992, Keller et
al. 1985). Thus we may obtain much novel in-
formation about helical structures using circularly
polarized light which is unobtainable using non-
circularly polarized light.

REFERENCES

Anderson E, D Kern. 1992. Nanofabrication of zone plates for x-
ray microscopy. in X-Ray Microscopy Ill, edited by A G
Michette, G R Morrison, C J Buckley (Springer-Verlag,
Berlin), pp. 75-78.

Kagoshima Y, T Miyahara, M Ando, S Aoki. 1992. Present status
and future plan of soft x-ray microscopy at the Photon Factory.
Rev. Sci. Instrum. 63: 605-608.

Kagoshima Y, T Miyahara, S Yamamoto, H Kitamura, S Muto, S-
Y Park, J-D Wang. 1995. Construction and performance-of
the beamline NE1B for circularly polarized soft x-rays in the
TRISTAN Accumulation Ring. Rev. Sci. Instrum. 66: (in
press).

Keller D, C Bustamante, M F Maestre, | Tinoco, Jr. 1985. imaging

Fig. 4. X-ray magnified images of the diatoms.

of optically acitve biological structures by use of circularly
polarized light. Proc. Natl. Acad. Sci. USA 82: 401-405.

kitamura H. 1992. Production of circularly polarized synchrotron
radiation. Syn. Rad. News Vol. 5, No. 1: 14-20.

Niemann B, D Rudolph, G Schmahl. 1974. Softx-ray imaging zone
plates with large zone numbers for microscopic and spectro-
scopic application. Opt. Commun. 12: 160-163.

Niemann B, D Rudolph, G Schmahl. 1983. The Géttingen micro-
scopes. Nucl. Instrum. and Methods. 208: 367-371.

Sekimoto M, A Ozawa, T Ohkubo, H Yoshihara, M Kakuchi, T
Tamamura. 1988. X-Ray Zone Plate with Tantalum Film for
an X-Ray Microscope. In X-Ray Microscopy |l, edited by D
Sayre, M Howells, J Kirz, H Rarback (Springer-Verlag, Ber-
lin), pp. 178-181.

Yamamoto S, H Kawata, H Kitamura, M Ando. 1989. First pro-
duction of Intense circularly polarized hard x-rays from a
novel multipole wiggler in an accumulation ring. Phys. Rev.
Lett. 62: 2672-2675.

Yamamoto S, T Shioya, S Sasaki, H Kitamura. 1989. Construction
of insertion devices for elliptically polarized synchrotron
radiation. Rev. Sci. Instrum. 60: 1834-1837.



Zoological Studies 34, Supplement | (1995)

A Compact Multi-channel Laser Scanning Confocal Optical Microscope

Guoging Xiao and Horst Groneberg
Technical Instrument Co., USA

INTRODUCTION

Confocal scanning optical microscopes have
become important imaging tools for, engineers and
scientists. However, their high cost, difficulty to use
and lack of portability greatly limit their aplications.
We have design a laser point scanning confocal
optical microscope based on a new optical design to
overcome some of the drawbacks of the existing
confocal microscopes.

OPTICS DESIGN

The most important feature of our confocal
microscope is its unigue arrangement of the illum-
ination pinhole and detection pinhole. Instead of
placing the two pinholes at two conjugate planes,
as is usually done in conventional confocal micro-
scopes, our design combines the two pinholes to-
gether, thus completely eliminating the need of
aligning the two pinholes to each other. This design
significantly simplifies the alignment procedure of
the microscope. It makes it possible to change
the excitation filters, barriner filters and even the
primary dichroic mirror and pinholes without need
of re-alignment. The user can easily check the
alignment condition of the microscope by simply
inspecting the output laser beam from an empty
objective port.

Another important feature of this microscope is
its compactness. The portion of optics that has to
be directly mounted to the microscope contains
only two scanning mirrors, filters, beamspliters, con-
focal pinholes and a scanning lens, whereas
the more bulky components, such as photomuitiplier
tubes (PMT), laser sources and electronics are
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mounted outside the optics module. The optical
signal from the sample is collected through high
transmission multi-mode optical fiber to the PMTs,
and the excitation light is introduced through a
single-mode optical fiber from one or multiple remote
laser sources. The muiti-mode fibers have a mea-
sured transmission effciency of more than 91% with-
out coatings at the ends, and with anti-reflection
coatings, the transmission ef-ficency can be easily
raised to 98%. the laser coupling optics averages a
70% overall efficiency, depending greatly upon the
beam quality of the lase source.

ELECTRONICS DESIGN

The electronics of the system can be divided
into four major parts; scanner control electronics,
light detection electronics, digitizing electronics
and focus control electronics. The scanner control
electronics includes a closed-loop scanner driver
and a programmable raster scan generator. The
raster scan generator generates the driving signals
for the two scanning mirrors, and the scanner driver
moves the mirrors to the specified positions. The
closed-loop feeback circuity of the scanner driver
automatically compensates the inertia effect and
other nonlinear effects of the scanning mirror assem-
blies.

The light detection eectronics consists of a pro-
grammable high voltage power supply to the PMT, a
matched PMT pre-amplifier, a low noise integration
amplifer with a protection circuitry to shut off the
PMT voltage when the input light is too intense. The
selection of either the integration amplifier or the
track/hold amplifier, the setting of PMT voltage
and the adjustment of image black level can all be
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carried out through software controls. The ampli-
fied signal from the light detection electronics is
then digitized by a high performance multi-
channel digitizing board. The digitized data can
be processed, stored in the computer, or displayed
as an image. The digitizing board has an EISA
bus interface, which can support a data transfer
rate of more than 10 MByte/sec. between the digitiz-
ing board and the host computer.

The focus control electronics drives a DC servo
motor with a 10,000 count/revolution rotary encoder
which is directly coupled to the fine focus shaft
of the microscope. For a typical 100 micron/
revolution fine focus mechanism, the theoretical
resolution is 0.1 micron; however, since all focus
mechanism has much greater backlash and exhibits
uneven friction, the actual focus resolution is be-
tween .1 to .5 micron, depending upon the condition
of the fine focus mechanism.

The electronics layout is completely modular-
ized: each functional unit is put on a circuit board,
self-contained and independent of each other. The
electronics chassis can house up to three PMT
boards and an optional photo detector board to
simultaneously detect three fluorescence Channels
and one transmission channel. This modular elec-
tronics design makes the system much more
flexible and expandable.

SYSTEM TESTS

We have built several systems to test our design.
The test systems have two simultaneous fluores-
cence channels, two sizes of pinholes and three
built-in dichroic mirrors and use a green HeNe
laser and Agron lon laser as a source. After having
gone through more than half a year of operation
and multiple times of packing, shipping and rein-
stalling at different locations, they all demonstrate
good stability. No extra alignment is need. We hae
also tested several key opto-mechanical compo-
nents, especially the pinhole assembly. We built a
mechanism to switch between the two pinholes.
After 10,000 cycles, the pinholes were still in good
alignment. We have manually operated the

beamsplitter assembly and fiber-optical coupling
mechanism for more than half a year. No additional
adjustment is required. With the laser-to-fiber
coupling optics pre-aligned and instailed to the
laser source, we can easily switch between different
laser sources without any alignment and still have
a coupling efficiency of around 50%. One of the
key tests of they system integrity is the vibration
control.  Since the system is built from a solid
metal frame, and has a very low profile, it demon-
strates very good vibration-damping capability,
even on a relatively weak microscope stand with-
out additional support. For critical imaging ap-
plications, we have found that a table top vibration
isolation bench is effective against most ambient
disturbances.

We have tested the image resolution using dif-
ferent fluorescence samples. Good depth and
transverse resolution are obtained with the small
pinhole (20 microns), whereas the large pinhole
(50 microns) yield much brighter images but with
lower resolution. To check the system optical signal
to noise ratio, we measured the total internal light
scattering. The combination of special optical
arangement and filter selection reduces the total
system internal light scattering to such a low
level that the reflection from the objective lens be-
comes the dominant source of background light.
Further reducing the background light will require
careful selection, or special design of the objective
lens.

CONCLUSION

We have developed a high performance com-
pact multi-channel laser scanning confocal optical
microscope. The system is capable of producing
up to three channel simutaneous fluorescence
images and one optional transmission channel.
The system is very easy to set up, align, and operate.
It is ultra compact and has a light weight (the
optics module measures 3.5 “X6.5” X8.5” and
weighs less than 8 1b). It can be readily fitted on
most upright and inverted microscopes.
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Spatial Filtering in Microscopy: The Use of Matched Filters to See Further

in Time and Space
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1958 Zernike described a set of optical experi-
ments in microscopy which are based on modi-
fying the optical properties of the backfocus planes
of both the condenser and the objective. Since the
introduction of the Phase Contrast Microscope
in 1955 (Science 121: 345-349), few improve-
ments have been made despite a plethora of
technical advances in optics (e.g. coherent light).
The use of matched filters in the planes of spatial

A

Wave Fronts

L1

filtering (= backfocus; Figs. 1 and 2) allowed us to
observe biological events with an extended range
in time and space (Fig. 3).

The introduction of a density gradient in the
plane of the object as an additional optical element
resulted in seeing hydrodynamic disturbances
caused by moving objects (e.g. animals, mouthparts,
swimming appendages, Fig. 4). Furthermore, we
can observe chemical gradients and their temporal

1% Plane of
Spatial Filtering

B

High Frequency and Edge Enhancement

Pinhole

2" Plane of
Spatial Filtering

Black Dot

Schlieren System: Visualization of Density Gradients

Slit

Knife Edge

Fig. 1. Schematics of the principle of matched filters in the optical design of observational set-up. A} Production of plane wave fronts and
position of spatial filters. B) Two examples of matched filters, one for high frequency and edge enhacement, the other for visualiza-

tion of density gradients perpendicular to the knife edge.
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New Wave Fronts
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Fig. 2. Schematics of image formation in matched filter optical
design of observational set-up. Small particles and focus is
given because particles distort wave fronts anywhere
within the collimated and expanded laser beam. Very smali
particles form new centers of light emission and are visible
even if their sizes do not allow image formation.

Fig. 3.One frame from a video observation of the feeding behav-
iors of Diaptomus minutus. The two animalis are separated
in the dimension of the optical axis by 1 cm. Upper animal
is in focus. The behavior patterns of the lower animal can
still be evaluated with the same temporal resolution as the
ones of the upper animal. Visualization of the feeding
current can only be performed with animals in optical focus.
The suspended particles are algae in the size range of 5 to
10 microns.

behavior which either are created or modified by
live animals. We use this optical approach to study
zooplankton of a size range of 50 microns to one
centimeter.

Well tuned optical systems allow us also to
observe ecological interactions between aquatic

Fig. 4.0ne frame from a video observation of the creation of
hydrodynamic disturbances by feeding and swimming
calanoid copepods ( Diaptomus minutus). Animal on the left
glides capturing algae. Animal on the right entered the
picture from the left, avoided encountering the animai on
the left by executing three short hops and creating three
vortex rings in the water. Body lengths on both animals
are 1 mm. With this technique of adding a density gradient
as an optical element we can observe very fast events like
escapes at 500 body lengths per second because we
can trace the hydrodynamic disturbances rather than film
at high frame rates (over 10,000 frames per second would
be necessary, at times of random escapes).

predators and their prey with a resolution of five
microns in a field of view and a depth of focus of
one centimeter. To date, the largest set-up allowed
us to observe, in three dimensions, interactions
between zooplankters (e.g. mating) within a vessel
of one liter with a resolution of 50 microns. These
observations were possible because we used
carefully matched filters (Fig. 1A) which canceled
all distortions of the wave fronts that we did not
perceive as informative.
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The techniques that, by virtue of their capability
for producing superior resolution, fall into two clas-
ses. The first involves the use of shorter wave-
length radiation, such as in electron or x-ray micros-
copy, The second includes the various forms of
scanning probe microscopy, of which scanning
tunneling microscpy is the best known exampie.
That these methods have not already largely sup-
lanted optical microscopy is attributable to the fact
that, in the request for higher resolution, a fustian
bargain has been struck so that in each method,
several of the attractive features of optical micros-
copy have been sacrificed such as nondestruc-
tiveness, low cost, high speed, reliability, versatility,
accessibility, ease of use, and informative contrast.
In this paper we describe a novel confocal scanning
optical microscopy, perhaps it is a promising
microscopy in the area of higher resolving power
microscopes.

It is exciting if we can diminish the Airy central
core to some degree by apodization, for example,
one tenth of the origial width, then the ony ques-
tion that remains in getting superior resolution
details is its low contrast owing to large diffraction
effect, but this can be overcomed by confocal tech-
nology. When a pupil coating is applied to a diffrac-
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tion limited pupil of modest aperture, it causes the
point amplitude diffraction pattern to coliapse
inward, as if the resultant pupil were still clear and
diffraction limited but now with a predetermined
times larger aperture. Thus the image is formed as
the coating had physically extended the given
aperture outwards in space, and by a designed
amount. It accomplishes this by diffracting outside
the field of view all light which would otherwise
tend to broaden the pattern into an ordinary airy
disk. If a lense of this kind is used solely, the imag-
ing quality can nt be good enough, because all
light that diffracting outside the view becomes
a strong background and degrades the image con-
trast. But we can suppress the background by an-
other diffraction limited lens just as the setup in
confocal microscopy. So we put forward the idea of
implementation of apodization in confocal system,
perhaps it is a practical way to solve the problem
of bargain between higher resolution and attractive
features of optical microscopy.

The theoretical development and calculated
results are depicted thoroughly in this paper, in ad-
dition to comparision with results obtained by insert-
ing annualar pupls.
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Possible Effects of Fluorescence Bleaching/Saturation on the Definition
of the Paper Surface in CLSM Measurements

Odd Lgvhaugen
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We have observed that scanning a paper sur-
face with a low f-number objective (10x0.3) in the
"reflection mode" at 488 nm on our Leica TCS4D,
an ambiguous definition of the paper surface may
occur, when using a modified centre of mass algo-
rithm for detection of the surface. This ambiguity
depends among other things on the laser power,
and it manifests itself both in the texture of the
SFP images, and in the calculation of surface rough-
ness parameters. But as this "reflection” mode
also includes the fluorescent emission of the object
we tend to interpret the result as an effect of fluore-
scence bleaching and saturation (Visscher et al.
1994).

We have several indications for this.

1) a given laser power seems to give a repea-
table result for the surface roughness. This means
that a measurement of laser power P3 gives
approximatly, the same result as a measurement
of laser power P1 if P3=P1, even if a measurement
of power P2 at a higher power level than P3 has
been made in between. All measurements are
made over exactly the same area.

2) the short time fluctuations in laser power
seems to be insignificant, when tested using a flat
mirror.

3) the effect depends on the averaging mode.
Line averaging gives a stronger effect than frame
averaging for the same energy exposure. The re-
petition frequency experienced by each voxel is in
order 0.001 s for line average and 0.1 s for frame
average.

POSSIBLE MECHANISMS

This inconsistency may come from one or more of
several sources.

-the topography of the paper surface may
change mechanically due to the exposure of the
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laser.

-the optical properties of the upper surface layer
may change due to the laser light.

-the laser radiation may be erratic itself creating
high frequency-laser power fluctuations.

-electronic or digital noise from the recording
and an imperfect optical impulse response function
of the objective may give random errors in detection
of the surface.

-the surface detection algorithm may be instable
or there are some error in the software.

Having analyzed these factors, a change in the
optical properties of the surface layer may be the
most likely, as the constitutents of paper may have
optically unstable properties in the 480-500 nm
region. These instabilities show up as photo yel-
lowing, changes in the luminescent absorption
and emission spectra and fluorescent bleaching
(Olmstead and Gray 1993). Athough the paper.
may be very inhomoge-neous with fines and fibre
parts in the sub resolution regime which could
change form during exposure, the scattering
cross section of these are so small that topological
change in these would be less likely to cause the
observed changes.

MAGNITUDE OF THE EFFECT

For the laser power high (3-5 mW), medium
(1-2 mW) and low (<1.0 mW) with line averaging
(8 x), the calculated roughness parameter Ra. (aver-
age magnitude of height deviation from mean height)
was respectively 1.3um, 1.6 umand2.3um. Whereas
for 8x frame and average medium laser power the
calculation gave Ra=1.3um. Apart from the change
in laser power and averaging method and proper
adjustment of the dynamic range, all other sampling
parameters were equal. Sampling distance in z-
direction was 1.0 um. The variation in the 1 um
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range are to be compared with the FWHH of 4. um
in the axial resolution curve. Even without centre
of mass calculation of the surface position, the nu-
meric noise contribution to Ra should be approxi-
mately: 1um/512*512=0.002 um.

IMPACT

We feel that a qualified answer to the cause of
the observed deficiency is not yet found. Altera-
tions in the fluorescence absorption, and thus the
reflection properties of the fluorphores may in-
fluence their measured spatial distribution. The sur-

face roughness measurements of papers by use of
confocal microscopes as well as by laser pro-
filometers must be closely examined, if a deficiency
relating to fluorophore properties can be confirmed.
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Get Nano-information by Nano-pinhole in X-ray Holography

Zhihua Ding, Cuiying Wang, Zhifeng Fan and Zhijiang Wang

Shanghai Institute of Optics and Fine Mechanics, Academia Sinica, People's Republic of China

It is well known that from the invention of Scan-
ning-Tunneling-Microscopy (STM) by binning et al.,
the ero of nanotechnology is coming. Many mem-
bers of Probe-Scanning-Microscopy family have ob-
tained information of nanometer-resolution, the
key of these successes lies in the usage of
nano-probe as their detectors. Inrecentyears, scien-
tists contribute more and more interesting to the
spectrum of x-ray, especially of the soft-x-ray (1-
30nm). The move is driven particulary by the fact
that biologists may hope to see a nearnative aque-
ous environment structural features.

if we focus x-ray energy by a fresnel lens onto a
pinhole plane, then the diameter of the pinhole
determines the lateral resolution of Non-Redundant
holography (Stroke holography). So the difficulty
in fabrication of fresnel lens now transfers to the
problem of fabrication of a pinhole with nanometer
radius. By the fabrication of a nano-pinhole we
may hope to get nanometer-scale information in
the x-ray region.

It is posible for us to get small pinhole, such as
using taper hollow fiber as small hole, using e-beam
of scanning electron microscope to fabricate this
nano-pinhole, and shrinking the pinhole of thin film
by electroplating, and so on. Here we put forward a
new idea of nano-pinhole fabrication by STM
system.

By appling voltage pulse between tip and sub-
strate of STM system operated in constant current
mode, leads to the transition of work station from
tunneling to field emission. A factor of 1(F-10°
increase in current between tip and substrate may
occur in some typical experiments, and high-field
strength ( ~1GV/m) may be achieved. Furthermore,
the close proximity of tip and substrate adds some
additional effects as exchange correlation and
screening, which must be considered in the explana-
tion of fabrication mechanism. Due to these charac-
teristics high current with nanometer spatial resolu-
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tion, high field between nanometer gap between
tip and substrate, close proximity of tip and sub-
strate of STM system, we conclude some methods
and mechanisms in nano-fabrication as below:

NANOMETER-SCALE EXPLOSIVE THERMAL
MELTING

A sudden burst of tunneling current (due to an
instantaneous increase in bias voltage) from a STM
operated in the constant-current mode. The high
current density of injected electrons localized to a
small region of substrate by the STM tip gives rise
to an explosive event which may be reponsible for
the electro-etching of substrate or thermal melting
of substrate in nano-region.

FIELD-INDUCED ATOMIC EMISSION

if we position the tip of STM within nanometers
of a substrate, high-field strength can be achieved
with substantially lower voltage for the small gap
between tip and substrate. Furthermore, the close
proximity of tip and substrate causes overlap of
atomic potencials, which can lead to a lowering of
the energy barrier for field evaporation. By using
tungsten as tip in gold substrate (the threshold for
field evaporation is significantly lower in gold than
in tungsten, 3.5V/A in FIM experiments for gold ver-
sus 5.7V/A for tungsten). One would expect some
of gold removed from the substrate to be transferred
to the tip.

STM ELECTRON BEAM EXPLOSURE

In classical electron beam fabrication the high-
energy { ~10KeV) electron beam causes an im-
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portant scattering of the electrons in the resist layer
as well as in the substrate, which leads to a lowing
in resolution of fabrication beam. This proximity
effect can be avoided when a low-energy (~10eV,
but energetic enougy to cause bond scission in
resist such as PMMA) electron beam leaving the
STM tip is used for the explosure. After explosure
and development a mask with a nano-pinhole is
achived, then by reactive ion eching below sub-
strate of anisotropical material, this leading to a
bigger hole in substrate, and by metaling the
hole from the back side of substrate, causing the
shrinking of hole in substrate. In this way we would
expect to fabricate a pinhole whose diameter is
determined by that in mask.

All methods that can be used to obtain nano-
information may also can be used as a method in
nano-fabrication, for they are the two aspects of
one problem. So we put forward the idea of nano-
fabrication by STM system. Because nano-fabrica-
tion and imaging can be done in the same device,

it is convenient for hole location and likely to
solve the problem of nano-pinhole fabrication. By
focusing x-ray energy onto this nano-pinhole to
form point source in Non-Redundant holography
we may envision to get nano-information in the
X-ray region.
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The environmental history of the Japanese
eel, Anguilla japonica (Temminck & Schiegel),
during its migration from the spawning ground to
the rivers of Taiwan, was studied by examining
otolith microstructure with SEM, and the stron-
tium (Sr) and calcium (Ca) contents measured from
wavelengths of x-rays emitted from the otoliths with
WDS (Wavelength dispersive spectroscopy). The
Sr/Ca changes in the otoliths in relation to environ-
mental and physiological changes of the fish are
discussed.

LIFE HISTORY OF THE EEL

The Japanese eel is one of the most important
culture species in Taiwan. Large numbers of eel
elvers are caught for cultivation from November
to March during their upstream migration in
estuaries (Tzeng 1985). The eel is a catadromous
fish, spawning in the North Equatorial Current
west of the Mariana Islands (15°N, 140°E) during
the period from June to July (Tsukamoto 1992).
The eel larvae, a willow-leaf-shaped leptocephali,
drift with the current from their oceanic spawning
ground, and metamorphose into transparent
glass eel, or elvers, before entering the estuaries.
After upstream migration, the elvers become
young eels and live in the rivers for 5-20 years.
During late autumn, the maturing eel migrates
downstream to the ocean to spawn.

OTOLITH MICROSTRUCTURE AND DAILY AGE

Since Pannella (1971) discovered primary
growth increments in otoliths of fish, ageing tech-
nique by examining daily growth increments in
otoliths has been applied widely to study the age
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of ths fish (Campana and Neilson 1985). There are
three pairs of otoliths in fish's otic vesicles, function-
ing as hearing and body balance of the fish. Otolith
is a biogenic aragonite, alternatively consisted of
a calcium-rich incremental zone and an organic-
rich discontinuity zone. When otoliths are ground
with fine mesh polishing paper, polished with ai-
umina paste, and etched with 5% EDTA (ethylene
diamine tetra-acetate; pH adjusted with NaOH to
7.4). The above-mentioned two zones become the
“crest and trough" on the polished otolith, which
could then be viewed under SEM (Fig.1). The
otolith incremental and discontinuity zones are
deposited on a daily basis (Tzeng and Yu 1988).
This permitted the time required for migration of
the eel larvae from the spawning ground to the
coasts, and the spawning season of the eel, to be
estimated (Table 1).

OTOLITH MICROCHEMISTRY AND
MIGRATORY HISTORY

Recent studies have indicated that past envir-
onmental history of the fish can be reconstructed
from analysis of the ratio of trace element, especially
Sr, incorporated during the process of otolith
growth (Radtke et al. 1990, Secor 1992). Sr can
inter-change with Ca in otoliths during the deposi-
tional process because Sr has the same valence
as Ca, as well as a similar ionic radius (Amiel et al.
1973). The Sr content in the otolith of diadromous
fish was found to differ between freshwater and
seawater phases (Casselmam 1982, Radke et al.
1988, Kalish 1990). The incorporation of Sr into
the otolith is a physiological process controlled
by many interactive factors including temperatrue,
salinity, ontogeny and migration (Kalish 1989,
Sadovy and Severin 1992, Smith et al. 1979,
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Fig. 1. SEM micrographiillustrating daily growth incremental (light band) and discontinuity zones (dark band) in otolith of a 56.0 mm TL elver.

Scale bar = 10 um. (from Tzeng 1990).

Table 1. Daily ages and birth date of elvers collected from four estuaries (SA, SL, LS and TK)} in the eastern and
western coasts of Taiwan on 22 December 1989 and 22 and 23 January 1990. (from Tzeng and Tsai 1992)

Sampling Sampling Sample size  Total length  Otolith radius Age Birth date

site date (mm) (um) (days)

SA 22 Dec. 1989 9 56.39+1.39 141.2548.85 169.3114.9 18 June-24 July
SL 22 Jan. 1990 5 56.66+2.84 129.44+10.21  175.6127.8 26 June-9 Sept.
LS 22 Jan. 1990 5 56.20+2.21 56.20+2.21 165.6+22.6 10 July-3 Sept.
TK 23 Jan. 1990 6 56.802.15  56.80+2.15 171.7126.2 7 July-22 Sept.

Townsend et al. 1992, Tzeng 1994). Quantitative
measurements of the concentration of Sr in otolith
relative to that of Ca was made using a WDS for the
elver collected in a river estuary of northern Taiwan.

The Sr/Ca concentration ratio was lower in the
primordium of the otolith, then increased gradually
and reached a maximum at an area approximately
two-thirds of the otolith radius from the primordium,
and dramatically decreased to a low level at the
otolith edge during the fish migrated to the fresh-
water (Fig. 2). The otoliths of freshwater fishes
typically have lower Sr levels than those of sea-
water fishes (Odum 1975). The low Sr content in
the primordium, probably due to the sources of
deposition, were of maternal or freshwater origin of
the oocyte. The dramatic decrease in Sr/Ca ratio
most likely corresponds to the period when lepto-
cephalus metamorphoses into an elver. When

finishing metamorphosis, the fish will migrate
from the strong Kuroshio Current into coastal
waters. Leptocephalus is known to contain ex-
tensive amounts of gelatinous extracellular matrix
composed of sulfated glycosaminoglyscans
(GAG) which are broken down during the process
of metamorphosis (Pfeiler 1984). Since GAG indi-
cates an affinity to alkali earth elements, particularly
high to Sr (Nishizawa 1978). GAG breakdown
may reduce the absorption Sr from seawater
and result in a drastic decrease of otolith Sr content
and, consequently, Sr/Ca ratios (Otake et al. 1994).

In conclusion, otoliths are like a biological CD
ROMs recording information about the environ-
ment the fish experienced and about how the
fish lived. The information on them is never
lost and can be retrieved potentially in any temporal
seqguence.
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Fig. 2. Changes in strontium/calcium concentration ratio measured through the maximum edge-primordium-edge axis (spots 1-19) of a
sectioned otolith of a 56.2 mm TL elver with a maximum otolith diameter of 142 um, collected in a river estuary of northern Taiwan

on 22 January 1990. (from Tzeng and Tsai 1994)
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Visualization of Cell Adhesion Molecules on Cardiovascular Cells by
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Cell adhesion molecules (CAM) are important
glycoproteins which mediate cell-cell interactions.
The expression of these molecules are modulated
by a variety of mediators engaged in cell activation.

Common methods applied for the detection
of CAM are cell ELISA, FACS or radioactive
binding studies. All these methods summarize
the expression on a great number of cells and do
not visualize CAM on single cells. The quantitative
detection of CAM expression on cultured cells
by conventional epifluorescence microscopy is
difficult because of the rapid photobleaching of
the fluorescent dye. We established a method
to visualize CAM on single cells using confocal mi-
croscopy.

MATERIALS AND METHODS

Human coronary and pulmonary smooth
muscle cells were cultured on 3well glass-
slides (DMEM-medium with 15% FCS). At celi-
confluency, medium was changed to 1% FCS for
48 hours in order to synchronize the cell cycle.
Cells were fixed with ice-cold methanol (10 min)
and incubated with monoclonal antibodies against
I(nter) Cf(ellular) A(dhesion) M(olecule)-1 and
V(ascular) C(ell) A(dhesion) M(olecule)-1 (Dianova,
1:50, 60 min). The antigen-antibody-complexes
were detected by a second antibody coupled
with Cy-3 (Dianova, 1:50, 60 min). Immunofluores-
cence measurements were performed with the
confocal laser scan microscope Odyssey XL
(Noran instruments) using the inverted microscope

Diaphot 200 (Nikon). Specimen were studied with
the 60x oil-imersion objective (NA 1,4). Probes
were excited with the 515 nm line of a 10 mWwW
multiline Argon ion laser and Cy-3 emission was
detected at wavelengths >550 nm after passage
through a 10 um slit aperture. Cells were localized
at a framerate of 30/sec and pictures of in-
dividual cells were taken by averaging 120
frames. CAM expression was determined by two
different ways: a) mean fluorescense intensity
(from 3 to 255 arbitrary units) of the pixels forming
single cells and b) the sum of the pixel intensities
per cell area. We analyzed 10 cells per well
and determined the mean value for each individual
cell preparation.

RESULTS

Under basal conditions there was a low expres-
sion of CAM on vascular smooth muscule cells. The
mean fluorescence intensity of basal expression
amounted to 7 £ 2 (ICAM-1) and 6 £ 1 (VCAM-1)
(n=3 coronary cell preparations). Control experi-
ments with an indirect cell ELISA also showed
very similar basal expression values of both ICAM-1
and VCAM-1.

CAM are regulated by cytokines on endothelial
cells as well as smooth musle cells (Carlos and
Harlan 1994, Couffinhal et al. 1993). Using the
ELISA technique we observed a marked stimula-
tion of CAM expression with TNFx (10 ng/mi; 15
h) on a confluent cell monolayer (4-fold increase
in optical density units). This stimulating effect

Correspondence to: Dr. Peter Pietsch Universitdtsklinikum Charité Kardiologisches Forschungslabor Ziegelsira Be 5-9 D-10117, Berlin,

Germany
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Fig. 1.ICAM-1 expression on single pulmonary SMC.

ICAM-1 expression on single human pulmonary SMC aunder
conditions (IA) and mulet with TNF o 10 ng/ml
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Fig. 2. Effects of TNFa on CAM expression of coronary SMC.

ICAM-1 and VCAM-1 expression (mean fluorescense intensity) on
human coronary SMC under basal conditions ( M)and after stimu-
lation with TNFa (10 ng/ml, M) for 15 hours (n=4-5).

of TNFo was detectable on single cells by con-
focal microscopy. The mean fluorescence in-
tensity amounted to 18 £ 4 (ICAM-1) and 14 + 4
(VCAM-1) (n=3) (Figs. 1 and 2)

The stimulation of CAM expression induced
by TNFa is based on de novo synthesis of the gly-
coproteins. Measurements with the ELISA
technique showed that the stimulation could be
abolished by preincubation of the cells for 3 hours
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Fig. 3.ICAM-1 expression: correlation between mean fluores-
cence and the sum of fluorescence intensities per cell area.

ICAM-1 expression on human coronary SMC. Results from 34
individual cells under basai conditions (Q), stimulated with TNF o
(10ng/ml, 15 h, A) and stimulated with TNF after preincubation with
actinomycin D(1 pg/ml, 3h. ¢)are shown.

with the transcription-inhibitor actinomycin D (1 ug/
ml) or cycloheximid (10 pg/ml), an inhibitor of
protein biosynthesis. These inhibitory effects were
also detectable on single cells by confocal micros-
copy. Fig. 3 demonstrates CAM expression on
pulmonary smooth muscle cells under basal
conditions, after TNFa-stimulation with and with-
out actinomycin D preincubation. There is a good
correlation between the two different detection
methods we used to visualize CAM on single ceils.

These data demonstrate that CAM expres-
sion could be visualized on singe cells by confocal
microscopy. The method is sensitive to detect
low levels of basal expression and the effects
of exogenously added substances could be
demonstrated onsingle cell level. This method
will provide a new technique to study the modula-
tion of CAM expression on different cell types.
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The gill is considered as one of the most im-
portant osmoregulatory organs in teleostean fish.
There are four pairs of gill arches. Each of the
arches has two rows of filaments and leaf-like lamel-
lae protrudes along both side of each filament.
The epithelium of gill filaments has at least four
morphologically different cell types, each with dif-
ferent functions : the pavement cells; the mitochon-
dria-rich (MR) cells; the mucus cells and the undif-
ferentiated cells Mitochondria-rich cells are
responsibile forionic exchanges required for teleosts
(Pisam and Rambourg 1991).

Ultrastructural features of gill mitochondria-
rich (MR) cells in euryhaline tilapia, Oreochromis
mossambicus, were studied with scanning and
transmission electron microscopy. MR cells distrib-
ute mostly on the filamental epithelium and very
rarely on the lamellar epithelium. SEM studies
presented three types of apical surfaces of the
MR cells — wavy convex, shallow basin and
deep hole — on the afferent side of gill filaments
(Fig. 1). TEM observations revealed that all three
types of MR cells were characterized in the cyto-
plasm with numerous mitochondria and the laby-
rinth-like tubular system. However, other characteris-
tics like leaky junctions and intercellular digitations
only occurred between deep holes but not be-
tween wavy convexes and shallow basins. Experi-
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ments on the adaptation to various milieux proved
that the size and density of MR cells altered
abruptly within 24 hours following transfer.
Hence various types of MR cells were correlated
to diverse ion changes in the environments.

Na, K-ATPase, the membrane-bound enzyme
responsible for the energy dependent exchange
of cytoplasmic Na* for extracellular K* in most
animal cells, plays a critical role in salt secretion
of euryhaline teleost. Immunocytochemical studies
with a monoclonal antibody demonstrated that
the gold particles representing Na, K-ATPase a-
subunit were distributed along the membrane-
formed tubules in the gill MR cells, but not in other
epithelial ceils. Na, K-ATPase has also been found
to localize in different types of MR cells (Fig. 2).

To sum up, (1) changes in shape and amount
of mitochondria-rich cells in gills of euryhaline tilapia
with different environmental ions implies the cor-
relations between distinct MR cell types and ions;
(2) alteration of MR cells occurred within 24 hours
after transfer of the fish to different milieux and (3)
exhibition of Na,K-ATPase in the cytoplasm of all
types of MR cells indicate that branchial MR cells
of euryhaline teleost may transform interchange-
ably within a short period of time to ensure the
survival of the fish.
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Fig. 2. TEM pictures show immunocytochemical localization of
Na, K-ATPase (presented as gold particles) in the cyto-
plasm of three types of gill MR cells. a-wavy convex; b-
shallow basin; c-deep hole. Arrows, apical surface of MR
cells; M, mitochondria; N, nucieus; PC, pavement cells; UC,
undifferentiated cells.

Fig. 1. SEM pictures show three types of apical surfaces (arrows)
of mitochondria-rich (MR) cells on gill epithelium of euryha-
line teleost, Oreochromis mossambicus. a-wavy convex; b-
shallow basin; c-deep hole. PC, pavement cells.
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Structure Defining Functions of Cell Membrane Morphologies with Cubic

Symmetry

Tomas Landh

Departments of Biophysical Sciences and Biomaterials, State University of New York at Buffalo, Buffalo, NY 14214, USA

Cell membranes, particularly the smooth endo-
plasmic reticulum (SER), have long been recog-
nized to form highly interconnected and convoluted
morphologies. The true 3-D structure is, however,
yet to be fully understood, and most models
describe the SER as an irregular arrangement
of tubules. In addition to this traditional mode! of
the SER there are numerous reports dealing
with various, hitherto puzzling, membrane mor-
phologies such as the “paracrystalline”, “undulating”,
“honeycomb”, “cotte de maile” to mention a few
forms of the SER, as well as of other cell membranes.
These 3-D membrane morphologies were recently
shown to represent the same basic morphology
and to be exactly described by the so called
periodic cubic structures (PCS) (Landh, in press)
well known to mathematicians and phycisists in
the form of periodic minimal and/or nodal surfaces
(Nitche 1990, Dierkes et al. 1992, Schnering and
Nesper 1991, Andersson et al. 1995). These mem-
branes were hence named Cubic Membranes
(CM), of which, to date, three fundamental forms
have been identified (Fig. 1). These intricate con-
tinuously folded membranes are, among other
things, optimal space partitioners in which
capacity they divide space into at least two
physically distinct but highly intertwinned supspaces.
Thus CM’s in a closed form are in keeping with
the well known barrier function of cell membranes.
Most intriguingly, CM’s occur in conjunction
with numerous cell types, from all kingdoms, and
in virtually any cellular membrane, including the
SER, inner nuclear membrane (INE), plasma
membranes, inner mitochondrial membrane, and
Golgi apparatus (Landh, in press). Altogether we
have to date cataloged some one thousand
published and unpublished transmission TEM elec-
tron microscopy micrographs of both normal and
pathological tissues in which CM’s can be identified
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(representative examples are tabulated in ref 1.)

In projection, like those produced in TEM ex-
periments, the patterns of which profiles of CM’s
often show, due both to their symmetry and the
fact that they are necessarily continuous mem-
branes, an extraordinary complexity. While this

Fig. 1. The three fundamental cubic membranes represented
as periodic nodal surfaces with zero potential (a-c). One
unit cell is shown. The surfaces describes the mid-mem-
brane surface (see Deng and Landh elsewhere in this
volume). (a) The G-PCS with spacegroup 14 132. Since
each side of the membrane must be, at least, chemically
different the space group of the CM'’s is that of the sub-
group of type 2 as compared to the congruent case. Thus
the structure of the CM’s are conventiently represented
by differently colored sides of the membrane. (b) The D-
PCS with spacegroup Fd3m. (¢) The P-PCS with spacegroup
Pm3m. (d) Example of a periodic equipotential (nonzero)
P-surface in which the subspace volume relation is ap-
proximateiy 1:3.
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has, on the one hand, made the them perplexing
and puzzling to researchers for 35 years, it is, on
the other, what makes them uniquely identifiable.
This can, however, on the basis of information
theory, only be realized once we know what we
are looking at. CM’s thus seems to stand alone
since it is the only conserved 3-D continuous
cell membrane morphology that can be close to
exactly determined and usually easily recognized.
Through the knowledge of the base-structure; i.e.,
its crystallography and the subspace volume
relation {potential); of these PCS’s we have estab-
lished a “library” of computer generated pro-
jections simulating the appearence of CM’s in
TEM micrographs. These computer generated
theoretical projections are then matched to ex-
perimental projections through a direct template-
correlative method (Landh in press, Mieczkowski
and Landh in prss). With this method, examplified
in Figures 2-4, the three fundamental families
of PCS’s have been identified: the gyroid (G) of
Schoen (Schoen 1990) (Figs. 1a and 2), Schwarz’
double diamond (D) (Figs. 1b and 3) and primitive (P)
(Figs. 1cand4) surfaces (Schwarz 1890). In addition,

Fig. 2. Example of a G-based CM identified in cultured skeletal
muscle cells of thick embryos in which the t-tubule invagi-
nate to form the G-GM. Two areas is matched correponding
to projections of a G-PCS along the [320] (upper} and
[331] directions with close to zero potential (minimal
surface area)} and with a sample thickness af about half a
unit cell. The unit cell size is approximately 100 nm. The
insets shows projections generated from 5 unit cells. Bar,
200 nm, Adopted from reference 1 and 7 (Whitford &
Landh).

we have from biology learned about a new type
of PCS’s form. Namely their multicon-tinuous
forms which are based on multiple parallel mem-
branes in which each membrane is described
by a PCS with a particular potential. Thus these
morphologies separate space into n+1 spaces,
where n is the number of membranes in the
structure. The multicontinuous surfaces seem to
be as widespread in nature as the single PCS’s,
and all three of the fundamental PCS’s above
have been found to form them (see Fig. 4 for an
example).

The formation of CM’s is believed to take place
through a intersection-free membrane folding
process schematically shown in Fig. 5 (Landh,
in press). However, the driving force for this is
currently unknown, as is the topology of the initial
and final states of the membrane(s). Several
additional intriguing questions such as: What
governes the selection of a particular CM type?
Why are these more than two spaces in conjunc-

Fig. 3. Example of a D-based CM of the PLB in etiolated leaves
of squash. The TEM projection corre[ond to the pro-
jected electron density of the D-PCS along the [110]
direction. The computer generated projection is matched
to the micrograph before (upper right) and after contrast
adjustment and introduction of random noice (mid-right).
The power spectrum (calculated on the boxed area in
the micrograph (upper left) of the TEM (lower left0 and
that of the computer computer generated projection
(lower center) conrrespond very well as is seen in their
cross-correlation (fower right). The specimen thickness
is approximately a quarter of a unit cell. The PLB D-PCS
has a constant potential corresponding to a subspace
volume relation of about 1:4. Bar, 100 nm. Adopted
after reference 3.



Focus on Microscopy '95 243

Fig. 4.Example of a P-based multimembranous CM identified
in cholorplasts of the green algae Zygnema. This com-
plex projected membrane pattern corrspond to the the
projection of ten individual membranes, hence the large
thickness. Its symmetry and pattern can, however, be sim-
ulated by a single PCS. The projection can be identified
as the [751] projection of P-PCS as is shown in the
matched areas in the lower micrograph (note that there
are several areas matched), and the specimen thickness
correspond to approximately a quarter of a unit cell which
is about 300 nm. The power spectrum (upper) calculated
on the boxed area of the micrograph correspond well to
the theoretical (lower). The computer generated pro-
jection inset shows 12 unit cells. Bar, 150 nm. Adopted
after reference 1.

tion with the multicontinuous CM’s, particularly in
the ER and mitochondria? How are these physically
distinct spaces formed and maintained? etc. are
currently being considered/investigated.

The identification of a crystallographically de-
fined 3-D membrane morphology allows for the
application of structure-functional relationships.
In particular, we have identified several types of

Fig. 5. Schematics of the membrane folding process. (a) The
first stages of the development of a cuic membrane
with global spherical topology, but with a local topology
defined by the specific cubic structure. To the right is
shown a tentative model for the continuous cubic-to-
cubic (G-to D-PCS) membrane transformation which also
is intersection-free. (b) A G-CM which is continuous with
two pores. It is thus topologically identical to the torus
assuming that its ends are spherically connected. Note
that the ends of the gyroid cubic membrane has intention-
ally been kept open to the interior of the cell, linking the
outside with the inside, to show the large number of pores
created relative to the number of unit cells. Adopted after
reference 1.

CM's which are structurally invariant with respect
to specie. An example is the prolamellar body
(PLB) formed during development or in etiolated
states of chloroplast membranes in the leaves
of higher plants. lts structure belongs to one
of the most studied 3-D membrane morphologies
and it has been suggested to exhibit various
cubic symmetries by several contributors (Gun-
ning and Seer 1975, Wehrmeyer 1965, Murakami
et al 1985, Larsson 1980, Lindstedt and lijenberg
1990). We have recently shown that the PLB
is invariantly described by a D-PCS with a rather
constant potential (subspace volume relation)
and lattice size (Mieczkowski and Landh). This
lead to the suggestion that this particular structure
might be selected to fulfill a specific purpose based
on the physical properties of the structure and
its crystallographic space group. In late 1992 |
became aware of the striking similarity between
the structure of the PLB and certain experim-
entally produced dielectrics with cubic symmetry
which acts as wave blockers through the existence
of band gaps. Thus it was suggested (see e.g.
Science News 145, 266-268, 1994) that the D-PCS-
based morphology of the PLB was selected due to
its efficiency in “capturing” certain photons with
the wavelength necessary for the conversion of
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protochlorophyll to chlorophyll. Even though this
theory remains to be ex-perimentally proven, it
introduces the concept of crystallographically
determined structure-functional aspects of cell
membranes which is a hew functional attribute of
cell membranes. Similar concepts are currently
being explored/applied to several other membrane
systems in our laboratory (Landh and Whitford,
Landh and Deng ).
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Using Search Algorithms for Automating Alignment of Radiographs for

Subtraction Radiography

Chandima Edirisinghe?, Jagath Samarabandu?, Kristin M Allen', Ernest Hausmann' and Raj Acharya?®
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Subtractions of serial radiographic images of
unchanged structures should in theory be uniformly
grey. In practice, one observes in such subtractions
varying sized and shaped aggregates of pixels
which are lighter or darker than the remainder of
the pixels in the subtraction image. Such ag-
gregates are called structured noise and could be
misinterpreted to represent anatomical change. The
appearance of structured noise in a subtraction
image may occur when there is lack of cor-
respondence between the two images for a single
or combination of reasons: non- uniformity in film
processing producing differences in film contrast ;
variation in film position and/or discrepancy in pro-
jection geometry of x-ray beam to anatomical struc-
tures of interest; misalignment of radiographic
images wheng enerating the subtraction image; or
different “best-appearing”alignments of images
with discrepant geometry.

Even though the best presently available te-
chniques for obtaining standardized radiographs
for subtraction are utilized, there may still be pairs
of radiographs with significant geometric discrep-
ancy. This results in a problem more difficult
to correct and/or manage. For such images there is
no perfect alignment. Utilization of different re-
ference areas for alignment, local or global could
result in different alignments and consequent dif-
ferences in the quality and/or quantity of structured
noise. Even theuse of the same manual alignment
procedure used repeatedly by the same aligner
may produce different alignments on repeated at-
tempts. An automated alignment procedure would
enable one to achieve a reproducible alignment for
pairs of radiographs with imperfect geometry.

Radiographs which served as the basis for
digital subtraction images were taken at 32 alveolar
crestal sites on 16 dried human skulls. The radio-
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graphs used represented an anterior and posterior
mix of maxillary and mandibular crestal sites with
1/4 inch or 1 inch thickness of simulated soft
tissue covering the range of cheek thickness
anticipated in a group of adult subjects. A pair of x-
rays was taken at each designated site. The angle
difference between the pairs was experimentally
controlled to be 2 degrees in the vertical direction.
The x-rays were taken by placing a skull in a holding
device, which is fixed to a sleeve in which the x-ray
collimator fits. The 2 degree vertical angle discrep-
ancy of the x-ray beam between two radiographs
was obtained by moving the skull in the holding
device relative to the fixed x-ray collimator in a
vertical direction. The film was maintained at right-
angles to the beam. This produces changes similar
to those observed in clinical serial radiographs.

Subtraction images were obtained from 32
pairs of radiographs. Two sets of subtraction
images were created. For one set, the pairs were
manually aligned and for the other set, the pairs
were automatically aligned utilizing the algorithm
presented in this paper. Alignment was done
using a locally defined procedure. A window was
outlined with a cursor just apical to the crestal area
of interest on the subtraction image. This window
includes the subcrestal alveolar bone and the
interface between the tooth root and the bone. For
a given pair of radiographic images, the same win-
dow was used to achieve the desired alignment
for manual and automatic alignment method.
For the purpose of manual alignment, the aim was to
minimize the range of gray levels in the window
by subjective assessment.

The algorithm used in this study addressed
the problem of fine alignment.The task of the auto-
mated alignment procedure was to shift (both verti-
cally and horizontally) and rotate one of the images
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so that the anatomical structures within the
window of interest are aligned as well as possible
with those of the other image. The amount of shift
was limited to a translation of + 20 pixels and a
rotation of + 5 degrees, made in 0.2 degree incre-
ments. The criterion for evaluating the quality of
the match was the edges of difference (EOD),
which is determined as the best method after evalu-
ating several other methods. The position which
produced the minimum edges of differences was
considered the best alignment.

To evaluate the best alignment position we
needed to search all the possible18,491 (41 vertical
translations x 41 horizontal translations x 11 rota-
tional translations) image positions which takes
about 15 hrs. when we used a sun4/160 work station.
Rather than exhaustively search all pos-
sible image positions, the algorithm proceeded
in 2 stages. The coarse alignment was done on 1/4
scale images, searching+ 5 pixels and + 5 degrees
at 1 degree increments requiring 1331 (11x11x11)
evaluations. Fine alignment was thencarried out
in a search space of pm 5 pixels and* 1 degree at
0.2 degree increments. This required another 1331
(11x11x11) evaluations, giving an effective rate of
2662 evaluations per image pair which consumes
only 3 hrs.of calculation time.

In this case we have used the downhill simplex
method. After giving three randomly selected shift
positions, this method automatically converges the
results to a minimum value point. In this particular
situation we could not use the simplex method
directly because of the possibility of converging
to a local maxima instead of the true solution. Once
a solution is achieved,another starting point was
randomly selected (which is* 1 pixel and + 1 degree
shifted from the solution) and the process
is repeated until we achieve the same results three
times in a row. This method gives the results in
less than 45 minutes and has the same accuracy
as the method 1.

For 24 observers the preference for automated
alignment ranged from 19% to 91% of 32 observa-
tions. For the 32 subtraction pairs the preference for
automated alignment ranged from 12% to 87% of 24
observations. The mean percentage of preference
for the automatically aligned images for 24% observ-
ers was 49% with a standard error of 4%. Within 95%
confidence limits it was calculated that the true
mean must lie somewhere between 41% and 57%.

The results of this study indicate that automated

alignment of pairs of radiographs produces sub-
tractions which are indistinguishable in quality
from subtractions aligned manually by an experi-
enced aligner. In developing the algorithm for auto-
mated alignment, care was taken that the criteria
used for establishing a window appropriate for
testing the quality of alignment were the same for
both alignment techniques. It should be noted that
no claim is made that the algorithm corrects for the
angle discrepancy between the pairs of images, but
rather that it merely seeks to find the best possible
alignment for a specific inter-proximal bone
site.Furthermore, since at low resolution, the proce-
dure is using the root edge as the primary feature, it
did not miss the global minimum at high resolution
with the given search space. Figure 3 shows the
performance of the matching criteria for a typical
radiograph.

This automated alignment procedure represents
one step towards our present goal to completely
automate this procedure. Two further steps must
be automated: 1) placing completely unaligned
images into approximatealignment 2) defining an
alignment window for the procedure implemented
in this study. This would permit identical alignment
for any pair of images in different laboratories.
Such uniformity of technique would allow for more
effective comparison of resuits of digital subtrac-
tions performed in different laboratories.
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The Microscopist Facing Uncertainty
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With tight budgets and political uncertainty
world wide, microscopists indeed face uncertainty,
which is worthy of our concern. However, it is the
uncertainty principle of physics which is the primary
concern here.

In the early days of electron microscopy, it
was believed that the ultimate resolution capability
would be useless once we could reach a resolution
some what less than the cross section of a single
atom, since the outer electrons would reveal no
detail and the nucleus is so much smaller than the
outer electron orbits, that even full theoretical re-
solution by electron waves could not hope to resolve
the nucleus. Your author did not accept this view
and talked privately with his colleagues concerning
it. There was always the tantalizing wonder of whether
we could at least see the electron’s average pos-
itions in the so called “orbits” similar to the hydrogen
orbitals as calculated using the Schroedinger Equa-
tion.

With our improved resolution and computing
power today we now look at the electron microscope
image at highest resolution, not as a true likeness
of the subject but as a wave pattern from which
we can hope to calculate the true image within the
limits of the uncertainty principle. Also with better
understanding of the uncertainty principle, we
realize that by sacrificing the certainty about other
dimensions, we can greatly enhance the measure-
ment in one dimension. Furthermore Scanning
Probe Microscopy has been able to sense the
electric fields of orbitals in shared bonds. We have
only seen the beginning of the fruitful results which
will be gained by this combined use of improved
microscope and computer. Possibly those actively
engaged in this field should try to project what the
next steps to improve these techniques will be.

For my part | wish to propose a new approach,
which to my knowledge has not yet been proposed,
or perhaps, not even conceived by any one else. It
concerns how Electron Microscopy may be a help
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in studying the basic laws of physics but in a
less direct manner than currently employed. Micro-
scopes have helped physics in the past. Contrast
the discovery of Brownian movement which was
direct observation, with the indirect method in the
oil drop experiment to determine the charge on the
electron.

fn objective study we must constantly avoid the
human tendency to judge time and space by our
own size and speed of sensory comprehension
and our human reluctance to work outside the con-
fines of our own laboratory space. As we know,
progress in science is usually initiated by experi-
ments which are in conflict with our theories,
while understanding has almost always come from
indirect measurements; long before we have the
experimental capability to do the direct measure-
ments required. What | am proposing is that we
use the Electron Microscope’s image field as a
new vantage point for launching indirect measure-
ments of the interactions of fundamental particles.
This is the next logical extension in freeing our-
selves from the confines of our environment since
we have already created a new vantage point in
astronomy by sending probes and telescopes into
Outer-Space, beyond earth’s atmospheric confines
for studies of fundamental physics. With the Electron
Microscope we can do more than just interpret
observations, we should be able to establish a van-
tage point for indirect measurements in Micro-
Space below the resolution limit of the microscope
where the region of nuclear patticles is found.

It is my hope that a dialogue can be started
among microscopists, especially those who are also
physicists, for the possibility of such experiments. Let
me offer some opening suggestions of techniques
available for such measurements. Annihilations
can be used as the driving force for these experi-
ments. Annihilations can be made to occur in
large numbers, in a controllable, smail area; as is
now done experimentally for cancer treatment
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with anti-protons. Can we reduce and control this
area well enough to get a high probability of annihila-
tions occurring in the field of view of the electron
microscope; probably so. Furthermore those neutri-
nos which are thought to carry charge, are also
believed to be very plentiful in free space. Do they
effect an electron wave pattern? Can Holographic
Electron Microscopy detect such interaction? Also,
as we go to press we are told of apparent success
in detection of the Top Quark in free space(1). These
quarks are thought to have a dumbbell shape and
if separated to immediately recombine with other
released Quarks or with other nuclear particles. Here
the “Nuclear Glue” force appears to be exhibiting
itself on atomic dimensions. Because of the Top
Quark’s short half iife in free space, it is very rare to
find one in experiments on a scale of meters, as
need be employed in the high energy machines. Is it
not possible, that we may be able to provoke a
constant supply of free quarks atnearnuclear dimen-
sions and are they not likely to have disturbing effects
on the atoms and electrons we observe in the elec-
tron microscope? An interesting suggestion that
quarks hold protons and neutrons together by

acting like shared bonds, which we find at the mo-
lecular level, was expressed in an interview with
John Domingo to a science editor recently(2). This
report is a good summary for the non-physicists
which explains why it would be advantageous to
be able to observe events in the region close to the
nucleus because the particles found by high
energy experiments, appear to show their complete
characteristics only in association with the nuclear
environment. In the past | initiated a call for us to
use the power of Electron Microscopy to explore
“Micro-Space” as the space to hold our growing
information files, today | ask you to consider the
possibility of using the power of the Electron
Microscope to establish a laboratory in the vicinity
of the nucleus.
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Can X-ray Photometry Be Applied to 3-D images?

Sterling P. Newberry
11 S., Westcott Road Schenectady, NY 12306, USA

STATEMENTS OF PROBLEMS

X-Ray Microscopes which do not use the bril-
liance of the synchrotron are deficient by comparison
to those which do use synchrotron x-rays on two
counts. They have far less intensity in the very soft
region and they cannot have continuously variable,
monoenergetic illumination which is so helpful in
chemical identification. However, they have two
important advantages over synchrotron illuminated
microscopes. They are small enough to be fitted into
an ordinary laboratory space and they are far less
expensive. Since these smaller microscopes pro-
duce very usefulimages for a large range of subjects,
and can be made available to a wider user group, it
behooves us to look for ways to enhance their perfor-
mance in these two areas. In this paper we shall
narrow the scope of the paper to the Shadow Projec-
tion type of microscope, which is still the most attrac-
tive of the laboratory source illuminated instruments.

BACKGROUND EXPERIENCE

Our experience has shown that thickness sensi-
tivity has not been a problem due to the use of 5 kV
and higher beam energy. Thin organic films, smoke
from oil fires, charcoal, and plastic foams are easily
imaged. Difficulty arises in getting image contrastin
very uniform mixtures of organic materials. Com-
puter enhancement has been of considerable help
here. What is most troublesome is the inability to
distinguish between materials of very nearly the same
atomic weight. Past work on this latter problem has
concentrated on the use of two line sources on either
side of a prominent absorption edge to identify a
component. While this has had some application in
micro-radiography where one may easily select line
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radiation from white radiation by Bragg reflections itis
less convenient for projection images. It also suffers
from lack of generality.

SUGGESTION TO EMPLOY X-RAY
PHOTOMETRY

Another attractive approach would be to use x-
ray photometry since the absorption characteristics
of all the elements are cataloged and the absorption
of compounds can be calculated or measured in pure
samples. Photometry has long been used forsamples
such as thin sections in which the material is the
same, in a given area, through out the thickness of the
sample. It has not been used with thicker samples if
the materialvariedin the Zdirection. With tomography,
the absorption of individual voxels can be measured
and thus in principle photometry can be applied to
determine the composition of small regions evenifthe
sample is not homogenous in the Z direction. Using
the same principles, can the voxe! absorption be
determined in the much more convenient 3-D dis-
play?

In visual examination of 3-D displays one can
easily see a small region of different density even
though it lies in a plane between regions of yet other
densities. We generally record 3-D images with
photographic material which complicates photometry
but does not preclude it. With CCD or other electronic
image detectors now available the photographic
material need not be used. Areal mapping tech-
niques can identify planes of constant Z value and
thus identify conjugate voxels in the two stereo
views. The basic question is whether two views are
adequate for calculating the x-ray density of a voxel.
With the larger number of views in tomography it is
reasonable to assume that the path overall density
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variations average out. Visually the 3-D views appear
to do the same. The question remains, however, that
the human brain, which is such an efficienttomographic
computer, may be deceiving us with respect to the
absolute value of the voxels. As we know the human
visual system is a sensitive ratio detector but tends to
ignore the back ground level. |shall argue that for 3-
D views in which the small details have good contrast,
a measurement of the photons in an x-ray pencil
corresponding to one voxel’'s back projected area,
compared with the average of back projected voxels
which surround the border of the small detail, will give
the true absorption of that small detail. Furthermore,
that the quality of a given small detail for analysis can
be selected automatically so that only the better
voxels are included in an analysis.

SUGGESTION FOR CHEMICAL CONTRAST
ENHANCEMENT

There is still the question of whether we can hope

to distinguish chemically different materials which
appear to have equal absorbing power in an image.
Thatis can we find a general way to accomplish what
the two exposures which straddle the critical absorp-
tion edge have done in a few favored cases. For this
final problem | shall propose a method which can be
used in conjunction with the determination of voxel
density by 3-D analysis. The idea isto compare three
sets of pictures taken by three different narrow band
exposures. Here we can expect that since the ab-
sorption coefficients vary so rapidly with wave length,
that in those cases where the compounds to be
expected are known, one can distinguish between
closely related compounds. As a matter of experi-
ence we have found that the likely components in a
sample are generally known. Anunexpected compo-
nent becomes obvious by comparison, and once
identified in space, can be studied by other analytical
methods.

1. The author is grateful to Professor P.C. Cheng for

useful discussions concerning these problems.
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What Happened to Marton's Dream of a Field Emission X-ray Microscope?

Sterling P. Newberry
CBI Labs, 11 S. Westcott Road Schenectady, NY 12306, USA

INTRODUCTION

In 1951 at a symposium on Electron Physics, L.
Marton gave a very enthusiastic appeal for the devel-
opment of a Shadow Projection x-Ray Microscope
employing a field emission electron source. At that
time he was envisioning exposure times so short as
to permit full speed x-ray microscopic movies in a
resolution beyond the optical microscope. Two and
one half years later, when the proceedings finally
appeared, Marton was less optimistic (Electron
Physics 1954). His written paper addressed the
many problems and his predictions were con-
siderably lowered. However, he never lost hope
that the much higher brightness of the field emitter
would eventually be made available for x-Ray
Microscopy. Marton passed away about ten years
ago without his dream being realized.

Today, despite the many improvements in field
emission, few workers are looking to it for x-ray
microscopy. The purpose of this paper is to examine
its possible role for x-ray microscopy.

THE FAMILY OF X-RAY MICROSCOPES

Already we see a proliferation of models of the
x-Ray Microscope and can expect more with matu-
rity of our field. In attempting to classify and com-
pare the known possible approaches to x-ray
microscopy, we find the source of x-ray illumination
to be the most distinguishing feature. The fol-
lowing sources have been used: thermionic electron
impingement, Synchrotron radiation, variously ex-
cited plasma, and true x-ray lasers.

The opportunity to use field emission would most
likely be as a replacement for thermionic electron
sources in direct production of x-rays. The joint abili-
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ties to pulse field emission and to employ multiple
sources in parallel may provide high total currents
which could possibly make field emission useful in
plasma generation. Electronimpingementand plasma
have a very important advantage for work with higher
energy x-rays over the powerful synchrotron based
microscopes, in that they can be used in an ordinary
laboratory space at much less cost. Their disadvan-
tage lies in their low intensity in the water window and
their lack of a general monochromator for chemical
identification. Some possible ways to overcome
these disadvantages are discussed by the author in
another paper at this conference, i.e. “Can x-ray
photometry be applied to 3-D Images?”.

SCOPE OF THIS PAPER

In this paper we shall limit our discussion to ways
in which field emission might produce a smaller, more
productive, direct electron impact, type microscope
based on the classical Shadow Projection principle.
This choice does not imply that larger direct impact
type microscopes based on a scanning electron mi-
croscope structure with ultra thin targets have no
place in the family of x-Ray Microscopes, but rather
that field emission is less attractive than the more
robust lanthanum hexaboride cathodes for these
instruments.

The approach which | favor, should employ the
recently developed atomic sized tip which Scheinfein
et al have shown to indeed have two orders of
magnitude more brightness than the larger tip
sources (Scheinfein et al. 1993) and Spence et al
have applied to electron shadow imaging (Spence
et al. 1993). These tips require very low extraction
voltages and thus can be made immune to ion
destruction evenina 10° Torr surrounding. Because
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of their small physical size it is possible to consider
a table top configuration. Furthermore a sealed
envelope with built in holding pump is practical in
the 10 kV range (Newberry 1993) which eliminates
a bulky and expensive demountable pumping
system. A suggested layout for such a system
will be discussed. It will be appropriate for opaque
samples in the thickness range of confocal micros-
copy. Sealed sources for more penetrating radia-
tion would be better served by dispenser cathodes.
Thus at least two versions of the sealed Shadow
Projection x-Ray Microscope can be expected
along with the SEM demountable vacuum version.

The author is grateful to Professor John Spence,
of Arizona State University, for discussions of the
current status of Low-Voltage Projection Microscopy
studies.
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NORAN Odyssey XL/Super Video Rate Confocal System

Bruce E. Batten

Noran Instruments, Inc., 2551 West Beltline Hwy, Middleton, Wi 53562, USA

In late 1993 NORAN introduced a new version
of the Odysey, called the Odyssey XL which added
variable rate scan control features and fast digital
image processing hardware. While the Odyssey XL
is based on the same optical layout used in the
Odyssey, the XL's new Dynamic Scan Control
hardware was added to provide greater control over
the Odyssey's point scanning mechanism as
incroporate important video rate image proces-
sing features like background subtraction and
averaging. Image scan rates, resolution, and pixel
dwell time can be controlled to tailor the Odyssey
XL's image capture and preprocessing facilities
for later acquisition and analysis one the host com-
puter scan parameter options available with the Od-
yssey XL.

The pixel dwell time is defined as the period of
time during which excitation and detection occur
for each point scanned in the active scan area
(Odyssey field of view). The Odyssey XL pixel dwell
time can vary from 100 nanoseconds up to 6.4
microseconds whereas the original Odyssey has a
fixed pixel dwell time of 100 nanoseconds. ADC

sample rates are adjusted according to the pixel
dwell time. For slower dwell time (greater than 800
nanoseconds) the PMT signal is directed to an inte-
grator stage prior to the ADC to accumulate over
the entire dwell time; ie. lossless data acquisition.

In the Odyssey the analog signal generated by
the PMTs is fed immediately to an output stage
where it is translated into a RS-170 compatible
video signal for output to a framegrabber in a host
computer or to a video monitor for direct viewing.
The Odyssey XL operated differently in that it
digitized the PMT signal and can optionally perform
arithmetic functions directly on the image data at
video rates prior to sending the image to an output
stage. The Odyssey XL video output stage includes
both a CCIR 601 compatible digital video output
and a RS-170 analog video output. The Dynamic
Scan Control hardware embeds control information
into each video frame that describes key scanning
parameters and data organization. Acquisition
software executed on the host computer interprets
this control information and then as a results
decides how to process, display, and store the ac-

Table 1.

Image Size Frame Rate Scan Time PerImage  Pixel Dwell Time
320x120 240 4.1 milliseconds 100 nanoseconds
320x240 120 8.3 milliseconds 100 nanoseconds
320x240 30 33.3 milliseconds 400 nanoseconds
640x480 30 33.3 milliseconds 100 nanoseconds
640x480 15 66.7 milliseconds 200 nanoseconds
640x480 7.5 133.3 milliseconds 400 nanoseconds
640x480 3.7 266.7 milliseconds 800 nanoseconds
640x480 1.8 533.3 milliseconds 1600 nanoseconds
1280x960 1 1.0 seconds 800 nanoseconds
1280x960 0.5 2.1 seconds 1600 nanoseconds
1280x960 0.2 4.3 seconds 3200 nanoseconds
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quired data.

The Dynamic Scan Control hardware is based
on a dual TMS34020 graphics system processor
(GSP) architectur which also includes a separate
fast arithmetic logic unit (ALU). Acquisition memory
is 512x512x16 bits deep and is used to store data
digitized by 10 MHz 8-bit ADC. The ALU can do
background subtraction, accumulation (summing),
and averaging operations on data in the acquisition
memory at video rate. Results from an ALU opera-
tion are stored in display memory at video rate.
Results from an ALU operation are stored in display
memory atvideo rate. Results froman ALU operation
are stored in display where it is staged for eventual
output in either digital or analog video formats.

The display memory is controlled by a dedicated
TMS34020 GSP which enables the Dynamic Scan

Control hardware to decouple acquisition timing
requirements from display and RS-170 video syn-
chronization requirements. Thus even ifthe Odyssey
XL is scanning at the slowest possible rate it is still
maintaining an RS-170 compatible video output.

References (e.g. background) images can be
captured and stored locally for subsequent ALU op-
erations. Like acquisition memory, data stored in
the background memory can be transferred to the
display memory for output. This makes it possible
for the Odyssey XL operator to switch between dif-
ferent displayed (output) images interactively.

This pressention will focus on how this new
hardware can be utilized for diverse biological appli-
cations. Further the issue of dwell time and photo
damage will also be addressed.



Abe M 13
Abe S 121
Acharya R 245
Agard DA 139
Aguilar JF 128
Ali AA 125
Allaway B 5
Allen KM 245
Anderson E 217
Ando M 222
Ansari T 109
Antunes SMG 180
Aoki S 217
Ari T 17
Arnison MR 146
Aten JA 19
Attwood D 217
Avinash GB 184
Baker LP 125
Baker TS 130
Batten BE 253
Baumann G 237
Benedetti PA 186
Berezney R 29, 33, 50
Berggren P 191
Bertin E 7
Bracker CE 154
BradlJ 178
Brakenhoff GJ 99, 101
Braun M 237
Buchholtz LA 33
Carlsson K 56, 89
Chang BY 142
Chang L 11
Chao CF 134
Chao Cl 71
Chen CC 142, 212
Chen CS 197
Chen FR 11
Chen HM 209
Chen JK 148
Chen JP 25
ChenlLS 25
Chen MH 157
Chen PJ 41
Chen SA 71
Chen SC 25, 27
Chen YR 212
Cheng PC 29, 33, 47,
159
Cheng RH 50, 130

Index to Authors

Cheng vV 148
Chiba H 207
Chiuw 119
Chuang KR 71
Cogswell CJ 146
Coutsomitros CT 123
Cox G 5,53, 84
CremerC 7, 67,178
CremerT 7
Daggett DF 125
Deng KL 44
DengY 175
Dietzel S 7

Ding Z 229, 232
Dolbnya IP 103, 105
Draaijer A 173
Duncker HR 89
DurmM 178
Edirisinghe C 245
EilsR 178

ElisR 7

Erbe EF 79

Erik M 19
Evangelista V 186
Fan Z 229, 232
Fang JS 23

Fann W 23, 41, 71, 209
Fatemi H 91

Felix SB 237
Fitzgerald EA 204
Fredholm BB 191
Fujishita M 35
Fukui K 35, 195
Furuno T 38
Gerritsen HC 173
Ghauharali Rl 99
Groneberg H 225
GuM 76, 96
GuidariniD 186
Guo YW 134
Guttmann P 214
Hamilton SL 119
Han KF 139
Hanninen PE 70
Hausmann E 245
Hausmann M 178
Hebert H 61

Heel MV 119

Hell SW 70
Hinde R 53
Hiraoka W 207

Ho PL 150
Hoebe R 19
Horikawa Y 217
Hsieh BR 71
Hsu JWP 204
Hsu JH 209
Hsu KT 197
HsuT 211
Huang BQ 162
Huang FL 239
Hui SW 73
Hwang HM 150
Hwang PP 239
ImhoffJ 7
James J 5

Jan GJ 197
Jong YC 209
Juskaitis R 136
Kagoshima Y 222
Kao CH 148
Kao HI 150
Kawasaki K 217
Kawata S 64
KemD 217
KiharaH 217
Klinik M 237
Kéhler M 191
Koga T 195
Kriete A 87, 89
Kuhn RJ 130
Kuo JS 148
Landh T 175
Larkin KG 81, 146
Larsson O 191
Lee CH 44
Lee TH 239
Lee YP 150
LehrJ 137
Levine YK 173
Liy 109

Liao KK 157
Lijeborc A 189
Lin BL 144

Lin HC 239

Lin LP 220

Lin NS 142
Lindek S 67
Liou WS 47
Liou GG 142
Liu CB 220

Liu PW 25

Liu YC 106
Liu HW 134
Levhaugen O 230
LuCH 44
Lu KS 239
Luthman H 191
MaH 29, 50
Manders EMM 19, 189
Marko M 89
Mendez ER 128
Meng C 29
Mitsui T 207
Miyahara T 222
Mochimarru S 217
Moers MHP 21
Morgenstern R 61
Muller M 99, 101
Minkel C 7
Nagata H 217
Nakanishi M 38
Nakayama S 195
Newberry SP 197, 247,
251
Nishiguchi M 35
Norgoren S 191
Nomiya A 35
Olson NH 130
Ono D 227
Orlova EV 119
PahalN 109
Pan CS 197
Pan KT 47,197
Patwardhan A 189
Pawley JB 117
Peng HB 125
Pietsch P 237
Quartel JC 93
Reimer J 227
Ried T 7
Rinke B 178
Rosin A 167
Rudolph D 214
Ruiter AGT 21
Russell SD 162
Salih A 5,53
Salmon NJ 165
Samarabandu J 29, 33,
50, 245
Sanders R 173
Saracoglu K 7
Schmahl G 214



Schmidt-Krey | 61
Schneider B 178
Schneider G 214
Schrader M 70
Schréck E 7
Schwebel T 89
Sedat JW 139
Serysheval 119
Shatalin S 136
Shen P 132
Sheppard CJR 76, 84,
91, 93, 96
Sheridan JT 121, 123
Sheridan WF 62
Sherman MB 119
Shimanuki Y 217
Shimizu S 217
Sibbons P 109
Silverman PJ 204
Smith TJ 130
Soini E 70
Song L 111

Spring H 214
Squier J 101
StazlerK 7
Stelzer EHK 67, 165,
167,178
Storz C 165
Strackee J 189
Strickler JR 227
SuzukiN 17
Takagawa E 195
Takahashi K 207
Tan CEL 199
Tan JB 136
Tang CJC 107
Tang TK 107
Taniguchi M 17, 217
Taniguchi T 17
Tanke HJ 111
Tannous T 76
Tanyshev Y 105
Teng CL 23

Teng SP 134
Teshima R 38
Toshihiko H 207

- Trendelenburg MF 214

Tseng PK 197

Tsong TT 59

Tympel V 15

Tzeng WN 234
Ulfhake B 56

van Hulst NF 21

van Velzen D 109
Vestri S186

Vijayan V 199
Visscher K 99
Vossepoel AM 19
Vyvyan Howard C 109
Wagner RC 27

Wang G 159, 229, 232
Wang JD 222

WangJ 44

Wang JY 11

Wang Z 229, 232
Wankling P 195
Watanabe N 217
Webb WW 115
Wei HL 27

Wei PK 11,17, 211
Weng SC 150
Wergin WP 79
Whelan M 123
Wilson T 70, 136
Wohland T 167
Xiao G 225

Xie XS 202

Xie YH 204
Yada K 207
Yaklich RW 79
Yang YF 134
Young IT 111
YuMJ 239

Zhao YL 225
Zolotarev KV 103



Indexed/Abstracted in: = 7
Biological Abstracts /Z,,@{@g{@gj@@y

Chemical Abstracts Lo 10
Current Contents 571"@@&@@

Zoological Record

Vol. 34, Supplement I
April, 1995

B PRI BRI R & /B E Ew



