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Plenum, NY, 1995.
Compound Microscope
Fundamental design
Two-step magnification:

initial objective lens forms an intermediate image
focused and further magnified via ocular lens

Infinity-corrected optics
All modern compound microscopes use infinity-corrected optics (ICS), wherein the
objective lens projects the ‘intermediate’ image to an (effectively) infinite distance, rather
than to the ocular. Why? This allows for items, like filters, polarizers, etc., to be inserted
into the initial light path from the objective without perturbating it per se. However, this
necessitates the use of a tube lens to collect the light before imaging at the oculars.

*ICS objectives will only work on infinity-corrected optical microscopes
Köhler illumination
For basic bright-field, differential interference contrast (DIC) and phase contrast
microscopy, uniformly bright illumination of the specimen is essential. This is achieved
using Köhler illumination: focusing of the lamp ‘image’ onto a substage (pre-specimen)
condenser, rather than on the specimen itself. Typically, light from the lamp passes first
through a collector lens (really to diffuse the light), then through a field lens which
focuses the lamp filament onto to the condenser (often via a mirror). The condenser,
adjusted via an aperture diaphragm, then projects a cone of light across the specimen to

the objective (10X and higher). The aperture thus controls the angle of the illuminating
light, termed the condenser numerical aperture (N.A., see next section).

Objectives
Imaging depends critically on the objective lens. The performance of the objective will
dictate image resolution (lower limit for light microscopy: ~0.2µm). In other words, high
magnification will not necessarily produce higher resolution. A high-magnification
objective (eg. 60X) having low performance may yield a bigger but fuzzy object, but a
lower-mag objective (eg. 40X) having a high optical performance may yield a sharp,
well-resolved though smaller object. The key indicator of optical performance is
numerical aperture, NA. NA= n (sin θ), where n is the refractive index of the media
between the specimen and the objective (air = 1; oils can vary up to 1.51, thus oils, when
used, are better) and θ is half of the angular aperture of the objective. The bigger the θ,
the more light is collected by the objective. The more light, the better the resolution. NA
is usually stamped on the objective after the magnification (eg. 40 /1.4). Plan signifies
flat field. Ph indicates phase. Oel means oil.
- For basic brightfield, Planapochromat objectives are best (and most expensive).
They are color-corrected for 4 wavelengths but do not transmit UV
- For fluorescence, Plan-Neofluar or Plan-Fluotar are best, as they transmit UV.
Not fully corrected for color, however.

Specialized Applications: Phase Contrast, DIC, Hoffmann Modulation, Epi-fluorescence
Of all of the listed application, the last, epi-fluorescence, will be of most use to cell
biologists wishing to image immunostained preparations. For imaging basic cell structure,
however, phase contrast, interference and Hoffmann modulation microscopy are best
used, though for varying purposes.
Phase contrast (also termed dark phase) exploits differences in brightness between object
(whole cell, membrane, vacuole…) and the background, visualized via differences in the
phases of light banging off of different parts of the illuminated object. One part of a cell
may diffract, or deviate the light more than another part through which the light passes
basically unperturbed. This deviation is detected as a phase-shift, which adds or subtracts
from the undeviated light. The proper conditions are created using a darkened ring
(hence the term dark phase) in the objective as well as an annular stop before the
condenser. Phase is great for examining cells in long-working-distance microscopes
(tissue culture scopes), especially to observe basic morphological changes occurring as
the result of some treatment (eg. growth of neurites from nerve cells).
In Nomarski differential interference contrast microscopy, the objectives are really not
modified (though specific ones are required), but rather use polarized light with special
prisms to achieve a near 3-dimensional image. DIC is particularly useful for imaging
live cells for manipulation (eg. injection, patch-clamp recording…)
Hoffmann modulation utilizes special objectives containing optical amplitude spatial
filters to convert optical gradients within illuminated objects into differences in light
intensity. It allows a basic microscope to be converted to near-DIC quality imaging at
much less expense.
Epifluorescence is imaged via use of a dichroic mirror. Any basic fluorescence
microscope can be modified to allow for epifluorescence, though it is usually designed as
such. Light from the source is reflected via a mirror up through the objective before
reaching the specimen (backwards from the usual direction). Fluorescence emitted by the
specimen is then collected right back through the same objective, the light, now of longer
wavelength, passing through the dichroic mirror to the ocular (or other detector, such as a
CCD camera). Epifluorescence is more efficient than transmitted fluorescence, as the
objective is used for both focusing light on the specimen and collecting the emitted light,
avoiding additional intervening lenses and, to varying degrees, mirrors. It works quite
nicely in inverted microscopes (objective underneath). Typical confocal microscopy of
fluorescent specimens depends on epifluorescence.
Confocal Microscope
Confocal means: the focus of the final image corresponds to the point of focus (focal
plane) in the specimen.
In practical terms, this means that one can image an optical ‘slice’ within the specimen,
having a depth typically 0.5-2µm (depends on objective and ‘pinhole’; see below) and
near-limit lateral resolution (~0.2µm). Confocal microscopy thus yields a sharp image,

by virtue of eliminating the diffuse out-of-focus light coming from parts of the specimen
outside the point of focus. How? The out-of-focus light (also given the more fancy term,
out-of-focus flare) that is deflected, reflected or defracted from other parts of the
specimen into the plane of focus is eliminated by use of a pinhole aperture placed just in
front of the image (see diagram). In principle, any microscope can made into a confocal
microscope, but the problem is light intensity, often reduced by more than 90% owing to
the pinhole. The first solution to this problem has been to boost the signal by using a laser
as light source and high-sensitivity photomultipliers (PMTs) as detectors. To make it all
work, the laser light is scanned across the image top to bottom and signals are picked up
by the PMT spot by spot (pixel by pixel = descanning), reconstructing the image as a
digital frame in a computer (= laser-scanning confocal microscopy). As digital images
can be collected from successive imaging planes (Z-series), highly detailed threedimensional reconstructions can be made. Also, different laser wavelengths can be
exploited to image different fluorophores (eg. double-label immunostaining) via separate
PMTs.

Confocal Principle
Though reflective confocal microscopy is possible, and is, in fact, used in industrial
applications (eg. microbead manufacture quality control), epifluorescence is used for cell
imaging. Most lasers used are so-called long wavelength, as UV lasers are very
expensive and unstable. (Near UV lasers (eg. 405nm) are available). A variety of long
wavelength excitable fluorophores are available, allowing for high-resolution
epifluorescence. One possible pitfall with use of laser scanning: photobleaching of the
fluorophore. Some fluorophores have been designed to be relatively resistant to
photobleaching.

Scan rates, including data transfer, for typical laser confocal microscopy are around
10msec/ line X lines/ frame. Thus, confocal imaging can also be used to follow some
physiological responses (eg. calcium changes), typically at 2-4s intervals. (Line-scanning,
wherein the laser scans across the same line through the specimen, allows for higher time
resolution - 10msec intervals - but suffers from possible rapid photobleaching.)
Bright-field confocal microscopy has been developed over the past several years. It
employs ‘regular’ microscopy light and a rotating disk full of pinholes (so-called rotating
Nipkow-disk). Illuminating light passes through the disk to the specimen, with reflected
or epifluorescent light passing back up through the same disk, before being deflected by a
dichroic mirror to the detector (typically a CCD camera). Light intensity is very weak
with this system. Thus, only highly fluorescent specimens can be readily imaged, but
usually without photobleaching.
Deconvolution of a Z-series of images obtained using conventional microscopy can also
yield individual image ‘slices’ equivalent to that obtained using confocal microscopy. A
mathematical approach is used to reassign photon position in a given plane, based on all
of the information across images and knowledge of the point-spread function for any
point of light in the specimen, as imaged using the microscope at hand. In other words,
the out-of-focus light is put back where it came from. Usually requires a big computer to
do the job properly (eg. Silicon Graphics workstation)
Two-photon or multi-photon laser-scanning microscope
In essence, two-photon microscopes permit confocal imaging without photobleaching.
Fast laser pulses (femtosecond) are focused on the same point in the specimen, exciting a
fluorophore in the specimen at wavelengths twice the peak excitation wavelength (eg. if
peak absorption is 450nm, then 900 nm light is used). Tuning (synchronization) of the
pulses allows two photons to arrive at the same spot, achieving an intensity high enough
to excite the fluorophore only at that spot. Thus, fluorescence is induced only in the focal
spot (focal volume) and nowhere else along the laser light paths. Hence, there’s no outof-focus light. Moreover, the absorption by the fluorophore, and hence excitation, is
proportional to the square of the instantaneous light intensity (I2 as a consequence of two
photons). In terms of the focal cross section, this means that the instantaneous intensity is
proportional to 1/cross sectional area2, as compared to 1/cross section area for one-photon
(conventional) confocal microscopy. Thus, in practical terms, much less light is needed
to excite the fluorophore, hence less photobleaching/ photodamage.

Just like with laser-scanning confocal microscopy, the laser illumination can then be
scanned across the specimen top to bottom to obtain a full image. Furthermore, the image
does not need to be descanned (ie. emitted fluorescent light ‘run’ back through the
scanning mirrors and bounced off a dichroic mirror, to coordinate detection).
Fluorescence emitted at any given point in the scan can only have come from the focal
volume, hence you can position the photomultiplier (or two) any place suitable for
catching that emitted light.
In practical terms, the long wavelength light used (red to near-IR) allows for deep
penetration into tissue specimens, allowing confocal-like imaging in the middle of a
tissue slice (eg. hippocampal slice), a major advantage of the two-photon system over
confocal microscopy. Another practical use for two-photon imaging is for high-spatial
resolution uncaging of biologically active molecules (eg. glutamate over a dendritic spine
on a nerve cell).
Electron microscopy
The highest resolution of cell structure can be obtained, of course, using electron
microscopy. It requires a stabilized (hence, dead) specimen to withstand the intensity of
the electron beam illumination. The high resolution (limit: ~0.1nm) results from the use
of electromagnetic lens, yielding huge N.A.s. The use of the EM will not be discussed
here.
**
Imaging applications
Immunostaining
Most imaging of cells, conventional and confocal, is done to visualize immunostaining
for particular molecular components. The advantage of the confocal microscope is, again,
the ability to image a slice or section through the cell. Thus, labeling of the plasma
membrane, the nucleus and identifiable organelles (eg. vacuolar membrane) is
unequivocal, under the right conditions, using confocal microscopic imaging.
Intracellular ions
[calcium imaging covered in full in Dr. Fatatis’ lecture on Calcium Signaling]
Ionic responses in live cells (primary or cultured) can be detected by imaging changes in
fluorescence resulting from ion interaction in the cell with specific fluorophoreconjugated molecules. In most cases, these detector molecules are ion-selective chelators
with a fluorophore attached such that when bound by the ion, a change in fluorescence
(increase or decrease) occurs. Conventional and confocal microscopy can used to image
these changes in fluorescence over time. The major ion of interest is often Ca2+, but
detection of Na+ and Cl- is possible.

Intracellular organelles
A number of dyes have been developed, which are selectively taken up by particular
organelles. One prominent example is the mitochondrion, wherein a particular
mitochondrial membrane-associating dye whose fluorescent yield depends on membrane
potential (MitoTracker) has been used to detect the functional state of the organelle. Live
cells should have happy and healthy mitochondria having large membrane potentials, and
this dye will fluoresce nicely while sitting in these mitochondria. Cells undergoing
apoptosis have mitochondria with unhappy membrane potentials (depolarized), at an
early stage, and thus weak to no fluorescence would indicate an apoptotic cell.
Of greater interest are a series of vectors encoding biologically responsive proteins
engineered with an organelle-targeting sequence. Again using the mitochondrion as an
example, the mitochondrial targeting sequence from cytochrome c oxidase has been fused
to aequorin, a calcium-sensitive protein. Similar vectors exist (commercially available)
for targeting to the nucleus, ER and cytoplasm. In addition, GFP containing vectors have
been constructed, marking fluorescently particular organelles and allowing organelle
localization using, for example, confocal microscopy.

